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ABSTRACT
In an RNA world, the emergence of template-specific self-replication and catalysis necessitated the 
presence of motifs facilitating reliable recognition between RNA molecules. What did these motifs entail, 
and how did they evolve into the proteinaceous RNA recognition entities observed today? Direct 
observation of these primordial entities is hindered by rapid degradation over geological time scales. 
To overcome this challenge, researchers employ diverse approaches, including scrutiny of conserved 
sequences and structural motifs across extant organisms and employing directed evolution experiments 
to generate RNA molecules with specific catalytic abilities. In this review, we delve into the theme of 
ribonucleotide recognition across key periods of early Earth’s evolution. We explore scenarios of RNA 
interacting with small molecules and examine hypotheses regarding the role of minerals and metal ions 
in enabling structured ribonucleotide recognition and catalysis. Additionally, we highlight instances of 
RNA-protein mimicry in interactions with other RNA molecules. We propose a hypothesis where RNA 
initially recognizes small molecules and metal ions/minerals, with subsequent mimicry by proteins 
leading to the emergence of proteinaceous RNA binding domains.
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1. Introduction

Unravelling the ‘Origin of Life’ represents one of the most 
tantalizing quests in science [1,2]. Prior to the advent of the 
intricate biological machinery observed in the present day, the 
nascent forms of life had to navigate vastly different land-
scapes, guided by primitive molecules in a chemical theatre of 
emergence. Stanley Miller and Harold Urey’s landmark 
experiment in 1953 demonstrated that simple organic com-
pounds, including amino acids and nucleotides, could be 
formed under conditions mimicking the early Earth’s atmo-
sphere [3–5]. This finding laid the groundwork for a whole 
field of inquiry aiming to recapitulate the origins of life tra-
cing a path from primordial biomolecules. At the heart of this 
inquiry lies the ‘RNA world hypothesis, which suggests RNA 
molecules emerging as dynamic entities with dual roles as 
genetic carriers and simple catalysts, served as the cornerstone 
for the transition from inert chemistry to the vibrant tapestry 
of life [6–13].

The transition to template-specific self-replication and cat-
alysis would necessitate the emergence (a priori and concur-
rently) of motifs (structured) that recognized ribonucleotides 
to facilitate reliable and reproducible means of recognition 
between RNAs. What did these motifs look like? What was 
the evolutionary path that paved the way for the proteinac-
eous RNA recognition entities (RNA-Recognition Motifs 
(RRMs), Zn-finger folds) predominantly observed in the pre-
sent world [14–20]? Delving into the depths of the RNA world 
hypothesis to answer such elusive questions poses 

a formidable challenge. A direct observation of these primor-
dial entities in the fossil record is generally precluded by their 
rapid degradation over geological time scales. To circumvent 
this fundamental challenge, researchers have had to employ 
diverse and ingenious approaches to infer their existence and 
glean insights into the ancient origins of these motifs.

One strategy in the field involves scrutinizing the evolu-
tionary history of conserved sequences and structural motifs 
across extant organisms [16,19,21–23]. This approach enables 
identification of genes encoding critical RNA-binding pro-
teins and the elements they recognize. A more creative 
approach pioneered by Szostak, Joyce, Orgel employs directed 
evolution to generate RNA molecules with specific catalytic 
abilities [24–40]. These experiments reveal the nature of 
RNA–RNA interactions that could have potentiated such 
abilities in a primordial RNA world. Both of these approaches 
are remarkably insightful and elucidate the fundamental prin-
ciples that may have been required for ribonucleotide 
recognition.

In this review, we examine the premise of ribonucleotide 
recognition across several key periods of evolution on early 
Earth. We start with a simple scenario of RNA interacting 
with small molecules (Figure 1) and then proceed to further 
examine existing hypotheses on the role of minerals/metal 
ions in providing initial scaffolds for RNA to enable struc-
tured ribonucleotide recognition and catalysis (Figure 1). 
Finally, we highlight specific examples of RNA and proteins 
mimicking each other in the context of their interactions with 
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other RNA molecules (Figure 1). We provide a plausible 
hypothesis that recognition of RNA motifs could have started 
with RNA itself recognizing small molecules and metal ions/ 
mineral scaffolds. Also, we posit that the mimicry of the 
structural and functional attributes of RNA molecules (used 
to recognize ribonucleotide substrates) by proteins, paved the 
way for the well-conserved proteinaceous RNA binding 
domains that we know today (Figure 1).

2. Early evolutionary events of small-molecule 
interaction with RNA

2.1. Small-molecule recognition of RNA

The RNA world hypothesis [6–12] principally concentrates on 
the advent of RNA-centric life during the subsequent 
Archaean aeon, spanning from around 3.8 to 2.5 billion 
years ago. Certain conjectures posit the existence of simpler 
RNA-driven chemistry or recognition motifs during the ear-
lier Hadean epoch, laying the groundwork for subsequent 
biological complexity [6,10,12,21,49,50]. The ability of RNA 
to form complex tertiary structures and interact with small 
molecules through aptamers [14,15,51–54] emerges as 
a pivotal aspect in the earliest stages of molecular evolution. 
It is speculated that such interactions emerged in a prebiotic 
world on rock clusters [45–47,55], at once acting as geophy-
sical scaffolds for RNA fragments and simultaneously 

inundated with various small-molecule cofactors. In this sce-
nario, rudimentary RNA recognition motifs may have first 
developed. Evidence from riboswitches, believed to have 
evolved early in the history of life, supports this notion 
[48,56–58]. Riboswitches, which contain multiple-binding 
sites capable of interacting with apparently distinct molecules 
[48,56–58], likely played a role in regulating primitive RNA 
polymerization events in response to environmental cues [48]. 
Even today, these regulatory RNA elements are found in the 
untranslated regions (UTRs) of many mRNAs in bacteria and 
other organisms, orchestrating gene expression in response to 
specific small molecules or ions [48,56–58]. The aptamer 
domain from the riboswitch interacts directly with the small 
molecule or ion (the ligand), to induce conformational 
changes that modulate the functioning of the expression plat-
form [58–60] (Figure 2A, B). Aptamers could have started as 
stand-alone, small-molecule recognition motifs that even-
tually acquired additional regulatory function as the RNA 
grew in size and cellular structures emerged in the later 
periods of evolution (Figure 2). It is worth noting that 
although aptamers are RNAs that bind specific ligands, they 
need not be catalytic themselves.

For an initial examination of riboswitches, cyanobacteria, 
a group of photosynthetic bacteria, provide a compelling case 
study [63,64]. Exploring riboswitches in cyanobacteria offers 
valuable insights into the small-molecule interactions of the 
RNA world that may have preceded the emergence of proteins 

Figure 1. A proposed scenario for the origin of proteinaceous ribonucleotide recognition motifs through substrate mimicry. In early earth, emergent primordial 
ribonucleotide fragments traverse two chemically interdependent evolutionary paths. In the first trajectory, auto-catalytic networks [41–43] are built through 
recognition and self-catalytic replication steps that eventually lead to the formation of sustainable propagation of templates below Eigen’s error threshold [44]. In 
the second trajectory, ribonucleotide-metal ion interactions enable initial adsorption to porous rock clusters – such surfaces support further growth of larger 
ribonucleotide polymers [45–47]. These adsorbed RNAs interact with small molecules/metal ions and provide an initial structured scaffold later used for recognizing 
other RNA molecules. As RNA-small molecule complexes accrue size and structural complexity they form aptamers that are able to recognize other RNA molecules 
reliably and reproducibly [48]. Eventually structured proteins/peptide-conjugates replace the RNA recognition scaffolds through molecular mimicry.

Figure 2. Extant riboswitches illustrate the diversity of small molecules that RNA scaffolds interact with. (A) Riboswitches typically consist of an overlapping RNA 
aptamer domain (that recognizes and binds a small molecule ligand, red hexagon) and an expression platform (that modulates a specific cellular function). 
A riboswitch that regulates transcription has been presented as an example [58]. (B) In response to small molecule ligand binding by the aptamer domain, the 
riboswitch undergoes a structural rearrangement that elicits a specific cellular response (transcription termination in this example) [58]. (C) Riboswitches interact with 
a plethora of intracellular small molecule ligands. Parentheses indicate the number of known classes of riboswitch that bind a specific category of small molecule 
ligand. (A-C) adapted from [58]. (D) Example structures of riboswitches that bind metal ions (Mn2+) [61], nucleotide base (adenine) [57] and cofactor (SAM) [62]. 
Inset – zoomed view of bound ligand (highlighted in red). Parentheses indicate PDB IDs of structures displayed.
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and cyanobacteria themselves. Cyanobacteria possess diverse 
riboswitches crucial for adapting to changing environmental 
conditions. Examples include flavin mononucleotide (FMN) 
riboswitches regulating flavin metabolism genes [63,64], coba-
lamin (vitamin B12) riboswitches controlling cobalamin bio-
synthesis and uptake [63,64], S-adenosylmethionine (SAM) 
riboswitches regulating methionine metabolism genes [63–65], 
and TPP-riboswitches involved in amino acid metabolism reg-
ulation [63,64]. These riboswitches regulate precise gene 
expression in response to nutrient availability, light conditions, 
and other environmental factors, aiding cyanobacteria in adapt-
ing to diverse ecological niches [58,66–68]. More importantly, 
it lays the groundwork for the idea that mineral-RNA scaffolds 
could provide a specific recognition mechanism to the other 
fragment of the RNA, thereby presenting a rudimentary RNA 
recognition motif.

There are several other examples of RNA-metal complexes 
that respond uniquely towards other RNA, sometimes purely 
by the reorganization of tertiary structure. For example, 
M-box riboswitches, that are prevalent in bacteria, respond 
with a compaction of tertiary structure in presence of a high 
concentration of ions [61,69]. Concentrated mixtures of diva-
lent cations, which would be abundant in porous rock clusters 
of the Hadeanic oceans of early-earth [70], would yield a sub- 
structure of the RNA capable of influencing long-range inter-
actions with other RNA motifs. Such rudimentary interactions 
and cation-dependent recognition of other RNA motifs would 
pave the way for more complex recognition elements to 
emerge as evolution took its course.

2.2. Integration of ionic motifs into RNA structure

In the present day, RNA molecules rely ubiquitously on metal 
ions for a diversity of functions [71–78]. In the case of 
ribozymes [68,79–82], the proposed pioneer catalysts of the 
RNA world [6,21,49,50,83–92], Mg2+ ions are required to 
stabilize their folded and catalytically active structures 
[73,93–96] (e.g. in the group I domain ribozyme or hammer-
head ribozyme, Figure 3A) reminiscent of Mg2+ s role in 
extant biology. The functional properties of Mg2+ stem from 

its optimal size, facilitating coordination with oxyanions on 
phosphate groups [94,95,101–103]. In addition to Mg2+ other 
metal ions also play a crucial role in RNA-dependent pro-
cesses [77,78,104], including RNA folding and catalysis 
[100,105–109], self assembly [110] and polymerization 
[47,111] (Figure 3B). Additionally, metal ions (with similar/ 
distinct identities) can cooperatively bind and influence RNA 
function [71,112–114]. Collectively, these works highlight the 
influence of metal ions in providing structural stability to the 
three-dimensional architecture and function of RNA. In turn, 
this attribute might have been the impetus during the course 
of evolution towards conservation of such motifs. 
Interestingly, metal ions can also induce hydrolysis of RNA 
molecules by activating a neighbouring 2-OH [115], a process 
that is exacerbated by stronger Lewis acids (e.g. Pb2+, Cu2+) 
[116–119] and higher pH [120]. It has been speculated that 
the RNA may have originated in a low pH environment [120]. 
With the subsequent increase in environmental pH, evolution 
(in this case, the heritable propagation of molecular informa-
tion) may have additionally selected against RNA associations 
with metal ions that were more likely to drive hydrolysis in 
these conditions.

In a retrospective analysis of evolution, one could look at 
the ribozymes from viruses for involvement of ions with RNA 
catalysis. Studies of the HDV genomic ribozyme reveal that it 
self-cleaves via a structural Mg2+ ion-dependent mechanism 
and a distinctly different mechanism with combinatory struc-
tural and catalytic Mg2+ ions [121]. Experiments with various 
metal ions showed that under conditions favouring the com-
binatory mechanism, Mg2+, Ca2+, Ba2+, and Sr2+ had similar 
binding affinities, whereas simple structural catalytic modes 
exhibited tighter binding with smaller ions, indicating two 
classes of metal ion sites: a structural site with a preference 
for Mg2+ and a weak catalytic site with little ion specificity 
[121]. This study, further highlights two different kinds of 
integration of metal ions, within the RNA motif over an 
evolutionary timescale.

How would these metal ion–RNA interactions have played 
out in an early earth? It is generally believed that the Hadean 
ocean of a primordial world was predominantly rich in Fe2+ 

Figure 3. Role of metal ions in extant and primordial biology. Metal ions play extensive roles in extant RNA biology. (A) Structures of ribozymes bound to metal ions 
[97,98] (indicated in parentheses). Inset shows zoomed-in view. (B) Cartoon illustrating the diverse roles played by metal ions in RNA biology. (C) Quantum 
mechanical simulation of the RNA-Mg2+ clamp from the L1 ribozyme ligase (PDB 2OIU [99] reveal striking similarities in coordination geometry of metal ions Mg2+ 

and Fe2+. Figure adapted from [100]. (D) a proposed model for the growth and evolution of ribonucleotide molecules aided by metal ions on porous rock clusters in 
a hadeanic ocean. (1) small RNA attaches to porous rock surfaces aided by coordination to exposed metal ions on the surface of the rock cluster. (2) RNA molecules 
grow in size and complexity on porous rock surfaces. Metal ions and/or small molecules bound to the rock surface get gradually incorporated into the architecture of 
the growing RNA polymer. (3) structured RNA scaffolds developed on the porous rock surface provide a second layer for other small ribonucleotides/oligomers to 
attach to. Primordial ribonucleotide recognition motifs emerge. (4) complex molecules with ribonucleotide recognition/catalytic capabilities emerge and the 
proposed cycle (steps 1-3) occurs to generate a diversity of RNA molecules. Eventually RNA autocatalytic networks emerge.
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ions [70,106,122–127]. The plausibility of Fe2+ involvement in 
RNA chemistry is supported by a series of insightful studies 
[100,106,107,128–130]. One study explores the feasibility of 
using Fe2+ as a substitute for Mg2+ in RNA folding and cata-
lysis under conditions lacking free oxygen, reminiscent of 
plausible early Earth environments [100]. Through 
a combination of density functional calculations and experi-
ments, it was demonstrated that Fe2+ can fulfill the roles of 
Mg2+ in RNA folding and function [100]. Quantum mechanical 
calculations revealed similarities in the coordination geometry of 
Fe2+ and Mg2+ by RNA phosphates [100] (Figure 3C). Chemical 
footprinting experiments indicated conservation of RNA con-
formation in the presence of Fe2+ or Mg2+ [101]. Moreover, the 
catalytic activities of ribozymes, including the L1 ribozyme ligase 
and the hammerhead ribozyme, are enhanced in the presence of 
Fe2+ compared to Mg2+ [101].

