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ABSTRACT

The work presented in this thesis aimed to bridge missing gaps in our knowledge of the
emergence of primitive nucleic acid-based lifeforms. Specifically, I demonstrate two
prebiotically plausible means by which longer and more complex RNA may have
formed from pools of short oligomers. Firstly, I reconcile the remarkable utility of a
phosphate source, diamidophosphate (DAP), in stably activating oligoribonucleotides
under mild aqueous conditions amenable to the activity of the hairpin ribozyme. The re-
ported approach provides long-lived 2°,3’-cyclic phosphate oligomers whose hydrolysis
products can be reactivated over weeks in a one-pot reaction. This stands in contrast to
conventional laboratory methods that generate potent and short-lived activated RNA
substrates to drive constructive processes such as polymerization and recombination.
Secondly, while the candidacy of phase-separated droplets as a primitive protocellular
environment has long been proposed, only destructive ribozyme catalysis such as cleav-
age of substrate RNA has thus far been shown therein. Here, I demonstrate robust and
versatile constructive ribozyme activity within droplets formed from simple cationic
peptides and short oligomers. In both investigations, I report the assembly of a complex
>180 nt RNA polymerase ribozyme from simple <30 nt oligomers. Taken together, the
described work advances our understanding of how constructive nucleic acid-based pro-

cesses toward molecular evolution and — eventually — life may have occurred.
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1. INTRODUCTION

1.1 TOWARDS THE EMERGENCE OF LIFE OF EARTH

The pursuit of deciphering the origin of life has indisputably perplexed humanity for mil-
lennia. Life, defined by NASA as a “self-replicating chemical system capable of under-
going Darwinian Evolution”!), can be observed thriving in extreme environments such
as deep-sea vents!?), high-acidity geysers"), and in many circumstances in between. The
wonder of life’s ubiquity on Earth aside, these observations may have somewhat clouded

the investigation of narrowing down a consensus for the emergence of life on Earth.

Modern researchers in many fields such as chemistry, biology, geology, and astron-
omy alike have accordingly made great strides towards solving the complex puzzle; for
example, our planet itself is postulated to have been a result of runaway accretion, a pro-

(451 Investigations

cess that describes the accumulation of gas into protoplanetary bodies
of fossilized microorganisms in ancient marine sedimentary rocks suggest that Earth’s
earliest life forms emerged at least 3.77 billion years ago in the Hadean-early Archean!®l.
Further, whilst it is currently debated whether early Earth’s atmosphere was oxidizing or
reducing in these eras!’?], one can generally assume access to a chemically active surface

with frequent release of gaseous water and other simple abiotic molecules therein™.

The first experimental production of organic molecules without modern metabolic
intervention was the synthesis of urea by Wohler in 18289, Following this monumental
report, Oparin and Haldane put forth the hypothesis that slow chemical evolution may
have produced molecules of life from abiotic raw materials!'"!?]. Prebiotic organic mole-
cules such as carbohydrates and amino acids are thought to have been at least transiently
accessible on early Earth, from examples including carbonaceous chondritic meteoritest!?!
and hydrated mineral surfaces!!*!>!. In the early 1950s, Urey and Miller aimed to simulate
proposed early Earth atmospheric conditions and recreate the moment that sparked simple
gasses into life with electrical discharges!”!. The reported resulting mixture of amino acids
ignited a wealth of investigation and schools of thought — whether genetics, compartmen-
talization, or metabolism was the first lifelike phenomenon to emerge. Whatever the
route, an unlikely yet evidently sufficient combination of physicochemical parameters is
assumed to have led eventually to what we now recognize as the universal molecules of

life: DNA, RNA, and proteins. A paradigm shift away from attempting to unearth the




exact history of life’s origin to exploring the possible scenarios for life’s origin was per-
haps helpful in incorporating concepts from diverse fields to continually develop our un-

derstanding of abiogenesis.
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Figure 1. A humbling and simplified timeline of life on Earth with highlighted significant events. The
relevant periods of interest for this thesis is between 3700 and 4400 Ma. Ma = Million years ago.

1.2 THE RNA WORLD

Modern cell-based life generally adheres to the central dogma of biology, wherein DNA
acts as the informational carrier polymer that encodes genetic information transcribed into
RNA, which is in turn translated into protein that carries out an array of functions. The
complexities of the biochemistries involved in maintaining and driving these processes
suggest a simpler ancestral system. In the hypothesis of the “RNA World”, first posited
in the 1960s by Alexander Rich!!'®2%, the corresponding primitive ancestral biochemis-
tries instead find RNA in a central functional and genetic role before the advent of DNA
and proteins, thereby providing an elegant solution to the long-standing question of
whether proteins or DNA emerged first. Some 60 years after its conception, it is still one

of the most widely accepted hypotheses for the emergence of life on Earth??!l,

The discoveries of so-called “molecular fossils”?**}] lend credence to many for this
model of early biology; the significant role of RNA and RNA-like cofactors in modern
cells that utilize nucleotides suggest a previous protein-free eral?¥l. Similarly, the ability
of RNA to fold into protein-like structures point to its initial role in catalysis. A pivotal
moment for the concept of the RNA World was the independent discoveries of the first

ribozymes, or catalytic RNA, by Altman and Cech!?>?¢], The significance of this finding




marked the beginning of a new field of research which led to another monumental “smok-
ing gun” realization: that the catalytic core of the protein synthesis-driving ribosome pre-
sent in all kingdoms of life is, in fact, a ribozyme?’°!. Indeed, while valid opposing
views contest the idea of the RNA World!*3%3! “the primitive ribosome could have been

made entirely of RNA”[!8],

Although the notion of an RNA World may harbor various meanings and assump-
tions, it is generally understood that: replication of RNA ensured genetic heritability at
some point in primordial biology; Watson-Crick base pairing drove replication; and cat-
alytic proteins encoded by nucleic acids were not involved™?. Further, central to this
model is the emergence of a self-replicating RNA capable of open-ended evolution?!

whose emergence is depicted in Figure 2.
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Figure 2. The classical RNA world hypothesis. Nucleotide and oligomer pools emerge randomly from
prebiotic synthesis and polymerization. Non-enzymatic template-directed replication and recombination
therein result in the emergence of functional RNA, assuming various three-dimensional structures. With
increasing complexity, the first RNA replicase and encapsulation realize protocells capable of Darwinian
evolution. Contrary to the simplified depiction above, these processes likely did not occur sequentially
but rather at least partly in parallel. Adapted from Le Vay and Mutschler*,




The tractability, rather than the historical accuracy, of the RNA World as a model system
for studying prebiotic processes, perhaps provides common ground across varying views
in the field of origin of life to further our understanding in the long-standing questions.
For example, it is unclear exactly how the first relatively short and simple ribozymes may
have been sufficiently fueled and compartmentalized to increase complexity towards the
first self-replicator. This thesis experimentally explores how certain aspects of such pro-

cesses may have occurred.

1.3 CATALYTIC RNAAS AMODELTO STUDY EARLY LIFE

The significant discovery of ribozymes in ribosomes and in the thermophilic protozoon
Tetrahymena'®! had deep implications for the scientific community and marked the be-
ginning of many other ribozyme discoveries. A number of naturally occurring ribozyme
motifs have since been extensively characterized, such as the hammerhead ribozyme in
viroids®*> and hairpin!*®!. Importantly, many such sequences catalyze ligation reactions.
Ligation and polymerization are attractive potential reactions for the first replicating ri-
bozymes because they inherently increase length and complexity of the nascent nucleic

acid pool.

While naturally-occurring ribozyme activity is limited to phosphodiester transfer and
hydrolysis reactions of RNA and DNA, the inherent catalytic potential of RNA far ex-

sB7]. Significant efforts have been invested in in vitro evolution ex-

ceeds these limitation
periments to unearth novel ribozyme activities from populations of random RNA se-
quences. Therein, a selection pressure of e.g. catalyzing a ligation reaction is applied, then
the sufficiently active candidate sequences are purified and amplified using RT-PCR. The
process is repeated over multiple rounds to isolate active sequences specific for the cata-
lytic activity of interest. These SELEX (systematic evolution of ligands by exponential
enrichment) approaches have also fruitfully led to highly adapted sequences, or aptamers,

for applications such as biosensing and therapeutics'*®!, as well as polymerases and lig-

asces.

Interestingly, in vitro selected ligase ribozymes display lower threshold of sequence
length for activity compared to their polymerase counterparts®”!. Short sequences have
the intrinsic advantage of being copied more quickly and these observations raise curios-

ities around the role of simple ligating RNA sequences in the emergence of life. In this




work, I build on the well-characterized hairpin ribozyme as a model system to simulate

processes that may have provided increased biochemical complexity on prebiotic Earth.

1.3.1 THE HAIRPIN RIBOZYME

First discovered in 1986 in the negative strand of the tobacco ringspot virus satellite
RNAM the same genome that harbors a hammerhead ribozyme in its positive strand, the
hairpin ribozyme motif belongs to the class of small, self-cleaving catalytic RNAs. It is
extensively characterized and studied!®*® in part due to its relative simplicity and structure
consisting of 50 to 150 nt. In nature, hairpin ribozymes are involved in processing RNA
replication intermediates*!l. In the laboratory, their tractability and robustness have led
to extensive use in, and insights from, studying the nature of catalytic RNAP®!. Indeed,
the hairpin motif may have provided sufficient polyribonucleotide length for the genetic
information and catalytic capacities of an ancestral replicator'*?]. Moreover, naturally ex-
isting ribozymes such as the hairpin ribozyme are thought to have retained some catalytic

features of their predecessors and to be relics of the RNA world*>#4],

The hairpin ribozyme catalyzes the reversible sequence-specific cleavage of its RNA
substrate phosphodiester backbone, which produces products containing 2’°,3’-cyclic
phosphate and 5’-hydroxyl moieties (Figure 3a). Currently known observations suggest
precise substrate orientation, preferential transition state binding, electrostatic catalysis,

(431 Tts struc-

as well as general acid base catalysis for its mechanistic catalysis strategies
ture comprises two domains, each consisting of two base-paired helices H1 to H4 sepa-
rated by internal loops A and B (Figure 3b). The first domain includes the 2’,3’-cyclic
phosphate species residing within loop A and the larger second domain contains the pri-
mary catalytic residues — the two domains interact to form a complex for catalytic func-
tion!*647] Activity is unaffected by increasing H1 and H4 lengths up to 25 base pairs!®®,
whereas increasing base pairs from four to five in H2 inhibits catalysis*®!. Active com-
plexes can be formed both from single and multiple separate RNAs. Metal ions are nec-
essary to drive the docking transition to form the active catalytic complex, but unlike
many ribozymes and protein enzymes, the hairpin ribozyme does not employ metal ions
as catalytic cofactors, instead solely depending on internal functional chemical groups for

its catalysis!**1,
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Figure 3. Sequence and mechanism of the hairpin ribozyme. a) Consensus secondary sequence of the
minimal hairpin ribozyme motif. Nucleotides in blue are essential for catalytic function®?]. Site of cleav-
age/ligation is shown in orange (arrow). N = nucleotide identity inconsequential for activity if base pair-
ing remains intact. D =not C (U or G or A). Y = pyrimidine (C or U). H1 to H4 represent base-paired hel-
ices. b) trans-acting and cis-acting engineered variants of hairpin ribozyme used in this thesis. ¢) The
mechanism of hairpin ribozyme-catalyzed cleavage and ligation reactions. Cleavage begins with nucleo-
philic attack by the 2° oxygen of N, on the adjacent phosphorous via Sn2, resulting in a transition state
stabilized by Gg and Asg. Breaking the bond between the 5° oxygen of G+ and the phosphate produces
2’,3’-cyclic phosphate and 5’ hydroxyl product termini, the latter of which acts as the nucleophile in the

reverse ligation reactionl®®),

The equilibrium between the cleavage and the reverse ligation reactions catalyzed by
the hairpin ribozyme is largely affected by environmental conditions*®3, keyr and K
values ranging from 0.2 to 0.5 min"! and 30 nM, respectively, have been reported for
minimal hairpin ribozymes under similar standard conditions®**%), representing approxi-
mately 10°-fold increase relative to the uncatalyzed reaction. Increased salt and reduced
temperatures were found to encourage equilibrium toward ligation®*; indeed, in frozen
solutions, the hairpin ribozyme displays enhanced ligation activity while its cleavage ac-

tivity is inhibited®. This effect is enhanced in freeze-thaw cycles through which entrop-
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ically disfavoured assembly of the hairpin ribozyme complex is overcome by steep tem-
perature and concentration gradients!®”. Further, ligation in cis is most efficient at -10 °C,
highlighting the important role of concentration by dehydration in driving constructive
reactions!®). Such findings lend further credence to the notion of primordial biology hav-

ing found favourable conditions in at least transiently cold environments!*-11,

In this thesis, I employ the robust and tractable hairpin ribozyme as a model system
to explore prebiotically plausible processes that allow for increased nucleic acid sequence
complexity and length. Both cis- and trans-acting variants were employed; separate RNA
strands were designed either with an intact ribozyme strand and separate substrate strand,
or with five shorter separate strands that assembled into the active complex (Figure 3c¢).
Its compact size, previous extensive characterization, and ligative catalytic activity filling

a pivotal role towards larger RNA make it an attractive tool for this purpose.

1.4 CHALLENGES FOR THE EMERGENCE OF THE FIRST
RNA SELF-REPLICATOR

The popular conjecture that Earth’s lifeforms emerged from an RNA-dominant environ-
ment is not without objection!*¥]. Despite a considerable amount of evidence that suggests
RNA was a key prebiotic molecule capable of self-replication and catalysis, several hur-
dles still plague our understanding of the advent of increasing complexity.[®” The relative
complexities of RNA molecules are regarded by some as too extreme and “energy-hun-
gry” to arise de novo from prebiotic chemistry!'*l. Moreover, it is argued that functional
RNA comprises only a small percentage of all RNA and requires prebiotically implausi-
ble lengths, limiting the suite of chemical reactions catalyzed by RNAPY. Finally, RNA
replication and evolution may have required higher concentrations of building blocks than
is currently thought to have been prebiotically viable!*%*. Naturally, the RNA world
concept does not yet fully describe the origin of life, but perhaps more importantly, it has

helped streamline experimental advances!®].

Further, central to the RNA world is the emergence and survival of a self-replicating
RNA that functions as an RNA-dependent RNA polymerase, using itself to produce com-
plementary RNAs which are then used to produce more copies of itself2%1:66] This view
assumes the availability of activated nucleotides to fuel the propagative reactions. How-
ever, the efficiency of template RNA replication is limited by substrate degradation, and
currently employed methods to re-activate hydrolyzed substrates lead to undesirable side

reactions that compromise both templates!®?,




The combination of physicochemical and geological parameters that shaped the nur-
turing environment from which the first RNA replicator would have arisen is also hotly
debated!®”]. First, the emergence of the self-replicator necessitates sufficient concentra-
tions of substrate RNA. Additionally, because the RNA backbone degrades rapidly
through transesterification under warm aqueous conditions in the presence of divalent

[68.691 "3 prebiotic environment requires a mechanism by which this is prevented.

metal ions
Moreover, chemical evolution of increased RNA length and sequence complexity dictates
more efficient RNA synthesis compared to degradation. Such concerns may be addressed
by a microenvironment in which the nucleic acids can be sequestered. In this thesis, the

hurdles of activation and compartmentalization for the self-replicator are addressed.

1.4.1 FUELING LIFE-FUELING REACTIONS

Modern cells rely heavily on nucleoside triphosphates to drive energy-requiring ligative
processes. However, these high-energy molecules are generally unreactive without pro-
tein enzyme catalysis!’%. Moreover, despite the necessity of constructive ligation reac-
tions for the emergence of the self-replicator RNA from pools of oligomer RNAs, such
condensation reactions are not favoured in dilute aqueous environments/®. In order to
drive these reactions, a reliable source of substrate activation is paramount. Some have
claimed that proton and thermal gradients between the hot alkaline deep-sea hydrothermal
vent current and the surrounding cooler acidic waters may have provided the much-

71-73

needed first sources of energy to drive the origin of life.’'"7*] However, the instability of

RNA under alkaline conditions seem to contradict the plausibility of such locations for

RNA world emergencel’.

Approaches to simulate non-enzymatic activation of ribonucleotides in the laboratory
towards bridging the gap between prebiotic chemistry and RNA-based lifelike forms have
been explored!’>"¢]. Generally, a separate chemical reaction is performed to produce an-
hydronucleotides or monomers with a leaving group, which are then subsequently iso-
lated and used in further experiments. These studies have shown the formation of RNA
strands on mineral surfaces!”*! and incorporation of all four nucleobases in heterogeneous
media as well as longer polymer formation in eutectic phases'>®!. The use of pre-activated
nucleotides such as azolides also enable non-enzymatic template replication via primer
extension!””"7’1. However, the prebiotic viability of such activation chemistries is unclear.
It may therefore be beneficial to consider activation chemistries that are not only prebiot-

ically plausible but come from prebiotically plausible means of building block syntheses.
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2’,3’-cyclic phosphate ribonucleoside (>P) activated species are considered to be a
feasible prebiotic basis for abiotic RNA polymerization'®’l. >Ps themselves can arise from
prebiotically plausible routes such as de novo pyrimidine nucleotide synthesis!®!l, RNA
degradation'®?!, nucleoside phosphorylation!®¥, from recyclization of 2°/3’ monophos-
phate nucleosides'®*! (Figure 4a), as well as abundantly occurring in modern cells’®3. Due
to the thermodynamically disfavoured polymerization of >Ps in aqueous conditions!®¢],
concentrating environments such as evaporation or eutectic ice have been employed to

s!87:88] Indeed, RNA extension under frozen aque-

drive RNA oligomer formation from >P
ous conditions have been demonstrated using a variant of the hairpin ribozyme and
>Psl%1 highlighting the likeliness of the utility of >Ps in prebiotic RNA oligomer for-

mation from pools of nucleotides.

a) Oligomer pools b) o]
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Figure 4. a) Prebiotically plausible routes towards 2°,3’-cyclic phosphate nucleoside formation include
oligoribonucleotide degradation by transesterification®, nucleoside phosphorylation®, de novo nucleo-
tide synthesisl®!l, and regeneration from hydrolyzed 2°/3’ monophosphate nucleosides®!. Adapted from
Mutschler and Holliger™®). b,c) Chemical structures of diamidophosphate (DAP) and N-ethyl-N'-(3-dime-
thylaminopropyl)carbodiimide (EDC), respectively.

A class of widely-used >P-generating reagents are carbodiimides such as N-ethyl-N"-(3-
dimethylaminopropyl)carbodiimide (EDC, Figure 4c). At mildly acidic aqueous condi-
tions, the diimide moiety of EDC can robustly generate >Ps within 1 h in relatively simple
one-pot reactions?!l, in contrast to other means of RNA activation requiring organic sol-

vents and purification. Although versatile and robust, their prebiotic plausibility is unclear
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due to their instability in water!®?; indeed, EDC readily and irreversibly hydrolyzes to a
urea byproduct due to its high reactivity. Further, the high reactivity can also nonspecifi-
cally react with other chemical groups of nucleic acids, thereby compromising their struc-

tural integrity!®3].

