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Introduction

Living systems are characterized by sev-
eral attributes, chief among which are
self-replication, metabolic function, and
the capacity to evolve.There is no agreed-
upon definition of life1, but most would
regard a chemical system that undergoes
Darwinian evolution without the aid of
external evolved molecules as being at the
threshold of life. Darwinian evolution
provides the means to adapt to a chang-
ing environment, and generates a histor-
ical record of those adaptations as a lin-
eage of genetic molecules. Replication of
the genetic molecules must be supported
by the conversion of high-energy start-
ing materials to lower-energy products,
and innovations such as compartmental-
ization and an increasingly sophisticated
metabolism are likely to be necessary for
the long-term survival of the system.
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All life that is known to exist on Earth today, and all life for which there
is evidence in the geological record, is based on DNA genomes and protein
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enzymes. However, there are strong reasons to conclude that DNA- and
protein-based life was preceded by a simpler form of life based primarily
on RNA2–7. In that “RNA world”8, RNA enzymes would have been re-
sponsible for catalyzing the replication of RNA genomes, thus enabling the
evolution of RNA-based function. Recent work in our laboratory has led
to the development of RNA enzymes that catalyze their own replication
and have a limited capacity to evolve9. These molecules do not yet have
sufficient genetic complexity to invent novel function, but they can adapt
existing function to particular environmental conditions.

Our current research activities are focused on expanding the complexity
of the RNA-based evolving system so that it has the capacity for inventive
Darwinian evolution. Efforts are being directed toward maximizing the
genetic information capacity of the synthetic evolving system so that it can
develop complex functions, as would be needed to persist in a changing
environment. This work aims to broaden our view of the chemical nature
of life and to provide an experimental system to study life in a highly
simplified form.

From Ligase to Replicase

There are now many examples of in vitro evolved RNA enzymes that cat-
alyze the RNA-templated joining of RNA substrates10–17. Some of these
enzymes catalyze a single joining reaction (ligation), while others catalyze
multiple successive joinings (polymerization). These reactions have special
relevance to the origins of life because the underlying chemistry is similar
to what would be required by an RNA replicase. For many years, experi-
mental efforts have focused on attempting to convert an RNA ligase RNA
enzyme to a polymerase, and ultimately to a replicase. In one especially
notable example, the class I RNA ligase10,11 was converted to an RNA-
dependent RNA polymerase that can extend an oligonucleotide primer by
adding up to 20 successive NTPs18 . This reaction is less general than first
thought19, but may offer the opportunity for further improvement, and
suggests approaches that could be applied to other RNA ligases.

RNA-catalyzed RNA ligation typically involves the RNA-templated join-
ing of an oligonucleotide 3′ hydroxyl and an oligonucleotide 5′-triphos-
phate, forming a 3′,5′-phosphodiester linkage and releasing inorganic py-
rophosphate. Efforts to convert a ligase to a polymerase usually involve re-
placing the oligonucleotide 5′-triphosphate substrate by successive NTPs.
An alternative approach is to treat oligonucleotide substrates as “mono-
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mers”, and attempt to progress from oligonucleotide ligation to oligonu-
cleotide polymerization, and ultimately to RNA replication. There are
two extreme versions of this alternative approach: one is to employ short
oligonucleotides (2–6 residues) and require multiple successive oligonu-
cleotide additions; the other is to employ long oligonucleotides (20–40 resi-
dues) and require only one or a few joining reactions to assemble a complete
copy. The latter has recently been achieved in our laboratory, providing
the first non-biological system that undergoes self-sustained exponential
amplification9. This system also has been extended to allow for heritable
mutation and survival of the fittest among a heterogeneous population of
self-replicating RNAs.

The self-replicating RNA enzymes were derived from the “R3C” RNA
ligase, developed previously in our laboratory15. This ligase has a simple
three-way junction architecture, consisting of three stem-loops that are
joined at a central location that contains the catalytic domain of the enzyme
(Figure 1a). Nucleotides within the catalytic domain are highly conserved
in sequence, but those within the pendant stem-loops are generic, as long
as they form a stable duplex structure.Two of the stem-loop regions within
the R3C ligase are involved in binding the RNA substrates. Because these
regions are generic in sequence, they can be designed to accommodate two
substrates (A and B) whose sequences correspond to the 5′ and 3′ portions,
respectively, of the enzyme (E). When the substrates are ligated, they form
another copy of the enzyme, allowing self-replication to occur (Figure 1b)20.
This reaction does indeed proceed autocatalytically and is not limited by
product dissociation, but replication is slow and does not reach a high
maximum extent.

