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Abstract

Mechanisms of molecular self-replication have the potential to shed light upon the origins of life.
In particular, self-replication through RNA-catalysed templated RNA synthesis is thought to have
supported a primordial ‘RNA World’. However, existing polymerase ribozymes lack the capacity
to synthesise RNAs approaching their own size. Here we report the in vitro evolution of such
catalysts directly in the RNA-stabilising medium of water-ice, which yielded RNA polymerase
ribozymes specifically adapted to sub-zero temperatures and able to synthesise RNA in ices at
temperatures as low as —19°C. Combination of cold-adaptive mutations with a previously
described 5’ extension operating at ambient temperatures enabled the design of a first polymerase
ribozyme capable of catalysing the accurate synthesis of an RNA sequence longer than itself
(adding up to 206 nucleotides), an important stepping stone towards RNA self-replication.

Introduction

Compelling evidence, ranging from aspects of modern metabolism to the central
informational and catalytic roles of RNA in translation and splicing, supports the hypothesis
that in a distant evolutionary past, biology used RNA for both genetic information storage
and metabolism1. Central to this “RNA world”2, arising from the products of prebiotic
chemistry3->, would have been a ribozyme catalyst able to perform templated RNA synthesis
to enable replication and expression of the emerging RNA genomes®-’.

RNA-catalysed RNA replication is a complex process, requiring iterative cycles of accurate
substrate selection, elongation and translocation along the RNA template. While any
primordial replicase appears to have been lost, functional aspects of life’s first genetic
system may be studied using modern-day analogues obtained through directed evolution®
the best of which are a family of ribozymes based upon the R18 RNA polymerase
ribozyme?-11.

R18 is a ribozyme, approximately 200 nucleotides (nt) long, derived from a ligase ribozyme
generated de novo from a random RNA sequence pool!213, and can catalyse the templated
extension of RNA primers by up to 14 nucleotides (nts) using nucleoside triphosphates
(NTPs)?. However, the activity of R18 falls short of that required for self-replication in both
its limited synthetic capacity (exacerbated by a low affinity for substrate primer/template
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duplex!4) as well as its poor stability in the presence of the high concentration of Mg2* ions
(200 mM) required for polymerase activity?:15-16,

We had previously shown that ice, a biphasic medium, could enhance both polymerase
ribozyme activity and stability!? - despite the poor adaptation of the R18 polymerase
ribozyme (evolved at 22°C) to the low temperatures of the ice phase (—7°C). Ice is also one
of a range of heterogeneous prebiotic media (including aerosols, lipidic membranes and
porous rock!7-20) with the potential to effect RNA compartmentalisation, a prerequisite for
evolution®.

In an attempt to better understand the potential of ice as a prebiotic medium we have
investigated the directed evolution of RNA in this frozen environment. Harnessing the
compartmentalised bead-tagging (CBT) RNA selection strategy!! directly in ice, we isolated
RNA polymerase ribozymes adapted to frozen conditions, and derived a ribozyme - tC9Y -
able to accurately synthesise RNA oligomers longer than the ribozyme itself using a
favourable RNA template sequence at 17°C. Furthermore, we discovered traits that
characterize such favourable RNA templates, defining the upcoming challenges on the road
towards RNA self-replication.

In-ice selection of ribozyme polymerase activity

Nucleic acid enzymes are commonly studied in homogenous media such as aqueous
solutions at ambient temperatures. However, the primordial ribozymes of the RNA world
are likely to have arisen and/or functioned in a range of heterogeneous media at variable
ionic and substrate concentrations!®. Here we have investigated the effects of one such non-
uniform environment - water-ice!3-2! - on RNA evolution.

Ice formation from an aqueous solution comprising solutes such as ions and RNA results in
a non-uniform, biphasic system whereby the solutes, including RNA, are excluded from the
growing ice crystals and are concentrated in an interstitial brine, called the eutectic phase.
Having previously shown that freezing could enhance, prolong and compartmentalise RNA
polymerase ribozyme activity!>, we sought to explore the accessibility of novel ribozyme
phenotypes by direct in-ice evolution using a modification of the previously described CBT
(compartmentalised bead-tagging) in vitro selection strategy!!.