Initially, soluble Fe(II) was abundant in anaerobic con-
ditions; however, with the advent of photosynthesis and an 
oxygen-rich atmosphere, Fe(II) became less available, and 
RNA adapted by replacing Fe(II) with Mg2+. Hsiao and 
colleagues hypothesized that early RNA – Fe(II) interac-
tions were integral to RNA reactivity. Their experiments 
even show that Fe(II) can catalyse peroxide reduction in 
structured RNA but not in simple oligonucleotides. Fe(II) 
supports complex RNA structures and enhances ribozyme 
catalysis, with studies indicating Fe(II) interactions were 
more favourable for phosphoryl transfer than Mg2+. 
Research also shows that Fe(II) and Mg2+ support different 
RNA sequence pools [104,107], suggesting an initial Fe- 
dominant RNA world later replaced by Mg2+. Additionally, 
the Iron Responsive Element (IRE) [131–134] in iron meta-
bolism mRNAs illustrates a modern example of functional 
RNA-Fe(II) interactions, showing how direct RNA-Fe(II) 
interactions govern regulatory functions in response to 
iron levels. This indicates that conserved IRE sequences 
originated early in metazoan evolution, after the Great 
Oxygenation Event. These findings, coupled with the non- 
oxidative atmosphere and abundance of Fe2+ during the 
early Archaean Aeon [70,106,122–127], suggest a potential 
role for Fe2+ in an RNA World. In these conditions, RNA 
and Fe2+ could support a more diverse array of RNA 
structures and catalytic functions than RNA with Mg2+ 

alone.
It is notable here that contrarian studies also exist. Guerrier- 

Takada et al. [135] highlighted that except for Mn2+ no other 
transition metal could successfully replace the catalytic activity 
of Mg (Although, Ca2+ and Zn2+ provide compelling argu-
ments towards potential catalytic involvement [112,136,137]. 
Nevertheless, it is crucial to recognize that the outcomes 
might differ significantly under anaerobic and prebiotic con-
ditions that mimic early Earth’s environment. The presence 
of oxygen and the specific metal ions used in contemporary 
experiments, such as Mg2+ and Mn2+, may not reflect the 
actual conditions of early Earth, where soluble Fe(II) was 
abundant due to the lack of oxygen [70,106,122–127]. Fe(II) 
could have played a crucial role in RNA catalysis, influencing 
the structure and reactivity of RNA differently than Mg2+ 

and Mn2+.

While complexes of metal ions and RNA seem like an 
obvious feature in today’s world, the integration of the two 
would be the cornerstone for emergence of RNA recognition 
motifs in the evolutionary cascade. We suggest that cation and 
cationic clusters, which would be inherently prevalent in 
porous rocks and mineral clays, would allow for binding of 
the RNA molecule to the clay/rock itself (Figures 3D, 1). This 
phase of the binding event could very well be non-specific. 
But over time, the ions that initially led to the non-specific 
binding of the RNA would integrate into RNA tertiary struc-
tures, in turn regulating the recognition of other RNA moi-
eties (Figures 3D, 2–4). Through their diverse roles in 
modulating RNA structure, catalysing biochemical reactions, 
and driving functional changes, metal-RNA complexes pro-
vide the first glimpse at the emergence of RNA-recognition 
motifs.

2.3. Influence of mineral surfaces on building scaffolds 
for RNA

Previous research has demonstrated the catalytic properties of 
minerals in various processes crucial to life’s emergence, 
including RNA synthesis, polymerization, and protection 
from degradation [45,46,138–140]. Mineral surfaces, notably 
hydroxyapatite, have been proposed (originally by Orgel in 
1980141) to have the potential to selectively adsorb longer 
RNAs. Despite this initial observation, this concept has not 
been extensively explored. However, the selective accumula-
tion of longer RNA molecules on mineral surfaces has sig-
nificant implications for the RNA world hypothesis. First, it 
counteracts the bias towards shorter RNAs typically seen in 
abiotic or ribozyme-mediated synthesis [30,40,46]. Secondly, 
mineral surfaces protect longer RNAs from loss in self- 
replicating systems, where shorter sequences replicate more 
rapidly [46,138,141,142]. Third, the accumulation of long 
informational RNAs may facilitate cooperative interactions 
among RNA molecules, promoting complex reactions and 
collective reproduction within emergent RNA autocatalytic 
networks [47,143]. This idea underscores the importance of 
investigating the collaborative effects of minerals and ribo-
zymes in promoting cooperative phenomena, which are often 
manifested in critical evolutionary steps such as ribonucleo-
tide recognition.

It is important to discuss Montmorillonite in this regard 
[45,138,140,144]. This clay mineral has been studied since the 
introduction of the concept by Orgel [145] and represents 
mineral-based surfaces which could selectively adsorb RNA 
[46,146]. At a molecular level, ionic motifs from these tangible 
surfaces bind and stabilize nucleobases, potentially aiding in 
prebiotic synthesis in favourable environments like hydro-
thermal vents [45,138,140,144]. These mineral motifs would 
serve both the functions of elemental catalysts and structural- 
binding partners to the first few nucleobases, and then quickly 
transpose themselves into integral motifs of the tertiary struc-
ture of these RNA that could stabilize other nucleobases. 
Hence, there would be the emergence of an RNA recognition 
from a truly abiological platform of rocks and minerals in 
early Earth conditions (Figure 3D). Several experiments and 
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theories reveal that RNA folding is complex, involving parallel 
pathways and kinetic traps due to a rugged energy landscape 
[147]. Studies show that slow transitions to RNA’s functional 
state involve misfolded structures serving as kinetic traps, 
with fast secondary structure formation followed by slower 
tertiary assembly. Wu and Tinoco’s NMR experiments on the 
Tetrahymena group I intron [148] indicate that Mg2+ ions 
trigger substantial secondary structure rearrangement to 
achieve the native state. Their findings suggest a nucleation- 
collapse mechanism for tertiary folding, with implications for 
similar mechanisms that would have guided the folding and 
subsequent selection of such RNA in early earth environ-
ments. The complex interplay among RNA and minerals 
sheds light on the conditions and mechanisms underlying 
life’s origin. Investigating these interactions further deepen 
our understanding of prebiotic chemistry and the pathways 
that led to the development of RNA recognition.

3. Interactions of RNA aptamers with other RNA

3.1. Rudimentary partners of RNA aptamers

In the exploration of RNA evolution, a pivotal phase arises in 
the recognition and binding processes, marked by the integra-
tion of mineral clusters into RNA’s tertiary folds. This inte-
gration is followed by the formation of unique folding 
patterns [48,60] driven by complementary base-pairing inter-
actions and hydrogen bonds among nucleotides within the 
RNA chain [149–152]. Detailed analyses of RNA structures 
have unveiled recurring patterns termed conserved motifs 
[149–152], which act as structural building blocks for more 
complex architectures. Additionally, longer-range tertiary 
interactions further contribute to the intricate three- 
dimensional structures assumed by RNA molecules 
[149–152].

The focus then shifts to molecular recognition between 
separate RNAs, where RNA aptamers – short RNA 
sequences – take centre stage. These aptamers exhibit the 
capability to selectively bind to target molecules, giving rise 
to RNA-small molecule complexes [15,51,52,153]. These com-
plexes play a crucial role in assembling complex tertiary 
structures through non-covalent interactions like hydrogen 
bonding and base stacking [149–152]. Moreover, the incor-
poration of small molecules via aptamers introduces new 
functional capabilities to RNAs. Bound small molecules can 
act as cofactors for catalytic reactions [154,155], modulate 
RNA folding dynamics [15], or serve as signalling molecules 
[156,157]. This expansion of RNA’s functional repertoire con-
tributes to the prebiotic world’s complexity, setting the stage 
for the emergence of diverse biological systems. For example, 
using biophysical and structure mapping techniques, it has 
been shown [158] that tRNA folding cooperativity increases 
under physiological conditions with crowding agents like PEG 
or dextran. Additionally, the presence of low-molecular- 
weight co-solutes variably affects folding [158], highlighting 
that crowding agents stabilize tertiary structures to enhance 
folding cooperativity, paralleling protein folding behaviour. It 
begs the question if such non-living crowding effects could 
have been generated in early earth where multiple RNA 

fragments coming together to induce functional cooperativity 
while mimicking the crowding effect is well within reason.

Furthermore, the complex tertiary structures formed by 
RNA-small molecule complexes serve as scaffolds for the 
binding of additional RNA molecules, leading to the forma-
tion of larger RNA networks [42,43,159]. These networks 
facilitate cooperative interactions between RNA molecules, 
thereby promoting the emergence of rudimentary cellular 
processes [160–162]. The integration of RNA-small molecule 
complexes into complex tertiary structures through aptamers 
represents a critical step in life’s early evolution.

3.2. Evolution of RNA auto-catalytic networks

We cannot discuss the emergence of RNA recognition motifs 
without the discussion of autocatalytic networks, which would 
have evolved into the self-sustaining cycle of replication/ 
reproduction [29,33,34,38,41–43,163–165]. Our current day 
research points to the idea that autocatalytic networks could 
have emerged only after the advent of RNA-based RNA- 
recognition motifs. Let us start with a null hypothesis: auto-
catalytic networks of purely RNA fragments did not require 
RNA recognition motifs. If true, RNA copying would be 
random, thereby crossing Eigen’s threshold [44] within 
a few generations and collapsing the system. This mathema-
tical improbability for sustained growth of life suggests that 
the alternative hypothesis is much more likely to be true.

In the RNA world scenario, autocatalytic networks played 
a pivotal role in the emergence of self-replicating RNA mole-
cules through the interplay of simple catalysts and far-from- 
equilibrium phenomena [166]. Autocatalytic networks are 
dynamic systems where molecules catalyse their own produc-
tion, leading to exponential growth under prebiotic condi-
tions [166,167]. Through the process of template-directed 
RNA polymerization, ribozymes could have catalysed the 
synthesis of complementary RNA strands using simple pre-
cursor molecules, such as nucleotides [44,166,167]. This pro-
cess initiates an autocatalytic cycle where the newly 
synthesized RNA molecules serve as templates for the produc-
tion of additional RNA copies, leading to exponential ampli-
fication of the RNA population. Far-from-equilibrium 
conditions are essential for sustaining such autocatalytic net-
works and promoting the emergence of self-replicating RNA 
[41,42,159]. These conditions create a thermodynamic driving 
force that fuels the continuous production of RNAs, over-
coming the inherent tendency of chemical reactions to reach 
equilibrium.

Experimental studies have provided evidence supporting 
the plausibility of autocatalytic networks in the RNA world 
[29,33,34,38,40–43,163,165]. For example, in vitro selection 
experiments and extensive computational studies have 
demonstrated the spontaneous emergence of RNA molecules 
with self-replicating properties under selective pressure 
[29,33,34,38,40–43,163,165]. These studies have identified 
ribozymes capable of catalysing RNA ligation and replication 
reactions, further supporting the feasibility of autocatalytic 
networks in prebiotic environments [10,43,159]. 
Autocatalytic networks, driven by simple catalysts and far- 
from-equilibrium conditions, provide a plausible mechanism 
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for the formation of self-replicating RNA in the RNA world. 
Critically, the intricate dynamics of these networks rely on 
efficient binding and recognition of partners to enable auto-
catalytic reactions. In turn, the evolutionary advantage pro-
vided by the stability of such autocatalytic networks would 
provide the impetus for speedy development and sustenance 
of RNA recognition motifs.

4. Transfiguration of RNA recognition scaffolds into 
protein scaffolds

Protein-based RNA recognition is widely observed in many 
fundamental life processes of today’s world. Based on the 
ubiquitous observation of such protein-based RNA recogni-
tion motifs in extant organisms, it has been suggested that 
these motifs are ancient and evolved early on, likely antedat-
ing LUCA [168]. How would these primordial RNA- 
recognition elements gain a foothold in an environment 
dominated by solely RNA-based recognition? It is possible 
that in the later stages of this evolution of RNA-recognition, 
RNA molecules might have collaborated with simple peptides 
or precursor molecules of proteins [169–171]. Such coopera-
tive interactions could have engendered nascent recognition 
motifs, serving rudimentary catalytic and binding roles 
(Figure 4A). What would these motifs look like in transition-
ing from purely RNA-based recognition to its proteinaceous 
counterpart that is widely observed today?

