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Self-synthesizing materials, in which supramolecular structuring enhances the formation of new
molecules that participate to the process, represent an intriguing notion to account for the first
appearance of biomolecules in an abiotic Earth. We present here a study of the abiotic formation of
inter-chain phosphodiester bonds in solutions of short RNA oligomers in various states of
supramolecular arrangement and their reaction kinetics. We found a spectrum of conditions in which
RNA oligomers self-assemble and phase separate into highly concentrated ordered fluid liquid crystal
(LC) microdomains. We show that such supramolecular state provides a template guiding their ligation
into hundred-bases long chains. The quantitative analysis presented here demonstrates that nucleic acid
LC boosts the rate of end-to-end ligation and suppresses the formation of the otherwise dominant cyclic
oligomers. These results strengthen the concept of supramolecular ordering as an efficient pathway
toward the emergence of the RNA World in the primordial Earth.
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The growing awareness of the relevance of supramolecular ordering on chemical reactivity is
suggesting new routes for the emerging of patterns and structures.”™ Relevant examples are given by
the self-synthesizing materials, in which self-assembly of amphiphilic molecules provides a template
for covalent bond formation, which in turn promotes and stabilizes the supramolecular structures.”®
Indeed, it has been observed that supramolecular assembly can play a pivotal role in chemical
reactions, directing the regioselectivity and boosting the reaction kinetics. Through this route, new
symmetries and patterns may arise, reflecting more the mechanisms of molecular assembly than the
reactivity of the isolated substrate. Because of this, it has been suggested that self-assembly-guided
reactions could emerge as a rich strategy for the design of nanostructured materials and as a promising

1,6-11

pathway to understand fundamental mysteries such as the origin of life. In this last context, one of

the main challenges is understanding the spontaneous formation of nucleic acid polymers from their

12.13 since it has to overcome several critical issues, such as: the extreme low

14,15

monomeric constituents,

reactivity of nucleotides, the spontaneous tendency to form cyclical products contrasting the

elongation of the polyrne:rs,16’17

the high hydrolysis rate of phosphodiester bonds in aqueous
environments'® especially for RNA, and the competition of a variety of other potentially available
reactive species, which would require a powerful selection mechanism.

In this study, we demonstrate and quantitatively characterize a non-enzymatic reaction pathway based
on supramolecular assembly that favors the formation of long linear RNA chains by ligating short RNA
oligomers. This work stems from a previous observation that the onset of liquid crystal ordering in
solutions of DNA 12mers promotes their polymerization."” By a combination of different approaches,
we demonstrate here the templating effect of the self-assembly of RNA oligomers, by which the
geometry of the supramolecular aggregates favors intermolecular reactions over intramolecular
reactions, while the local packing boosts the reaction rate. In this study, we considered shorter (6-base-

long) and longer (12-base-long) RNA oligomers forming duplexes with terminal overhangs or blunt-

ends, respectively, and we considered natural D-RNA and enantiomeric L-RNA.

Liquid crystal ordering as a general supramolecular motif of nucleic acids. The reversible but
selective interaction among nucleic acid chains at the core of the processing of genetic information,
relies on pairing and stacking interactions of nucleobases and on the good water solubility of the
chains, granted by the ionized phosphate groups. These features confer to nucleic acids rather unique
self-assembly properties, enabling the formation of extremely complex natural and artificial structures,

such as the hierarchical structure of chromatin and the multi-strand constructs of DNA
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2126 \we have shown that the same structural features and

nanotechnology.”® In a series of papers,
interactions lead, in aqueous solutions of short DNA oligomers at high concentration (cpna >
200mg/ml), to long-ranged supramolecular liquid crystal (LC) ordering afforded by hierarchical steps
of self-assembly. LC ordering appears indeed as a rather general form of spontaneous ordering in DNA
solutions and can be accompanied by the segregation of DNA LC domains when duplex-forming
oligomers are mixed with unduplexed DNA strands, or with flexible polymers (e.g. PEG),”” or with

duplexes incapable to form linear columns.”

Liquid crystal as a step for the origin of life. The emergence of early life and DNA as the genetic
polymer is widely thought to have proceeded through the so-called “RNA World”, featuring RNA
filaments playing the double role of carrying information and sustaining primordial metabolism.***
Such catalytic RNA strands, the “ribozymes”, first discovered by Cech and coworkers,”” are chains
having specific sequences and secondary structures. Tube-test evolution indicates that the minimum
length of an RNA strand capable of providing the simplest enzymatic activity (cleavage of an RNA
substrate) is of only 16 nt,>’ while more complex catalytic activities, such as the template-directed
polymerization of NTPs on an external template, require much longer sequences, in the order of
150nt.** These are challenging lengths to be reached starting from mononucleotides or even from short
oligomers, since their spontaneous formation is highly improbable. Indeed, the origin of the RNA
World® is one of the main unsolved enigma of our understanding of nature.

In the search of a convincing “guiding hand”, capable of selecting and ligating simple molecular groups
into RNA strands,®>* various mechanisms have been proposed relying on templates and enhancers such

3536 ;. . 3740
as clay surfaces,”° lipid assemblies’’

4142
d."”

and pairing of nicked oligomers on a templating RNA
stran The crucial search of a prebiotically plausible leaving group for phosphate condensation
reaction has fostered the study of different compounds based on imidazole to overcome the low
reactivity of polyphosphate.* The investigation of efficient methods to enhance linear
polymerization over cyclization — a must to obtain long RNA strands — has highlighted the importance
of base pairing and stacking interactions of building blocks*® and the role of aromatic base-intercalating
molecules.'®

Based on the intimate connection between features that enable propagating genetic information, and
those that promote LC ordering, we recently proposed'’*® that the LC ordering of ultrashort nucleic

acid oligomers could provide a positive feedback loop driving their abiotic ligation into longer

oligomers. Indeed, in condensed LC phases the oligomers are stacked and organized into columns, each
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being formed by a physically continuous but chemically discontinuous double helix in which the
oligomer termini are held in close proximity. According to this scenario, the supramolecular assembly
acts as a template guiding intermolecular ligation toward the formation of long linear chains when in
the presence of appropriate reaction conditions. At the same time, the formation and stability of LCs is
strongly dependent on the molecular shape anisotropy, since the presence of longer double helices
lowers the concentration required for the onset of LC ordering. This establishes a positive feedback by
which the ligation reaction guided by liquid crystals ordering promote their own self-assembly.

In previous experiments performed in solutions of 5°(OH) - 3’(p) DNA 12-base-long oligomers, we
found that the onset of LC ordering markedly increased the inter-oligomer polymerization yield."

On the basis of this seminal study we decided to explore the intimate nature of the templating effect of
the liquid crystal ordering of nucleic acids in terms of reaction rates and products structure, as a non-
peptidic example of self-synthesizing material. We focus here on RNA molecules, generally considered
a more ancient nucleic acid than DNA. The extension of the LC properties from DNA to RNA 1is not
trivial, since RNA has an A-form duplex helical structure, with paired bases tilted with respect to the
helical axis,” a geometry of stacking that could affect the supramolecular structure.”® While the
conditions at which the prebiotic synthesis could have occurred are basically unknown, current
scenarios are based on the notion of drying-wetting and heating-cooling cycles, possibly in the
presence of thermal and chemical gradients such as those that can be found in inland hydrothermal
springs*’ or in porous minerals surrounding oceanic hydrothermal vents.”® The experiment we describe
here are in conditions of mild temperature, and of molecular concentrations and ionic strengths
naturally achieved in drying cycles, and thus in line with the current explorations in the research

devoted to the origin of life.

