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OPEN QUESTIONS IN ORIGIN OF LIFE: EXPERIMENTAL STUDIES ON THE ORIGIN OF
NUCLEIC ACIDS AND PROTEINS WITH SPECIFIC AND FUNCTIONAL SEQUENCES BY A
CHEMICAL SYNTHETIC BIOLOGY APPROACH
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Abstract: In this mini-review we present some experimental approaches to the important issue in the origin of life, namely the
origin of nucleic acids and proteins with speciﬁc and functional sequences. The formation of macromolecules on prebiotic Earth
faces practical and conceptual difficulties. From the chemical viewpoint, macromolecules are formed by chemical pathways leading
to the condensation of building blocks (amino acids, or nucleotides) in long-chain copolymers (proteins and nucleic acids,
respectively). The second difficulty deals with a conceptual problem, namely with the emergence of specific sequences among a vast
array of possible ones, the huge “sequence space”, leading to the question “why these macromolecules, and not the others?”

We have recently addressed these questions by using a chemical synthetic biology approach. In particular, we have tested the
Catalytic activity of small peptides, like Ser-His, with respect to peptide— and nucleotides-condensation, as a realistic model of
primitive organocatalysis. We have also set up a strategy for exploring the sequence space of random proteins and RNAs (the so-
called “never born biopolymer” project) with respect to the production of folded structures. Being still far from solved, the main
aspects of these “open questions” are discussed here, by commenting on recent results obtained in our groups and by providing a
unifying view on the problem and possible solutions. In particular, we propose a general scenario for macromolecule formation via
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fragment—condensation, as a scheme fOI’ the emergence O{: speciﬁc sequences based on molecular growth and selection.

MINI REVIEW ARTICLE

1. Introduction

One of the main open questions in the field of the origin of life is
the biogenesis of proteins and nucleic acids as ordered sequences of
monomeric residues, possibly in many identical copies. The first
important consideration is that functional proteins and nucleic acids
are — chemically speaking — copolymers, i.e., polymer formed by
several different monomeric units, ordered in a very specific way.
There are some indications of how homo-oligo/polypeptides [1-3]
and homo-oligo/polynucleotides [4-6] can be obtained. Experimental
results generally focus on exploring the conditions for achieving the
desired condensation reactions and demonstrating, as proof-of-
concept, that oligo- and polymerization can occur from the chemical
viewpoint.
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Attempts to obtain copolymers, for instance by a random
polymerization of monomer mixtures, yield a difficult to characterize
mixture of all different products. To the best of our knowledge, there
is no clear approach to the question of the prebiotic synthesis of
macromolecules with an ordered sequence of residues. Note that this
problem has been beautifully solved by the invention of genetic code
and the translation apparatus; however this does not solve the original
question about how primitive functional molecules have arisen under
prebiotic conditions.

The copolymeric nature of proteins and nucleic acid challenges
our understanding of origin of life also from a theoretical viewpoint.
The number of all possible combinations of the building blocks (20
amino acids, 4 nucleotides) forming copolymers of even moderate
length is ‘astronomically’ high, and the total number of possible
combinations it is often referred as the “sequence space”. Simple
numerical considerations suggest that the exhaustive exploration of
the sequence spaces, both for proteins and nucleic acid, was physically
not possible in the early Universe, both for lack of time and limited
chemical material. Then, the question becomes: even taking for
granted a prebiotic chemical route to copolymerization (ie., a
condensation reaction occurring in primitive conditions that does not
produce only simple homopolymers), how could early, functional
biological macromolecules have been selected? Do other functional
biological macromolecules exist in still-unexplored regions of
sequence space? What do they look like? Could living systems have
been originated if chemical evolution was allowed to start from other
regions of sequence space?

In order to answer these questions and shed some light in the
mystery of origin of life, we started some years ago a multifaceted
research program aimed at clarify some aspects of the problem, by
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following a chemical synthetic biology approach. As it will be
discussed below, we have recently proposed that small organic
molecules could have played a key role in favoring condensation
reactions (organocatalysis), and that the stepwise condensation of
short, easy-to-form oligomers can give rise to very specific long
sequences, in high copy number, due to the interplay between
reactivity, selection and solubility (“fragment condensation”). Finally,
we have devised a strategy to explore the sequence space of proteins
and nucleic acid based on random sequences that make use of modern
molecular biology methods, at the aim of search for those sequences
that are folded, because folding is the most important pre-requisite
for any biochemical activity.

Although these approaches do not represent the solution, they
may indicate a very useful path in the right direction.

2. Formation of peptide bonds and phosphodiester bonds by

organocatalysis

Because of their place as the most fundamental biopolymers,
prebiotic synthesis of peptides and nucleic acids has been an object of
many investigations. The earliest experiments on the condensation of
amino acids were conducted by simply heating the solutions of amino
acids [7] and various thermal condensation and dehydration reactions
between amino acids or amino acid precursors appeared in the
literature [8,9]. Subsequent, more sophisticated approaches included
of HCN polymers [10],

environments and in the presence of different mineral surfaces
ts [11 d in the p f different I surf:

hydrolysis condensation on clay
[12], or by atmospheric gases [13,14]. Modern methods, such as
copper-catalyzed and salt-induced peptide synthesis [15,16], or
condensation of N-carboxyanhydrides [17] allow for formation of
peptides that are longer (ca. 10-mer) and can be formed from various
proteinogenic amino acids.

Analogously, the first attempts at prebiotic condensation of
nucleic acids constituted of simple heating experiments [18], or usage
of metal ions [19]. The most effective methods that have eventually
emerged are montmorillonite condensation [20,21] and water/ice
eutectic approach [22,23].

