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CONS P EC TU S

T he key to the origins of life is the replication of
information. Linear polymers such as nucleic

acids that both carry information and can be repli-
cated are currently what we consider to be the basis
of living systems. However, these two properties are
not necessarily coupled. The ability to mutate in a
discrete or quantized way, without frequent rever-
sion, may be an additional requirement for Darwinian
evolution, in which case the notion that Darwinian
evolution defines life may be less of a tautology than
previously thought.

In this Account, we examine a variety of in vitro
systems of increasing complexity, from simple chemical replicators up to complex systems based on in vitro transcription and
translation. Comparing and contrasting these systems provides an interesting window onto the molecular origins of life.

For nucleic acids, the story likely begins with simple chemical replication, perhaps of the form Aþ Bf T, in which T serves as a
template for the joining of A and B. Molecular variants capable of faster replication would come to dominate a population, and the
development of cycles in which templates could foster one another's replication would have led to increasingly complex replicators
and from thence to the initial genomes. The initial genomes may have been propagated by RNA replicases, ribozymes capable of
joining oligonucleotides and eventually polymerizing mononucleotide substrates. As ribozymes were added to the genome to fill
gaps in the chemistry necessary for replication, the backbone of a putative RNA world would have emerged.

It is likely that such replicators would have been plagued by molecular parasites, which would have been passively replicated
by the RNA world machinery without contributing to it. These molecular parasites would have been a major driver for the
development of compartmentalization/cellularization, as more robust compartments could have outcompeted parasite-ridden
compartments. The eventual outsourcing of metabolic functions (including the replication of nucleic acids) to more competent
protein enzymes would complete the journey from an abiotic world to the molecular biology we see today.

While the hallmark of biology is the ability to self-replicate,

this ability is found only rarely outside of cells. Cell-based

organisms have an almost unique claim on the ability

to continuously reproduce their information content

(sequence) and functionality. That said, the molecular basis

of replication, structural complementarity, has been de-

monstrated in a number of chemical and abiotic systems.

Comparison of different abiotic, self-replicating systems

leads to speculations regarding whether different life forms

based on entirely different chemical species might exist

elsewhere. In order to better illustrate (if only by

comparison) the uniqueness of cellular biology and also

the possibilities for going beyond terrestrial biology, it

would be worthwhile to understand the extent and degree

of replication that is possible in abiotic systems.1

From a different vantage, that of the origins of life, the

journey from prelife chemistry to modern molecular biol-

ogy likely began with (or at least included) chemical

replication of linear polymers. As the complexity of repli-

cators increased, they would have given rise to a nascent

RNA world in which ribozymes were the primary catalysts

of metabolism. The engines of any putative RNA world

would have been ribozyme polymerases, possibly aug-

mented by ribozyme ligases or recombinases. As with any
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self-replicating species, these catalysts could have been

parasitized, which would have driven the evolution of

compartmentalization.2

In this Account,we examine avariety of in vitro systemsof

increasing complexity, going from simple chemical replica-

tors up to complex systems based on in vitro transcription

and translation. Comparing and contrasting these systems

should provide interesting windows onto the molecular

origins of life.

Chemical Templating of Replication, a
General View
In Watson and Crick's seminal paper on the structure of

DNA,3 they suggest that nucleobase complementarity was

the means by which biological information could be copied.

Not only is this true of biological species, but it can be

demonstrated in vitro, as well. The von Kiedrowski, Orgel,

and Lynn laboratories explored how nonenzymatic ligation

could lead to self-replication.4�6 Von Kiedrowski showed

that a 50-CCG-30 “A” trimer and a50-CGG-30 “B” trimer annealed

to a 50-CCGCGG-30 “AB” template, and upon nonenzymatic

ligation a palindromic duplex was formed. Thermal fluctua-

tions were sufficient to split the DNA duplex into the compo-

nent 50-CCGCGG-30 hexamers, each of which could serve as

the template for further ligation reactions. Beginning with an

excess of substrate, autocatalytic conversion of substrate into

template was observed. However, product inhibition resulted

in weaker parabolic replication, rather than the ideal expo-

nential replication, a phenomenon that von Kiedrowski has

called the “survival of everyone”.7

In order to create a more realistic model for nucleic

acid replication, the von Kiedrowski laboratory allowed

A and B to be joined in any combination: AA (CCGCCG), AB

(CCGCGG), BA (CGGCCG), and BB (CGGCGG).8 The sequence

of the template determined what substrates could anneal to

it. AA was complementary to two B trimers, thus it catalyzed

formation of BB. Likewise, BB catalyzed AA formation. AB

and BA were each palindromic, and thus self-templating.