Therefore, water-stable cyclic phosphate-generating reagents are
needed in simulated prebiotic chemistry experiments. Further, those amenable to condi-
tions that also host catalytic activity of >P-accepting prebiotically plausible RNA such as
the hairpin ribozyme would strengthen our understanding of how the first replicators
could have sustained constructive processes.

Diamidophosphate (DAP, Figure 4b) is one such promising water-stable and prebiot-

e®. It can be sourced from prebiotically plausible sources such

ically plausible molecul
as schreibersite minerals in aqueous ammonia®!, highlighting the possibility of a reliable
feedstock of prebiotic phosphorylation reagents®®°”). Indeed, DAP has been shown to
phosphorylate biomolecules such as amino acids, lipid precursors, nucleic acids and their
building blocks, as well as to initiate polymerization of DNAP>%1. Importantly, DAP-
activated RNAs produce >Ps in solution within days to weeks®®! — a rapid process in the

geological time scale.

2’,3’-cyclic phosphate ribonucleosides and their generation from monophosphate
counterparts with DAP may comprise a brick in the incomplete bridge from prebiotic
chemistry to the RNA World. However, the utility of this energy source in facilitating
constructive ligative processes under dilute and mild aqueous conditions amenable to the
activity of plausible prebiotic ribozymes remains unclear. As part of this thesis, I explore
a stable RNA activation approach compatible with the activity of a simple RNA-ligating

ribozyme model system.

142 A PROTOCELL TO CALL HOME

Compartmentalization in modern biology is crucial for proper cellular function. Similarly,
in primordial biology, appropriate sequestration of relevant molecules is considered to
have been vital in the evolution of lifelike systems. Especially for the primordial RNA
self-replicase, the lack of compartmentalization would simply result in the products dif-
fusing away in free solution, failing to benefit its self-replication and subsequent molec-
ular evolution®”. Moreover, in free solution, unfolded parasitic sequences that provide

no catalytic activity but harbor better templating properties outcompete self-replicating
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ribozyme activities that depend on specific folded structures!!®!°!l. The eventual popu-

[100,101

lation crash can be mitigated by even transient compartmentalization 1 highlighting

the crucial nature of partitioning primitive lifelike processes.

The modern lipid bilayer cellular membrane, virtually impermeable to ions and mol-
ecules such as nucleotides, is composed of phospholipids and sterols, among other com-
plex structures and can be observed in all levels of biological organization. In contrast to
the sophisticated machinery observed in modern cells, protocells — primitive forms of
compartmentalization — likely comprised simpler and more permeable borders, while still
complying with physicochemical requirements necessary to host RNA chemistry. For ex-
ample, the instability of fatty acid-based membranes at Mg>* concentrations required for
most ribozyme activity and nonenzymatic copying of RNA templates seems to suggest
an inherent incompatibility, although the presence of citrate seems to mitigate this to an

[102

extent!!%?!, Accordingly, a variety of alternative prebiotically plausible forms of compart-

mentalization have been proposed.

The fundamental necessities to prevent accumulation of parasitic sequences and free
diffusion of polymers in achieving functional molecular evolution can be met by several
additional means. Porous rocks observed in deep-sea vents, a proposed microenvironment

for the emergence of lifel!%!

, are thought to provide sufficient concentration gradients to
concentrate oligonucleotides and assemble longer products over shorter ones!! %1%, Sec-
ondly, montmorillonite clay is known to facilitate nucleic acid polymerization; the strong
binding of RNA to the mineral surface may have provided the sequestration of relevant

731071 "Third, while the prebiotic plausibility of water-in-oil emulsion droplets

molecules!
harbouring sufficient molecular evolution processes is unclear, their potential for cyclical
growth and division provides a valuable model for protocell studies!'®). A fourth alterna-
tive to fatty acid-based vesicular compartmentalization of nucleic acid propagation is nu-
cleic acids themselves. As exemplified by the growing field of nucleic acid origami struc-
ture assembly!!®~ "1l the compartment may be encoded by the replicating nucleic acid
strands within. Lastly, liquid-liquid phase separation (LLPS), a common phenomenon in
aqueous solutions of macromolecules, presents an interesting mode of prebiotic compart-
mentalization. In a class of LLPS called complex coacervation, strong electrostatic inter-

actions between polymers harboring opposite charges result in dynamic and concentrated

liquid droplet condensates!''?! (Figure 5).




E—
Phase separation

Anionic palymer

Bulk solution Complex coacervate droplets

Figure 5. Schematic diagram of complex coacervation driven by electrostatic interactions between
oppositely charged polymers. Entropic release of the polymers from water and counterions generate mem-

braneless droplets via phase separation!''],

These dense, polymer-rich droplets exhibit remarkable fluidity and are subject to
growth and fusion; indeed, their formation and disassembly are affected by many factors

117

such as salt concentrations!!!*!13] pHI!''®l " and temperature!'!”!. Moreover, due to their

barrier-free exposure to the surroundings, uptake of charged species such as Mg?" ions is

unhindered relative to fatty acid-based protocellular environments!' 81191,

Complex coacervation offers several advantages as a candidate for early protocell
forms!' 2], First and most obviously, this phenomenon offers continuity to modern cells
that host a plethora of phase-separated membraneless organelles such as stress granules
and signaling complexes!'?%!!). Moreover, coacervate droplets can comprise a variety of
polymers such as simple prebiotically plausible charged peptides. Indeed, acidic peptides
facilitate RNA polymerization in nature by positioning Mg?" ions for catalysis and may
have been available on early earth by condensation on mineral surfaces!’>!22123], Further,
prebiotic formation of individual nucleosides may have been facilitated by the presence

124

of simple peptides!!?*l. However, it is currently unclear whether phase-separated droplet

systems can host constructive, rather than destructive, nucleic acid catalysis.

While ribozyme activity has been demonstrated within complex coacervate droplets,

such studies require fine-tuning of environmental conditions to prevent ribozyme mis-

125,126

folding and have only shown cleavage reactions! 1. Therefore, experimentally illus-

trating constructive ribozyme activity such as ligation and recombination within phase-
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separated systems would provide a valuable bridge between potential protocellular com-
partmentalization and molecular evolution. As part of this thesis, I leveraged dynamic but
sufficiently isolating liquid-liquid phase separated condensate droplets to drive the liga-

tion of long and complex RNA under a range of mild aqueous conditions.

1.5 AIMS OF THE THESIS

As depicted, the core aim of this thesis was to investigate whether constructive RNA-
based processes could be hosted in prebiotically plausible environments. First, I ad-
dressed the open question of how primitive RNA-based systems could have sourced a
reliable feedstock of activated nucleotide substrates to drive ligation. To this end, using a
prebiotically plausible ribozyme system, I investigated the potential role of the water-
stable phosphorylation reagent diamidophosphate in stably activating RNA substrates in
ribozyme-catalyzed RNA ligation. Secondly, I asked whether complex coacervate drop-
lets could host similar propagative reactions, because only nucleic acid cleavage pro-
cesses have been demonstrated therein thus far. I investigated the role of droplets formed
from poly-L-lysine and a modified hairpin ribozyme formed from short prebiotically
plausible oligomers in driving the reaction equilibrium towards ligation to produce longer

and more complex products.

Aim 2: Investigate constructive RNA catalysis in condensates

/\/"\/\

A% rJ_ [ ~ complex L
3 coacervation \e‘

Figure 6. Aims of this thesis.
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2.1.1 SUMMARY

A key step in primordial biology to form increasingly larger and complex molecules is
the ligation of RNA substrates by catalytic RNA, or ribozymes. However, it is unclear
how these prebiotic systems generated and sustained pools of activated building blocks
required for such constructive processes. Typical laboratory routes towards activating
RNA to form activated phosphates, such as with carbodiimides, require separate synthetic

steps and are incompatible with ligase ribozyme catalysis.

In this publication, we describe the first example of prebiotically plausible in situ RNA
activation in conjunction with ribozyme-catalyzed RNA ligation. We show that di-
amidophosphate (DAP), a plausible prebiotic phosphate activating reagent, is able to ac-
tivate the 3’-phosphate of RNA under dehydrating conditions to form the corresponding
2’,3’-cyclic phosphate, which is then available for robust ligation by a natural ribozyme.
The long-term stability of activation reagents weighs more than their reactivity for ad-
vancing molecular evolution. While the highly reactive carbodiimides are irreversibly
hydrolyzed, DAP is stable under these conditions and is persistently available for ligand
activation. Additionally, the laborious process of generating and purifying short-lived
pre-activated RNA is unnecessary with DAP due to its ability to reactivate hydrolyzed
phosphates back to cyclic phosphates.

Moreover, we demonstrate DAP activation-driven generation of complex RNA polymer-
ase enzymes from multiple short oligonucleotides. These results provide a much-needed
plausible scenario for the generation of higher-energy substrates required to fuel ribo-

zyme-catalyzed RNA ligation in the absence of modern-day metabolism.
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Prebiotically Plausible RNA Activation Compatible with Ribozyme-

Catalyzed Ligation

Emilie Yeonwha Song, Eddy Ivanhoe Jiménez", Huacan Lin", Kristian Le Vay,
Ramanarayanan Krishnamurthy,* and Hannes Mutschler*

Abstract: RNA-catalyzed RNA ligation is widely believed to
be a key reaction for primordial biology. However, since
typical chemical routes towards activating RNA substrates are
incompatible with ribozyme catalysis, it remains unclear how
prebiotic systems generated and sustained pools of activated
building blocks needed to form increasingly larger and
complex RNA. Herein, we demonstrate in situ activation of
RNA substrates under reaction conditions amenable to catal-
ysis by the hairpin ribozyme. We found that diamidophosphate
(DAP) and imidazole drive the formation of 2',3'-cyclic
phosphate RNA mono- and oligonucleotides from mono-
phosphorylated precursors in frozen water-ice. This long-lived
activation enables iterative enzymatic assembly of long RNAs.
Our results provide a plausible scenario for the generation of
higher-energy substrates required to fuel ribozyme-catalyzed
RNA synthesis in the absence of a highly evolved metabolism.

M odern cells have evolved elaborate metabolic networks in
mild aqueous conditions to ensure their self-preservation and
to sustain their pool of activated building blocks. In contrast,
it remains unclear how analogous (re-)activation of building
blocks in primitive precursor systems could have been
possible without access to sophisticated protein enzymes.
Given a likely central role of RNA catalysts (ribozymes)
during the Origin of Life,["! robust prebiotic processes must
have provided pools of activated mono- and oligonucleotides
for activities such as RNA self-replication.

In the laboratory, RNA synthesis by ribozymes is achieved
through the ligation of pre-activated RNA substrates. For
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example, some artificial ribozymes obtained by in vitro
selection utilize 5'-triphosphate activation chemistry for
phosphodiester formation.”™ Their substrates are typically
obtained from in vitro transcription reactions involving RNA
polymerase proteins and retain the 5'-triphosphate of the first
nucleotide. In vitro selection experiments also yielded
ribozymes that can triphosphorylate specific RNA substrates
using trimetaphosphate.’! However, credible non-enzymatic
pathways for high-yielding 5'-triphosphate activation of RNA
are currently missing.[*”! Other ligase ribozymes utilize short-
lived 5'-phosphoramidate-activated RNA. These substrates
are obtained through dedicated pre-activation of 5'-phos-
phorylated RNA with reagents such as imidazole deriva-
tives,®% and either labile and nonspecific carbodiimides or
prebiotically implausible 2,2-dipyridyl disulfide and triphenyl
phosphine."" Thus, robust chemical pathways that yield
activated RNA under conditions that also enable ribozyme
activity remain elusive.

Diamidophosphate (DAP) was recently identified as
a promising water-stable and prebiotically plausible reagent
to phosphorylate biological building blocks such as nucleic
acids, amino acids, and lipid precursors.'>"* Of particular
interest for the activation of RNA is the ability of DAP to
produce nucleoside 2',3'-cyclic monophosphates (> P), which
can subsequently polymerize into short RNA oligonucleo-
tides without the need for additional activating reagents.
Enthalpically, > P-dependent formation of RNA phospho-
diester bonds is favored due to the small amount of energy
stored in the strained 2',3’-cyclic phosphate, but is disfavored
entropically."*'*! However, stable substrate binding and/or
low temperatures can compensate for the entropic costs and
lead to a strong shift in reaction equilibrium towards
ligation.'*'”) Consequently, > P-activated mono- and oligo-
ribonucleotides may act as potent building blocks for
primitive ribozyme-catalyzed’?"! and even spontaneous
RNA ligation reactions that increase the diversity and
length distribution of RNA polymer chains.”"*! The mild
conditions required for DAP-dependent phosphorylation
provide an attractive approach to activate free 3'-termini of
RNA for ligation reactions in the context of primitive
metabolism. Under solution conditions and high millimolar
concentrations of DAP, nucleoside, and metal chloride,
quantitative >P formation is observed within days to
weeks.[?

However, high levels of metal ions such as Mg**, which
are required for efficient >P formation under aqueous
conditions, are incompatible with half-lives of ribozymes in
water.”!

Angew. Chem. Int. Ed. 2021, 60, 2952 -2957
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Here, we demonstrate RNA activation by DAP under
conditions that are amenable to the catalytic activity of > P-
dependent ribozymes. In particular, we found that the
concentrating and preserving environment of water-ice en-
ables efficient formation of > P-activated RNA. The activated
RNA can be used in situ for RNA ligation by derivatives of
the naturally occurring hairpin ribozyme (HPz), which serves
as a versatile model system for prebiotic RNA ligation.'’"’]

To explore the potential of water-ice in combination with
DAP to enable > P RNA formation, we incubated individual
canonical ribonucleoside 3’-monophosphates (3-NMPs) with
DAP and imidazole (or its derivatives 2-amino- and 2-
methylimidazole) at —20°C and monitored the reactions
using ion-exchange liquid chromatography (Figures S25-
S72). In solution, DAP reacts with phosphates to form the
corresponding amidopyrophosphate. This intermediate forms
the 2',3’-cyclophosphate in the presence of a 2'-OH group,
with the amidophosphate as the leaving group (Scheme 1).'?!
Intriguingly, we observed moderate to good yields for the U,
C, A, and G >Ps after 28 days (Figures 1a, S1-S12) con-
firmed by *P NMR (Figures $73,74). Among the three
activators tested in this study, imidazole-containing reactions
were faster (Figures S1-S12) and yielded the highest amounts
of > Ps (Figures 1a, S13-S16) under the four pH conditions
tested. We also note remarkable differences in the efficiency

H2N ’ NH2

R
ON DAP HO
0
|m|dazole
pH 6, ice
OH 0,0
HO “OH Ho R 0” “OH
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H,N /P\ P\O RH
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Scheme 1. Diamidophosphate-mediated formation of 2,3'-cyclic phos-
phate ribonucleotides under conditions compatible with ribozyme
catalysis.
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of >P formation depending on the nucleobase (Figure 1b).
After 7 days at pH 6 in the presence of imidazole, approx-
imately 50 % of both pyrimidine nucleotides 3'-UMP and 3'-
CMP were converted into their respective > Ps. In contrast,
conversion of the purine nucleotides under the same con-
ditions was much slower with circa 33 % for 3'-~AMP and only
<3% for 3-GMP. After 28 days, the conversion yield for 3'-
UMP, 3-CMP, and 3-AMP reached 72-88% while it
approached 30% for 3'-GMP. See below for further mecha-
nistic explanations for the observed influence of the nucle-
obase moieties.

Having shown that DAP can be used as an efficient
activation agent for N>P formation in frozen water-ice
systems, we sought to explore whether DAP can also activate
oligonucleotides to fuel ribozyme-catalyzed ligation reac-
tions. Previous studies have shown that HPzs are capable of
efficient > P-dependent in-ice ligation of RNA substrates.'
Thus, we probed whether in-ice activation of RNA substrates
by DAP could enable direct downstream HPz-dependent
ligation reactions.

To monitor the coupled activation-ligation reactions, we
developed a reporter electrophoretic mobility shift assay
(EMSA) based on a cis-ligating version of the HPz (cHPz,
Figures 2, S17). We confirmed the self-ligation activity of
cHPz using >P RNA (sub > P) generated with ethyl-3-(3'-
dimethylaminopropyl)-carbodiimide (EDC), with which circa
88 % self-ligation was observed via urea-PAGE in reaction
conditions used in previous HPz in-ice studies (Figure S18).1'8!
No band shift was observed in the presence of sub-P, the non-
activated 3'-monophosphate RNA.

Following the implementation of the reporter EMSA, we
sought to test the efficacy of the coupled DAP activation—
ligation reactions under various conditions. Specifically, we
tested a range of concentrations of DAP, Mg**, and imidazole
for their potential to enable coupled activation-ligation
reactions. We identified the inclusion of 5 mm DAP, 5 mm
Mg?", and 5 mm imidazole as optimal conditions thus far for
the combined activation and ligation of the RNA substrate
sub-P (Figure S19), and used these conditions in all further
experiments. We also noted an increased ligation yield at

(b)
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Figure 1. a) Comparison of activator performance in the formation of N > Ps from their respective 3'-NMPs (1 mm) after 28 days at pH 6 and
—20°C in the presence of 1 mm DAP, 5 mm MgCl,, and 5 mm of either imidazole, 2-methylimidazole (2Ml), or 2-aminoimidazole (2Al); similar
trends were observed at pH 5, 7, and 8 (Figures S13-S16). b) Percentage conversion to > P as a function of time with imidazole as activator at

pH 6.

