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CONS P EC TU S

L ife is that which evolves. Living systems are the products of evolutionary processes and can undergo further evolution. A
crucial question for the origin of life is the following: when do chemical kinetics become evolutionary dynamics? In this

Account, we review properties of “prelife” and discuss the transition from prelife to life. We describe prelife as a chemical system
where activated monomers can copolymerize into macromolecules such as RNA. These macromolecules carry information, and
their physical and chemical properties depend to a certain extent on their particular sequence of monomers. We consider prelife as
a logical precursor of life, where macromolecules are formed by copolymerization, but they cannot replicate. Prelife can undergo
“prevolutionary dynamics”, including processes such as mutation, selection, and cooperation. Prelife selection, however, is blunt:
small differences in rate constants lead to small differences in abundance. Life emerges with the ability of replication. In the
resulting evolutionary dynamics, selection is sharp: small differences in rate constants can lead to large differences in abundance.

We also study the competition of different “prelives” and find that there can be selection for those systems that ultimately give
rise to replication. The transition from prelife to life can occur over an extended period of time. Instead of a single moment that
marks the origin of life, prelife may have seededmany attempts for the origin of life. Eventually life takes over and destroys prelife.

Introduction
Imagine an aqueous solution of small molecules on the

early earth. Now try to picture how that prebiotic soup

might assemble itself into even the simplest, tiniest living

organism, perhaps a few hundred nanometers across. At

first glance, this process may seem like an impossible leap

because so many transitions must occur to transform the

jittery molecules into a living structure. To understand the

origin of life, onemust break it down into a series of smaller

transitions and look for simple ways that physical and

chemical effects could accomplish each transition. One

successful synthetic approach is to focus on the emergence

of structures: the synthesis ofmonomers, polymerization of

monomers into sequences, the formation of protocells by

membrane encapsulation of sequences, and so forth. Sig-

nificant experimental work has been directed at producing

ribozymes and protocells and is reviewed elsewhere.1,2

Substantial theoretical work has also been particularly

directed toward understanding the emergence of well-

folded RNA.3,4 But a complementary viewpoint that comes

naturally from a mathematical perspective is to study the

emergence of dynamics that accompany the structural

transitions.

Perhaps the most well-known study of chemical evolu-

tion was introduced in the 1970s by Manfred Eigen and

Peter Schuster,5�8 who described a population of sequences
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undergoing mutation and selection. Because of mutation,

the population typically exists as a “quasispecies”, a collec-

tion of similar sequences sometimes centered around a

fittest sequence.9�13 The standard approach to quasispecies

theory studies evolution in a population of sequences all of

which have the same length. The theory does not explore

how longer sequences arise from shorter ones or how the

ability of replication emerges. In contrast, this is the topic of

our current investigation. Therefore we examine an earlier

phase in the origin of life where simple polymerization

chemistry generates sequences of variable length and some

of those sequences might have the ability to replicate. Our

approach is a logical precursor to the celebrated quasispe-

cies theory.

In this Account, we highlight our theoretical work on

understanding how the chemical kinetics of RNA polymer-

ization become the competitive, evolutionary dynamics of

replicators.14�17 Although the origin of life included several

intermediate forms of increasing complexity from a prebio-

tic soup to a definite living organism, we refer to the system

of polymerization as “prelife” and the system of replicators

as “life” for a descriptive shorthand. Many possible defini-

tions of life have been proposed (reviewed in refs 18�20,

some are discussed in refs 21�26). Most definitions, such as

the widely used working definition put forward by the

Exobiology Program at NASA,27,28 include self-replication

and evolution as important features. In this paper, “life”

refers to a chemical system that includes template-based

replication, and the ability to evolve is a consequence of

replication errors and the differential fitness of mutants. The

underlying goal of these studies is to build the simplest

possiblemodel that captures the emergence of evolutionary

dynamics. In a sense, this is analogous to the bottom-up

approach for synthesizing life-like entities. Synthetic biolo-

gists hope to learn about the origin of life by combining a

minimal set of molecules to construct an entity that satisfies

an operational definition of life (e.g., a self-replicating chem-

ical system capable of Darwinian evolution28). Similarly,

the goal of this line of mathematical biology is to find a

minimal set of chemical equations that describes a system

with life-like evolutionary dynamics. There are at least two

motivations for this minimalist style of approach: (1) the first

living entities must have been quite simple and obeyed the

laws of chemical kinetics, and (2) if there are relatively few

components to the model, we can best understand the

principles behind its emergent properties. The models,

whether experimental or theoretical, may not be perfect

mimics of a natural system, but we hope that they capture

essential features and thereby improve our fundamental

understanding of the origin of life.