Although there is number of interesting approaches for prebiotic
condensation of both peptides and nucleic acids, they all have some
shortcomings; mainly in the formation of specific sequences, and in
chemoselectivity and  regioselectivity. This problem might be
successfully attacked if we take similar approach as life did — by
exploiting organocatalysis. Enzymes are basically highly evolved
organocatalysts. The investigation of prebiotic analogues possessing
organocatalytic properties can shed light on the origin of molecular
recognition and reactivity in the synthesis of proteins and nucleic
acids and also provide novel perspectives (to be tested in the
laboratory) about the “co-evolution” of peptides and nucleotides.
This is perhaps the most intriguing aspect of organocatalysis in origin
of life scenarios.

2.1 Peptide bonds

The simplest dipeptide Gly-Gly was reported to possess some
proteolytic abilities [24-26] — but by far the best example of
proteolytic activity is given by the dipeptide Ser-His [27]. Like Ser-
His, also Ser-His-Gly is an active catalyst (see Figure 1A for
structures), as well as similar di- and tri-peptides [27-29].

It is useful to remind that a catalyst does not change the free
energy of reactants and products, but just enhance the reaction rate. If,
by any means, the energetics of a reaction is inverted (i.e., by changing
conditions so that the reaction goes in opposite direction), the same
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catalyst will still enhance the reverse reaction rate. Therefore, since
Ser-His is endowed with proteolytic activity, under specific
conditions it also acts as a catalyst for peptide synthesrs.
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Figure 1. (A) The structure of catalytic dipeptides Seryl-Histidine (Ser-His)
and Seryl-Histidine-Glycine (Ser-His-Gly). (B) The model reaction catalyzed
by the dipeptides.

Ser-His (and Ser-His-Gly) catalyzes peptide bond formation
between a Citerminus of an activated amino acid and the free M-
terminus of another amino acid. The activating group on the C
terminus is a carboxylic acid ester, most commonly in the form of
methyl or ethyl ester.

Together with the condensation product, the main compound
accumulating during the reaction is the product of hydrolysis of the
ester of the activated amino acid. The yield of the hydrolysis product
(the free acid), under most typically explored conditions, pH 7-8, in
water-organic solvent mixture, accounts for half or more of the
observed total substrate conversion. Thus the accumulation of the
desired peptide is hampered by the hydrolysis [28].

The most extensively studied reaction catalyzed by Ser-His is
condensation between two natural amino acid substrates: a /M-
acetylated phenylalanine ethyl ester and leucine amide (see Figure IB),
to give the hydrophobic dipeptide N-acetylated phenylalanyl-
leucinamide [28]. The reaction has almost no uncatalyzed background
product formation, and the product accumulation in presence of small
peptide catalysts (most notably Ser-His or Ser-His-Gly) is easily
detectable thanks to the high UV absorbance of the product and
substrates. HPLC analysis is usually employed to monitor the
progress of the reaction.

To date, the only known peptide condensation reactions
efficiently catalyzed by small peptides are the ones with a great change
in hydrophobicity between product, the byproducts and the
substrates. For the reaction to proceed to the desired direction, the
difference in solubility between substrates, the side product (the
hydrolyzed activated amino acid) and the main product must be
enough to remove the main product from the reaction mixture.
Otherwise the only compound accumulated with significant quantity
will be the hydrolysis product from the ester activated amino acid
substrate.

The removal of the produced peptide from the reaction mixture
can happen through the precipitation or through the migration of the
product to a different phase. In the first case, the substrates must be
fully soluble in the reaction mixture, and the product must be nearly
completely insoluble [28]. In the second case, the reaction must be
carried out in a two-phase system, for example with a lipid bilayer
membrane as a hydrophobic environment. The product of the
reaction accumulates in the bilayer membrane, thus being effectively
removed from the reaction environment, shifting the equilibrium

toward the formation of the dipeptide product [30].
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Figure 2. (A) The oligomerization of imidazole-activated nucleotides 1 by Ser-His 2 involves the creation of a covalent linkage between dipeptide and
mononucleotide, 3, releasing imidazole 4. Compound 3 rapidly forms and is then slowly consumed. It can be attacked by 3°- or 2°-hydroxyl group from another
nucleotide 1, forming dimer 9 (imidazole 4 is released), which is hydrolyzed to give 6 (only 3'-5' bonds shown, but the other possible attack from 2’-hydroxy
group should also taken in account). (B) Schematic representation of the major side products. The intermediate 3 can produce also pyrophosphate dimer 7,
ribonucleotide 5 and a stable complex 8 are formed upon nucleophilic attack by a 5°-phosphate of 5, water or the N-terminus of dipeptide Ser-His 2,

respectively (adapted from [29]).

Our groups have tested several model reaction and conditions to
find a reaction catalyzed by small peptide that would not require
removal of products to drive the reaction toward condensation [28-
30]. To our knowledge, saturating solution with one or both of the
substrates, changing activation groups (different esters on the
activated amino acid), pH and other reaction conditions, did not
result in formation of products soluble in the same phase as substrates
and the catalyst [ Wieczorek and Adamala, unpublished data].

It is conceivable that the small catalytic peptides could be
obtained in an autocatalytic reaction. However, all efforts to create an
autocatalytic cycle with Ser-His or other small proteolytic peptide
have not been successful, most probably because of the above-
mentioned requirement for the difference in solubility of the
reactants.

The main limitation of the Ser-His catalysis (the requirement for
insoluble product) could actually be advantageous in prebiotic
selection scenario. It is possible to envision a selection driven by the
insolubility of the products, especially in the presence of hydrophobic
membranes. It could be possible that catalysis mediated by Ser-His
(or similar small peptide) would allow for the synthesis of
hydrophobic peptide chains beyond the lengths achievable by any
other prebiotic chemistry synthesis.