Over the course of molecular evolution, nature chose phos-
phates in RNA (and DNA) backbones for their unique ability 
to stabilize and retain molecules via negative charges while 
linking nucleotides and preventing hydrolysis [172]. This 
stability also applies to their role as energy carriers and meta-
bolites. Phosphates can form reactive intermediates like 
monomeric metaphosphate ions, making them vital in bio-
chemistry, where enzymatic catalysis drives reactions without 
the need for highly reactive intermediates [172]. Mutisya et al. 
[173] investigated the premise if amide linkages could replace 
phosphodiesters. Although predominantly studied with 
siRNA, their work in relation to amides as potential substi-
tutes for the phosphate backbone [173] can be conceptually 
expanded to most RNA. Their research aligns with previous 
biophysical and NMR data, suggesting that amides exhibit 
structural characteristics akin to the phosphate backbone, 
thereby suggesting a possible mechanism of scaffold transfig-
uration through iterative replacement (Figure 4B). In their 

work [173], a crystal structure analysis of an amide-modified 
RNA offered insights into the accommodation of amide lin-
kages within an A-form duplex, shedding light on their struc-
tural compatibility. Additionally, the favourable hydration 
properties of amides along with lesser propensity for lysis 
further support their feasibility in biological environments. 
Of particular interest is the observation that amide linkages 
are well tolerated at internal positions within both guide and 
passenger strands of siRNAs [173].

A study by the Hlouchova group [174] selected an RNA- 
binding variant of the ribosomal uL11 C-terminal domain 
from a library of sequences composed of prebiotically plausi-
ble amino acids, which bound RNA with similar affinity but 
utilized ion bridging (K+/Mg2+) for stabilization instead of 
aromatic or basic residues. This suggests early RNA – protein 
interactions relied on metal ions rather than amino acid. For 
example, RNA-binding proteins selected from reduced amino 
acid alphabets show similar binding affinities but differ in 
their interaction mechanisms compared to their modern 
counterparts. Additionally, magnesium ions and polyamines 
were likely crucial in stabilizing early protein structures and 
facilitating RNA interactions. This study highlights that early 
RNA – protein interactions could have evolved with metal-ion 
assistance before the addition of positively charged amino 
acids to the protein alphabet for enhanced interaction 
specificity.

Another possible trajectory for the dominance of protein- 
based RNA recognition involves the emergence of polypep-
tides through convergent evolution that resemble RNA-based 
scaffolds. We hypothesize that these polypeptides would even-
tually replace, in entirety, the existing RNA scaffolds 
(Figure 4C), becoming the primary means of RNA recogni-
tion (as observed in the extant world). Was indeed such 
a trajectory feasible and what were the considerations that 
determined the preference of protein vs RNA in a recognition 
scaffold? Herein (section 4 and 5) we examine specific exam-
ples of folded proteins that were either incorporated to 
enhance stability of RNA–RNA interactions, or mimic the 
structure and/or function of certain RNA molecules providing 
preliminary support for our hypothesis.

To the former point, the shift from RNA–RNA to RNA– 
protein interactions not only provided greater catalytic effi-
ciency but also increased the specificity of molecular recogni-
tion, thereby promoting the diversification and complexity of 
early life forms [170,175]. Evidence of such integration is 

Figure 4. Proposed model for the transfiguration of RNA recognition scaffolds from RNA to protein. (A) In a primordial earth, rudimentary RNA-RNA interactions give 
way to stable RNA-based recognition motifs as RNA molecules (blue) gain size, structure and complexity. Eventually, through the course of evolution, these RNA- 
based RNA recognition scaffolds are replaced by the versions that are composed entirely of polypeptides (green) through unknown mechanisms. We speculate that 
such a transition may have occurred through a combination of two processes. (B) In the first process (A), portions of the recognition RNA scaffold are replaced 
iteratively by amino acids due to enhanced stability provided by peptide bonds compatible with the RNA structure. Over time, the entire ribonucleotide scaffold is 
replaced by amino acids. (C) In an alternative process (B), polypeptide sequences that resemble the RNA-based recognition scaffold emerge through convergent 
evolution, entirely replacing the original RNA-based scaffold.
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observed through the analysis of the composition of the ribo-
some itself. The ribosomal core, composed of ribosomal RNA 
(rRNA) and ribosomal proteins, catalyses the formation of 
peptide bonds between amino acids during translation [176– 
178]. This process occurs in the peptidyl transferase centre 
(PTC) of the ribosome [179], where the 23S rRNA component 
plays a central role in catalysis [180]. Bokov and Steinberg in 
their remarkable finding presented a hierarchical model that 
hones in on the catalytic motif of the ribosome, which turned 
out to be an RNA [181]. Their analysis reveals that a critical 
aspect of 23S rRNA evolution during the post-proto-ribosome 
era was the stabilization of the proto-ribosome’s tertiary struc-
ture [181]. Their findings underscore that, despite its apparent 
complexity, the structure of 23S rRNA adheres to the notion 
and could have evolved within a relatively short time frame in 
the context of evolutionary history [181]. Each new addition 
occurred randomly and was assimilated only if it enhanced 
the ribosome’s stability and efficiency as a transpeptidase 
[181]. During the early stages of evolution, the ribosome 
primarily existed as an RNA entity [181]. Subsequently, as 
ribosomal functioning became sufficiently efficient in protein 
synthesis, proteins assumed a significant role in the ribosomal 
structure [181]. They also proposed that the pivotal transition 
from the RNA world to the protein-based world is punctuated 
by the critical time point where a proto-ribosome synthesizing 
peptides and potentially other peptide-like chemical moieties 
[181], became truly exclusive in the synthesis of peptides. That 
point in time will also be devoid of the proteinaceous parts of 
the ribosome and mostly RNA-based.

4.1. First-RNA recognition domains of protein – oldest 
evolutionary records – RRM motifs

The RRM domain, also known as the RNA-binding domain 
(RBD) or ribonucleoprotein (RNP) domain, is the most abun-
dant RBD in higher vertebrates and is found across all 
domains of life, including prokaryotes and viruses 
[168,182,183]. The RRM domain represents one of the oldest 
protein motifs, with structural similarities observed between 
ancient and modern proteins on an evolutionary time scale 
[168,182,183]. Interestingly, examination of virus hallmark 
proteins (VHPs), crucial for the genome replication of viruses 
(infecting all domains of life), reveals a striking commonality – 
the structural core of these proteins all share the RNA- 
recognition motif (RRM) domain [168]. Given that viruses 
infect cells in every domain of life and likely antedate the 

LUCA, this finding suggests that RRMs emerged in a similar 
time period. Although RRM motifs are currently found exclu-
sively in proteins, it prompts speculation whether similar 
structural motifs could also be harboured by RNA itself or 
small molecule-RNA conjugates [168,184]. Despite its preva-
lence and importance in modern biology [16,183], research on 
the origin of the RRM motif has been relatively limited 
[19,185]. Taking a reductionist approach, examining motifs 
that recognize ribonucleotides in general provides insights 
into the origin of such recognition motifs [20]. Moreover, in 
examining the transition from RNA–RNA to RNA–protein 
interactions, enthalpy of interaction plays a crucial role. The 
binding affinities and the stability of RNA-protein complexes 
are often driven by the favourable enthalpic contributions 
from hydrogen bonding, van der Waals forces, and ionic 
interactions (Figure 5B) [20]. These interactions are more 
specific and stronger compared to RNA–RNA interactions, 
facilitating the evolution of more complex and efficient bio-
chemical pathways. This shift from RNA–RNA to RNA–pro-
tein interactions not only provided greater catalytic efficiency 
but also increased the specificity of molecular recognition, 
thereby promoting the diversification and complexity of 
early life forms.

The RRM domain (Figure 5A), comprising approximately 
80 amino acid residues, contains two highly conserved short- 
sequence motifs known as RNP1 and RNP2 [20,182,183]. 
These motifs are crucial for RNA recognition and binding, 
with aromatic amino acid residues in RNP1 and RNP2 likely 
playing key roles in stacking interactions with RNA bases 
[20]. In an RNA-only world, aromatic amino acid residues 
in RNP1 and RNP2 motifs could have originally been com-
posed of other ribonucleotide nitrogenous bases (akin to the 
amide linkage research [173] we discussed) highlighting the 
intricate interplay between RNA and protein entities. The 
formation of stacking interactions and hydrogen bonds 
between RNA bases and RNP1/RNP2 residues is crucial for 
sequence-specific recognition of RNA, suggesting that the 
RRM motif formed from rudimentary RNAs may have played 
a pivotal role in early RNA–protein interactions and the 
evolution of RNA-based catalysis (Figure 5).

4.2. Zn-finger domains and 2-metal catalysis (Fig 5A)

Zinc-finger domains are ubiquitous protein motifs 
[17,18,187–189] characterized by the coordination of zinc 
ions, which play crucial roles in DNA binding and protein– 

Figure 5. Proteinaceous motifs that recognize RNA molecules are widespread in an extant world. (A) Schematic illustrating the relative arrangement of the secondary 
structural elements (alpha helices: dark shaded rectangles; arrow: beta strands; zinc ion) in the most common proteinaceous motifs observed in extant organisms, 
namely RRM (ribonucleotide recognition motif) and zinc finger motif. (B) Structure of the RRM1 domain from the SXL-Lethal protein bound to RNA [186]. Inset 
illustrates the different modes of interaction between the RNA and protein elements.
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protein interactions [17,18,187–191]. These domains often 
function as transcription factors, regulating gene expression 
by recognizing specific DNA sequences [17,18,187–189]. 
Additionally, certain zinc-finger proteins possess enzymatic 
activities, such as nucleic acid cleavage or RNA processing 
[192–195], where metal ions are essential cofactors for cata-
lysis. RNA molecules on the other hand, particularly ribo-
zymes [68,79–82], exhibit catalytic activity similar to the 
world of protein enzymes today. One of the most well-studied 
catalytic motifs in RNA is the ribonuclease P (RNase P) [135], 
which utilizes a 2-metal ion mechanism to cleave phosphodiester 
bonds in RNA-DNA hybrids [71]. In this mechanism, two 
divalent metal ions, typically Mg2+, coordinate within the 
active site of the ribozyme, facilitating the nucleophilic attack 
on the scissile phosphate [71]. Zinc-finger domains and RNA 
molecules are two distinct biological entities, yet they exhibit 
remarkable catalytic capabilities, often involving 2-metal ion 
coordination.

Despite their divergent evolutionary origins and func-
tional differences, zinc-finger domains and RNA share 
mechanistic similarities in 2-metal ion catalysis 
[17,18,71,187–189]. Both systems utilize divalent metal 
ions, such as zinc or magnesium, to facilitate catalytic 
reactions by stabilizing reactive intermediates and orienting 
substrates for optimal reactivity [71]. In zinc-finger 
domains, zinc ions serve as structural scaffolds, promoting 
protein folding and stabilizing the active site geometry for 
catalysis [17,18,187–191]. Similarly, in RNA catalysis, mag-
nesium ions (most commonly) play analogous roles, coor-
dinating with RNA functional groups to enhance 
nucleophilic attack and stabilize transition states 
[71,73,93–96,102,103]

By overlaying the structural motifs, we observe a striking 
similarity in the distance between the two cations (Figure 6B). 
This observation highlights the exciting possibility of shared 
catalytic motifs or even the possibility that the Zn-finger 

domains could have emerged through mimicking the similar 
RNA scaffold, while retaining the position of the catalytically 
indispensable cations to maintain the chemistry. It is important 
to mention that this observation, though described as ‘mimicry’, 
may simply be a consequence of convergent evolution. The key 
point here is the apparent interchangeability of protein or RNA 
scaffolds in precisely positioning two metal ions for catalysis 
across these diverse macromolecular systems.

5. Functional mimicry in RNA recognition by RNA 
and proteins

5.1. Functional protein mimics of ribosomal RNA core

The concept that the ribosomal core, responsible for peptide 
bond synthesis during protein translation, shares functional 
similarities with the condensation domains (C-domains) 
found in Non-Ribosomal Peptide Synthetases (NRPS) is an 
intriguing one [197] (Figure 6D). Both systems are involved in 
the formation of peptide bonds, albeit through different 
mechanisms [197]. Similar in function to the ribosomal core 
for peptide-synthesis, the C-domains are folded protein frag-
ments within NRPS responsible for the condensation of 
amino acids during the biosynthesis of non-ribosomal pep-
tides [198]. Like the ribosomal core, C-domains catalyse the 
formation of peptide bonds. Both systems involve the activa-
tion of amino acid substrates and their subsequent condensa-
tion to form peptide bonds [198]. Structural studies of both 
the ribosomal core and NRPS C-domains have provided 
insights into their catalytic mechanisms and substrate recog-
nition properties [196]. While the ribosomal core relies on 
rRNA for catalysis [176,177,180,181], C-domains utilize pro-
tein-based catalytic mechanisms [196] (Figure 6D) involving 
conserved active site residues. The functional similarities 
between the ribosomal core and NRPS C-domains raise inter-
esting questions about the evolutionary relationship between 

Figure 6. Structural and functional mimicry between protein and DNA molecules. Highlighted examples of protein and DNA molecules exhibiting structural similarity, 
either in overall shape (A) or in placement of critical metal ions in overall architecture (B). (B) Inset is a zoom in view of the metal ions and the distance between the 
two-metal ions in each structure is indicated in the top-left. (C) Highlighted examples of proteins that exhibit structural and functional mimicry of tRNA molecules. 
(D) NRPS condensation domains are an example of a protein [196] that facilitates a function (namely peptide bond formation) canonically enabled by the entirely 
RNA based catalytic core of the ribosome [176,177,180,181]. The key active site moieties that coordinate the amino acids for peptide bond formation are highlighted 
in different colors (blue/cyan: amino acid; light green: ribonucleotide). (A-D) color coding: Cyan/Blue: protein/amino acid; green: RNA/ribonucleotide.
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ribosomal and non-ribosomal peptide synthesis pathways. It 
is possible that these systems share a common ancestral ori-
gin, with the ribosome representing an ancient ribozyme- 
based catalyst for peptide bond formation that later evolved 
into more complex protein-based systems like NRPS. While 
the ribosomal core and NRPS C-domains operate in distinct 
cellular contexts and utilize different catalytic mechanisms, 
their shared function in peptide bond synthesis highlights 
intriguing parallels between ribosomal and non-ribosomal 
peptide synthesis pathways.