The following sections describe (1) the chemical kinetics

and equilibrium distribution of a polymerizing system, or

prelife, (2) the dynamical changes that occur if the system

has the ability to self-replicate (e.g., through nonenzymatic,

templated synthesis), and (3) the competition between sys-

tems with different properties (e.g., different polymer types).

Prelife is characterized by gentle changes in the abundance

of different sequences in response to differences in reactiv-

ity. Such a response of the systemwould be familiar to those

who study chemical systems. On the other hand, if the

polymers are able to template and thereby self-replicate,

the dynamics change abruptly, and the fittest sequences

dominate the pool in large excess even if they are only

slightly better replicators than the rest. And if two systems

compete for resources, one can exclude the other. Such

features would be familiar to those who study biological

systems.

Prelife
The prebiotic synthesis of small organic building blocks has

been investigated since the Miller�Urey experiment nearly

60 years ago, which produced amino acids and other

compounds from a gaseous mixture meant to simulate the

atmosphere of the early earth.29 Since then, the field has

advanced considerably and now includes the aqueous

synthesis of RNA nucleotides.30 Condensation of these

nucleotides can also be achieved under plausibly prebiotic

conditions promoted by various means, including divalent

cations, clay or lipid surfaces, and solute concentration by

freezing conditions.31�34 Our model of prelife presumes the

availability of activated monomers and the presence of

conditions conducive to polymerization.

In the spirit of studying amodel system that is as simple as

possible while retaining key features, we consider binary

sequences that grow by the addition of monomers one at a

time.

Let us consider a prebiotic chemistry that produces acti-

vated monomers, 0* and 1*, that can copolymerize into

binary sequences according to the following chemical reac-

tions:
iþ0� f i0

iþ1� f i1 (1)

Here i denotes any binary sequence of any length, while

i0 and i1 denote the extension product of i by addition of a
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monomer of type 0 and 1, respectively. We assume that all

sequences grow only in one direction, corresponding to the

orientation of a nucleic acid or polypeptide sequence (e.g.,

polymerization in the 50 to 30 direction). Therefore each

sequence, i, has one precursor, which we denote by i0, and
two followers, i0 and i1. Each sequence is produced by a

particular unique “lineage” in prelife. For example, the line-

age that leads to sequence 0100 is 0 f 01 f 010 f 0100.

The reaction scheme 1 can generate any binary sequence.

The rate at which sequence i is generated from its

precursor is given by ai. If the polymerization rate were

independent of the sequence, all ai would be the same.

However, in reality the polymerization rate does depend on

the reactants, and therefore some sequences may extend

faster than others.

For example, polymerization of RNAmonomers onmont-

morillonite clay exhibits definite preferences. The rate of

extension seems to behighest if the primer contains a purine

at the 30 end and the activated monomer is a pyrimidine.35

The yields from different combinations of reactants in the

montmorillonite-promoted system cover nearly 2 orders of

magnitude. Similarly, in RNA polymerization catalyzed by

Zn2þ, the monomer A reacts about 10 times faster than U.31

One prebiotic polymerization reaction gave a relatively

even ratio of incorporation of different nucleotides (within

2-fold), but this was likely because the reaction was carried

out for a long time, such that most monomers would be

incorporated even if the reactivitieswere biased.34 Variation

in ai is apparent in more widely used synthetic reactions as

well. For example, in the synthesis of degenerate oligonu-

cleotides using a mixed pool of nucleoside phosphorami-

dites, the reaction efficiency depends on the identities of the

phosphoramidite and the nucleotide on the 50 terminus of

the elongating oligonucleotide.36

The list (a0, a1, a00, a01, ...) specifies the “prelife landscape”

of sequence formation. Some route for removal of se-

quences is required to avoid having the population grow

infinitely large. In a real situation, this would correspond to

RNA degradation or a fluid flow that removes sequences from

the reacting pool. For simplicity, let us assume that all se-

quences are removed from the population at the same rate, d.

