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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
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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

Chem. Asian J. 2020, 15, 214-230 www.chemasianj.org

219

CHEMISTRY

AN ASIAN JOURNAL
Minireview

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,

Chem. Asian J. 2020, 15, 214-230 www.chemasianj.org

223

CHEMISTRY

AN ASIAN JOURNAL
Minireview

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
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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-

© 2019 The Authors. Published by Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim


http://www.chemasianj.org

C:

Editorial Society

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.

Acknowledgements

Financial support from the German Research Foundation (DFG)
through CRC/SFB 235 Project P01 (E.Y.S.) and P14 (E.S.) is ac-
knowledged. H.M. is supported by the MaxSynBio consortium,
which is jointly funded by the Federal Ministry of Education
and Research of Germany and the Max Planck Society. H.M.
and K.L.V. are supported by the Volkswagen Initiative “Life ?—A
Fresh Scientific Approach to the Basic Principles of Life”.

Conflict of interest

The authors declare no conflict of interest.

Keywords: catalysis - deoxyribozymes - nucleic acids - origin
of life - ribozymes

[11 K. Kruger, P.J. Grabowski, A.J. Zaug, J. Sands, D.E. Gottschling, T.R.
Cech, Cell 1982, 31, 147-157.

[2] C. Guerrier-Takada, K. Gardiner, T. Marsh, N. Pace, S. Altman, Cell 1983,
35, 849-857.

[3]1 M. Neveu, H.-J. Kim, S. A. Benner, Astrobiology 2013, 13, 391 -403.

[4] N.V. Hud, Nat. Commun. 2018, 9, 5171.

[5] S. Bhowmik, R. Krishnamurthy, Nat. Chem. 2019, 11, 1009-1018.

[6] J. W. Szostak, J. Syst. Chem. 2012, 3, 2.

[7] L. E. Orgel, Nature 1992, 358, 203 -2009.

[8] T.R. Cech, Science 2000, 289, 878-879.

[9] B. Klemm, N. Wu, Y. Chen, X. Liu, K. Kaitany, M. Howard, C. Fierke, Bio-
molecules 2016, 6, 27.

[10] O. Esakova, A.S. Krasilnikov, RNA 2010, 16, 1725-1747.

© 2019 The Authors. Published by Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim


https://doi.org/10.1016/0092-8674(82)90414-7
https://doi.org/10.1016/0092-8674(82)90414-7
https://doi.org/10.1016/0092-8674(82)90414-7
https://doi.org/10.1016/0092-8674(83)90117-4
https://doi.org/10.1016/0092-8674(83)90117-4
https://doi.org/10.1016/0092-8674(83)90117-4
https://doi.org/10.1016/0092-8674(83)90117-4
https://doi.org/10.1089/ast.2012.0868
https://doi.org/10.1089/ast.2012.0868
https://doi.org/10.1089/ast.2012.0868
https://doi.org/10.1038/s41557-019-0322-x
https://doi.org/10.1038/s41557-019-0322-x
https://doi.org/10.1038/s41557-019-0322-x
https://doi.org/10.1038/358203a0
https://doi.org/10.1038/358203a0
https://doi.org/10.1038/358203a0
https://doi.org/10.1126/science.289.5481.878
https://doi.org/10.1126/science.289.5481.878
https://doi.org/10.1126/science.289.5481.878
https://doi.org/10.3390/biom6020027
https://doi.org/10.3390/biom6020027
https://doi.org/10.1261/rna.2214510
https://doi.org/10.1261/rna.2214510
https://doi.org/10.1261/rna.2214510
http://www.chemasianj.org

[

[12]

[13]
[14]

[22]

[23]
[24]
[25]

[26]

[32]
[33]
[34]

[44]

[45]
[46]
[47]

[48]

[49]
[50]
[51]

[52]
[53]
54]
55]
56]
7]
8]
59]
0]

vl n

(o))

[
[
[
[
[
[
[

Chem. Asian J. 2020, 15, 214 -230

o

Asia emica
Editorial Society

C.J. Hutchins, P.D. Rathjen, A.C. Forster, R. H. Symons, Nucleic Acids
Res. 1986, 14, 3627 —3640.

G. A. Prody, J. T. Bakos, J. M. Buzayan, I. R. Schneider, G. Bruening, Sci-
ence 1986, 231, 1577 -1580.

N. G. Walter, J. M. Burke, Curr. Opin. Chem. Biol. 1998, 2, 24-30.

R. Flores, D. Grubb, A. Elleuch, M. A. Nohales, S. Delgado, S. Gago, RNA
Biol. 2011, 8, 200-206.

T. Cech, Annu. Rev. Biochem. 1990, 59, 543 -568.

F. Michel, Annu. Rev. Biochem. 1995, 64, 435-461.

D. Bartel, J. Szostak, Science 1993, 261, 1411-1418.

J. Rogers, G. F. Joyce, RNA 2001, 7, 395-404.

M. M. Conn, J.R. Prudent, P.G. Schultz, J. Am. Chem. Soc. 1996, 118,
7012-7013.

B. Seelig, A. Jaschke, Chem. Biol. 1999, 6, 167 -176.

G. Sengle, A. Eisenfiihr, P.S. Arora, J.S. Nowick, M. Famulok, Chem.
Biol. 2001, 8, 459-473.

S. Fusz, A. Eisenflhr, S. G. Srivatsan, A. Heckel, M. Famulok, Chem. Biol.
2005, 72, 941 -950.

F. Wachowius, J. Attwater, P. Holliger, Q. Rev. Biophys. 2017, 50, e4.

M. Chandra, S. K. Silverman, J. Am. Chem. Soc. 2008, 130, 2936-2937.
U. Mohan, R. Burai, B.R. McNaughton, Org. Biomol. Chem. 2013, 11,
2241-2244.

A. Flynn-Charlebois, Y. Wang, T. K. Prior, I. Rashid, K. A. Hoadley, R.L.
Coppins, A.C. Wolf, S.K. Silverman, J. Am. Chem. Soc. 2003, 125,
2444 -2454.

W. E. Purtha, R. L. Coppins, M. K. Smalley, S. K. Silverman, J. Am. Chem.
Soc. 2005, 127, 13124-13125.

B. Cuenoud, J. W. Szostak, Nature 1995, 375, 611-614.

W. Wang, L. P. Billen, Y. Li, Chem. Biol. 2002, 9, 507 -517.

Y. Li, Y. Liu, R. R. Breaker, Biochemistry 2000, 39, 3106-3114.

S.S. Athavale, A. S. Petrov, C. Hsiao, D. Watkins, C. D. Prickett, J. J. Gos-
sett, L. Lie, J. C. Bowman, E. O'Neill, C. R. Bernier, N. V. Hud, R. M. War-
tell, S. C. Harvey, L. D. Williams, PLoS One 2012, 7, e38024.

Y. Li, D. Sen, Nat. Struct. Mol. Biol. 1996, 3, 743-747.

M. Hollenstein, Molecules 2015, 20, 20777 — 20804.

A. . Taylor, V. B. Pinheiro, M. J. Smola, A. S. Morgunoyv, S. Peak-Chew, C.
Cozens, K. M. Weeks, P. Herdewijn, P. Holliger, Nature 2015, 518, 427 -
430.

L. M. Barge, Nat. Commun. 2018, 9, 5170.

J. Jortner, Philos. Trans. R. Soc. London Ser. B 2006, 361, 1877 -1891.
J. W. Szostak, Angew. Chem. Int. Ed. 2017, 56, 11037 -11043; Angew.
Chem. 2017, 129, 11182-11189.

L.-F. Wu, J. D. Sutherland, Emerg. Top. Life Sci. 2019, ETLS20190011.

N. V. Hud, Nat. Commun. 2018, 9, 5171.

R. Krishnamurthy, Nat. Commun. 2018, 9, 5175.

K. Le Vay, H. Mutschler, Emerg. Top. Life Sci. 2019, ETLS20190024.

Y. Takagi, Nucleic Acids Res. 2001, 29, 1815-1834.

N. Bergman, N. Lau, V. Lehnert, E. Westhof, D. Bartel, RNA 2004, 10,
176-184.

M. Bonaccio, A. Credali, A. Peracchi, Nucleic Acids Res. 2004, 32, 916—
925.

E. Bellion, J. Chem. Educ. 1992, 69, A326.

R. J. P. Williams, J. J. R. F. da Silva, The Chemistry of Evolution, 2006.

C. D. Okafor, J. C. Bowman, N.V. Hud, J. B. Glass, L. D. Williams, in Nu-
cleic Acids and Molecular Biology, 2018, pp. 227 -243.