Given a starting population of A and B trimers, the dominant

hexamer was determined by what hexamer was used

to “kickstart” autocatalysis. For example, starting with free

A, free B, and BB template would allow AA to dominate

(it should be noted that the AA that formedwould then serve

as template for BB formation). This cross-catalytic (AA, BB)

system has no requirement for palindromic sequence. This

is advantageous because larger palindromic sequences

form stable hairpin structures, thus hampering their ability

to interact with other molecules. Cross-catalytic molec-

ular replication may more closely resemble early self-

replicators.

Nucleic acids are somewhat special in forming a set of

highly specific, isosteric, and therefore encodable interac-

tions. It has even been postulated that the charged back-

bone of nucleic acids is a requisite feature of any Darwinian

replicator.9 However, this uniqueness is best appreciated by

looking at other molecules' attempt to mimic complemen-

tarity. The Ghadiri laboratory developed a peptide-based

molecular replicator based on a coiled-coil leucine zipper.10

Two 32-residue peptides could align in a parallel fashion,

with interdigitating hydrophobic residues. After splitting one

32-mer into 17- and 15-mer substrates, the other 32-mer

could act as a template for peptide condensation. Further

work was done in which two different 15mers (N1 and N2)

that could each react with a single 17mer (E), yielding two

distinct 32mers (R1 and R2). R2 contained isoleucince and

was more efficient at autocatalysis than R1, which con-

tained valine. In consequence, a mixture of N1, N2 and E

resulted in the formation of R1 and R2, with R2 having a

slight advantage. Interestingly, seeding the reaction with

R1 gave R2 a larger advantage, indicating that R1 cross-

catalyzed the formation of R2 more efficiently than it

autocatalyzed its own formation. Seeding the reactionwith

R2 yielded roughly equivalent rates of R1 and R2 forma-

tion, also indicating a preference for cross-catalysis. This

strong tendency to cross-catalyze is ideal for a mutualistic

relationship.

Suchmutualistic interactions are very different than what

is seen with nucleic acid replicators (and with classic Darwi-

nian evolution; Figure 1). Nucleic acid identity is set by the

rules of base-pairing, while information transfer in a peptide

replicator is less exact. When a nucleic acid replicator sus-

tains amutation, there is a quantized, compensatory change

in the preferred substrate. The informationally segregated

mutant is forced to compete with its parent for resources.

Thus, a nucleic acid replicator can evolve to be a better

template without benefiting competing substrates

(Figure 1A). However, mutation in a peptide replicator does

not result in a quantized change in substrate preference.

This means that cross-catalysis is commonplace, and it is

more difficult to imagine a peptide replicator selfishly11

evolving to be a better catalyst (Figure 1B). That said, for

both types of replicators, some form of physical segrega-

tion (cellularization) will greatly assist selfishness, and help

avoid parasitism, as we discuss below.
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Ribozyme-Mediated Replication of Nucleic
Acids
It seems plausible that at some point in life's evolutionary

history, RNA served as the primary genetic as well as the

catalytic molecule. However since the initial molecule that

started current life has long since been lost to evolutionary

history, the best scientists can do is try tomimicwhat the first

replicators might have been like. Following a period of

template-mediated replication, similar to what was de-

scribed above for short oligonucleotides, catalysts capable

of synthesizing themselves may have emerged, either from

oligonucleotides or frommononucleotides (Figure 2A). Such

a self-replicase (or “Xeroxase”) would later have duplicated

or elaborated function, creating substrates for itself and a

nascent ribozyme-based metabolism.