The following systemof infinitelymany differential equa-

tions describes the chemical kinetics of prelife:14

_xi ¼ aixi0 � (dþ ai0 þ ai1)xi (2)

The abundance of sequence i is given by xi. The notation _xi
denotes the time derivative. The index i runs through all

binary strings, i = 0, 1, 00, 01, ..., of finite length. For the

“precursors” of 0 and 1, we set x00 = x10 = 1. We also assume

that the concentrations of the active monomers, 0* and 1*,

are constant (although not necessarily the same) and fac-

tored into the rate constants ai.

If all rate constants are greater than zero, then system

2 has a unique, globally stable equilibrium, where all se-

quences are present. Using the notation bi= ai/(dþ ai0þ ai1),

we can write the equilibrium abundance of sequence i as

xi = bibi0bi00...bσ. The product is over the entire lineage lead-

ing from sequence i back to the monomer, σ (= 0 or 1).

At equilibrium, the total population size, Sixi, is given by

(a0 þ a1)/d.

Although we do not know the exact fitness landscape for

prebiotic sequences, we can still get an idea of how fitness

affects sequence abundance by assigning particular rate

constants to different reactions and observing the resulting

abundances. Figure1 shows the equilibriumconfigurationof

prelife for a random prelife landscape. In this case, we set

a0 = a1 = d=1. All other rate constants are given by ai=1þ sξi
where s is a parameter signifying the “intensity of selection”

and ξi is a random number taken from a uniform distribution

on the interval [0,1]. When there is little variation among

the rate constants (small s), all sequences of equal length have

approximately the same abundance. As s increases, some

sequences become more abundant than others of the same

length. The variation in sequence abundance is relatively

gentle in prelife, although this variation increases for longer

FIGURE 1. Prelife with a random fitness landscape. The equilibrium
configuration of eq 2 is shown. There are 2k different sequences of
length k. The color code is k = 1 (black), 2 (gray), 3 (green), 4(cyan),
5 (blue), 6 (red), and 7 (yellow). Longer sequences are not shown. Param-
eter values:d=1; a0 = a1 =1; for all other i, we have ai=1þ sξiwhere s is
the intensity of selection, shown on the x-axis and ξi is a random
number taken from a uniform distribution on the interval [0,1]. We
observe that longer sequences are exponentially less common. As the
intensity of selection, s, increases some sequences become more
abundant than others.
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sequences as the differences in rate constants compound over

the length. Thevalueof sbasedon reactivitydifferences inRNA

polymerization catalyzed by clay or Zn2þ would be roughly

10�100.While removing and replacing spent monomers can

substantially improve the yield of nonenzymatic tem-

plated RNA polymerization reactions, reactivity differences

of at least 20-fold still remain.37 In addition, s would be

influenced by variation in the concentration of monomers.

For example, one prebiotic synthesis of nucleobases pro-

duced about 10 timesmore A than other monomers.38 The

ratio of nucleobases found in carbonaceous chondrite

meteorites also appears to span about 1 order of magni-

tude (reviewed in ref 39). Therefore, a realistic range of

s would be fairly large, probably around 1 or 2 orders of

magnitude. Thus, selection can operate in prelife in the

sense that some sequences would attain high equilibrium

abundance relative to others. This distribution is illustrated

in Figure 1, where abundances of different sequences of

the same length range over nearly 2 orders of magnitude

at a realistic value of s = 10. Larger disparities would be

expected for higher s and longer sequences.

It is conceivable that certain prelife sequences have

catalytic activities. Some sequences could enhance the rate

of particular prelife reactions.15 If one sequence augments

the rate at which another sequence is produced, then

already in prelife we can encounter aspects of cooperation

and defection.40

The prelife distribution of sequences resembles an equi-

librium distribution with different chemical species coexist-

ing. Differences in abundance depend on environmental

conditions (e.g., the monomer concentration and polymer-

ization chemistry). Evenat a relatively conservative selection

strength (s = 10), the abundance of polymers as short as 5 or

6 can vary by 100-fold (Figure 1). In prelife, variation is

present, but it is not heritable. For example, prelife would

describe a polymer in environmental conditions that do not

yet support templating (e.g., a salt concentration that is too

low to screen backbone charges, such that electrostatic

repulsion prevents the annealing of complementary nucleic

acid strands), or a polymer that lacks the ability to template

(e.g., the condensation of polypeptides or a primitive nucleic

acid that lacked the correct backbone or combination of

nucleobases necessary for templating).

