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ABSTRACT: Our current understanding of the chemistry of the
primordial genetic material is fragmentary at best. The chemical
replication of oligonucleotides long enough to perform catalytic
functions is particularly problematic because of the low efficiency of
nonenzymatic template copying. Here we show that this problem can
be circumvented by assembling a functional ribozyme by the
templated ligation of short oligonucleotides. However, this approach
creates a new problem because the splint oligonucleotides used to
drive ribozyme assembly strongly inhibit the resulting ribozyme. We
explored three approaches to the design of splint oligonucleotides that
enable efficient ligation but which allow the assembled ribozyme to
remain active. DNA splints, splints with G:U wobble pairs, and splints
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with G to I (Inosine) substitutions all allowed for the efficient
assembly of an active ribozyme ligase. Our work demonstrates the possibility of a transition from nonenzymatic ligation to enzymatic
ligation and reveals the importance of avoiding ribozyme inhibition by complementary oligonucleotides.

B INTRODUCTION

During the origin of life, the chemical replication of the
primordial genome may have allowed for the emergence of the
first ribozymes and then progressively more complex forms of
RNA-based life in the RNA world.'™* Demonstrating both
nonenzymatic RNA replication and ribozyme-catalyzed RNA
replication continue to remain grand challenges.”® However,
the transition from chemical to enzymatic replication is also an
important, but less studied, consideration. Because effective
and prebiotically plausible pathways for the propagation of
RNA templates long enough to encode an RNA replicase are
yet to be discovered, we have explored the assembly of a
ribozyme ligase by the nonenzymatic, template-directed
ligation of oligonucleotide substrates. The substrates them-
selves are short enough that they may be replicable by
nonenzymatic means. The fundamental hypothesis that we
raise is that the genome of a very primitive protocell could
consist of fairly short oligonucleotides, only 8 to 12 nucleotides
in length. We suggest that these oligonucleotides could
assemble by ligation into longer sequences capable of selective
advantageous ribozyme activity, even though the ribozyme
itself is too long to be chemically replicated.

As a model system to explore this problem we used short 5’
phosphoro-(2-methyl)imidazole activated oligoribonucleotides
ending in 3’-amino-2',3’-dideoxyribonucleotides as ligators.
Both 3’-amino nucleotides and oligonucleotides have been
employed extensively in origin of life studies’ ' and for the
copying of RNA templates by iterated ligation'" in which the
3’-amino group of an upstream ligator attacks the 2-
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methylimidazole activated 5’-phosphate of the downstream
ligator. Here we show that 3’-amino oligonucleotides 10—12
nucleotides long can efficiently assemble by template-directed
nonenzymatic ligation into an active ribozyme ligase.
Interestingly, we found that the assembled ribozyme is strongly
inhibited by the very template oligonucleotides (referred to as
splints) used to direct its assembly. This problem arises
because each splint must recognize and bind the 3" and ' ends
of both oligonucleotides to be ligated. Thus, the splint binds
even more tightly to the products of ligation, including the
assembled ribozyme. Similar template oligonucleotide inhib-
ition frustrated early efforts to demonstrate oligonucleotide
replication by ligation.'” Here we present three distinct
strategies by which such splint inhibition can be overcome,
so that ribozyme activity is observed postassembly.

B RESULTS

We first tested whether ribozyme assembly could be directed
by short RNA template splints. We chose to assemble an RNA
ligase ribozyme since successful assembly could represent a key
intermediate stage in the transition from chemical RNA
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replication to ribozyme catalyzed replication. Recently, an
RNA polymerase ribozyme was assembled by the non-
enzymatic ligation of a collection of 20 to 30-nt long activated
RNA oligonucleotides in 0.5% yield."> Because of the low
yield, T7 RNA polymerase transcription of an RT-PCR
amplification product was needed to obtain sufficient ribozyme
to measure its activity. Furthermore, this process removes the
20-mer to 30-mer splints, which would inhibit ribozyme
activity. 1S