The quintessential example of how complex ribozymes,

such as a replicase, could have emerged from relatively

simple prebiotic systems came from an experiment carried

out by David Bartel in the Szostak laboratory.12 The fact that

ribozymes existed and that functional nucleic acids could be

selected from random sequence pools13 begged the ques-

tion ofwhether andhow frequently ribozymesmight also be

selected in vitro. A ribozyme of particular interest was one

that could catalyze 30�50 phosphodiester linkages, akin to

how modern life's proteinaceous enzymes polymerize nu-

cleic acids. A large randomized pool (>200 nucleotides) was

generated and ribozyme ligases that could append a specific

sequence tag to themselves were selectively amplified by

reverse transcription and PCR. After multiple cycles of selec-

tion and amplification, ligase activity was indeed enriched in

the pool. Further characterization revealed seven different

families of ligases whose core catalytic sequences spanned

from 56 to 191 nts. Surprisingly, all the ribozymes found

catalyzed a 20�50 ligation reaction with the exception of

one, the class I Bartel ligase.14 This ribozyme was especi-

ally interesting in that it was large and relatively com-

plex; indeed additional experiments that determined its

FIGURE 2. Emergence of a self-replication system through hypercycles. (A) In the first scenario, a complex RNA-dependent RNA polymerase capable
of full self-replication emerges from random oligonucleotides. The ribozyme will likely be more complex than the tC19Z, because it will have to
replicate structured templates. (B) In the second scenario, a minimal polymerase and minimal recombinase emerge from random oligonucleotides.
These ribozymes cooperate to perform replication. (C) The replication hypercycle consists of two intertwined polymerization and recombination
cycles. In one cycle, polymerization of the short RNA fragments comprising the polymerase and recombinase occurs through primer extension and
dissociation of sense/antisense strands. In the other cycle, the reconstituted recombinase stitches the RNA fragments. Recombination is directed by
internal guide sequences, forming longer, more complex ribozymes.

FIGURE 1. Base-pairing facilitates Darwinian competition. Molecular
replicators in which the template catalyzes the creation of additional
template from smaller substrates. (A) For nucleic acids replicators,
templating is based on base pairing, so the formation of a mutant
template is rare. Once formed, themutant replicator forms a competing
replication cycle. (B) For a peptide replicator, templating is less exact, so
the formation of a mutant template is common. The mutant template
can catalyze formation ofmutant progeny or parental progeny, and the
two species form a mutualistic network.
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informational complexity suggested that it should only have

been selected about once in every 10000 times the experi-

ment was carried out.14 This has been taken to mean that

there may be many different ligases of roughly equal com-

plexity in the vast sequence space that was explored and

thus that complex structures and catalytic functionalities

could in fact have been discovered in early evolution. While

the initial catalytic rate of the class I ligasewasmodest, it was

improved after rational engineering and further selection to

the point that it was comparable to at least some protein

enzymes that catalyze similar reactions.

If a ribozyme could formone 30�50 phosphodiester bond,
perhaps the same ribozyme (or a derivative thereof) could

formmultiple such bonds.15 Initially, the class I ligase proved

capable of adding sixmononucleotides to aprimerwith over

90% fidelity (which is too error-prone for sustained self-

replication). The class I ligase became less efficient with each

nucleotide extended, and it fell far short of being able to

replicate itself. One issue was that the primer was attached

to the ribozyme by base-pairing. This made it difficult for

new nucleotides to move into the active site and be added.

In order to reduce this steric constraint, it was hypothesized

that an additional domainmight bind a primerwithout base-

pairing interactions, and thereby guide more general po-

lymerization reactions.16 To identify a new primer-binding

domain, a 76 nt randomized region was added to the 30 end
of the ligase and a new selection scheme was devised to

recover ribozymes with the best polymerization efficiency.

One isolate of this selection, the R18 ribozyme, could add up

to 14 nucleotides to the primer under optimal conditions.

The fidelity had improved to 96.7% but was still too low to

avoid an Eigen's “error catastrophe”.17 Since only about 1 in

1000 progeny would be identical to the parent, the ribo-

zyme would need a several-hundred fold advantage over

mutant progeny in order to survive.

Additional progress toward a replicase ribozyme was

made when a novel selection scheme was developed by

the Holliger laboratory.18 DNA templates encoding ribo-

zymes were attached to beads at a 1:1 ratio, and the beads

were then physically segregated from one another in a

water-in-oil emulsion (described below). After transcription,

the ribozymes were also covalently attached to the beads,

which allowed the emulsion to be broken and the beads to

be transferred to a second emulsionwhere active ribozymes

could extend a primer. After the second emulsion was

broken, beads with extended primers (and therefore active

ribozymes) were fluorescently labeled. Fluorescence-acti-

vated cell sorting was used to isolate the most fluorescent

beads harboring the most active ribozymes, whose tem-

plates could be amplified to carry out additional cycles of

selection and amplification.