Life and Prelife
Let us now suppose that some prelife sequences have the

ability of replication. For example, at an early stage of the

development of the RNA world, many possible nucleobases

would have coexisted. But not all of these nucleobases could

support templating, which is required for replication. Some

sequences would happen to contain nucleobases that could

template a complementary strand, and these sequences

would be able to replicate nonenzymatically by assembling

complementary nucleotides or oligonucleotides. In addi-

tion, some template sequences are better than others.41 For

example, nonenzymatic polymerization on pyrimidine tem-

plates proceeds much more efficiently than on purine

templates.42�44 To include the ability of some sequences

to replicate in our model, the overall replication rate, which

maydependon chemical concentrations, temperature oscilla-

tions, and other environmental factors, is given by the param-

eter r. In addition, every specific sequence i has a relative

replication rate (fitness), fi. The list (f0, f1, f00, ...) defines the

fitness landscape. The resulting evolutionary dynamics can be

described by the following system of differential equations:

_xi ¼ aixi0 � (dþ ai0 þ ai1)xi þ xi(rfi � φ) (3)

As before, the index i runs over all binary sequences of

finite length. There is a density-dependent death rate, φ,

which prevents the total population size from growing to

infinity. If we chose φ = a0 þ a1 � d þ rSixifi, then the total

population size remains at a constant value, Sixi = 1.

FIGURE 2. Prelife and life. The equilibrium configuration of eq 3 is
shown. Again there are 2k different sequences of length k. The color
code is the same as for Figure 1. Parameter values: d = 1; a0 = a1 = 1; all
other ai = 0.5. Some cutoff in the numerical simulation is needed, and
therefore we assume that sequences of length k = 7 (or greater) do not
extend. Sequences of length k = 3, 4, and 5 can replicate; their relative
replication rates, fi, are random numbers taken from a uniform distri-
bution on [0,1]. As the overall replication rate r (shown on the x-axis)
increases, life replaces prelife. For high replication rate, the population is
dominated by a particular sequence of length 5, which has the max-
imum relative fitness fi. Prelife allows coexistence. Life leads to com-
petitive exclusion. (Note that Sxi = 1.).
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Figure 2 shows the equilibrium configuration of system 3

as a function of the parameter r. In this particular simulation,

we assume that sequences of length 3, 4, and 5 can replicate

to illustrate the difference between the template and non-

template sequences. For template sequences, the relative

replication rates, fi, are drawn at random from a uniform

distribution on the interval [0,1]. For nontemplate se-

quences, we have fi = 0. For small r, we obtain the equilib-

rium configuration of prelife, where longer sequences are

exponentially less frequent than shorter ones. As r increases,

we note a threshold phenomenon: the fittest sequence (with

the largest fi value) is selected. For large r, this sequence

dominates the population. In other words, evolutionary

dynamics appear when r is large enough, that is, when

templating is good enough for substantial replication. Prelife

has the property of coexistence, while life with replication

leads to competitive exclusion.

The critical r can be predicted from the relativemagnitude

of the highest fitness. For the conservative example shown

in Figure 2, the highest fitness is roughly 1 and the average

fitness of replicators is about 0.5, corresponding to a rela-

tively modest variation among templating efficiencies of

different sequences. Templating efficiencies in DNA- and

RNA-based experimental systems vary by an order of mag-

nitude or more for different template bases.45,46 In Figure 2,

the critical r is relatively low and templating only needs to

lead to a roughly >4-fold increase in the production rate

compared with nontemplated polymerization. This magni-

tude of increase is readily met by DNA and RNA at reason-

able monomer concentrations. Although a templated

reaction involves three molecules instead of two, the repli-

cation reaction is faster than the prelife reaction if the

molecular concentrations are high enough. For example,

self-condensation of activated G monomers (guanosine 50-
phospho-2-methylimidazolide) occurs spontaneously with a

bimolecular rate constant of 0.09 M�1 h�1. When a poly(C)

template is present, the effective rate constant is 430 M�2

h�1.47 Therefore, the critical r is reachedwhen themonomer

concentration is less than 1 mM. If the reactive subunits are

longer thanmonomers, the templating effect can be greater

since annealing is more efficient; with rate constants for

condensation of trimer oligonucleotides onto a hexamer

template, the critical r is reached at a monomer concentra-

tion of 50 μM.48

A counterintuitive feature of this simple life is that long

sequences can actually be much more abundant than short

sequences. In prelife, long sequences can become relatively

abundant if selection is very strong and there are large

differences in reaction rate, such that the high reaction rates

for a particular sequence effectively overcome the number

of chemical steps required to produce the longer sequence.

