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Abstract: A central question in the evolution of the modern translation machinery is the origin and
chemical ethology of the amino acids prescribed by the genetic code. The RNA World hypothesis
postulates that templated protein synthesis has emerged in the transition from RNA to the Protein
World. The sequence of these events and principles behind the acquisition of amino acids to
this process remain elusive. Here we describe a model for this process by following the scheme
previously proposed by Hartman and Smith, which suggests gradual expansion of the coding space
as GC-GCA-GCAU genetic code. We point out a correlation of this scheme with the hierarchy of the
protein folding. The model follows the sequence of steps in the process of the amino acid recruitment
and fits well with the co-evolution and coenzyme handle theories. While the starting set (GC-phase)
was responsible for the nucleotide biosynthesis processes, in the second phase alanine-based amino
acids (GCA-phase) were recruited from the core metabolism, thereby providing a standard secondary
structure, the «-helix. In the final phase (GCAU-phase), the amino acids were appended to the
already existing architecture, enabling tertiary fold and membrane interactions. The whole scheme
indicates strongly that the choice for the alanine core was done at the GCA-phase, while glycine and
proline remained rudiments from the GC-phase. We suggest that the Protein World should rather be
considered the Alanine World, as it predominantly relies on the alanine as the core chemical scaffold.
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1. The Amino Acid Code

Life on Earth is made with the help of biopolymeric molecules of different kinds: linear polymers
such as nucleic acids, proteins, and branched chains of polysaccharides. The process of life is
characterized by a diverse set of interactions and strong dependencies between these molecules.
For example, the synthesis of a cellulose (polymeric carbohydrate) is made by cellulose synthase
(protein), a stretch of DNA (nucleic acid) is made by DNA polymerase (protein), and any full-length
protein is made on the ribosome, which is essentially composed of RNA (nucleic acid). The relationships
become even more complex considering that some of these syntheses are templated: a DNA is made
on another DNA template (this process is called replication), an RNA is made on a DNA template
(transcription), and a protein is made on an RNA template (translation). A templated synthesis implies
that the sequence of the source polymer corresponds to the sequence of the outcome polymer with a
certain rule. As a result, the source polymer can be considered as the one containing information about
the outcome polymer’s content and its properties and the latter essentially execute the information.
Therefore, a DNA (or RNA) is also called an informational polymer, whereas a protein is called an
executive polymer.
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What are the constraints in the choice of basic building blocks (monomers) for these transient
polymeric structures? In other words, to what extent was monomer appearance inevitable for life on
Earth and how likely is it to expect this component to appear in a living organism elsewhere in the
universe [1]? This question is especially frequently asked with regards to amino acid composition [2].
There are 20 + 3 amino acid residues that are templated in the ribosomal synthesis of proteins
(coded into proteins). How did these amino acids end up in the protein code is a controversial
matter that has been addressed via the analysis of the codon structures, RNAs, metabolic and
prebiotic chemistries, physiochemical properties of amino acids, and other chemical and physical
perspectives [3-6]. While questioning the amino acid repertoire, we tend to overlook that the amino acid
identities represent only one aspect of the protein architecture: the primary sequence. There is however
more to that: secondary structures (e.g., «-helix and {3-sheet), motifs (hydrophobic, salt bridges, etc.),
and tertiary folding (globular fold and membrane proteins) (Figure 1). Their appearance in protein
architecture is rarely discussed or questioned. Meanwhile, this is exactly what the amino acid sequence
is supposed to determine. Why do we not turn our perspective and ask ourselves: is it inevitable
that proteins should span the membrane when making channels, pumps, or receptors? Or another
question: does the x-helix/(3-sheet pair have any alternatives in forming the main protein constituting
element? Any kind of answer will provide an absolutely new and unique view on the set of the amino
acids involved in protein biogenesis. In this article, we will use this perspective to propose a view on
the amino acid repertoire establishment.
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Figure 1. The hierarchy of protein folding.