J. Krissansen-Totton, G. N. Arney, D. C. Catling, Proc. Natl. Acad. Sci. USA
2018, 115, 4105-4110.

H. S. Bernhardt, W. P. Tate, Biol. Direct 2012, 7, 4.

J. Kua, J. L. Bada, Orig. Life Evol. Biosph. 2011, 41, 553 -558.

W. Martin, J. Baross, D. Kelley, M. J. Russell, Nat. Rev. Microbiol. 2008, 6,
805-814.

F. Robert, M. Chaussidon, Nature 2006, 443, 969 -972.

M. J. Whitehouse, C. M. Fedo, Geology 2007, 35, 719.

L. P. Knauth, D. R. Lowe, Geol. Soc. Am. Bull. 2003, 115, 566 - 580.

P. Fralick, J. E. Carter, Precambrian Res. 2011, 191, 78 -84.

R. E. Blake, S.J. Chang, A. Lepland, Nature 2010, 464, 1029-1032.

M. T. Hren, M. M. Tice, C. P. Chamberlain, Nature 2009, 462, 205 -208.
M. J. de Wit, H. Furnes, Sci. Adv. 2016, 2, e1500368.

E. G. Nisbet, N. H. Sleep, Nature 2001, 409, 1083 -1091.

N. H. Sleep, K. Zahnle, J. Geophys. Res. E 2001, 106, 1373 -1399.

www.chemasianj.org

[61]

[62]
[63]

[64]

[o))
w1

[ W)}
N O

N
XN T

[69]

[70]
[71]

[72]

[73]

[74]
[75]

[76]

[77]

[78]

[96]

[97]

[98]

[99]

[100]
[101]

[102]

[103]
[104]

228

CHEMISTRY

AN ASIAN JOURNAL
Minireview

B. K. D. Pearce, R. E. Pudritz, D. A. Semenoy, T. K. Henning, Proc. Natl.
Acad. Sci. USA 2017, 114, 11327 -11332.

V. L. Bronshteyn, A. A. Chernov, J. Cryst. Growth 1991, 112, 129-145.

I. Cnossen, J. Sanz-Forcada, F. Favata, O. Witasse, T. Zegers, N.F.
Arnold, J. Geophys. Res. 2007, 112, E02008.

A. Fersht, Enzyme Structure and Mechanism, W. H. Freeman, New York,
1985, p. 475.

D. Thirumalai, C. Hyeon, Biochemistry 2005, 44, 4957 - 4970.

S.-J. Chen, Annu. Rev. Biophys. 2008, 37, 197 -214.

S.-J. Chen, K. A. Dill, Proc. Natl. Acad. Sci. USA 2000, 97, 646-651.

A.D. Pressman, Z. Liu, E. Janzen, C. Blanco, U. F. Mdller, G. F. Joyce, R.
Pascal, I. A. Chen, J. Am. Chem. Soc. 2019, 141, 6213-6223.

K. A. Leamy, S. M. Assmann, D. H. Mathews, P. C. Bevilacqua, Q. Rev. Bio-
phys. 2016, 49, e10.

D. E. Draper, Biophys. J. 2008, 95, 5489 - 5495.

J.C. Bowman, T.K. Lenz, N.V. Hud, L. D. Williams, Curr. Opin. Struct.
Biol. 2012, 22, 262-272.

M. Bréannvall, L. A. Kirsebom, Proc. Natl. Acad. Sci. USA 2001, 98,
12943 -12947.

L. Jenner, N. Demeshkina, G. Yusupova, M. Yusupov, Nat. Struct. Mol.
Biol. 2010, 17, 1072-1078.

V. K. Misra, D. E. Draper, Biopolymers 1998, 48, 113 -135.

T.J. Wilson, Y. Liu, C. Domnick, S. Kath-Schorr, D. M. J. Lilley, J. Am.
Chem. Soc. 2016, 138, 6151-6162.

C.E.J. De Ronde, D. M. deR. Channer, K. Faure, C.J. Bray, E. T. C. Spoo-
ner, Geochim. Cosmochim. Acta 1997, 61, 4025 -4042.

E. Koculi, N.K. Lee, D. Thirumalai, S. A. Woodson, J. Mol. Biol. 2004,
341, 27 -36.

E. Koculi, C. Hyeon, D. Thirumalai, S. A. Woodson, J. Am. Chem. Soc.
2007, 129, 2676 -2682.

D. Herschlag, T. R. Cech, Biochemistry 1990, 29, 10159-10171.

M. E. Glasner, N. H. Bergman, D. P. Bartel, Biochemistry 2002, 41, 8103 -
8112.

A. M. P. Romani in Magnesium in the Central Nervous System (Eds.: R.
Vink, M. Nechifor), University Of Adelaide Press, Adelaide, 2011,
pp. 13-58.

C. Reich, G.J. Olsen, B. Pace, N.R. Pace, Science 1988, 239, 178-181.
J.C. Kurz, S. Niranjanakumari, C.A. Fierke, Biochemistry 1998, 37,
2393 -2400.

R. K. O. Sigel, Eur. J. Inorg. Chem. 2005, 2281-2292.

W. Zhou, R. Saran, J. Liu, Chem. Rev. 2017, 117, 8272 -8325.

N. C. Martinez-Gomez, H.N. Vu, E. Skovran, Inorg. Chem. 2016, 55,
10083 -10089.

R. Nishiyabu, N. Hashimoto, T. Cho, K. Watanabe, T. Yasunaga, A. Endo,
K. Kaneko, T. Niidome, M. Murata, C. Adachi, Y. Katayama, M. Hashi-
zume, N. Kimizuka, J. Am. Chem. Soc. 2009, 131, 2151 -2158.

N. Sugimoto, T. Ohmichi, FEBS Lett. 1996, 393, 97 -100.

A. L. Feig, Science 1998, 279, 81-84.

N. G. Walter, N. Yang, J. M. Burke, J. Mol. Biol. 2000, 298, 539 -555.

H.-K. Kim, J. Li, N. Nagraj, Y. Lu, Chem. Eur. J. 2008, 14, 8696 -8703.

V. Dokukin, S. K. Silverman, Chem. Sci. 2012, 3, 1707 -1714.

M. Vazin, P.J.J. Huang, Z. Matuszek, J. Liu, Biochemistry 2015, 54,
6132-6138.

P-J. ). Huang, M. Vazin, J. Liu, Biochemistry 2016, 55, 2518 -2525.

P.J.J. Huang, M. Vazin, Z. Matuszek, J. Liu, Nucleic Acids Res. 2015, 43,
461 -469.

A. Pol, T.R. M. Barends, A. Dietl, A. F. Khadem, J. Eygensteyn, M. S. M.
Jetten, H. J. M. Op den Camp, Environ. Microbiol. 2014, 16, 255-264.

A. Dallas, A. V. Vlassov, S. A. Kazakov, Principles of Nucleic Acid Cleavage
by Metal lons, Springer, Berlin, Heidelberg, 2004, pp. 61-88.

Organic Chemistry of Nucleic Acids (Eds.: N. K. Kochetkoy, E.I. Budov-
skii), Springer US, Boston, MA, 1972.