RESULTS AND DISCUSSION

RNA oligomers. We studied two RNA oligomers of length 12 and 6:

1) 5’-pCGCGAAUUCGCG-3’ (12BE), a self-complementary sequence forming terminal blunt-ends
whose DNA analog we previously investigated.21 12BE used in this study is L-RNA, synthesized using
L-ribose, and its structure is thus mirror symmetric with respect to natural RNA.*" The use of L-RNA
has the considerable advantage of being unaffected by the action of natural RNase, which has the
potential of significantly affecting the quantitative analysis here proposed.

i1) 5’-pGAUCGC-3’ (6SE), a partially self-complementary sequence. 6SE form 4-base-long paired
duplexes with 2-base-long GC ‘“adhesive” overhangs. 6SE in this study is D-RNA and is thus
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potentially affected by RNase degradation. We indeed used enzymatic degradation as a tool to further
characterize 6SE LC-promoted RNA ligation.

Both 12BE and 6SE terminate, on the 5’ end, with a phosphate group that provides the starting point of
the ligation reaction. We opted for the 5’ terminus instead of the 3’ end to make sure that no cyclization
between 2’ and 3’ on the same sugar moiety could occur. With this choice, the ligation could lead to
either 5°-2” or 5°-3” phosphodiester bonds. This depends on the regioselectivity in the non-enzymatic
formation of phosphodiester bonds, which, in the case of inter-duplex ligation, is unknown. The
ligation of nicked oligomers on a template strand has been found to be highly selective towards 5°-3’

linkage,”*™* despite the fact that 2°-hydroxyl group is more nucleophilic than 3’-hydroxyl group.™

Abiotic activator. Even if it’s not considered a prebiotically plausible molecule, as proof of concept,
we performed condensation reactions by using the water-soluble carbodiimide EDC (N-ethyl-N'-
(dimethylaminopropyl) carbodiimide), which can react with terminal phosphate groups making them
reactive toward nucleophiles, like primary amines™ (yielding phosphoramidates), hydroxyl NA
termini’> (phosphodiesters) or water (hydrolysis). Surprising high yields (more than 90%) were
previously observed in DNA LC,"” which suggest a strong templating effect of this form of

supramolecular ordering.

Phase behavior. RNA oligomers spontaneously order into LC phases. Fig. 1 illustrates typical textures
observed in polarized optical microscopy showing coexistence of chiral nematic (N*) and columnar
(COL) phases (panel a, showing a COL domain surrounded by N*) and COL phase (panels b and c,
where the COL phase is recognizable from the characteristic fan-shaped domain). These phases appear
at high RNA concentrations (crna > 250mg/ml at room temperature) and in a broad interval of
temperatures (T), as shown in the phase diagrams of 12BE (Fig. 1d) and 6SE (Fig. le). For both
systems, the solutions display N* ordering (blue shading) and COL ordering at increasing crna (red
shading). Overall, the two phase diagrams are rather similar, indicating that the smaller axial ratio of
6SE duplexes — typically disfavoring LC ordering,”' is compensated by their stronger overhang-
mediated end-to-end coupling. The phase boundaries reported here for 12BE are not significantly
dissimilar from those found for the analogous DNA molecule. These results suggest that the RNA
inter-duplex stacking is at least as large as in the case of DNA.

To identify the best conditions for ligation experiments, we underwent a more detailed analysis of the

phase behavior. First, we tested the effects of Mg®", which we found to stabilize the RNA LC phases.
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This is shown by the dashed purple lines in the phase diagrams that mark the LC-isotropic phase
boundary when 12BE and 6SE solutions are prepared with 60 mM MgCl,. We then studied the phase
behavior of mixtures of 12BE and PEG (MW 8000), employed as molecular crowding agent. We
previously found that for sufficiently large PEG concentration, DNA/PEG solutions demix into
coexisting DNA-rich and PEG-rich fluids."”?’ We thus made an effort to determine the conditions
under which the system phase separates adopting the morphology of RNA-rich microdomains
surrounded by the PEG-rich isotropic phase. In this condition the system is effectively formed by
microreactors where the reaction takes place, which are held by PEG osmotic pressure with no
membrane or barrier for the diffusion of ions, EDC and waste products.

We thus carefully explored the phase behavior obtained by solubilizing a moderate amount of 12BE
(crna = 37 mg/ml) as a function of PEG concentration, as shown in Fig. 1f. The solutions are prepared
in 60 mM MgCl, to take advantage of the stabilizing effect of Mg®" ions. We find that for cprg < 100
mg/ml the solution remains homogeneous, while for cpgg > 150 mg/ml RNA-rich microdomains start to
appear. Depending on T, the RNA-rich domains are found either in isotropic (ISO) state (orange dots,
orange shading) or as LC (green triangles, green shading). The two conditions are shown in the
polarized microscopy pictures, where liquid-liquid (Fig. 1g) and liquid-LC (Fig. 1h) phase coexistence
can be distinguished by the colors appearing in the birefringent LC domains as opposed to the dark,
isotropic PEG-rich background. By a quantitative analysis of the phase diagram (described in the SI)
we determined the limiting solubility of RNA in the PEG-rich phase to be crna = 13 mg/ml, and the
RNA concentration within the microdomains for two PEG concentrations: {cpgg = 150 mg/ml, crna =
230 mg/ml} and {cpgg = 200 mg/ml, cgna = 600 mg/ml}. This analysis enabled us to pinpoint the
conditions in which well-determined amount of RNA oligomers are effectively confined in membrane-
less micro-reactors. We also found that an analogous phase separation and confinement effect can be
obtained by mixing 12BE with single strand RNA (sequence 5’-CCUCAAAACUCC-3’), as described
in the SI.

The phase diagram in Fig. 1f enables identifying T = 40°C as a convenient isothermal condition where
to investigate the efficiency of EDC promoted ligation in mixtures of 12BE and PEG. At this T, upon
increasing cpgg, the system transitions from homogeneous mixture (where RNA is diluted, cgna = 37
mg/ml), to liquid-liquid coexistence (where RNA is concentrated but disordered, crna = 230 mg/ml) to
liquid-LC coexistence (where RNA is concentrated and ordered, crna = 600 mg/ml),

A similar condition could not be found for 6SE/PEG mixtures where we find liquid-LC coexistence at

room T (T =25 °C) for cpgg = 100 mg/ml, but no liquid-liquid coexistence at any T, since upon heating
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the system transforms directly from liquid-LC coexistence to homogeneous (Fig. S17). We thus

explored EDC promoted ligation in 6SE/PEG mixtures at room T.

