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Abstract In the early stages of the hypothetical RNA
world, some primitive RNA catalysts (ribozymes) may
have emerged through self-assembly of short RNA oligo-
mers. Although they may be unstable against temperature
fluctuations and other environmental changes, ligase ribo-
zymes (ribozymes with RNA strand-joining activity) may
resolve structural instability of self-assembling RNAs by
converting them to the corresponding unimolecular for-
mats. To investigate this possibility, we constructed a
model system using a cross-ligation system composed of a
pair of self-assembling ligase ribozymes. Their abilities to
act as catalysts, substrates, and a cross-ligation system
were analyzed with or without thermal pretreatment before
the reactions. A pair of self-assembling ligase ribozymes,
each of which can form multiple conformations, demon-
strated that thermotolerance was acquired and accumulated
through complex-formation that stabilized the active forms
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of the bimolecular ribozymes and also cross-ligation that
produced the unimolecular ribozymes.

Keywords Ribozyme - RNA world - Origin of life -
Self-replication - Cross-ligation - Complex formation

Introduction

The origin of self-replication in modern cellular systems
has been a topic of active discussion and research because
self-replication represents one of the fundamental proper-
ties of life (Sievers and von Kiedrowski 1994; Luther et al.
1998; Paul and Joyce 2004; Ninio 2007). The discovery of
enzyme-like ability of RNA molecules in the early 1980s
demonstrated that RNA can act not only as a carrier of
genetic information but also as a functional biopolymer,
similar to polypeptides (Kruger et al. 1982; Guerrier-
Takada et al. 1983). Although prebiotic syntheses of
ribonucleotide monomers and oligomers remain issues to
be resolved (Joyce 2002; Orgel 2004; Powner et al. 2009,
2010; Lehman and Hayden 2011; Benner et al. 2012), RNA
has been widely recognized as having played a central role
in the early stages of life. This evolutionary stage has been
termed the “RNA world,” central to which are RNA-based
self-replicating systems (Gilbert 1986; Cech 1986; Elling-
ton et al. 2009).

Development of RNA molecules capable of self-sus-
tained replication is a crucial step toward recreation of the
RNA world (Paul and Joyce 2004). A system based on the
class R3C ligase ribozyme developed by Joyce and
coworkers is the most successful example in this regard
reported to date (Paul and Joyce 2002; Kim and Joyce
2004) because the R3C-based system shows self-sustained
exponential amplification in both self- and cross-catalytic
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formats (Lincoln and Joyce 2009; Olea et al. 2012).
Ohmori and coworker recently reported a self-replication
system using a ribozyme (extDSL, Fig. 1a) belonging to
the class DSL ligase (Ikawa et al. 2004, 2005; Ishikawa
et al. 2009; Matsumura et al. 2009). The catalyst RNA
(Rz(12)), which recognizes the substrate RNA complex
(s1:s2) via two sets of GGAA/receptor interactions, pro-
motes the template-directed RNA strand-joining reaction
(RNA ligation) on the substrate complex to yield the cat-
alyst Rz(12) RNA (Ohmori et al. 2011). Moreover, this
RNA ligation reaction was shown to start even in the
absence of the Rz(12) RNA because the two substrates (s1
and s2) self-assembled to form a catalytically competent
structure (Fig. 1a). Therefore, this system can be regarded
as a self-ligation system (Hayden and Lehman 2006;
Hayden et al. 2008; Gwiazda et al. 2012) (Fig. 1a).

The self-assembling s1:s2 catalyst and its self-ligation
are attractive as components for recreation of the RNA
world because short RNAs could emerge more readily

a The extDSL ribozyme

under prebiotic conditions. In this system, however, the
conversion of the substrate complex (s1:52) to the product
(Rz(12)) by self-ligation was independent of the emergence
and accumulation of catalytic competence in the system
because the s1:32 complex has already been shown to act as
a catalyst comparable to the Rz(12) catalyst under standard
conditions (50 mM Mg2+, 37 °C). However, we consid-
ered that functional differences may be revealed when the
system is exposed to conditions deviating from the stan-
dard. Thermal fluctuation involving temperature elevation
represents one such condition because it not only causes
denaturation of biopolymers resulting in loss of their bio-
logical activities, but would also have occurred in the
ancient RNA world. Thermal fluctuation would become
especially important if self-assembling ribozymes can form
two or more alternative structures.