However, in life, the longest, best replicator can dominate

dramatically. If several replicators of different length have

the same fitness, the longest can actually win because its

precursors help channel biomass into the lineage.16,17 This

results in selection for greater complexity.

Sharp transitions have also been observed in simulations

of the appearance of ribozymes. In models by Wu and

Higgs,49,50 template-independent polymerization produces

sequences of increasing length,14 and a small fraction of the

long sequences is assumed to possess catalytic activity and

increase the general rate of polymerization. Stochastic fluc-

tuations can cause an abrupt switch to a state that is

characterized by a high concentration of long sequences.

These models illustrate the principle that the transition to a

ribozyme-rich world can occur suddenly, when the catalytic

activity reaches a critical threshold. In our terminology, these

models study “prelife catalysis”. The critical transition and

bistability between states with high and low concentrations

of catalysts (long sequences) wasalsodescribedbyOhtsuki and

Nowak.15 Wu and Higgs do not study the onset of replication,

while our work shows that it is much easier to select for long

replicators than for long prelife catalysts. Detailed comparisons

of the two approaches will be of great value.

Interestingly, life with replication wins over prelife even if

prelife produces catalysts that accelerate all of the reactions

that lead to their own sequences. This is essentially because

such catalysts would undergo many associations and dis-

sociations to produce a single product, while replication

would ideally only need one annealing event.15 Another

feature that causes a transition from blunt to sharp selection

is product inhibition, in which the newly synthesized strand

remains bound to the original template, resulting in para-

bolic rather than exponential growth. Under this condition,

there is “survival of everybody”, analogous to prelife.51,52

But when the fact that single-stranded RNA ismore sensitive

to degradation than double-stranded RNA is taken into

account, this can, in some parameter regimes, lead to strong

competition.53 The general theme to emerge from these

theoretical studies is that a new structural property can lead

to new system dynamics.

Competition of Two Prelives
Suppose we have different biopolymer systems, some

with better replication properties than others. What would
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happen if these systems compete in the prebiotic soup? We

can study the competition of two different sets ofmonomers

that can polymerize into distinct sequences. Let us label

these two different prelives as A and B. The two prelives

could compete for common resources, and one prelifemight

have the ability to produce some sequences that can repli-

cate. For example, this situation might correspond to the

competition between two distinct nucleic acid systems (e.g.,

utilizing different nucleobases or a different backbone). One

type of nucleic acid might have superior templating proper-

ties; for example, this could represent the competition

between RNA and a different nucleic acid polymer.54 To

illustrate the major competitive dynamics at work, let us

study this systemwith a simplified approach, wherewekeep

track of sequence length but not of sequence diversity.

Let xi denote the abundance of A sequences of length i,

while yi denotes the abundance of B sequences of length i.

Thus we lump all the different sequences of a given length

into a single variable; we only distinguish between type A

and type B. Denote by a and b, respectively, the rate atwhich

AandB sequences grow in length. Thedeath rates of A andB

sequences is given by dA and dB. It is conceivable that one

type of sequence has faster polymerization kinetics than the

other, or that one type has a faster death rate than the other.

For example, RNA is particularly prone to hydrolysis from

nucleophilic attack of the 20-hydroxyl on the phosphodiester

bond, while other backbones are more stable in this

respect.55 Let us further assume that type A sequences of

certain length have the ability to replicate, but not type B

sequences. For example, substituting the phosphates of an

RNA backbone with sulfones results in a nucleic acid that is

prone to aggregation and is therefore a poor replicator.56

We obtain the following system of differential equations:

_xi ¼ axi0 � (aþ dA)xi þ xi(rfi � φ)

_yi ¼ byi0 � (bþ dB)yi � φyi (4)

The index i runs through all positive integers, i = 1, 2, 3, ...

denoting sequence length. Again the density-dependent

death rate, φ, is chosen to keep the total population size

constant, Si(xi þ yi) = 1. Therefore, we have φ = a þ b þ
Si(rfixi � dAxi � dByi).

Figure 3 shows the equilibrium configuration of the

population. In this case, A has the ability to replicate, but B

has a longer lifetime, aswemight expect from a competition

between RNA and a pre-RNA that is more chemically stable

but a poorer template. For low replication rate, r, we observe

the equilibrium structure of prelife. Longer sequences are

exponentially less common. Moreover, B sequences have a

lower death rate than A sequences, dB < dA, and hence they

aremore abundant for low r. In this regime, greater chemical

stability is the dominant factor. Nevertheless, both A and B

coexist at significant frequencies.