W. R. Farkas, Biochim. Biophys. Acta Nucleic Acids Protein Synth. 1968,
155, 401-4009.

Y. Li, R. R. Breaker, J. Am. Chem. Soc. 1999, 121, 5364-5372.

M. Komiyama, N. Takeda, H. Shigekawa, Chem. Commun. 1999, 1443 -
1451.

L. A. Basile, A.L. Raphael, J.K. Barton, J. Am. Chem. Soc. 1987, 109,
7550-7551.

J. K. Bashkin, L. A. Jenkins, Comments Inorg. Chem. 1994, 16, 77 -93.

M. Forconi, D. Herschlag in Methods in Enzymology, 2009, pp. 91-106.

© 2019 The Authors. Published by Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim


https://doi.org/10.1093/nar/14.9.3627
https://doi.org/10.1093/nar/14.9.3627
https://doi.org/10.1093/nar/14.9.3627
https://doi.org/10.1093/nar/14.9.3627
https://doi.org/10.1126/science.231.4745.1577
https://doi.org/10.1126/science.231.4745.1577
https://doi.org/10.1126/science.231.4745.1577
https://doi.org/10.1126/science.231.4745.1577
https://doi.org/10.1016/S1367-5931(98)80032-X
https://doi.org/10.1016/S1367-5931(98)80032-X
https://doi.org/10.1016/S1367-5931(98)80032-X
https://doi.org/10.4161/rna.8.2.14238
https://doi.org/10.4161/rna.8.2.14238
https://doi.org/10.4161/rna.8.2.14238
https://doi.org/10.4161/rna.8.2.14238
https://doi.org/10.1146/annurev.bi.59.070190.002551
https://doi.org/10.1146/annurev.bi.59.070190.002551
https://doi.org/10.1146/annurev.bi.59.070190.002551
https://doi.org/10.1146/annurev.bi.64.070195.002251
https://doi.org/10.1146/annurev.bi.64.070195.002251
https://doi.org/10.1146/annurev.bi.64.070195.002251
https://doi.org/10.1126/science.7690155
https://doi.org/10.1126/science.7690155
https://doi.org/10.1126/science.7690155
https://doi.org/10.1017/S135583820100228X
https://doi.org/10.1017/S135583820100228X
https://doi.org/10.1017/S135583820100228X
https://doi.org/10.1021/ja961249c
https://doi.org/10.1021/ja961249c
https://doi.org/10.1021/ja961249c
https://doi.org/10.1021/ja961249c
https://doi.org/10.1016/S1074-5521(99)89008-5
https://doi.org/10.1016/S1074-5521(99)89008-5
https://doi.org/10.1016/S1074-5521(99)89008-5
https://doi.org/10.1016/S1074-5521(01)00026-6
https://doi.org/10.1016/S1074-5521(01)00026-6
https://doi.org/10.1016/S1074-5521(01)00026-6
https://doi.org/10.1016/S1074-5521(01)00026-6
https://doi.org/10.1016/j.chembiol.2005.06.008
https://doi.org/10.1016/j.chembiol.2005.06.008
https://doi.org/10.1016/j.chembiol.2005.06.008
https://doi.org/10.1016/j.chembiol.2005.06.008
https://doi.org/10.1021/ja7111965
https://doi.org/10.1021/ja7111965
https://doi.org/10.1021/ja7111965
https://doi.org/10.1039/c3ob40080h
https://doi.org/10.1039/c3ob40080h
https://doi.org/10.1039/c3ob40080h
https://doi.org/10.1039/c3ob40080h
https://doi.org/10.1021/ja028774y
https://doi.org/10.1021/ja028774y
https://doi.org/10.1021/ja028774y
https://doi.org/10.1021/ja028774y
https://doi.org/10.1021/ja0533702
https://doi.org/10.1021/ja0533702
https://doi.org/10.1021/ja0533702
https://doi.org/10.1021/ja0533702
https://doi.org/10.1038/375611a0
https://doi.org/10.1038/375611a0
https://doi.org/10.1038/375611a0
https://doi.org/10.1016/S1074-5521(02)00127-8
https://doi.org/10.1016/S1074-5521(02)00127-8
https://doi.org/10.1016/S1074-5521(02)00127-8
https://doi.org/10.1021/bi992710r
https://doi.org/10.1021/bi992710r
https://doi.org/10.1021/bi992710r
https://doi.org/10.1371/journal.pone.0038024
https://doi.org/10.1038/nsb0996-743
https://doi.org/10.1038/nsb0996-743
https://doi.org/10.1038/nsb0996-743
https://doi.org/10.3390/molecules201119730
https://doi.org/10.3390/molecules201119730
https://doi.org/10.3390/molecules201119730
https://doi.org/10.1038/nature13982
https://doi.org/10.1038/nature13982
https://doi.org/10.1038/nature13982
https://doi.org/10.1098/rstb.2006.1909
https://doi.org/10.1098/rstb.2006.1909
https://doi.org/10.1098/rstb.2006.1909
https://doi.org/10.1002/anie.201704048
https://doi.org/10.1002/anie.201704048
https://doi.org/10.1002/anie.201704048
https://doi.org/10.1002/ange.201704048
https://doi.org/10.1002/ange.201704048
https://doi.org/10.1002/ange.201704048
https://doi.org/10.1002/ange.201704048
https://doi.org/10.1093/nar/29.9.1815
https://doi.org/10.1093/nar/29.9.1815
https://doi.org/10.1093/nar/29.9.1815
https://doi.org/10.1261/rna.5177504
https://doi.org/10.1261/rna.5177504
https://doi.org/10.1261/rna.5177504
https://doi.org/10.1261/rna.5177504
https://doi.org/10.1093/nar/gkh250
https://doi.org/10.1093/nar/gkh250
https://doi.org/10.1093/nar/gkh250
https://doi.org/10.1021/ed069pA326.1
https://doi.org/10.1073/pnas.1721296115
https://doi.org/10.1073/pnas.1721296115
https://doi.org/10.1073/pnas.1721296115
https://doi.org/10.1073/pnas.1721296115
https://doi.org/10.1186/1745-6150-7-4
https://doi.org/10.1007/s11084-011-9250-5
https://doi.org/10.1007/s11084-011-9250-5
https://doi.org/10.1007/s11084-011-9250-5
https://doi.org/10.1038/nrmicro1991
https://doi.org/10.1038/nrmicro1991
https://doi.org/10.1038/nrmicro1991
https://doi.org/10.1038/nrmicro1991
https://doi.org/10.1038/nature05239
https://doi.org/10.1038/nature05239
https://doi.org/10.1038/nature05239
https://doi.org/10.1130/G23582A.1
https://doi.org/10.1130/0016-7606(2003)115%3C0566:HACTIF%3E2.0.CO;2
https://doi.org/10.1130/0016-7606(2003)115%3C0566:HACTIF%3E2.0.CO;2
https://doi.org/10.1130/0016-7606(2003)115%3C0566:HACTIF%3E2.0.CO;2
https://doi.org/10.1016/j.precamres.2011.09.004
https://doi.org/10.1016/j.precamres.2011.09.004
https://doi.org/10.1016/j.precamres.2011.09.004
https://doi.org/10.1038/nature08952
https://doi.org/10.1038/nature08952
https://doi.org/10.1038/nature08952
https://doi.org/10.1038/nature08518
https://doi.org/10.1038/nature08518
https://doi.org/10.1038/nature08518
https://doi.org/10.1126/sciadv.1500368
https://doi.org/10.1038/35059210
https://doi.org/10.1038/35059210
https://doi.org/10.1038/35059210
https://doi.org/10.1029/2000JE001247
https://doi.org/10.1029/2000JE001247
https://doi.org/10.1029/2000JE001247
https://doi.org/10.1073/pnas.1710339114
https://doi.org/10.1073/pnas.1710339114
https://doi.org/10.1073/pnas.1710339114
https://doi.org/10.1073/pnas.1710339114
https://doi.org/10.1016/0022-0248(91)90918-U
https://doi.org/10.1016/0022-0248(91)90918-U
https://doi.org/10.1016/0022-0248(91)90918-U
https://doi.org/10.1021/bi047314+
https://doi.org/10.1021/bi047314+
https://doi.org/10.1021/bi047314+
https://doi.org/10.1146/annurev.biophys.37.032807.125957
https://doi.org/10.1146/annurev.biophys.37.032807.125957
https://doi.org/10.1146/annurev.biophys.37.032807.125957
https://doi.org/10.1073/pnas.97.2.646
https://doi.org/10.1073/pnas.97.2.646
https://doi.org/10.1073/pnas.97.2.646
https://doi.org/10.1021/jacs.8b13298
https://doi.org/10.1021/jacs.8b13298
https://doi.org/10.1021/jacs.8b13298
https://doi.org/10.1529/biophysj.108.131813
https://doi.org/10.1529/biophysj.108.131813
https://doi.org/10.1529/biophysj.108.131813
https://doi.org/10.1016/j.sbi.2012.04.006
https://doi.org/10.1016/j.sbi.2012.04.006
https://doi.org/10.1016/j.sbi.2012.04.006
https://doi.org/10.1016/j.sbi.2012.04.006
https://doi.org/10.1038/nsmb.1880
https://doi.org/10.1038/nsmb.1880
https://doi.org/10.1038/nsmb.1880
https://doi.org/10.1038/nsmb.1880
https://doi.org/10.1002/(SICI)1097-0282(1998)48:2%3C113::AID-BIP3%3E3.0.CO;2-Y
https://doi.org/10.1002/(SICI)1097-0282(1998)48:2%3C113::AID-BIP3%3E3.0.CO;2-Y
https://doi.org/10.1002/(SICI)1097-0282(1998)48:2%3C113::AID-BIP3%3E3.0.CO;2-Y
https://doi.org/10.1021/jacs.5b11791
https://doi.org/10.1021/jacs.5b11791
https://doi.org/10.1021/jacs.5b11791
https://doi.org/10.1021/jacs.5b11791
https://doi.org/10.1016/S0016-7037(97)00205-6
https://doi.org/10.1016/S0016-7037(97)00205-6
https://doi.org/10.1016/S0016-7037(97)00205-6
https://doi.org/10.1016/j.jmb.2004.06.008
https://doi.org/10.1016/j.jmb.2004.06.008
https://doi.org/10.1016/j.jmb.2004.06.008
https://doi.org/10.1016/j.jmb.2004.06.008
https://doi.org/10.1021/ja068027r
https://doi.org/10.1021/ja068027r
https://doi.org/10.1021/ja068027r
https://doi.org/10.1021/ja068027r
https://doi.org/10.1021/bi00496a003
https://doi.org/10.1021/bi00496a003
https://doi.org/10.1021/bi00496a003
https://doi.org/10.1021/bi012179b
https://doi.org/10.1021/bi012179b
https://doi.org/10.1021/bi012179b
https://doi.org/10.1126/science.3122322
https://doi.org/10.1126/science.3122322
https://doi.org/10.1126/science.3122322
https://doi.org/10.1021/bi972530m
https://doi.org/10.1021/bi972530m
https://doi.org/10.1021/bi972530m
https://doi.org/10.1021/bi972530m
https://doi.org/10.1002/ejic.200401007
https://doi.org/10.1002/ejic.200401007
https://doi.org/10.1002/ejic.200401007
https://doi.org/10.1021/acs.chemrev.7b00063
https://doi.org/10.1021/acs.chemrev.7b00063
https://doi.org/10.1021/acs.chemrev.7b00063
https://doi.org/10.1021/acs.inorgchem.6b00919
https://doi.org/10.1021/acs.inorgchem.6b00919
https://doi.org/10.1021/acs.inorgchem.6b00919
https://doi.org/10.1021/acs.inorgchem.6b00919
https://doi.org/10.1021/ja8058843
https://doi.org/10.1021/ja8058843
https://doi.org/10.1021/ja8058843
https://doi.org/10.1016/0014-5793(96)00860-5
https://doi.org/10.1016/0014-5793(96)00860-5
https://doi.org/10.1016/0014-5793(96)00860-5
https://doi.org/10.1126/science.279.5347.81
https://doi.org/10.1126/science.279.5347.81
https://doi.org/10.1126/science.279.5347.81
https://doi.org/10.1006/jmbi.2000.3691
https://doi.org/10.1006/jmbi.2000.3691
https://doi.org/10.1006/jmbi.2000.3691
https://doi.org/10.1002/chem.200701789
https://doi.org/10.1002/chem.200701789
https://doi.org/10.1002/chem.200701789
https://doi.org/10.1039/c2sc01067d
https://doi.org/10.1039/c2sc01067d
https://doi.org/10.1039/c2sc01067d
https://doi.org/10.1021/acs.biochem.5b00691
https://doi.org/10.1021/acs.biochem.5b00691
https://doi.org/10.1021/acs.biochem.5b00691
https://doi.org/10.1021/acs.biochem.5b00691
https://doi.org/10.1021/acs.biochem.6b00132
https://doi.org/10.1021/acs.biochem.6b00132
https://doi.org/10.1021/acs.biochem.6b00132
https://doi.org/10.1093/nar/gku1296
https://doi.org/10.1093/nar/gku1296
https://doi.org/10.1093/nar/gku1296
https://doi.org/10.1093/nar/gku1296
https://doi.org/10.1111/1462-2920.12249
https://doi.org/10.1111/1462-2920.12249
https://doi.org/10.1111/1462-2920.12249
https://doi.org/10.1016/0005-2787(68)90184-6
https://doi.org/10.1016/0005-2787(68)90184-6
https://doi.org/10.1016/0005-2787(68)90184-6
https://doi.org/10.1016/0005-2787(68)90184-6
https://doi.org/10.1021/ja990592p
https://doi.org/10.1021/ja990592p
https://doi.org/10.1021/ja990592p
https://doi.org/10.1039/a901621j
https://doi.org/10.1039/a901621j
https://doi.org/10.1039/a901621j
https://doi.org/10.1021/ja00258a061
https://doi.org/10.1021/ja00258a061
https://doi.org/10.1021/ja00258a061
https://doi.org/10.1021/ja00258a061
https://doi.org/10.1080/02603599408035852
https://doi.org/10.1080/02603599408035852
https://doi.org/10.1080/02603599408035852
http://www.chemasianj.org