In this study, we modified the DSL-based self-ligation
system to a cross-ligation system (Kim and Joyce 2004) in
which each of two self-assembling ribozymes can form
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Fig. 1 Self- and cross-ligation systems based on the extDSL
ribozyme. a Schematic of the self-replication/ligation system based
on the extDSL ribozyme. The extDSL ribozyme [Rz(12)] catalyzes
RNA-RNA ligation of the bimolecular substrate complex (s1:s2). The
s1:s2 complex is a precursor of the catalyst Rz(12) in self-replication

and also acts as a catalyst in self-ligation. b Schematic of the cross-
ligation system using derivatives of the extDSL ribozyme. The
bimolecular transR1 ribozyme promotes ligation of transR2 to yield
cisR2. The bimolecular transR2 ribozyme promotes ligation of
transR1 to yield cisR1
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multiple conformations. Using modified DSL-ribozymes
(extDSL ribozymes) with structural instability, we exam-
ined the tolerance of the cross-ligation ability to changes in
the solution temperature.

Materials and Methods
Oligonucleotides

DNA oligonucleotides for PCR were purchased from
Sigma-Genosys Japan (Hokkaido, Japan) and Fasmac
(Kanagawa, Japan). RNA oligonucleotides were purchased
from Japan BioService (Saitama, Japan). The sequences of
the oligonucleotides used in this study are provided in the
Supplementary Materials.

RNA Preparation

The 5’ fragments of bimolecular ribozymes (sG1 and sAl
RNAs in the Supplementary Materials) and probe sub-
strates (AG1 and AA1 RNAs in the Supplementary Mate-
rials) were prepared by chemical synthesis to attach
carboxy fluorescein (FAM) to their 5'-ends. The 3’ frag-
ments of bimolecular ribozymes and probe substrates (sG2,
sG2pB, sG2ay, sA2, sA2P, and sA2ay RNAs in the Sup-
plementary Materials) were prepared by in vitro tran-
scription with T7 RNA polymerase. Transcripts were
purified by electrophoresis on 12 % denaturing polyacryl-
amide gels. As templates for in vitro transcription, DNAs
bearing the T7 promoter sequence were prepared by either
primer extension or PCR from plasmids encoding cisR1
and cisR2 sequences proceeded by the T7 promoter
sequence. KOD DNA polymerase (Toyobo, Osaka, Japan)
was used for both primer extension and PCR. Plasmids
encoding cisR1, cisR1b, cisR2b, and cisR2c were con-
structed by inserting the target sequences preceded by
the T7 promoter into the pUCI8U vector digested with
HindIll/EcoRI. Sets of primers used for primer extension
and PCR are provided in the Supplementary Materials.

Common Solutions and General Procedures

All ribozyme reactions in this study were carried out in a
buffer containing 50 mM Tris—HCI (pH 7.5), 25 mM KCl,
and 50 mM MgCl,. For preparation of the reaction mix-
ture, a solution containing 500 mM Tris—HCl (pH 7.5),
250 mM KCl, and 500 mM MgCl, was used as the 10x
concentrated buffer. Ribozyme reactions were quenched
with a stop solution containing 20 % H,0O, 80 % form-
amide, 100 mM EDTA, 0.03 % bromophenol blue (BPB),
and 0.015 % xylene cyanol (XC). Sample mixtures were
separated by electrophoresis on 12 % polyacrylamide gels
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containing 7 M urea and quantified with a Pharos FX
Fluorolmager (Bio-Rad, Hercules, CA).

Reactions of the transR1 Complex as a Catalyst
(Fig. 3a)

A solution containing the 3’ fragment of the transR1
complex (Fig. 3a) or its mutants (Supplementary Fig. S5a)
and a solution containing the probe-1 substrate were heated
independently at 80 °C for 3 min. The two solutions were
mixed and a 1/8 volume of the 10x concentrated buffer
was added to the mixture followed by incubation at 37 °C.
After incubation of the resulting solution for 5 min, 1/9
volume of an aqueous solution of the 5’ fragment of the
transR1 complex was added to the mixture. Final concen-
trations of respective RNAs are indicated in the figures and
their legends. The resulting mixture was incubated at
37 °C. Aliquots were taken at given time points and treated
with an equal volume of the stop solution. Reactions of
cisR1 (Fig. 3a), transR2 (Supplementary Fig. S2), and
cisR2b (Supplementary Fig. S2) as catalysts were carried
out in a similar manner.

Reactions of the transR1 Complex as a Substrate
for the cisR2b Ribozyme (Fig. 3b)

A solution containing the 3’ fragment of the transR1
complex (Fig. 3b) or its mutants (Supplementary Fig. S5c¢)
and catalyst RNA (cisR2b) was heated at 80 °C for 3 min.
Then, 10x concentrated buffer was added to the mixture.
After incubation of the resulting solution at 37 °C for
5 min, the 3’ fragment of the transR1 complex (sG1) was
added to the solution. The resulting mixture was incubated
at 37 °C. Aliquots were taken at given time points and
treated with an equal volume of the stop solution. Reac-
tions of transR2 (Supplementary Fig. S5d) as a substrate
were carried out in a similar manner using the cisR1
ribozyme.