5.2. Functional mimics of release factors

RNA pseudoknots, formed by base pairing between non-adjacent 
regions of the RNA sequence, have the potential to mimic the 
function of translation release factors by adopting conformations 
that resemble the stop codon–ribosome interaction site. This 
structural mimicry allows pseudoknots to interfere with the trans-
lation termination processes, ultimately affecting protein synth-
esis. Notable studies by Plant et al. [199] provided evidence for the 
ability of these intricate RNA structural motifs to stall ribosomes at 
termination codons, thereby inhibiting translation termination. 
They demonstrated that intricate RNA structural motifs, such as 
pseudoknots, can stall ribosomes at termination codons and inhi-
bit translation termination by binding specifically to the ribosome 
at the stop codon recognition site. High-resolution structural 
analyses using techniques such as X-ray crystallography and cryo- 
electron microscopy have revealed the intricate interactions 
between pseudoknot RNA structures and the ribosome. Another 
similar study [200] elucidated the detailed molecular interactions 
between a pseudoknot RNA and the ribosomal decoding centre, 
providing mechanistic insights into how pseudoknots stall ribo-
somes during translation termination. These functional pairs are 
remnants of an evolutionary period when such motifs likely devel-
oped through interdependencies and substrate mimicry; a process 
no longer evident in the present world.

5.3. Viral IRES mimicking translation-initiation complex

Structural studies using techniques such as X-ray crystallography, 
cryo-electron microscopy, and nuclear magnetic resonance spec-
troscopy have provided valuable insights into the molecular 
mechanisms underlying viral IRES-mediated translation initiation 
[201,202]. Viral IRES RNA elements exploit specific RNA struc-
tural motifs to mimic the function of translation initiation com-
plexes, enabling efficient and selective initiation of translation at 
internal sites within viral mRNAs [201,202]. Unlike canonical 
translation initiation in eukaryotes, which typically involves the 
scanning of the 5’ untranslated region (UTR) by the ribosome to 
locate the start codon, viral IRES elements directly recruit ribo-
somes to initiate translation at internal sites within the mRNA.

Viral IRES elements contain specific structural motifs 
that interact with ribosomal subunits and initiation factors, 
facilitating the recruitment of ribosomes to the mRNA. 
These motifs often mimic the binding sites for initiation 
factors, such as eIF4G and eIF3, found in canonical trans-
lation initiation complexes [201,202]. Similar to its interac-
tion with eIF4G, viral IRES elements contain specific 
structural motifs that mimic the function of eIF3 in 

promoting ribosome recruitment and assembly. By 
mimicking the function of eIF3, viral IRES elements ensure 
efficient ribosome recruitment and assembly at internal 
sites within the mRNA, allowing translation initiation to 
occur independently of the canonical eIF3-mediated path-
way [201,202].

5.4. Structural and functional mimics of the tRNA 
clover-leaf scaffolds

EF-P (Elongation Factor P) and tRNA exhibit structural simi-
larities despite their distinct roles in protein synthesis [203]. 
EF-P adopts a compact globular structure composed of three 
domains, with each domain contributing to the overall stabi-
lity and function of the protein [204]. EF-P’s domain III 
resembles the anticodon stem loop of tRNA, allowing it to 
interact closely with the ribosome in a manner similar to 
tRNA. EF-P enhances the translation of proteins by stabilizing 
the ribosome during the addition of proline-rich sequences, 
a function that involves recognizing and interacting with the 
D-arm of the P-site tRNA. This interaction is crucial for 
accelerating peptide bond formation, highlighting the func-
tional mimicry between EF-P and tRNA in the translation 
process. Both EF-P and tRNA contain conserved structural 
motifs critical for ribosome binding and interaction with the 
mRNA (Figure 6C). The structural similarities between EF-P 
and tRNA suggest evolutionary conservation of certain fea-
tures involved in translation elongation. While tRNA mole-
cules would have presented the earliest forms of mRNA 
recognition motifs, EF-P would have emerged utilizing 
a substrate-recognition motif by molecular mimicry.

Similar evidence is also seen in primases [205], which share 
structural similarities with tRNA (Figure 6A). While primases 
and tRNAs exhibit differences in their overall structures and 
functional domains, they share certain structural features. 
Primases often contain conserved domains, such as the zinc 
finger domain [205] and the catalytic domain, which are involved 
in nucleic acid binding and RNA primer synthesis [205,206]. 
Similarly, tRNAs possess conserved structural elements, includ-
ing the anticodon loop, acceptor stem, and TψC loop, which are 
critical for amino acid attachment, and mRNA recognition.

A recent study of Legionella pneumophila toxin SidI is 
yet another fascinating example of a protein molecule 
mimicking an RNA function [207]. Through extensive bio-
chemical and structural characterization, the authors reveal 
that SidI functions as a tRNA mimic that directly binds to 
and glycosylates the host ribosome [207]. The N-terminal 
domain of SidI was observed to adopt an ‘inverted L’ shape 
with a surface charge distribution akin to a tRNA molecule 
enabling direct binding to the host ribosome [207]. 
Functional interactions are observed in SidI similar to the 
way tRNAs and translation factors operate. Concomitantly, 
the C-terminal domain was found to adopt a glycosyl- 
transferase fold that the authors reveal is used by SidI to 
glycosylate the host ribosome [207]. The synergistic effect 
of the two domains potently halts protein synthesis that 
subsequently triggers a ribotoxic stress response within the 
host [207].
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6. Discussion

In this review, we traced the emergence of RNA recognition 
from a truly abiotic primordial world to the establishment of 
the proteinaceous RNA-recognition scaffolds of an extant 
world. We begin our discussion with geophysical scaffolds 
containing metal ions and cofactors that enable for the first 
binding events of ribonucleotides (be it in monomeric state 
or small oligomeric forms). These ionic cofactors on rock 
clusters allowed for the growth of the RNA and integration 
of minerals into the tertiary structures. These RNA-metal 
complexes would allow for binding of other RNAs and 
provide the first variants of a rudimentary RNA- 
recognition motif. As amino acids emerged as a more stable 
replacement of the phosphodiester, several of these RNA- 
recognition motifs became proteinaceous by simple compe-
titive mimicry of the structural scaffold. Alternatively, small 
polypeptide sequences, through structural and/or functional 
mimicry, could gain RNA-recognition and replace original 
RNA scaffolds.

RNA-binding proteins remain essential components of all 
forms of life, suggesting that RNA recognition has been 
a fundamental aspect of biology since early evolutionary 
stages. In the era after the emergence of proto-recognition 
motifs, RNA-binding proteins would have evolved into more 
sophisticated architectures such as RRMs, K-homology (KH) 
domains, zinc finger domains, and others. As life would 
continue creating complex RNA-protein complexes, like 
the ribosome, many of these proto-recognition motifs 
would integrate into what we know as the translational 
machinery today, as evident by many ribosomal proteins 
sharing the same ɑ/β fold also harboured by the most com-
mon RNA binding domains (RNP, dsRBD and KH) 
[208,209]. As life diversified, RNA molecules evolved com-
plex secondary structures, including mRNAs, rRNAs, 
tRNAs, non-coding RNAs (e.g. miRNAs, lncRNAs), and 
viral RNAs, the motifs that recognize these elements also 
grew in complexity.

Disclosure statement
No potential conflict of interest was reported by the author(s).

Funding

The author(s) reported there is no funding associated with the work 
featured in this article.

Data availability statement
The data that support the findings of this review are openly accessible 
through PUBMED from the research referenced within the text. Also, 
upon publication the research references can be openly accessed through 
the publication.

ORCID
Raktim N. Roy http://orcid.org/0000-0001-8410-5819

References

[1] Orgel LE. The origin of life—a review of facts and speculations. 
Trends Biochem Sci. 1998;23(12):491–495. doi: 10.1016/S0968- 
0004(98)01300-0

[2] Orgel LE. The origin of life on the earth. Sci Am. 1994;271 
(4):76–83. doi: 10.1038/scientificamerican1094-76

[3] Miller SL. A production of amino acids under possible primitive 
earth conditions. Science. 1953;117(3046):528–529. doi: 10.1126/ 
science.117.3046.528

[4] Miller SL. Production of some organic compounds under possible 
primitive earth Conditions1. J Am Chem Soc. 1955;77 
(9):2351–2361. doi: 10.1021/ja01614a001

[5] Miller SL, Urey HC. Organic compound synthesis on the primi-
tive earth. Science. 1959;130(3370):245–251. doi: 10.1126/science. 
130.3370.245

[6] Gilbert W. Origin of life: the RNA world. Nature. 1986;319 
(6055):618–618. doi: 10.1038/319618a0

[7] Woese CR. The genetic code: the molecular basis for genetic 
expression. (NY): Harper & Row; 1967. p. 179–195.

[8] Crick FH. The origin of the genetic code. J Mol Biol. 1968;38 
(3):367–379. doi: 10.1016/0022-2836(68)90392-6

[9] Orgel LE. Evolution of the genetic apparatus. J Mol Biol. 1968;38 
(3):381–393. doi: 10.1016/0022-2836(68)90393-8

[10] Joyce GF, Orgel LE. Prospects for understanding the origin of 
the RNA world. Cold Spring Harb Monogr Arch. 
1999;37:49–77.

[11] Joyce GF. The antiquity of RNA-based evolution. Nature. 
2002;418(6894):214–221. doi: 10.1038/418214a

[12] Robertson MP, Joyce GF. The origins of the RNA world. Cold 
Spring Harb Perspect Biol. 2012;4(5):a003608. doi: 10.1101/cshper 
spect.a003608

[13] Rich A. On the problems of evolution and biochemical informa-
tion transfer. Horiz Biochem. 1962;1:103–126.

[14] Lunde BM, Moore C, Varani G. RNA-binding proteins: modular 
design for efficient function. Nat Rev Mol Cell Biol. 2007;8 
(6):479–490. doi: 10.1038/nrm2178

[15] Hermann T, Patel DJ. Adaptive recognition by nucleic acid 
aptamers. Science. 2000;287(5454):820–825. doi: 10.1126/science. 
287.5454.820

[16] Maris C, Dominguez C, Allain F-T. The RNA recognition motif, 
a plastic RNA-binding platform to regulate post-transcriptional 
gene expression. FEBS J. 2005;272(9):2118–2131. doi: 10.1111/j. 
1742-4658.2005.04653.x

[17] Klug A, Rhodes D. ‘Zinc fingers’: a novel protein motif for nucleic 
acid recognition. Trends Biochem Sci. 1987;12:464–469. doi: 10. 
1016/0968-0004(87)90231-3

[18] Klug A. The discovery of zinc fingers and their applications in 
gene regulation and genome manipulation. Annu Rev Biochem. 
2010;79(1):213–231. doi: 10.1146/annurev-biochem-010909- 
095056

[19] Nowacka M, Boccaletto P, Jankowska E, et al. Rrmdb—an evolu-
tionary-oriented database of RNA recognition motif sequences. 
Database J Biol Databases Curation. 2019;2019:bay148. doi: 10. 
1093/database/bay148

[20] Corley M, Burns MC, Yeo GW. How RNA binding proteins 
interact with RNA: molecules and mechanisms. Mol Cell. 
2020;78(1):9–29. doi: 10.1016/j.molcel.2020.03.011

[21] Cech TR. Crawling out of the RNA world. Cell. 2009;136 
(4):599–602. doi: 10.1016/j.cell.2009.02.002

[22] White HB. Coenzymes as fossils of an earlier metabolic state. 
J Mol Evol. 1976;7(2):101–104. doi: 10.1007/BF01732468

[23] Benner SA, Ellington AD, Tauer A. Modern metabolism as 
a palimpsest of the RNA world. Proc Natl Acad Sci USA. 
1989;86(18):7054–7058. doi: 10.1073/pnas.86.18.7054

[24] Joyce GF, Orgel LE. Non-enzymatic template-directed synth-
esis on RNA random copolymers. Poly(C,A) templates. J Mol 
Biol. 1988;202(3):677–681. doi: 10.1016/0022-2836(88)90297-5

[25] Joyce GF. Amplification, mutation and selection of catalytic RNA. 
Gene. 1989;82(1):83–87. doi: 10.1016/0378-1119(89)90033-4

116 D. MOZUMDAR AND R. N. ROY

https://doi.org/10.1016/S0968-0004(98)01300-0
https://doi.org/10.1016/S0968-0004(98)01300-0
https://doi.org/10.1038/scientificamerican1094-76
https://doi.org/10.1126/science.117.3046.528
https://doi.org/10.1126/science.117.3046.528
https://doi.org/10.1021/ja01614a001
https://doi.org/10.1126/science.130.3370.245
https://doi.org/10.1126/science.130.3370.245
https://doi.org/10.1038/319618a0
https://doi.org/10.1016/0022-2836(68)90392-6
https://doi.org/10.1016/0022-2836(68)90393-8
https://doi.org/10.1038/418214a
https://doi.org/10.1101/cshperspect.a003608
https://doi.org/10.1101/cshperspect.a003608
https://doi.org/10.1038/nrm2178
https://doi.org/10.1126/science.287.5454.820
https://doi.org/10.1126/science.287.5454.820
https://doi.org/10.1111/j.1742-4658.2005.04653.x
https://doi.org/10.1111/j.1742-4658.2005.04653.x
https://doi.org/10.1016/0968-0004(87)90231-3
https://doi.org/10.1016/0968-0004(87)90231-3
https://doi.org/10.1146/annurev-biochem-010909-095056
https://doi.org/10.1146/annurev-biochem-010909-095056
https://doi.org/10.1093/database/bay148
https://doi.org/10.1093/database/bay148
https://doi.org/10.1016/j.molcel.2020.03.011
https://doi.org/10.1016/j.cell.2009.02.002
https://doi.org/10.1007/BF01732468
https://doi.org/10.1073/pnas.86.18.7054
https://doi.org/10.1016/0022-2836(88)90297-5
https://doi.org/10.1016/0378-1119(89)90033-4


[26] Ellington AD, Szostak JW. In vitro selection of RNA molecules 
that bind specific ligands. Nature. 1990;346(6287):818–822. doi:  
10.1038/346818a0