Angew. Chem. Int. Ed. 2021, 60, 2952 -2957

© 2020 The Authors. Angewandte Chemie International Edition published by Wiley-VCH GmbH

www.angewandte.org

Angewandte

intemationalEdition’y Chemie

2953


http://www.angewandte.org

GDCh
~~—~

2954

Y Angewandte
Communications o Y i
(a) ”
. -~ pH3
ligation 50-
< pH5
:_; 40 oH 6
g 30 -~ pH7
S -- pH9
T 204
w4 3 sl
AGA N 10 _ _
e fer—
ACUGCGAAGGAC%Eé 0
82 nt = 0 20 40 60 80 100 120
E s ‘htk Time (days)
A
LY T W
- e | ont égg S 60
sub-P sub>P sub>P a—y o
+ cHPz Suat °©
>
Figure 2. A reporter electrophoretic band shift assay based on a modi- B 4
fied hairpin ribozyme (cHPz) which accepts a 2',3"-cyclic phosphate 3
substrate (sub > P) for its catalytic activity. a) A simplified schematic %
of the reaction during which the substrate (sub-P) is activated to yield £ 20+
the 2',3"-cyclic phosphate RNA oligomer. LP=ligation product. E
b) Denaturing EMSA of the species shown in (a). sub-P is 5'-tagged =
with a fluorescein derivative to aid in analysis. c) A detailed secondary S 0 . . r ; —e—
structure of the substrate-ribozyme complex prior to ligation. The 0 2 4 6 8 10 12
location of the 2',3'-cyclic phosphate and site of ligation are indicated pH
in red. ©
801 A
-
50 mm DAP in the absence of imidazole. We presumed that 9 60- - C
the increased concentration of DAP, especially in eutectic ice, - - G
compensates for the absence of imidazole. However, increas- 2 404 U
ing both DAP and imidazole concentrations to 50 mm S
resulted in a lower ligation yield compared to 5 mm (Fig- §)20
ure S20). This result may be due to the high DAP and |
imidazole concentrations that reduce the concentration-by-

freezing efficiency for the RNA components. The higher
initial concentration of the two components reduces the
amount of water-ice necessary to reach the molal equilibrium
concentrations of the unfrozen phase.?" Thus, the resulting
cHPz and substrate concentrations in the aqueous phase may
be lower than with decreased DAP and imidazole concen-
trations, leading to less efficient activation and/or ligation.
We then explored the pH dependency of the activation—
ligation reaction. We speculated that a highly acidic environ-
ment may decrease the availability of the DAP-activating
agent imidazole (pK,=6.95®)), whose nucleophilicity
decreases upon protonation. Moreover, the activity of HPz
decreases below pH 5”° while the stability of RNA is optimal
at pH4-5. Indeed, we did not detect significant RNA
degradation during the experiment (Figure S21). Consistent
with these considerations and with our results with mono-
meric ribonucleotides, we observed the highest ligation yields
and reaction rates at pH5-6 (Figures3 and S22). We
postulate that a nucleophilic pool of unprotonated imidazole
is maintained at this mildly acidic pH while preserving the
activity of cHPz. The decrease in yields at pH above 6 likely
reflects that > P formation requires protonation of the -NH,
group of DAP (pK, ~5.5).”” This assumption is supported by
the pH dependence of the activation of 3'-NMPs (Figures S1-
S12). While we note that it is typically difficult to estimate the

www.angewandte.org © 2020 The Authors. Angewandte Chemie International Edition published by Wiley-VCH GmbH
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Figure 3. DAP-mediated formation of 2',3"-cyclic phosphate RNA and
its subsequent ligation in the presence of imidazole occur under
various conditions compatible with ribozyme catalysis and are optimal
at pH 5-6. a) Time course analysis of in situ activation—ligation
reactions at different pH values. Reaction mixtures containing 10 mm
of glycine-HCl buffer (pH 3), MES buffer (pH 5-7), Tris-HCl buffer
(pH 9), or carbonate/bicarbonate buffers (pH 11) were analyzed via
TBE-urea PAGE. Data points were fitted assuming a simplified 2-step
reaction mechanism to extrapolate maximum ligation yields. b) pH
dependency of the maximum ligation yield using the best-fit parame-
ters from (a). Error bars indicate the 95% confidence intervals.

c) Dependency of coupled activation—ligation reactions on the 3’
terminal base of sub-P. Reactions were performed using four 2/3'-
monophosphorylated variants and analyzed via TBE-urea PAGE.

pH of the interstitial brine in water-ice accurately, we expect
that the pH in our buffered samples is only increased by about
0.5 pH units at —9°C.”"!

We initially observed a considerable influence of the base
moiety on DAP-mediated phosphate activation for the four
mononucleotides (Figure 1b). Therefore, we wondered
whether a similar underlying nucleobase dependency might
govern the DAP activation of RNA oligonucleotides in the

Angew. Chem. Int. Ed. 2021, 6o, 2952 —2957
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EMSA analysis. Indeed, we observed increased ligation yields
for 3'-terminal pyrimidines over purines (Figure 3c). The
difference was most obvious between substrates with a 3'-
terminal C and G: After 84 days, the 3'-terminal pyrimidine
resulted in 68 % ligation yield compared to the purine at 43 %.
The yield differences are unlikely to be the result of
a preference of the cHPz for different 3’ ends, because the
influence of the 3’ base identity was only marginal in control
experiments with pre-activated substrates (Figure S23). While
the solubilities of monophosphates (CMP, 16.3 gL.™'; UMP,
12 gL', AMP, 8 gL!; GMP, 8 gL ")*! may be a factor for
the different activation yields at the monomer level, this is
unlikely with oligonucleotides. pK, values of the 2'-OH group,
between 13.22 and 13.47,5% would predict minimal differ-
ences in the nucleophilicity of the 2'-OH groups of the four
nucleotides for the formation of > Ps. However, it is possible
that a larger fraction of the nucleobases A and C is protonated
at pH 5-6 and becomes more electron-withdrawing, thereby
increasing the acidity of the 2'-OH group." For U, the 2-keto-
oxygen may coordinate with the 2'-OH group, thus facilitating
its deprotonation.*?

To further test the generality of the reaction, we inves-
tigated the influence of the co-activator imidazole on
substrate activation. 2-methylimidazole (2MI) and 2-amino-
imidazole (2AI) are close analogues of imidazole (IMI) that
are considered as superior 5'-leaving groups for non-enzy-
matic copying of RNA templates.** We repeated our
EMSA assay with Smwm 2MI or 2AI instead of IMI (Fig-
ure S25) and found that ligation yields were considerably
lower (approximately 25% after 84 days) in the presence of
2AI or 2MI compared to IMI (approximately 55%). The
lower pK, of IMI (6.95 compared to 8.46 for 2AI™! and 7.86
for 2MIP?")—and therefore its larger unprotonated nucleo-
philic pool—coupled with less steric hindrance may amplify
the formation of the activated imidazole-amidophosphate
that is responsible for phosphorylation. Nevertheless, our
results show that different imidazole derivatives can serve as
activators for the DAP-dependent generation of cyclic
phosphates.

Next, we examined the performance of DAP compared to
the prebiotically implausible carbodiimide EDC, which is
typically used to generate > Ps. Intriguingly, the long-term
kinetics of RNA activation under in situ ribozyme catalysis-
compatible conditions showed higher ligation yields with
DAP compared to EDC (Figure 4a). While one-pot in situ
activation with EDC caused higher initial yields during the
first 10 days of incubation, likely due to higher reactivity of
the carbodiimide moiety, the yields in the DAP-based
reactions significantly exceeded those incubated with EDC
during long-term incubation, reaching >50% more RNA
ligation after 28 days. A plausible explanation for this
observation is the overall low stability of EDC due to
hydrolysis, which hampers reactivation of hydrolyzed cyclic
phosphates. In contrast, the high stability of DAP may allow
repeated reactivation of hydrolyzed 3’-terminal phosphates
back to > Ps. Furthermore, EDC modifies nucleic acid base
moieties at rates comparable to those of RNA-catalyzed
ligation.”’*" In contrast, we observed no indication of similar
undesirable side reactions with DAP.
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Figure 4. a) Comparison of DAP and EDC under in situ activation—
ligation conditions. Reaction mixtures differing only in the inclusion of
either EDC or DAP were analyzed via TBE-urea PAGE. The data points
were fitted assuming a simplified irreversible 2-step reaction mecha-
nism. b) Simplified schematic of 16 nt RNA oligomer concatenation.
SBS =substrate-binding strand. c) DAP-mediated RNA concatenation.
Time course analysis via SYBR Gold-stained TBE-urea PAGE of reaction
mixtures containing a fragmented ribozyme and 16 nt 3’-monophos-
phorylated substrates. We note that the RNA ladder displays lower
electrophoretic mobility, presumably due to different salt concentra-
tions in the loading buffer and/or conjugated fluorophores.

Finally, we investigated whether DAP activation also
allows multiple ligations to produce long RNAs, which is
a prerequisite for the formation of more complex RNA
molecules. To this end, we probed our one-pot activation/
ligation scheme for concatenation reactions of RNA oligo-
mers (Figures 4b,c and S26), including the assembly of an
RNA polymerase ribozyme from seven <30 nt fragments
(RPR7, Figure S26) catalyzed by fragmented hairpin ribo-
zymes.'"! Strikingly, for both reactions we observed six or
more successive ligation events after 21 days of in-ice
incubation.

The data herein present DAP-mediated formation of
activated RNA substrates under conditions compatible with
ribozyme catalysis. DAP is an attractive candidate reagent for
the prebiotic activation of RNA due to its long half-life and
reactivity in aqueous environments.*” Moreover, its potential
in the primordial activation of lipids, peptides, and 5’ ends of
nucleic acids—and therefore as a key reagent in the origin of
all life on Earth—has been documented.'*!¥! Furthermore,
the compatibility of the reaction with frozen water-ice
matrices that upconcentrate solutes allows low initial DAP
and imidazole concentrations to achieve high-yielding acti-
vation of mono- and oligonucleotides. DAP is therefore
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a powerful reagent to mitigate quasi-irreversible hydrolysis of
2',3’-cyclic phosphates that occurs over time in the presence of
M?** ions,*!! and to sustain a pool of activated >P RNA
molecules that can serve as starting material for both
enzymatic and non-enzymatic ligation reactions.

>P RNA can also be formed by enzymatic or non-
enzymatic RNA cleavage. In combination with strand dis-
sociation, consecutive cleavage-ligation reactions may there-
fore lead to the formation of longer products.['*?24># While
offering an intriguing alternative for RNA synthesis in the
absence of direct chemical activation, such recombination
reactions have several disadvantages. The extra cleavage and
dissociation steps slow product formation and decrease final
yields due to a higher number of reversible steps required for
product formation."”??!  Moreover, ribozyme-catalyzed
recombination requires the presence of additional sequence
elements on substrates which reduces the pool of compatible
oligonucleotides in randomized libraries. Finally, recombina-
tion does not regenerate hydrolyzed > Ps. Thus, while both
direct ligation and recombination are capable of exploring
a large sequence space through repeated ligation reactions,”
both reactions can ultimately benefit from the mild re-
activating properties of DAP.

The resulting high-diversity products could provide the
starting material for evolutionary processes in the form of
nascent ribozymes.”?? Additionally, continuous activation of
RNA substrates provides the possibility of maintaining cross-
catalytic reaction networks consisting of several ribozyme
components!'”’ and may enable new strategies for continuous
RNA evolution under prebiotically plausible conditions. In
conclusion, our work underlines the importance of identifying
ribozyme catalysis-compatible RNA activation reagents in
enabling one-pot processes, which has implications for abiotic
molecular evolution of nucleic acids.
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2.2.1 SUMMARY

The generation of nucleic acid polymers with sufficient length to fold into functional mo-
tifs is a critical requirement for the emergence of self-replicating systems in early molec-
ular evolution. While liquid-liquid separated condensed phases have long been proposed
to have hosted primordial processes, it is currently unclear whether they can support and
enhance constructive catalytic processes. Thus far, only reactions that lead to shorter nu-

cleic acid lengths have been demonstrated therein.

In this publication, we describe the first example of phase separation significantly en-
hancing the constructive catalytic activity of a trans-acting hairpin ribozyme, shifting the
reaction equilibrium to ligation rather than cleavage. The robust activity is maintained
over a broad range of temperatures and magnesium concentrations, even in solution con-
ditions where activity is otherwise not observed. The condensates formed from short frag-
mented ribozyme strands and poly(lysine) oligopeptides enable the generation of long
RNA chains and a model RNA polymerase ribozyme from short fragments. Further,
strong ribozyme activity is observed in both gel-like and coacervate condensed phases,

finally reconciling constructive ribozyme activity with an important protocellular model.

These results experimentally demonstrate how catalytic nucleic acids and protocellular
environments may have synergized to facilitate the assembly of complex informational

polymers at the origin of life.
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Enhanced Ribozyme-Catalyzed Recombination and Oligonucleotide
Assembly in Peptide-RNA Condensates
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Hannes Mutschler*

Abstract: The ability of RNA to catalyze RNA ligation is
critical to its central role in many prebiotic model scenarios, in
particular the copying of information during self-replication.
Prebiotically plausible ribozymes formed from short oligonu-
cleotides can catalyze reversible RNA cleavage and ligation
reactions, but harsh conditions or unusual scenarios are often
required to promote folding and drive the reaction equilibrium
towards ligation. Here, we demonstrate that ribozyme activity
is greatly enhanced by charge-mediated phase separation with
poly-L-lysine, which shifts the reaction equilibrium from
cleavage in solution to ligation in peptide-RNA coaggregates
and coacervates. This compartmentalization enables robust
isothermal RNA assembly over a broad range of conditions,
which can be leveraged to assemble long and complex RNAs
from short fragments under mild conditions in the absence of
exogenous activation chemistry, bridging the gap between
pools of short oligomers and functional RNAs.

Introduction

The generation of RNA or other nucleic acid strands with
sufficient length and sequence diversity to fold into functional
catalysts and replicators is a key step in many models of early
biology. Plausible pathways exist for the generation of
activated ribonucleotides!'! and the formation of short
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oligomers by non-enzymatic polymerization,™* but the
untemplated polymerization of long RNA oligomers contain-
ing all four nucleobases remains inefficient.”! The formation
of long and complex RNAs from pools of oligonucleotides
can potentially bridge this gap,’! as demonstrated by the
assembly of a >200 nt RNA polymerase ribozyme from short
oligomers by a fragmented version of the small nucleolytic
hairpin ribozyme (HPz)."

HPz is a small self-cleaving RNA motif that catalyzes the
cleavage and ligation of specific RNA sequences.”'”! The
ability of HPz to fold into active conformations'"'? is
sensitive to environmental conditions such as ionic
strength!*' and temperature.™™ In solution, the reaction
equilibrium is shifted towards cleavage, whilst in dehydrating
conditions (e.g. eutectic phases in ice, ethanol and drying)
efficient ligation can be observed.*!®! The ability of HPz to
assemble from short oligonucleotides and to process a wide
range of RNA junctions makes it an attractive model system
for an early RNA catalyst.*!*! The reversibility of the HPz-
catalyzed reaction allows for the possibility of recombination
(Figure S1): First, RNA cleavage produces a strained 2',3'-
cyclic phosphate functionalized substrate. Next, strand ex-
change then ligation can occur with other strands of
a compatible sequence. Although relieving strain in the
2',3'-cyclic phosphate provides a limited enthalpic driving
force for ligation, the associated entropic penalty results in
cleavage being thermodynamically favored in solution for
some systems.'”) These reactions are prebiotically appealing
as they can occur independently from an exogenous RNA-
activation chemistry and have been shown to increase
structural and informational diversity in pools of RNA
oligomers.””! Researchers have exploited recombination and
ligation by the HPz ribozyme to assemble complex functional
RNAs from short fragments,®?! to combine RNA enzymes
and aptamers into larger, more complex aptazyme systems,””!
and to produce simple self-replicators.”! In combination with
a polymerization chemistry capable of generating short
oligomers, the realization of replicating and evolving systems
may be possible. Ribozyme-catalyzed recombination can
require high magnesium concentrations to occur in solution,
with minimal or fragmented HPz variants reliant on dehy-
dration or freezing to drive ligation.!'"*'¥! These requirements
render recombination-based RNA assembly incompatible
with compartmentalization in some protocellular systems and
narrow the range of viable environmental conditions. For
example, high Mg*" concentrations have a destabilizing effect
on vesicles formed from single chain amphiphiles,”! while
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phospholipid-based vesicles are prone to fragmentation->*!
and content loss™®! when exposed to freezing conditions.

Phase separation by oppositely charged polymers such as
peptides and nucleic acids is a ubiquitous process that is both
widely observed in modern biology®>" and exploited in
synthetic biology.**?) Charged peptides are appealing com-
ponents in origin of life scenarios, potentially supporting the
function of early catalytic nucleic acids™>*? and forming
protocellular compartments such as coacervate droplets by
phase separation.® Although liquid coacervate droplets are
the most widely studied system within the context of the
origin of life, other phases such as coaggregates®®* and
gelsP are also of interest. Spatial confinement, as well as the
ability to localize reactions and concentrate key components,
would have been valuable in early biology and is a prerequisite
for open-ended evolution. The ability of coacervate phases
to strongly concentrate divalent metal ions and RNA suggests
a highly favorable environment for nucleic acid catalysis,*"
and interactions with polycationic peptides have been shown
to enhance ribozyme activity in some cases.*!*?

Despite this, catalysis by ribozymes has only recently been
reconciled with coacervation,***! and specific conditions are
required to prevent loss of function due to misfolding.
Previously reported enhancements in catalytic activity by
condensed phases typically rely on the concentration and
rescue of highly dilute systems below the ribozyme / substrate
dissociation constant (Kp),*! and so far only ribozyme
cleavage reactions have been demonstrated.*! In order to
realize complex, functional phase-separated systems that may
eventually be capable of open-ended evolution, constructive
processes such as the polymerization, ligation or recombina-
tion of nucleic acids must be supported.

In this work, we utilize poly-L-lysine ((Lys),) and a split
HPz ribozyme as a model for interactions between early
charged protopeptides and nucleic acid catalysts. Although
cationic amino acids are crucial factors in protein-nucleic acid
interactions, and thus are essential components in any pre-
biotic scenario that leads to the emergence of protein
synthesis,*! basic cationic amino acids such as arginine and
lysine only rarely emerge from model prebiotic synthe-
ses.**! However, ligation of these amino acids into peptides
has been demonstrated in prebiotic conditions,”” assuming
sufficient feedstocks. The synthesis of non-proteinaceous
analogues such as ornithine and 2,4-diamino-butyric acid,
potential precursors to extant cationic amino acids,”" is more
plausible.”'* Peptides composed of these analogues can act
as functional substitutes to poly-L-lysine and have provided
similar enhancements in ribozyme activity.*”! Depsipeptides,
protopeptides which contain a mixture of ester and amide
linkages, can be formed by dry-wet cycles,*" which selectively
incorporate proteinaceous amino acids over non-proteina-
ceous precursors, thus providing a potential mechanism for
the enrichment of poorly abundant cationic amino acids in
early polypeptides.™™ Unlike the model system used here,
peptides or protopeptides emerging from prebiotic processes
are likely not to have been homopeptides, or enantiomerically
pure.