Cross-Ligation Reactions (Fig. 3c)

Solutions containing the 3’ fragments of the transR1 and
transR2 complex (Fig. 3c) or their mutants (Supplementary
Fig. S5f) were heated at 80 °C for 3 min. Then, 10x
concentrated buffer was added to the mixture followed by
incubation at 37 °C. After incubation of the resulting
solution for 5 min, the 3’ fragments of the transR1 and
transR2 complex were added. The resulting mixture, in
which the concentration of the respective RNA was
adjusted to 1.0 uM, was incubated at 37 °C. At given time
points, aliquots were taken and treated with an equal vol-
ume of the stop solution.
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Gel Mobility Shift Assay of the transR1 Complex
(Fig. 4b)

Aqueous solutions of the 3’ fragment (sG2, 10 pmol each) of
the bimolecular transR1 complex and its mutant (8 L) were
heated separately at 80 °C for 3 min. To each RNA solution,
a 1/8 volume (1 pL) of 10x concentrated folding buffer
(300 mM Tris-OAc, pH 7.5, and 500 mM Mg(OAc),) was
added, and the resulting mixtures were incubated at 37 °C or
57 °C for 5 min. To each mixture was added 1/9 volume
(1 pL) of the 5’ fragment RNA (sG1, 10 pmol) solution. The
resulting mixtures, which contained 1.0 pM sG1, 1.0 uM
sG2, 30 mM Tris-OAc (pH 7.5), and 50 mM Mg(OAc),,
were incubated at 37 or 57 °C for a given time period. After
adding 6 x concentrated loading buffer consisting of glycerol
and XC (0.1 %), the samples were loaded onto 10 % non-
denaturing polyacrylamide gels (29:1 acrylamide:bis-
acrylamide) containing 30 mM Tris-OAc (pH 7.5) and
50 mM Mg(OAc),. Electrophoresis was carried out at
ambient temperature, 200 V for the initial 2 min and then
75 V for 7 h. The gels were analyzed with a Pharos FX
Fluorolmager (Bio-Rad). Gel mobility shift assay of the
transR2 complex (Supplementary Fig. S4b) was also carried
out in a similar manner.

Thermal Treatment of the transR1 Complex
as a Catalyst to Ligate the Probe-1 Substrate (Fig. 5a)

A solution containing the 3’ fragment of the transR1 complex
(sG2) was heated at 80 °C for 3 min. A 1/8 volume of the 10x
concentrated buffer was added to the mixture. After incuba-
tion of the resulting solution at 57 °C for 5 min, a 1/9 volume
of an aqueous solution of the 5" fragment of the transR1
complex (sG1) was added to the solution. The resulting
mixture, in which both sG1 and sG2 were adjusted to 2.0 uM,
was incubated at 57 °C for 1 h. After the mixture was cooled
to37 °C, anequal volume of the 1 x buffer solution containing
the probe-1 substrate complex (2.0 uM) was added. The
resulting solution, in which final concentrations of transR1
and probe-1 were both 1.0 uM, was incubated at 37 °C. The
resulting mixture was incubated at 37 °C for 1 h and then
treated with an equal volume of the stop solution. In control
experiments, thermal treatment at 57 °C for 1 h was replaced
with incubation at 37 °C for 1 h. Thermal treatment of the
cisR1 ribozyme (Fig. 5c¢), the transR2 complex (Supplemen-
tary Fig. S6a), and the cisR2 ribozyme (Supplementary Fig.
S6c) as catalysts was also carried out in a similar manner.

Thermal Treatment of the transR1 Complex
as a Substrate for the cisR2b Ribozyme (Fig. 5b)

A solution containing the 3’ fragment of the transR 1 complex
(or its variant) was heated at 80 °C for 3 min. A 1/8 volume

of the 10x concentrated buffer was added to the mixture.
After incubation of the resulting solution at 57 °C for 5 min,
a 1/9 volume of an aqueous solution of the 5’ fragment of the
transR1 complex RNA was added to the solution. The
resulting mixture, in which the transR1 complex was
adjusted to 2.0 uM, was incubated at 57 °Cfor 1 h. After the
mixture had cooled to 37 °C, an equal volume of 1x buffer
solution containing 2.0 pM catalyst RNA was added. The
resulting solution, in which the final concentrations of the
transR1 complex (substrate) and the cisR2b RNA (catalyst)
were all 1.0 uM, was incubated at 37 °C. The resulting
mixture was incubated at 37 °C for 1 h and then treated with
an equal volume of the stop solution. In control experiments,
thermal treatment at 57 °C was replaced with incubation at
37 °C. Thermal treatment of transR2 as a substrate (Sup-
plementary Fig. S6b) was also carried out in a similar manner
using cisR1 as a catalyst.