The next step was to devise two ligase enzymes (E and E′) that cat-
alyze each other’s synthesis from a total of four component substrates
(A′+B′ → E′, catalyzed by E; and A+B → E, catalyzed by E′)21. Com-
pared to self-replication, cross-replication places fewer design constraints
on the sequences of the replicating molecules. However, initial versions of
the cross-replicating system also were inefficient and could barely generate
as many new copies of the enzyme as were present at the start of the reac-
tion. It thus became necessary to improve the rate and maximum extent of
the cross-replicating RNA enzymes, which was accomplished using in vitro
evolution9. The resulting optimized enzymes are able to achieve 100-fold
amplification in 5 hours at a constant temperature of 42◦C. Their repli-
cation can be continued indefinitely through a serial transfer procedure,
in which a small aliquot is taken from a completed reaction mixture and
transferred to a new reaction vessel that contains a fresh supply of substrates.
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Figure 1: Standard and replicating forms of the R3C ligase RNA enzyme. a, The enzyme
(E) adopts a three-way junction structure upon binding two substrates (A and B), which
become ligated (curved arrow) to form the product. Nucleotides that are essential for
catalytic function are shown. b, The self-replicating or cross-replicating enzyme ligates
two substrates to yield a new copy of the enzyme or its cross-catalytic partner, respec-
tively. Open boxes indicate the two genetic regions, which can have any complementary
sequence.

Darwinian Evolution in a Synthetic Genetic System

Darwinian evolution requires many variants in a population, all of which
can replicate, mutate, and compete for survival. This was achieved by con-
structing heterogeneous populations of cross-replicating RNA enzymes that
undergo mutation through recombination, and selection based on their
differential rates of replication9. Each enzyme contains two “genes”, repre-
sented by the two regions of complementary pairing between the enzyme
and its substrates (Figure 1b). Each gene can have many possible alleles,
and each allele encodes a corresponding trait, which is the functional do-
main that is covalently linked to the allele. Recombination of the two
genes occurs due to occasional incorporation of a mismatched substrate,
resulting in recombinant enzymes that also can cross-replicate. Over time,
recombinants can give rise to other recombinants, as well as revert back to
non-recombinants.

As a test case, a population of 12 different pairs of cross-replicating
RNAs were constructed, each pair containing different genetic sequences
within the two allelic regions that encoded different functional sequences
within the corresponding catalytic domains9. Together the 12 pairs of cross-
replicators had the potential to give rise to 132 pairs of recombinants.
A +serial transfer experiment was carried out, starting with 0.1 µM each of
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the 12 starting replicatorsand 5 µM each of the various substrates.The pop-
ulation was subjected to 20 successive rounds of 20-fold amplification and
20-fold dilution (∼1026-fold overall amplification) in a period of 100 hours.
During this time novel recombinants arose and grew to dominate the pop-
ulation. Three recombinants in particular accounted for one-third of the
evolved population. The basis for their selective advantage was shown to be
their faster exponential growth rate in the complex mixture of substrates,
and their propensity to support each other’s production through preferred
mutational pathways9.

Replication Contingent on Other Functions

Although replication efficiency is the ultimate measure of fitness, other
traits can confer selective advantage through their indirect effect on replica-
tion. So too in a synthetic genetic system, reproductive fitness can be made
contingent on the execution of other functions. The cross-replicating RNA
enzymes contain three generic stem-loops, two that are committed to sub-
strate binding and a third that can contain a functional domain (Figure 1b).
The functional domain could be an RNA aptamer that binds a specific lig-
and or a catalyst that brings about a particular chemical transformation.

It is straightforward to install an aptamer domain within the central
stem-loop of the replicating enzymes so that they undergo exponential
amplification in the presence, but not the absence, of the corresponding
ligand22. Similar “aptazymes” have been developed in the laboratory for
non-replicating RNA enzymes23–30 and have been discovered within natu-
rally occurring “riboswitches”31. Aptamers that specifically recognize either
theophylline32 or FMN33 were installed within either or both members of
a pair of cross-replicating enzymes, causing exponential amplification to
be dependent on the presence of the corresponding ligand (Figure 2)22. In
the absence of the ligand the aptamer is unstructured and cannot support
the active structure of the enzyme, while in the presence of the ligand the
aptamer adopts a well-defined structure that stabilizes and therefore acti-
vates the adjacent catalytic domain. Furthermore, the exponential growth
rate of the cross-replicating aptazymes depends on the concentration of the
ligand relative to the Kd of the aptamer domain. This provides a way for the
replicators to sense the concentration of the ligand in their environment
and to reflect this behavior in their reproductive fitness.
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Figure 2: Ligand-dependent exponential amplification of RNA. a. The central stem-loop
of the cross-replicating enzyme (left ) was replaced by an aptamer domain that binds either
theophylline (center) or flavin mononucleotide (right ). b. Enzymes that contain either
the theophylline aptamer (•) or FMN aptamer (◦) undergo amplification in the presence
(but not the absence) of 5 mM theophylline or FMN, respectively.