The presence of the bilayer lipid membrane improves the yield of
the reaction, minimizing the accumulation of the activated amino acid
hydrolysis product. The accumulation of the main reaction product in
the membrane is shown to cause changes in the stability of the bilayer
membrane, and that leads to a mechanism of competitive growth of
protocell liposomes containing the reaction product. Thus, the
activity of small peptide catalyst has been coupled with the adaptive
processes in the protocell vesicles [30].
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It is possible that the efficiency of small catalytic peptides could
be significantly improved by incorporating the Ser-His catalytic motif
into a bigger oligopeptide. Addition of a substrate-binding domain, a
residue(s) potentially stabilizing the catalyst-substrate transition state,
could tmprove the ratio of the condensation product to the
hydrolyzed substrate.

If the extensive hydrolysis of the activated substrate could be
limited, the yields and efficiency of reactions catalyzed by Ser-His are
expected to increase significantly. Potentially, more studies of the
properties and limitations of the leaving group (the carboxylic acid
ester) could yield activation / leaving group with lower hydrolysis rate,
leading to increased yield of the desired peptide product.

2.2 Phosphodiester bonds

The formation of RNA chains can be catalyzed by the action of
Ser-His dipeptide [29]. Under native, physiological-like conditions,
Ser-His will hydrolyze nucleic acids [27]. The reverse reaction can be
achieved only if we change the thermodynamic equilibrium [31]. By
the introduction of water/ice eutectic phase we can lower the
chemical activity of water, thus shifting the equilibrium towards
condensation reactions [23]. To obtain such an environment, a
reaction solution is cooled below its freezing point, but above the
eutectic point. Under these conditions, most of the water is in the
form of ice crystals and the other reactants are concentrated in the
remaining liquid micro-inclusions, hence creating an environment
with lower water activity in which condensation reactions can occur.
This strategy has been used to achieve environmental conditions

suitable for RNA formation.
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To promote non-enzymatic RNA oligomerization the RNA
monomers have to be activated by a good leaving group — usually an
imidazole or its derivatives (Figure 2A, 1).

The reaction proceeds through a transamination event, in which
the histidine ring of the Ser-His dipeptide replaces the imidazole ring
forming a short-lived peptide-nucleotide conjugate (Figure 24, 3).
This reactive intermediate can then be nucleophilically attacked by
other molecules of activated mononucleotide forming peptide-capped
RNA oligomer (Figure 2A, 9). Subsequently the peptide cap is
hydrolyzed and we obtain unmodified single strand dinucleotide
RNA fragment (Figure 2A, 6).

The active intermediate complex 3 can be attacked by other
nucleophiles present in the reaction's environment. Water will remain
the most common nucleophile in the water/ice eutectic phase.
Although its presence is drastically reduced comparing to liquid water
environments, it is still high enough to hydrolyze not stable
compounds like imidazole activated nucleotides 1 or peptide activated
nucleotides 3. Hydrolysis of those compounds results in the
formation of unmodified nucleotide (Figure 2B, §). Unprotected
phosphate group of 5 is a good nucleophile and its attack on activated
mononucleotides results in the formation of Pyrophosphate dimer
(Figure 2B, 7). Additionally, the amino group of the peptide can also
attack activated mononucleotides resulting in the formation of
inactive and long-lived peptide-nucleotide conjugate (Figure 2B, 8).

Because of the competition of those side reactions the
effectiveness of the prebiotic RNA synthesis it this setup does not
exceed 10% [29].

Peptides are much more likely products of spontaneous
condensation than nucleotide chains, therefore their potential as
catalysts for the formation of RNA is very interesting from the
origin-of-life perspective. The ability of simple peptides to catalyze
RINA synthesis could represent a link between prebiotic chemistry
and the RNA world, especially from a “co-evolutionary” viewpoint
(i.e., the two most important classes of biological molecules that
interacted from the very beginning with each other, thanks to
molecular recognition, reciprocal stabilization, and auto- or
reciprocal-catalysis).

The mechanism of Ser-His catalyzed RNA synthesis involves
formation of an active intermediate which remains in equilibrium with
the substrate. Such properties are characteristic of enzymatic catalysis.
Enzymes are able to perform highly specific syntheses, thus creating
many copies of the same sequence. We hope that simpler examples of
organocatalysis like the catalytic dipeptide Ser-His can also exhibit
some degrees of specificity. It is argued that various steric hindrances
present in organocatalyst can influence the stereospecificity of reaction
products. This premise is certainly true for enzymes, which are highly
evolved examples of organocatalysis. However, the stereospecificity
for Ser-His or other small peptides remains to be demonstrated. We
expect the property of selective catalysis to be somewhat proportional
to the length of catalytic biopolymer. Thus, enzymes - which are over
100 amino acids in length - do not have a problem obtaining high
levels of stereospecificity. A catalytic dipeptide might not be long and
complex enough to exhibit this property. However, we do believe that
modification of simple peptide catalysts by addition of supplemental
amino acid residues will eventually led to the emergence of
stereospeciﬁc properties.

3. Chemical synthesis of de novo proteins
The previously discussed route to small oligopeptides or

oligonucleotides certainly helps to understand the possible chemical
origin of such molecules, and could also provide a rational
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explanation about the formation of copolymeric oligomers, which
have the potentiality to further grow in size, fold, and become
therefore functional (e.g., displaying catalytic activity). This problem
is obviously more relevant for the case of proteins, because of the
well-know sequence-structure-function interdependence.

As already mentioned, there are no methods described in the
literature to efficiently generate long polypeptides, and we also lack a
theory for explaining the origin of some macromolecular sequences
instead of others. The method of the condensation of the Ncarboxy
anhydrides (NCA) as described by Commeyras and coworkers [2]
offers perhaps a path to short polypeptides, around 10-15 residues in
length, under alleged prebiotic conditions [3].