We consider a simpler and more prebiotically relevant model
system that uses much shorter oligonucleotides to assemble a
smaller ribozyme (Figure la). We chose a 52-nt long, highly
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Figure 1. Model for the transition from nonenzymatic ligation to
ribozyme mediated ligation. (a) Secondary structure of the ribozyme
ligase'® used in all experiments in this paper. Black letters are
ribonucleotides; red letters represent 3’-amino-2’,3’-dideoxyribonu-
cleotides (T is used instead of U as a 3’-amino dideoxyribonucleotide
in this study for synthetic convenience). The corresponding set of five
ligator oligonucleotides is shown inside the box. The purple sequence
is the 5'-triphosphate substrate of the ribozyme ligase. (b) Schematic
representation of the experimental design. Potentially self-replicating
oligonucleotides shown in blue take part in multistep ligation
reactions templated by the green splint oligonucleotides to generate
the full length ligase sequence. Following dilution, the splint
oligonucleotides dissociate in the 48 °C ribozyme reaction mixture,
allowing folding of the ligase ribozyme. The functional ligase then
ligates itself to the 5'-triphosphate oligonucleotide substrate.

p

efficient RNA ligase ribozyme that can ligate a 14-nt S'-
triphosphate RNA substrate to its 3'-hydroxyl end.'® We tested
whether we could generate this ligase from five different
oligomers, 10 to 12 nucleotides long (Figure 1b, Figure 2a),
promoted by four different 10 nucleotide long splints. Each
splint is complementary to S nt at the 3’ end of the upstream
ligator and S nt at the 5’ of the downstream ligator. To
monitor the reaction, the 5'-end of ligator 1 was labeled with a
Cy3 fluorophore. We visualized the appearance of progres-
sively longer nonenzymatic ligation products by denaturing
polyacrylamide gel electrophoresis over time. We observed
efficient assembly of full-length ribozyme (Figure 2b, left).
However, no ligase activity could be detected (Figure 2b,
right). The estimated melting temperature of the four 10-mer
splints ranges from 46 to 62 °C'""® (see Table S2 for details),
while the ribozyme ligase is assayed at 48 °C. Heat
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Figure 2. Efficient assembly but strong inhibition of a ribozyme ligase
by 10-nt RNA splints. (a) Diagram of nonenzymatic ligation of five
ligator oligonucleotides directed by four 10-nt RNA splint
oligonucleotides (5'-AAGUGAUAAC-3’, 5-CUUACGUAAC-3/, §'-
CAAAGUGUUA-3, and 5'-UCAACCCAUC-3). (b) (Left) PAGE
analysis of the assembly of the ribozyme ligase by nonenzymatic
ligation. Reactions contained 20 M of ligator 1, 25 uM of ligators 2
to S, 25 uM of splints 1 to 4, 100 mM HEPES, pH 8.0, 100 mM
NaCl, 50 mM MgCl, and 100 mM HEI (1-(2-Hydroxyethyl)-
imidazole). The ligation reaction was carried out on ice. (Right)
PAGE analysis showing the lack of activity of the product ligase. The
nonenzymatic ligation product was diluted 10-fold into the ribozyme
reaction buffer: 50 mM bis-tris propane, pH 8.5, 25 mM MgCl,, and 3
UM triphosphate substrate. The ligase reaction was performed at 48
°C. No ligase activity was detected. Gels depicted are representative of
triplicate experiments.

denaturation followed by a renaturation step still yielded no
ligase activity (Figure S1), suggesting that fully complementary
10-nt RNA splints inhibit this ribozyme.

For the assembly of a functional RNA ligase in a manner that
is prebiotically plausible, it is essential to prevent ribozyme
inhibition by the splints. The splints must bind tightly and
specifically enough for efficient assembly but have a low
enough melting temperature for dissociation from the ligase.
Shorter 8-nt RNA splints resulted in a severe loss of ribozyme
yield (Figure S2). However, we discovered three solutions to
this problem.