Abiotic ligation in solutions of RNA oligomers. Fig. 2 summarizes the results of ligation experiments
in 6SE/PEG (crna = 100 mg/ml = 50 mM) and in 12BE/PEG (crna = 37 mg/ml = 10 mM) mixtures
with 60 mM MgCl,, 0.01 M HEPES buffer pH 7.5, molar ratio EDC/RNA of 30, and various cpgg. The
energy source is provided by the water-soluble condensing agent EDC, through the reaction
summarized in Fig. 3a. The ligation products have been evaluated by stopping the reaction at various
time points (from 15min to 48h) by 20-fold dilution with 50 mM ethanolamine and by analyzing the
mixture by 15% polyacrylamide gel electrophoresis in denaturing conditions, 7M urea, and staining
with SYBR Gold (see SI). The phase separation and LC nucleation time is much faster than all reaction
times here explored. The outcome of 48 hours reactions is shown in Fig. 2a for 12BE/PEG, each gel
lane corresponding to different cpgg and phases, as also described by the associated pictorial sketches.
The presence of longer chains is enhanced by the phase separation (orange frame) and markedly
boosted by the appearance of LC ordering (green frame).

Examples of profiles of the fluorescent intensity in the gels Ig(x) are shown in Fig. 2c (black lines) for
the ligation experiments with cpgg = 0 mg/ml and cppg = 250 mg/ml, where the x coordinate along the
lanes provides the product length associated with the bands. A reasonable estimate of the
polymerization yield, defined as the fraction of newly formed phosphodiester bonds over the starting
available 5’ terminal phosphates, can be obtained by comparing the experimental cumulative I
(colored dots) with the one predicted by a Flory model for simple polymerization (continuous line),'**°
indicating that LC ordering leads to a markedly larger yield. Equivalently, the mean size of the
products 1y, plotted in Fig. 2d as a function of the PEG concentration shows that the increment
associated to LC ordering is evident. According to this analysis in LC phase we obtain polymerization
yields of 66%, 71% and 69% for cpgg = 200 mg/ml, 250 mg/ml and 300 mg/ml respectively,
corresponding to a fraction of more than 50% of the products being more than 5 times larger than the
monomer (ny > 60). This finding contrasts the moderate ligation yields found in the mixed solutions
and in the liquid-liquid coexistence, where the average length of the products never exceeds twice and
three times the monomer length, respectively.

Similar results are found for 6SE/PEG (Fig. 2b), where the enhancement of ligation efficiency brought
about by phase separation and LC ordering is evident. In this case, though, the product mass

distribution is not well described by the Flory model, due to a lower fluorescence emission of the
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monomer. This limitation prevents us to assess the reaction yield via gel analysis. However, the low
molecular weight of 6SE enabled us to perform Nuclear Magnetic Resonance (NMR) and
unambiguously assign the signals in the 'H and "C spectra. Particularly, 'H NMR reveals broadening
of the peaks in the 6SE sample treated with EDC (Fig. 3a), a well-known feature reflecting polymer
formation.”” C NMR experiment allows the study of the anomeric carbons of the nucleotides sugars.
As apparent in Fig. 3b, EDC treatment causes the disappearance of the signal assigned to the first
nucleotide of the monomer (1’ G1) and the appearance of a new signal assigned to the first nucleotide
(1’ G8) of the molecule bound to another oligo, thus offering an additional evidence of ligation. The
quantitative comparison of the G8 peak with a reference peak (i.e. the peak at 88.5 ppm remains
unchanged between unreacted and reacted sample) and with the background noise indicates that in the
ligation reaction of 6SE occurring in LC, the fraction of 5°P termini involved in phosphodiester bonds
is of the order of 90% (see Full NMR Spectra file and SI for more details).

In principle, LC-promoted RNA ligation could also influence the regioselectivity (5’-3” vs. 5’-2”) of the
newly produced phosphodiester bonds. The NMR analysis of 6SE ligation products (see SI) reveals no
peak corresponding to 2’-5’ phosphodiester bond formation, as expected for complementary strand

templating,”*>

making it hard to decouple a possible contribution of the supramolecular ordering. At
the moment, our data do not enable assessing the role of LC-promoted RNA ligation alone in guiding
the regioselectivity of the products, which could in principle be extracted by 12BE ligation products

analysis.

Ligation reaction kinetics: dependence on supramolecular ordering. In the abiotic ligation reaction
scheme exploited in this work (Fig. 4a) the energy source driving the reaction is provided by EDC, that
can either hydrolyze into water (with a rate ky), or activate the phosphate termini (k;) producing an
intermediate (Fig. 4a, red frame), which could in turn hydrolyze into EDU (N-ethyl-N'-(3-
dimethylaminopropyl) urea) and a phosphate terminus (k,), or produce a phosphodiester bond with the
3’ or 2’ hydroxyl terminus (ki). Our data point to an enhancement of ligation efficiency linked to the
transition to liquid crystalline state (Fig. 2), which could be due to a loss of entropy of activation thanks
to the positional constraint provided by the LC-stabilized columnar stacking of duplexes that holds the
duplex termini in continuous contact. Since this enhancement effect could in principle also originate
from the higher RNA concentration of the LC phase, or even take place outside the LC domains, we
performed an extended set of measurements aiming at quantifying the reaction rates, to clarify whether

LC ordering can indeed be considered a templating milieu. The analysis outlined below and detailed in
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the SI indicates that the effect of LC ordering can be described as an enhancement of k; by at least 6
times.

In a first group of observations, we measured the evolution in time of the absorption spectra of
solutions of either EDC only, or EDC with various concentrations of 5’phosphate ribose. This
molecule, in which the phosphate moiety is analogous to the 5’ termini of oligonucleotide chains, has
been chosen to study the activation of the phosphate, because of its negligible absorbance in the UV
range of interest (Fig. 4b). These measurements were performed in solutions of 60 mM MgCl,, and
HEPES buffer pH = 7.3, adjusted to match the pH measured in LC-forming PEG/EDC/RNA solutions.
The measured spectra can all be perfectly fitted by a combination of the EDC and EDU spectra (Fig.
4d), with amplitudes that evolve in time as exponentials and sum up to a time-independent constant
(Fig. 4e), as visually noticeable by the neat isosbestic point. No trace of the absorption spectrum of the
activated phosphate could be observed, despite its chemical structure would suggest a detectable
absorbance, an indication that the concentration of this group is negligible, in turn indicating a large k;
value. By analyzing the data with a set of coupled linear kinetic equation describing the reaction steps
in Fig. 4a, we could exploit this simplified condition to quantify the rates k, and k; (see SI), while for
k, only lower boundaries can be given.

To pinpoint the effects of LC ordering on ligation, we studied in depth the ligation reaction in the
PEG/EDC/12BE mixture by starting from the simplest condition, i.e. at low PEG (cpeg = 100 mg/ml),
where the system remains in the mixed state. We examined the ligation products obtained in this
condition as a function of the reaction time (blue squares in Fig. 4c) and fitted to the same set of
coupled linear reaction equations. By keeping ky and k; as determined above, the model predicts the
yield to depend only on the ratio ki/k,. By fitting the data, we obtain a nicely approximating curve
(blue line in Fig. 4c) and k;/k, = 100 (SI), indicating that the activated terminus is more reactive with
the ribose OH at 2’ or 3’ position than with water.