Thermotolerance of the Catalysts Accumulated
by the Cross-Ligation Reaction (Figs. 6b, c)

Step 1: A solution containing the 3’ fragments of the
transR1 and transR2 complexes was heated at 80 °C for
3 min. Then, 10 x concentrated buffer was added to the
mixture. After the resulting mixture was incubated at
37 °C for 5 min, the 5’ fragments of the transR1 and
transR2 complexes were added to the solution. The
resulting mixture, in which the concentration of each RNA
component was adjusted to 2.0 uM, was incubated at
37 °C for 1 h to allow cross-ligation reaction. For control
experiments without cross-ligation, the mixture was pre-
pared without addition of transR1 (or transR2) complex.
Step 2: After the cross-ligation reaction, the resulting
reaction mixture was heated to 57 °C for 1 h.

Step 3: To the solution heated at 57 °C for 1 h was
added an equal volume of 1x buffer solution containing
the probe-1 substrate (2.0 uM) and the probe-2 substrate
(2.0 uM).

Step 4: The resulting solution, which contained tranR1,
transR2, and their ligated products as well as probe-1
(1.0 uM) and probe-2 (1.0 uM) substrates, was incu-
bated at 37 °C. At given time points, aliquots were taken
and treated with an equal volume of the stop solution.

Results

Rational Design of a Cross-Ligation System Based
on the DSL Ribozyme

We designed a pair of RNA catalysts for cross-ligation
reactions derived from the DSL-based self-ligation system
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(Fig. 1a). Due to the modular architecture of the DSL
ribozyme (Ikawa et al. 2004; Ohmori et al. 2011), it is
rationally possible to convert the self-ligation system
(Fig. 1a) to a cross-ligation system (Fig. 1b), in which a
pair of bimolecular RNA catalysts direct the ligation of the
other from a total of four substrate components (Fig. 1b).
Each bimolecular catalyst was designed to recognize the
opposing catalyst complex and promote its ligation.
Selective recognition between the two RNA complexes
was achieved using two types of GNRA/receptor interac-
tion that are orthogonal to each other (Geary et al. 2008;
Ishikawa et al. 2009). The catalyst RNAs (extDSL ribo-
zymes) in this system have a modular structure, which is
composed of a catalytic module, a G2A2 (or GA3) loop,
and a GA3 (or G2A2) receptor (Fig. 2). The catalytic
module and the tetraloop receptor constitute the main
structural unit. The main structural unit is linked with a
GNRA tetraloop through a 15-bp duplex spacer, which
correctly separates the main structural unit and the tetra-
loop to optimize substrate recognition (Fig. 2).

To confirm the modular architecture of the extDSL
ribozyme, we prepared four unimolecular (cis-format)
ribozymes—two belonging to the class-cisR1 family
(cisR1 and cisR1b) with a G2A2 loop and a GA3 receptor
(Supplementary Fig. Sla), and two belonging to the class-
cisR2 family (cisR2b and cisR2c) with a GA3 loop and a
G2A2 receptor (Supplementary Fig. S1a). The activities of
the two cisR1 ribozymes, which were evaluated using the
probe-1 substrate (Fig. 2a), were not very different (Sup-
plementary Fig. S1b). The two cisR2 ribozymes also
showed similar activity (Supplementary Fig. Slc) as
evaluated using the probe-2 substrate (Fig. 2a).

Based on these results, we prepared a pair of bimolec-
ular (trans-format) ribozymes for the cross-ligation system.
The transR1 ribozyme was a bimolecular form of cisR1

(Fig. 2b). The transR2 ribozyme was a bimolecular form of
cisR2b except for the addition of two uridine residues on
the 3’ end of its 3’ fragment (Fig. 2c).

Basic Activity of a Pair of transR1 and transR2
Ribozymes

We first evaluated the transR1 and transR2 bimolecular
complexes as the self-assembling catalysts using their
probe substrates (Fig. 2). The transR1 complex acted as a
catalyst to ligate the probe-1 substrate (Fig. 3a). The
transR2 complex also ligated the probe-2 substrate (Sup-
plementary Fig. S2a). The activity of the transR1 complex
was ~ 10-fold lower than that of the cisR1 ribozyme
(Fig. 3a). The transR2 complex was also catalytically
active and its activity was close to that of the cisR2b
ribozyme (Supplementary Fig. S2a).

We next evaluated the abilities of transR1 and transR2
complexes to act as substrates of the class-cisR2 and -cisR1
ribozymes, respectively, at 37 °C (Fig. 3b). In the presence
of the cisR2b ribozyme, the transR1 complex was joined to
yield cisR1 (Fig. 3b). The transR2 complex was also
ligated by the cisR1 ribozyme (Fig. 3b).