One idea to proceed further in the elongation, is to assume that
certain short peptides (as for example Ser-His) or even some
polynucleotides, or, more realistically, peptide-nucleotide complexes,
can act as catalysts for the fragment condensation of the initially
formed co-oligopeptides (it is remarkable that peptide synthesis in
modern cells is catalyzed by RNA-protein complexes: the ribosomes).
The actual nature of such catalysts is not known, however there is an
interesting work which demonstrates that, as a proof of principle, that
idea may be viable [32].
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Figure 3. Condensation scheme of n peptides (10 amino acids long to yield
ideally n® peptides (20 amino acids long), of which only m are soluble, and
undergo further random fragment condensation yielding m”peptides (40
amino acids long), of which only a few will be water soluble. By continuing
this procedure, we reach long chains which are soluble and that can be
seen as the product of a prebiotic molecular evolution. The asterisk
indicates a catalytic center, capable of inducing peptide synthesis. The
synthesis can be in principle also induced by an external catalytic peptide.
Redrawn, with minor modifications, from [33].

Figure 3 shows the key aspects of the model. A number n of say,
deca-peptides can undergo a random combinatorial condensation
yielding (ideally) 17 20-residues long peptides, and introducing here
the constraint to keep only the soluble ones, only m of these peptides
are left, that by further random fragment condensation give n7 40-
residues long peptides, of which only a few will be water soluble.

The strategy of fragment condensation shown in Figure 3 was

tested by Chessari et al. [32], operating by the Merrifield method for
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practical reasons, but assuming a prebiotic pathway. Eight random
decapeptides peptides, whose sequences were generated by computers,
were divided in two groups and randomly combined with each other
to give 16 different 20-mers, which were individually synthesized.
The four more soluble 20-mers where next combined with four
random 20-mers, whose sequences were generated by a computer.
Two out of 16 of the synthesized 40-mers resulted to be soluble in 6
M guanidinium chloride; and they were made partially soluble in
aqueous buffer by adding a short hydrophilic tag (DDEE on N-
terminus). In this way, finally, one 44-long protein was obtained,
which was folded, and partly helical, as shown by a circular dichroism
study — a novel protein obtained by pure chemical means.

4. “Never born” biopolymers

In addition to the investigation on the speciﬁc chemical routes
leading to the emergence of functional biopolymers in origin of life
scenario, a second unsolved question focuses on the relation between
the sequence and the function of biopolymers.

The “Never Born Biopolymers” project aims at addressing the
question of the design, synthesis and analysis of completely de novo
biopolymers (proteins and RNAs), by exploring the sequence space
for novel biochemical structures that do not exist in nature. These
novel structures, in addition to their role in elucidating whether
biologically functional biopolymers could have emerged from
different “regions” of the sequence space (in origin of life scenarios),
can be used as novel functional scaffolds for synthetic biology
applications [34,35].

The theoretical starting point is the fact that the number of
natural proteins on Earth, although apparently large, is only a tiny
fraction of all the possible ones. Indeed, there are thought to be
roughly 101 proteins of all sizes in extant organisms. This number,
however, is negligible when compared to the number of all
theoretically possible different proteins [36]. The discrepancy
between the actual collection of proteins and all possible ones stands
clear if one considers that the number of all possible 50-residues
peptides that can be synthesized with the standard 20 amino acids is
20, namely 10%. Moreover, the number of theoretically possible
proteins increases with length, so that the related sequence space is
beyond contemplation; in fact, if we take into account the living
organisms, where the average length of proteins is much greater, the
number of possible different proteins becomes even bigger [37]. The
difference between the number of possible proteins (i.e. the sequence
space) and the number of those actually present in living organisms is
comparable, in a figurative way, to the difference that exists between a
drop of water and an entire Ocean [33]. This means that there is an
astronomically large number of proteins that have never been
subjected to the long pathway of natural evolution on Earth: the
“Never Born Proteins” (NBPs). Furthermore, the question whether a
functionality is a common feature in the sequence space, or a rare
result of natural selection, is of the utmost importance to elucidate the
role of proteins in the origin of life and to fully exploit its biological
potential and find new scaffolds for biological activities [33,35].

In order to answer to this question, in a preliminary work we set
up a method to test, as a first approximation, the folding stability of a
random protein library. The protein library was generated starting
from a totally random 150-nucleotides long DNA sequence library.

The strategy was the introduction of a tripeptide sequence (-P-R-
G-), which is a substrate for a protease, into the random sequence of
polypeptide. It is expected that the proteins with a stable fold are

much more resistant to proteolytic digestion than unfolded ones [38-
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42], so that they could be differentiated from all other non-folded
ones during selection cycles (Figure 4A).

This work, based on phage display technique [33,35,43], allowed
us to set up an efficient protocol for the production and study of
NBPs and, in particular, the production of large libraries (on the
order of 10% — 10° clones) of totally random 50 amino acid long
proteins (note that 20 amino acids long peptides can be tested in
similar way).

After the selection procedure, 75 of the resistant proteins (50
amino acids long) were analyzed individually by thrombin digestion
assay (Figure 4B), and the best two sequences were chosen for a
further structural analysis by circular dichroism. In native conditions,
the two proteins were characterized by an alpha-helix plus beta-
strands content of about 26 and 54%, respectively, indicating a
significant folding, also confirmed by fluorescence analyses. Computer
structural predictions, carried out by ROSETTA, predict rather
compact 3D structures that agree with spectroscopic data. Moreover,
3D similarity search of the Protein Data Bank did not reveal any
significant structural similarity between these two novel proteins and
other proteins with known 3D structure [43]. This interesting result
highlights the novelty of the fold predicted for these two proteins and
can suggest a wotld of novel structured sequences with a great
potential in terms of properties. Indeed, NBPs pose a series of
challenging questions in basic and applied science regarding the
possible novel principles of structure and catalytic properties that
should be investigated in the future.