During in-ice CBT, the selection step of primer extension by ribozyme variants is carried out
directly in the eutectic phase of water ice at —7°C, where ice-active ribozyme variants tag
the microbead to which they are tethered by extending RNA primer/template duplexes on
the same bead (Fig. 1a). After thawing, primer extension initiates rolling circle amplification
(RCA) and is scored by fluorescent staining of RCA products, permitting flow cytometric
sorting and isolation of beads carrying active ribozymes (Supplementary Fig. Sla, b).

We initiated in-ice selection for RNA polymerase ribozyme activity starting from a random
mutant library (7.6 mutations/gene) of the original R18 polymerase ribozyme®. To
effectively explore sequence space using our modestly sized mutant repertoire (5x107) we
exploited the strategies of neutral drift and recombination using three initial rounds of in-ice
CBT at low stringency (requiring primer extension by 3-5 nucleotides for RCA signal, to
deplete the sequence pool of detrimental mutations), followed by recombination and five
additional rounds of in-ice CBT selection with increasing stringency (requiring primer
extension by 10-12 nucleotides for RCA signal, Supplementary Table S1).
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Generic and ice-specific adaptations

We screened this enriched pool for ribozymes with improved in-ice RNA polymerase
activity, using a modification of the ribozyme polymerase plate assay (RPA)!!. RPA
screening identified two polymerase ribozyme clones with improved in-ice primer extension
activity, C30 and C8, both of which outperformed R18 on two different primer/template
combinations (Supplementary Fig. Slc, d). Engineering C30 yielded the ribozyme ‘W’
which displayed a phenotype related to that of ‘Z’ (an R18 ribozyme variant with increased
sequence generality evolved independently at 17°C!1), but which possessed an additional set
of moderately cold-adaptive mutations (Supplementary Fig. S2). C8, however, showed a
more striking improvement of in-ice activity, and we focused further investigations upon
this phenotype. C8 exhibited only three mutations with respect to the parent R18 sequence
(U72G, G93A, C97A, Supplementary Fig. S3a), which together provided superior in-ice
polymerase activity. Introducing the previously described C60U mutation!! from Z gave a
moderate further boost to activity (Supplementary Fig. S3b, c) yielding the ribozyme ‘Y’
(Fig. 1b). Y outperformed the parent R18 ribozyme on a range of templates (Supplementary
Fig. S3d), but in particular displayed substantial polymerase activity in ice at —=7°C (Fig. 1c).
Indeed, Y synthesised more RNA in ice (at —=7°C) than at 17°C, after just two days’
incubation. During incubation for one week in ice, Y extends over 35% of primers by 12 nts,
before pausing at a challenging template sequence block!©.

Comparison of RNA synthesis by R18 and Y over a range of temperatures revealed a lower
temperature optimum for Y that supported significant activity at —=7°C in ice and in
supercooled solutions (Fig. 2a). While Y outperformed R18 by fourfold at 17°C (as judged
by gel densitometry of average extension per primer!3-22), at =7°C the differential rose to
more than 15-fold in ice, and more than 30-fold in a supercooled solution. These results
indicate both generic as well as ice-specific improvements in RNA polymerase ribozyme
activity with the latter arising primarily from an adaptation to cold temperatures rather than
to ice surfaces or structural features. Substantial RNA synthesis by the ribozyme could be
observed down to temperatures as low as —19°C (Fig. 2b).

We sought to disentangle the contributions of the different selected mutations in Y
(approximate positions in Fig. 3a) to both generic as well as to cold-specific adaptations of
polymerase ribozyme activity by reverting individual Y mutations and measuring the
activity of the resulting polymerase ribozymes under different conditions. Reversion greatly
reduced polymerase activity, but its impact differed at different temperatures: ratios of
quantified extensions at ambient temperatures and in ice indicate that G93A and C97A are
the key mutations responsible for boosting cold-specific activity, with U72G providing a
minor contribution (Fig. 3b). As expected, the C60U mutation, derived from the Z ribozyme
evolved at ambient temperatures, did not improve activity in ice any more than at ambient
temperatures.