Based on the observation that the transR1 and transR2
complexes can act as both catalysts and substrates at 37 °C,
we examined the cross-ligation reactions by mixing the
transR1 and transR2 complexes (Fig. 3c). Time-dependent
accumulation of the ligated products (cisR1 and cisR2
ribozymes) indicated the progress of cross-ligation reac-
tions (Fig. 3c).

Structural Polymorphism of the transR1 Complex

Analyses of the transR1 and transR2 complexes suggested
that two bimolecular ribozymes served as both catalysts
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Fig. 2 Secondary structures of the probe substrates, and catalytically
active structures of transR1 and transR2. a The probe substrates that
monitor the activities of the extDSL ribozymes. The probe-1 substrate
possesses a G2A2 receptor and a GA3 loop to monitor the class-R1
ribozymes. The probe-2 substrate possessing a GA3 receptor and a
G2A2 loop to monitor the class-R2 ribozymes. b Catalytically active
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(type-at) structures of transR1 possessing a G2A2 loop and a GA3
receptor. The cisR1 ribozyme yielded by ligation of the two
fragments is also shown. ¢ Catalytically active (type-o) structures
of transR2 possessing a GA3 loop and a G2A2 receptor. The cisR2
ribozyme yielded by ligation of the two fragments is also shown
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(37 °C) conditions. a Ability of the transR1 complex as a self-
assembling catalyst to ligate the probe-1 substrate. The activity of the
cisR1 ribozyme is also shown. b Abilities of the transR1 and transR2

and substrates. The ribozyme activity of transR1 was 10-fold
lower than that of the corresponding unimolecular cisR1
ribozyme (Fig. 3a). TransR1 also acted as a substrate, but
was distinctly less reactive than transR2 (Fig. 3b) although
there was no marked difference in the ability of catalysts in
cis-format (cisR1 and cisR2b, Supplementary Fig. S1).
These differences may be due to structural polymorphism of
the transR1 complex. In addition to the active structure
(type-o) predicted from the cisR1 ribozymes, two types of
inactive structure can also be considered (type-p and type-v,
Fig. S3). The type-p structure, which has a long duplex
(Fig. 4a), was predicted to be most stable by the RNAcofold
algorithm (Hofacker et al. 1994) (Supplementary Table S1).
The type-y structure retained the GGAA loop but lost the
catalytic module (Supplementary Fig. S3). Similar structural
polymorphism was also predicted for the transR2 complex
(Supplementary Table S1).

Structural polymorphism of transR1 was experimentally
confirmed by non-denaturing gel electrophoresis at 4 °C
(Maeda et al. 2011) although it may not be precisely reflect
the structural equilibrium in solution at 37 °C (Fig. 4b).
The transR1 complex without thermal treatment (57 °C for
1 h) showed three bands (lane 3 in Fig. 4b). A similar
experiment with transR2 showed one major band (lane 3 in
Supplementary Fig. S4b).

As control molecules of transR1 with reduced structural
polymorphism, we prepared two types of mutant (Fig. 4a).
The transR1B complex was designed to destabilize the
type-o. and type-y structures. The transR1oy complex was
designed to destabilize the type-fB structures. RNAcofold
predicted that type-y would be the most stable structure of
transR1ay (Supplementary Table S1) and non-denaturing
gel electrophoresis of transR1ay still showed a band pat-
tern similar to that of transR1. The transR1 showed a
single band (Fig. 4b).

To investigate the effects of temperature elevation on
structural polymorphism of the transR1 complex and its
mutants, we treated the three complexes at 57 °C for 1 h
before loading onto the gel. Detectable changes were
observed in gel patterns of transR1 and transR1ay, whereas

\ . . M
100 150 200 250 0 1 2 3 4 5 6
Reaction time (min)

Reaction time (h)

complexes to act as substrates for the cisR2b and cisR1 ribozymes,
respectively. ¢ Cross-ligation between the transR1 and transR2
complexes under standard temperature (37 °C) conditions. Cross-
ligation between the transR1 and transR2 yields cisR1 and cisR2
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Fig. 4 Catalytically active (type-o) and inactive (type-f) structures
of the transR1 ribozyme and its mutants. a The transR1 ribozyme
and its mutants as substrates for the class R2-ribozymes and
precursors for the cisR1 ribozyme. Their type-o structures share a
G2A2 loop and a GA3 receptor. b Gel mobility shift assay of the
complex of the transR1 complex and its mutants. The solution
mixtures containing 1.0 pM transR1, 30 mM Tris-OAc (pH 7.5), and
50 mM Mg(OAc),, were incubated at 37 °C for 10 min (lanes 1-4)
or 57 °C for 1 h (lanes 5-8) and then loaded onto 10 % non-
denaturing polyacrylamide gels (29:1 acrylamide:bisacrylamide)
containing 30 mM Tris-OAc (pH 7.5) and 50 mM Mg(OAc),. The
3’ end of the cisR1b RNA was labeled with the BODIPY fluorophore
(Ikawa et al. 2008)
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the gel pattern of transR1P remained unchanged (Fig. 4b).
The abilities of transR1oy and transR1p to act as catalysts
and substrates were examined (Supplementary Fig. S5).
The catalytic and substrate activities of transRlay were
both comparable to those of transR1. TransR1f was inac-
tive as catalyst and substrate. Similar results were obtained
for transR2ay and transR2p, although transR2f retained
detectable catalytic activity (Supplementary Fig. S5).