As described for random protein, the study of random RNAs
poses similar considerations to take into account. The impressive
difference between the number of possible proteins and the number of
those actually present in living organisms [33] also hold for RNAs
sequences. In fact, a single RNA sequence is only a point in a 4" space
of all the possible sequences of a given length L [33,44]. This
dimension 4* comes from the fact that for a given polymer of length
L, 4" is the number of all the possible sequences, being each position
of the sequence occupied by one of the four nucleobases.

Several independent investigations have shown that for a fixed-
length polynucleotide, the number of possible sequences far exceeds
the number of possible structures. Schuster and colleagues [44], using
an inverse folding algorithm to calculate the number of different
sequences with the same secondary structure, found that the sequence-
space structures is the type of many-to-one and that the different
sequences that take the same shape are spread evenly in the space of
sequences, showing small or no degree of homology [45]. These
theoretical indications are experimentally confirmed by the
observation that only seven nucleotides are strictly conserved in the
intron self-splicing group I [46], although the secondary structure of
the ribozyme and its function are preserved. This case clearly
illustrates the fact that sequences with little or no homology can
achieve the same structure and perform the same function in spite of
the diversity of their sequences.

The reasons behind the redundancy of the sequence/structure
space of RNA can be found in the modular organization of the
secondary structure of the RNA. Knight and colleagues have
highlighted how RNA molecules are organized into independent
functional domains connected by flexible spacers, whose sequences are
irrelevant for the secondary and tertiary structures [47]. In particular,
they developed a method to calculate the abundance of these
functional domains, in a pool of random RNA sequences. The results
showed that the modularity of RNA sequences further increases the
redundancy of the sequence/ structure space, since the number of ways
that can be achieved a specific fold increases markedly due to the
modularity of the domains of RNA.
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Figure 4. Never Born Protein. (A) Schematic representation of the NBP production and selection, using protease digestion to identify folded proteins (unfolded
proteins are digested). The NBP fused with the bacteriophage coat protein in the phage library are selected at room temperature using a protease. The protein
displayed corresponds to the genetic sequence within the phage. The corresponding selected phagemids are amplified and a new NBP sub-library of protease
resistant proteins is created. The new phage library constitutes an enriched mixture, containing considerably fewer non-selected phage (i.e. non-resistant) than
were present in the initial mixture. The cycle is optionally repeated one or more times, for further enriching the phage library in resistant proteins. (B) The
tested NBPs are divided in categories (x-axis) according to the different levels of resistance against thrombin digestion shown by each sequence; y-axis shows

the number of clones for each percentage of resistance [43].

In addition, the RNA secondary motifs, crucial for ribozyme
activity, are generally due to the annealing of complementary bases
that follow the Watson and Crick rules (A:U and C:G), increasing
even more the probability of finding these domains in different
regions of the sequence space and inside sequences not related to each
other [48].

Consequently, RNA sequence space is rich in folded RNAs. In
addition, the RNA sequence/ structure space seems to be
characterized by a high redundancy of related sequences that share the
same structure, and probably the same function too.

On this basis we recently decided to explore the RNA sequence
space in search of random RINA molecules that have a stable folding
at high temperatures, by an assay set up in our lab: the RNA Foster
(RNA Folding Stability Test). The RNA Foster assay determines the
presence and thermal stability of secondary domains in RNA
molecules by coupling enzymatic digestion with temperature
denaturation. The assay gives the fraction of folded RNAs (fu) as a
function of the temperature [49].
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The RNA Foster assay employs S1 nuclease, a single-strand-
specific nuclease, to cleave single-stranded regions, thus monitoring
the presence of double-stranded domains and indirectly any possible
tertiary structure (Figure SB).

Folded RNAs are more resistant to S1 nuclease than unfolded
ones, as the latter are degraded faster than the former. The capability
of nuclease S1 to work over a broad range of temperatures can be
used to probe RNA secondary domain stability at different
temperatures. An increase in temperature destabilizes the RNA fold,
inducing either global or local unfolding. The fraction of folded
RNA  fod at each experimental temperature is determined by
measuring the amount of RNA remaining after S1 digestion, using
electrophoresis and a suitable staining method. The fou at different
temperatures is used to assess the 7u of the RNA molecules. The
Foster assay has several advantages: the simplicity and rapidity of
execution, the requirement of simple instrumentation, and in
particular the minimal RINA amount required. In general, the most
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Figure 5. Never Born RNA. (A) Summary of the in vitro selection for folding ability. We transcribed the RNA population and we submitted it to a Foster
incubation at 30 °C. After the test we recovered the un-cleaved RNA by reverse-transcription, using a RV primer and we produced the relative cDNA. At this
point by PCR reaction we obtained a double-stranded DNA ready to be re-cloned in the vector. So the population can be transcribed again and a new cycle of
selection can be started, increasing the temperature test and repeating this cycle. After each cycle of selection a representative number of clones of the
population are recovered and sequenced. (B) Schematic representation of the RNA Foster Assay [49,51,52]. It combines the thermal incubation with the
nuclease activity of nuclease S1. This assay allows evaluation of the folding ability of RNA. (C) RNA Foster on a single Never Born RNA sequence which presents
a remarkable stability at 70 °C. Plot showing the residual random RNA amount (in gray) at the different temperatures. The fraction of folded RNA for each
temperature is estimated by image analysis of the band intensity on PAGE urea gel (top of the figure), which corresponds to the amount of un-cleaved RNA
after S1 incubation. The random sequence stability is compared with the one of the natural tRNA (in black).