We show that charge-based phase separation between
(Lys), and the HPz ribozyme RNA both enhances and
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modulates ribozyme activity, shifting the HPz reaction
equilibrium from cleavage to ligation at ambient temper-
atures. This enables the production of both long and complex
functional RNA from short fragments under isothermal
conditions. Unlike under solution conditions, poly-L-lysine
renders the HPz ribozyme functional over a broad range of
temperatures and magnesium concentrations, even with
varying lengths, charge ratios, and phase behaviors. These
findings reconcile HPz-catalyzed RNA recombination with
a far broader range of environmental conditions, and
furthermore suggest the ability of simple peptides or other
more diverse polycations to support and enhance nucleic acid
catalysis in heterogeneous prebiotic scenarios.™®

Results

To investigate the recombination activity of the HPz
ribozyme, we developed an assay that allows the independent
characterization of both cleavage and ligation, based on
a fragmented ribozyme system (Figure 1a).'" The ribozyme
system comprises four strands forming two catalytic loops:
the HPz loop B (two strands, 18 and 21 nt) and loop A,
formed from a 14 nt substrate binding strand (SBS) and 3'-
CyS5 tagged 20 nt substrate (subC). Initially the ribozyme may
cleave subC into two 10 nt products, one possessing the 3'-Cy5
tag (SfragC), the other activated with a 2',3'-cyclic phosphate
and capable of ligation (3frag). The reaction mixture also
contains a 10 nt fragment identical in sequence to the 5fragC
produced in the previous step but bearing a 3'-FAM tag
(5fragF). This fragment can compete for the substrate binding
strand and forms a new FAM-tagged 20 nt strand (subF) when
ligated to the activated 3frag. The mechanism of recombina-
tion is described in Figure S1, and an example gel showing the
activity of this system under various conditions is shown in
Figure S2. In solution (TrissHCI pH 8, 1 mM MgCl,, 30°C),
the cleavage of subC was slow, yielding only 5% of 5fragC
after 24 h (Figure 1b, dashed line). No ligation of SfragF to
form subF was observed under these conditions (Figure 1c,
dashed line).

We then investigated the effect of poly-L-lysine on the
activity of the HPz system. Turbidity was observed after the
addition of (Lys);y7, (charge ratio=0.67:1 (Lys);o_7,:RNA),
as well as a drastic shift in ribozyme activity. Cleavage of subC
proceeded rapidly compared to solution conditions, with
approximately 60 % cleavage over 24 h (ky=0.42+0.02h™").
Strikingly, ligation of SfragF, forming subF, was observed
after just 2h of reaction, with a final yield at 24h of
approximately 50%. Whilst it is not possible to directly
determine the rate of ligation in the recombination system
due to the initial cleavage step followed by a presumably rate-
limiting strand exchange reaction, the ligation of a pre-
activated 3frag intermediate to SfragF proceeded rapidly
under these conditions, with an apparent ligation rate of k;;, =
0.076 +0.004 min~! (Figure S3).

We then investigated the effect of polycation length and
concentration on HPz ribozyme activity (Figure 2, Figure S4).
Increasing concentrations of either (Lys);y_,, (Figure 2a) or
(Lys)s_o4 (Figure 2b) were titrated into a fixed concentration
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Figure 1. The design and function of a simple split hairpin ribozyme recombination assay. a) The structure of the split HPz ribozyme, which is
composed of loop A (substrate and substrate binding strand, or SBS) and loop B. The cleavage site is indicated with an arrow, and conserved
bases are shown in red. b) Simplified diagram showing hairpin ribozyme-catalyzed cleavage of a Cy5-tagged 20 nt substrate (subC) (blue), strand
exchange, and re-ligation of a FAM-tagged 10 nt fragment (5fragF) (yellow). c) Cleavage of the subC and d) ligation of the 5fragF over time by the
HPz ribozyme with (Lys)qs_7, (0.67:1 (Lys)ys_7:RNA, T mM MgCl,, Tris-HCI pH 8, 30°C) (solid line) and in solution (1 mM MgCl,, Tris-HCI pH 8,

30°C) (dashed line).

of RNA, and the degree of phase separation at the various
(Lys),,:RNA ratios was measured by absorbance at 500 nm
(Figure 2a, b). The critical peptide concentrations for phase
separation (CPs) were determined by the onset of turbidity.
Phase separation occurred at a sub-stoichiometric concen-
tration of the longer peptide (CPo; ca. 0.7:1 (Lys)o
7»:RNA), but not until a concentration ratio of near unity
for the shorter peptide (CPs_y, ca. 1:1 (Lys)s_,,:RNA). Activity
measurements at =24 h showed that (Lys),¢_, enhances both
HPz cleavage and ligation at sub-stochiometric ratios, but that
both of these activities are suppressed at high ratios (Fig-
ure 2¢). The addition of (Lys)s_,, (Figure 2d) led to high HPz
cleavage activity and relatively weaker ligation compared to
the longer (Lys)o;, at all ratios tested, although the
enhancement over solution conditions remained considera-
ble. Optimal recombination of 5fragF to form subF was
observed at charge ratios of 0.85:1 (Lys);o.»:RNA, and 2:1
(Lys)s_4:RNA. This enhancement of activity was found to be
independent of the presence of the cationic Cy5 fluorophore
on 5fragC (Figure S5). To determine the distribution of (Lys),

oligomers in our samples, we performed electrospray ioniza-
tion mass spectrometry (ESI-MS) (Figure S6). Surprisingly,
the distributions were heavily biased towards shorter oligo-
mers in both cases: for (Lys)s_4, only oligomers with n =3 to
n=9 were detected, whilst for (Lys)o, only oligomers
between n=16 to n =46 were observed (Figure S7). Whilst
oligomers with lengths up to the specified upper limit are
likely to be present in the samples, based on the manufac-
turer’s characterization, these species appear to occur at such
low concentrations that they fall below the detection limit of
ESI-MS.

Brightfield and fluorescence microscopy of samples at
each tested (Lys),:RNA ratio revealed the formation of
various separated phases with increasing charge ratio (Figur-
es2e,f, S8 and S9). Increasing ratios of both (Lys)s,, and
(Lys)19.7,:RNA led to the formation of particles that accumu-
lated without coalescence into liquid droplets, and in which
both labelled RNAs were strongly colocalized. This implies
strong partitioning of the labelled substrate RNA into the
condensed phase, which is likely to be responsible for the shift
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Figure 2. Influence of (Lys), length and (Lys),:RNA mixing ratio on phase separation and HPz activity. a) Variation in absorbance at 500 nm with
varying ratios of (Lys),s_7,:RNA. The minimal ratio for the onset of phase separation CP,4, ca. 0.7:1 (Lys);o_5,:RNA. b) Variation in absorbance at
500 nm with varying ratios of (Lys)s_,. The minimal ratio for the onset of phase separation CPs.,, ca. 1:1 (Lys)s_,,:RNA. c) Endpoint cleavage and
ligation activity of the HPz ribozyme with varying (Lys),s_7,:RNA. d) Endpoint cleavage and ligation activity of the HPz ribozyme with varying
(Lys)s_o4:RNA. Endpoint ligation of 5fragF is shown in yellow, endpoint cleavage of subC is shown in blue. e) Example fluorescence microscopy
images of (Lys)s_7,:RNA condensates before (0.85:1 (Lys);s_7,:RNA) and after (1.4:1 (Lys)s_s,:RNA) the transition to liquid droplets. f) Example
fluorescence microscopy images of (Lys)s_,4:RNA condensates before (2:1 (Lys)s_,.:RNA) and after (2.3:1 (Lys)s_,4:RNA) the transition to liquid
droplets. Brightfield imaging is shown in grey, FAM fluorescence in yellow and Cy5 fluorescence in cyan. Scale bars =10 um. Full imaging of all
datapoints is shown in Figures S8 and S9.
to ligation. At (Lys),o7,:RNA ratios near unity (0.85-1:1), ;,:RNA =0.85:1). Although the formation of liquid droplets
a web-like structure was observed (Figures 2 e, Figure S9). For ~ was associated with a reduction in activity, robust ligation
both poly-L-lysine lengths, a transition to liquid coacervate  activity was still observed in this phase at lower ratios (37.3 %
droplets was observed at excess charge ratios ((Lys)ss:RNA  yield at (Lys);o7,:RNA=1.1:1, 13.4% yield at (Lys)s
>2.3:1, (Lys)o7:RNA >1.1:1) (Figure2e,f). The phase ,,:RNA=2.3:1).
separated particles initially formed as an unstable dispersion, We sought to further characterize the system by studying
eventually settling onto the bottom of the slide without endpoint recombination activity at the optimal (Lys);
wetting the passivated surface. Ligation activity was optimal ~ ,,:RNA ratio for ligation (0.75:1) at various temperatures
at ratios immediately preceding the transition to coacervate  and magnesium concentrations. The endpoint activities at
droplets for both (Lys), lengths ((Lys)s_,;:RNA =2:1, (Lys),,. ~ various temperatures are shown in Figure3a. Optimal
Angew. Chem. Int. Ed. 2021, 60, 2609626104 © 2021 The Authors. Angewandte Chemie International Edition published by Wiley-VCH GmbH Www.angewandte.org 26099
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Figure 3. Influence of temperature, magnesium concentration, and poly-L-lysine length and mixing ratio on recombination yield. a) The effect of
reaction temperature on the endpoint recombination yield (0.75:1 (Lys)s_7,:RNA, T mM MgCl,, Tris-HCl pH 8). The reaction was quenched at
either 144 h (20°C), 96 h (25°C) or 24 h (30-40°C). b) The effect of magnesium concentration on the HPz ribozyme recombination yield with
(Lys), (0.75:1 (Lys)yo_72:RNA, T mM MgCl,, Tris-HCl pH 8, t=24 h) (solid circles) and in solution (Tris-HCI pH 8, 30°C, t=24 h) (hollow circles).
For both panels, cleavage of subC is shown in blue, whilst ligation of the 5fragF is shown in yellow.

recombination yields were obtained at 30°C (1 mM Mg*",
Tris-HCI pH 8, 52 % ligation after 24 h). Similar yields were
observed at lower temperatures, although the time required
to reach equilibrium increased (f,5.c=96h, fyoc =144 h).
Increasing temperature shifted the reaction equilibrium
towards cleavage, as expected due to the entropic cost of
ligation inherent in the system.”” Recombination activity was
also supported across a broad range of Mg®" concentrations
(0.1-100 mM) in the presence of (Lys)¢7, (0.75:1), notably at
concentrations as low as 0.1 mM Mg*" (80 % subC cleavage,
13% SfragF ligation) (Figure 3b). Optimal activity was
observed between 1-5mM Mg*". Reduced SfragF ligation
yields above this point may be in part due to magnesium-
catalyzed hydrolysis of the 2',3'-cyclic phosphate, which is
expected to slowly deplete the amount of activated 3frag in
the system over time.

To separate the effects of magnesium concentration
from other possible causes of recombination enhancement,
we also measured activity under identical conditions but in
the absence of peptide. Here, the reaction equilibrium was
strongly shifted towards cleavage. No cleavage of subC was
observed until 1 mM Mg?", at which point the yield of 5fragC
increased, reaching a maximum at 5 mM Mg”" (94% cleav-
age). The change in cleavage activity with magnesium
concentration is sigmoidal and reminiscent of a ribozyme
folding curve. Indeed, the measured midpoint of the cleavage
data, 1.8 mM Mg?", is similar to previously reported Mg*"
induced folding midpoints for the HPz ribozyme,****! al-
though differences in structure and fragmentation make
a direct comparison difficult. In the absence of peptide, no
ligation of 5fragF to form subF was observed until 4 mM Mg*"
(0.7% yield), reaching a maximum yield of 7% at 100 mM
Mg*" with a concomitant reduction in the measured propor-
tion of SfragC. This suggests that concentration of magnesium

[40]

ions within the condensed phases does not alone account for
the enhanced recombination activity observed in the presence
of (Lys), in this study.

Having determined optimal conditions for ligation activ-
ity (Tris-HCI pH 8,30°C, 0.75:1 (Lys);9.7,:RNA), we exploited
the enhancing effect of (Lys),¢_5, on the HPz ribozyme to form
long RNA chains and complex structures from short frag-
ments. The following ribozyme systems contain the same in
trans loop B domain used in the previously described
recombination assay (Figure 1a), but combined with a range
of substrate binding strands (SBSs) and substrates. First, we
tested a recombination-based RNA ladder system (Fig-
ure 4a): the fragmented HPz ribozyme cleaves a short 3’-tail
from a 22nt fragment (St), leaving a 16 nt 2'3'-cyclic
phosphate functionalized fragment (S), which can then be
concatenated. After 24 h incubation (Tris-HCI pH 8, 30°C,
0.7:1 (Lys);o.7»:RNA), the substrate tail was completely
cleaved, and a ladder of concatenated products (S,) was
observed (longest product observed: n =15, 240 nt). The lack
of uncleaved substrate is expected, as the cleaved 3'-tail
shares only three complementary bases with the substrate
binding strand, and so should easily be displaced by the 5" end
of another substrate, making re-ligation unfavorable. In
addition, the 6 nt fragment may only be poorly concentrated
in the condensed phase due to its short length.™*!

RNA polymerase ribozymes (RPRs), which catalyze the
templated synthesis of RNA from nucleotide triphosphates,
are considered analogues of an early RNA-only replicator./*”
Although these ribozymes are capable of synthesizing long
strands, their activity is not sufficient to quantitatively
synthesize sequences with complex secondary structure
beyond ca. 50 nt,*®? and as such self-replication has not
been demonstrated. These limitations may be overcome by
stepwise modular assembly, in which the large and complex
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Figure 4. Formation of long RNA chains and complex RNA by HPz
recombination under optimized conditions. Example urea-PAGE gels
showing a) Concatenation of long RNA chains (>200 nt) by the HPz
ribozyme with poly-L-lysine (0.75:1 (Lys)s_7,:RNA, 1 mM MgCl,,
Tris-HCl pH 8, t=24 h). The fragmented HPz ribozyme first binds the
22 nt substrate fragment (St), forming an A loop between substrate
and binding strand. This docks with a B loop, then a 6 nt tail (t, shown
in red) is cleaved from the substrate leaving a 2',3"-cyclic phosphate on
the 16 nt reaction product (S). The cleavage site is indicated with an
arrow. Another substrate (St or S) then displaces the cleaved tail,
which has only three bases complementary to the substrate binding
arm. In poly-L-lysine coacervates, or other concentrating conditions,
the HPz ribozyme can then ligate the two fragments, forming

a concatenated (S,) product. This process repeats, resulting in long
chains of up to n>13 substrate fragments. The urea-PAGE gel was
imaged using SYBER Gold staining. b) Assembly of the RPR4 ribozyme
(198 nt) from four fragments by HPz with poly-L-lysine (0.8:1 (Lys),q
72:RNA, 8 mM MgCl,, Tris-HCl pH 8, t=8 h, full length product
yield=8%). In this reaction, three different substrate binding strands
bind pairs of oligomers from a set of four substrate strands. A short
tail (t) is cleaved from fragments 1, 2 and 3, leaving 2’,3'-cyclic
phosphate functionalized fragments that be ligated together with
fragment 4 to form the full-length product. The assembly products are
visualized using a fluorescent 5'-FAM tag on fragment 1.

functional sequence is constructed from shorter fragments. As
a proof of concept, we assembled the RPR4 ribozyme from
short fragments in the presence of long poly-L-lysine (Fig-
ure 4b), as previously demonstrated in-ice.’! Indeed, full
length RPR4 was produced with a final yield of 7.8 % after 8 h
(TrissHCI pH 8, 30°C, 0.8:1 (Lys);o_7, :RNA). The activity of
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the assembled product was not tested in this study. These
yields are comparable to those observed in long-term Mg*'-
free reactions driven by repeated 12 h freeze-thaw cycles
(10% after 24 days). The similarity in the product yields
observed in-ice and in the condensed phase is both unex-
pected and notable: the absence of Mg*!' in previously
reported freeze-thaw cycle experiments allows the system to
be driven towards the ligated state, as no cleavage reaction
can occur during the thawing phase. In this study, the presence
of Mg”>" means that the cleavage reaction is always active but
is presumably counteracted by high RNA concentrations.

Discussion

In this study, we have shown that model ribozyme-peptide
interactions can drastically enhance the activity of a small
nucleolytic ribozyme over a wide range of conditions. In many
cases, phase separation with poly-L-lysine yielded activity in
conditions where the ribozyme is otherwise completely
inactive (<1 mM Mg*" for cleavage and <4 mM Mg*" for
ligation). In conditions where the ribozyme was active in
solution, the addition of (Lys)¢_7, led to enhancements of up
to 11-fold for S5FragF ligation (4 mM Mg*") and 65-fold for
subC cleavage (1 mM Mg*"). Importantly, phase separation
shifted the equilibrium of the reversible transesterification
reaction towards RNA ligation rather than cleavage, likely
due to increased RNA concentration in the condensates. Both
effects combined allow efficient and robust assembly of long
RNA molecules under mild conditions in the absence of an
exogenous activation chemistry. To the best of our knowledge,
such a strong and rugged enhancement of ribozyme activity or
shift in behavior by phase separation has not been previously
reported.

Efficient recombination-based RNA assembly by frag-
mented HPz systems is typically only observed in dehydrating
environments, for example in eutectic ice,'” alcoholic sol-
utions,®! or drying.”¥! The shift from cleavage to ligation
induced by (Lys), suggests that interactions with cationic
peptides could have greatly broadened the scope of recombi-
nation-based RNA assembly on prebiotic Earth, perhaps
providing comparable ligation yields to dehydrating environ-
ments with enhanced kinetics. Indeed, the rate of direct
ligation with (Lys),4 7, was more than ten times faster than the
rate of freezing-induced ligation by a fragmented HPz
ribozyme similar to that used here (k;,=0.006 min~!, T=
—10°C).['1 Poly-L-lysine-supported HPz ribozyme catalysis
is robust, with similar ligation yields observed across a range
of temperatures below 35°C. Similarly, the system is able to
support ligation across a broad range of magnesium concen-
trations, even at levels far below that typically required for
catalysis under solution conditions. This is especially relevant
for fragmented ribozymes, which are prebiotically appealing
due to their reduced complexity, but which require higher
magnesium concentrations ([Mg*'],, =3 mM) for folding and
activity than more complex species with additional stabilizing
loops ([Mg**];, =20-40 uM).P”

In the present study, enhancements in ribozyme activity
beyond typical solution behavior were observed across a range
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of charge ratios, with the greatest enhancements occurring
before the formation of liquid droplets. Fluorescence micros-
copy showed strong concentration and colocalization of both
tagged RNAs within all separated phases (Figures S8 and S9).
This likely accounts for the observed enhancements in
activity, analogous to hairpin ribozyme ligation in freezing
and drying environments."®! Assays performed in the absence
of peptide suggest that increased Mg?" concentrations, whilst
probable in this system,*! are alone insufficient to drive RNA
ligation (Figure 3). Beyond simple concentration of reactants,
increased hybridization, folding and thermal stability as
aresult of charge interactions with the peptide may contribute
to the observed enhancements of activity. Interactions
between lysine-containing peptides and nucleic acids in
amyloid gel fibers have previously been shown to promote
the hybridization of nucleic acids below their Kp,,*” and lysine
containing copolymers have been reported to enhance the
rate of DNA hybridization by over 200-fold.!!! Even in the
absence of phase separation, RNA polymerase ribozyme
(RPR) holoenzyme assembly and activity is enhanced by
interactions with simple lysine containing peptides and non-
proteinaceous analogues,” spermidine has been shown to
stabilize the HPz ribozyme-substrate complex and enhance
substrate cleavage,'!! and cationic proto-peptides have been
shown to increase the thermal stability of folded RNA.[®!
Such enhancements in hybridization as a result of charge
interactions extend beyond peptides, and are a key aspect of
the proposed role of clay surfaces in early molecular
evolution.*!