[105]
[106]

[107]
[108]

[109]
[110]
[111]
[112]
[113]
[114]
[115]
[116]
[117]
[118]
[119]
[120]
[121]

[122]

[123]
[124]

[125]

[126]

[127]

[128]

[129]
[130]

[131]

[132]
[133]

[134]
[135]
[136]
[137]

[138]
[139]

[140]

[141]
[142]

[143]

[144]
[145]

Chem. Asian J. 2020, 15, 214 -230

o

Asia emica
Editorial Society

D. M. J. Lilley, Philos. Trans. R. Soc. London Ser. B 2011, 366, 2910-2917.
S.F. Torabi, P. Wu, C.E. McGhee, L. Chen, K. Hwang, N. Zheng, J.
Cheng, Y. Lu, Proc. Natl. Acad. Sci. USA 2015, 112, 5903 -5908.

L. Ma, J. Liu, ChemBioChem 2019, 20, 537 -542.

J. K. Frederiksen, R. Fong, J. A. Piccirilli in Nucleic Acid-Metal lon Interac-
tions, Royal Society Of Chemistry, Cambridge, 2008, pp. 260 -306.

W.J. Moon, J. Liu, ChemBioChem 2019, https://doi.org/10.1002/
cbic.201900344.

M. Popovi¢, P.S. Fliss, M. A. Ditzler, Nucleic Acids Res. 2015, 43, 7070 -
7082.

C. Hsiao, I. C. Chou, C. D. Okafor, J. C. Bowman, E. B. O'neill, S. S. Atha-
vale, A.S. Petroy, N.V. Hud, R. M. Wartell, S. C. Harvey, L. D. Williams,
Nat. Chem. 2013, 5, 525-528.

A.Y. Mulkidjanian, M. Y. Galperin, Biol. Direct 2009, 4, 27.

S. Cuzic, R. K. Hartmann, Nucleic Acids Res. 2005, 33, 2464 —2474.

M. Chandra, A. Sachdeva, S.K. Silverman, Nat. Chem. Biol. 2009, 5,
718-720.

Y. Xiao, E.C. Allen, S.K. Silverman, Chem. Commun. 2011, 47, 1749-
1751.

H. Gu, K. Furukawa, Z. Weinberg, D. F. Berenson, R.R. Breaker, J. Am.
Chem. Soc. 2013, 135, 9121-9129.

W. Martin, M. J. Russell, Philos. Trans. R. Soc. London Ser. B 2003, 358,
59-83.

J. A. Zoltewicz, D.F. Clark, T. W. Sharpless, G. Grahe, J. Am. Chem. Soc.
1970, 92, 1741-1750.

R. An, Y. Jia, B. Wan, Y. Zhang, P. Dong, J. Li, X. Liang, PLoS One 2014, 9,
e115950.

I. Halevy, A. Bachan, Science 2017, 355, 1069-1071.

M. Oivanen, S. Kuusela, H. Lonnberg, Chem. Rev. 1998, 98, 961 -990.
D. M. J. Lilley, F. Eckstein, Ribozymes and RNA Catalysis, Royal Society
Of Chemistry, Cambridge, 2007.

P. C. Bevilacqua, Biochemistry 2003, 42, 2259 -2265.

A. Fersht, Enzyme Structure and Mechanism, W. H. Freeman, New York,
1985.

R. M. lzatt, J.J. Christensen, J. H. Rytting, Chem. Rev. 1971, 71, 439-
481.

B. Gong, J-H. Chen, E. Chase, D. M. Chadalavada, R. Yajima, B.L.
Golden, P.C. Bevilacqua, P.R. Carey, J. Am. Chem. Soc. 2007, 129,
13335-13342.