2. Amino Acids Do Not Equal Proteins

Amino acids play multiple metabolic, energetic, and structural roles in biochemistry, and for many
of them participation in protein translation accounts for a rather small part of their cellular activity.
This implies that amino acids should have entered biochemistry at least twice: first, as metabolic
entities, and later, as monomeric constituents for ribosomally produced proteins. In between was the
RNA World. The hypothesis of the RNA World follows directly from the Central Dogma of molecular
biology, and it postulates that there was a time, when biochemistry was driven with the catalysis of
RNA molecules [7-9]. Whether there were any protein molecules in the RNA World phase of before,
we do not know. We cannot know this for sure, and will remain agnostic regarding the molecular
components that are not trackable in the existing biochemistry. Only those proteins that were produced
by the ribosome are coded by genes, thus they can be phylogenetically analyzed at the present days.
This suggests that protein biogenesis and the canonical amino acid repertoire have emerged and
evolved in the RNA world phase in the form that was retained until present day. This hypothesis
provides much information about the amino acid repertoire set in the Protein World. In our narrative,
we will start from RNA hypothesis and try to derive the amino acid repertoire with the help of some
additional premises. This retrospective analysis will eventually lead us to the Alanine World model.

We do acknowledge that there are suggestions regarding the presence of peptides in the pre-coded
phases [10]. However, we are very skeptical towards speculations about the development phases prior
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to the Protein World, especially when these are based on the analysis of the genetically encoded proteins.
A typical example is the Thioester World hypothesis [11], which suggests formation of peptides before
their ribosomal synthesis. Perhaps, the thioester world should be functionally similar to present day
non-ribosomal peptide syntheses, which is performed by relatively large and cumbersome protein
complexes [12]. To criticize this view, we would like to note that the Thioester World hypothesis is
primarily based on side reactivity modes of aminoacyl-tRNA synthetases (aaRSs) and analysis of
existing protein sequences [11]. However, it was never explained how these proteins could exist before
they were encoded by an mRNA. Indeed, many believe that aaRSs and other ribosomal proteins are
among the oldest proteins, and their analysis can deliver valuable information about evolutionary
past, for example, on how some principles of the protein fold and reactivity were developing [13,14].
However, if a hypothesis suggests existence of aaRSs before the Protein World (before they were
coded by the mRNA), this means that the information somehow reverted from protein to nucleic
acid. At the same time, there is no mechanism by which any hypothetical pre-ribosomal protein could
encode itself into a nucleic acid, as such an event is directly forbidden by the Central Dogma [15].
Any suggestion that proteins existed before coding, and then these ‘somehow” ended up in the
mRNA generates a severe logical contradiction: why do we accept the RNA World hypothesis from
the Central Dogma, but neglect that the Central Dogma literally forbids any protein-to-RNA and
protein-to-protein information flow? The question is of course rhetoric. For that reason, we believe
that current phylogenetic analyses have rather limited significance in understanding of the phases
prior the mature Protein World, before the genes received their complete protein meanings via the
amino acid assignment. Thus, speculations based on chemical logic can be much more informative
and reliable than formal positivistic analyses of the existent genes or protein sequences.

Another common misconception, which we would like to criticize, is drawing a direct connection
between amino acids and proteins. Amino acids do not equal proteins. They play a multitude of
roles, and derivation of polypeptides from amino acids is justified as much as deriving nucleotides
(Figure 2) or metabolic products (e.g., oxaloacetate from aspartate). Peptides do not equal proteins
either. Any formation of a stochastic di-, tri-, or oligopeptide in prebiotic or rare biochemical
transformations, does not automatically assume existence of proteins, polypeptides with defined
sequences, 3D structures, and functions.
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Figure 2. Relationship between the amino acids and nucleobases: all nucleobases are formed in
metabolic reactions involving amino acid as sources of the building blocks.

Our argument does not imply that the amino acids were not present in the RNA World and before,
just the opposite. As a matter of fact, they were available for the outbreak of the protein biogenesis, and
for that reason they should have been there in the RNA bound form. There is no way to avoid the use of
such simple and abundant structures as amino acids, once biochemistry started. This is why we assume
that the amino acids entered the biochemistry long before they started making proteins, and their initial
use was different. The primary and essential role of the amino acids was involvement in metabolism.
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For example, in order to produce RNA molecules, there is a definitive need for some amino acid
moieties. Nucleobases are inherently related to amino acids, as both are composed out of C/N/O/H
atom combinations. In fact, all nucleobases are produced with the massive involvement of amino acids
as the precursors (Figure 2). Some of those come to nucleobase heterocycles in complete pieces: glycine
for purines and aspartate for pyrimidines. Thus, if we would consider that the RNA World existed for
at least some time, we should expect the presence of amino acids involved in production of the RNA
building blocks, nucleotides. While it has been suggested that the first synthesis of the nucleotides was
performed on mineral surfaces [16], its potential transfer to the RNA bodies should require loading of
the amino acid to the RNA bodies, which effectively lead to the aminoacyl-RNA esters.