This selection sought not only to improve the core of the

ribozyme itself but also to add domains to the 50 end of the

ribozyme, which had been largely unaltered since the origi-

nal class I ligase. A highly active version of the polymerase

ribozyme, dubbed tC19Z, was generated.18 The combined

improvements in the ribozyme core and the evolution of a 50

template hybridization domain greatly increased the ribo-

zyme's polymerization activity. Ribozyme tC19Z can extend

a primer nearly 100 nucleotides on a specially designed

template. Again, improvements in processivity were mir-

rored by improvements in the fidelity of the ribozyme,which

increased nearly 5-fold compared with the R18 ribozyme.

Unfortunately, structured templates still transcribed poorly.

In a monumental demonstration, the improved ribozyme

could actually transcribe an active version of the self-

cleaving hammerhead ribozyme.18

While the demonstration buoys the RNA world model, in

which there was one polymerase and many templates

would eventually have to evolve, the Xeroxase remains

elusive. This is interesting, given the amount of effort that

has been expended. It may just be that the problem is

suitably hard (a few laboratory years versus hundreds of

millions of years of evolution). A better explanation is that it

is unlikely that a single, nascent ribozyme could both have

been complex enough to achieve efficient polymerization

(Figure 2A) and in turn have readily acted on such a complex,

structured template. There must have been a different,

better path to origins, perhaps via the evolution of a hyper-

cyclic network17 rather than a single ribozyme (Figure 2B,C).

Cross-Catalytic Ribozyme Replicators
An initial cross-catalytic replicator was derived from the

ribozyme ligase namedR3C,which has a surprisingly simple,

three-way junction structure and plasticity with respect to

ligation substrates. With just a little engineering, the R3C

could be modified to ligate a number of different substrates

in trans.19 This in turn led to the division the ribozyme itself,

so that there were two half-ribozymes (A and B) that could

serve as substrates for the whole ribozyme.20 R3C had to be

redesigned to be palindromic across the ligation junction so

that the half-ribozyme substrates would anneal to the

whole-ribozyme template and be ligated to form another

whole-ribozyme. The reaction was short-lived and highly

dependent on the order of substrate addition. As had been
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the case for parabolic replicators going back to von

Kiedrowski, the two half-ribozymes could base pair to form

long-lived, inactive complexes.

To alleviate the problem of self-binding, two R3C-derived

species were created that could act as templates for one

another without being self-complementary.21 This system

format proved to be more robust compared with the initial

self-replicator. The system could undergo a full round of

replication, whereby T catalyzed the ligation of A0:B0 creating
T0, which then catalyzed the ligation of A:B to T. However,

the redesign led to a reduction in the catalytic rate and the

production of unwanted side species (AB0), which stymied

continual self-replication. These difficulties were partially

overcome by thermocycling,22 but true self-replication that

led to the production of more copies than parents was still

not achieved.

To increase the rate of catalysis for both R3C partners,

in vitro selection was utilized.23 Amutation was found at the

ligation junction that changed the A:UWatson�Crick pair to

a G:U wobble pair and in turn increased the efficiency of

ligation by 10�40-fold. To determine whether the system

could undergo continuous evolution, a small amount of

starting ribozyme was added to a reaction containing sub-

strates. A small portion of this reaction was serially trans-

ferred into a fresh reaction only containing substrates; for

the ribozyme to persist in the face of continuing dilution,

cross-replication must occur. As expected for an autocataly-

tic system, the ribozyme persisted after 30 h of serial

transfer, and each parental ribozyme was amplified

100-million fold. The robustness of the system was also put

to the test by competing different versions of the ribozyme in

the same reactionmixture, and certain variantswere found to

predominate, proving the system could support evolution.

Cross-catalytic replication provides a potential means

around replicating through complex secondary structures;

it also suggests how multiple small amplicons can be com-

bined into a larger whole. For example, the group I self-

splicing ribozyme had been shown to be capable of recom-

bining short RNA oligonucleotides in a template-directed

manner. These reactions are akin to polymerization, and

attempts were made to replicate portions of the group I

ribozyme, but these were stymied by the low efficiency of

the multiple recombination reactions necessary.24 The

Lehman laboratory then took a new approach by eliminat-

ing the need for template-directed recombination.25 In their

system, recombination is directed by the internal guide

sequence of the Azoarcus ribozyme, rather than an external

template. The utility of this method was demonstrated by

construction of an active hammerhead ribozyme and the

Bartel class I ligase from otherwise inactive precursors. With

the knowledge that group I ribozymes retain function as split

complexes, the Azoarcus ribozyme was split into four frag-

ments that contained guide sites at the peripheral loops

(to limit loss of function associatedwithmutations and secon-

dary structure restrictions). Mixing these four pieces indeed

resulted in the construction of full-length ribozymes. The

pieces first self-assemble into a noncovalent, active com-

plex, which joins other pieces into a covalently contiguous

ribozyme. A given fully assembled Azoarcus ribozyme then

acts on noncovalently joined complexes, leading to the

autocatalytic assembly of up to∼20%of the initial substrate

into active ribozymes.