G93A and C97A may be involved in low-temperature interactions with the RNA template,
improving primer/template duplex binding. This is unlikely to be mediated by sequence-
specific hybridisation, as Y performed even more proficient primer extension on a template
(IT) with a different downstream sequence (Fig. 3c), continuing up to a couple of bases from
its 5/ end. Furthermore, the parental R18 ribozyme shows a preference for a shorter template
(I-s) on which Y performs worse than on the longer template I, suggesting that Y may be
able to productively interact with downstream single-stranded template RNA to achieve
enhanced polymerisation in ice.
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Synthesis of long RNAs in ice and at ambient temperatures

To explore the potential of this apparent enhancement of downstream template interactions,
we examined ribozyme activity upon long templates consisting of repeats of the template I

sequence (I-3, Fig. 3c). Whereas R18 could only achieve limited polymerisation upon such
templates, Y was able to synthesise long extension products up to +30 nt in ice.

We attempted to fully leverage these benefits of Y upon extension by adding to Y, via a
flexible Ag linker sequence, the 5/-‘ssc19” sequence extension (5-GUCAUUG-), previously
shown to enhance synthesis of long RNAs by facilitating ribozyme tethering to the 5" end of
the template!!. This new engineered tC9Y polymerase ribozyme proved exceptionally good
at synthesising very long RNAs on these favourable templates, yielding RNA products up to
206 nucleotides long (Fig. 4a, b) at 17°C.

Due to the influence of the Y mutations, tC9Y is also the fastest and most efficient
polymerase ribozyme described so far, yielding 63 nt products after only 16 hours and 206
nt products after 60 hours (Supplementary Fig. S4). With ~97.5% of primers extended
beyond each successive nucleotide by the end of the week-long incubation (Supplementary
Fig. S5a), tC9Y exhibits a termination probability per incorporation on these favourable
templates of 0.012-0.025. This is an approximately 2-fold improvement on tC19
(0.019-0.05) and 4-fold improvement on tC19Z (0.03-0.1) (Supplementary Fig. S6),
previously the most efficient polymerase ribozymes described!!.

In ice (-7°C), long-range synthesis by tC9Y only yielded products up to 118 nucleotides
long (Supplementary Fig. S5b). As well as proceeding much more slowly (Supplementary
Fig. S4a), initiation of frozen extension in this setup was inefficient. Furthermore,
termination patterns indicated that some primers were extended in an sscjg-independent
manner (Supplementary Fig. S5c). This may be due to altered dynamics and a reduced
functionality of the ssc g tethering function - optimized for ambient conditions - under the
altered temperature and salt conditions in ice, greatly reducing overall synthetic efficiency.

Long range synthesis allowed enhanced precision when determining the fidelity of RNA
synthesis, a critical parameter of RNA replication?3. Sanger sequencing of full length
products!! (Supplementary Table S2) indicated that the Y mutations conferred a modest
fidelity improvement at 17°C to 98.3% compared to 97.3% for tC19!!, and in ice to 94.8%
compared to 93.4% for R181>. We next performed Illumina sequencing of the entire length
spectrum of tC9Y (17°C) extension products, to gain a global picture of the fidelity of
ribozyme-catalysed RNA synthesis and to uncover potential biases generated by restricting
analysis to full length products. Analysis of 1.17x10 positions revealed a 97.7% fidelity for
full length products, and a slightly lower overall fidelity of 97.4% when including all
incomplete extension products (Supplementary Fig. S7a, Table S2). In-detail examination of
polymerase errors across all extension products revealed both the ribozyme’s global error
spectrum (dominated by deletions and transition substitutions of A, Fig. 4c) and an
enrichment of certain types of errors towards the 3’ ends of incomplete extension products:
the last two bases showed a 7.1% substitution rate, compared to a 0.8% substitution rate
(plus a 1.5% deletion rate) in all preceding residues (Fig. 4d). This increase may reflect
misincorporations that prevented further extension by the ribozyme (Supplementary Fig.
S7b), a phenomenon that is also observed in templated nonenzymatic replication?4,
However, the majority (>85%) of incomplete extension products terminated in the correct
residues, suggesting that non-processive synthesis as well as degradation of the ribozyme
and single-stranded template in the Mg2+-rich buffer were likely responsible for the majority
of the observed terminations. Indeed, the total 2.5% termination rate per position
(Supplementary Fig. S5a) suggests just a ~1 / 300 chance of misincorporation-induced
termination per position during these tC9Y-catalysed RNA syntheses.
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In-ice selection of RNA polymerase ribozyme templates

