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We demonstrate that a recombinase ribozyme achieves multiple
functions in the same reaction network: self-reproduction, iterative
elongation and circularization of other RNAs, leading to synthesis of
diverse products predicted by a kinetic model. This shows that key
mechanisms can be integrated and controlled toward Darwinian
evolution in RNA reaction networks.

The “RNA world” hypothesis surmises RNA as a primordial
biopolymer capable of evolution due to its ability to store
information and catalyze reactions." An RNA polymerase ribo-
zyme that catalyzes its own copying and the copying of other
RNAs would support this hypothesis but has not yet been
found.> Alternatively, ribozymes can make copies of themselves
from fragments via energy-rich® or energy-neutral” chemistries.
Autocatalytic reproduction has been engineered using the
~200 nt long Azoarcus group I intron ribozyme via recombina-
tion reactions between hybridized RNA fragments.>® Such
catalysis requires the binding of a 3 nt long internal guide
sequence (IGS) of the ribozyme to a 3 nt long ‘tag’ sequence of
the substrates.” Different IGS-tag combinations result in auto-
catalytic sets that differ in their dynamics and ability to
reproduce.” However, open-ended evolution further requires
self-reproducing RNAs to generate novel sequences. Group I
intron ribozymes are promising candidates®'° for sequence
diversification as they catalyze the recombination of other
RNAs in addition to their own reproduction.
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Here, we characterize sequence variation occurring through
the combination of two mechanisms catalyzed by the self-
reproducing Azoarcus ribozyme. A first mechanism, here called
repeated transfer (RT), allows covalent additions of multiple
RNA fragments to the 3’-end of an RNA substrate (RNA1, Fig. 1),
leading to RNA elongation from 26 nt to at least 136 nt.
A second mechanism, here called terminal strand attack (TSA),
results in the ligation of hybridized RNAs (RNA2, Fig. 1) into
hairpin and circular products. RT and TSA can be combined
(RNA3, Fig. 1), leading to diversification of the RNA products
together with ribozyme self-reproduction. For further mecha-
nistic details, see ESIL.{ Furthermore, the reaction network
dynamics parameterized from gel data can be integrated in a
kinetic model that predicts species distributions revealed by
sequencing (ESIY).

First, we show that RNA1 is elongated by multiple additions
of small fragments in the presence of the ribozyme. RNA1 is
composed of an 18 nt “‘stem” (S), a 3 nt tag, and a 5 nt “mobile
unit” (Fig. 1). We observe a variety of products denoted S,
which length corresponds to the addition of n mobile units

stem (S) mobile unit

I I I
5" CGCGAAUUAACGCGACAACAUAACAU 3’

RNA 1
RNA2 5" CGCGAAUUAACGCGUUAACAU 3’

RNA3 5" CGCGAAUUAACGCGUUAACAUAACAU 3’

/ L1 L
self-complementary ¥

sequence

Fig. 1 RNA substrates are composed of a “stem” (blue) and a tag (red).
RNAL1 stem differs from RNA2 and RNA3 stems by two nucleotides (bold).
RNA2 and RNA3 have a self-complementary sequence (underlined), which
can hybridize in experimental conditions, whereas RNA1 does not. RNA1
and RNA3 have a "mobile unit” after the first tag which can be polymerized
by the Azoarcus ribozyme.
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(d) Repeated Transfer (RT) mechanism
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Fig. 2 Ribozyme-based RNA elongation by RT. (a) Gel image showing the length diversity of products after 1 h of reaction (RNA1 with Azoarcus
ribozyme). (b) Evolution of the concentrations of RNAL (S,), products without a mobile unit (Sg), and products with two mobile units (S,): experimental
values from gel band intensities (dots) and kinetic model predictions (solid lines). Error bars are standard deviations from triplicates. (c) Fraction of
products versus number of mobile units, after 45 min of reaction: RNA sequencing data (green bars) and kinetic model (blue bars, ESIT) fitted to gel
electrophoresis data. The sequencing data is calibrated for length biases due to sequencing library preparation (see Fig. S1, ESIT). The dashed horizontal
line indicates the calibrated limit of detection (materials and methods, ESIT). (d) Schematic of the RT mechanism accounting for the elongation of RNAL.