As r increases, however, a critical point is reached when

the replication advantage of A is realized, and consequently

A outcompetes B. When replication dominates the system,

the outcome is highly skewed with A essentially taking over

the pool. This simple example shows there can be com-

petition between different prelife systems and selection for

those prelives that give rise to replication.

Discussion
These minimalist models illustrate how evolutionary dy-

namics emerge from chemical kinetics once the ability to

template (and therefore replicate) appears. The sequences in

FIGURE 3. Competition of two prelives as described by eq 4. Sequences of
type A are somewhat less stable than sequences of type B. Type A
sequences of length less than 6 (cyan) or greater than 10 (blue) cannot
replicate. ButAsequencesof length6 to10 (red) can replicate.As theoverall
replication rate increases, A outcompetes B (green). Parameter values:
a = b = 1, dA = 1, dB = 0.5, fi = 1 for i = 6, ..., 10, fi = 0 otherwise; maximum
sequence length is 50. Hence, different prelives can compete with each
other, and those “fertile” prelives can be selected that give rise to life.
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prelife experience mild selection, even without replication,

based on the variation in reaction rates. Once templating

arises, the ability to replicate itself is selected. The dynamics

change abruptly at a certain replication rate that demarcates

qualitatively different regimes. While the relatively egalitar-

ian sequences in prelife proliferate relatively independently

from one another, the life-like replicators compete merci-

lessly among themselves and exaggerate intrinsic reactivity

differences into very large inequities of abundance. This

dynamic is also common in Darwinian evolution, where an

incremental increase in fitness can translate into an explo-

sive takeover of the population due to exponential amplifi-

cation of the difference.

Does ourmodeling have any bearing on themetabolism-

first vs gene-first debate about the origin of life? In the

metabolism-first view, reaction cycles of small molecules

arose spontaneously, eventually producing the monomers

needed for informational molecules. On the other hand, in

the gene-first view, the informational polymers were made

directly through a relatively short series of chemical steps

and later evolved to catalyze those synthetic reactions. The

life-like dynamics of our model result naturally from a

minimal set of reasonable assumptions about a life form

based on linear polymers, such as, but not necessarily

limited to, nucleic acids. We focus on the genetic properties

of early life, and we take for granted the chemical reactions

that could produce monomers capable of condensation

into long chains. While there is substantial debate about

the relative importance and temporal order of the emer-

gence of the genetic and metabolic components of life,

we focus on the genetic aspect because it has proven to

be a fruitful avenue for investigating the emergence of

evolutionary dynamics. In addition, the chemical reactions

(polymerization, both template-directed and template-

independent) are relatively well-understood, so our model-

ing could be basedon a fairly solid experimental foundation.

Thismodel does fall naturally into the realm of the gene-first

view and the idea of the RNA world, though it could also

apply to self-replicating peptides.57 In the context of the

metabolism-first hypothesis, although this modeling does

not address the very initial metabolic cycles, it would still be

relevant for the stage at which the genetic polymers arose.

An interesting aspect of the prelife modeling is to clarify

the process by which a templating genetic polymer took

hold given numerous other possible backbones and nucleo-

bases that one might imagine could be synthesized by the

same prebiotic process. The ability to replicate nonenzyma-

tically would give a tremendous advantage to a templating

polymer, even given a disadvantage of decreased chemical

stability. Nucleobases that were poor for templating would

be eliminated as sequences containing them lost the com-

petition, effectively selecting for a nucleobase system that

best supported base pairing and replication. Later takeovers

could happen as even better replicators arose, ultimately

resulting in RNA.