[27] Robertson DL, Joyce GF. Selection in vitro of an RNA enzyme 
that specifically cleaves single-stranded DNA. Nature. 1990;344 
(6265):467–468. doi: 10.1038/344467a0

[28] Beaudry AA, Joyce GF. Directed evolution of an RNA enzyme. 
Science. 1992;257(5070):635–641. doi: 10.1126/science.1496376

[29] Bartel DP, Szostak JW. Isolation of new ribozymes from a large 
pool of random sequences [see comment]. Science. 1993;261 
(5127):1411–1418. doi: 10.1126/science.7690155

[30] Lehman N, Joyce GF. Evolution in vitro: analysis of a lineage of 
ribozymes. Curr Biol CB. 1993;3(11):723–734. doi: 10.1016/0960- 
9822(93)90019-K

[31] Breaker RR, Joyce GF. Emergence of a replicating species from an 
in vitro RNA evolution reaction. Proc Natl Acad Sci U S A. 
1994;91(13):6093–6097. doi: 10.1073/pnas.91.13.6093

[32] Breaker RR, Banerji A, Joyce GF. Continuous in vitro evolution of 
bacteriophage RNA polymerase promoters. Biochemistry. 1994;33 
(39):11980–11986. doi: 10.1021/bi00205a037

[33] Ekland EH, Szostak JW, Bartel DP. Structurally complex and 
highly active RNA ligases derived from random RNA sequences. 
Science. 1995;269(5222):364–370. doi: 10.1126/science.7618102

[34] Ekland EH, Bartel DP. RNA-catalysed RNA polymerization using 
nucleoside triphosphates. Nature. 1996;382(6589):373–376. doi:  
10.1038/382373a0

[35] Robertson MP, Ellington AD. In vitro selection of an allosteric 
ribozyme that transduces analytes to amplicons. Nat Biotechnol. 
1999;17(1):62–66. doi: 10.1038/5236

[36] Jaeger L, Wright MC, Joyce GF. A complex ligase ribozyme 
evolved in vitro from a group I ribozyme domain. Proc Natl 
Acad Sci USA. 1999;96(26):14712–14717. doi: 10.1073/pnas.96. 
26.14712

[37] Rogers J, Joyce GF. The effect of cytidine on the structure and 
function of an RNA ligase ribozyme. Rna Nyn. 2001;7(3):395–404. 
doi: 10.1017/S135583820100228X

[38] Johnston WK, Unrau PJ, Lawrence MS, et al. RNA-Catalyzed 
RNA polymerization: accurate and General RNA-Templated pri-
mer extension. Science. 2001;292(5520):1319–1325. doi: 10.1126/ 
science.1060786

[39] McGinness KE, Joyce GF. RNA-catalyzed RNA ligation on an 
external RNA template. Chem Biol. 2002;9(3):297–307. doi: 10. 
1016/S1074-5521(02)00110-2

[40] Lincoln TA, Joyce GF. Self-sustained replication of an RNA 
enzyme. Science. 2009;323(5918):1229–1232. doi: 10.1126/ 
science.1167856

[41] Kauffman SA. Autocatalytic sets of proteins. J Theor Biol. 
1986;119(1):1–24. doi: 10.1016/S0022-5193(86)80047-9

[42] Hordijk W, Steel M. Detecting autocatalytic, self-sustaining sets in 
chemical reaction systems. J Theor Biol. 2004;227(4):451–461. doi:  
10.1016/j.jtbi.2003.11.020

[43] Ameta S, Arsène S, Foulon S, et al. Darwinian properties and their 
trade-offs in autocatalytic RNA reaction networks. Nat Commun. 
2021;12(1):842. doi: 10.1038/s41467-021-21000-1

[44] Eigen M, Schuster P. The hypercycle. A principle of natural 
self-organization. Part A: emergence of the hypercycle. 
Naturwissenschaften. 1977;64(11):541–565. doi: 10.1007/ 
BF00450633

[45] Ferris JP, Ertem G. Oligomerization of Ribonucleotides on 
Montmorillonite: reaction of the 5′-phosphorimidazolide of 
Adenosine. Science. 1992;257(5075):1387–1389. doi: 10.1126/ 
science.1529338

[46] Ferris JP, Hill AR, Liu R, et al. Synthesis of long prebiotic oligo-
mers on mineral surfaces. Nature. 1996;381(6577):59–61. doi: 10. 
1038/381059a0

[47] Orgel LE. Polymerization on the rocks: theoretical introduction. 
Orig Life Evol Biosphere J Int Soc Study Orig Life. 1998;28 
(3):227–234. doi: 10.1023/A:1006595411403

[48] Breaker RR. Riboswitches and the RNA world. Cold Spring Harb 
Perspect Biol. 2012;4(2):a003566. doi: 10.1101/cshperspect. 
a003566

[49] Salditt A, Karr L, Salibi E, et al. Ribozyme-mediated RNA synth-
esis and replication in a model hadean microenvironment. Nat 
Commun. 2023;14(1):1495. doi: 10.1038/s41467-023-37206-4

[50] Joyce GF. Ribozymes: building the RNA world. Curr Biol. 1996;6 
(8):965–967. doi: 10.1016/S0960-9822(02)00640-1

[51] Mayer G. The chemical biology of aptamers. Angew Chem Int Ed 
Engl. 2009;48(15):2672–2689. doi: 10.1002/anie.200804643

[52] Gold L, Janjic N, Jarvis T, et al. Aptamers and the RNA world, 
past and present. Cold Spring Harb Perspect Biol. 2012;4(3): 
a003582. doi: 10.1101/cshperspect.a003582

[53] Dunn MR, Jimenez RM, Chaput JC. Analysis of aptamer discov-
ery and technology. Nat Rev Chem. 2017;1(10):1–16. doi: 10.1038/ 
s41570-017-0076

[54] Mironov AS, Gusarov I, Rafikov R, et al. Sensing small molecules 
by nascent RNA: a mechanism to control transcription in bacteria. 
Cell. 2002;111(5):747–756. doi: 10.1016/S0092-8674(02)01134-0

[55] Powner MW, Gerland B, Sutherland JD. Synthesis of activated 
pyrimidine ribonucleotides in prebiotically plausible conditions. 
Nature. 2009;459(7244):239–242. doi: 10.1038/nature08013

[56] Breaker RR. Riboswitches: from ancient gene-control systems to 
modern drug targets. Future Microbiol. 2009;4(7):771–773. doi:  
10.2217/fmb.09.46

[57] Serganov A, Nudler E. A decade of Riboswitches. Cell. 2013;152 
(1–2):17–24. doi: 10.1016/j.cell.2012.12.024

[58] Kavita K, Breaker RR. Discovering riboswitches: the past and the 
future. Trends Biochem Sci. 2023;48(2):119–141. doi: 10.1016/j. 
tibs.2022.08.009

[59] Olenginski LT, Spradlin SF, Batey RT. Flipping the script: under-
standing riboswitches from an alternative perspective. J Biol 
Chem. 2024;300(3):105730. doi: 10.1016/j.jbc.2024.105730

[60] Barrick JE, Corbino KA, Winkler WC, et al. New RNA motifs 
suggest an expanded scope for riboswitches in bacterial genetic 
control. Proc Natl Acad Sci USA. 2004;101(17):6421–6426. doi:  
10.1073/pnas.0308014101

[61] Ramesh A, Wakeman CA, Winkler WC. Insights into metallor-
egulation by M-box riboswitch RNAs via structural analysis of 
manganese-bound complexes. J Mol Biol. 2011;407(4):556–570. 
doi: 10.1016/j.jmb.2011.01.049

[62] Montange RK, Batey RT. Structure of the S-adenosylmethionine 
riboswitch regulatory mRNA element. Nature. 2006;441 
(7097):1172–1175. doi: 10.1038/nature04819

[63] Sinumvayo JP, Zhao C, Tuyishime P. Recent advances and future 
trends of riboswitches: attractive regulatory tools. World 
J Microbiol Biotechnol. 2018;34(11):171. doi: 10.1007/s11274- 
018-2554-0

[64] Singh P, Kumar N, Jethva M, et al. Riboswitch regulation in 
cyanobacteria is independent of their habitat adaptations. 
Physiol Mol Biol Plants. 2018;24(2):315–324. doi: 10.1007/ 
s12298-018-0504-9

[65] Kazanov MD, Vitreschak AG, Gelfand MS. Abundance and func-
tional diversity of riboswitches in microbial communities. BMC 
Genomics. 2007;8(1):347. doi: 10.1186/1471-2164-8-347

[66] Winkler WC, Breaker RR. Regulation of bacterial gene expression 
by riboswitches. Annu Rev Microbiol. 2005;59(1):487–517. doi:  
10.1146/annurev.micro.59.030804.121336

[67] Mandal M, Breaker RR. Gene regulation by riboswitches. Nat Rev 
Mol Cell Biol. 2004;5(6):451–463. doi: 10.1038/nrm1403

[68] Serganov A, Patel DJ. Ribozymes, riboswitches and beyond: reg-
ulation of gene expression without proteins. Nat Rev Genet. 
2007;8(10):776–790. doi: 10.1038/nrg2172

[69] Dann CE, Wakeman CA, Sieling CL, et al. Structure and mechan-
ism of a metal-sensing regulatory RNA. Cell. 2007;130 
(5):878–892. doi: 10.1016/j.cell.2007.06.051

[70] Anbar AD. Oceans. Elements And Evolution Science. 2008;322 
(5907):1481–1483. doi: 10.1126/science.1163100

RNA BIOLOGY 117

https://doi.org/10.1038/346818a0
https://doi.org/10.1038/346818a0
https://doi.org/10.1038/344467a0
https://doi.org/10.1126/science.1496376
https://doi.org/10.1126/science.7690155
https://doi.org/10.1016/0960-9822(93)90019-K
https://doi.org/10.1016/0960-9822(93)90019-K
https://doi.org/10.1073/pnas.91.13.6093
https://doi.org/10.1021/bi00205a037
https://doi.org/10.1126/science.7618102
https://doi.org/10.1038/382373a0
https://doi.org/10.1038/382373a0
https://doi.org/10.1038/5236
https://doi.org/10.1073/pnas.96.26.14712
https://doi.org/10.1073/pnas.96.26.14712
https://doi.org/10.1017/S135583820100228X
https://doi.org/10.1126/science.1060786
https://doi.org/10.1126/science.1060786
https://doi.org/10.1016/S1074-5521(02)00110-2
https://doi.org/10.1016/S1074-5521(02)00110-2
https://doi.org/10.1126/science.1167856
https://doi.org/10.1126/science.1167856
https://doi.org/10.1016/S0022-5193(86)80047-9
https://doi.org/10.1016/j.jtbi.2003.11.020
https://doi.org/10.1016/j.jtbi.2003.11.020
https://doi.org/10.1038/s41467-021-21000-1
https://doi.org/10.1007/BF00450633
https://doi.org/10.1007/BF00450633
https://doi.org/10.1126/science.1529338
https://doi.org/10.1126/science.1529338
https://doi.org/10.1038/381059a0
https://doi.org/10.1038/381059a0
https://doi.org/10.1023/A:1006595411403
https://doi.org/10.1101/cshperspect.a003566
https://doi.org/10.1101/cshperspect.a003566
https://doi.org/10.1038/s41467-023-37206-4
https://doi.org/10.1016/S0960-9822(02)00640-1
https://doi.org/10.1002/anie.200804643
https://doi.org/10.1101/cshperspect.a003582
https://doi.org/10.1038/s41570-017-0076
https://doi.org/10.1038/s41570-017-0076
https://doi.org/10.1016/S0092-8674(02)01134-0
https://doi.org/10.1038/nature08013
https://doi.org/10.2217/fmb.09.46
https://doi.org/10.2217/fmb.09.46
https://doi.org/10.1016/j.cell.2012.12.024
https://doi.org/10.1016/j.tibs.2022.08.009
https://doi.org/10.1016/j.tibs.2022.08.009
https://doi.org/10.1016/j.jbc.2024.105730
https://doi.org/10.1073/pnas.0308014101
https://doi.org/10.1073/pnas.0308014101
https://doi.org/10.1016/j.jmb.2011.01.049
https://doi.org/10.1038/nature04819
https://doi.org/10.1007/s11274-018-2554-0
https://doi.org/10.1007/s11274-018-2554-0
https://doi.org/10.1007/s12298-018-0504-9
https://doi.org/10.1007/s12298-018-0504-9
https://doi.org/10.1186/1471-2164-8-347
https://doi.org/10.1146/annurev.micro.59.030804.121336
https://doi.org/10.1146/annurev.micro.59.030804.121336
https://doi.org/10.1038/nrm1403
https://doi.org/10.1038/nrg2172
https://doi.org/10.1016/j.cell.2007.06.051
https://doi.org/10.1126/science.1163100


[71] Steitz TA, Steitz JA. A general two-metal-ion mechanism for 
catalytic RNA. Proc Natl Acad Sci USA. 1993;90(14):6498–6502. 
doi: 10.1073/pnas.90.14.6498

[72] Hanna R, Doudna JA. Metal ions in ribozyme folding and 
catalysis. Curr Opin Chem Biol. 2000;4(2):166–170. doi: 10.1016/ 
S1367-5931(99)00071-X

[73] Pyle AM. Metal ions in the structure and function of RNA. J Biol 
Inorg Chem JBIC Publ Soc Biol Inorg Chem. 2002;7(7–8):679–-
690. doi: 10.1007/s00775-002-0387-6

[74] Fedor MJ. The role of metal ions in RNA catalysis. Curr Opin 
Struct Biol. 2002;12(3):289–295. doi: 10.1016/S0959-440X(02) 
00324-X

[75] DeRose VJ. Metal ion binding to catalytic RNA molecules. Curr 
Opin Struct Biol. 2003;13(3):317–324. doi: 10.1016/S0959-440X 
(03)00077-0

[76] Draper DE. A guide to ions and RNA structure. RNA. 2004;10 
(3):335–343. doi: 10.1261/rna.5205404

[77] Woodson SA. Metal ions and RNA folding: a highly charged topic 
with a dynamic future. Curr Opin Chem Biol. 2005;9(2):104–109. 
doi: 10.1016/j.cbpa.2005.02.004

[78] Feig AL, Uhlenbeck OC. The role of metal ions in RNA 
biochemistry. Cold Spring Harb Monogr Arch. 1999;37:287–319.