appended to the stem. Polyacrylamide gel images reveal four
bands (Fig. 2a) after 1 hour of reaction, corresponding to S,
(21 nt), S; (26 nt), S, (31 nt) and S; (36 nt). The concentrations
of putative Sy, S; and S, species were measured over 7 h by gel
electrophoresis, showing the transient formation of S, during
the first 4 h (Fig. 2b). Sequencing after 45 min of incubation
confirmed that RNA sequences result from iterative additions
of mobile units (Fig. 2c and see Fig. S2 for all S, species
detected, ESIt). Such additions can be explained by formerly
identified reactions catalyzed by the Azoarcus ribozyme,” here
performed in 2 steps: first forward, then reverse after substrate
exchange (Fig. 2d and see ESIf for details). Concentrations
could be quantified by sequencing up to S;, and up to S,3
sequences were detected (Fig. S2, ESIt). S, concentration
decreases exponentially with n (Fig. 2¢) consistent with earlier
theoretical predictions."” We devised a kinetic model compris-
ing the transfer reactions S,, + S, — Sy, + S;—p, Using the same
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(C) Terminal Strand Attack (TSA) mechanism

rate k for all n, m and p, p < m, and the degradation rates of
stems and of mobile units (see ‘“Model for RT” in ESIft).
These 3 parameters were fitted using Sy, S; and S, concen-
tration at 0, 1, 3, 5 and 7 h from PAGE analysis (ESI,{Fig. 2b).
The model reproduced the concentration time courses: S;
concentration decreases rapidly, S, concentration reaches a
maximum at around 45 min and decreases after 3 h of
reaction, and S, concentration increases until reaching a
plateau after 3 h and subsequently slowly decreases. With-
out further fitting, the model predicted an exponential
decrease of product frequencies as a function of their length
at 45 min of reaction, as observed experimentally (Fig. 2c).
From S; to S;, the measured and predicted decay factor
In(S,/S,+1), With S, being the fraction of S,, agree quantita-
tively (—1.569 + 0.057 and —1.589, respectively), with a
correlation R”> = 0.988 (p < 107 °) between measured and
predicted frequencies (Fig. S3, ESIT).
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Fig. 3 Dimerization and circularization by TSA. (a) Gel image showing the successive production of hairpins and circular RNAs starting from RNA2.
Double bands are due to two sites for transesterification as confirmed in sequencing data. (b) Concentration evolution of RNA2 (S), hairpin (H), and
circular products (C): experimental values from the band intensities (dots) and concentrations predicted by the model (solid lines). (c) Schematic of the
TSA mechanism applied to RNA2.
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Fig. 4 Combination of RT and TSA reactions. (a) Gel image showing the
bands corresponding to the addition of one mobile unit and hairpin
formation (from RNA3 substrate). At 22 h, diverse products longer than
the substrate appear, among which hairpins and cyclic RNAs. (b) Relative
proportion of expected products at 45 min measured by RNA sequencing
compared to the predictions from the model, independently para-
meterized with gel data. Measured frequencies are calibrated for length
biases (Fig. S1, ESIt). The dashed horizontal line indicates the calibrated
limit of detection (materials and methods, ESI{).
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Next, we show that RNA2 undergoes catalytic dimerization
and circularization in the presence of the ribozyme via the TSA
mechanism. RNA2 is composed of an 18 nt long stem (S) with
a a 12 nt self-complementary region and a 3 nt tag (Fig. 1).
Over 22 h, polyacrylamide gels (PAGE) indicate the transient
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Fig. 5 Azoarcus ribozyme self-reproduction and processing of RNA3 in
one pot. (a) Formation of WXYZ from WXY and Z fragments catalyzed by
non-covalent (WXY : Z) and covalent (WXYZ) ribozymes, together with the
formation of diversified RNA species through RNA3 processing. (b) Gel
showing the concomitant production of WXYZ through self-reproduction
and the processing of RNA3 in one pot.

formation of almost twice longer RNAs and the appearance of
lower bands assigned to circular RNAs (Fig. 3a). The formation
of hairpins (H) was confirmed by sequencing and of circular
RNA (C) by differential mobility assays with 12% and 18%
polyacrylamide gels'> (Fig. S4, ESIt). Hairpins and cyclic RNAs
result from the hybridization of two RNA2 molecules via their
self-complementary region and by the ribozyme catalyzed TSA
reaction, enabled by the presence of 3’ tags (Fig. 3c, see ESIT for
details). We devised a kinetic model of the two TSA reactions
S+S —» Hand H —» C with rate constants k; and k,. We fitted
these 2 parameters to the concentration of S, H and C at 0, 1, 3,
5 and 7 h of reaction from PAGE gel data. Theoretical and
experimental concentration time courses of the three species
agree over 7 h of reaction (Fig. 3b): S is roughly halved in the
first hour, then decreases more slowly, H increases to a maxi-
mum after 2 h and then decreases to reach the same concen-
tration as S, while C continuously increases during the 7 h of
reaction.