B. Gong, D.J. Klein, A.R. Ferré-D’'Amaré, P.R. Carey, J. Am. Chem. Soc.
2011, 733, 14188-14191.

E. A. Frankel, C. A. Strulson, C. D. Keating, P. C. Bevilacqua, Biochemistry
2017, 56, 2537 -2548.

T. J. Wilson, A. C. McLeod, D. M. J. Lilley, EMBO J. 2007, 26, 2489 -2500.
S. Kath-Schorr, T. J. Wilson, N.S. Li, J. Lu, J. A. Piccirilli, D. M. J. Lilley, J.
Am. Chem. Soc. 2012, 134, 16717 -16724.

P. Jarvinen, M. Oivanen, H. Lonnberg, J. Org. Chem. 1991, 56, 5396 -
5401.

D. Herschlag, M. Khosla, Biochemistry 1994, 33, 5291 -5297.

J.L. Hougland, A.V. Kravchuk, D. Herschlag, J. A. Piccirilli, PLoS Biol.
2005, 3, e277.

J. Hsieh, C. A. Fierke, RNA 2009, 15, 1565-1577.

J. Li, Nucleic Acids Res. 2000, 28, 481 -488.

L.M.R. Keil, F.M. Moller, M. KieB, P.W. Kudella, C.B. Mast, Nat.
Commun. 2017, 8, 1897.

A. Mariani, C. Bonfio, C. M. Johnson, J.D. Sutherland, Biochemistry
2018, 57, 6382-6386.

M. Meroueh, C. S. Chow, Nucleic Acids Res. 1999, 27, 1118 -1125.

V. K. Jayasena, L. Gold, Proc. Natl. Acad. Sci. USA 1997, 94, 10612 -
10617.

A. Kasprowicz, K. Stokowa-Sottys, M. Jezowska-Bojczuk, J. Wrzesinski, J.
Ciesiotka, ChemistryOpen 2017, 6, 46-56.

N. Paul, G. F. Joyce, Proc. Natl. Acad. Sci. USA 2002, 99, 12733 -12740.
Y. Miyamoto, N. Teramoto, Y. Imanishi, Y. Ito, Biotechnol. Bioeng. 2001,
75, 590-596.

Y. Miyamoto, N. Teramoto, Y. Imanishi, Y. Ito, Biotechnol. Bioeng. 2005,
90, 36-45.

H. Kiihne, G. F. Joyce, J. Mol. Evol. 2003, 57, 292 -298.

P. Bieling, M. Beringer, S. Adio, M. V. Rodnina, Nat. Struct. Mol. Biol.
2006, 13, 423 -428.

www.chemasianj.org

[153]
[154]
[155

[156

[157
[158
[159

[160

[161
[162]
[163

[164]

229

CHEMISTRY

AN ASIAN JOURNAL
Minireview

M. Johansson, K-W. leong, S. Trobro, P. Strazewski, J. Aqvist, M.Y.
Pavlov, M. Ehrenberg, Proc. Natl. Acad. Sci. USA 2011, 108, 79-84.

M. V. Rodnina, Curr. Opin. Struct. Biol. 2013, 23, 595 -602.

R. K. Kumar, M. Yarus, Biochemistry 2001, 40, 6998 —7004.

L. P. Knauth, Palaeogeogr. Palaeoclimatol. Palaeoecol. 2005, 219, 53 - 69.
E. A. Gaucher, S. Govindarajan, O. K. Ganesh, Nature 2008, 451, 704 -
707.

B. Charnay, G. Le Hir, F. Fluteau, F. Forget, D. C. Catling, Earth Planet.
Sci. Lett. 2017, 474, 97 -109.

T. Pan, T.R. Sosnick, X. W. Fang, K. Littrell, B. L. Golden, V. Shelton, P.
Thiyagarajan, Proc. Natl. Acad. Sci. USA 2002, 98, 4355 -4360.

N. J. Baird, RNA 2006, 12, 598 -606.

F. Guo, T. R. Cech, Nat. Struct. Biol. 2002, 9, 855-861.

V. Saksmerprome, M. Roychowdhury-Saha, S. Jayasena, A. Khvorova,
D. H. Burke, RNA 2004, 10, 1916-1924.

A. Vazquez-Tello, P. Castan, R. Moreno, J. M. Smith, J. Berenguer, R. Ce-
dergren, Nucleic Acids Res. 2002, 30, 1606-1612.

K. E. Nelson, P. J. Bruesehoff, Y. Lu, J. Mol. Evol. 2005, 61, 216-225.

I. Daniel, P. Oger, R. Winter, Chem. Soc. Rev. 2006, 35, 858 -875.

D. N. Dubins, A. Lee, R. B. Macgregor, T. V. Chalikian, J. Am. Chem. Soc.
2001, 7123, 9254-9259.

J. Roche, J.A. Caro, D.R. Norberto, P. Barthe, C. Roumestand, J.L.
Schlessman, A.E. Garcia, B. E. Garcia-Moreno, C.A. Royer, Proc. Natl.
Acad. Sci. USA 2012, 109, 6945 -6950.

S. Takahashi, N. Sugimoto, Molecules 2013, 18, 13297 -13319.

R. B. Macgregor, Biopolymers 1998, 48, 253 -263.

D. J. Wilton, M. Ghosh, K. V. A. Chary, K. Akasaka, M. P. Williamson, Nu-
cleic Acids Res. 2008, 36, 4032 -4037.

C. Schuabb, M. Berghaus, C. Rosin, R. Winter, ChemPhysChem 2015, 16,
138-146.

F. Hughes, R. F. Steiner, Biopolymers 1966, 4, 1081 -1090.

G. Hervé, S. Tobé, T. Heams, J. Vergne, M.-C. Maurel, Biochim. Biophys.
Acta Proteins Proteomics 2006, 1764, 573 -577.

S. Tobé, T. Heams, J. Vergne, G. Hervé, M. C. Maurel, Nucleic Acids Res.
2005, 33, 2557 -2564.

C. Schuabb, N. Kumar, S. Pataraia, D. Marx, R. Winter, Nat. Commun.
2017, 8, 14661.

A. Fedoruk-Wyszomirska, E. Wyszko, M. Giel-Pietraszuk, M. Z. Barcis-
zewska, J. Barciszewski, Int. J. Biol. Macromol. 2007, 41, 30-35.

M. Giel-Pietraszuk, A. Fedoruk-Wyszomirska, J. Barciszewski, Mol. Biol.
Rep. 2010, 37, 3713-3719.

H. Kaddour, J. Vergne, G. Hervé, M. C. Maurel, FEBS J. 2011, 278, 3739-
3747.

N. Kumar, D. Marx, Phys. Chem. Chem. Phys. 2018, 20, 20886 - 20898.
C. P. Donahue, M. J. Fedor, RNA 1997, 3, 961-973.

R. H. Sarma, M. H. Sarma, J. Biomol. Struct. Dyn. 1998, 15, 10-14.

A.V. Vlassov, B.H. Johnston, L.F. Landweber, S.A. Kazakov, Nucleic
Acids Res. 2004, 32, 2966 -2974.

S. A. Kazakov, S. V. Balatskaya, B. H. Johnston, RNA 2006, 12, 446 -456.
A. V. Vlassov, B. H. Johnston, S. A. Kazakov, Oligonucleotides 2005, 15,
303-309.

E. A. Curtis, D. P. Bartel, RNA 2001, 7, 546-552.

J. L. O'Rear, S. Wang, A. L. Feig, L. Beigelman, O. C. Uhlenbeck, D. Hers-
chlag, RNA 2001, 7, 537 -545.

J. B. Murray, A. A. Seyhan, N. G. Walter, J. M. Burke, W. G. Scott, Chem.
Biol. 1998, 5, 587 -595.

G. L. Stepakoff, D. Siegelman, R. Johnson, W. Gibson, Desalination
1974, 15, 25-38.

A. L. Fink, M. A. Geeves in Methods in Enzymology, 1979, pp. 336-370.
S. Nakano, D. Miyoshi, N. Sugimoto, Chem. Rev. 2014, 114, 2733 -2758.
S. Nakano, Y. Kitagawa, H. Yamashita, D. Miyoshi, N. Sugimoto, Chem-
BioChem 2015, 16, 1803-1810.

K. J. Gardiner, T. L. Marsh, N.R. Pace, J. Biol. Chem. 1985, 260, 5415-
5419.

M. Hanna, J. W. Szostak, Nucleic Acids Res. 1994, 22, 5326 -5331.

A. L. Feig, G. E. Ammons, O. C. Uhlenbeck, RNA 1998, 4, 1251-1258.

S. Beneventi, G. Onori, Biophys. Chem. 1986, 25, 181-190.

S.J. Prestrelski, T. Arakawa, J.F. Carpenter, Arch. Biochem. Biophys.
1993, 303, 465-473.