notable advantage of this methodology is that it is a time-saving
technique and is therefore suitable for the screening of large libraries
and could be easily adapted for high-throughput studies, like in vitro
selection experiments [50]. In particular, after exploring the folding
rate for a library of 150 random bases [51], in the last years we have
prepared and screened a library of totally random RNAs containing
60 residues (plus a pair of constant flanked regions for operational
reasons). RNA Foster was successfully used to evaluate the structural
properties of 18 random RNAs [52]. RNA molecules were tested
individually at 4 different temperatures, in order to evaluate their
ability to form internal double helices and, thus, to acquire secondary
and tertiary structures. The results were used to assess the temperature
of the main unfolding transition of individual RNAs. The
experimental data show that almost all screened RNAs possess folded
structures at 30 °C. Furthermore, half of the sampled RINAs maintain
the fold up to 50 °C. Instead, at 70 °C all sequences, including the
tRNA used as standard for the natural sequences, unfolded and were
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degraded by S1. Surprisingly, a sequence showed stability close to
50%, with a melting point around 70 °C and two random sequences
were more stable than the tRNA at the same temperature (Figure 5C).

This data supports the assumption that the folding is not a unique
property of biological RNAs (which underwent a lengthy process of
evolution); by analogy this means that the sequence space of the
Never Born RNAs could be full of folded stable structures.

Once again, it is worth noting that the tested RNA were chosen
randomly and no selection was applied on them prior to analysis so
thus finding a sequence stable approximately at 70 °C comes
unexpectedly and supports the idea that thermostable RNAs may not
be so rare in the RNA sequence space.

Despite the limited number of sequences explored by our
technique, collected data suggest that the folding capability is a
relatively common property, almost an intrinsic feature, of RNAs.
Accordingly, RINAs have the capacity to fold into compact structures,
even in the absence of selective pressure. In other words, the stable
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fold appears to be an intrinsic tendency, as already mentioned in our
previous work for longer RNAs [S1].

Since a well-folded structure is assumed to be, to large extent, a
prerequisite for catalytic activity of RNA, and the planar secondary
structure is a building block of the folding event, it is often justified
to use secondary structure as a proxy for function. This one is
particularly true for short sequences, since the probability of
displaying tertiary contacts increases with the sequence length [53],
leading us to claim that the possibility of a spontaneous emergence of
a potentially functional RNA is a highly probable event.

This is an important issue not only for the origin of life research.
In fact, from a more applicative viewpoint, typical of synthetic
biology, the fact that folded RNAs are rather common in random
RNA libraries means that the probability of identifying potentially
functional RNAs vza screening of large RNA pools becomes high.

In light of the results obtained from the studies on the stability of
single Never Born RNAs by RNA Foster, we have started an
extension of our work relying on in vitro selection [54], a technique
based on the fundamental principles of Darwinian theory, which
allows the exploration of functional properties of DNAs, RNAs and
proteins in a quick, systematic and direct way. Our next goal is the
selection of functional RNA from large random libraries. Beginning
with a broad population of RNAs we applied a selective pressure,
then we recovered, reverse-transcribed and amplified once again those
molecules which satisfy the established condition. Then the
population can be submitted to a new in vitro selection cycle. By
doing this we isolated sequences that satisfy a well-determined
request, in our case the ability to get a stable fold at the test
temperature (Figure SA). Preliminary results show that by using an in
vitro selection approach is possible the isolation of sequences with a

stable fold up to 80 °C degrees (unpublished data).

5. Concluding remarks

In this mini-review we have presented an unifying view of our
chemical synthetic biology approach to understanding the chemical
origin of primitive biomacromolecules and the exploration of the
sequence space that characterizes them.

A possible chemical route to condense building blocks (or
oligomer fragments) and create longer molecules has been shown.
This is based on small molecule catalysis (organocatalysis). We have
shown how Ser-His, a simple dipeptide catalyzes the condensation of
activated amino acids or activated nucleotides, but other small
(pethaps short peptides that could be

spontaneously) can also show similarly intriguing catalytic properties.

molecules formed
Next, in order to provide a simple model for the generation of long
sequences, in particular polypeptides, we have presented a realistic
“fragment condensation” model, consisting in the combinatorial
growth of short fragments, followed by selection of only some
sequences for example for physical reasons (solubility). The
effectiveness of this model has been demonstrated by a proof-of-
concept experiment, where a soluble 44 amino acid long peptide has
been obtained from random fragments.

Finally, we have introduced the project of “never born
biopolymers”, aimed at selecting, by means of high-throughput
screening among a large number of random sequence biopolymers,
only those structures that satisfy certain criteria, like a stable fold, or a
target catalytic activity. The interplay between structure and function
plays a central role for the theoretical understanding of the sequence
space.

We are convinced that by a chemical synthetic biology approach
it is possible to study scientific problems that are difficult or
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impossible to approach in standard way (ie., “taking apart” or
analytical approach). The novel structures and strategies found by the
synthetic biology approach, in addition of shedding light on origin of
life questions, can also be relevant for developing biotechnological
applications.

Acknowledgements

The research projects carried out in our group have been funded by the
Sixth  Framework EU Program (Synthcells #043359), HFSP
(RGP0033/2007-C), ASI (1/015/07/0), PRIN2008 (2008FY7RJ4); and
further expanded thanks to networking initiatives such as

SynBioNT(UK), and the COST Systems Chemistry action (CM0703).

Citation

Adamala K, Anella F, Wieczorek R, Stano P, Chiarabelli C, Luisi PL
(2014) Open questions in origin of life: experimental studies on the
origin of nucleic acids and proteins with specific and functional
sequences by a chemical synthetic biology approach. Computational
and Structural Biotechnology Journal. 9 (14): ¢201402004. doi:
http://dx.doi.org/10.5936/csbj.201402004

References

1. Wichtershiuser G (1988) Before enzymes and templates: theory of
surface metabolism. Microbiol Rev 52: 452-484.

2. Taillades J, Beuzelin I, Garrel L, Tabacik V, Bied C et al. (1998) N-
carbamoyl-a-amino acids rather than free a-amino acids formation
in the primitive hydrosphere: a novel proposal for the emergence of
prebiotic peptides. Orig Life Evol Biosph 28: 61-77.