The multi-phase entrance of amino acids in biochemical processes perfectly explains why the set
of amino acid available in the mineral world (pre-biotic chemistry or meteorites) [17-19] does not align
the set of 20+ proteinogenic amino acids. In fact, there is no need to align them. Neither, there is a need
to require each mineral amino acid to be available in the form of one enantiomer. The amino acids had
to be supplied metabolically because otherwise the amino acid could not be retained in continuous
translation process. In the first phase, mineral amino acids (chiral or not) were probably recruited to
launch simple and basic biochemical processes, since these are among the easiest and most primitive
organic molecules needed to construct more complex matter. In the second phase, (chiral) amino acids
were recruited (from metabolism) to start making polypeptide polymers. These events need to be
separated, as logically follows from the RNA world hypothesis. The amino acids in the proteins are not
necessarily the amino acids that fueled emergence of life in the first place. Though, the proteins are still
at the core of biochemistry as we know it and the set of 20+ amino acid constituting proteins settles the
boundaries of our Earth’s biochemistry. This is why we should understand how this set was formed.

3. The Evolution of the Genetic Code

The history of the protein biogenesis is the history of coding. There are 20 amino acids that are
universally coded to the proteins, each having a correspondence to an element in the coding RNA
(DNA) sequence. The coding units are called codons, and the correspondence between them and the
amino acids in the polypeptide sequence is called the genetic code. In biochemistry, the genetic code
does not mean what is written, but how to interpret what is written—the rule of decoding. However,
this rule is not simple, as it involves 20(+3) amino acids and 64 (61 + 2 coding) different codons,
combinations thereof, and a complex way of decoding [20]. One of the common theories [21,22]
suggested that the coding (i.e., association between codons and amino acids) was arbitrary once started,
and then probably developed via an expansion. Then it reached a point, when no further expansion
was possible, thus the code was settled or “frozen”, and this is the genetic code as it is now [23,24].
How did this development go?

Hartman and Smith recently summarized one possible scenario of this development in a very
simple and elegant scheme [25,26]. It suggests that the first amino acid set for life on Earth was a GC
code, which means that the coding stretch was only composed out of these two nucleobases: guanine
and cytosine. As such, the messenger RNA code could make a sequence made out of four amino acids:
glycine, alanine, proline, and one amino acid with a positively charged side-chain, which we suggest
to be ornithine (now: arginine). The presence of the positive charge was essential for interaction
with polyanionic RNA, thus it enabled molecular mechanisms for subsequent co-evolution of peptide
sequences and translation apparatus. Once started, the repertoire of the amino acids underwent an
expansion. It is then hypothesized that the next evolutionary step in the code was the addition of the A
letter to the messenger RNA, which implies the acquisition of polar amino acids resulting in a GCA
code. The amino acids, aspartic and glutamic acid, asparagine and glutamine, threonine, serine and
histidine, were added on this stage of development, each being just a few steps away from the central
metabolism. In the final step, the GCAU-phase, the addition of the U letter allowed the acquisition
of the hydrophobic amino acids, methionine, leucine, isoleucine, valine, phenylalanine, tyrosine,
tryptophan, as well as cysteine and lysine, all requiring relatively complex biosynthetic pathways.
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4. The Repertoire Expansion: Step by Step

The GC-GCA-GCAU evolutionary scheme was originally derived by Hartman and Smith from the
analysis of the aaRSs [25,26], but it correlates well with the complexity of the tRNA modifications [27]
and metabolic relations between of the amino acids in their biosynthetic pathways. The latter has also
been suggested in the co-evolution theory, which considers the expansion of the amino acid repertoire
alongside the development of the metabolic capacities of the primitive organism [28]. Even more
exciting is to note that the GC-GCA-GCAU scheme implies co-evolution of the hierarchy of protein
folding [29,30].