A. A. Seyhan, J. M. Burke, RNA 2000, 6, 189-198.

X. Sun, J. M. Li, R. M. Wartell, RNA 2007, 13, 2277 - 2286.

© 2019 The Authors. Published by Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim


https://doi.org/10.1098/rstb.2011.0132
https://doi.org/10.1098/rstb.2011.0132
https://doi.org/10.1098/rstb.2011.0132
https://doi.org/10.1073/pnas.1420361112
https://doi.org/10.1073/pnas.1420361112
https://doi.org/10.1073/pnas.1420361112
https://doi.org/10.1002/cbic.201800322
https://doi.org/10.1002/cbic.201800322
https://doi.org/10.1002/cbic.201800322
https://doi.org/10.1002/cbic.201900344
https://doi.org/10.1002/cbic.201900344
https://doi.org/10.1038/nchem.1649
https://doi.org/10.1038/nchem.1649
https://doi.org/10.1038/nchem.1649
https://doi.org/10.1186/1745-6150-4-27
https://doi.org/10.1093/nar/gki540
https://doi.org/10.1093/nar/gki540
https://doi.org/10.1093/nar/gki540
https://doi.org/10.1038/nchembio.201
https://doi.org/10.1038/nchembio.201
https://doi.org/10.1038/nchembio.201
https://doi.org/10.1038/nchembio.201
https://doi.org/10.1039/C0CC04575F
https://doi.org/10.1039/C0CC04575F
https://doi.org/10.1039/C0CC04575F
https://doi.org/10.1021/ja403585e
https://doi.org/10.1021/ja403585e
https://doi.org/10.1021/ja403585e
https://doi.org/10.1021/ja403585e
https://doi.org/10.1098/rstb.2002.1183
https://doi.org/10.1098/rstb.2002.1183
https://doi.org/10.1098/rstb.2002.1183
https://doi.org/10.1098/rstb.2002.1183
https://doi.org/10.1021/ja00709a055
https://doi.org/10.1021/ja00709a055
https://doi.org/10.1021/ja00709a055
https://doi.org/10.1021/ja00709a055
https://doi.org/10.1371/journal.pone.0115950
https://doi.org/10.1371/journal.pone.0115950
https://doi.org/10.1126/science.aal4151
https://doi.org/10.1126/science.aal4151
https://doi.org/10.1126/science.aal4151
https://doi.org/10.1021/cr960425x
https://doi.org/10.1021/cr960425x
https://doi.org/10.1021/cr960425x
https://doi.org/10.1021/bi027273m
https://doi.org/10.1021/bi027273m
https://doi.org/10.1021/bi027273m
https://doi.org/10.1021/cr60273a002
https://doi.org/10.1021/cr60273a002
https://doi.org/10.1021/cr60273a002
https://doi.org/10.1021/ja0743893
https://doi.org/10.1021/ja0743893
https://doi.org/10.1021/ja0743893
https://doi.org/10.1021/ja0743893
https://doi.org/10.1021/ja205185g
https://doi.org/10.1021/ja205185g
https://doi.org/10.1021/ja205185g
https://doi.org/10.1021/ja205185g
https://doi.org/10.1021/acs.biochem.7b00174
https://doi.org/10.1021/acs.biochem.7b00174
https://doi.org/10.1021/acs.biochem.7b00174
https://doi.org/10.1021/acs.biochem.7b00174
https://doi.org/10.1038/sj.emboj.7601698
https://doi.org/10.1038/sj.emboj.7601698
https://doi.org/10.1038/sj.emboj.7601698
https://doi.org/10.1021/ja3067429
https://doi.org/10.1021/ja3067429
https://doi.org/10.1021/ja3067429
https://doi.org/10.1021/ja3067429
https://doi.org/10.1021/jo00018a037
https://doi.org/10.1021/jo00018a037
https://doi.org/10.1021/jo00018a037
https://doi.org/10.1021/bi00183a036
https://doi.org/10.1021/bi00183a036
https://doi.org/10.1021/bi00183a036
https://doi.org/10.1371/journal.pbio.0030277
https://doi.org/10.1371/journal.pbio.0030277
https://doi.org/10.1261/rna.1639409
https://doi.org/10.1261/rna.1639409
https://doi.org/10.1261/rna.1639409
https://doi.org/10.1093/nar/28.2.481
https://doi.org/10.1093/nar/28.2.481
https://doi.org/10.1093/nar/28.2.481
https://doi.org/10.1021/acs.biochem.8b01080
https://doi.org/10.1021/acs.biochem.8b01080
https://doi.org/10.1021/acs.biochem.8b01080
https://doi.org/10.1021/acs.biochem.8b01080
https://doi.org/10.1093/nar/27.4.1118
https://doi.org/10.1093/nar/27.4.1118
https://doi.org/10.1093/nar/27.4.1118
https://doi.org/10.1073/pnas.94.20.10612
https://doi.org/10.1073/pnas.94.20.10612
https://doi.org/10.1073/pnas.94.20.10612
https://doi.org/10.1002/open.201600141
https://doi.org/10.1002/open.201600141
https://doi.org/10.1002/open.201600141
https://doi.org/10.1073/pnas.202471099
https://doi.org/10.1073/pnas.202471099
https://doi.org/10.1073/pnas.202471099
https://doi.org/10.1002/bit.10033
https://doi.org/10.1002/bit.10033
https://doi.org/10.1002/bit.10033
https://doi.org/10.1002/bit.10033
https://doi.org/10.1002/bit.20360
https://doi.org/10.1002/bit.20360
https://doi.org/10.1002/bit.20360
https://doi.org/10.1002/bit.20360
https://doi.org/10.1038/nsmb1091
https://doi.org/10.1038/nsmb1091
https://doi.org/10.1038/nsmb1091
https://doi.org/10.1038/nsmb1091
https://doi.org/10.1073/pnas.1012612107
https://doi.org/10.1073/pnas.1012612107
https://doi.org/10.1073/pnas.1012612107
https://doi.org/10.1016/j.sbi.2013.04.012
https://doi.org/10.1016/j.sbi.2013.04.012
https://doi.org/10.1016/j.sbi.2013.04.012
https://doi.org/10.1021/bi010710x
https://doi.org/10.1021/bi010710x
https://doi.org/10.1021/bi010710x
https://doi.org/10.1016/j.palaeo.2004.10.014
https://doi.org/10.1016/j.palaeo.2004.10.014
https://doi.org/10.1016/j.palaeo.2004.10.014
https://doi.org/10.1038/nature06510
https://doi.org/10.1038/nature06510
https://doi.org/10.1038/nature06510
https://doi.org/10.1016/j.epsl.2017.06.029
https://doi.org/10.1016/j.epsl.2017.06.029
https://doi.org/10.1016/j.epsl.2017.06.029
https://doi.org/10.1016/j.epsl.2017.06.029
https://doi.org/10.1261/rna.2186506
https://doi.org/10.1261/rna.2186506
https://doi.org/10.1261/rna.2186506
https://doi.org/10.1261/rna.7159504
https://doi.org/10.1261/rna.7159504
https://doi.org/10.1261/rna.7159504
https://doi.org/10.1093/nar/30.7.1606
https://doi.org/10.1093/nar/30.7.1606
https://doi.org/10.1093/nar/30.7.1606
https://doi.org/10.1007/s00239-004-0374-3
https://doi.org/10.1007/s00239-004-0374-3
https://doi.org/10.1007/s00239-004-0374-3
https://doi.org/10.1039/b517766a
https://doi.org/10.1039/b517766a
https://doi.org/10.1039/b517766a
https://doi.org/10.1021/ja004309u
https://doi.org/10.1021/ja004309u
https://doi.org/10.1021/ja004309u
https://doi.org/10.1021/ja004309u
https://doi.org/10.1073/pnas.1200915109
https://doi.org/10.1073/pnas.1200915109
https://doi.org/10.1073/pnas.1200915109
https://doi.org/10.1073/pnas.1200915109
https://doi.org/10.3390/molecules181113297
https://doi.org/10.3390/molecules181113297
https://doi.org/10.3390/molecules181113297
https://doi.org/10.1002/(SICI)1097-0282(1998)48:4%3C253::AID-BIP5%3E3.3.CO;2-6
https://doi.org/10.1002/(SICI)1097-0282(1998)48:4%3C253::AID-BIP5%3E3.3.CO;2-6
https://doi.org/10.1002/(SICI)1097-0282(1998)48:4%3C253::AID-BIP5%3E3.3.CO;2-6
https://doi.org/10.1093/nar/gkn350
https://doi.org/10.1093/nar/gkn350
https://doi.org/10.1093/nar/gkn350
https://doi.org/10.1093/nar/gkn350
https://doi.org/10.1002/cphc.201402676
https://doi.org/10.1002/cphc.201402676
https://doi.org/10.1002/cphc.201402676
https://doi.org/10.1002/cphc.201402676
https://doi.org/10.1002/bip.1966.360041005
https://doi.org/10.1002/bip.1966.360041005
https://doi.org/10.1002/bip.1966.360041005
https://doi.org/10.1016/j.bbapap.2006.01.020
https://doi.org/10.1016/j.bbapap.2006.01.020
https://doi.org/10.1016/j.bbapap.2006.01.020
https://doi.org/10.1016/j.bbapap.2006.01.020
https://doi.org/10.1016/j.ijbiomac.2006.12.002
https://doi.org/10.1016/j.ijbiomac.2006.12.002
https://doi.org/10.1016/j.ijbiomac.2006.12.002
https://doi.org/10.1007/s11033-010-0024-3
https://doi.org/10.1007/s11033-010-0024-3
https://doi.org/10.1007/s11033-010-0024-3
https://doi.org/10.1007/s11033-010-0024-3
https://doi.org/10.1111/j.1742-4658.2011.08291.x
https://doi.org/10.1111/j.1742-4658.2011.08291.x
https://doi.org/10.1111/j.1742-4658.2011.08291.x
https://doi.org/10.1039/C8CP03142H
https://doi.org/10.1039/C8CP03142H
https://doi.org/10.1039/C8CP03142H
https://doi.org/10.1093/nar/gkh601
https://doi.org/10.1093/nar/gkh601
https://doi.org/10.1093/nar/gkh601
https://doi.org/10.1093/nar/gkh601
https://doi.org/10.1261/rna.2123506
https://doi.org/10.1261/rna.2123506
https://doi.org/10.1261/rna.2123506
https://doi.org/10.1089/oli.2005.15.303
https://doi.org/10.1089/oli.2005.15.303
https://doi.org/10.1089/oli.2005.15.303
https://doi.org/10.1089/oli.2005.15.303
https://doi.org/10.1017/S1355838201002357
https://doi.org/10.1017/S1355838201002357
https://doi.org/10.1017/S1355838201002357
https://doi.org/10.1016/S1074-5521(98)90116-8
https://doi.org/10.1016/S1074-5521(98)90116-8
https://doi.org/10.1016/S1074-5521(98)90116-8
https://doi.org/10.1016/S1074-5521(98)90116-8
https://doi.org/10.1016/S0011-9164(00)82061-5
https://doi.org/10.1016/S0011-9164(00)82061-5
https://doi.org/10.1016/S0011-9164(00)82061-5
https://doi.org/10.1016/S0011-9164(00)82061-5
https://doi.org/10.1021/cr400113m
https://doi.org/10.1021/cr400113m
https://doi.org/10.1021/cr400113m
https://doi.org/10.1002/cbic.201500139
https://doi.org/10.1002/cbic.201500139
https://doi.org/10.1002/cbic.201500139
https://doi.org/10.1002/cbic.201500139
https://doi.org/10.1093/nar/22.24.5326
https://doi.org/10.1093/nar/22.24.5326
https://doi.org/10.1093/nar/22.24.5326
https://doi.org/10.1017/S1355838298980943
https://doi.org/10.1017/S1355838298980943
https://doi.org/10.1017/S1355838298980943
https://doi.org/10.1016/0301-4622(86)87009-0
https://doi.org/10.1016/0301-4622(86)87009-0
https://doi.org/10.1016/0301-4622(86)87009-0
https://doi.org/10.1006/abbi.1993.1310
https://doi.org/10.1006/abbi.1993.1310
https://doi.org/10.1006/abbi.1993.1310
https://doi.org/10.1006/abbi.1993.1310
https://doi.org/10.1017/S1355838200991441
https://doi.org/10.1017/S1355838200991441
https://doi.org/10.1017/S1355838200991441
https://doi.org/10.1261/rna.433307
https://doi.org/10.1261/rna.433307
https://doi.org/10.1261/rna.433307
http://www.chemasianj.org