3. Commeyras A, Collet H, Boiteau L, Taillades J, Vandenabeele-
Trambouze O, et al. (2002) Prebiotic synthesis of sequential peptides
on the Hadean beach by a molecular engine working with nitrogen
oxides as energy sources. Polym Internat 51: 661-665.

4. Joyce GF, Inoue T, Orgel LE (1984) Non-enzymatic template-
directed synthesis on RNA random copolymers: poly (C, U)
templates. ] Mol Biol 176: 279-306.

5. Ferris JP (2005) Mineral catalysis and prebiotic synthesis:
montmorillonite-catalyzed formation of RNA. Elements 1: 145-149.

6. Sawai H, Totsuka S, Yamamoto K, Ozaki H (1998) Non-enzymatic,
template-directed ligation of 2'-5' oligoribonucleotides. Joining of a
template and a ligator strand. Nucleic Acids Res 26: 2995-3000.

7. Fox SW, Harada KJ. (1960) The Thermal Copolymerization of
Amino Acids Common to Protein. ] Am Chem Soc 82: 3745.

8. Orgel L (2004) Prebiotic chemistry and the origin of the RNA
world. Crit Rev Biochem Mol Biol 39: 99-123.

9. Pascal R, Boiteau L, Commeyras A (2005) From the Prebiotic
Synthesis of a-Amino Acids Towards a Primitive Translation
Apparatus for the Synthesis of Peptides. Top Curr Chem 259: 69-
122.

10. Moser RE, Claggett AR, Matthews CN (1968) Peptide formation
from diaminomaleonitrile (HCN tetramer). Tetrahedron Lett 9:
1599-1603.

11. Lahav N, White D, Chang S. (1978) Peptide formation in the
prebiotic era: thermal condensation of glycine in fluctuating clay
environments. Science 201: 67-69.

12. Lambert JF (2008) Adsorption and Polymerization of Amino Acids
on Mineral Surfaces: A Review. Orig Life Evol Biosph 38: 211-242.

Computational and Structural Biotechnology Journal | www.csbj.org



13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

Huber C, Eisenreich W, Hecht S, Wichtershiuser G (2003) A
Possible Primordial Peptide Cycle. Science 301: 938-940.

Leman L, Orgel L, Ghadiri MR (2004) Carbonyl Sulfide-Mediated
Prebiotic Formation of Peptides. Science 306: 283-286.

Rode BM, Schwendinger MG (1990) Copper-catalyzed amino acid
condensation in water — A simple possible way of prebiotic peptide
formation. Orig Life Evol Biosph 20: 401-410.

Rode BM, Son HL, Suwannachot Y, Bujdak J (1999) The
combination of salt induced peptide formation reaction and clay
catalysis: a way to higher peptides under primitive earth conditions.
Orig Life Evol Biosph 29: 273-86.

Taillades J, Collet H, Garrel L, Beuzelin I, Boiteau L, Choukroun H,
Commeyras A (1999) N-carbamoyl amino acid solid-gas nitrosation
by NO/NOx: A new route to oligopeptides via alpha-amino acid N-
carboxyanhydride. Prebiotic implications. ] Mol Evol 48: 638-45.
Moravek J (1967) Formation of oligonucleotides during heating of a
mixture of uridine 2'(3')-phosphate and uridine. Tetrahedron Lett
18:1707-1710.

Sawai H (1976) Catalysis of internucleotide bond formation by
divalent metal ions. ] Am Chem Soc 98: 7037-7039.

Ferris JP, Joshi PC, Wang KJ, Miyakawa S, Huang W (2004)
Catalysis in prebiotic chemistry: application to the synthesis of RNA
oligomers. Adv Space Res 33: 100-105.

Huang W, Ferris JP (2006) One-step, regioselective synthesis of up
to 50-mers of RNA oligomers by montmorillonite catalysis. ] Am
Chem Soc, 128: 8914-8919.

Kanavarioti A, Monnard PA, Deamer DW (2001) Eutectic phases in
ice facilitate nonenzymatic nucleic acid synthesis. Astrobiology 1:
271-281.

Monnard PA, Ziock H (2008) Eutectic Phase in Water-Ice: A Self-
Assembled Environment Conducive to Metal-Catalyzed Non-
Enzymatic RNA Polymerization. Chem Biodiv 5: 1521-1539.
Plankensteiner K, Righi A, Rode BM (2002) Glycine and diglycine
as possible catalytic factors in the prebiotic evolution of peptides.
Orig Life Evol Biosph 32: 225-236.

Shen C, Lazcano A, Oré J (1990) The enhancement activites of
histidyl-histidine in some prebiotic reactions. ] Mol Evol 31: 445-
452.

Weber AL, Pizzarello S (2006) The peptide-catalyzed stereospecific
synthesis of tetroses: a possible model for prebiotic molecular
evolution. Proc Natl Acad Sci USA 103: 12713-12717.

Li Y, Zhao Y, Hatfield S, Wan R, Zhu Q, et al. (2000) Dipeptide
seryl-histidine and related oligopeptides cleave DNA, protein, and a
carboxyl ester. Bioorg Med Chem 8: 2675-2680.

Gorlero M, Wieczorek R, Adamala K, Giorgi A, Schinina ME, et al.
(2009) Ser-His catalyses the formation of peptides and PNAs. FEBS
Lett 583: 153-156.

Wieczorek R, Dorr M, Chotera A, Luisi PL, Monnard PA (2013)
Formation of RNA Phosphodiester Bond by Histidine-Containing
Dipeptides. ChemBioChem 14: 217-223.