In early RNA replication, adaptive pressures would have acted not only on the replicase
ribozyme itself, but on the replication system as a whole, including the replication templates.
We complemented our studies of the directed evolution of RNA polymerase ribozyme
activity in ice by investigating the effects of in-ice replication upon template sequence
evolution. To this end we selected for long (50 nt) templates that could be copied in ice by
the RNA polymerase ribozyme, from a pool of random RNA sequences. While an earlier
template selection experiment at ambient temperatures had led to a rapid collapse of
diversity to a single template (I-5)!!, in ice the template sequence pool remained diverse
over four rounds of selection, during which templates capable of directing full-length
syntheses emerged (Supplementary Fig. S8a). From this pool (Supplementary Table S3) we
randomly selected five ~50 nt template sequences (A50, B50, C50, D50 and E5O0, Fig. 5a),
of which four (A50, B50, D50, E50) could be extended to full length (~+50 nts) both at
ambient temperatures (Fig. 5b) and in ice (Supplementary Fig. S8b). tC9Y copied these
templates with an overall fidelity comparable to the I-n repeat template (Supplementary Fig.
S8c, Table S2). It is notable that although these template selections harnessed the sscg tag,
the templates’ beneficial properties extended to both the Y as well as the parental R18 RNA
polymerase ribozyme (Supplementary Fig. S8d).

Having discovered a pool of efficient template sequences for the RNA polymerase
ribozyme, we sought to describe traits that distinguished these templates from the many
RNA sequences that are poor templates2>. Analysis of 95 selected template sequences
revealed a consistent set of attributes that appear to critically influence the replicability of a
given RNA sequence. Firstly, the majority of the template sequences exhibited a low
propensity to form stable secondary structure elements (as judged by mfold26). Secondly, we
observed a clear and progressive trend of the template nucleotide composition away from
parity towards a reduced G and an increased C content (Fig. 5c). As CTP is efficiently
incorporated opposite template G?, this trend does not reflect the elimination of inefficient
template bases but rather the tendency of G-rich templates to promote the formation of
highly stable secondary structures including G-rich hairpin motifs (through both G-C and
G-U pairing) and potentially G-quadruplexes. Thirdly, we found a striking deviation of the
dinucleotide frequencies from those expected (correcting for the biased nucleotide
composition) (Fig. 5d). All dinucleotides lacking C (except -UU-) were underrepresented, as
the abundant C residues appeared to function to space out A, U and G, suggesting an
important role for intermittent interactions to unpaired template C for productive template
binding and/or translocation. Indeed, extension ‘blocks’ are frequently observed preceding
template stretches lacking C are frequently observed!®. Conversely, RNA polymerisation
often proceeds efficiently on template regions with regularly spaced C residues (such as
template I-n).