A Asia emica
Editorial Society

[192] B. Liu, T. Wu, Z. Huang, Y. Liu, J. Liu, Angew. Chem. Int. Ed. 2019, 58,
2109-2113; Angew. Chem. 2019, 1317, 2131-2135.

[193] H. Mutschler, A. Wochner, P. Holliger, Nat. Chem. 2015, 7, 502-508.

[194] L. Lie, S. Biliya, F. Vannberg, R. M. Wartell, J. Mol. Evol. 2016, 82, 81-92.

[195] H. Mutschler, P. Holliger, J. Am. Chem. Soc. 2014, 136, 5193 -5196.

[196] S.C. Mohr, R. E. Thach, J. Biol. Chem. 1969, 244, 6566 —6576.

[197] W.K. Johnston, P.J. Unrau, M. S. Lawrence, M. E. Glasner, D. P. Bartel,
Science 2001, 292, 1319-1325.

[198] J. Attwater, A. Wochner, V.B. Pinheiro, A. Coulson, P. Holliger, Nat.
Commun. 2010, 1, 76.

[199] J. Attwater, A. Wochner, P. Holliger, Nat. Chem. 2013, 5, 1011-1018.

[200] J. Attwater, A. Raguram, A.S. Morgunov, E. Gianni, P. Holliger, eLife
2018, 7, e35255.

[201] W. Zhou, R. Saran, Q. Chen, J. Ding, J. Liu, ChemBioChem 2016, 17,
159-163.

[202] W. Zhou, R. Saran, P. J. J. Huang, J. Ding, J. Liu, ChemBioChem 2017, 18,
518-522.

[203] T. Yu, W. Zhou, J. Liu, ChemBioChem 2018, 19, 31-36.

[204] T. Yu, W. Zhou, J. Liu, ChemBioChem 2018, 19, 1012-1017.

[205] C. He, I. Gallego, B. Laughlin, M. A. Grover, N. V. Hud, Nat. Chem. 2017,
9,318-324.

[206] C. He, A. Lozoya-Colinas, I. Géllego, M. A. Grover, N.V. Hud, Nucleic
Acids Res. 2019, 47, 6569-6577.

[207] M. Morasch, J. Liu, C. F. Dirscherl, A. laneselli, A. Kiihnlein, K. Le Vay, P.
Schwintek, S. Islam, M. K. Corpinot, B. Scheu, D. B. Dingwell, P. Schwille,
H. Mutschler, M. W. Powner, C. B. Mast, D. Braun, Nat. Chem. 2019, 11,
779-788.

[208] H.J. Cleaves, S.L. Miller, Proc. Natl. Acad. Sci. USA 1998, 95, 7260-
7263.

[209] I. Cnossen, J. Sanz-Forcada, F. Favata, O. Witasse, T. Zegers, N.F.
Arnold, J. Geophys. Res. E 2007, 112, E02008.

[210] K. Heil, D. Pearson, T. Carell, Chem. Soc. Rev. 2011, 40, 4271-4278.

[211] E. J. Wurtmann, S. L. Wolin, Crit. Rev. Biochem. Mol. Biol. 2009, 44, 34—
49.

[212] C. Zwieb, A. Ross, J. Rinke, M. Meinke, R. Brimacombe, Nucleic Acids
Res. 1978, 5, 2705-2720.

CHEMISTRY

AN ASIAN JOURNAL
Minireview

[213] B. H. Patel, C. Percivalle, D. J. Ritson, C. D. Duffy, J. D. Sutherland, Nat.

Chem. 2015, 7, 301-307.

[214] M. W. Powner, J. D. Sutherland, ChemBioChem 2008, 9, 2386 -2387.
[215] J. Xu, M. Tsanakopoulou, C.J. Magnani, R. Szabla, J.E. §poner, J.
Sponer, R. W. Gora, J. D. Sutherland, Nat. Chem. 2017, 9, 303 -309.

[216] P.K. Sarker, J. Takahashi, Y. Kawamoto, Y. Obayashi, T. Kaneko, K. Ko-
bayashi, Int. J. Mol. Sci. 2012, 13, 1006-1017.