Thermo-Induced Structural Rearrangement
of the transR1 Complex

The transR1 complex acted as a catalyst and substrate at
37 °C (Fig. 3), indicating that the transR1 complex can
form a type-a structure at this temperature. On the other
hand, structure prediction (Supplementary Table S1) and
non-denaturing gel electrophoresis (Fig. 4b) suggested that
the transR1 complex was able to form three structures. This
suggested that thermal treatment of the transR1 complex
may affect the abundance ratio of active and inactive
structures, which would determine the abilities of the
transR1 to act as a catalyst and substrate.

We first examined the effects of thermal treatment of
transR1 and transR1oy mutant at 57 °C for 1 h before
assaying their ribozyme activities. Thermal inactivation of
the ribozyme activities was observed for transR1 (Fig. 5a).
In this assay, the contribution of thermal promotion of
RNA degradation was excluded by the control experiments
because no significant reduction of catalytic abilities was
observed for the transR1ay complex (Fig. 5a) and also the
cisR1 ribozyme, the active structure of which was pre-
dicted to be stable by mfold prediction (Fig. 5c). We also
tested the effects of thermal treatment of transR1 complex
on its ability to act as a substrate. Thermal treatment of the
complex before addition of the unimolecular cisR2b cata-
lyst resulted in severe reduction of the product yields

(Fig. 5b). The control experiment with transR1oy complex
showed no thermal effect as substrate for the cisR2b
ribozyme (Fig. 5b). These results suggested that inactiva-
tion of transR1 was due to its structural change to the
inactive type-p structure because relative stability between
the type-a and type-y structures of transR1 would be pre-
served in the type-oy mutant. The transR2 complex also
appeared to show thermal inactivation, which was, how-
ever, much less remarkable than that of transR1 (Supple-
mentary Fig. S6).

Thermotolerance of the Catalysts Afforded
by the Cross-Ligation Reaction

Upon thermal treatment, the self-assembling transR1 cata-
lyst was inactivated presumably by structural transition to
the stable type-P structure, but the cisR1 catalyst retained the
activity (Fig. 5). These results suggested that thermotoler-
ance of catalytic ability of the class R1 catalysts (cisR1 and
transR1) would accumulate through cross-ligation of
transR1 and transR2, which yielded the cisR1 and cisR2
catalysts. This was examined experimentally by the reaction
protocol shown in Fig. 6a. The catalytic competence of the
RNA mixture was monitored by ligation of the probe sub-
strates (Step 3 in Fig. 6a). The effects of thermal treatment
(57 °C for 1 h) of the RNA mixture (Step 2) were investi-
gated by comparing the procedures with or without the
cross-ligation reaction (Step 1). In the absence of transR2 in
the starting solution, the solution after thermal treatment
exhibited little activity to join the probe-1 substrate
(Fig. 6b). In the absence of the opposite complex (transR1),
the thermally treated solution retained modest activity for
joining the probe-2 substrate (Fig. 6¢), which was consistent
with the observation that transR2 catalyst was more tolerant
against thermal treatment than transR1 catalyst (Supple-
mentary Fig. S6a). In the presence of both transR1 and
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Fig. 5 Effects of thermal treatment (57 °C for 1 h) on the abilities of
transR1 complex and its mutant. P values for two-tailed ¢ test are
indicated in the figures. a Effects of thermal treatment on the ability
of transR1 and its mutant to act as self-assembling catalysts to join the
probe-1 substrate. After thermal treatment of the complex at 57 or
37 °C for 1 h, reactions were started by adding the probe-1 substrate
and continued at 37 °C for 1 h. b Effects of thermal treatment on the
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a step1: cross-ligation between transR1 and transR2 (37°C, 1 h)

step2: thermal treatment (57°C, 1 h)