To explain this argument, we would like to analyze the meaning of this metabolic scheme with
regards to the protein structure. The set of amino acids in the original phase (glycine, alanine, proline,
and a cationic one) is not characteristic to most of the usual proteins, except perhaps collagen [31].
However, once we agree that collagen was a much later evolutionary invention [32], we should face the
fact that the primitive polypeptides made out of this set were barely functional. The reason for this is
clear: such peptides are not competent of forming strong and long-lasting secondary structures. In the
modern biochemistry, proline and glycine are known as breakers and kink inducers, when these appear
in the context of most common «-helical or 3-strand regions. If half of the repertoire is ‘breakers’,
a proteome made out of this set will not be robust. Besides, the only chemical function available in
this proteome is one positive charge from ornithine (now: arginine), which is enough to complement
the peptides with the negatively charged nucleic acid bodies [33], but this is certainly not enough
to build-up any significant protein complexity. The repertoire underwent a subsequent expansion.
Evolution made it probably in the simplest and most straightforward way possible: it acquired what
was available. The amino acids recruited at the GCA-phase are direct derivatives of keto acids from the
tricarboxylic acid cycle, the core cycle of biochemistry [34]. The only exception is histidine—a derivative
of a nucleotide processing branch, its production in the RNA World should have been quite likely
considering the availability of the nucleotide precursors.

Here comes an interesting observation. The common trait of the amino acids acquired in the
GCA-phase is that they are all related to alanine. All these structures constitute four fundamental
elements: a defined chirality (absent in glycine), a hydrogen bond donor (absent in proline), a hydrogen
bond acceptor, and a substituent placed at the 3-carbon atom (and not attached through a distant
amino-group like in arginine). The alanine core forms the backbone of the peptides, thereby enabling
a-helix and B-strand structures to be formed (Figure 3). From this point on, the «-helical architecture
dominated the protein biochemistry. The significance of the GCA-phase is that the recruitment
of alanine derivatives at this phase allowed the primitive organism to come up with the «-helical
secondary structure standard, and this boosted further development. For example, if another organism
would recruit different types of residues at this phase, a proteome development would be more
complicated due to the lack of a structure standard, and the evolution would be severely hampered.
Therefore, the acquisition of the alanine derivatives in the GCA-phase yielded a clear advantage.
To avoid confusion, we would like to stress that by ‘alanine derivatives” we refer to amino acids that
share the same core chemical structure, and not metabolic derivatives.

After the standard was settled, the complexity development went on, but it still lacked the most
exclusive component of protein structures, the hydrophobic motif. The hydrophobic motif is a true
invention of the protein chemistry, and it has no equivalents in any other biopolymer. Not only does
the hydrophobic motif cause tertiary folding according to the ‘polar out—apolar in’ principle, it allows
proteins to go into the membrane (‘apolar out—polar in’ principle). Only proteins can operate at the
membrane, it is their completely exclusive domain among biopolymers. The conquest of the membrane
is one of the most outstanding events, and its significance cannot be overestimated: if there is no
membrane there is no cell!
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Figure 3. The development of the amino acid structures towards the Alanine World.

The entrance of the membrane would not be possible without the x-helical standard. Let us
consider that sugars are very polar structures, nucleic acids are extremely polar too, but so are the
peptides. This is due to the high polarity of the amide groups constituting the peptide backbone.
Any addition of hydrophobic side-chains to the polar amide skeleton generates essentially ambivalent
structures, as there will be an opposition between the backbone and the side-chains. This is why;, it is
a very challenging task to reduce the ambivalence and construct peptides able to go to the core of
a lipid membrane, the most unfriendly environment for a polar structure of a peptide. This cannot
be done without a stable underlying backbone conformation, a reliable secondary structure skeleton.
Fortunately, the dominant secondary structure, the o-helix, was already invented in the GCA-phase,
so the addition of the hydrophobic residues was done to the o-helical chemical basement. This was
done in the GCAU-phase, where addition of the U letter enabled influx of the amino acids known
as hydrophobic. The latter definition needs to be critically evaluated. The side-chains can indeed be
hydrophobic, whereas the amino acid part, which is essentially derived from alanine, still remains
exceptionally polar. The ‘hydrophobic’ amino acids should rather be called ‘amphiphilic’, but they
form a hydrophobic motif when they appear in the «-helical context of a peptide structure. This is due
to the fact that the side-chains cover up the rigid polar backbone core, and prevent its solvation by
the environment, as the result the whole peptide appears as hydrophobic. The lack of the backbone
exposure, and not the hydrophobicity of the side chains, is what creates the hydrophobic motif. Leucine
does this job best in soluble proteins [35], whereas 3-branched valine and isoleucine act as better
insulators when an «-helix needs to be immersed into a hydrocarbon core of a lipid membrane [36].
The hydrophobic motif relies on the stability of the underlying x-helix: an unstable secondary fold
will lead to an exposure of the polar backbone to the environment, thereby the hydrophobicity
feature will be compromised. This is why the compact «-helical architecture has to be kept stable.
This requirement forms requirements to the structures of the ‘hydrophobic’ (amphiphilic) amino
acids. For example, it limits branching of the amino acid structures at the 3-position (see Figure 3):
one hydrogen substitution is allowed (phenylalanine, leucine), two hydrogen substitutions—disfavor
the helix except when these are in the membrane milieu (valine, isoleucine), and three—destroy the
helix (tert-leucine). The set of the ‘hydrophobic’ coded amino acids follows this limitation.