Information Capacity of the Synthetic Evolving System

The synthetic genetic system based on cross-replicating RNA enzymes has
many of the properties of a living system, but thus far lacks the capacity for
inventive Darwinian evolution. Genetic information within the system is
represented by two regions of base pairing between the E and E′ enzymes
of 7–8 nucleotides each. The sequence diversity available to the system is
meager, limited to the n×m combinations of the two genetic loci. Sequence
diversity in biology is much greater due to the 4n possible combinations
for a nucleic acid genome of length n. In the work described above, n and
m both were chosen to be 12, resulting in 144 possible cross-replicating
pairs. In principle, n and m each could be much larger, both on the order of
104–105, giving 108–1010 possible combinations. However, not all of these
potential genotypes would be discriminated with high fidelity, especially
those that involve subtle differences in sequence. In addition, it would be
difficult for any replicator to find its corresponding substrates among a
mixture of tens of thousands of potential substrates.

Current studies aim to maximize the information capacity of the syn-
thetic genetic system so that it can provide the basis for the discovery of
novel function. These efforts involve constructing populations of varying
complexity, for example, randomizing three, four, or five nucleotides within
each of the two allelic regions to give 64×64, 256×256, or 1,024×1,024
possible combinations. The various populations of enzymes will be allowed
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to undergo self-sustained amplification. Sources of infidelity will be identi-
fied, perhaps indicating genetic sequences that are difficult to discriminate
and should be excluded from the population.

It should be possible to maintain evolving populations with a complexity
of at least 104 distinct replicators, and possibly as many as 107. Preliminary
studies employing a population of 4,096 cross-replicators (64× 64 combi-
nations, all with the wild-type catalytic domain) demonstrated exponential
growth starting from the initial combinatorial library, with 10-fold overall
amplification in 7 hours. A serial transfer experiment was carried out in-
volving six successive rounds of 10-fold amplification, starting with 0.2 nM
of each E and E′ enzyme, and employing 0.6 µM of each A, A′, B, and B′

substrate throughout the experiment (Figure 3). The Km of the enzyme for
the A or A′ substrate is ∼0.4 µM and for the B or B′ substrate is ∼0.05 µM.
Thus, in the complex mixture of 4,096 cross-replicators and their respective
substrates, each enzyme is operating under near-saturating conditions with
regard to its matching A or A′ substrate and under saturating conditions
with regard to its matching B or B′ substrate, even though the matching
substrates comprise only a small fraction of the total pool.

Despite the much higher concentration of non-matching compared to
matching substrates, the kinetic properties of the enzyme may allow fine
discrimination within the complex mixture. This is because the dissociation

Figure 3: Self-sustained amplification of a population of 4,096 cross-replicating RNA
enzymes. A serial transfer experiment was carried out, allowing ∼10-fold amplification
before transferring 1/10th of the mixture to a new reaction vessel that contained a fresh
supply of substrates. The aggregate yield of E (black) and E′ (gray) was measured at
frequent intervals. Reaction conditions: 0.2 nM each starting E and E′, 0.6 µM each
substrate, 25 mM MgCl2, pH 8.5, 42◦C.
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rate of the enzyme-substrate complex is estimated to be∼100 min−1 (based
on a Kd of ∼10−7 M and duplex association rate of ∼109 M−1 min−1),
while the catalytic rate is ∼1 min−1. Thus, even for matched substrates,
there is repeated sampling of the substrates before each ligation event. This
could provide a kinetic proofreading mechanism that would discriminate
against mismatched substrates, which are expected to have an even faster
dissociation rate.

The maximum genetic complexity of the evolving population will de-
termine the degree of functional sophistication that can be achieved within
the system. Some of the simplest functions that might be attained involve
ligand recognition, especially if the ligand is a compound that binds readily
to RNA. There also are some nucleic-acid-catalyzed reactions, such as the
divalent-metal-dependent cleavage of an RNA phosphodiester or the join-
ing of activated oligonucleotides, that require only a low level of catalytic
sophistication and likely could be brought about by a small catalytic mo-
tif. More complex functions will necessitate some means to provide much
greater genetic complexity within the evolving system, for example, by re-
quiring multiple ligation events to assemble a complete copy of the enzyme.
Ultimately, the system should have the capacity to evolve functions as so-
phisticated as the replicase itself and to support an RNA-based metabolism.
This would amount to the reinvention of the RNA world in the laboratory.
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