At higher PEG concentration, where the system phase separates, the reaction becomes more complex
since it could take place simultaneously in the two coexisting phases. This condition can still be
modeled by a larger set of coupled linear equations (see SI), whose parameters include the relative
volumes filled by the two phases and the RNA concentrations in both phases. Being diffusion of
reagents an essential ingredient of the process, we made sure that the condensed phase was fluid and
that EDC and EDU could diffuse in and out the domains. This was done by FRAP (Fluorescence
Recovery After Photobleaching) measurements, which indicate that the equilibration time of molecules

of the size of EDC and EDU takes place in a time much shorter than the reaction time so that reaction-
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induced local EDC depletion can be neglected (see SI). We assume ky and k;, rates of reaction with
water molecules, to be the same as in the mixed condition, since hydration always remains significant.
Conversely, k; and ki, might be, in the RNA-rich phase, significantly different than in the mixed state
because of two concurring effects. First, the solubility of EDC in the RNA-rich solutions might be
much smaller than in the PEG-rich phase, as suggested by the strong partitioning observed for
fluorescent dopants of analogous molecular size (see SI). Moreover, the viscosity of the RNA-rich
phase markedly grows with RNA concentration, as indicated by FRAP measurements. Since reaction
rates are typically inversely proportional to viscosity’® and viscosity grows more than linearly with
RNA concentration (see SI), we expect k; and ki to be decreased at least proportionally to the crna: ki’
= (F/crna) ki; ki” = (F/crna) ki, where F is proportionality coefficient. Ligation kinetics measured in
liquid-liquid coexistence (cpeg = 150 mg/ml, orange circles in Fig. 4c), is well approximated by the
model with the choice F = 30 mM (orange line).

When we apply the same procedure with the same choice of rates ky, k;’, ko, ki, to model the ligation
kinetics in liquid-LC coexistence (green triangles in Fig. 4c), the model strongly underestimates the
observed yield (dashed green line). To match the data we need to increase ki of at least 6 times, a
choice that leads to the continuous green line in Fig. 4c. In other words, we find that the rate of inter-
strand ligation in LC is enhanced over what expected in an identical system that had no LC ordering by
6 time — possibly much more — indicating that the LC ordering is indeed promoting ligation, confirming
the templating effect of this supramolecular self-assembly. We emphasize that the 6 increment is a
lower estimate, since our FRAP experiments indicate that viscosity increases much more than
proportionally to concentration as the LC ordering appears.

Having a tool to evaluate the EDC-promoted ligation in phase separated PEG/EDC/RNA solutions, we
can split the observed yield into the contributions from the two coexisting phases (Fig. 2d, half dots).
The model with the parameters determined as above indicates that the largest majority of the longer
strands are indeed produced by the ligation reaction in the LC phase. The total yield, evaluated by gel
electrophoresis is effectively lowered by the inefficient reaction in the PEG-rich, RNA-poor phase that

fills most of the volume (see the determination of concentrations in RNA-PEG separate phases in SI).

Ligation products: dependence on supramolecular ordering. By holding duplexes in a fluid but
ordered matrix, LC ordering not only promotes the formation of chemical bonds between the
contacting termini, but also inhibits intramolecular ligation. The molecular packing within the LC

phase stabilizes the duplexes and holds them stacked into linear aggregates thus disfavoring the
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contacts between the termini within each duplex. Circular structures are instead expected to be a
favorite outcome of the ligation reaction of duplexes in isotropic phases, where the transient melting of
the terminal bases and their reaction can easily occur. This notion is supported by two distinct
approaches described here: selective enzymatic digestion of 6SE ligation products and 2D-PAGE of
12BE products, which, being L-RNA, cannot be enzymatically probed. This conclusion is further
supported by NMR data, as discussed below.

In PEG/EDC/12BE mixtures, reaction products obtained in disordered solutions (Fig. 2a, blue and
orange frames), contain a larger variety of smaller oligomers than reaction products in the LC phase
(green frame). This is the case of the product leading to the PAGE band found in between the linear
24mer and 36mer and marked in Fig. 2a by a red arrow, which becomes almost undetectable in LC
reactions. To explore the difference between these bands, we have run 2D-PAGE experiments, an older
technique to characterize mixtures of RNA molecules that are not resolved in a simple 1D-PAGE
experiment. This technique, which takes advantage of the fact that the migration velocity of oligomers
of distinct topology depends differently on the concentration of the gel,59 has been used to characterize
complex tRNA mixtures and solutions of RNA polymers.”’ By using 2D-PAGE, we find a markedly
different behavior of the red arrow-marked band with respect to the one closest to it, indicating that
they have distinct topologies (see SI). The simplest topological difference between 24mers is linear vs.
circular. Indeed, circular ssRNAs are known to have a slower electrophoretic mobility as compared to
the linear molecules of equal length,®' in line with the position of this extra band of different mobility.
Production of circular oligomers also appears as the reason behind the lower apparent ligation yield in
6SE PAGE. The two-base long overhangs make the formation of phosphodiester bonds between the 5’
and 3’ (or 2’) termini of unbound 6SE duplexes much easier than in the blunt-ended structure of 12BE.
The formation of a significant fraction of circular oligomers in PEG/EDC/6SE mixtures is
demonstrated by the combination of two observations. NMR C signals from the anomeric carbons
indicate that virtually all 6SE 5’ terminal phosphates are involved in phosphodiester bonds (see SI).
This evidence demonstrates that the ligation yield is much larger than the one determined by product
length distribution, a condition which is found if a significant fraction of the oligomers is circular.
Indeed, PAGE analysis reveals a number of bands larger than the expected multiples of 6SE (Fig. 2b,
green frame). We thus performed enzymatic degradation of the reaction products of 6SE by SVP
(Snake Venom Phosphodiesterase I), an enzyme known to degrade nucleic acid molecules with an

62-64

efficiency larger for linear than for circular strands. We dispersed 0.1mU of SVP in the reaction

products of PEG/EDC/6SE with cpgg = 250 mg/ml and compared the effects of enzymatic degradation
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at different times, as shown in Fig. 5. Quite clearly, the SVP action on the various products is uneven,
as apparent in the section zoomed in panel b and analyzed in panel c. Two of the bands (red squares
and green triangles) are almost completely degraded after 5 minutes, while the intensity of the third
(blue dots) decreases in the same time of only about 20%. This result enables the identification of the
former as linear and the latter as circular products, thus justifying the large number of bands. It also
indicates that they alternate in the gel, which is consistent with the attribution resulting from the 2D
PAGE gels in 12BE reaction products (see SI): linear strands have larger electrophoretic mobility than
circular chains of equal mass.

All this evidence supports the notion that the molecular template provided by LC ordering is a crucial
factor in guiding polymerization toward long polymers, since in its absence intramolecular cyclization

is the dominant reaction pathway.