Adamala K, Szostak JW (2013) Competition between model
protocells driven by an encapsulated catalyst. Nat Chem 5: 495-501.
Bordusa F (2002) Proteases in organic synthesis. Chem Rev 102:
4817-4868.

Chessari S, Thomas RM, Polticelli F, Luisi PL (2006) The
production of de novo folded proteins by a stepwise chain
elongation: a model for prebiotic chemical evolution of
macromolecular sequences. Chem Biodiv 3: 1202-1210.

Luisi PL (2006) The Emergence of Life: from Chemical Origin to
Synthetic Biology. Cambridge: Cambridge University Press. 332 p.
Chiarabelli C, Stano P, Luisi PL (2009) Chemical approaches to
synthetic biology. Curr Opin Biotechnol 20: 492-497.

Volume No: 9, Issue: 14, €201402004

Origin of nucleic acids and proteins with specific and functional sequences

Keywords:
fragment condensation, organocatalysis, origin of life, random proteins,
random RNA, sequence space, Ser-His

Competing Interests:
The authors have declared that no competing interests exist.

© 2014 Adamala et al.
Licensee: Computational and Structural Biotechnology Journal.
This is an open-access article distributed under the terms of the Creative

Commons

Attribution License, which permits unrestricted use,

distribution, and reproduction in any medium, provided the original
author and source are properly cited.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

Chiarabelli C, Portela-Pallares C, Quintarelli A (2011) Searching for
de novo Totally Random Amino Acid Sequences. In: Luisi PL,
Chiarabelli C, editors. Chemical Synthetic Biology. Chichester:
Wiley. pp. 155-174.

Xia Y, Levitt M (2004) Funnel-like organization in sequence space
determines the distributions of protein stability and folding rate
preferred by evolution. Proteins 55: 107-114.

Lipman D], Souvorov A, Koonin EV, Panchenko AR, Tatusova TA
(2002) The relationship of protein conservation and sequence length.
BMC Evol Biol 2: 20-30.

Riechmann L, Winter G (2000) Novel folded protein domains
generated by combinatorial shuffling of polypeptide segments. Proc
Natl Acad Sci USA. 97: 10068-10073.

Sieber V, Pliickthun A, Schmid FX (1998) Selecting proteins with
improved stability by a phage-based method. Nat Biotechnol 16:
955-960.

Fontana A, Polverino de Laureto P, De Filippis V, Scaramella E,
Zambonin M (1997) Probing the partly folded states of proteins by
limited proteolysis. Fold Des 2: R17-R26.

Parsell DA, Sauer RT (1989) The structural stability of a protein is
an important determinant of its proteolytic susceptibility in
Escherichia coli. ] Biol Chem 264: 7590-7595.

Kristensen P, Winter G (1998) Proteolytic selection for protein
folding using filamentous bacteriophages. Fold Des 3: 321-328.
Chiarabelli C, Vrijbloed JW, De Lucrezia D, Thomas RM, Stano P,
et al. (2006) Investigation of de novo totally random biosequences,
Part II: On the folding frequency in a totally random library of de
novo proteins obtained by phage display. Chem Biodivers 3: 840—
859.

Schuster P, Fontana W, Stadler PF, Hofacker IL (1994) From
sequences to shapes and back: a case study in RNA secondary
structures. Proc Biol Sci 255: 279-284.

Schuster P (1995) How to search for RNA structures. Theoretical
concepts in evolutionary biotechnology. J Biotechnol 41: 239-257.
Lisacek F, Diaz Y, Michel F (1994) Automatic identification of
group-I intron cores in genomic DNA sequences. ] Mol Biol 235:
1206-1217.

Knight R, Yarus M (2003) Finding specific RNA motifs: function in
a zeptomole world? RNA 9: 218-230.

Knight R, De Sterck H, Markel R, Smit S, Oshmyansky A, et al.
(2005) Abundance of correctly foldled RNA motifs in sequence
space, calculated on computational grids. Nucleic Acids Res. 33:
5924-5935.

De Lucrezia D, Franchi M, Chiarabelli C, Gallori E, Luisi PL (2006)
Investigation of de novo totally random biosequences, Part ITI: RNA

Computational and Structural Biotechnology Journal | www.csbj.org



50.

51.

52.

53.

54.

Foster: A novel assay to investigate RNA folding structural
properties. Chem Biodivers 3: 860-868.

Wilson DW, Szostak JW (1999) In vitro selection of functional
nucleic acids. Ann Rev Biochem 68: 611-648.

De Lucrezia D, Franchi M, Chiarabelli C, Gallori E, Luisi PL (2006)
Investigation of de novo totally random biosequences, Part IV:
folding properties of de novo, totally random RNAs. Chem Biodiv.
3: 869-877.

Anella F, Chiarabelli C, De Lucrezia D, Luisi PL (2011) Stability
studies on random folded RNAs (‘Never Born RNAs’), implications
for the RNA world. Chem Biodiv 8: 1422-1432.

Brion P, Westhof E (1997) Hierarchy and dynamics of RNA
folding. Annu Rev Biophys Biomol Struct 26: 113-137.

Klug SJ, Famulok M (1994) All you wanted to know about SELEX.
Mol Biol Rep 20: 97-107.

Volume No: 9, Issue: 14, €201402004

Origin of nucleic acids and proteins with specific and functional sequences

What is the advantage to you of publishing in Computational and
Structural Biotechnology Journal (CSBJ) ?

Easy 5 step online submission system & online manuscript tracking
Fastest turnaround time with thorough peer review

Inclusion in scholarly databases

Low Article Processing Charges

Author Copyright

Open access, available to anyone in the world to download for free

WWW.CSBJ.ORG

Ll b o o o

Computational and Structural Biotechnology Journal | www.csbj.org


http://www.csbj.org/