It is perhaps surprising that direct condensation of (Lys),
with catalytic RNA can support (let alone enhance) activity,
given that ribozyme activity can be inhibited by strong
polycation-RNA interactions, which may induce misfold-
ing. %1 Tt is also of interest that the transition to liquid
coacervate droplets at high (Lys),:RNA ratios was associated
with a reduction in recombination activity. Similar phase
transitions have been previously reported: poly-L-lysine has
been shown to form precipitates when directly mixed with
double-stranded RNA, but liquid droplets with single strand-
ed RNA . We speculate that observed phase transition in
the (Lys),:HPz system may originate from reduced hybrid-
ization at excess charge ratios, which could also lead to
a reduction in activity.

Previous studies have demonstrated that ribozyme-cata-
lyzed RNA cleavage is indeed supported when ribozymes are
hosted within coacervate droplets.[** Below the apparent
ribozyme / substrate dissociation constant (Kp), concentra-
tion by coacervation can rescue hammerhead and hairpin
ribozyme activity, providing relative enhancements over
dilute reactions in aqueous solution.* However, above the
Kp, hammerhead ribozyme activity in coacervate droplets is
inhibited.! For RNA in coacervate droplets, this effect is
most prominent in charge neutral conditions, or when the
polycation is in excess. The activity of the hammerhead
ribozyme when hosted in oligoarginine (R;,)/ oligoaspartic
acid (D) coacervate droplets is inhibited at a 1:1 charge ratio
of Ry:D,,.™ However, in coacervate compositions with
excess negative charge, activity can be enhanced over
concentration-limited solution conditions.”” The suppression
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of activity at excess (Lys),:RNA ratios reported here may be
analogous, with strong lysine-RNA interactions leading to
misfolding when the peptide is in charge excess. Even so, the
inhibition of activity in the coacervate phase is not total:
strong recombination activity is observed in droplets at
charge ratios near the transition point, suggesting that at
least a portion of the RNA is able to remain folded and active.
This explanation also accounts for the relative differences in
activity suppression by (Lys)s,, and (Lys);o.;, at excess
peptide:RNA ratios, as longer polyions have a greater
tendency to interact with their oppositely charged partners,
and therefore may lead to greater misfolding and suppression
of activity when in excess."""? Peptide length dependent
helicase-like activity has been demonstrated for lysine/
aspartic acid coacervates, in which droplets formed from
shorter oligopeptides permitted hybridization of a short RNA
duplex to a greater degree than droplets comprised of longer
polyions.™ Such effects have also been reported in extant
biological systems, in particular Ddx4 protein coacervates,
which melt double-stranded DNA and stabilize single strand-
ed species.""! The suppression of activity with excess peptide
may be overcome in the future by the use of heteropeptides or
other homopeptides with varying charge density.

Conclusion

The observation that direct phase separation between
short model peptides and ribozymes provides robust enhance-
ments to catalytic activity under a broad range of conditions
strengthens the case for both an early coevolution of RNA
and peptides, and the argument that long and functional RNA
emerged from pools of short oligomers via the action of small
catalytic motifs. It is noteworthy that recombination is
supported in this environment, as this implies that the key
processes of strand release and reannealing also take place in
addition to simply cleavage and ligation. Even the short poly-
L-lysine used in this study, which is predominantly composed
of oligomers of less than 9 residues, was able to phase separate
and modulate the catalytic activity of the ribozyme. This
suggests that short cationic protopeptides formed, for exam-
ple, by dry-wet cycling may also be capable of such enhance-
ments. Further investigation into the interactions between
heterogeneous proto-peptides and catalytic nucleic acids is
therefore of great interest. The greater enhancements pro-
vided by the longer model peptide perhaps emerged later,
with the selection or synthesis of longer polycationic species.
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3. DISCUSSION AND CONCLUSIONS

3.1 DISCUSSION

This thesis aimed towards addressing missing gaps in our understanding of increasing
complexity in prebiotic RNA-based systems. Ribonucleic acids present an attractive
model for early life scenarios in part due to their ability to store genetic information, akin
to the role of DNA in modern biology, and to fold into catalytically active structures, a
role that is now dominated by proteins. Essential to the RNA World origin of life hypoth-
esis that places RNA in a central genetic and functional role is a self-replicating molecule
capable of Darwinian evolution. Therein, exploration of the sequence space through re-
combination processes is a likely means by which the realization of new catalytic func-
tions may have emerged. However, it is unclear how primordial replicators may have
accessed viable pools of activated substrates and sufficient concentrations to fuel propa-
gative processes towards increasing length, complexity, and — eventually — function. Fur-
ther, constructive processes such as ligation, recombination, and polymerization must
have been supported in conjunction with the surroundings to overcome entropic barriers
towards forming lifelike out-of-equilibrium polymers.

I first investigated whether diamidophosphate, a prebiotically feasible phosphate

8.127] ' is capable of stably generating activated RNA substrates to drive in situ

source
ribozyme-catalyzed RNA ligation. While it has been shown that frozen aqueous solutions
may have provided a prebiotically plausible environment in which RNA stability and lig-
ative activity are promoted!**128-13% the absence of a viable activated substrate feedstock
hinders momentum towards increasingly complex and functional molecules. Using a sim-
ple but robust model ribozyme system under frozen aqueous conditions, I demonstrated
that the weakly activating but (pre-)biologically relevant 2°,3’-cyclic phosphate (>P) nu-

cleoside species was continually formed and fueled subsequent ligation.

In this publication, I reconciled for the first time stable RNA activation under frozen
conditions with constructive, ribozyme-catalyzed RNA ligation. Remarkably, the con-
centrating effect of eutectic ice enables cis-acting ligation of a hairpin ribozyme variant
from low initial solute concentrations, illustrating the capability of DAP to maintain pools
of activated RNA substrate to fuel both enzymatic and non-enzymatic ligations. In con-
trast, conventional highly reactive laboratory approaches to generate >Ps such as car-

bodiimides hydrolyze in water irreversibly and rapidly. Further studies exploring routes
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towards accessing the necessary energy for resultant product-ribozyme complex separa-
tion would be of interest to realize subsequent propagation of increasingly complex and
larger RNA molecules towards the emergence of the first replicator. Moreover, continu-
ous RNA evolution via persistent activation of RNA substrates could be investigated to-

wards maintenance of multiple-ribozyme systems exhibiting cross-catalysis!®”),

In the second chapter, I demonstrated experimentally that catalytic RNA-peptide in-
teractions augment robust constructive ribozyme activity. Complex coacervation droplets
are known to form with low chemical specificity for oppositely charged polymer spe-
cies!'*! and the resulting droplets are thought to have facilitated spatial compartmentali-
zation of prebiotic processes!'!l. However, the path from prebiotic chemistry to lifelike
systems necessitates an increasing trend towards polymer length and complexity, whereas
only nucleolytic reactions have been demonstrated thus far for RNA therein. Using a
modified system of the ribozyme assay described in the first chapter and simple cationic
peptides, I examined whether constructive RNA-catalyzed processes can be hosted within

this important protocellular model.

Remarkably, I found for the first time that assembly of long RNA molecules from
shorter fragments via recombination is enabled within phase separated droplets. In the
absence of poly-L-lysine and sufficient Mg?" concentrations, the hairpin ribozyme is in-
active in bulk solution. Droplet formation driven by RNA-peptide interactions provides
an apparent concentration effect therein to enhance both cleavage and ligation reactions
under otherwise identical conditions, shifting the reaction equilibrium from cleavage to-
wards ligation. As a result, this spatial confinement allows for robust assembly of com-
plex ~200 nt products from <30 nt starting fragments, highlighting the potentially wide
range of recombination-driven path towards increasing complexity in primordial systems.
Indeed, the observed rates of ligation are comparable to those in other established con-

[132] and drying!®). This novel finding is

centrating environments such as in eutectic ice
likely due also in part to increased folding of catalytic RNA components and hybridiza-
tion of substrates to the substrate-binding regions of the ribozyme in addition to concen-

tration of reactants.

With currently available modern technologies to probe RNA sequence characteristics

§[133

within individual coacervate droplets!!3?], of particular interest for future experimental

considerations is to reconcile complex coacervation of polyribonucleotides and peptides
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with stable in situ RNA activation towards ribozyme networks. Here, investigating pro-
miscuous catalytic sequences may also prove beneficial for evolving a suite of chemical
reaction catalysts!!313¢] T observed through the work described here that phase-separated
condensate formation and phenotypes are sensitive to proportions of opposing charges;
the zwitterionic state of DAP may facilitate buffering of phase-separated droplet compo-

nents to stabilize the concentrated compartments.

The concept of an RNA-centric emergence of life is widely assumed. The shortest
reported synthetic ribozyme, at just 5 nt, catalyzes aminoacylation of an even shorter 4 nt
RNA substrate!'3”), highlighting the versatility of RNA-based catalytic functions even
from minimal sequences. In contrast to its protein-based cousins, the tolerated environ-
mental range of catalytic RNA is also robust, unaffected by otherwise devastating aggre-
gation and even benefiting from extreme conditions!®”). Molecular fossils such as the ri-
bosome, RNA-based cofactors, and viroids, virus-like pathogenic circular RNAs capable

1381391 also suggest continuity from early replicators to modern

of Darwinian evolution!
biology. Therefore, the origins of feedstock molecules and building blocks have been of
keen interest in the field'*°!. To this end, prebiotically plausible synthesis pathways of

d7s.141-143] ang

conventional RNA polymers and building blocks have been demonstrate
pyrimidine and purine nucleobases alike have been detected in extraterrestrial sources

such as carbonaceous meteorites! 4414,

However, starting materials were likely limited on early Earth and currently observed
nucleobases, ribose, and phosphodiester linkages were likely not the original building
blocks!'*®). Indeed, the advent of proteins dominating the functional role in modern biol-
ogy is regarded by some as a solution to the problematic instability of the polyanionic
RNA backbone in the context of primordial phosphotriester formation!'*”). Therefore,
while RNA provides an accessible, tractable, robust, and relevant model for early life and
enables streamlining experimental design, alternative model prebiotic systems also lend

valuable insight.

For example, the origin of the genetic code and translation system are critical and
difficult problems in the investigations on the origin of life!!*®!4], Indeed, towards the
pinnacle of nascent complexity in an RNA-based world, ancestral replicators may have
been nucleopeptidic entities partly due to the rather straightforward path to modern biol-

ogy!">%. Building on the RNA-peptide interactions that drive constructive processes re-
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ported here, experimentally realizing a self-replicating system that consists of both nu-
cleic acid and peptide where each component can catalyze replication of the other would

lend further support for this notion.

Additionally, a potentially countless number of alternative primitive genetic materials
have been suggested beyond conventional nucleic acids and peptides. Cyclic xeno nucleic
acids, or XNAs, such as hexitol NAs are capable of duplex formation and cross-pairing
with D/RNA' and XNA-based functional enzymes have been selected in vitrol* 134,
Recently, non-enzymatic phosphodiester backbone ligation of L-threoninol XNAs con-

1551 1t is therefore imaginable that prebi-

taining acyclic sugar moieties was demonstrated!
otic soups comprised heterogeneous pools of peptides, conventional nucleic acids, and/or
pre-(deoxy)ribonucleic acids, among other constituents, from which the emergence of
functions not viable from homogenous chemical species was possible!!*8], Further inves-
tigating molecular evolution with particular consideration for heterogeneous feedstocks,
such as nonconventional genetic material, and environments, such as simulated day/night

or wet/dry cycles, is critical to further our understanding of prebiotic systems!®’],

3.2 CONCLUDING REMARKS

Through the work described in this thesis, a small portion of the myriad hurdles that the
first RNA-based systems may have faced towards increasing complexity and function has
been addressed. A prebiotically plausible scenario involving phase-separated droplets
formed from short RNA and simple peptides providing compartmentalization and en-
hanced constructive activity as well as a viable feedstock of activated RNA substrates to
feed such reactions have been described. While further propagation of complexity and
subsequent coevolution of RNA and peptide towards a proto-genetic code system have
yet to be demonstrated, modern technologies and insights in the field perhaps enable a
not-so-distant demonstration. Further investigations into out-of-equilibrium plausible
prebiotic environments allowing for efficient emergent complexity would also be of keen

interest to follow.
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/Abstract: Catalysis by nucleic acids is indispensable for
extant cellular life, and it is widely accepted that nucleic acid
enzymes were crucial for the emergence of primitive life 3.5-
4 billion years ago. However, geochemical conditions on
early Earth must have differed greatly from the constant in-
ternal milieus of today’s cells. In order to explore plausible
scenarios for early molecular evolution, it is therefore essen-
tial to understand how different physicochemical parame-

-

ters, such as temperature, pH, and ionic composition, influ-
ence nucleic acid catalysis and to explore to what extent nu-
cleic acid enzymes can adapt to non-physiological condi-
tions. In this article, we give an overview of the research on
catalysis of nucleic acids, in particular catalytic RNAs (ribo-
zymes) and DNAs (deoxyribozymes), under extreme and/or
unusual conditions that may relate to prebiotic environ-
ments.
/

1. Introduction

The discovery of the catalytic properties of nucleic acids by
Cech and Altman in 1982-83 both redefined biological catalysis
and provided compelling support for origin of life hypotheses
centered around nucleic acid-based information storage and
catalysis, in particular the “RNA world” hypothesis first suggest-
ed by Alexander Rich, in which self-replicating RNA emerged
prior to the evolution of DNA and proteins."™ Despite the
prevalence of the RNA World hypothesis and related conjec-
tures, such as different “pre-RNA” worlds™ and mixed chimeric
systems including, for example, both RNA and DNA,* a key un-
answered question is: under which environmental conditions
did functional nucleic acids emerge and sustain themselves?
Constraining the parameter space of a habitable early Earth is
crucial to understanding the emergence of life. One way of
achieving this is to consider the sensitivity of nucleic acids to
environmental conditions: in what conditions can nucleic acids
survive, and do conditions exist which can potentiate nucleic
acid catalysis? Exploring conditions more exotic than dilute
buffered solutions may yield answers to intractable problems
in origin of life and synthetic biology research.®”

A wide range of catalytic nucleic acids are known today. For
RNA (ribozymes), the most iconic example is the ribosome,®
whose central role in peptide bond formation and thus protein
synthesis designates it the most important ribozyme in
modern biochemistry, and the most obvious “smoking gun” of
an early RNA world predating modern biochemistry. Another
ubiquitous ribozyme that is essential in all free-living organ-
isms is RNAseP, which processes the 5-ends of precursor-
tRNAs.”'? Other prominent examples for ribozymes are small
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RNA-cleaving ribozymes such as the hammerhead (HH) ribo-
zyme!""'? (Figure 1A) and the hairpin (HP) ribozyme™ (Fig-
ure 1B), which catalyze reversible self-cleavage to process the
concatemeric products of rolling circle RNA replication into
linear and circular RNA molecules." A related function is car-
ried out by self-splicing introns,">'® which catalyze their own
excision from messenger, transfer, or ribosomal RNA via two
sequential transesterification reactions of the phosphodiester
backbone. In addition, in vitro selection experiments have re-
vealed that the palette of RNA catalysis is far broader than
these reactions and encompasses RNA ligation,"”'® aminoacyl
transfer, porphyrin metalation”” and C—C bond formation in-
cluding the Diels-Alder reaction,”® Michael addition,”" aldol
condensations® and others,” suggesting that an early me-
tabolism might have been sustained by ribozymes.

While the main function of DNA in biology is the storage of
genetic information, a large number of artificial DNA catalysts
have also been isolated by in vitro selection. These deoxyribo-
zymes, or DNAzymes, catalyze a range of bond forming reac-
tions, including the Diels—Alder reaction,?” Friedel-Crafts reac-
tions,” RNA ligation (2’-5' and 3'-5'),**?”? DNA ligation,*® 5'-
phosphorylation,” adenylation,*” RNA-nucleopeptide link-
age®’ and porphyrin metalation.® The full range of DNA cat-
alysis is reviewed in detail by Hollenstein, and an example of a
RNA cleaving DNAzyme is shown in Figure 1D.¥

Finally, synthetic nucleic acids are also capable of catalysis.
In particular, Taylor et al. selected artificial endonuclease and
ligase enzymes from random pools of arabino nucleic acid
(ANA), 2'-fluoroarabino nucleic acid (FANA), hexitol nucleic acid
(HNA) and cyclohexene nucleic acid (CeNA).2*

While these studies convincingly demonstrate the broad cat-
alytic potential of polynucleotides, they leave open the ques-
tion of whether some of these reactions could have contribut-
ed to early biocatalysis, and whether they are compatible with
the environmental conditions on early Earth.

Since the beginning of the Origin of Life field, great efforts
have been made to determine, or at least constrain, the condi-
tions under which life originated. Definitive answers have been
elusive, due to the extreme timescales under consideration
and the combined uncertainties of when, where and how the
first primitive forms of life emerged. The lack of fossil evidence
of early life, the large number of possible geochemical environ-
ments and the difficulty in determining conditions on early
Earth make this an almost intractable problem for origin of life
researchers, amongst whom there is little consensus on these

© 2019 The Authors. Published by Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 1. Secondary structures of various nucleic acid enzymes, including
the hammerhead ribozyme, hairpin ribozyme, the class | ligase and 8-17
DNAzyme. The hammerhead (A) and hairpin (B) ribozymes catalyze the re-
versible cleavage of the RNA substrate strand shown in yellow (black arrow
indicates cleavage site).*? The class | ligase (C) binds a substrate strand
(yellow) and catalyzes 3" OH nucleophilic attack on its own 5’ triphosphate,
leading to phosphodiester bond formation and release of inorganic pyro-
phosphate.” The 8-17 DNAzyme (D) is a metalloenzyme catalyzing RNA
transesterification in the presence of divalent metal ions.*¥ The substrate
strand is shown in yellow, with the ribonucleotide cleavage site marked in
red.

questions.®**® In light of this, we and others have previously

argued for a flexible approach to the problem, by performing
experiments under relaxed but plausible boundary conditions
and using the results to inform about possible plausible prebi-
otic environments.?’*"
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The many studies that aim to constrain the global climate
and conditions on early Earth allow some experimental boun-
daries to be set: As today, divalent magnesium and calcium
were abundant in the oceans of early Earth. Historical ocean
solute composition is dependent on both pH and reducing po-
tential. Assuming an acidic ocean pH around 4 Ga, hydrogen
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sulfide present in seawater would have created a reducing en-
vironment rich in Fe?", but low in concentrations of free transi-
tion metal and group 12-16 ions due to the formation of in-
soluble sulfide compounds.”>*? Early nucleic acid catalysis may
have relied on Fe’" as a cofactor, until the advent of aerobic
conditions caused the oxidation of Fe?* to Fe’", necessitating
its replacement by Mg”" or other metal ions.*”’ Oceanic pH,
which is driven by atmospheric CO, concentrations, likely rose
monotonically from pH 6.6 in the Hadean era to pH 7.9 by the
Cambrian era.*® However, other studies posit that oceanic pH
in the late Hadean/ early Archean was as low as 3.5-5.4.14%°
Further uncertainty is introduced if we consider that life may
have emerged in the vicinity of a hydrothermal vents, where
local pH may be either very low (pH 2-3) or very high (pH 9-
11), depending on type, rather than in the bulk ocean.”"