CONCLUSION

In this work, we have demonstrated the templating effect of LC ordering in solutions of RNA

oligomers. Our results provide an example of self-synthesizing material, in which self-assembly

promotes the formation of products that in turn stabilize the assembly. At the same time, our results

strengthen the notion that LC ordering may have had a role in favoring the first emergence of RNA

polymers as a product of ligation between short oligomers.

Our study has been organized in steps.
1. We have found that solutions of RNA oligomers develop LC ordering in a wide range of chain
lengths, concentrations and temperatures. We thoroughly investigated the phase diagrams,
identifying the conditions more amenable to a ligation reaction. Specifically, we found that RNA
oligomers can be concentrated and segregated using PEG as a molecular crowding agent and that the
presence of Mg®" ions has a stabilizing effect on RNA LC phases, significantly promoting phase
separation in RNA-PEG mixtures.
2. We thus studied the ligation reaction in mixtures in which RNA oligomers are organized in fluid
micro-domains, either liquid or LC, coexisting with a liquid phase rich in PEG that acts as a
reservoir for EDC, a carbodiimide agent that activates the terminal phosphates, and as a sink for
waste. We have found that, as LC ordering appears, the length of the reaction products markedly
increases, to the point that almost 50% of the resulting chains is more than 5 times longer than the

starting oligomers. The mean average length of the products increases from 24 bases (twice the
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1

2

2 initial 12mer) to 72 bases (6 times) when the reaction is carried in isotropic and LC phase
5 respectively.

? 3. We have thus focused on understanding which, among the various steps involved in the reaction,
g is the one that promotes the enhanced ligation and why. By combining the study of the reaction
10 kinetics in various conditions, of the partitioning of the solutes in the coexisting phases, of the
:; viscosity of the RNA solutions, we managed to disentangle the various contributions in the ligation
12 reactions and show that the appearance of LC ordering markedly enhances the last step of the
1 2 reaction, i.e. the formation of phosphodiester bonds between the activated 5 terminal phosphate and
17 the 3’ (or 2’) OH terminus. This result is a proof that the effect of LC ordering is indeed a
B consequence of the template provided by the collective molecular ordering. The geometrical
;? constraint exerted on each duplex lowers the entropic cost of covalent bonding, thus speeding up the
22 reaction. Our observations suggest an analogy between LC templating and enzyme-promoted
éi chemical ligation between the termini of nucleic acid chains. Indeed, the action of ligases relies on
;2 the combination of various factors, including (i) the use of molecular energy sources, such as ATP,
;é to produce a reactive intermediate (ii) the positional constraint on the two termini following their
29 binding to the ligase, (ii1) the reduction of the free energy of the transition state provided by the loss
2(1) of entropy of the reactants and thanks to the electro-chemical environment in the enzyme active site.
gg The LC-promoted abiotic ligation reaction pathway bears relevant analogies to the working scheme
gg of ligase enzymes: (i) the energy source is here provided by EDC, whose reaction produces a
36 reactive intermediate (i1) kept in close proximity to a reactive terminus by the LC milieu, (iii) thus
;73 reducing the entropy of activation of the transition state in the reaction step leading to the formation
ig of a new phosphodiester bond.

41 4. We have found LC ordering strongly disfavors the formation of cyclic products, which instead
fé appear to be the favored outcome when reaction between duplex termini takes place in a liquid
jg phase. Indeed, the formation of circular products is a potential dead-end of abiotic polymerization
j? and thus a fatal obstacle in the spontaneous emergence of long RNA polymers on the early Earth.
48 This is a recognized problem for the spontaneous polymerization of unstructured fluids. Previous
gg studies have proposed the presence of inter-base intercalating molecules as a possible mechanism
g; disfavoring cyclization.'

gi Our results indicate that both templating effect and polymerization in linear chains are promoted by
55 supramolecular ordering with no need of external guiding constraints such as intercalators, lipids or
g? mineral surfaces. The efficacy of LC ordering in promoting the formation of linear RNA polymers is
58

59
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the result of two combined factors: molecular order and fluidity. The onset of uniaxial LC ordering
brings about a symmetry breaking that is reflected at the microscopic level as a molecular field
stabilizing linear aggregates and suppressing supramolecular clusters having alternative geometries,
such as circular or disordered aggregates. Fluidity enables the diffusion — albeit slowed down by the
increased viscosity — of reactant and waste molecules and the circulation of the duplexes.

To which extent the conditions here considered are compatible with the primordial Earth is of course a
matter of speculation. The presence of short oligomers could have been promoted by lipid assisted
polymerization of single nucleotides.’’*** The concentration necessary for LC templating could have
been achieved either in inland hydrothermal water ponds fed by hot springs, by hydration-dehydration

1249 or in oceanic hydrothermal pores by accumulation of RNA molecules driven by

50,65

cycles,
thermophoresis. Both sites are characterized by temperature variations compatible with those
explored in this work.**”° Tonic strength and Mg>" concentration used in our experiments are also in
line with the expected composition of prebiotic water. In modern oceans, the Mg®™ concentration is
about 54 mM, while in the anoxic water of primordial oceans it is estimated to be around 10 mM®**’
and in the sweet water of inland thermal springs is of the order of few millimolar.**® PEG and EDC
are instead not prebiotically plausible molecules. Indeed, we have used them not because they represent
a realistic model, but for their effectiveness in generating conditions that could have been produced in
many other ways. PEG has been used in this work as a molecular crowder. In general, crowding can
result from dehydration or from phase separation. PEG induces and enables easy control of aqueous
two-phase systems, which have been considered as a model systems for coacervates, which are thought
to have played a crucial role in selecting and clustering molecules in prebiotic environments.®®”" Other
molecular species, such as polysaccharides, cationic oligopeptides and low molecular weight

. . . g . . 2.73
polycations (as spermine and spermidine), have also been found to induce coacervation,’>’

providing a
set of more prebiotically plausible alternatives to PEG. Analogously, while EDC has been chosen for
its fast reactivity to enable demonstrating the intimate connection between LC ordering and linear
polymerization, other phosphate activating molecules, such as cyanogen bromide’* and N-
cyanoimidazole,” could represent prebiotically plausible alternatives to EDC

Overall, our experiments provide a proof of concept of LC templating: indeed, should there have been
an “RNA World” on the primordial Earth, our results suggest that it could have been preceded by a
“LC World”, whose appearance requires much shorter chains, in which supramolecular ordering

provided molecular selection and geometrical template for the polymerization of long linear RNA

chains.
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METHODS

Solid phase RNA synthesis & purification. RNA-oligonucleotides were assembled on an Aktal0
Oligopilot synthesizer (Amersham Biosciences; GE Healthcare, Freiburg, D) in a 1.2 mL fixed volume
column using standard RNA phosphoramidites. Phosphoramidites were purchased from Proligo
(Hambug,Germany, D-RNAphosphoramidites) and ChemGenes (Wilmington,USA, L-RNA
phosphoramidites). Base-loaded solid support was purchased from Prime Synthesis (Aston, PA, USA).
Synthesis was started from base-loaded CPG, pore size 600 A. For coupling (12 min per cycle), 0.6 M
ethylthiotetrazole (Azide Chemical Co., Ltd, Anzhen, Wuxi, CN) in acetonitrile, and 6 equivalents of
the respective 0.2 M phosphoramidite solution in acetonitrile were used.