While each of the aforementioned ribozyme replicators

seems an unlikely candidate for origins, they nonetheless

may suggest a plausible mechanistic pathway to origins. For

example, it may be possible to construct a system in which

the tC19Z polymerase andAzoarcus ribozymeswork in a two

part hypercycle (Figure 2B,C). Hypercycles are unique in that

individual reproductive cycles are connected by functional

linkages. Within the context of the proposed hypercycle,

short RNA fragments are replicated by the polymerase and

then stitched together by the Azoarcus ribozyme. This ob-

viates the requirement that a complex replicase sponta-

neously emerge from simple precursors as well as the

need for the polymerase to act on structured templates.

Thus,while neither species can efficiently self-replicate, each

can survive in the context of the hypercycle. Envisioning this

mutualistic network begs the problem of how to confine

benefits to the two members of the network. Informational

segregation by molecular recognition (i.e., base-pairing)

could allowmembers to discriminate, but ultimately covalent

bond formation or compartmentalization may be needed to

avoid a “molecular tragedy of the commons”.2

Replication of Nucleic Acids by Protein
Enzymes
It is likely that once ribozymes had lifted metabolism to

prominence that translation and protein enzymes took over,

leading to the organisms we see today. The intermediate

state in which protein polymerases began to impact nucleic

acid replication was first examined by the legendary

Sol Spiegelman.26 Since bacteria infected with RNA viruses

do not contain the cDNA, Spiegelman reasoned there

would likely be a catalyst capable of replicating the RNA

genome itself (proceeding through a complementary RNA
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intermediate). Biochemical fractionation of bacteria infected

with MS2 bacteriophage led to the purification of an RNA-

dependent RNA polymerase or “replicase”. The replicase

was shown to synthesize RNA using the MS2 RNA genome

as its template, preferring the genome by 100-fold over

other RNA or DNA. Similar work was done with the related

Qβ replicase, and it was further shown that the replicated

RNA was still capable of forming phage particles and that

mutant templates led to mutant progeny. Starting with

template RNA concentrations lower than that needed to

saturate the enzyme, exponential increase in the amount of

nucleic acid synthesized with respect to time (another hall-

mark of biological systems) was observed.

Such exponential replication was a necessary prerequi-

site for evolution, in which allelic variants of a parental

sequence can eventually displace the parent from a popula-

tion. In this case, serial transfers of the replicating RNA into

fresh mixtures of nucleoside triphosphates and Qβ replicase

led to increasing fitness in vitro but quickly decreasing fitness

in vivo (since there was no longer any constraint to infect or

replicate inside of cells). Indeed, after 74 transfers, the rate of

replication was∼15 times that of the starting RNA genome.

Further evolution of the shortened RNA “mini-monster”

population led to a 218 nt variant (a loss of 94% of the

genome26). By carrying out in vitro replication of the RNA

template under different conditions, variants were evolved

that could replicate in low substrate conditions or in the

presence of inhibitors.

Such RNA parasites were not confined to Qβ replicase.

Indeed, any system of continuous molecular replication is

potentially subject to invasion by parasites. For example, a

parasite, termed “RNA Z” emerged following an attempt by

the Joyce laboratory to select for ribozyme function by con-

tinuous evolution.27 The original experimental design is

based on the self-sustained sequence replication (3SR) cycle28

(Figure 3A). Unlike 3SR, however, the primers used do not

append the promoter sequence upon reverse transcription.