Discussion

Compartmentalisation promotes the linkage of genotype and phenotype, a prerequisite for
Darwinian evolution. Prior to the advent of membranous protocells, emerging organisms of
the RNA world might have used a range of alternative compartmentalisation strategies,
including porous rock cavities, aerosol droplets, aqueous phase separation, micelles or
eutectic ice phases. Of these, some have been investigated for compatibility with ribozyme
activity18-22.27.28 'but none have been examined for the emergence of adaptive,
environment-specific RNA phenotypes. In this study we have demonstrated the in-ice
directed evolution of RNA function, showing adaptation of RNA polymerase ribozyme
activity to the conditions of the eutectic phase of water ice (Fig. 1). The novel in-ice selected
RNA polymerase ribozymes (Supplementary Fig. S9) displayed both cold-specific
adaptations, allowing ribozyme-catalysed RNA synthesis to proceed in ices at temperatures
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as low as —19°C (Fig. 2), and generic i.e. temperature- and medium-independent activity
improvements, highlighting the potential of water-ice (and perhaps other heterogeneous
media) as a favourable environment for the emergence of ribozyme phenotypes that may not
be accessible under ambient conditions.

The G93A and C97A mutations that provide the main cold-specific activity boost are
located in the single-stranded linker region of the ribozyme between the catalytic core (1-90)
and the processivity domain (105-187). Examination of the crystal structure of the Class I
RNA ligase2-30, from which the catalytic core of the ribozyme polymerase is derived,
suggests this sequence is well-positioned to interact with the downstream RNA template
(Fig. 3a), and could augment the sequence-general contacts the ribozyme makes with the
upstream duplex!6-29-31 to enhance primer/template binding. Indeed, Y performs better when
a long downstream single-stranded template is available, without requiring specific base-
pairing with a template sequence motif (Fig. 3c).

Combining these three mutations from the in-ice ribozyme selection with the previously
identified C60U mutation and the 5 terminal ssc9 tag!! yielded a novel polymerase

ribozyme tC9Y that could synthesise RNA polymers of up to 206 nts in length (Fig. 4a),
longer than itself (202 nts), illustrating the synthetic potential of polymerase ribozymes.

Although synthesis of long RNA oligomers might in itself be of adaptive value - for
example as a form of chemical storage, capturing nucleotides and ions into a less mobile
form - the strong sequence dependence of RNA synthesis in general remains an obstacle to
self-replication. To better understand this, we isolated a diverse repertoire of novel long (50
nt) RNA sequences by in-ice selection that proved efficient templates for enzymatic RNA
synthesis both in ice and at ambient temperatures. Features of the selected sequences
allowed us to make inferences about template sequence features generally favourable to
RNA synthesis. These (likely interdependent) characteristics include a low tendency for
secondary structure formation, a reduced G-content as well as bias against -DD- (D= A, G,
U) dinucleotides (with the exception of -UU-) (Fig. 5). Such compositional limitations are
reminiscent of those observed in nonenzymatic contexts32, highlighting the analogous
constraints upon both processes arising from the distinct stacking and hydrogen bonding
properties of the natural nucleobases.

Discovery of these biases underscores the formidable challenges ahead in the development
of an RNA replicase. The need to copy both its complementary minus and plus strands
during a replication cycle points to conflicting pressures with regards to nucleotide
composition and secondary/tertiary structure formation needed for ribozyme activity. Of key
importance will therefore be strategies to overcome template secondary structures as well as
improving sequence generality of ribozyme-template interactions. This might include the
engineering or evolution of an RNA unfolding or strand displacement activity on the
polymerase ribozyme, the deconstruction of polymerase ribozymes into shorter RNA
oligomers, and/or the definition of reaction environments and conditions that modulate RNA
structure without compromising ribozyme activity. Generalising the ribozyme polymerase
activity described here to a wider range of sequences and RNA structures, including that of
the ribozyme itself, will be a key advance towards realising molecular self-replication and
evolution.
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Materials and methods

Oligonucleotides

NTPs were purchased from Promega and mutagenic dNTPs from TriLink. Ribozyme, RNA
template and primer sequences, sources, and purification methods are listed in detail in
Supplementary Table S3.