A capping-oxidation-capping cycle was applied. Standard solvents and reagents for oligonucleotide
synthesis were purchased from Biosolve (Valkenswaard, NL), Proligo (Hamburg, D), VWR
(Karlsruhe, D) or Sigma Aldrich (Taufkirchen, D). Cleavage and deprotection were achieved according
to Wincott et al.”® with minor alterations. In detail, upon completion of the automated synthesis, the
CPG-bound oligonucleotide (10-15 pmol) was briefly dried and transferred into a glass bottle. 20mL of
aq. MeNH; (40%) were added, and the suspension was gently agitated at room temperature. After 90
min the slurry was filtered, and the residual CPG washed several times with aq. EtOH (50%). The
combined filtrates were concentrated and lyophilized. For the removal of the 2’TBDMS groups, the dry
crude product was dissolved in 1.5mL DMSO followed by 0.75mL NEt3 and 1.0mL NEt3-3HF. This
mixture was gently agitated at 65°C for 2h. After cooling to room temperature, 20mL n-BuOH was
added and the resulting precipitate was collected and washed with acetone. Crude oligonucleotides
were purified by ion exchange HPLC (IEX) followed by Salt removal size exclusion chromatography
(NAP10, GE-Healthcare, Freiburg, Germany). The final products were dried by lyophilization and
stored at -20°C until further use. Purity and identity were confirmed by IEX- and RP-HPLC and LC-
MS.

Microscope cells preparation. Lyophilized 5’-phosphate RNA was resuspended in milliQ water at a
concentration of 50 mg/ml and stored at -20°C to slow down spontaneous hydrolysis. Samples for
microscope observations (microscope cells) were prepared placing one or multiple drops (0.5-1 pl) of
the RNA solution on a glass slide, waiting for them to dry and resuspending them in an appropriate
volume of solutions based on milliQ water, MgCl, and buffered PEG8k to reach the final desired

concentration directly on the slide.
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To observe these sample in standard bright field, polarized light and fluorescence microscopy, a second
glass slide was placed on the top of the solution and kept at a controlled distance using 10-20 um silica
spacer rods. The LC domains explored in this study are thus much larger than both molecular and
aggregate sizes. The cells were sealed with fluorinated oil to keep the sample concentration stable over

long periods of time at high temperature.

Crna Vs temperature phase diagram measurement. The measurement of RNA concentration in
microscope cells was performed through microscope-based interferometry.! One or multiple drops of
concentrated RNA (initial concentration = 50 mg/ml) were placed on a high-refractive index glass (n =
1.62), sandwiched and slowly concentrated through evaporation at room temperature before being
sealed with fluorinated oil at different times to produce an array of different final concentrations. The
liquid crystalline solutions prepared in this way were equilibrated through multiple thermal cycles,
taking note of the different phases exhibited as a function of temperature, and finally brought to
isotropic phase, where the spectrum of the light reflected in the RNA solution was acquired. The
multiple reflection fringes due to the interference from the parallel glass plates were systematically
measured in various spots within the isotropic RNA solution and in the fluorinated oil (of known
refractive index) present at the edges of the cell. This set of data enabled determining the exact
thickness of the cell and the refractive index of the RNA solution, and thus the RNA concentration
crna through a calibration curve (n = ng+dn/dc-c), with ng the refractive index of the solution at zero

RNA concentration and dn/dc = 0.136 cm’/g).

1D PAGE. 2 pg of reaction product in 5 pl were mixed with 3 pl of loading solution (30% glycerol)
and 10 ul of formamide and loaded in a 7 M urea denaturing 15% polyacrylamide gel (size 20 x 20 x
0.1 cm®). Gels were run in a Protean apparatus (Biorad) in TBE buffer at 250V for approximately 2.5
hours. SYBR Gold 1x in TBE buffer was used as staining for 5 min and gel images were acquired in

tif format using a Gel Doc EZ Imager (Biorad).

2D PAGE. A single lane was excised from the 1D gel and stacked on top of a second 7 M urea
denaturing 20% polyacrylamide gel (size 20 x 20 x 0.1 cm?). The two gels were sealed together using
fresh 20% polyacrylamide gel. The second dimension was run at 300V for approximately 4 hours.

Staining and image acquisition were done as previously described.
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Analysis of polymerization yield. Lane profiles of the acquired gel images were estimated using
MacBiophotonics ImagelJ software. Assuming linearity between the fluorescence intensity of the peaks
and the RNA concentration, it is possible to measure the product in each gel band. The cumulative
fluorescence signal of the different length product is fitted with Flory Model equation for a simple
polymerization®® h(p,x) = 1-p*x-p*+x-p""™, describing the products length distribution of a system
where monomers have the same probability p to bound and p is independent from polymer length. See
SI for a more detailed description. Each experimental condition has been repeated three times in

distinct microscope cells and the measured yields have been found to be consistent.

pH determination. The pH of RNA/PEG8k/MgCl,/EDC mixtures was measured using an Orion™
9810BN Micro pH Electrode. The pH determined in this way is equal to 7.3. Unless otherwise stated
all the spectrophotometric measurements have been performed using an excess of HEPES pH 7.3

buffer to match the mixtures pH.

Determination of concentrations in PEG-separated phases. To evaluate the concentration of RNA
in the PEG-rich phase, we measured the relative volumes filled by the RNA-rich phase as a function of
crna (T = 25 °C, 60 mM MgCl,) in cpgg = 150 mg/ml and cppg = 200 mg/ml mixtures. As Crna
concentration is increased, the volume fraction occupied by birefringent domains increases linearly,
and the RNA concentration in the domains can be obtained from the proportionality coefficient. See SI

for a more detailed description.

FRAP-based measurement of samples viscosity. We used Sodium Fluorescein as fluorophore to
probe the viscosity of the RNA and RNA-PEG mixtures, due to its hydrodynamic radius (r = 0.45 nm)
being comparable to the one of EDC. Bleaching was induced focusing a Xenon Lamp source over an
area of 80um-400pum of radius on the sample with a high magnification objective (20x or 50x).
Recovery was recorded using a low magnification objective (4x or 10x) and neutral filters to reduce
bleaching during the acquisition. Data analysis was performed according to Soumpasis model.”” See SI

for more details.

Determination of k, and k; using UV-spectrophotometry. %, can be readily determined by
monitoring the time evolution of the EDC absorbance spectrum and the corresponding appearance and

growth of the absorption spectrum of EDU as shown in Fig. S11, left-hand panel. Normalized profiles
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were fitted using a simple exponential decay e (right-hand panels). We obtain k, ~ 0.033 h™. To
measure k; we monitored the decay of EDC in mixtures with 5’phosphate ribose (P for simplicity),
adding various amounts of P and fitting the decay of the amplitude of the EDC spectrum with c -
e (t-[PTk1-kR) where c is the initial EDC concentration, [P] is the concentration of 5’phosphate ribose,

and k;, 1s held as previously determined. See SI for more details.