Joyce and co-workers hoped to select an RNA molecule that

could only complete the replication cycle by ligating a pro-

moter sequence to its 50 end (Figure 3B). However, the RNA

pool had other ideas, and RNA Z1 and RNA Z2 were born. In

these parasites, the randomized region contained the reverse

complementof theT7RNApolymerasepromoter followedby

a primer binding site (Figure 3C). The parasites amplified by

being reverse transcribed into a cDNA copy that contained a

hairpin element at its 30 end. The short hairpin was further

FIGURE 3. Continuous sequence amplification and the emergence of an RNA parasite. (A) In 3SR, an RNAmolecule is reverse transcribed by MMLV
reverse transcriptase. The primers append the T7 promoter, allowing for transcription. (B,C) A partially randomized RNA sequence is transcribed by T7
RNA polymerase. (B) An active ribozyme ligase is able to append a substrate molecule to its 50 end. Upon reverse transcription, the resulting DNA
template is suitable for further transcription. An inactive ribozyme is unable to append the substrate molecule and cannot complete the replication
cycle. (C) Despite lacking ribozymeactivity, the RNAZparasite is able to replicate. The key features of RNAZare ahairpin region anda sequence that is
the reverse complement of the T7 promoter. Upon reverse transcription, the resulting DNA molecule folds back on itself to prime second-strand
synthesis, which completes the T7 promoter, leading to additional RNA Z transcription. This cycle of reverse transcription and transcription can occur
continuously.
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extended to create a double-stranded T7 RNA polymerase

promoter. Transcription from this promoter regenerated the

RNA Z species, and autoamplification continued.

One way to avoid the accumulation of molecular para-

sites during continuous amplification is to increase the

number of specificity hurdles that must be leaped for repli-

cation to occur. For example, cooperative amplification of

templates by cross-hybridization (CATCH) is in the same vein

as 3SR, except it involves two molecular species that act

cooperatively for their mutual amplification.29 CATCH is

more resistant to parasitism than 3SR, because there are

more constraints on the species to be replicated. However,

nonspecific products form, even under optimized con-

ditions. Under conditions of low initial template or low

enzyme, the reaction devolves into parasitism at the ex-

pense of the desired products. Similarly, loop-mediated

isothermal amplification of DNA (LAMP) is a continuous

process that utilizes a combination of hairpin formation,

primer extension, and strand displacement to generate long

concatemers of a target sequence.30 LAMP utilizes four

primers that recognize six specific sequences, thus constrain-

ing templates much more than 3SR and thereby avoiding

parasites.

Discontinuous amplification is less prone to parasitic

infestation. This is illustrated by the relatively small fraction

of parasitic amplicons that arise in any given polymerase

chain reaction (PCR31). Although iterative rounds of primer

binding and extension allow DNA to be amplified by many

orders of magnitude, each thermal cycle contains a discrete

“extension” phase. By separating the periods of amplifica-

tion and thereby avoiding continuous amplification, the

advantages of quickly replicating parasitic species are greatly

reduced.32 In consequence, the robustness of PCR has led to

its ready adaptation in schemes formolecular evolution, such

as the selection of nucleic acid binding species, aptamers, and

ribozyme catalysts.

Cellular Replicators
While amplification methods can be chosen so as to avoid

parasitism, molecular parasites are still common in abiotic

replication, where cell walls cannot constrain their spread or

invasion. Nucleic acid replicators might have begun to

escape parasites by cellularization,2 but when and how

this occurred is a mystery. Fortunately, cells may have

already been available for the nascent replicators. Further

stretching the definition of a living system, the Luisi labo-

ratory generated lipid replicators that had semidefined

compositions, rather than defined sequences or structures.

They developed a system based on the self-replication of

micelles.33 Ethyl-caprylate slowly hydrolyzed in alkaline

solution, yielding ethanol and sodium-caprylate, which is

amphipathic and formedmicelles. Micelles catalyzed hydro-

lysis, thereby slowly increasing the rate ofmicelle formation.

Once a critical concentration of micelles was reached, mi-

celle concentration increased exponentially. A similar

scheme was used to generate a self-replicating bilayered

vesicle composed of either oleic or caprylic acid in a buffer

near the pKa of the fatty acid.34 The equimolar mixture of

protonated and anionic fatty acids stabilized the biologically

relevant, bilayered arrangement.

In an effort to show the feasibility of bringing together

nucleic acid replicators and protocells, the Qβ genome was

shown to replicate inside of autoreplicating vesicles.35

Additionally, the use of water-in-oil emulsions (described

below) confined parasites to a given compartment, while

allowing exponential amplification of the full-length ge-

nome to occur in nonparasitized compartments36 (Figure 4A).