Estimates of temperature are more variable, spanning cli-
mates ranging from frozen to near boiling. Oxygen, iron and
silicon isotope studies suggest temperatures of 70°C up until
as late as 3.3 Ga, a theory additionally supported by evidence
of a low viscosity Archean ocean.®*™ However, evidence of a
temperate climate is provided by geological carbon cycle
models and isotope evidence from cherts and sediments.®*=%
Studies of Archean glacial deposits suggest the presence of ice
caps or cold periods during this time,*® and some researchers
argue that in the absence of extreme levels of greenhouse
gases, a glacial Hadean Earth is likely, albeit with intermittent
periods of “fire and brimstone” following major impacts.**

Although these studies provide some useful constraints on
the conditions at the Origin of Life, a broad range of condi-
tions remain feasible. The exact microenvironment in which
the first replicators emerged was likely more significant than
the global conditions at the time. For example, ‘warm little
ponds’ on land would be subject to temperature, composition
and concentration fluctuations due to evaporation and con-
densation driven by day-night cycles,®" eutectic phases in
frozen environments lead to strong solute up-concentration
and significant pH shifts,®® and hydrothermal vents provide
extreme temperature and pH gradients.®" Any of these envi-
ronments might provide shelter from adverse conditions such
as UV radiation, the surface intensity of which was several
orders of magnitude higher than today.®®

In this focus review, we will explore the range of conditions
under which nucleic acid catalysis is possible, highlighting how
nucleic acids can adapt to extreme conditions, and how these
conditions can both support and potentiate function. In order
to understand the emergence of life, we must understand the
environmental factors that would have acted upon the first
functional nucleic acids, for example, in an RNA, proto-RNA or
mixed nucleic acid world scenario. In addition, many nucleic
acid enzymes catalyze industrially relevant processes and, as
such, challenging conditions may be required to increase reac-
tion rates, shift reaction equilibria or improve substrate or
product solubility. In both cases, reaction conditions may devi-
ate strongly from in vivo or typical in vitro environments.
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2. The role of metal ions in nucleic acid folding
and catalysis

2.1. Folding of nucleic acids

The range of conditions in which catalytic nucleic acids are
functional is largely determined by the mechanism by which
nucleic acids can fold into catalytically active three-dimensional
structures. Nucleic acid folding differs to that of proteins,
which in many cases tend to fold via rapid, cooperative two-
state thermodynamic transitions, with no detectable intermedi-
ate structures.®” Nucleic acid chain compaction is driven by
ion-mediated electrostatic interaction, conformational entropy,
base pairing, base stacking, and noncanonical interactions.®> %
Compared to proteins, the folding energy landscape of nucleic
acids is convoluted due to the high number of competing, en-
ergetically similar folding states, and nucleic acid molecules
tend to adopt a range of conformations in solution.*”*® The
highly charged polyanionic backbone of nucleic acids usually
prevents the irreversible aggregation of misfolded molecules.
This means that, whilst activity may be lowered by adverse en-
vironmental conditions due to the presence of inactive or
poorly active conformers, catalysis can occur under a broad
range of environmental conditions. Consequently, conditions
that promote folding and the formation of active conforma-
tions are of particular interest, as they may directly improve
the catalytic activity of nucleic acid enzymes.

2.1. Modes of metal ion—nucleic acid interaction

A key variable determining nucleic acid folding and activity is
the presence of counterions, which help to overcome the
charge repulsion from the polyphosphate backbone during
compaction. For RNA, the most relevant cations under in vivo
conditions are Mg?* and K", both of which interact with RNA
predominantly through electrostatic forces.®™ In particular,
Mg®* ions enable the formation of complex folds that allow
nucleic acids to stabilize specific structures, recognize binding
partners and mediate catalytic processes.”*”® Generally, inter-
acting Mg®" can be divided into two populations (Figure 2):
diffusive ions, which surround the RNA as an ensemble of hy-
drated ions that are non-specifically attracted to the negative
charge of the RNA, and a much smaller group of partially des-
olvated ions, which bind to specific electronegative sites on
the RNA itself.’ Whilst these specific metal ion-RNA interac-
tions mostly contribute to the conformational specificity of an
RNA structure (and thus in many cases to the active conforma-
tion of nucleic acid enzymes), diffusive ion-RNA interactions
contribute most to the thermodynamic stabilization of the
overall RNA fold.”

2.2. Impact of metal ions on nucleic acid catalysis

Given that magnesium is the seventh most abundant element
in the Earth’s crust, and that the Mg** ion is the second most
abundant cation (55 mm) in sea water after Na*, it is conceiva-
ble that similar Mg?" concentrations were present in an Arche-
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Figure 2. Schematic depicting dependence of RNA folding and hydrolysis on
divalent metal ion concentration. Under aqueous conditions, divalent metal
jons (in particular Mg>* and Mn*") can enhance RNA folding by both diffuse
binding and site-specific binding (highlighted in blue). In diffuse binding, hy-
drated Mg”" ions interact nonspecifically with the nucleic acid via long-
range electrostatic interactions. In site binding, dehydrated or partially dehy-
drated Mg?* ions (highlighted in blue) interact specifically with anionic bind-
ing sites, which are formed by the RNA fold to act as coordinating ligands
for the metal ion. At high M** concentrations, metal ion catalysis leads to in-
creased RNA hydrolysis.

an ocean,”® or at varying levels in potential RNA world fresh-

water environments. However, many other mono-, di- and
polyvalent ions can also drive the folding of RNA (and other
nucleic acids), including Mn**, Ca®>*, Fe’", Sr*™, Ba**, Na® and
polyamines.®®””78 The jon concentrations required to achieve
RNA folding vary between the different ion types, as their
charge density and excluded volume largely determine the
strength of the coulombic RNA-ion interaction and thus the
overall compactness of the folded nucleic acid.”® For example,
the Tetrahymena group | ribozyme, which was derived from a
self-splicing Tetrahymena preribosomal RNA and catalyzes a re-
action mimicking the first step of splicing,” requires micromo-
lar concentrations of trivalent cations, millimolar concentra-
tions of divalent ions but near-molar concentrations of mono-
valent ions for folding.” However, although the Tetrahymena
group | ribozyme folds into a native-like state in the presence
of various counterions, folding of the catalytically active state
requires site-specific binding of Mg®* or Mn?* .

All of the larger natural RNA enzymes, such as RNAseP
and the various self-splicing introns,">'® depend on site-specif-
ic metal ion cofactors for chemical reactivity. Likewise, the vari-
ous artificial RNA ligase and polymerase ribozymes, which rely
on nucleoside triphosphate activation chemistry, are strict met-
alloenzymes with only poor tolerance towards metal ions
other than Mgt In view of this, it is quite surprising that
modern intracellular conditions are somewhat challenging for
nucleic acid folding and activity due to low free Mg?* concen-
trations of approximately 1 mm.®" The need for higher levels
of free Mg?" in vivo is alleviated by the presence of RNA chap-
erone proteins, which promote RNA folding and annealing.*”
The dependence on intracellular protein co-factors is well illus-
trated by RNAse P: at low ionic strength, the protein compo-
nent of this complex is essential for activity in vivo and in
vitro.®*%! However, the RNA itself is active in vitro in the pres-
ence of 60 mm MgCl,."” The high divalent ion concentration re-
quired for RNA-only catalysis in vitro emphasizes that charge
screening by either salt or the protein component is essential
for folding and activity. Nevertheless, optimal conditions are
highly dependent on the catalytic system in question. For ex-

[9,10]
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ample, the family of group Il introns has a broad tolerance for
Mg?* concentrations and near-optimal activity occurs between
0.1 to 100 mwm in vitro.®¥

Like ribozymes, DNAzymes use diffuse electrostatic and spe-
cific metal ion interactions for activity and folding. Notably, the
high stability, cost-effective production, and easy chemical
modification of DNA has enabled the systematic selection of a
large number of DNAzymes and aptamers capable of selective
metal ion detection. These DNAs can bind to and distinguish
between an impressive range of species, including alkali metal
ions, alkaline earth metal ions, transition metals, noble metals,
post-transition metal ions and lanthanide and actinide ions for
catalysis.®

It should be mentioned that non-metallic ions can also sup-
port folding of nucleic acids into active conformations. For ex-
ample, polyamines can aid RNA folding; the required MgCl,
concentration for RNAseP RNA folding and activity is reduced
from 60 mm to 10 mm in the presence of 1 mm spermidine.”
However, enhancements in folding are dependent on the char-
acteristics of the polyamine counterion. Longer polyamines de-
stabilize folded structures due to excluded volume effects,
which can prevent a complete folding transition to the native
state even under usually favorable folding conditions.””

Lanthanides (Ln*") are also of interest, as their interactions
with nucleic acids are very different from typical divalent metal
ions due to their unusual coordination chemistry. In particular,
the absence of a strong ligand field allows for a high degree of
structural diversity in lanthanide complexes, as ligands alone
dictate the symmetry and coordination of complexes.®™® As a
result, lanthanides not only show a high affinity to the phos-
phate backbone of nucleic acids due to their high charge den-
sity (typically only um concentrations are required for binding),
but they can also directly interact with the nucleobase moiet-
ies.®”) Because of these unusual properties, the impact of lan-
thanides on nucleic acid catalysis is rather diverse: Ln*" ions
can accelerate a small Pb*"-dependent ribozyme called the
leadzyme,® yet they inhibit the hammerhead® and hairpin®”
ribozymes, and the RNA-cleaving 8-17 DNAzyme.® In addi-
tion, several strictly Ln*"-dependent RNA-cleaving DNAzymes
were discovered by in vitro selection experiments,”*® sug-
gesting that nucleic acid enzymes can directly harness the
Lewis acid character of lanthanides for catalysis (Figure 3). To
the best of our knowledge, Ln**-specific ribozymes have not
yet been described in literature, and at a first glance rare earth
metals have little relevance for origin of life scenarios due to
their low aqueous solubility. However, low concentrations of
lanthanides are available, for example, under hot acidic condi-
tions in volcanic mudpots, and Ln*" ions are essential under
these conditions for some acidophilic microbes that use meth-
ane as an energy source.”® This raises the possibility that pre-
biotic systems relying on nucleic acid catalysis may have been
able to harness lanthanides for certain reactions.

2.2. Metal ion induced hydrolysis

While metal ions assist nucleic acid folding and catalysis in
many cases, they are often also a threat to the chemical integ-
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Figure 3. Various modes of interaction between metal ions and RNA during
RNA cleavage. The reaction proceeds via a trigonal bipyramidal transition
state. The rate of reaction can be accelerated by Lewis acid stabilization of
the leaving 3’ oxygen (A), facilitating the deprotonation of the attacking
oxygen nucleophile (B), coordination of non-bridging oxygens (C) or coordi-
nation of a non-bridging oxygen in addition to the nucleophile (D), which
promotes a favorable in-line geometry for nucleophilic attack. The stabilizing
metal ion and attacking base are shown in red and blue, respectively. Adapt-
ed from Forconi et al. and Frederiksen et al.!'* %

rity of RNA (Figure 2);®”" heavy metal ions such as Eu®", La®"
and Tb®", Pb?*, and Zn** catalyze rapid RNA cleavage in aque-
ous solutions.””*® zZn?* is only about 4% as active as Pb*",
and other metal ions such as Cd**, Mn?", Cu®>* or Mg*" cata-
lyze degradation one to two orders of magnitude slower than
Zn*" " However, at elevated temperatures and/or high ion
concentrations, these seemingly weak catalysts (including
Mg?") can reduce RNA half-lives down to minutes."® This
means that environments with a high concentration of Mg®*
and high temperatures, such as hydrothermal vents, are un-
suitable settings for RNA-based scenarios of molecular evolu-
tion. Likewise, free Ln*" ions are highly nucleolytic under basic
conditions, as their ions form multinuclear complexes and
cleave RNA nonspecifically at low mm concentrations with a
rate acceleration as large as 10°-10'*fold."®"” DNA is much
more resistant towards metal ion-induced scission, and re-
quires additional DNA-binding delivery agents for efficient
cleavage under mild aqueous conditions."®® A notable excep-
tion is the ability of Ce" to accelerate DNA hydrolysis up to
10"-fold under neutral conditions, reducing the half-life of the
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phosphodiester linkage in DNA from millions of years down to
a few hours.""

Possible modes of metal ion-catalyzed nucleic acid hydroly-
sis include Lewis acid catalysis, Brensted base catalysis, nucleo-
philic catalysis by metal-bound hydroxides and simple electro-
static stabilization of transition states by positively charged
metal ions (Figure 3). The individual mechanisms of each metal
ion class are still the subject of some debate and go beyond
the focus of this review, but are discussed in excellent detail
elsewhere.“‘””“""‘”

Facing the threat of degradation by metal ions, in particular
in the case of RNA, it is interesting from a prebiotic perspective
that a number of nucleic acids are capable of efficient catalysis
without divalent metal ions. In particular, several families of
small nucleolytic ribozymes reversibly catalyze metal-independ-
ent and site-specific cleavage/ ligation of the RNA backbone,
and can accelerate this reaction by approximately a million-
fold using general acid base catalysis."® Similarly, purely Na*
-dependent DNAzymes were isolated by targeted in vitro se-
lection.l'%'%71 Some of these (deoxy-)ribozymes will be dis-
cussed later in more detail, as they are compatible with a wide
range of conditions.

2.3. Prebiotic alternatives to Mg>*

Of the various ions that can replace Mg?™ during nucleic acid
folding and catalysis, Fe’" is of great prebiotic interest as it
was likely to be highly abundant on Earth before the advent of
photosynthesis.®" Fe?" was speculated to be present in micro-
to low millimolar quantities during early Archean Earth.®" Such
concentrations are sufficient to replace Mg”>" during RNA
cleavage catalyzed by several DNAzymes.'™ As discussed in
section 3, Fe’™ was used during pH-dependent selection for
RNA-cleaving ribozymes, where it enabled the discovery of
novel catalytic motifs that are absent in typical selections
using Mg?".""% Intriguingly, Hsiao et al. showed that substitut-
ing Mg?* with Fe?™ in an anoxic environment enabled various
natural RNAs, such as tRNA or ribosomal RNA, to catalyze
single-electron transfer reactions, which are typically limited to
cofactor-dependent protein enzymes.""” Thus, RNA might have
catalyzed different electron transfer reactions, which are a pre-
requisite for metabolic activity, before the rise of oxygen levels.

Zn®" has also been proposed as a key divalent transition
metal ion in prebiotic chemistry.""? In this “Zinc World” hy-
pothesis, porous and photoactive structures comprised of ZnS
provided the substrate upon which CO, reduction and biomo-
lecular polymerization occurred, driven by UV light. Indeed,
Zn’" can substitute Mg®>" as the only divalent metal ion
during RNAseP catalysis, but only in the presence of high con-
centrations of ammonium salts.""® Zn?* was also shown to be
strongly beneficial for DNA-catalyzed DNA cleavage. The artifi-
cial deoxyribozyme 10MD5 is a bimetallic metalloenzyme (anal-
ogous to many protein DNA endonucleases) that catalyzes the
Mn?*/Zn*"-dependent DNA phosphodiester bond hydrolysis
with at least a 10'>fold rate enhancement.™ In a follow-up
study, Silverman and co-workers demonstrated that only two
base substitutions were necessary to alter T0MD5 from hetero-
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bimetallic to a purely Zn’"-dependent monometallic DNA-
zyme."™ Later, even faster and smaller deoxyribozymes which
require Zn’>" alone for catalysis were identified by in vitro se-
lection.["®

In summary, the availability of metal ions such as magnesi-
um was most likely not a critical factor for early nucleic acid
enzymes (especially ribozymes). However, it is possible that
Fe’" ions in particular extended the catalytic properties of ri-
bozymes under the anoxic conditions of the late Hadean and
early Archean. Further research in this field could uncover new,
unexpected catalytic nucleic acids that increase the plausibility
of an early metabolism mediated by nucleic acids.

3. The influence of pH on folding and catalysis
3.1. Potential pH values in prebiotic settings

Another crucial physicochemical parameter for early nucleic
acid catalysis and stability is pH. Estimates of environmental
pH on early Earth are largely hypothetical (see introduction),
but most evidence suggests that oceanic pH was initially acidic
(pH 6.6, or lower®>”) The theory that early molecular evolu-
tion originated at alkaline (pH 9-11) hydrothermal vents, simi-
lar to the modern Lost City systems, has a number of propo-
nents, but is difficult to reconcile with an RNA-based origin
due to the inherent lability of RNA to alkaline hydrolysis, which
occurs above pH 6 and is strongly accelerated by higher tem-
peratures and divalent metal ions (Figure 4)."°"” RNA is most
stable at pH 4-5 with significant acid hydrolysis not occurring
until below pH 2. Thus, more acidic vent types such as acidic
volcanic lakes or comet ponds are credible early scenarios for
RNA formation and catalysis.”"