Thereafter, we show the combination of ribozyme catalyzed
elongation, dimerization, and circularization using RNA3 as a
substrate. RNA3 combines RNA2 self-complementary stem with
RNA1 mobile unit (Fig. 1), thus can undergo both RT and TSA.
Over 22 h, species S, and S, were produced transiently along
with hairpin RNAs, followed by the production of circular RNAs
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(Fig. 4a) confirmed by RNA sequencing and gel mobility assay
(Fig. S4, ESIt). Sequencing revealed a diversity of RNAs after
45 min: H,, ,, standing for hairpin (H) products with m and n
mobile units after the first and the second stems, respectively
(Fig. 4b and see Fig. S2 for all S, species detected, ESIt). The
5 parameters of the combined models described above for
RNA1 and RNA2 were fitted (Table S2, ESIf) to the concen-
tration of Sy, S4, S, and H (the sum of all H,, ,) measured on gel
over 7 h of reaction starting with RNA3 (Fig. S5, ESIt). The
model was parameterized only with the gel data, which allowed
quantification of circular RNAs absent from the sequencing
data. The predicted proportions of S, (with 0 < n < 5) and H,, ,
(with 0 < m, n < 3) at 45 min reproduce the trends of each
category of products (separated by horizontal dotted lines in
Fig. 4b). Like for RNA1, S, species decrease exponentially
with their size, the measured and predicted decay factor being
—1.74 £ 0.09 and —1.65, respectively. This trend is conserved
with H,, , species: at a given m (from 0 to 3), H,, , species also
decrease exponentially with n (from 1 to 3) with a similar
exponential decay factor as S, species (see “Model for RT +
TSA” in ESIt). The correlation factor between measured and
predicted frequencies is R* = 0.940 (p < 10~°, Fig. S3, ESI?).

Finally, we show that the Azoarcus ribozyme (noted WXYZ,
where the letters refer to 4 contiguous parts, Fig. S6 ESI1)* self-
reproduces from two fragments (WXY and Z) and simulta-
neously processes the RNA3 substrate through RT and TSA
(Fig. 5a). We observed by PAGE the appearance of the band
corresponding to the covalent Azoarcus ribozyme as well as
those corresponding to the products of TSA and RT mec-
hanisms on RNA3 (mainly S;, S, and H) over 5 h of reaction
(Fig. 5b). As bands characteristic of cyclic RNA could not be
confidently detected in the product smear, we confirmed
separately the ability of a WXY and Z mixture to generate a
cyclic RNA from RNA2 (Fig. S7, ESIf). The concentration
dynamics of Sy, Sy, S, and H are well described by the same
model as for RNA3, and the same fitting procedure results in
slightly reduced parameter values, which reflects the inhibitory
effect of free Z strands and the lower catalytic efficiency of the
WXY : Z non-covalent complex’ (Fig. S8, ESIt). The concentra-
tions of WXY, Z and WXYZ were used to fit a set of kinetic
equations for Azoarcus self-reproduction, comprising formation
of the WXY:Z complex and covalent bond formation WXY:
Z — WXYZ catalyzed by both WXY : Z and WXYZ." The kinetics
show that recombination reactions involving RNA3 reduce the
yield of self-reproduction of only ~10% at 7 h, despite RNA3
being initially 10 times more concentrated than ribozyme
fragments (Fig. S9, ESIf).
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This study shows mechanisms for ribozyme-mediated RNA
sequence diversification, hairpin formation, circularization,
extension, self-reproduction, and their integration in reaction
networks. We have furthermore shown that the dynamics of
these networks can be modeled quantitatively and that such a
model predicts the diversity and concentration of products
from the knowledge of substrate sequences. The ability of the
Azoarcus ribozyme to catalyze its own formation from smaller
fragments, diversify and elongate other fragments in an energy-
neutral fashion is a notable advantage in the origin of life
context. Furthermore, mechanisms for RNA elongation and
structure formation are crucial to generate functional RNAs.
Circularizing RNA could have been a way to store primordial
genetic information,"® thus favoring heredity as in viroids,**
also of interest for the synthesis of cyclic siRNA for interfering
therapies.”” This study overall paves the way to engineer
evolvable RNA systems by combining mechanisms enabling
reproduction, diversification, and structure formation.
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