[217] S. Ranjan, D. D. Sasselov, Astrobiology 2016, 16, 68 - 88.

[218] B. Singer, Virology 1971, 45, 101-107.

[219] L. M. Kundu, U. Linne, M. Marahiel, T. Carell, Chem. Eur. J. 2004, 10,
5697 -5705.

[220] T.V. Ramabhadran, J. Jagger, Proc. Natl. Acad. Sci. USA 1976, 73, 59-
63.

[221] S. Boldissar, M. S. De Vries, Phys. Chem. Chem. Phys. 2018, 20, 9701 -
9716.

[222] M.S. lordanov, D. Pribnow, J. L. Magun, T-H. Dinh, J. A. Pearson, B.E.
Magun, J. Biol. Chem. 1998, 273, 15794 -15803.

[223] R. Saha, I. A. Chen, ChemBioChem 2019, 20, 2609-2617.

[224] M. Pearson, H. E. Johns, J. Mol. Biol. 1966, 20, 215-229.

[225] D. J.-F. Chinnapen, D. Sen, Proc. Natl. Acad. Sci. USA 2004, 101, 65-69.

[226] D. J. F. Chinnapen, D. Sen, J. Mol. Biol. 2007, 365, 1326-1336.

[227] R.E. Thorne, D. J. F. Chinnapen, G. S. Sekhon, D. Sen, J. Mol. Biol. 2009,
388, 21-29.

[228] E. Biondi, S. Branciamore, M. C. Maurel, E. Gallori, BMC Evol. Biol. 2007,
7,S2.

[229] J.D. Stephenson, M. Popovi¢, T. F. Bristow, M. A. Ditzler, RNA 2016, 22,
1893-1901.

[230] R. Mizuuchi, A. Blokhuis, L. Vincent, P. Nghe, N. Lehman, D. Baum,
Chem. Commun. 2019, 55, 2090-2093.

[231] L. M.R. Keil, F.M. Moller, M. KieB3, P.W. Kudella, C.B. Mast, Nat.

Commun. 2017, 8, 1897.

Manuscript received: August 27, 2019
Revised manuscript received: November 5, 2019

Accepted manuscript online: November 12, 2019

Version of record online: December 9, 2019

Chem. Asian J. 2020, 15, 214-230 www.chemasianj.org

230

© 2019 The Authors. Published by Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim


https://doi.org/10.1002/anie.201814352
https://doi.org/10.1002/anie.201814352
https://doi.org/10.1002/anie.201814352
https://doi.org/10.1002/anie.201814352
https://doi.org/10.1002/ange.201814352
https://doi.org/10.1002/ange.201814352
https://doi.org/10.1002/ange.201814352
https://doi.org/10.1038/nchem.2251
https://doi.org/10.1038/nchem.2251
https://doi.org/10.1038/nchem.2251
https://doi.org/10.1007/s00239-016-9729-9
https://doi.org/10.1007/s00239-016-9729-9
https://doi.org/10.1007/s00239-016-9729-9
https://doi.org/10.1021/ja4127714
https://doi.org/10.1021/ja4127714
https://doi.org/10.1021/ja4127714
https://doi.org/10.1126/science.1060786
https://doi.org/10.1126/science.1060786
https://doi.org/10.1126/science.1060786
https://doi.org/10.1038/nchem.1781
https://doi.org/10.1038/nchem.1781
https://doi.org/10.1038/nchem.1781
https://doi.org/10.1002/cbic.201500603
https://doi.org/10.1002/cbic.201500603
https://doi.org/10.1002/cbic.201500603
https://doi.org/10.1002/cbic.201500603
https://doi.org/10.1002/cbic.201600708
https://doi.org/10.1002/cbic.201600708
https://doi.org/10.1002/cbic.201600708
https://doi.org/10.1002/cbic.201600708
https://doi.org/10.1002/cbic.201700498
https://doi.org/10.1002/cbic.201700498
https://doi.org/10.1002/cbic.201700498
https://doi.org/10.1002/cbic.201800049
https://doi.org/10.1002/cbic.201800049
https://doi.org/10.1002/cbic.201800049
https://doi.org/10.1038/nchem.2628
https://doi.org/10.1038/nchem.2628
https://doi.org/10.1038/nchem.2628
https://doi.org/10.1038/nchem.2628
https://doi.org/10.1093/nar/gkz496
https://doi.org/10.1093/nar/gkz496
https://doi.org/10.1093/nar/gkz496
https://doi.org/10.1093/nar/gkz496
https://doi.org/10.1038/s41557-019-0299-5
https://doi.org/10.1038/s41557-019-0299-5
https://doi.org/10.1038/s41557-019-0299-5
https://doi.org/10.1038/s41557-019-0299-5
https://doi.org/10.1073/pnas.95.13.7260
https://doi.org/10.1073/pnas.95.13.7260
https://doi.org/10.1073/pnas.95.13.7260
https://doi.org/10.1039/C000407N
https://doi.org/10.1039/C000407N
https://doi.org/10.1039/C000407N
https://doi.org/10.1080/10409230802594043
https://doi.org/10.1080/10409230802594043
https://doi.org/10.1080/10409230802594043
https://doi.org/10.1093/nar/5.8.2705
https://doi.org/10.1093/nar/5.8.2705
https://doi.org/10.1093/nar/5.8.2705
https://doi.org/10.1093/nar/5.8.2705
https://doi.org/10.1038/nchem.2202
https://doi.org/10.1038/nchem.2202
https://doi.org/10.1038/nchem.2202
https://doi.org/10.1038/nchem.2202
https://doi.org/10.1002/cbic.200800391
https://doi.org/10.1002/cbic.200800391
https://doi.org/10.1002/cbic.200800391
https://doi.org/10.1038/nchem.2664
https://doi.org/10.1038/nchem.2664
https://doi.org/10.1038/nchem.2664
https://doi.org/10.3390/ijms13011006
https://doi.org/10.3390/ijms13011006
https://doi.org/10.3390/ijms13011006
https://doi.org/10.1089/ast.2015.1359
https://doi.org/10.1089/ast.2015.1359
https://doi.org/10.1089/ast.2015.1359
https://doi.org/10.1016/0042-6822(71)90117-6
https://doi.org/10.1016/0042-6822(71)90117-6
https://doi.org/10.1016/0042-6822(71)90117-6
https://doi.org/10.1002/chem.200305731
https://doi.org/10.1002/chem.200305731
https://doi.org/10.1002/chem.200305731
https://doi.org/10.1002/chem.200305731
https://doi.org/10.1073/pnas.73.1.59
https://doi.org/10.1073/pnas.73.1.59
https://doi.org/10.1073/pnas.73.1.59
https://doi.org/10.1039/C8CP01236A
https://doi.org/10.1039/C8CP01236A
https://doi.org/10.1039/C8CP01236A
https://doi.org/10.1074/jbc.273.25.15794
https://doi.org/10.1074/jbc.273.25.15794
https://doi.org/10.1074/jbc.273.25.15794
https://doi.org/10.1002/cbic.201900261
https://doi.org/10.1002/cbic.201900261
https://doi.org/10.1002/cbic.201900261
https://doi.org/10.1016/0022-2836(66)90061-1
https://doi.org/10.1016/0022-2836(66)90061-1
https://doi.org/10.1016/0022-2836(66)90061-1
https://doi.org/10.1073/pnas.0305943101
https://doi.org/10.1073/pnas.0305943101
https://doi.org/10.1073/pnas.0305943101
https://doi.org/10.1016/j.jmb.2006.10.062
https://doi.org/10.1016/j.jmb.2006.10.062
https://doi.org/10.1016/j.jmb.2006.10.062
https://doi.org/10.1016/j.jmb.2009.02.064
https://doi.org/10.1016/j.jmb.2009.02.064
https://doi.org/10.1016/j.jmb.2009.02.064
https://doi.org/10.1016/j.jmb.2009.02.064
https://doi.org/10.1186/1471-2148-7-S2-S2
https://doi.org/10.1186/1471-2148-7-S2-S2
https://doi.org/10.1261/rna.057703.116
https://doi.org/10.1261/rna.057703.116
https://doi.org/10.1261/rna.057703.116
https://doi.org/10.1261/rna.057703.116
https://doi.org/10.1039/C8CC10319D
https://doi.org/10.1039/C8CC10319D
https://doi.org/10.1039/C8CC10319D
http://www.chemasianj.org