DNA is less stable than RNA under acidic conditions due to
increased depurination below pH 3,/ but is more resistant
to basic conditions as it does not possess the 2'-OH group re-
quired for base-catalyzed hydrolysis. A DNA-later scenario
could therefore be in agreement with a gradual increase of en-
vironmental pH over time. Indeed, high CO, levels in the
Hadean era may have led to a variety of acidic aqueous envi-
ronments,”*” and the slow transition from acidic to slightly al-
kaline oceans could have driven the later emergence of the
more stable DNA-based systems 8120121

3.2. The impact of pH on nucleic acid catalysis.

The direct effect of pH on catalysis is inherently dependent on
the type and mechanism of the reaction. Catalysis by nucleic
acids can occur via transition state stabilization (e.g. by hydro-
gen bonding or electrostatic stabilization), general acid and/or
base catalysis (i.e. by enhancing the nucleophilicity of attacking
groups by deprotonation or by stabilizing leaving groups by
protonation), or by facilitating active conformational states
such as the formation of an in-line transition state during nu-
cleophilic attack."?? For example, the reversible RNA cleavage
reaction catalyzed by small nucleolytic ribozymes, which is
based on the nucleophilic attack of an 02" on an adjacent
phosphorus atom, is in most ribozymes accelerated by general
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Figure 4. The impact of pH on RNA/ DNA stability. A) lllustration of RNA and
DNA stability in different pH ranges. At acidic pH <2, RNA is prone to hy-
drolysis, whereas DNA is more susceptible to depurination. At basic pH, the
phosphodiester backbone of RNA hydrolyses rapidly, whereas DNA remains
stable. B) Relative rate of RNA hydrolysis with respect to pH. Shown is an il-
lustrative pH-rate profile for the cleavage of 3',5-UpU at 90°C based on the
data reported by Jarvinen et al."*"

acid-base catalysis.'” Here, two ionizable groups stabilize the
developing negative and positive charges during the reaction
by partial proton transfer in the trigonal bipyramidal phos-
phorane transition state of the reaction (Figure 5).'**'* Typi-
cally, optimal proton transfer in enzymes requires functional
groups with a pK, in the neutral range."* However, the free
form of the four canonical nucleobases have pK, values far
from neutrality and are therefore suboptimal for general acid-
base catalysis."* In some ribozymes, the local molecular envi-
ronment can cause a considerable shift in the pK, of both gen-
eral acid and base towards neutrality, a similar effect to that
found in some proteins."?"'? |f both ionizable groups are suf-
ficiently perturbed, the pH dependence of catalytic rates
shows a “bell-shaped” pH rate profile, where the rates are max-
imal around pH 7.1 |n other cases, such as for the hairpin
(HP) ribozyme, the rates of RNA cleavage (and ligation) in-
crease up to pH 7, but plateau at higher values due to the
high pK, of N1 in the catalytically active guanosine base."*”
Generally, the acid-base mechanism employed by small ribo-
zymes makes them robust towards changes in pH and enables
significant cleavage and ligation activity at pH >6. However,
the rate enhancement is limited by the small fraction of ribo-
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Figure 5. Mechanism of general acid/base-catalyzed RNA phosphodiester cleavage and li-
gation. General acid-base RNA cleavage and ligation catalyzed by nucleolytic ribozymes.
In the cleavage reaction (here, a scissile bond between A and G), the 2’-O attacks the 3'-
P in an SN2 process (left). This leads to the formation of a trigonal bipyramidal phosphor-
ane that is probably close to the transition state (middle). Concurrent breaking of the
bond to the 5'-O leads to a cyclic 2',3" phosphate and 5-O products. In the ligation reac-
tion, the 5-O nucleophile attacks the P of the cyclic phosphate. A general base (X) assist-
ing in the removal of the proton from the 2"-OH, and a general acid (Y) protonating the
5'-0-oxyanion leaving group catalyze the cleavage reaction. In the reverse ligation reac-

tion, X and Y act as general acid and base, respectively.

zymes that, on average, have the correct ionization state for
general acid-base catalyzed cleavage (typically 1 in 10° to 10°
ribozymes for the HP ribozyme at neutral pH"??). For the re-
verse ligation reaction the inverse ionization state is more fa-
vored, but the resulting rates are offset by a low k., due to
the low reactivity of the neutral base moieties.'*!

The phosphotransfer reactions of large metalloribozymes
such as self-splicing introns,!*'*! RNAseP and artificial ligases
that make use of triphosphate activation chemistry, show a
log-linear relationship between the rate of the chemical step
and pH."* This is typical for a reaction mechanism involving a
pre-equilibrium loss of a proton from a hydroxyl group before
in-line nucleophilic attack. Likewise, most RNA-cleaving deoxy-
ribozymes have a log-linear dependence of rate on pH with a
slope near unity, "3 which is also consistent with the require-
ment for a single deprotonation event during the reaction.

pH levels also have an important effect on nucleic acid base
pairing, as the protonation state of nucleobases dictates their
ability to form hydrogen bonds. In particular, at low pH most
nucleic acids are denatured (or at least destabilized) due to the
protonation of G-C base pairs and resultant Hoogsteen base
pair formation.”" While this mechanism is detrimental for nu-
cleic acid folding, for example, of active ribozymes, environ-
mental pH cycles or gradients™® may have lowered DNA and
RNA duplex melting temperatures, and therefore facilitated
non-enzymatic and enzymatic copying reactions."*” Further-
more, non-canonical A—C and C—C base pairs have been
shown to occur under mildly acidic conditions, with A—C base
pairs at pH 5 reaching the stability of A—U and G—U base pairs
under neutral conditions.®® Thus, different pH regimes can
enable the exploration of structural motifs and thus catalytic
sequences that are otherwise inaccessible at neutral pH.
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3.3. In vitro selection of nucleic acids catalysts
under non-physiological pH conditions

Indeed, in vitro selection experiments have shown
that nucleic acids can be readily evolved towards im-

Gild proved catalysis at lower pH where the chemical sta-

bility of the RNA backbone is strongly increased. For
example, a de novo selection of self-cleaving ribo-
zymes at low pH resulted in a variant that showed
pH-dependent kinetics with an optimum of around
pH 4.%% Another study by Popovi¢ et al. investigated
the effects of both pH and divalent cations on the
isolation of self-cleaving RNA in iterative in vitro se-
lection experiments from random libraries."® De-
pending on pH, and whether Mg*>" or Fe** was in-
cluded as the divalent metal ion during selection, dif-
ferent sequences and secondary structure motifs
were isolated. Neutral pH in the presence of Fe*" led
to the selection of hammerhead (HH)-like motifs,
whilst at pH 5 a variety of previously unknown motifs
were discovered and the abundance of HH motifs dropped to
less than 0.1%. Thus, both pH and substitutions between Fe?"
and Mg’" strongly influence the relative fitness of different
motifs.

Short RNA-cleaving DNAzymes have also been evolved to
function in trans at low pH. The reaction proceeds optimally at
pH of 4-4.5 in the absence of Mg?", demonstrating that low
pH can facilitate the Mg”*-free cleavage of RNA by a DNA-
zyme." Moreover, of the 20 clones sampled after selection,
14 did not share extensive sequence similarities, suggesting
that the catalysis of the cleavage reaction at low pH has differ-
ent or relaxed sequence requirements.

Ligation reactions represent an important catalytic function,
for example, for nucleic acid self-replication.™" Consequently,
RNA ligases have also been evolved to function at acidic pH.
For example, random mutagenesis of a derivative of the tri-
phosphate-dependent class | RNA ligase ribozyme (Figure 1C),
followed by four rounds of evolution of the randomized pool
under acidic pH, allowed for the selection of clones that func-
tion optimally at pH 4 instead of at neutral conditions."*? Addi-
tional mutagenesis of the selected ribozyme further enhanced
the rate of ligation by 8000-fold."* Kiihne and Joyce imple-
mented a continuous in vitro evolution strategy to progres-
sively decrease or increase the optimal pH of the class | ligase
ribozyme, beginning with an optimal pH of 8.5." The result
was two highly active class | ribozyme variants with only very
few mutations that shifted the optimal pH to either pH 5.8 or
9.8.

Early peptide synthesis and even translation may have also
occurred over a broad pH range. The peptidyltransfer reaction
that takes place at the heart of the ribosome does not involve
acid-base catalysis and so is relatively pH-insensitive."* A con-
siderable decrease in peptide bond formation is observed only
at pH < 6.5 due to inactivation of the attacking amino group of
the A-site aa-tRNA by protonation.™®'” Notably, the activation
of amino acids by aminoacetylation, a key step in protein bio-
synthesis, can also be catalyzed by RNA under acidic condi-
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tions: Kumar et al. reported the selection of a calcium-depen-
dent ribozyme capable of activating amino acids in this
manner, with an optimal of pH 4.0-4.5.1%%

4. Heat tolerance of nucleic acid catalysis

Temperature is a further critical parameter in nucleic acid catal-
ysis and stability (Figure 6). As for proteins, reaction rates in-
crease with increasing temperature, until the point at which
activity falls due to denaturation. In the absence of magnesi-
um, the duplex melting temperature (T,,) of nucleic acids is
sufficiently low to reduce the catalytic potential at even slight-
ly elevated temperatures. In addition, the faster reaction kinet-
ics at elevated temperatures are offset by the increasing rate
of phosphodiester hydrolysis, especially in the presence of di-
valent metal cations such as magnesium as discussed above,
which prevents sustained catalysis.
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Figure 6. Stability of (deoxy-)ribozymes with increasing temperature. In
aqueous environments, low and moderate temperatures support folding of
typical secondary and tertiary DNA and RNA structures. Higher temperatures
generally support the reversible melting and the resulting formation of un-
folded single-stranded nucleic acids. However, the individual melting points
and pathways are strongly dependent on the overall number and strength
of tertiary and secondary interactions, as well as the concentration of coun-
ter-ions. Generally, hybridization of RNA is stronger than that of DNA. High
temperatures also increase the rate of spontaneous and irreversible RNA
backbone hydrolysis, which is typically not the case for DNA.

4.1. Prebiotic temperatures and thermophilic RNAs

Temperature estimations of the early Earth are a matter of
debate. Several lines of evidence exist that support a hot cli-
mate during the Archean eon, 4 to 2.5 billion years ago, by
which point the Earth’s crust is thought to have cooled suffi-
ciently to allow for the dawn of life. Based on oxygen and sili-
con isotope analyses in sedimentary rocks,®***"*¥ turbidity cur-
rent deposits that suggest a possible low viscosity ancient
ocean,” and the progressively decreasing thermostabilities of
resurrected ancestral proteins,"*” Archean surface seawater
temperatures have been interpreted to range between 60°C
and 80°C. In contrast, temperatures below 40°C at the surface
have also been proposed based on evidence including deuteri-
um and phosphate isotope analyses,*®*” and Archean glacial
deposits suggest the presence of ice caps.*® Indeed, more
recent 3D climate-carbon models by Charnay etal. predict
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global mean temperatures between around 8°C (281 K) and
30°C (303 K) 3.8 billion years ago, suggesting that cold and
even frozen environments may have been present on early
Earth."*" Hydrothermal vent temperatures are highly variable,
with gradients from the hot interior (>350°C) to much colder
seawater (or surrounding surface freshwater).®" This precludes
the occurrence of biochemical processes on or near to the sur-
face of the vent, particularly given that the function of typical
mesophilic nucleic acid enzymes is lost above ~70°C, but con-
ditions in the immediate surroundings may have been rather
more amenable.

Despite the temperature sensitivity of RNA, living systems
have adapted to survive at extreme temperatures. Comparison
of homologous ribozymes in mesophilic and thermophilic or-
ganisms reveals how sequence adaptations can lead to higher
temperature stability. A study on RNase P homologs in meso-
philic and thermophilic bacteria by Pan etal. observed that
folding was more cooperative for thermophilic RNA, and the
folding pathway proceeded via a different set of intermediate
structures despite the high similarity of the final states."* Fur-
ther work revealed that the thermophilic homolog possesses
several mutations that increase its stability by increasing GC
content and eliminating non-canonical base pairs."™ In addi-
tion, insertions in diverse motifs throughout the thermophilic
homolog structure increase tertiary interactions and folding co-
operativity while creating a more densely packed core.

4.2, In vitro selection of thermophilic nucleic acid enzymes

Several reports focusing on heat adaptation of nucleic acid en-
zymes to higher temperatures have been published. Guo et al.
used directed evolution to select for thermally stable variants
of the Tetrahymena ribozyme!™ A family of temperature
stable variants were identified, which were slower than the
original ribozyme but had 10.5°C higher melting temperatures.
Whilst the consensus sequence of this family contained nine
point mutations, only one served to strengthen the helical sec-
ondary structure. The remaining 8 mutations increased tertiary
interactions between adjacent motifs, thus improving the
packing of the ribozyme structure and presumably favoring
active conformations.

Saksmerprome et al. discovered highly thermostable variants
of the HH ribozyme."* Through in vitro selection, two groups
of minimal HH ribozymes were isolated that exhibited trans
catalytic activity at elevated temperatures due to strong terti-
ary interactions between terminal loops and internal bulges
that strengthen ribozyme folding and ribozyme-substrate bind-
ing. High thermal stability may also be achieved without dedi-
cated selection experiments: Vazquez-Tello etal. discovered
that the SMal HH ribozyme found in the human parasite
Schistosoma mansoni HH ribozyme is most active at ~70°C in
vitro without additional sequence optimizations."* Moreover,
the same ribozyme can also be successfully cloned and ex-
pressed in the thermophile Thermus thermophilus where it cat-
alyzes efficient cis- and trans- cleavage of mRNA in vivo at
temperatures up to 80°C. In this case, temperature modulates
the rate limiting steps of the reaction: at 37°C, catalysis is lim-
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ited by substrate dissociation, whereas at high temperature
RNA degradation, ribozyme-substrate association, and secon-
dary structure denaturation limit activity.

DNAzymes capable of high temperature catalysis have also
been obtained by in vitro selection. Nelson et al. selected a
range of Zn’*-dependent RNA-cleaving DNAzymes with activi-
ty at 90°C."*" The selected sequences share little sequence
similarity with other metal dependent DNAzymes, and only
slightly enhance cleavage above background levels. Interest-
ingly, no secondary structural features are predicted in the se-
lected sequences at 90°C, implying that the DNAzyme is capa-
ble of binding Zn?’" and maintaining catalysis with minimal
secondary structure.

These studies demonstrate that the catalysis of nucleic acids
can be retained at elevated temperatures. Temperature adapta-
tion in ribozymes is generally achieved through additional
RNA-RNA interactions stabilizing both the catalytically active
conformation and RNA-substrate interactions, allowing activity
to be sustained up to 80°C. These adaptive mechanisms may
generally also decrease the M?" dependency of nucleic acid
folding and catalysis, which, in the case of RNA, helps to
reduce degradation. More work investigating the stabilization
of more primitive, short ribozyme systems is required to exam-
ine the range of temperatures that permit the emergence or
even self-replication of functional RNAs at increased tempera-
tures. DNA is more resistant to degradation than RNA, so se-
lected DNAzymes can operate at up to 90°C by relying on
metal cofactor binding rather than the maintenance of a well-
folded active site. It is as yet unknown whether such systems
are limited to simple reactions such as substrate cleavage.

5. Pressure as a modulator of nucleic acid
catalysis

In addition to temperature and pH, hydrostatic pressure is also
a potentially important environmental factor when considering
oceanic or subterranean origins of life. High-pressure condi-
tions are typically defined as 10 MPa or greater, corresponding
to a water depth of 1000 m or more. 88% of the volume of
modern oceans may be considered high pressure, with an
average pressure of 38 MPa and a maximum on the abyssal
plane of 110 MPa."*® Thus, any model of abiogenesis that in-
cludes deep-sea vents must account for hydrostatic pressure,
which often has profound effects on biological systems by
changing the balance of intermolecular interactions. Long-
range interactions such as Van der Waals forces and salt
bridges become weaker under compression, and shorter inter-
actions such as hydrogen bonds are favored. Under pressure,
systems shift towards low volume states in accordance with Le
Chatelier’s principle. In proteins, dissociation and unfolding is
associated with a large negative volume change (—30 to
—110 mLmol™"), whilst the DNA double helix dissociation has a
positive AV of 1-5 mLmol "."**7'%" This leads to dissociation
and unfolding of protein systems as hydrophobic surfaces
become hydrated, but nucleic acid structures that are depen-
dent on hydrogen bonding are stabilized. The double helical
forms of DNA and RNA are typically stabilized by pressure,
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with a concomitant increase in melting temperature and no
major structural changes other than slight structural distortion
due to compression of hydrogen bonding interactions."s%'®
The stabilizing effect is dependent on solution ionic strength
and T,,, with duplexes that melt below 50 °C being destabilized
by pressure and those melt above 50°C being stabilized."*"
Certain non-canonical nucleic acid structures, such as the DNA
G quadruplex, exhibit negative AVs and melt under pres-
sure 161

RNA structures are also remarkably stable under high hydro-
static pressure: few structural changes are observed in tRNA™™
up to 1 GPa."® Some RNA structures, such duplexes consisting
of A-U base pairs, are slightly destabilized by pressure, and
more critically the formation of tertiary interactions and
docked conformations required for ribozyme catalysis may be
disfavored due to positive activation volumes.'®' |ndeed,
the observed rate of cleavage (k,,,) and overall equilibrium
constant of HP ribozyme self-cleavage decreases with increas-
ing pressure.'®®'®1 However, despite the overall retardation of
the reaction, the actual self-cleavage step is accelerated by hy-
drostatic pressure and the decrease in rate is attributed to the
positive activation volume of docking between catalytic
loops."®® The overall yields of RNA strand cleavage by certain
hairpin (HH) ribozymes are improved by high hydrostatic pres-
sure, which can even potentiate catalysis in the absence of the
Mg?" typically required for cleavage under ambient pres-
sure.'%77% Whilst the hammerhead (HH) ribozyme also has a
positive activation volume associated with a transition to an
active conformation (although significantly smaller than for HP
ribozyme), no observable AV is associated with the cleavage
reaction itself."”" Molecular dynamics simulations have demon-
strated that enhanced hydrogen bonding interactions in the
core of the HP and HH ribozymes are responsible for an en-
hancement in the rate of cleavage under hydrostatic pres-
sure.l'”? The effect of hydrostatic pressure appears to extend
to deoxyribozyme catalysis: the 10-23 DNAzyme was shown
to be active under pressure in the absence of magnesium,
albeit with reduced overall yield."®”

These studies demonstrate that hydrostatic pressure can
promote nucleic folding and compensate for a lack of magne-
sium in certain nucleic acid catalysts. The increase in melting
temperature associated with pressurization could permit in-
creased reaction temperatures for weakly folding systems, and
be used to avoid Mg®"-catalyzed degradation of RNA. When
considering undersea environments, the resistance of nucleic
acid to pressure-induced denaturation lends support to a nu-
cleic acid-based origin of life, especially when considering the
drastic effect of such conditions on protein folding.

6. Activity enhancement by freezing, evapora-
tion and presence of organic solvents

Apart from the typical physicochemical parameters such as
pressure, ionic conditions, pH and temperature described
above, more exotic environmental conditions can strongly in-
fluence nucleic acid catalysis. A notable example is the extraor-
dinary effect of dehydrating conditions on ribozyme and deox-
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yribozyme catalysis induced by freezing, evaporation, or the
presence of organic solvents.