It should be noted that the protein interaction with the membrane is the first and only possible
non-covalent interaction of biopolymers with the lipid environment. Neither sugars nor nucleic acids
can be sufficiently hydrophobic to penetrate, cross or function in hydrophobic milieu of the membrane
core [37]. Thus, the presented model goes in line with the theories that predict late encapsulation of
the biopolymeric molecules to lipid vesicles [7] following the ‘RNA first” argument [38]. The proteins
should have bridged the gap between the RNA and the Lipid Worlds due to the hydrophobic elements
and their ability to carry a positive charge, thereby enabling indirect interaction between the anionic
RNA and anionic/zwitter-ionic phospholipids. In this way, the latest GCAU-code phase enabled
subsequent co-evolution of the lipid system with the biopolymeric components [37].
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5. The Alanine World

The GC-GCA-GCAU scheme proposed by Hartman and Smith is very appealing for one very
important reason: it makes sense. The correlation with the hierarchy of the protein folding is remarkably
straightforward. Our model suggests that the metabolic processes, principal protein folding elements,
and the protein synthesis apparatus co-evolved. Because this happened as a result of a random walk,
the polypeptide synthesis was not an intended biochemical process when it started. First, amino acid
polymerization occurred as an accident (or side-process), therefore it acquired a rather casual set of
amino acids (GC-phase) that was suited for the RNA structures rather than proteins (see Section 7
below). Once the polypeptides showed their beneficial action (Figure 4), the translation apparatus
recruited more amino acids from what was available (GCA-phase). At this point, the expanded
repertoire featured formation of the o-helix. In the last phase (GCAU-phase), more complex structures
were recruited, and this enabled the tertiary fold and interactions with the membrane (Figure 4).
The hydrophobic residues of relatively complex metabolic origin were added to a ready secondary
structure set, therefore they were derived from the alanine core. As a result, the expansion of the
repertoire went solely into the direction of alanine derivatives. The resulting genetic code contains
essentially three types of residues: glycine, proline, alanine, and 17 other structures with derivations at
the 3-atom of alanine. Thus, we propose the term Alanine World as more specific than Protein World
in describing the life as we know it on Earth.

The GC-code The GCA-code The GCAU-code
Cys, Lys
Gly, Pro, Orn, Ala Asp, Glu, Asn, GIn, Thr, Ser, His Leu, lle, Val, Phe, Tyr, Trp, Met

(polar side-chains) (nonpolar side-chains)

- cationic polypeptides - polar polypeptides - hydrophobic elements

- no structure standard - a-helical structure standard - globular fold
- catalytic residues - integration into membrane

Functional significance: Functional significance: Functional significance:
- interaction with RNA surface - formation of ordered segments - full-length proteins capable of 3D folding

- mediating contacts between RNAs
- uncoupling of RNAs from positively
charged surfaces

- uncoupling of polypeptides from RNAs
- functioning on biomembranes
- integration of the RNA/protein with lipids

(a-helical 'rods")
- catalysis by the RNA-peptide
hybrid molecules

Figure 4. The increasing complexity of the polypeptide structures and functions along the
GC-GCA-GCAU development scheme.