[79] Cech TR. Ribozymes, the first 20 years. Biochem Soc Trans. 
2002;30(6):1162–1166. doi: 10.1042/bst0301162

[80] Doudna JA, Cech TR. The chemical repertoire of natural 
ribozymes. Nature. 2002;418(6894):222–228. doi: 10.1038/418222a

[81] Tanner NK. Ribozymes: the characteristics and properties of 
catalytic RNAs. FEMS Microbiol Rev. 1999;23(3):257–275. doi:  
10.1111/j.1574-6976.1999.tb00399.x

[82] Müller S, Appel B, Balke D, et al. Thirty-five years of research into 
ribozymes and nucleic acid catalysis: where do we stand today? 
F1000Res. 2016;5:F1000 Faculty Rev-1511. doi: 10.12688/ 
f1000research.8601.1

[83] Kruger K, Grabowski PJ, Zaug AJ, et al. Self-splicing RNA: auto-
excision and autocyclization of the ribosomal RNA intervening 
sequence of Tetrahymena. Cell. 1982;31(1):147–157. doi: 10.1016/ 
0092-8674(82)90414-7

[84] Guerrier-Takada C, Gardiner K, Marsh T, et al. The RNA moiety 
of ribonuclease P is the catalytic subunit of the enzyme. Cell. 
1983;35(3):849–857. doi: 10.1016/0092-8674(83)90117-4

[85] Sharp PA. On the origin of RNA splicing and introns. Cell. 
1985;42(2):397–400. doi: 10.1016/0092-8674(85)90092-3

[86] Pace NR, Marsh TL. RNA catalysis and the origin of life. Orig Life 
Evol Biosphere J Int Soc Study Orig Life. 1985;16(2):97–116. doi:  
10.1007/BF01809465

[87] Lewin R. RNA catalysis gives fresh perspective on the origin of 
life: the old chicken-and-egg problem of the origin of life is 
illuminated in unexpected ways by recent results on the splicing 
of RNA precursors. Science. 1986;231(4738):545–546. doi: 10. 
1126/science.231.4738.545

[88] Evans D, Marquez SM, Pace NR. RNase P: interface of the RNA 
and protein worlds. Trends Biochem Sci. 2006;31(6):333–341. doi:  
10.1016/j.tibs.2006.04.007

[89] Abelson J. The discovery of catalytic RNA. Nat Rev Mol Cell Biol. 
2017;18(11):653–653. doi: 10.1038/nrm.2017.105

[90] Lilley DMJ. How RNA acts as a nuclease: some mechanistic 
comparisons in the nucleolytic ribozymes. Biochem Soc Trans. 
2017;45(3):683–691. doi: 10.1042/BST20160158

[91] Wilson TJ, Lilley DMJ. The potential versatility of RNA catalysis. 
Wiley Interdiscip Rev RNA. 2021;12(5):e1651. doi: 10.1002/wrna. 
1651

[92] Le Vay K, Salibi E, Song EY, et al. Nucleic acid catalysis under 
potential prebiotic conditions. Chem – Asian J. 2020;15 
(2):214–230. doi: 10.1002/asia.201901205

[93] Cate JH, Hanna RL, Doudna JA. A magnesium ion core at the 
heart of a ribozyme domain. Nat Struct Mol Biol. 1997;4 
(7):553–558. doi: 10.1038/nsb0797-553

[94] Laing LG, Gluick TC, Draper DE. Stabilization of RNA structure 
by Mg ions: specific and non-specific effects. J Mol Biol. 1994;237 
(5):577–587. doi: 10.1006/jmbi.1994.1256

[95] Bowman JC, Lenz TK, Hud NV, et al. Cations in charge: magne-
sium ions in RNA folding and catalysis. Curr Opin Struct Biol. 
2012;22(3):262–272. doi: 10.1016/j.sbi.2012.04.006

[96] Yang W, Lee JY, Nowotny M. Making and breaking nucleic acids: 
two-Mg2±Ion catalysis and substrate specificity. Mol Cell. 2006;22 
(1):5–13. doi: 10.1016/j.molcel.2006.03.013

[97] Cate JH, Gooding AR, Podell E, et al. Crystal structure of a group 
I ribozyme domain: principles of RNA packing. Science. 1996;273 
(5282):1678–1685. doi: 10.1126/science.273.5282.1678

[98] Martick M, Lee T-S, York DM, et al. Solvent structure and 
Hammerhead Ribozyme Catalysis. Chem Biol. 2008;15 
(4):332–342. doi: 10.1016/j.chembiol.2008.03.010

[99] Robertson MP, Scott WG. The structural basis of 
ribozyme-catalyzed RNA assembly. Science. 2007;315 
(5818):1549–1553. doi: 10.1126/science.1136231

[100] Athavale SS, Petrov AS, Hsiao C, et al. RNA folding and catalysis 
mediated by iron (II). PLOS ONE. 2012;7(5):e38024. doi: 10.1371/ 
journal.pone.0038024

[101] Misra VK, Draper DE. On the role of magnesium ions in RNA 
stability. Biopolymers. 1998;48(2–3):113–135. doi: 10.1002/(SICI) 
1097-0282(1998)48:2<113::AID-BIP3>3.0.CO;2-Y

[102] Petrov AS, Bowman JC, Harvey SC, et al. Bidentate RNA–magne-
sium clamps: on the origin of the special role of magnesium in RNA 
folding. Rna Nyn. 2011;17(2):291–297. doi: 10.1261/rna.2390311

[103] Zheng H, Shabalin IG, Handing KB, et al. Magnesium-binding 
architectures in RNA crystal structures: validation, binding pre-
ferences, classification and motif detection. Nucleic Acids Res. 
2015;43(7):3789–3801. doi: 10.1093/nar/gkv225

[104] Saunders AM, DeRose VJ. Beyond Mg2+: functional interactions 
between RNA and transition metals. Curr Opin Chem Biol. 
2016;31:153–159. doi: 10.1016/j.cbpa.2016.02.015

[105] Poranen MM, Salgado PS, Koivunen MRL, et al. Structural expla-
nation for the role of Mn2+ in the activity of ϕ6 RNA-dependent 
RNA polymerase. Nucleic Acids Res. 2008;36(20):6633–6644. doi:  
10.1093/nar/gkn632

[106] Okafor CD, Bowman JC, Hud NV, et al. Folding and catalysis 
near Life’s origin: support for Fe2+ as a dominant divalent cation 
In: [Internet]. In: Menor-Salván C, editor. Prebiotic chemistry and 
chemical evolution of nucleic acids. Cham: Springer International 
Publishing; 2018 [cited 2024 Jul 22]. p. 227–243. Available from 
doi: 10.1007/978-3-319-93584-3_8

[107] Popović M, Fliss PS, Ditzler MA. In vitro evolution of distinct 
self-cleaving ribozymes in diverse environments. Nucleic Acids 
Res. 2015;43(14):7070–7082. doi: 10.1093/nar/gkv648

[108] Tabor S, Richardson CC. Effect of manganese ions on the incor-
poration of dideoxynucleotides by bacteriophage T7 DNA poly-
merase and Escherichia coli DNA polymerase I. Proc Natl Acad 
Sci USA. 1989;86(11):4076–4080. doi: 10.1073/pnas.86.11.4076

[109] Bray MS, Lenz TK, Haynes JW, et al. Multiple prebiotic metals 
mediate translation. Proc Natl Acad Sci USA. 2018;115 
(48):12164–12169. doi: 10.1073/pnas.1803636115

[110] Zou Z, He L, Deng X, et al. Zn2+ -coordination-driven RNA 
assembly with retained integrity and biological functions. Angew 
Chem Int Ed Engl. 2021;60(42):22970–22976. doi: 10.1002/anie. 
202110404

[111] Monnard P-A, Szostak JW. Metal-ion catalyzed polymerization in 
the eutectic phase in water–ice: a possible approach to template- 
directed RNA polymerization. J Inorg Biochem. 2008;102(5–-
6):1104–1111. doi: 10.1016/j.jinorgbio.2008.01.026

[112] Brännvall M, Kirsebom LA. Metal ion cooperativity in ribozyme 
cleavage of RNA. Proc Natl Acad Sci USA. 2001;98 
(23):12943–12947. doi: 10.1073/pnas.221456598

[113] Furukawa K, Ramesh A, Zhou Z, et al. Bacterial riboswitches 
cooperatively bind Ni2+ or Co2+ ions and control expression of 
heavy metal transporters. Mol Cell. 2015;57(6):1088–1098. doi: 10. 
1016/j.molcel.2015.02.009

[114] Klumpp K, Hang JQ, Rajendran S, et al. Two-metal ion mechan-
ism of RNA cleavage by HIV RNase H and mechanism-based 
design of selective HIV RNase H inhibitors. Nucleic Acids Res. 
2003;31(23):6852–6859. doi: 10.1093/nar/gkg881

118 D. MOZUMDAR AND R. N. ROY

https://doi.org/10.1073/pnas.90.14.6498
https://doi.org/10.1016/S1367-5931(99)00071-X
https://doi.org/10.1016/S1367-5931(99)00071-X
https://doi.org/10.1007/s00775-002-0387-6
https://doi.org/10.1016/S0959-440X(02)00324-X
https://doi.org/10.1016/S0959-440X(02)00324-X
https://doi.org/10.1016/S0959-440X(03)00077-0
https://doi.org/10.1016/S0959-440X(03)00077-0
https://doi.org/10.1261/rna.5205404
https://doi.org/10.1016/j.cbpa.2005.02.004
https://doi.org/10.1042/bst0301162
https://doi.org/10.1038/418222a
https://doi.org/10.1111/j.1574-6976.1999.tb00399.x
https://doi.org/10.1111/j.1574-6976.1999.tb00399.x
https://doi.org/10.12688/f1000research.8601.1
https://doi.org/10.12688/f1000research.8601.1
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(85)90092-3
https://doi.org/10.1007/BF01809465
https://doi.org/10.1007/BF01809465
https://doi.org/10.1126/science.231.4738.545
https://doi.org/10.1126/science.231.4738.545
https://doi.org/10.1016/j.tibs.2006.04.007
https://doi.org/10.1016/j.tibs.2006.04.007
https://doi.org/10.1038/nrm.2017.105
https://doi.org/10.1042/BST20160158
https://doi.org/10.1002/wrna.1651
https://doi.org/10.1002/wrna.1651
https://doi.org/10.1002/asia.201901205
https://doi.org/10.1038/nsb0797-553
https://doi.org/10.1006/jmbi.1994.1256
https://doi.org/10.1016/j.sbi.2012.04.006
https://doi.org/10.1016/j.molcel.2006.03.013
https://doi.org/10.1126/science.273.5282.1678
https://doi.org/10.1016/j.chembiol.2008.03.010
https://doi.org/10.1126/science.1136231
https://doi.org/10.1371/journal.pone.0038024
https://doi.org/10.1371/journal.pone.0038024
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/10.1261/rna.2390311
https://doi.org/10.1093/nar/gkv225
https://doi.org/10.1016/j.cbpa.2016.02.015
https://doi.org/10.1093/nar/gkn632
https://doi.org/10.1093/nar/gkn632
https://doi.org/10.1007/978-3-319-93584-3_8
https://doi.org/10.1093/nar/gkv648
https://doi.org/10.1073/pnas.86.11.4076
https://doi.org/10.1073/pnas.1803636115
https://doi.org/10.1002/anie.202110404
https://doi.org/10.1002/anie.202110404
https://doi.org/10.1016/j.jinorgbio.2008.01.026
https://doi.org/10.1073/pnas.221456598
https://doi.org/10.1016/j.molcel.2015.02.009
https://doi.org/10.1016/j.molcel.2015.02.009
https://doi.org/10.1093/nar/gkg881


[115] Li Y, Breaker RR. Kinetics of RNA degradation by specific base 
catalysis of transesterification involving the 2‘-hydroxyl group. 
J Am Chem Soc. 1999;121(23):5364–5372. doi: 10.1021/ja990592p

[116] Werner C, Krebs B, Keith G, et al. Specific cleavages of pure 
tRNAs by plumbous ions. Biochim Biophys Acta. 1976;432 
(2):161–175. doi: 10.1016/0005-2787(76)90158-1

[117] Wrzesinski J, Michałowski D, Ciesiołka J, et al. Specific RNA 
cleavages induced by manganese ions. FEBS Lett. 1995;374 
(1):62–68. doi: 10.1016/0014-5793(95)01077-R

[118] Ciesiołka J, Michałowski D, Wrzesinski J, et al. Patterns of cleavages 
induced by lead ions in defined RNA secondary structure motifs1. 
J Mol Biol. 1998;275(2):211–220. doi: 10.1006/jmbi.1997.1462

[119] Chatterjee A, Zhang K, Rao Y, et al. Metal-catalyzed hydrolysis of 
RNA in aqueous environments. Environ Sci Technol. 2022;56 
(6):3564–3574. doi: 10.1021/acs.est.1c08468

[120] Bernhardt HS, Tate WP. Primordial soup or vinaigrette: did the 
RNA world evolve at acidic pH? Biol Direct. 2012;7(1):4. doi: 10. 
1186/1745-6150-7-4

[121] Nakano S, Cerrone AL, Bevilacqua PC. Mechanistic characteriza-
tion of the HDV genomic ribozyme: classifying the catalytic and 
structural metal ion sites within a multichannel reaction 
mechanism. Biochemistry. 2003;42(10):2982–2994. doi: 10.1021/ 
bi026815x