6.1. Freezing and dehydration induced ribozyme catalysis

The discovery that freezing or evaporation can enhance or
even trigger ribozyme catalysis was serendipitous. The first re-
ports of (undesired) HH ribozyme activity at sub-zero tempera-
tures came from investigations of the autocatalytic processing
of dimeric tobacco ringspot virus satellite RNA (STobRV RNA)
by Prody et al." The authors reported difficulties during long-
term storage of dimeric STobRV RNA due to self-processing
into monomers during one week of storage of the RNA at
—20°C as a precipitate in 67 % ethanol. Similar observations of
“unwelcome” RNA cleavage in hairpin ribozyme/yeast-mRNA
constructs during repeated freezing and thawing were later
also reported by Donahue and Fedor."”? The first systematic
investigation of this effect was carried out in 1998 by Kazakov
etal., who reported efficient freezing-induced self-ligation of
the hairpin (HP) ribozyme even in absence of divalent metal
ions such as Mg”", which are usually indispensable for catalysis
in low-salt conditions.”" Kazakov and his co-workers later ex-
panded their work, and showed that alcohol-induced dehydra-
tion and simple evaporation also induced M?"-independent
RNA ligation by HP ribozymes in both trans and in cis, while
disfavoring the reverse cleavage reaction."’>'””! While divalent
metal ions were irrelevant for the freezing-induced ligation,
monovalent ions had a strong impact on ligation yields. In par-
ticular, sodium salts of acetate-phosphate-borate mixtures,
EDTA, and acetate/LiCl led to increased ligation yields.

A first conjecture as to why monovalent salts are important
for HP ribozyme catalysis under frozen conditions is provided
by previous studies, which have shown that the absence of
M?* can be compensated by high concentrations (>1.5m) of
monovalent cations."”® As already discussed above, several of
the small nucleolytic ribozymes such as the HP, HH and VS ri-
bozymes are not obligate metalloenzymes (i.e. metal ions are
not involved directly in catalysis) but rely on nucleotide-medi-
ated general acid base catalysis. M?™ ions in dilute aqueous so-
lution are still vital for tertiary RNA folding and stabilization of
the active conformation."”*™” The high concentrations of
monovalent cations required to substitute for divalent metal
ions are readily available in the aqueous phase of water-ice
mixtures at temperatures above the eutectic point, in which
the crystallization of nearly pure water crystals highly concen-
trates the remaining aqueous phase (Figure 7).1'®"

The activation of the HP ribozyme by the high salt concen-
tration in eutectic brine does not at first seem to explain the
alcohol-induced activation of catalysis, since the typical alcohol
concentrations used to trigger ribozyme catalysis are not suffi-
cient to co-concentrate or precipitate monovalent counter-
ions."7%82 However, high concentrations of organic molecules
such as primary alcohols or polyethers decrease the dielectric
constant of the solvent, thereby strengthening cation-RNA in-
teractions.®'® Thus, M*"-independent ribozyme catalysis in
presence of primary alcohols or poly(ethlyene glycol) (PEG)
might, as in freezing, be at least partially due to the enhanced
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Figure 7. Water ice above the eutectic point is a benign reaction environ-
ment for nucleic acids catalysts. A) Schematic showing morphology of eutec-
tic ice phase and relative changes in solute concentration on freezing. The
left panel illustrates a dilute aqueous system in an unfrozen state. The right
panel shows a partially frozen aqueous solution (e.g. a binary NaCl-water
system containing RNA) above the eutectic point. Solutes in the mother
liquor (dark blue) are concentrated as a large fraction of almost pure H,0 is
sequestered in the ice crystals (light blue). This concentration effect leads to
a decreased freezing point of the mother liquor and crystal growth stops
when the equilibrium between the ice phase and the liquid phase has been
reached. B) lllustrated variation in rate (dashed line) and ligation efficiency
(solid line) of the HP ribozyme (excess substrate concentration) in a partially
frozen, dilute buffer solution (25 mm NaCl, 1 mm Tris-HCI pH 7.5)."7% Both li-
gation rate and yields are optimal between —4°C and —12°C. At lower tem-
peratures, the low thermal energy available in the system makes it difficult
to surmount the activation barrier for the reaction. At temperatures ap-
proaching 0°C, melting of the ice inactivates hairpin ribozyme catalysis in
absence of Mg?*.

RNA-Na™ interactions that can compensate for the missing di-
valent metal ions.'” Indeed, even under normal (aqueous)
concentrations, ethanol at concentrations above 30% signifi-
cantly increases the Mg "-dependent activity of ribozymes and
mitigates the effects of destabilizing mutations, although
higher levels of ethanol in the presence of Mg”" diminishes
this activity, presumably due to RNA aggregation."®'®") |n ad-
dition to enhancing ion-ion interactions, dehydration induced
by high levels of ethanol or PEG could also support ribozyme
activity by promoting the formation of A-form helices (and
therefore the catalytic loop structures of ribozymes defined by
adjacent helical segments).['® 188

Kazakov et al. also reported that HP ribozyme-catalyzed liga-
tion during evaporation is considerably improved by the pres-
ence of PEG, which had no impact on ligation under aqueous
or frozen conditions or ethanol-induced ligation. The authors
concluded that PEG might decrease the rate of evaporation,
thereby extending the windows of partial dehydration where
the water activity is still sufficient to allow hairpin ribozyme
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catalysis.'® The notion that at least some minimal hydration is

required for HP ribozyme catalysis is also in agreement with
the reports by Seyhan and Burge, who found that low but
non-zero levels of water activity are required for HP and HH ri-
bozyme catalysis in dry RNA films. Intriguingly, hydrated RNA
films support cis and trans catalysis over a broad range of tem-
peratures between —70°C and 37°C (and probably above),
which has potential implications for RNA catalysis under prebi-
otic conditions."*”

The formation of active ribozyme conformations in the ab-
sence of divalent metal ions can be induced by conditions that
promote electrostatic shielding and RNA compaction, such as
partial dehydration, up-concentration of monovalent cations,
or reduced dielectric constant. Furthermore, the effective in-
crease in RNA concentration during freezing facilitates RNA-
RNA association, even from very stable monomeric struc-
tures," and has been shown to induce the stretching and
alignment of single stranded DNA, which in turn enables its
adsorption onto a variety of surfaces."*?

Freezing favors ligation in reversible transesterification reac-
tions, even from highly fragmented ribozymes."7>'%* " Freez-
ing can enable highly thermodynamically disfavored reactions,
such as ligation of monomeric 2', 3'-cyclic nucleoside mono-
phosphates to a free 5' end of RNA."*! While this reversal of
exonucleolytic cleavage has an equilibrium constant of
~2.2m ' under aqueous conditions (at 0°C™), it can be de-
creased =20-fold by freezing to —9°C in the presence of
25 mm NaCl and 10 mm MgCl,, enabling quantitative non-can-
onical 3'-5" nucleotidyltransfer of RNA.

Both HP and HH ribozyme ligation yields strongly benefit
from repeated freeze-thaw (FT) cycling.'’>'%* "4 This effect can
even be used to enable the in trans assembly of long struc-
tured RNAs, such as the =200 nt RNA polymerase ribozymes,
from fragments between 20-30 nt."®¥ The beneficial effects of
FT cycles are likely the result of reducing the propensity of
small ribozymes to form inactive or poorly active ribozyme-
substrate complexes that attenuate bulk catalysis. Repeated
freezing and thawing leads to periodic disruption and re-for-
mation of both active and unproductive complexes (in the ab-
sence or at low levels of M**) thereby providing unproductive
complexes a “second chance” at catalysis.

Attwater etal. demonstrated the beneficial effects of a
frozen environment on strictly M**-dependent ribozymes such
as the R18 RNA polymerase, which catalyzes templated primer
extension using nucleoside triphosphates."”'*® The cold envi-
ronment considerably extends the lifetime of the polymerase,
whilst the concentrating power of freezing above the eutectic
temperature enables RNA polymerase activity even at extreme-
ly low (unfrozen) starting concentrations of RNA, NTPs and
Mg?* salts. The authors also investigated the impacts of differ-
ent negative counter-ions to Mg?", and found that they mark-
edly influence activity, presumably due to their influence on
the eutectic freezing point, which dictates the concentrating
effect of the eutectic brine. The ice microstructure has been
shown to provide a quasi-cellular compartmentalization ena-
bling robust phenotype-genotype linkage, which is one of the
key requirements for Darwinian Evolution."*® Indeed, this in-
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ice compartmentalization was later used by Attwater et al. to
isolate a cold-adapted RNA polymerase ribozyme with consid-
erably increased activity compared to ribozymes selected at
ambient temperatures."® Recently, Attwater et al. were also
able to evolve an ice-adapted RNA trinucleotide polymerase ri-
bozyme that is able to copy its own 170 nt catalytic subunit
via the ligation of its almost exclusively triplet-synthesized
fragments.**

6.2. Freezing and dehydration induced deoxyribozyme
catalysis

Zhou etal reported the isolation of the DNAzyme EtNa
(Figure 8) from a random DNA library, which is specifically
adapted to catalyze RNA cleavage in concentrated organic sol-
vents containing only monovalent Na*.*°” EtNa shows a rate

Figure 8. Secondary structure of the EtNa DNAzyme.”®” The substrate strand
is shown in yellow, with the ribonucleotide marked in red. The cleavage site
is marked by an arrow.

enhancement of up to 1000-fold in 54% ethanol compared to
water in presence of 4 mm NaCl, and is completely independ-
ent from divalent metal ions. The EtNa RNA cleavage rate can
be directly used as a biosensor for the precise measurement of
alcohol levels in spirits such as whisky or vodka. Interestingly,
EtNa activity drastically decreases at ethanol concentrations
beyond 72% (v/v) ethanol, where the B-form helix of DNA is
converted into the A-form that (in contrast to ribozymes)
seems to be incompatible with the formation of the active
DNAzyme conformation. Given that EtNa shows cooperative
binding of and activation by Ca?" (in contrast to Mg?")**? it
can also be used as an ultrasensitive biosensor capable of de-
tecting Ca”" levels down to 1.4 um Ca®".”® Eutectic freezing
can also activate EtNa, while other DNAzymes that depend on
divalent or trivalent metals are inhibited under these condi-
tions.’®™ This again highlights the interchangeability of freez-
ing, organic dehydration or evaporation to achieve activation
of metal-independent nucleic acid catalysts.

6.3. The potential of wet-dry cycles

The remarkable ability of dehydration to potentiate ribozyme
function suggests that such conditions may have been impor-
tant to the emergence of replicating RNA. Wet-dry cycles, per-
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haps driven by day-night cycles or geothermal activity on early
Earth, have been proposed as possible drivers of the emer-
gence of function. Viscous environments formed by water
evaporation facilitate non-enzymatic RNA replication cycles
slowing reannealing and thereby circumventing strand inhibi-
tion.”® This effect was used by He et al. to form a HH ribo-
zyme by the enzymatic ligation of short fragments, which was
functional following dilution in water.?*®

Wet-dry cycles can also be produced by the application of
thermal gradients at an air-water interface (Figure 9). The re-
sulting environment up-concentrates a variety of components
including RNA precursors and oligonucleotides, enabling a
compelling variety of prebiotically important processes includ-
ing precursor crystallization and phosphorylation.”®” Further-
more, the same environment substantially improves ribozyme
catalysis and encapsulation within lipid vesicles. The improved
ribozyme catalysis is primarily the result of local high magnesi-
um and RNA concentrations at the air-water interface, but de-
hydration may also be significant.

Condensation Evaporation

Air

Water

Y

Figure 9. Schematic of a heated rock pore. Thermal gradients at an air-
water interface can result in an environment which up-concentrates a varie-
ty of components including ribozymes and ions.”®” The improved ribozyme
catalysis is most likely the result of local high magnesium and RNA concen-
trations at the interface. However, direct dehydration of the RNA at the tem-
porally dried interface on the warm side (red) may also contribute to activity.
Depending on the geometry of the system, evaporated water condenses at
the cold side. The forming water droplets can fall back into the mother solu-
tion and wash off the dried components. This can lead to microscopic wet-
dry cycles.

AUIIIIIIIINC ORI
B IHIAINTRETANNAAANANN

7. Ultraviolet light

Exposure to UV radiation presents a challenge to the survival
of prebiotic nucleic acids, and is often raised as a major prob-
lem in any RNA world scenario due to the elevated levels of
surface UV radiation compared to the present day.?%®?? Ab-
sorption of ultraviolet photons by nucleobase aromatic rings
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leads to an excited and highly reactive electronic state, which
can give rise to chemical lesions such as adenine cycloaddition
to A or T in DNA®?'? as well as the formation of cyclobutane
pyrimidine dimers in both DNA and RNA (Figure 9).”"" The
effect of UV damage on nucleic acids has been investigated
extensively (reviewed by Wurtmann and Wolin),*' and UV-in-
duced RNA-RNA crosslinking is now an established method for
characterizing tertiary or quaternary RNA structure.”'?

Despite its deleterious effect of nucleic acids, ultraviolet radi-
ation has been observed to promote prebiotic chemical reac-
tions that yield ribonucleotides®’**'® and amino acids,*'® and
has been proposed as a possible energy source to drive prebi-
otic chemistry on early Earth.”'”? As such, UV radiation could
provide an important link between prebiotic chemistry and
emergence of an RNA World, but only if radiation levels re-
quired to drive such prebiotic reactions can be reconciled with
nucleic acid stability under irradiation. Key questions are: To
what degree can nucleic acid enzymes sustain photodamage
and retain function? Is it possible for nucleic acid enzymes to
adapt to strong UV environments?

Despite the well-documented exploration of UV-induced nu-
cleic acid damage, relatively few insights are available regard-
ing the role of UV exposure on functional RNA (or other nucle-
ic acid) enzymes. This may be in part due to a complex inter-
play between UV radiation and other factors influencing RNA
catalysis, such as the presence of metal ions. When exposed to
UV radiation, tobacco mosaic virus (TMV) RNA accumulates le-
sions in the form of uridine hydrates and pyrimidine dimers.
However, in the presence of magnesium the rate of accumula-
tion was approximately one-third than that in water, implying
that folded RNA is more resistant to UV radiation damage than
the unfolded random coil.*'®

The influence of structure and conformation on nucleic acid
UV sensitivity was further demonstrated by Kundu et al., who
reported an unexpected discrepancy between the UV sensitivi-
ties of dTdT dinucleotides in either RNA or DNA hairpins.?'”
dTdT dinucleotides embedded in DNA hairpins, which typically
adopt a B-form double strand, were susceptible to the forma-
tion of photolesions, whilst those in A-form RNA hairpins were
protected from damage. The authors also demonstrated that
the photosensitivity of the dTdT dinucleotides is modulated by
sequence context, with the accumulation of dTdT lesions re-
duced by neighbouring dA nucleotides, and almost completely
inhibited by neighbouring dG nucleotides.”' It is fascinating
that nucleic acids can gain UV resistance simply by adopting a
more compact helical conformation, and the sequence de-
pendence of UV photosensitivity suggests that adaptation of
nucleic acids to strong UV environments could be possible. De-
spite this, it must be noted that the effect of UV exposure on
functional RNA in vivo typically decreases function.?***?

Recently, Saha and Chen monitored the function, folding,
and kinetics of RNA aptamers that bind conditionally fluores-
cent ligands in vitro following UV induced photodamage.?*”
One aptamer, Spinach2, retained significant levels of fluores-
cence after UV exposure compared to the malachite green
aptamer. This may be because a large portion of the Spinach
aptamer’s binding site is comprised of a photostable G-quad-
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ruplex. Single-stranded binding regions were found to be
more UV sensitive, confirming that duplex formation is protec-
tive against UV radiation,”*?*¥ and that UV sensitivity signifi-
cantly depends on folding and conformation.”'

While UV irradiation has been generally demonstrated to
have a detrimental on functional nucleic acids, some examples
of UV-dependent nucleic acid catalysts have been reported.
Chinnapen and Sen reported the in vitro selection of a DNA-
zyme with photolyase activity, UV1C, from a pool of random
sequences.”” UV1C is capable of repairing dTdT dimers
caused by UV exposure, and requires UV light to function in a
manner similar to extant protein photolyase enzymes
(Figure 10). The authors later demonstrated that a G-quadru-
plex near the substrate binding site functions as both an an-
tenna to absorb UV photons and as an electron source for the
repair reaction.”? Intriguingly, a serotonin cofactor dependent
photolyase DNAzyme was later selected, which is able to
repair both thymine and uracil dimers on ribose and deoxyri-
bose backbones.”?” The discovery that nucleic acids can both
harness UV radiation and use this energy to repair photodam-
age is important, as it provides a mechanism for early replicat-
ing systems to survive heavy UV irradiation on Early Earth. In
the absence of such a mechanism, early replicators would have
to depend on environmental protection from UV radiation,
such as the protective effect of montmorillonite clay parti-
cles,” or shielding by oceanic UV absorbers.?%®

o [} o] o
ST Sl T

Thymine - Thymine Cyclobutane dimer

Figure 10. Photodimerization of adjacent thymine nucleotides (dTdT) follow-
ing exposure to UV light. This photolesion is repaired by the UV1C photo-
lyase DNAzyme, whilst the Sero1C DNAzyme can repair a more diverse
range of dimers including thymine, uracil, and several deoxypyrimidine-ribo-
pyrimidine chimeras.?** 2"

8. Conclusion and perspectives

The activities of both ribozymes and deoxyribozymes are com-
patible with a broad range of potentially prebiotic conditions.
Despite being less versatile and powerful than protein-based
catalysis, nucleic acid catalysts are capable of escaping irrever-
sible aggregation, while also tolerating or even benefiting
from much harsher conditions such as freezing, drying or de-
hydration. Moreover, nucleic acid catalysts often require only
modest changes in their sequences to adapt to novel challeng-
ing conditions such as harsher pH values or higher tempera-
tures, and can often tolerate or adapt to a broad range of dif-
ferent metal ion cofactors. These combined features make
them ideal candidates for early biocatalysis, which presumably
emerged and remained functional outside the sheltered and
constant milieu of the modern cell.
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Despite the large body of research, further explorations of
nucleic acid enzymes under prebiotic conditions may yield yet
more unforeseen properties relevant for abiogenesis, and war-
rant further investigation. For example, selection experiments
under prebiotically plausible conditions beyond aqueous solu-
tions in a modern oxygen-rich atmosphere could reveal further
unexpected catalytic properties of ribozymes. In addition to
the factors discussed in this review, other environmental fac-
tors such as mineral surfaces,???%% pH gradients,”" high
viscosities®® or combination of various different environments
may further enhance the functional repertoire of early nucleic
acids. For example, the clay montmorillonite inhibits HP ribo-
zyme catalysis, but surface adsorption to this mineral offers
protection against UV degradation.”” Clay can also enhance
recombination ribozymes and favor ligation by preferentially
adsorbing longer RNA strands.*? Furthermore, it is possible
that heterogeneous complexes such as RNA/peptide com-
plexes or mixed RNA/DNA (or alternative preRNA/preDNA) sys-
tems were important forerunners to modern biochemistry, and
allowed the catalysis of biochemical or replicative processes
that “pure” RNA or DNA systems are presently incapable of."’

Finally, it remains essential to further expand far-from-equi-
librium scenarios to explore different stages of molecular evo-
lution (including nucleic acid catalysis) experimentally under
heterogeneous conditions, such as the continuous provision of
chemical fuel and/or pH, temperature, or salinity cycles.
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