Modeling the ligation reaction. The reaction described in Fig. 4 of the main text can be modeled by a
set of coupled linear reactions (see SI Eqs S11). These equations, combined with the conservation
constraints between species, can be solved to obtain the expected evolution of all species. Since no
analytical solution is available, we solved them numerically using ODE45 function in MATLAB,
searching for the best k, to k; ratio (R = &, / k) to fit our experimental data (implemented via the
fminsolve function) for product formation obtained from PAGE gels as described above. The value of
the parameter R that best reproduces our experimental data in the mixed state is R =~ 1.11 10~ See SI
for more details. Eqs. S11 are conceived for a homogeneous solution. When the system phase
separates, the reaction takes place simultaneously in the two phases. The set of coupled equations can
be modified to take into account this different condition introducing the parameters F;, and Fo as the
volume fractions of the two phases (see SI Eqs S12) and incorporating into the system the larger

viscosity in the RNA-rich phases. See SI for more details.

NMR characterization of ligation products. We performed high resolution nuclear magnetic
resonance (NMR) spectroscopy on two 6SE samples: a 6SE stock solution (6SE) and a 6SE sample
which underwent 48h ligation reaction in LC phase (6SE-LIG), cpgg = 200 mg/ml and EDC 30X. 'H
NMR analyses were performed at 500 MHz with a Bruker FT-NMR AVANCE™ DRXS500
spectrometer using a 5S-mm z-PFG (pulsed field gradient) broadband reverse probe at 298 K or 343K,
and '>C NMR spectra were collected at 125.76 MHz. The signals were unambiguously assigned by 2D
COSY, NOESY (only 298 K) and HSQC experiments.78’79 'H NMR chemical shifts are reported as o
(ppm) relative to residual HDO fixed at 4.705 and 4.716 ppm for spectra recorded at 298 K and 343 K,

respectively. See SI for more details.

Enzymatic Digestion of 6SE. 6SE ligation with EDC were treated with SVP, Snake Venom
Phosphodiesterase I from Crotalus adamanteus (Sigma Aldrich). The lyophilized enzyme was
resuspended in 4 ml of reaction buffer (Tris-HC] 10mM pH 8.8, NaCl 25mM, MgCl, 10mM) and 1pul
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was added to a 9 pl solution of the ligated RNA diluted in reaction buffer. Final RNA concentration in
digestion reaction is = 0.1 — 0.2 mg/ml, final enzyme activity is = 0.01 U/ml. The reaction was run at

room temperature and stopped after 5°, 10°, 30° and 60’ adding 2 ul of 55mM EDTA pH 8 to the

oNOYTULT D WN =

9 mixtures and immediately storing them at -20°C. See SI for more details.

14 Authors Contributions: M.T., T.P.F., G.P.S., G.Z., N.A.C., T.B. conceived the experiments; L.B. and
S.K. synthesized and purified the oligomers; M.T., T.P.F., A.C. measured phase diagrams and defined
17 the ligation conditions; M.T., T.P.F. performed ligation experiments and enzymatic digestion; M.T.,
19 E.M.P., R.A. performed PAGE; M.T. performed UV absorbance and FRAP experiments; M.T., T.B.
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FIGURES CAPTIONS

Figure 1. Supramolecular liquid crystal ordering in aqueous solutions of RNA oligomers. (a, b, ¢)
Pictures by polarized optical microscopy of liquid crystalline phases in 6mer 6SE: nematic/columnar
coexistence (a) and columnar phases (b: crna = 250 mg/ml, c¢: cgna = 350 mg/ml). Size bar shown in
(a) is shared by (b) and (c). (d,e) Concentration (crna) — temperature (T) phase diagrams of the RNA
12mer 12BE (d) and 6mer 6SE (e), whose duplex structures and self-assembly are sketched. Blue
triangles and shading: chiral nematic phase (N*). Red dots and shading: columnar phase (COL). Black
squares: isotropic phase (ISO). Empty dots: ISO-LC coexistence. Pink dashed line marks where the N*
phase boundary is found when 60 mM Mg”" is added to the solution. (f) PEG8k concentration (cpgg) —
T phase diagram for 10mM 12BE, 60 mM MgCl,, yielding homogenous phase (blue squares and
shading), liquid-liquid coexistence (orange dots and shading, and orange-framed microscope picture
and sketch, panel g), liquid-LC coexistence (green triangles and shading, and green-framed polarized
microscope pictures and sketch, panel h).

Figure 2. Ligation reaction in mixtures of RNA/PEG8k/MgCL,/EDC. (a,b) Denaturing 15% PAGE
of ligation products after 48 hours of reaction of 12BE at T=40 °C (a) and 6SE at T=25 °C (b) for
various PEG8k content (cprg). Blue, orange, green frames and sketches indicate the mixed state, liquid-
liquid coexistence and liquid-LC coexistence, respectively, in which reactions are performed. Lengths
expressed as number of bases (np) are marked on the right-hand side of the PAGE gel pictures. The red
arrow marks a double band discussed in the main text. (c,d) analysis of the reaction products for 12BE.
(c) Fluorescence intensity (IF) profiles of the cppg=0 mg/ml and cpp=250 mg/ml lanes (black line)
plotted vs ny. Integrated IF (symbols) and their best fit to the Flory simple polymerization model
(colored lines). (d) Average n, of the reaction products vs. cppg (symbols and color code refer to the
phase in which reactions are performed). For cppg=150 mg/ml and cppg=200 mg/ml the average ny has
been separated into the contributions from the two coexisting (RNA-rich and PEG-rich) phases.

Figure 3. NMR study of 6SE ligation in LC state. (a) Comparison of the aromatic bases protons
region of "H NMR spectra of 6SE (top panel) and 6SE-LIG at 343K (bottom panel). Reacted samples
show broadening of the peaks, giving a first clue for the formation of polymers in solution. (b)
Comparison of *C NMR spectra of 6SE (top panel) and 6SE-LIG at 343K (bottom panel). The peak at
87.4 ppm (1’ G1), corresponding to the anomeric carbon of the first G nucleotide of the monomer,
disappears upon EDC treatment, while a peak at 87.8 ppm (1° G8) appears. This second peak is
assigned to the anomeric carbon of the first G nucleotide belonging to a molecule preceded by a bound
oligo, thus demonstrating ligation. Full NMR spectra are reported in the supporting material.

Figure 4. Ligation reaction Kinetics. (a) Reaction steps and definition of the reaction rates. The red
frame identifies the activated intermediate. Parameters shaded in yellow and green are determined as
described in panels (b, d, €) and (¢), respectively. (b) Example of k; measurement through UV-spectra
acquisition over time for a diluted EDC + 5’phosphate ribose (P) mixture. Arrows indicate the
evolution over time of the spectra, that show an isosbestic point. (d) Decomposition of the measured
spectra as linear superposition of the EDC and EDU spectra. The relative amount of the two species is
plot over time as shown in (e) and fit to determine k; and k. (¢) 12BE polymerization yield vs time in
10mM RNA/PEG8k/60mM MgCl,/300mM EDC in mixed solutions (cpg=100 mg/ml, blue squares),
liquid-liquid coexistence (cppg=150 mg/ml, orange dots), liquid-LC coexistence (cppc=200 mg/ml,
green triangles) at T=40°C. Continuous lines are the best fit obtained by modeling the reaction with a
set of coupled linear equation. Fit to the mixed state (blue line) and to the liquid-liquid coexistence
(orange line) enable determining all kinetic parameters. Dashed green line: prediction of the yield vs.
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time for the liquid-LC coexistence by this choice of parameters. Continuous green line: prediction by
the linear kinetic model when ki is increased by 6 times.