Analysis of the GC-GCA-GCAU scheme shows that the most common catalytic residues were
appended to the genetic code in the GCA-code. Among them, serine/threonine, aspartate/glutamate,
and histidine are the most prominent. Interestingly, it has been suggested that the transit from the
RNA to the Protein World had an intermediate phase with peptide/RNA hybrid molecules doing
catalysis [39] (also proposed as the Peptide/RNA World [40]). The Alanine World model agrees well
with this hypothesis, and suggests that the hybrid phase actually was the GCA-phase. In this phase,
short peptide stretches performed catalytic reactions while still bound to RNA, and the RNA provided
the overall folding and the geometric arrangement for the catalytic residues. Subsequent emergence
of the hydrophobic motif in the GCAU-phase enabled the globular fold (‘apolar in’). As the result,
the RNA and the Protein Worlds were ultimately separated.

The appearance of the structure standard in the Alanine World has numerous consequences
in modern biochemistry. Firstly, most of the amino acids can be interchanged by point mutations,
while the secondary structure still remains intact. The fact that alanine mimics the secondary structure
preferences of the majority of coded amino acids is exploited in Alanine-Scanning Mutagenesis,
a laboratory method that helps to determine the ‘importance’ of a particular amino acid side-chain in
the functions of a protein [41]. In this method, a residue is mutated to alanine (and not to proline or
glycine!), thereby the side-chain functional group is removed while the backbone folding typically
remains constant. The interchangeability of the alanine-derived genetic repertoire can also be seen
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in the fact that homologous proteins share only some part of the sequence identity (e.g., 90%, 80%,
70%, or even less), while still maintaining the same fold and functions [42]. This could not be possible
without the common structure standard. Another consequence from the shared alanine architecture is
the letter approximation. In the RNA and DNA sequences, we assume these to be composed out of
“letters’ due to the fact that there is same backbone, and only the nucleobase identify differs between
the individual nucleotides. The same approximation is transferred to protein sequences that are also
considered to be composed out of 20 amino acid ‘letters’. This is due to the fact that the amino acids
share the same common architecture, the alanine core, with only the side-chain substituents varying.
In the case of a more diverse backbone, for example, involving secondary, 3-, or p-amino acids, for each
sequence combination there would be a complex pattern of the backbone structures and the side-chain
placements in space. As the result, it would be very difficult to create the alphabetical abstraction,
and one would have to consider the actual chemical constitution instead.

Does the Alanine World have alternatives? From the standpoint of peptide chemistry, it does.
Potentially, the derivation of the side-chain structures could be done at different places (Figure 5).
For example, if we assume that the original amino acid in the GC code was ornithine, then the derivation
of this structure with a guanidinium group forms arginine. Following the same principle, the terminal
amino-group in lysine can be decorated with a chemical function (Figure 5). Such design principle
is implemented in pyrrolysine, a special coded amino acid, which occurs in some methanogens [43].
We may suggest that the derivation of the distant amino-group should open an opportunity to form
a diverse proteome, but in the existing biochemistry, this development only has a few rudiments:
arginine (universally coded) and pyrrolysine (coded in special organisms only).

Orn(Lys) terminal derivation: Gly derivation: Pro derivation:
three substitution seven substitution
n=20m NH sites sites
n=3Llys )n \X% H oy
H H HH H
H. (0]
N Hay )Qfo i Aeto
R NO chiral center ™ NO H-bond donor e i
in protein coding Uin laboratory U/in modern nature
e ™
HN™ “NH, HNJ\O - HO,,_ R
) )y N N)Q%o (o %o
N N
H. (¢] e VIV PRIV ¥
N H. N (0] : i ; b
arginine pyrrolysine peptoids peptaibols hydroxyproline  alkylproline

Figure 5. Some alternative backbone developments that have remaining rudiments in the existing
genetic code.

Similarly, if we envision formation of the proteome from the glycine structure directly, we could
draw many possibilities (Figure 5). The glycine structure is so simple and generic that discussing
different derivation options could severely exceed the length of one article. Here, we would like to
mention peptoids, peptide structures, where the side-chain is placed at the nitrogen rather than carbon
atom in the backbone [44]. Peptoids have been studied in applied chemical research, but in biochemical
settings these structures could exhibit many interesting features. For example, they lack the H-bond
donor site, and they do not necessarily have a chiral center in their structure, as such the chirality
features of the backbone folding (e.g., helix handedness) can be a flexible element. Another notable
class of peptides is peptaibols, the structures with two substitutions at the «-carbon. The simplest
structure in this set 2-aminoisobutiric acid, which favors the x-helix, whereas larger substituents
can help stabilize other backbone conformations such as 319-helix [45] or fully extended 2.05-helix,
an unusual structure not present in natural proteomes [46].