step4. incubation at 37°C

step3: addition of the probe substrates (probe-1 and probe-2) (t = 0 in figures 6b-6g)
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Fig. 6 Accumulation of thermotolerant catalytic competence by
complex formation and cross-ligation. The symbols “0”, “1”, and
“2” in d-g indicate the relative molar ratio of the components. In the
step 4 solution, the symbols “0”, “1”, and “2” correspond to 0, 0.5,
and 1.0 puM, respectively. a The procedure to evaluate the contribu-
tion of the cross-ligation to thermotolerant catalytic competence.
b Catalytic competence of the mixture to ligate the probe-1 substrate
after thermal treatment. ¢ Catalytic competence of the mixture to
ligate the probe-2 substrate after thermal treatment. d Catalytic

transR2 in the starting solution, the activity to join the probe-
1 was present (Fig. 6b) and that to join probe-2 was
increased (Fig. 6¢) even after thermal treatment (Step 2).
The extents of the cross-ligation reactions showed little
change during Step 4 to check the ribozyme activities
(Supplementary Fig. S7b) and also between before and after
thermal treatment (Supplementary Fig. S7c).

To determine whether cisR1 and cisR2 were primarily
responsible for the catalytic competence after thermal

competence of the mixture containing dephosphorylated (dp-)transR1
or dp-transR2 to ligate the probe-1 substrate after thermal treatment.
e Catalytic competence of the mixture containing dephosphorylated
(dp-)transR1 or dp-transR2 to ligate the probe-2 substrate after
thermal treatment. f The extent of cisR1 production after cross-
ligation. The amount of cisR1 was measured after 1-h incubation in
step 4. g The extent of cisR2 production after cross-ligation. The
amount of cisR2 was measured after 1-h incubation in step 4

treatment, we examined the reactions using dephospho-
rylated transR1 and transR2 (dp-transR1 and dp-transR2)
(Figs. 6d, e), which can serve as bimolecular (trans-format)
ribozymes but cannot be converted into unimolecular (cis-
format) ribozymes.

In the cross-ligation with transR1 and dp-transR2 (in
which cisR2 production was defective; see second bar in
Fig. 6g), the production of the cisR1 ribozyme was reduced
only modestly (second bar in Fig. 6f). This result was
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consistent with the observation that activity of the R2-
catalyst in trans-format was close to that in cis-format
(Supplementary Fig. S2). After thermal treatment (Step 2),
the probe-1-joining ability of the solution (Fig. 6d) was
similar to that of the parent reaction (Fig. 6b). Despite the
defect in production of cisR2 (second bar in Fig. 6g), the
probe-2-joining ability of the heat-treated solution (Fig. 6¢)
was also higher than that of the control (transR2 only)
reaction (Fig. 6¢). This result suggested that transR1 (and
cisR1) contributed to the enhanced thermal stability of the
type-a structure of the transR2 complex independent of its
conversion to cisR2.

Similar results were also obtained from the reaction with
dp-transR1 and transR2 (in which cisR1 production was
defective; see fourth bar in Fig. 6f), the heat-treated solu-
tion of which exhibited probe-1-joining ability (Fig. 6d)
that was also higher than the heat-treated solution of the
control (transR1 only) reaction (Fig. 6b). In the cross-
ligation between dp-transR1 and transR2, the production of
cisR2 was inefficient (fourth bar in Fig. 6g) probably due
to the catalytic ability of transR1 that was 10-fold less
active than cisR1 (Fig. 3a). However, the probe-2-joining
ability after thermal treatment (Fig. 6e) was comparable to
that of the parent solution (Fig. 6c¢).

These results suggested that the catalytic abilities in the
heat-treated solution (Step 2) survived not only by the
production the cis-ribozymes but also by the formation of
cis/transR1:cis/transR2 complex.

Discussion

Self-assembling ribozymes would have had an evolution-
ary advantage under prebiotic or primitive biotic conditions
in which synthesis of long RNAs would have been difficult
(Hayden and Lehman 2006; Lehman 2008; Burton and
Lehman 2010). On the other hand, the efficiency and
fidelity of RNA self-assembly are dependent on the solu-
tion conditions, such as concentrations of RNA fragments,
buffer composition, pH, and temperature. These factors
would be more critical if the assembly of RNA fragments
could afford several alternative structures. Some of the
factors, however, can be averted by converting the self-
assembling RNAs to the corresponding unimolecular
RNAs through RNA strand-joining reaction (RNA-RNA
ligation reaction) among the fragments without disturbing
the self-assembling secondary structures.

In this study, we designed and examined a model RNA
system to investigate the evolutionary advantages of con-
version of the self-assembling ribozymes to the unimo-
lecular formats (Figs. 1b, 3c). This conversion could result
in accumulation of tolerance to temperature fluctuations
that would normally lead to thermal denaturation of RNAs
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(Fig. 6b). The bimolecular self-assembling ribozyme
(transR1) was active at the standard temperature (37 °C).
However, thermal treatment (57 °C for 1 h) induced
structural rearrangement of the transR1 ribozyme to alter-
native (inactive) forms (Fig. 5a), while its unimolecular
format (the cisR1 ribozyme) was inert to thermal treatment
(Fig. 5¢). These results, therefore, suggested that thermo-
tolerance is an evolutionary advantage gained by convert-
ing a multi-subunit RNA catalyst to the corresponding
unimolecular format.