[122] Walker JC, Brimblecombe P. Iron and sulfur in the pre-biologic 
ocean. Precambrian Res. 1985;28(3–4):205–222. doi: 10.1016/ 
0301-9268(85)90031-2

[123] Song H, Jiang G, Poulton SW, et al. The onset of widespread 
marine red beds and the evolution of ferruginous oceans. Nat 
Commun. 2017;8(1):399. doi: 10.1038/s41467-017-00502-x

[124] Klein C. Some Precambrian banded iron-formations (BIFs) from 
around the world: their age, geologic setting, mineralogy, meta-
morphism, geochemistry, and origins. Am Mineral. 2005;90 
(10):1473–1499. doi: 10.2138/am.2005.1871

[125] Bekker A, Slack JF, Planavsky N, et al. Iron formation: the sedi-
mentary product of a complex interplay among Mantle, tectonic, 
oceanic, and biospheric Processes*. Econ Geol. 2010;105 
(3):467–508. doi: 10.2113/gsecongeo.105.3.467

[126] Sleep NH. The hadean-archaean environment. Cold Spring Harb 
Perspect Biol. 2010;2(6):a002527. doi: 10.1101/cshperspect.a002527

[127] Liu X, Millero FJ. The solubility of iron in seawater. Mar Chem. 
2002;77(1):43–54. doi: 10.1016/S0304-4203(01)00074-3

[128] Hsiao C, Chou I-C, Okafor CD, et al. RNA with iron(ii) as 
a cofactor catalyses electron transfer. Nat Chem. 2013;5 
(6):525–528. doi: 10.1038/nchem.1649

[129] Okafor CD, Lanier KA, Petrov AS, et al. Iron mediates catalysis of 
nucleic acid processing enzymes: support for Fe(II) as a cofactor 
before the great oxidation event. Nucleic Acids Res. 2017;45 
(7):3634–3642. doi: 10.1093/nar/gkx171

[130] Lin S-Y, Wang Y-C, Hsiao C, et al. Prebiotic iron originates the 
peptidyl transfer origin. Mol Biol Evol. 2019;36(5):999–1007. doi:  
10.1093/molbev/msz034

[131] Addess KJ, Basilion JP, Klausner RD, et al. Structure and 
dynamics of the iron responsive element RNA: implications for 
binding of the RNA by iron regulatory binding proteins. J Mol 
Biol. 1997;274(1):72–83. doi: 10.1006/jmbi.1997.1377

[132] Gdaniec Z, Sierzputowska-Gracz H, Theil EC. Iron regulatory 
element and internal loop/bulge structure for ferritin mRNA 
studied by cobalt(iii) hexammine binding, molecular modeling, 
and NMR spectroscopy. Biochemistry. 1998;37(6):1505–1512. doi:  
10.1021/bi9719814

[133] Walden WE, Selezneva AI, Dupuy J, et al. Structure of dual 
function iron regulatory protein 1 complexed with ferritin 
IRE-RNA. Science. 2006;314(5807):1903–1908. doi: 10.1126/ 
science.1133116

[134] Piccinelli P, Samuelsson T. Evolution of the iron-responsive 
element. Rna Nyn. 2007;13(7):952–966. doi: 10.1261/rna.464807

[135] Guerrier-Takada C, Haydock K, Allen L, et al. Metal ion require-
ments and other aspects of the reaction catalyzed by M1 RNA, the 
RNA subunit of ribonuclease P from Escherichia coli. 
Biochemistry. 1986;25(7):1509–1515. doi: 10.1021/bi00355a006

[136] Cuzic S, Hartmann RK. Studies on Escherichia coli RNase P RNA 
with Zn2+ as the catalytic cofactor. Nucleic Acids Res. 2005;33 
(8):2464. doi: 10.1093/nar/gki540

[137] Smith D, Burgin AB, Haas ES, et al. Influence of metal ions on the 
ribonuclease P reaction. Distinguishing substrate binding from 
catalysis. J Biol Chem. 1992;267(4):2429–2436. doi: 10.1016/ 
S0021-9258(18)45897-8

[138] Ferris JP. Mineral catalysis and prebiotic synthesis: 
montmorillonite-catalyzed formation of RNA. Elements. 2005;1 
(3):145–149. doi: 10.2113/gselements.1.3.145

[139] Ferris JP. Catalysis and prebiotic RNA synthesis. Orig Life Evol 
Biosphere J Int Soc Study Orig Life. 1993;23(5–6):307–315. doi:  
10.1007/BF01582081

[140] Ferris JP. Montmorillonite catalysis of 30-50 mer oligonucleotides: 
laboratory demonstration of potential steps in the origin of the 
RNA world. Orig Life Evol Biosphere J Int Soc Study Orig Life. 
2002;32(4):311–332. doi: 10.1023/A:1020543312109

[141] Chyba C, Sagan C. Endogenous production, exogenous delivery 
and impact-shock synthesis of organic molecules: an inventory for 
the origins of life. Nature. 1992;355(6356):125–132. doi: 10.1038/ 
355125a0

[142] Hanczyc MM, Fujikawa SM, Szostak JW. Experimental models of 
primitive cellular compartments: encapsulation, growth, and 
division. Science. 2003;302(5645):618–622. doi: 10.1126/science. 
1089904

[143] Orgel LE. Self-organizing biochemical cycles. Proc Natl Acad Sci 
USA. 2000;97(23):12503–12507. doi: 10.1073/pnas.220406697

[144] Huang W, Ferris JP. One-step, regioselective synthesis of up to 
50-mers of RNA oligomers by montmorillonite catalysis. J Am 
Chem Soc. 2006;128(27):8914–8919. doi: 10.1021/ja061782k

[145] Gibbs D, Lohrmann R, Orgel LE. Template-directed synthesis and 
selective adsorption of oligoadenylates on hydroxyapatite. J Mol 
Evol. 1980;15(4):347–354. doi: 10.1007/BF01733141

[146] Hazen RM, Sverjensky DA. Mineral surfaces, geochemical com-
plexities, and the origins of life. Cold Spring Harb Perspect Biol. 
2010;2(5):a002162. doi: 10.1101/cshperspect.a002162

[147] Thirumalai D. Native secondary structure formation in RNA may 
be a slave to tertiary folding. Proc Natl Acad Sci USA. 1998;95 
(20):11506–11508. doi: 10.1073/pnas.95.20.11506

[148] Wu M, Tinoco I. RNA folding causes secondary structure 
rearrangement. Proc Natl Acad Sci USA. 1998;95 
(20):11555–11560. doi: 10.1073/pnas.95.20.11555

[149] Westhof E, Fritsch V. RNA folding: beyond Watson–Crick pairs. 
Struct Lond Engl 1993. 2000;8(3):R55–65. doi: 10.1016/S0969- 
2126(00)00112-X

[150] Leontis NB, Westhof E. Geometric nomenclature and classifica-
tion of RNA base pairs. Rna Nyn. 2001;7(4):499–512. doi: 10. 
1017/S1355838201002515

[151] Leontis NB, Stombaugh J, Westhof E. The non-Watson-crick base 
pairs and their associated isostericity matrices. Nucleic Acids Res. 
2002;30(16):3497–3531. doi: 10.1093/nar/gkf481

[152] Leontis NB, Lescoute A, Westhof E. The building blocks and 
motifs of RNA architecture. Curr Opin Struct Biol. 2006;16 
(3):279–287. doi: 10.1016/j.sbi.2006.05.009

[153] Adachi T, Nakamura Y. Aptamers: a review of their chemical 
properties and modifications for therapeutic application. Mol 
Basel Switz. 2019;24(23):4229. doi: 10.3390/molecules24234229

[154] Strobel SA, Cochrane JC. RNA catalysis: ribozymes, ribosomes 
and Riboswitches. Curr Opin Chem Biol. 2007;11(6):636–643. doi:  
10.1016/j.cbpa.2007.09.010

[155] Breaker RR. The biochemical landscape of riboswitch ligands. 
Biochemistry. 2022;61(3):137–149. doi: 10.1021/acs.biochem.1c00765

[156] Smith KD, Lipchock SV, Ames TD, et al. Structural basis of ligand 
binding by a c-di-gmp riboswitch. Nat Struct Mol Biol. 2009;16 
(12):1218–1223. doi: 10.1038/nsmb.1702

[157] Nelson JW, Sudarsan N, Furukawa K, et al. Riboswitches in 
eubacteria sense the second messenger c-di-amp. Nat Chem 
Biol. 2013;9(12):834–839. doi: 10.1038/nchembio.1363

[158] Strulson CA, Boyer JA, Whitman EE, et al. Molecular crowders 
and cosolutes promote folding cooperativity of RNA under 

RNA BIOLOGY 119

https://doi.org/10.1021/ja990592p
https://doi.org/10.1016/0005-2787(76)90158-1
https://doi.org/10.1016/0014-5793(95)01077-R
https://doi.org/10.1006/jmbi.1997.1462
https://doi.org/10.1021/acs.est.1c08468
https://doi.org/10.1186/1745-6150-7-4
https://doi.org/10.1186/1745-6150-7-4
https://doi.org/10.1021/bi026815x
https://doi.org/10.1021/bi026815x
https://doi.org/10.1016/0301-9268(85)90031-2
https://doi.org/10.1016/0301-9268(85)90031-2
https://doi.org/10.1038/s41467-017-00502-x
https://doi.org/10.2138/am.2005.1871
https://doi.org/10.2113/gsecongeo.105.3.467
https://doi.org/10.1101/cshperspect.a002527
https://doi.org/10.1016/S0304-4203(01)00074-3
https://doi.org/10.1038/nchem.1649
https://doi.org/10.1093/nar/gkx171
https://doi.org/10.1093/molbev/msz034
https://doi.org/10.1093/molbev/msz034
https://doi.org/10.1006/jmbi.1997.1377
https://doi.org/10.1021/bi9719814
https://doi.org/10.1021/bi9719814
https://doi.org/10.1126/science.1133116
https://doi.org/10.1126/science.1133116
https://doi.org/10.1261/rna.464807
https://doi.org/10.1021/bi00355a006
https://doi.org/10.1093/nar/gki540
https://doi.org/10.1016/S0021-9258(18)45897-8
https://doi.org/10.1016/S0021-9258(18)45897-8
https://doi.org/10.2113/gselements.1.3.145
https://doi.org/10.1007/BF01582081
https://doi.org/10.1007/BF01582081
https://doi.org/10.1023/A:1020543312109
https://doi.org/10.1038/355125a0
https://doi.org/10.1038/355125a0
https://doi.org/10.1126/science.1089904
https://doi.org/10.1126/science.1089904
https://doi.org/10.1073/pnas.220406697
https://doi.org/10.1021/ja061782k
https://doi.org/10.1007/BF01733141
https://doi.org/10.1101/cshperspect.a002162
https://doi.org/10.1073/pnas.95.20.11506
https://doi.org/10.1073/pnas.95.20.11555
https://doi.org/10.1016/S0969-2126(00)00112-X
https://doi.org/10.1016/S0969-2126(00)00112-X
https://doi.org/10.1017/S1355838201002515
https://doi.org/10.1017/S1355838201002515
https://doi.org/10.1093/nar/gkf481
https://doi.org/10.1016/j.sbi.2006.05.009
https://doi.org/10.3390/molecules24234229
https://doi.org/10.1016/j.cbpa.2007.09.010
https://doi.org/10.1016/j.cbpa.2007.09.010
https://doi.org/10.1021/acs.biochem.1c00765
https://doi.org/10.1038/nsmb.1702
https://doi.org/10.1038/nchembio.1363


physiological ionic conditions. RNA. 2014;20(3):331–347. doi: 10. 
1261/rna.042747.113

[159] Hordijk W, Steel M. Autocatalytic networks at the basis of Life’s origin 
and organization. Life. 2018;8(4):62. doi: 10.3390/life8040062

[160] Adamala K, Szostak JW. Non-enzymatic template-directed RNA 
synthesis inside model protocells. Science. 2013;342 
(6162):1098–1100. doi: 10.1126/science.1241888

[161] Joyce GF, Szostak JW. Protocells and RNA self-replication. Cold 
Spring Harb Perspect Biol. 2018;10(9):a034801. doi: 10.1101/ 
cshperspect.a034801

[162] Chen IA, Roberts RW, Szostak JW. The emergence of competition 
between Model protocells. Science. 2004;305(5689):1474–1476. 
doi: 10.1126/science.1100757

[163] Wochner A, Attwater J, Coulson A, et al. Ribozyme-catalyzed 
transcription of an active ribozyme. Science. 2011;332 
(6026):209–212. doi: 10.1126/science.1200752

[164] Attwater J, Wochner A, Holliger P. In-ice evolution of RNA 
polymerase ribozyme activity. Nat Chem. 2013;5(12):1011–1018. 
doi: 10.1038/nchem.1781

[165] Attwater J, Raguram A, Morgunov AS, et al. Ribozyme-catalysed 
RNA synthesis using triplet building blocks. Elife. 2018;7:e35255. 
doi: 10.7554/eLife.35255

[166] Higgs PG, Lehman N. The RNA world: molecular cooperation at 
the origins of life. Nat Rev Genet. 2015;16(1):7–17. doi: 10.1038/ 
nrg3841

[167] Lehman N. A recombination-based model for the origin and early 
evolution of genetic information. Chem Biodivers. 2008;5 
(9):1707–1717. doi: 10.1002/cbdv.200890159

[168] Krupovic M, Dolja VV, Koonin EV. Origin of viruses: primordial 
replicators recruiting capsids from hosts. Nat Rev Microbiol. 
2019;17(7):449–458. doi: 10.1038/s41579-019-0205-6

[169] Müller F, Escobar L, Xu F, et al. A prebiotically plausible scenario 
of an RNA–peptide world. Nature. 2022;605(7909):279–284. doi:  
10.1038/s41586-022-04676-3

[170] van der Gulik PTS, Speijer D. How amino acids and peptides 
shaped the RNA world. Life. 2015;5(1):230–246. doi: 10.3390/ 
life5010230