Polymerisation assay

Primer extension reactions were set up similar to as described in!3, typically by annealing
ribozyme, 5’-FITC-labelled primer and template together in 2 z1 H,O (80°C for 2 min, 17°C
for 10 min), before adding 18 /1 chilled extension buffer (final concentrations: 200 mM
MgCl,, 50 mM Tris-HCI pH 8.3, 0.5 M each RNA). To enhance activity in some frozen
reactions, MgCl, was replaced by MgSQy, where described!d. A 4 mM concentration of
each NTP was provided for reactions in aqueous solution, and 1 mM of each NTP in ice
(unless otherwise indicated). Reactions in ice were set up by freezing at —25°C for 10 min to
induce ice crystal formation, before incubation in a Techne RB-5 refrigerated bath,
maintained by a Techne Tempette TE-8D thermostat at —7°C to allow eutectic phase
formation; omitting the —25°C step allowed the preparation of supercooled reactions.
Reactions at —14°C or —19°C were instead transferred to freezers maintained at these
temperatures. Reactions were stopped by addition of 0.5 volumes 0.5 M EDTA, heated to
94°C for 5 min in 6 M urea in the presence of a 10x excess of RNA competing
oligonucleotide able to hybridise to the template sequence, and resolved by urea-PAGE
(20% polyacrylamide, 8 M urea). Gels were analysed using a Typhoon Trio scanner (GE
Healthcare), and quantitation of extension products was performed as previously
described!322. Gel image brightness and contrast were adjusted to illustrate banding
patterns.

In ice ribozyme selection

The ice-CBT protocol employed is described in depth in Supplementary Fig. S1a. Briefly, a
mutagenised R18 library was prepared and microbead-bound clonal ribozyme/primer/
template repertoires (Supplementary Fig. Sla(iii)) were generated as for the selection of Z
described previously!!. However, for selections in ice beads were resuspended in 600 z
final volume chilled extension buffer (50 mM MgCl,, 12.5 mM Tris-HCL, pH 8.3, 125 pM
each NTP, 0.125 M RNA template, 0.125 ;M stem?2) and frozen at —25°C (10 min) before
transfer and incubation at —7°C to allow eutectic phase formation. The concentration effect
of eutectic phase formation restores an optimal eutectic phase composition from this diluted
extension buffer, reducing bead aggregation within the eutectic phase. Ribozymes remained
ligated to beads during extension, improving local primer extension. Beads were recovered
by thawing with 75 z1 0.5 M EDTA pH 7.5 and Tween-20 (to 0.1%). Detection of ice-
synthesised extension products by RCA, staining with PicoGreen (Invitrogen), and sorting
of bead-bound active ribozyme genes were conducted as for the Z selection described
previously!!; recombination via StEP shuffling of libraries is described in Supplementary
Materials and Methods.

Analysis of in-ice ribozyme selection

Polyclonal selection pools were transcribed and quantified by agarose gel electrophoresis by
comparison with purified standards and added to annealed BioFITCU10-A/template I in
extension buffer, before freezing, incubation at —7°C and determination of primer extension
activity by urea-PAGE and densitometric quantitation (Supplementary Table S1). Screening
of the final output pool (Supplementary Fig. Slc, Table S1) was performed using the
ribozyme polymerase plate assay (RPA) as described previously!!, except ribozyme
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extension (of BioU10-A on template I) was assayed under frozen conditions (200 mM

M

gCly, 50 mM Tris-HCI, pH 8.3, 0.5 mM each NTP, frozen on dry ice prior to —=7°C

incubation for 334 h).

Scanning electron microscopy

A

sample with the same composition as a selection extension mixture (Supplementary Fig.

Sla(iv)) was frozen and imaged as previously!, including a 10 min incubation at =90°C
under vacuum to sublimate ice prior to gold-coating and imaging.

Sequencing of extension products and template selection are described in detail in
Supplementary Materials and Methods.