Outlook
Testing the predictions of prelife modeling would require an

experimental system in which monomers can polymerize

with or without a template in the absence of enzymes. The

activated nucleotides first pioneered by Leslie Orgel's group

(reviewed in ref 58) have probably been best studied in this

context. These monomers polymerize much faster in the

presence of a template, but the nontemplated reaction also

occurs under the same reaction conditions.31,47 Nontem-

plated polymerization of activated nucleotides can be sped

up by the clay montmorillonite, a reaction that produces

sequences capable of templating after purification.59 Poly-

merization with and without templates can also be promoted

in the “eutectic” phase of an aqueous solution, in which

water and ice coexist such that the effective concentration of

the solutes is greatly increased.34 Alternatively, nontem-

plated polymerization of ribonucleoside monophosphates

can be driven by wet�dry cycling in the presence of lipids,33

and similar conditions promote the template-directed synth-

esis of deoxyribonucleotide monophosphates.60 In general,

one-pot experiments enabling both templated and nontem-

plated polymerization have been avoided in order to better

analyze the products and interpret the results, but in princi-

ple a one-pot reaction could be attempted to mimic the

combination of prelife with life. Perhaps the most serious

challenge that experimental prelife-to-life reactions would

pose is analytical. While liquid chromatography and mass

spectrometry could be used to distinguish short sequences

(up to several nucleotides long) given enough material,

sequencing techniques for longer polymers can only ana-

lyze consistently 50�30 linked chains, but RNA polymeriza-

tion tends to give amixture of 50�20 and 50�30 linkages. The

analytical limitation is due to sequencing technology, which

relies on enzymes that evolved to recognize nucleic acids

containing the biological linkages. Biases of the enzymes

favoring certain sequences would also need to be character-

ized in order to infer true frequencies. We are optimistic,

however, that an emerging single-molecule, enzyme-free

sequencing technology could soon sidestep this problem,
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opening the door to thorough sequence analysis of a com-

plex prelife-to-life “prebiotic soup”.

A clear future direction for this line of modeling is the

addition of more realistic features. Experimental implemen-

tations of polymerization inevitably suffer from inefficien-

cies and drawbacks that are not included in ourmodel so far,

such as the problem of heterogeneous backbone linkages.

An important goal is to determine whether there exist

conditions under which experimental problems, such as

the incorporation of nucleotides that undergo further reac-

tion only poorly and therefore effectively terminate the

chain,58 could be overcome through prelife evolution. One

might model the copolymerization of nucleotides that are

capable or incapable of templating to understand how a

subset of bases is finally selected. A particularly interesting

variant of this problem is the copolymerization of nucleo-

tides containing D- or L-sugars, which might polymerize

passably well together in prelife, but a mixed backbone

would effectively poison the templating ability and replica-

tion of its sequence.61 Other realistic additions would be to

include more bases in the alphabet and to model scenarios

for separating the product strands after replication (e.g., by

thermal melting).

Themodelswe have described so far are deterministic and

assume that the population of molecules is very large and

well-mixed. Since model protocells might be as small as

100 nm in diameter and RNA might be relatively dilute, it is

likely that the number of polymers could be quite low, so that

stochastic effects might become important. Small-number

effects can be surprisingly important for early life, from favor-

ing a ribozyme population explosion49 to limiting genomic

information.13 An important goal is to put prelife modeling

in the context of a spontaneously dividing protocell.17

A particularly exciting future direction for prelifemodeling is

to include functional importance of the sequence information.

Although we do not have a detailed knowledge of the fitness

landscape for RNA, one proxy for function is folding into a

definedstructure. Forexample, thepossibility that stable folding

could be protective against degradation, and therefore help

select for structuredmolecules, hasbeenstudied theoretically in

the context of nontemplated ligation.62 In that study, the

simulated RNA pool showed a surprising degree of heritability

even though ligation was not templated. One wonders how

this effect would alter the evolutionary dynamics of prelife,

perhaps by enhancing replication. Ultimately, the function of

the folded structures should be taken into account. We have

considered the possibility that the RNAs could catalyze

polymerization,15 but other activities should be studied as well.

A fundamental challenge of theoretical modeling is to

ensure its relevance to experimental reality. We have at-

tempted to connect our model to experimental systems

whenever possible and to avoid unnecessary assumptions

by making the model as simple as possible. What is the

importance of theoretical models for the origin of life?

Modeling can help crystallize intuition, outlining the dyna-

mical transition caused by the advent of replication, as well

as point toward counterintuitive ideas like the dominance of

long sequences. Perhaps the most important contributions

of theory to the origin of life field was the prediction by

Woese, Crick, and Orgel that RNA sequences could be

catalysts, inferred from the ability of RNA to fold into com-

plex structures reminiscent of protein folds. This prediction

formed the foundation for the RNA world theory, which has

since gained credibility through considerable accumulated

circumstantial evidence.63 In this spirit, we hope to con-

tribute in some way to the basic understanding of the dy-

namics that accompany the emergence of the RNA world.
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