Figure 5. Discrimination of 6SE linear vs. circular ligation products by SVP digestion. (a)
Denaturing 20% PAGE of 6SE reaction products in liquid-LC coexistence (cprg=250 mg/ml) treated

9 with Snake Venom Phosphodiesterase I (SVP). The digestion reaction has been stopped at different

10 times (5°, 10°, 30°, 60°) to point out bands more efficiently digested. Gel contrast has been enhanced
11 for a better visualization. (b) highlight of bands associated with lower weight products and (c) plot of
relative intensities of the bands over time. Continuous lines are guides for the eye. An alternate pattern
of easily and hardly digestible products emerges in the PAGE band sequence.
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Figure 1. Supramolecular liquid crystal ordering in aqueous solutions of RNA oligomers. (a, b, c)
Pictures by polarized optical microscopy of liquid crystalline phases in 6mer 6SE: nematic/columnar
coexistence (a) and columnar phases (b: crna = 250 mg/ml, c: crna = 350 mg/ml). Size bar shown in (a) is
shared by (b) and (c). (d,e) Concentration (crna) — temperature (T) phase diagrams of the RNA 12mer 12BE
(d) and émer 6SE (e), whose duplex structures and self-assembly are sketched. Blue triangles and shading:
chiral nematic phase (N*). Red dots and shading: columnar phase (COL). Black squares: isotropic phase
(ISO). Empty dots: ISO-LC coexistence. Pink dashed line marks where the N* phase boundary is found
when 60 mM Mg?* is added to the solution. (f) PEG8k concentration (cpec) — T phase diagram for 10mM
12BE, 60 mM MgCl,, yielding homogenous phase (blue squares and shading), liquid-liquid coexistence
(orange dots and shading, and orange-framed microscope picture and sketch, panel g), liquid-LC
coexistence (green triangles and shading, and green-framed polarized microscope pictures and sketch, panel
h).

Page 30 of 34


RAD PDF
Rectangle

RAD PDF
Rectangle

RAD PDF
Rectangle


Page 31 of 34

oNOYTULT D WN =

12BE 6SE
Mixed Liquid-Liquid Liquid-LC Mixed Liquid-LC
A P oL g%
EA N AL A I g
Vi Flpof0v? olvky &
o a%% F 5 ‘ ® %{g% 5
FE # VS, e n
"
((-3
(b)

P

0 % &4 %

< C
% % 00 PEG (mg/ml)

96

841

724--

60

48

36+

W Mixed

@ Liquid-Liquid
A Liquid-LC
® RNA-richphase . [ . A
@ PEG-rich phase

0 50 100 150 200 250 300
Cpgg (mg/ml)

Figure 2. Ligation reaction in mixtures of RNA/PEG8k/MgCl./EDC. (a,b) Denaturing 15% PAGE of
ligation products after 48 hours of reaction of 12BE at T=40 °C (a) and 6SE at T=25 °C (b) for various
PEGS8k content (cpec). Blue, orange, green frames and sketches indicate the mixed state, liquid-liquid
coexistence and liquid-LC coexistence, respectively, in which reactions are performed. Lengths expressed as
number of bases (ny,) are marked on the right-hand side of the PAGE gel pictures. The red arrow marks a
double band discussed in the main text. (c,d) analysis of the reaction products for 12BE. (c) Fluorescence
intensity (IF) profiles of the cpec=0 mg/ml and cpec=250 mg/ml lanes (black line) plotted vs ny. Integrated IF
(symbols) and their best fit to the Flory simple polymerization model (colored lines). (d) Average n, of the
reaction products vs. cpec (symbols and color code refer to the phase in which reactions are performed). For
crec=150 mg/ml and cpec=200 mg/ml the average n, has been separated into the contributions from the two
coexisting (RNA-rich and PEG-rich) phases.
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Figure 3. NMR study of 6SE ligation in LC state. (a) Comparison of the aromatic bases protons region of
'H NMR spectra of 6SE (top panel) and 6SE-LIG at 343K (bottom panel). Reacted samples show broadening
of the peaks, giving a first clue for the formation of polymers in solution. (b) Comparison of *3C NMR spectra
of 6SE (top panel) and 6SE-LIG at 343K (bottom panel). The peak at 87.4 ppm (1’ G1), corresponding to
the anomeric carbon of the first G nucleotide of the monomer, disappears upon EDC treatment, while a peak
at 87.8 ppm (1’ G8) appears. This second peak is assigned to the anomeric carbon of the first G nucleotide
belonging to a molecule preceded by a bound oligo, thus demonstrating ligation. Full NMR spectra are

reported in the supporting material.
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Figure 4. Ligation reaction kinetics. (a) Reaction steps and definition of the reaction rates. The red
frame identifies the activated intermediate. Parameters shaded in yellow and green are determined as
described in panels (b, d, €) and (c), respectively. (b) Example of k; measurement through UV-spectra

acquisition over time for a diluted EDC + 5’phosphate ribose (P) mixture. Arrows indicate the evolution over
time of the spectra, that show an isosbestic point. (d) Decomposition of the measured spectra as linear
superposition of the EDC and EDU spectra. The relative amount of the two species is plot over time as

shown in (e) and fit to determine k; and k. (c) 12BE polymerization yield vs time in 10mM
RNA/PEG8k/60mM MgCl/300mM EDC in mixed solutions (cpec=100 mg/ml, blue squares), liquid-liquid
coexistence (cpec=150 mg/ml, orange dots), liquid-LC coexistence (cpec=200 mg/ml, green triangles) at
T=40°C. Continuous lines are the best fit obtained by modeling the reaction with a set of coupled linear
equation. Fit to the mixed state (blue line) and to the liquid-liquid coexistence (orange line) enable

determining all kinetic parameters. Dashed green line: prediction of the yield vs. time for the liquid-LC

coexistence by this choice of parameters. Continuous green line: prediction by the linear kinetic model when

k_ is increased by 6 times.
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Figure 5. Discrimination of 6SE linear vs. circular ligation products by SVP digestion. (a)
Denaturing 20% PAGE of 6SE reaction products in liquid-LC coexistence (cpeg=250 mg/ml) treated with
Snake Venom Phosphodiesterase I (SVP). The digestion reaction has been stopped at different times (5’,
10, 30, 60’) to point out bands more efficiently digested. Gel contrast has been enhanced for a better
visualization. (b) highlight of bands associated with lower weight products and (c) plot of relative intensities
of the bands over time. Continuous lines are guides for the eye. An alternate pattern of easily and hardly
digestible products emerges in the PAGE band sequence.
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