We first tried 10-mer DNA splints, since DNA:RNA
duplexes are less stable than RNA:RNA duplexes of the
same sequence'’ (Figure 3a and Table S2). Potentially
prebiotic pathways to DNA precursors have been reported”””'
and template-directed ligation preferentially leads to the
synthesis of “all DNA” and “all RNA” oligonucleotide
products.” These studies suggest that DNA may have coexisted
with RNA in the prebiotic world. This raises the possibility
that distinct RNA and DNA oligonucleotides could have
replicated together within protocells. With four 10-mer DNA
splints, the 52nt ligase assembled with a yield of ~60% after 1
day (Figure 3b left, Figure S3). Importantly, the assembled
ribozyme efficiently catalyzed the ligation reaction (Figure 3b,
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Figure 3. Efficient assembly of active ribozyme ligase by 10-nt DNA
splints. (a) Diagram of nonenzymatic ligation of five ligator
oligonucleotides directed by four 10-nt DNA splint oligonucleotides
(5'-d(AAGTGATAAC)-3’, §'-d(CTTACGTAAC)-3', §'-d-
(CAAAGTGTTA)-3, and 5'-d(TCAACCCATC-3")). (b) (Left)
PAGE analysis of the assembly of the ribozyme ligase by
nonenzymatic ligation. (Right) PAGE analysis showing the activity
of the ribozyme ligase. The conditions for both reactions, including
oligonucleotide concentrations, are as in Figure 2b, except for the use
of DNA splints S to 8. Gels depicted are representative of triplicate
experiments.

right). Thus, DNA splints provide the affinity and specificity
needed for efficient ribozyme assembly, while the low thermal
stability of DNA:RNA duplexes allows for splint dissociation
followed by ribozyme folding into the catalytically active form.

As an alternative to DNA splints, we redesigned the RNA
splints to include several C to U changes and shortened the
terminal splint to a 9-mer (Figure 4a). Changing G:C base
pairs to G:U wobble pairs lowers the thermal stability of the
ribozyme-splint duplexes. To maintain efficient assembly via
nonenzymatic ligation, we only introduced one or two C to U
substitutions in each splint. Using these splints led to ~50%
and ~66% vyields of ribozyme within 6 and 48 h, respectively
(Figure 4b left, Figure S4). Importantly, the resultant ribozyme
was catalytically active (Figure 4b, right).

Splints with G:U wobble pairs to the ligator oligonucleotides
need not arise due to low fidelity replication, because if splints
are independently replicating genomic fragments, their
sequences would be expected to evolve in favor of optimal
ribozyme assembly and activity. Here we tested this hypothesis
using G:U wobble pairs as a proof of concept, but other
sequence changes could have similar effects.

Since inosine has been proposed to have preceded guanosine
as an RNA nucleotide in prebiotic conditions,”* we replaced
guanosine with inosine to weaken the thermal stability of the
splint-ribozyme complex (Table S2). We substituted G with I
in splints 1, 2, and 3, to afford splints 13, 14, and 15,
respectively. Due to the lack of G in splint 4, we shortened
splint 4 to 8 nt to generate splint 16. Indeed, we found that the
resulting splints enabled efficient ribozyme assembly and also
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Figure 4. Efficient assembly of active ribozyme ligase by 10-nt and 9-
nt RNA splints with G:U wobble pairing. (a) Diagram of
nonenzymatic ligation of five ligator oligonucleotides directed by
three 10-mer and one 9-nt RNA splint oligonucleotides with six C to
U changes (5’-AAGUGAUAAU-3’, 5-CUUAUGUAAU-3/, §'-
UAAAGUGUUA-3' and $-CAACCUAUU-3'). (b) (Left) PAGE
analysis of the assembly of active ribozyme ligase by nonenzymatic
ligation. (Right) PAGE analysis showing the activity of the ribozyme
ligase. The conditions for both reactions, including oligonucleotide
concentrations, are as in Figure 2b, except for the use of splints 9 to
12 as shown. Gels depicted are representative of triplicate
experiments.

allowed for good ribozyme activity (Figure 5). Thus, inosine-
based RNA would seem to have yet another advantage over
guanosine-based RNA, by minimizing the inhibition of
ribozyme activity by complementary oligonucleotides. A
similar scenario could be envisaged to also facilitate the
replication of genomic fragments.

B DISCUSSION

Our work suggests a scenario for the origin of life in which the
replicating genomic oligonucleotides in the first protocells
could have been quite small. Since reasonably active ribozyme
nucleases are generally longer than 30—50 nucleotides, it had
generally been assumed that replicating genomic fragments had
to be at least 30 nucleotides long if not longer. Even when
ribozymes are assembled from multiple oligonucleotides, the
oligonucleotides are typically longer than 20 nucleotides.'*****
Copying sequences of this length by primer extension with
activated ribonucleotides remains an unsolved problem. Even if
solved, complete cycles of replication would require a way for
long RNA—RNA duplexes to dissociate so that the copied
strands can be copied. In contrast, completely replicating 8—
12-mer oligonucleotides is much more plausible, both in terms
of template copying and in terms of their ability to dissociate.
Such 8—12 mers are unlikely to exhibit catalytic activity
individually, but multiple nonenzymatic splinted ligations
could assemble longer functional oligonucleotides, as we
have demonstrated.