Supplement

ary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. In-ice selection for polymerase ribozyme activity
a, Short scheme of in-ice compartmentalised bead-tagging (CBT) selection (full scheme in
Supplementary Fig. S1a). Solutes and microbeads are concentrated into the channels of the
liquid eutectic phase (pale red) surrounding ice crystals (pale blue). Inset: scanning electron
micrograph of ice selection (diameter, 0.15 mm). Ice-active ribozymes (red) extend primers
linked to the same bead as themselves and their encoding gene, enabling recovery by flow
cytometry. b, Secondary structures of the wild-type R18 ribozyme construct (residues not

mutagenised in the starting library are shown in grey) and ribozyme Y, with mutations

Page 10

derived from the in-ice selected ribozyme C8 in blue. c, Polymerase activities of R18 and
the evolved ribozyme Y (denaturing PAGE of extension time-courses (primer A /template

I)) at 17°C and in ice at —7°C. The average number of nucleotides added per primer is

indicated below each lane.
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Figure 2. Cold adaptation of ribozyme activity

a, Influence of temperature upon RNA synthesis by ribozymes Y and R18: quantification of
average extension (primer A / template I, 7 days) in aqueous (left panel) and frozen (right
panel) reactions (error bars represent s.d. of 3 repeats, except for —7°C frozen (6 repeats)). b,
Primer extension by Y in ices at different temperatures (primer A / template I; 40 days; * =
—25°C, no NTPs).
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Figure 3. Basis of cold adaptation

a, Representation of the relative positions of primer (orange), template (lilac) and catalytic
core of Y (black), modelled on shared regions in the crystal structure of the progenitor class
I ligase ribozyme3C. The incoming NTP (red) is positioned at the 3’ end of the primer, and
the locations of the four mutations comprising Y are highlighted. The indicated single-
stranded downstream template and the linker region leading to the processivity domain (not
shown) are likely flexible in the polymerase. b, Backmutation analysis of Y to uncover
contributions to cold adaptation. Denaturing PAGE of extension (3 days, primer A /
template I) at 17°C (top panel) and at —7°C in ice (lower panel), by R18, Y, and four
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reversion mutants of Y as indicated. These extensions were quantified (average nucleotides
added/primer), allowing calculation of the ratio of observed extension in ice versus 17°C for
each ribozyme, varying ~10-fold between Y and R18 (bottom panel). C, Influence of
template length (indicated) and sequence on extension by R18 and Y (denaturing PAGE of
extensions of primer A upon different templates at 17°C and at —7°C in ice (7 days)).
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Figure 4. Long range RNA synthesis by ribozyme tC9Y
a, Denaturing PAGE showing the tC9Y-ctalysed extension of primer BioFITC-A upon the
(I-n series of templates (17°C, 7 days). Size of synthesised products (nucleotides added to
primer) is indicated. b, Secondary structure of the tC9Y ribozyme, shown hybridised to the
5" end of the template (I-n, where n is the number of central 11-nucleotide repeats) via the 5
sscp9 sequence (purple). C, The full spectrum of error rates within all sequenced products
synthesised by tC9Y upon template (I-10 at 17°C. The total fidelity (97.4%) is calculated
using a geometric mean of the total error rates opposite A, C, G and U. d, The errors shown
in (c) were subdivided into rates of each error type in the final two bases of all sequenced
extension products versus the rates in all preceding internal bases up to the final two. Note
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that deletions of a penultimate base would appear as and are assigned as substitutions, as
further extension would be required to manifest their identity; thus, the displayed
substitution rates in the final two bases represent overestimates. The geometric mean
between the total substitution rates at A, C, G, and U is 7.1% in the final two bases of each
extension product compared to 0.8% in the preceding bases.
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Figure 5. Template selection

a, Sequences of five in-ice evolved templates (round 4) alongside template I-5. b, Extension
of primer A by ribozyme tC9Y on ice-selected templates compared to favourable template
I-5. (17°C, 7 days). ¢, Base composition of the central 36-nt evolved region of sequences
from template pools over the course of selection (Positions sequenced: Starting pool = 271,
Round 1 =232, Round 2 = 582, Round 3 = 739, Round 4 = 3086). d, Ratio of the observed
dinucleotide frequencies (O;) to those expected (E;) in the pool of round 4 sequenced
templates (based on nucleotide composition). Those overrepresented are in blue, those
underrepresented in red.
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