It has been noted that during molecular evolution of
catalytic RNAs, they often evolved from single- to multi-
molecular format with elaboration and diversification of
their functions. A typical example can be seen in the pos-
sible evolution from the self-splicing ribozymes to
spliceosomes (Jacquier 1990; Hetzer et al. 1997; Valadkhan
and Manley 2001; Keating et al. 2010; Jaladat et al. 2011;
Vesteg et al. 2012). The results of this study, however,
suggested that functional and evolutionary advantages of
structural RNAs between single- and multi-molecular for-
mats would have been dependent on the environmental
conditions during the early stages of the RNA world. In the
evolutionary stage in which short RNA oligomers and their
assemblies may have generated primitive RNA enzymes,
some would have been fragile and their active structures
may not have been the most stable among several possible
structures (Fig. 7). RNA ligation may convert these fragile
ribozymes to robust unimolecular formats by joining the
short fragments (Fig. 7). Once the resulting unimolecular
ribozymes gained sufficient robustness against environ-
mental changes through further evolutionary optimization,
they may evolve to multi-molecular formats again with
diversification and increasing sophistication of their func-
tions. In this hypothetical scenario, RNA ligase ribozymes
would be important for joining self-assembling ribozymes.
Therefore, the evolution of ligase ribozymes from fragile to
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Fig. 7 A hypothetical scenario for evolution of the primitive RNA
world composed of assemblies of short RNAs. The primitive RNA
world may have evolved to acquire robustness against environmental
changes by RNA-RNA ligation activities that convert self-assembling
RNAs to unimolecular RNAs
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robust forms is also crucial and would be involved in this
scenario. In this study, the transR1 ribozyme and the cisR1
ribozyme correspond to substrate and product in the cross-
ligation reaction with the transR2 ribozyme, respectively,
meaning that thermotolerance of catalytic competence can
be acquired by the cross-ligation reaction that accumulate
the cisR1 and cisR2 ribozymes (Figs. 6b, c). Our DSL-
based system could be regarded as a primitive model system
for the key piece of the above scenario.

In this study, the transR1 ribozyme was suggested to
form three alternative structures that were catalytically
active (type-o) and inactive (type-f and type-y). The
inactive type-p was more stable than the active type-o and
inactive type-y structures. Although the rearrangement of
type-o and type-y structures to the type-P structures pro-
ceeded at 57 °C, metastable type-a structure, which can be
maintained for a long period at 37 °C in buffer solution,
can be fixed through cross-ligation. This result suggested
that the cross-ligation reaction with transR2 resulted in
diversification of the RNA structures. In our DSL-based
system, the type-P and type-y structures had no particular
function. However, if the alternative structures (corre-
sponding to type-P and type-y in this study) exhibit some
function(s), one RNA-RNA complex would generate two
or more different functions depending on the ligation
reactions (Marek et al. 2011). Schultes and Bartel (2000)
reported a single RNA sequence that can form two ribo-
zyme folds and catalyze two respective reactions weakly.
They also found that a few base substitutions in the parent
sequence afforded variants highly active for one or the
other reaction. From the viewpoint of functional and
structural divergence in the RNA world, the bimolecular
complex (transR1) in this study and the sequence reported
by Schultes and Bartel may be regarded as the same class
of examples showing that the divergence of RNA structures
and functions can be achieved in a discontinuous manner
by simple events, such as strand-joining reaction and a few
base substitutions.

This study also suggested that the cross-ligation system,
in which a pair of trans-ribozymes formed a complex,
provides resistance against thermal structural changes even
in the absence of RNA-RNA joining reactions (Figs. 6d,
e). As complex formation of transR1 and transR2 required
the active (type-a) structures, the type-o structures of the
two ribozymes would stabilize each other through inter-
molecular tertiary interactions. In general, the formation of
stable complexes in self- and cross-ligation systems may
contribute to the thermal resistance of these systems, but
may also have negative effects on important factors in
these systems. While a highly stable complex may be
advantageous to resistance against thermal RNA denatur-
ation, it would be disadvantageous to turnover ability of
catalysts under standard conditions. If a product-catalyst

complex is too stable, a positive effect of temperature
fluctuation (facilitation of product release and turnover of
the catalyst) may overcome its negative affect (inactivation
of the catalyst). In the molecular evolution of complex
RNA functions and their networks (Vaidya et al. 2012),
RNA structures and their assembly would have evolved to
optimize the balance between robustness and efficiency of
their functions under environmental fluctuations in the
early RNA world on the ancient earth.
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