[171] Serganov A, Patel DJ. Amino acid recognition and gene regulation 
by riboswitches. Biochim Biophys Acta. 2009;1789(9–10):592–611. 
doi: 10.1016/j.bbagrm.2009.07.002

[172] Westheimer FH. Why nature chose phosphates. Science. 1987;235 
(4793):1173–1178. doi: 10.1126/science.2434996

[173] Mutisya D, Selvam C, Lunstad BD, et al. Amides are excellent 
mimics of phosphate internucleoside linkages and are well toler-
ated in short interfering RNAs. Nucleic Acids Res. 2014;42 
(10):6542–6551. doi: 10.1093/nar/gku235

[174] Giacobelli VG, Fujishima K, Lepšík M, et al. In vitro evolution reveals 
noncationic protein–RNA interaction mediated by metal ions. Mol 
Biol Evol. 2022;39(3):msac032. doi: 10.1093/molbev/msac032

[175] Masliah G, Barraud P, Allain F-T. RNA recognition by 
double-stranded RNA binding domains: a matter of shape and 
sequence. Cell Mol Life Sci CMLS. 2013;70:1875–1895. doi: 10. 
1007/s00018-012-1119-x

[176] Steitz TA. A structural understanding of the dynamic ribosome 
machine. Nat Rev Mol Cell Biol. 2008;9(3):242–253. doi: 10.1038/ 
nrm2352

[177] Ramakrishnan V. Ribosome structure and the mechanism of 
translation. Cell. 2002;108(4):557–572. doi: 10.1016/S0092- 
8674(02)00619-0

[178] Melnikov S, Ben-Shem A, Garreau de Loubresse N, et al. One 
core, two shells: bacterial and eukaryotic ribosomes. Nat Struct 
Mol Biol. 2012;19(6):560–567. doi: 10.1038/nsmb.2313

[179] Polacek N, Mankin AS. The ribosomal peptidyl transferase center: 
structure, function, evolution, inhibition. Crit Rev Biochem Mol 
Biol. 2005;40(5):285–311. doi: 10.1080/10409230500326334

[180] Nissen P, Hansen J, Ban N, et al. The structural basis of ribosome 
activity in peptide bond synthesis. Science. 2000;289 
(5481):920–930. doi: 10.1126/science.289.5481.920

[181] Bokov K, Steinberg SV. A hierarchical model for evolution of 23S 
ribosomal RNA. Nature. 2009;457(7232):977–980. doi: 10.1038/ 
nature07749

[182] Cléry A, Allain F-T. From structure to function of RNA binding 
domains [internet]. Madame Curie Bioscience Database 
[Internet]. Landes Bioscience. 2013 [cited 2024 Jul 25]. Available 
from: https://www.ncbi.nlm.nih.gov/books/NBK63528/

[183] Cléry A, Blatter M, Allain F-T. RNA recognition motifs: boring? 
Not quite. Curr Opin Struct Biol. 2008;18(3):290–298. doi: 10. 
1016/j.sbi.2008.04.002

[184] Hentze MW, Castello A, Schwarzl T, et al. A brave new world of 
RNA-binding proteins. Nat Rev Mol Cell Biol. 2018;19 
(5):327–341. doi: 10.1038/nrm.2017.130

[185] Roca-Martínez J, Dhondge H, Sattler M, et al. Deciphering the 
RRM-RNA recognition code: a computational analysis. PLOS 
Comput Biol. 2023;19(1):e1010859. doi: 10.1371/journal.pcbi. 
1010859

[186] Handa N, Nureki O, Kurimoto K, et al. Structural basis for 
recognition of the tra mRNA precursor by the sex-lethal protein. 
Nature. 1999;398(6728):579–585. doi: 10.1038/19242

[187] Malgieri G, Palmieri M, Russo L, et al. The prokaryotic 
zinc-finger: structure, function and comparison with the eukar-
yotic counterpart. FEBS J. 2015;282(23):4480–4496. doi: 10.1111/ 
febs.13503

[188] Cassandri M, Smirnov A, Novelli F, et al. Zinc-finger proteins in 
health and disease. Cell Death Discov. 2017;3(1):1–12. doi: 10. 
1038/cddiscovery.2017.71

[189] Krishna SS, Majumdar I, Grishin NV. Structural classification of 
zinc fingers: SURVEY and SUMMARY. Nucleic Acids Res. 
2003;31(2):532–550. doi: 10.1093/nar/gkg161

[190] Laity JH, Lee BM, Wright PE. Zinc finger proteins: new insights 
into structural and functional diversity. Curr Opin Struct Biol. 
2001;11(1):39–46. doi: 10.1016/S0959-440X(00)00167-6

[191] Mackay JP, Crossley M. Zinc fingers are sticking together. Trends 
Biochem Sci. 1998;23(1):1–4. doi: 10.1016/S0968-0004(97)01168-7

[192] Lima WF, Crooke ST. Highly efficient endonucleolytic cleavage of 
RNA by a Cys2His2 zinc-finger peptide. Proc Natl Acad Sci USA. 
1999;96(18):10010–10015. doi: 10.1073/pnas.96.18.10010

[193] Kim YG, Shi Y, Berg JM, et al. Site-specific cleavage of DNA– 
RNA hybrids by zinc finger/FokI cleavage domain fusions. Gene. 
1997;203(1):43–49. doi: 10.1016/S0378-1119(97)00489-7

[194] Urnov FD, Rebar EJ, Holmes MC, et al. Genome editing with 
engineered zinc finger nucleases. Nat Rev Genet. 2010;11 
(9):636–646. doi: 10.1038/nrg2842

[195] Gaj T, Gersbach CA, Barbas CF. ZFN, TALEN and CRISPR/ 
Cas-based methods for genome engineering. Trends In 
Biotechnology. 2013;31(7):397–405. doi: 10.1016/j.tibtech.2013.04.004

[196] Bloudoff K, Schmeing TM. Structural and functional aspects of 
the nonribosomal peptide synthetase condensation domain super-
family: discovery, dissection and diversity. Biochim Biophys Acta 
BBA - Proteins Proteomics. 2017;1865(11):1587–1604. doi: 10. 
1016/j.bbapap.2017.05.010

[197] Orelle C, Carlson ED, Szal T, et al. Protein synthesis by ribosomes 
with tethered subunits. Nature. 2015;524(7563):119–124. doi: 10. 
1038/nature14862

[198] Finking R, Marahiel MA. Biosynthesis of nonribosomal peptides. 
Annu Rev Microbiol. 2004;58(1):453–488. doi: 10.1146/annurev. 
micro.58.030603.123615

[199] Plant EP, Jacobs KLM, Harger JW, et al. The 9-Å solution: how 
mRNA pseudoknots promote efficient programmed −1 riboso-
mal frameshifting. RNA. 2003;9(2):168–174. doi: 10.1261/rna. 
2132503

[200] Plant EP, Pérez-Alvarado GC, Jacobs JL, et al. A three-stemmed 
mRNA pseudoknot in the SARS coronavirus frameshift signal. 
PLoS Biol. 2005;3(6):e172. doi: 10.1371/journal.pbio.0030172

[201] Jackson RJ, Kaminski A. Internal initiation of translation in 
eukaryotes: the picornavirus paradigm and beyond. Rna Nyn. 
1995;1:985–1000.

120 D. MOZUMDAR AND R. N. ROY

https://doi.org/10.1261/rna.042747.113
https://doi.org/10.1261/rna.042747.113
https://doi.org/10.3390/life8040062
https://doi.org/10.1126/science.1241888
https://doi.org/10.1101/cshperspect.a034801
https://doi.org/10.1101/cshperspect.a034801
https://doi.org/10.1126/science.1100757
https://doi.org/10.1126/science.1200752
https://doi.org/10.1038/nchem.1781
https://doi.org/10.7554/eLife.35255
https://doi.org/10.1038/nrg3841
https://doi.org/10.1038/nrg3841
https://doi.org/10.1002/cbdv.200890159
https://doi.org/10.1038/s41579-019-0205-6
https://doi.org/10.1038/s41586-022-04676-3
https://doi.org/10.1038/s41586-022-04676-3
https://doi.org/10.3390/life5010230
https://doi.org/10.3390/life5010230
https://doi.org/10.1016/j.bbagrm.2009.07.002
https://doi.org/10.1126/science.2434996
https://doi.org/10.1093/nar/gku235
https://doi.org/10.1093/molbev/msac032
https://doi.org/10.1007/s00018-012-1119-x
https://doi.org/10.1007/s00018-012-1119-x
https://doi.org/10.1038/nrm2352
https://doi.org/10.1038/nrm2352
https://doi.org/10.1016/S0092-8674(02)00619-0
https://doi.org/10.1016/S0092-8674(02)00619-0
https://doi.org/10.1038/nsmb.2313
https://doi.org/10.1080/10409230500326334
https://doi.org/10.1126/science.289.5481.920
https://doi.org/10.1038/nature07749
https://doi.org/10.1038/nature07749
https://www.ncbi.nlm.nih.gov/books/NBK63528/
https://doi.org/10.1016/j.sbi.2008.04.002
https://doi.org/10.1016/j.sbi.2008.04.002
https://doi.org/10.1038/nrm.2017.130
https://doi.org/10.1371/journal.pcbi.1010859
https://doi.org/10.1371/journal.pcbi.1010859
https://doi.org/10.1038/19242
https://doi.org/10.1111/febs.13503
https://doi.org/10.1111/febs.13503
https://doi.org/10.1038/cddiscovery.2017.71
https://doi.org/10.1038/cddiscovery.2017.71
https://doi.org/10.1093/nar/gkg161
https://doi.org/10.1016/S0959-440X(00)00167-6
https://doi.org/10.1016/S0968-0004(97)01168-7
https://doi.org/10.1073/pnas.96.18.10010
https://doi.org/10.1016/S0378-1119(97)00489-7
https://doi.org/10.1038/nrg2842
https://doi.org/10.1016/j.tibtech.2013.04.004
https://doi.org/10.1016/j.bbapap.2017.05.010
https://doi.org/10.1016/j.bbapap.2017.05.010
https://doi.org/10.1038/nature14862
https://doi.org/10.1038/nature14862
https://doi.org/10.1146/annurev.micro.58.030603.123615
https://doi.org/10.1146/annurev.micro.58.030603.123615
https://doi.org/10.1261/rna.2132503
https://doi.org/10.1261/rna.2132503
https://doi.org/10.1371/journal.pbio.0030172


[202] Jan E, Sarnow P. Factorless ribosome assembly on the internal 
ribosome entry site of cricket paralysis virus. J Mol Biol. 2002;324 
(5):889–902. doi: 10.1016/S0022-2836(02)01099-9

[203] Blaha G, Stanley RE, Steitz TA. Formation of the first peptide 
bond: the structure of EF-P bound to the 70S ribosome. Science. 
2009;325(5943):966–970. doi: 10.1126/science.1175800

[204] Hanawa-Suetsugu K, Sekine S, Sakai H, et al. Crystal structure of 
elongation factor P from thermus thermophilus HB8. Proc Natl 
Acad Sci USA. 2004;101(26):9595–9600. doi: 10.1073/pnas. 
0308667101

[205] Pan H, Wigley DB. Structure of the zinc-binding domain of 
bacillus stearothermophilus DNA primase. Structure. 2000;8 
(3):231–239. doi: 10.1016/S0969-2126(00)00101-5

[206] Kuchta RD, Stengel G. Mechanism and evolution of DNA 
primases. Biochim Biophys Acta. 2010;1804(5):1180–1189. doi:  
10.1016/j.bbapap.2009.06.011

[207] Subramanian A, Wang L, Moss T, et al. A legionella toxin exhibits 
tRNA mimicry and glycosyl transferase activity to target the transla-
tion machinery and trigger a ribotoxic stress response. Nat Cell Biol. 
2023;25(11):1600–1615. doi: 10.1038/s41556-023-01248-z

[208] Nagai K. RNA—protein complexes. Curr Opin Struct Biol. 1996;6 
(1):53–61. doi: 10.1016/S0959-440X(96)80095-9

[209] Nagai K, Oubridge C, Ito N, et al. The RNP domain: a 
sequence-specific RNA-binding domain involved in processing 
and transport of RNA. Trends Biochem Sci. 1995;20(6):235–240. 
doi: 10.1016/S0968-0004(00)89024-6

RNA BIOLOGY 121

https://doi.org/10.1016/S0022-2836(02)01099-9
https://doi.org/10.1126/science.1175800
https://doi.org/10.1073/pnas.0308667101
https://doi.org/10.1073/pnas.0308667101
https://doi.org/10.1016/S0969-2126(00)00101-5
https://doi.org/10.1016/j.bbapap.2009.06.011
https://doi.org/10.1016/j.bbapap.2009.06.011
https://doi.org/10.1038/s41556-023-01248-z
https://doi.org/10.1016/S0959-440X(96)80095-9
https://doi.org/10.1016/S0968-0004(00)89024-6

	Abstract
	1.  Introduction
	2.  Early evolutionary events of small-molecule interaction with RNA
	2.1.  Small-molecule recognition of RNA
	2.2.  Integration of ionic motifs into RNA structure
	2.3.  Influence of mineral surfaces on building scaffolds for RNA

	3.  Interactions of RNA aptamers with other RNA
	3.1.  Rudimentary partners of RNA aptamers
	3.2.  Evolution of RNA auto-catalytic networks

	4.  Transfiguration of RNA recognition scaffolds into protein scaffolds
	4.1.  First-RNA recognition domains of protein– oldest evolutionary records– RRM motifs
	4.2.  Zn-finger domains and 2-metal catalysis (Fig5A)

	5.  Functional mimicry in RNA recognition by RNA and proteins
	5.1.  Functional protein mimics of ribosomal RNA core
	5.2.  Functional mimics of release factors
	5.3.  Viral IRES mimicking translation-initiation complex
	5.4.  Structural and functional mimics of the tRNA clover-leaf scaffolds

	6.  Discussion
	Disclosure statement
	Funding
	Data availability statement
	References