Replicating genomic RNA and concurrently assembling
longer functional ribozymes faces several obstacles. First,
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Figure S. Efficient assembly of active ribozyme ligase by 10-nt and 8-
nt RNA splints with I:C base pairing. (a) Diagram of nonenzymatic
ligation of five ligator oligonucleotides directed by three 10-mer and
one 8-nt RNA splint oligonucleotides with five G to I changes (§'-
AAIUIAUAAC-3', §'-CUUAC IUAAC-3’, 5'-CAAAIUIUUA-3’, and
5’-CAACCCAU-3’). (b) (Left) PAGE analysis of the assembly of the
ribozyme ligase by nonenzymatic ligation. (Right) PAGE analysis
showing the activity of the ribozyme ligase. The conditions for both
reactions, including oligonucleotide concentrations, are as in Figure
2b, except for the use of the splints 13 to 16 as illustrated above. Gels
depicted are representative of triplicate experiments.

efficiently copying of RNA templates 8—12 nucleotides long
must be achieved either by monomer polymerization, by the
ligation of smaller oligomers, or some combination thereof.
Second, efficient splinted ligation must be achieved with native
RNA oligonucleotides (as opposed to 3'-amino-terminated
oligonucleotides) so that longer functional, but nonreplicating,
sequences can be assembled. Third, the duplex products of
oligonucleotide copying must dissociate in order to allow for
iterative cycles of replication. Finally, the affinity of splint-
templates for their ligator oligonucleotides must be high
enough to allow for efficient ligation but low enough to allow
for splint dissociation, so that the assembled product strand
can fold into an active ribozyme.

The first two problems would benefit from an effective way
of increasing the nucleophilicity of the RNA 3’-hydroxyl,
perhaps by a means of delivering an appropriate catalytic metal
ion to the reaction center. The third problem might be
overcome if either strand displacement™ or strand separation
could be triggered by transient environmental changes, for
instance, temperature fluctuations, pH fluctuations,”® or salt
concentration fluctuations following wet—dry cycles.””

RNA splints that had only 3—4 nucleotides of complemen-
tarity to both ligator oligonucleotides led to slow and/or
inaccurate ligation and thus ineflicient assembly. On the other
hand, splints with longer regions of complementarity failed to
dissociate, leading to ribozyme inhibition. We found that the
introduction of wobble pairs or inosine allowed RNA splints to
accurately direct ribozyme assembly through iterated ligation
events without inhibiting the assembled ribozyme. Addition-

ally, DNA splints exhibited excellent specificity with low
enough affinity to avoid ribozyme inhibition. Prebiotically, it is
possible that the admixture of low levels of deoxy-, arabino-, or
threo-nucleotides into RNA oligonucleotides could have had
the same effect, as well as potentially decreasing duplex
stability enough to facilitate multiple cycles of replication.”*®
Important roles for weakly binding oligonucleotides are also
found in a previously described mechanism for the homeostatic
modulation of ribozyme activity. Here too, short oligonucleo-
tides inhibit ribozyme folding at high concentrations but
dissociate effectively and thereby lead to ribozyme activation
during protocell growth.'*

B SUMMARY

We have demonstrated a potential path from nonenzymatic
ligation to enzymatic ligation by showing that a ribozyme ligase
can be assembled from a set of short oligonucleotides via
splint-templated nonenzymatic ligation. Although the ribo-
zyme was strongly inhibited by complementary RNA splint
oligonucleotides, we found that inhibition could be avoided by
using either DNA splints, splints with G:U wobble pairs, or
splints with I:C base pairs. Our study provides prebiotically
plausible solutions to the long-standing problem of ribozyme
inhibition by complementary oligonucleotides. Solving the
related problems of oligonucleotide replication and splint-
directed ribozyme assembly may lead to further insights into
the origins of life in an RNA world.
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