This finding has important implications for early life, because

it is an experimental instantiationof the theoretical prediction

that molecular parasitism can be effectively mitigated by

compartmentalization.2

The ability to couple cellularization and template replica-

tion is the hallmark of modern living systems, and a number

of synthetic variations on modern cells have been devel-

oped as a means of facilitating the evolution of ribozymes

and proteins. The use of in vitro compartmentalization (IVC)

began with the work of Tawfik and Griffiths. They were able

tomix bacterial lysate, oil, and surfactants to generatewater-

in-oil compartments roughly the size of bacteria.37 If an

appropriate number of DNA templates is added before

emulsifying the reaction, then each compartment is ex-

pected to contain only one template. This allows the geno-

type of the template and the phenotype for which it encodes

to be linked to each other, while being separated from other

templates. As an example, the gene encoding HaeIII methyl-

transferase was emulsified with bacterial lysate such that

each gene was transcribed and translated within its own

compartment (Figure 4B). Active methyltransferases then

methylated the DNA in their respective compartments. The

DNA that encoded for an activemethyltransferasewould be,

itself, methylated. After breaking the emulsion, methylated

templates were protected from HaeIII restriction endonu-

clease digestion. Undigested templates were then preferen-

tially recovered. Starting with a mixture of active HaeIII

encoding template and an excess of irrelevant templates,
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they demonstrated a 1000-fold enrichment of the active

templates. Thus, IVC confines the benefits of enzymatic

function to the gene that codes for said function. This simple

principle has now been exploited in the selection of genes

encoding proteins and RNAs with numerous functions38

and may also have implications for the early evolution of

biopolymers.

Finally, replication cycles of increasing complexity are

being demonstrated in compartments, suggesting that a

cellularized nascent genome could have begun to elaborate

its functionality. In work performed by the Holliger labora-

tory, the gene for Taq DNA polymerase was expressed in

Escherichia coli, and individual bacteria were compartmenta-

lized in a water-in-oil emulsion.39 The compartment con-

tained all the necessary reagents for the PCR amplification of

the gene itself, except the Taq DNA polymerase that it

encodes. Upon thermal cycling, the bacteria burst apart

and released their contents into the broader compartment.

Thosebacteria harboring functional Taqpolymerases imbued

the compartmentwith theability to amplify the gene. TheTaq

DNA polymerase gene is replicated in the same sense as any

PCR amplicon; however, unlike other PCR amplicons, it is

subject to the Darwinian selection. Similarly, a DNA construct

composedof theT7promoter controllingexpressionof theT7

RNA polymerase gene, a so-called “autogene”, has been

adapted to IVC and shown to autocatalytically amplify its

RNAandprotein components.40 Like theHolliger-Taq system,

the RNA is passively replicated by an enzyme for which it

codes, thus allowing for in vitro Darwinian evolution.

Conclusion
Chemistry canbe thought of as thehard-wired rule set that at

some level governs more contingent biological evolution.

There is an inevitability to the types of chemical templating

that can lead to biology, with linear polymers that can

mutate in a quantized way being the most likely to be

successful, with mutualistic and conformational replicators

lacking the ability to effectively compete. Interestingly, this

may lead to the conclusion that all living systems that rely on

Darwinian evolution must also rely on nucleic acid-like

polymers, since the universe of compounds that canmutate

in a quantized way is seemingly quite small. Once nucleic

acid-like polymers can replicate, the problemof efficient self-

replication comes to the fore, with both product inactivation

via hybridization and parasitism being large barriers to

success. These problems may be overcome by the parallel

development of replication (and associatedmetabolism) via

gene-like pieces, leading inevitably to metabolism, and by

cellularization, leading inevitably to modern biology.

This work was funded by the Welch Foundation (F-1654) and the
Defense Threat Reduction Agency (HDTRA-08-1-0052). The con-
tent is solely the responsibility of the authors and does not
necessarily represent the official views of the Defense Threat
Reduction Agency or Welch Foundation.

FIGURE 4. Compartmentalization of parasites and function. (A) In a continuous aqueous phase (bulk), a short parasite is preferentially replicated by
the Qβ replicase, at the expense of the full-length RNA genome of Qβ. The use of water-in-oil emulsion confines existing or emerging parasites to a
given compartment, allowing productive genome replication in the other compartments. (B) In bulk cell-free lysate, a mixture of active and inactive
methyltransferase DNA templates are transcribed and translated. The active methyltransferase proteins are able to methylate all DNA templates in
solution. In the ideal emulsion, only genes encoding active methyltransferase are, themselves, methylated.
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