Opverall, we should note that any manipulation with the core amino acid element, and exchange of
alanine with something else may lead to drastic difference in the secondary structure set, the stability of
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the secondary structures, their typical length, and lifetimes. Nonetheless, the secondary structure part
should still form tertiary fold and even membrane spanning elements, when properly decorated with
motifs. The concept of an exchanged secondary structure can best be illustrated with the Proline World.

6. The Proline World

In the Earth’s biochemistry the major secondary structure in proteins is the o-helix followed by
the -strand. The third one is the polyproline-II helix [47]. This name should not leave an impression
that the structure is specific to proline only. The polyproline-II helix is ubiquitous, it can be adopted by
all coded amino acids, especially when the «-helical structure cannot be formed for certain reasons
(e.g., due to the presence of denaturing agents) [48]. As the most generic structure, this was probably
very abundant in the earliest GC-phase of the proteome evolution, before x-helix took over this role in
the GCA-phase.

Though, the name of the structure indicates relationship with proline due to the fact that it was
discovered in polymeric proline [49,50], and this happened for a reason. The proline structure lacks a
hydrogen bond donor site (N-H), which precludes formation of «-helical or 3-strand structures. This is
however, not unique, and also observed with other N-alkylated amino acids (e.g., sarcosine). A more
special property of proline is that this residue is cyclic and forms a five-membered ring. The ring
structure of proline has the consequence that the number of molecular arrangements in space, molecular
conformations, becomes limited (Figure 6). As a result, polymeric proline can adopt only a few types
of conformations [51]. Polyproline-II is one of the backbone conformations featured by proline, and
this is the dominant structure for this scaffold in water. In nonpolar solvents, another helix becomes
dominant, the polyproline-I helix. These helices have very distinct geometric properties, and the
transition between them is mainly driven by the polarity of the medium and the temperature [52-54].
However, it can also be manipulated with the substitution pattern in proline [55,56]. Moreover, it was
recently shown that the oligoproline scaffold can also adopt a special type of a 3-structure in case of
certain chemical analogues [57,58].

polyproline-I

compact right-handed helix
3.3 residues/turn, 5.7 A per turn

P idue:
1o resiaue o hydrophobic media‘
5-membered ring 4 CHSZ
- -H o :> polyproline-I|
Q\f/ j N o] N)L n extended left-handed helix

NO H-bond donorm - PRIV 3.0 residues/turn, 9 A per turn
hydrophobic media

chemically modified residue

water

water

special extended p-structure
Figure 6. The structure diversity of the Proline World.

Thereby, the chemical scaffold of polyproline has its own specific conformational variability,
and could constitute a few distinct conformations as underlying structures for motifs. Substitutions on
proline can be afforded at seven distinct places (compare to just three—in glycine or alanine!), resulting
in alteration of the conformational propensities. Nature has explored this option, although it did so
relatively late in the evolution. The most common is hydroxylation that occur in collagen yielding
hydroxyproline [59]. Other modifications include alkylations at the proline ring [60].

What if these modifications were available already in the GC-phase? We envision that this would
open up a way towards building a peptide complexity based on the proline structure, and lead to a
whole new world as the result, the Proline World. The Proline World is the world where the proteins
are coded to primary sequences, the sequences contain patterns of hydrophobic/charged/etc. residues
(through derivations at the proline ring), motifs determine the 3D folding of proteins—everything
just like in the Alanine World, but the secondary structures and related distances and periodicities
are different, and rely on the conformational transitions of polyproline. It is quite important to note
that Proline World is inclusive since polyproline-II helix is one of the most generic folds in nature.
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Most x-amino acids (alanine derived or not) can adopt the polyproline-II structure too, although,
with lesser stability [61]. For this reason, it is possible that other amino acid types could be easily
tolerated in the Proline World.

The GC-GCA-GCAU scheme discussed above suggest that the polyproline-II type of folding
was widely present in the initial (GC) phase before it lost the competition to the «-helix (in the
GCA-phase). The most critical question though, is this structure competent of building a hydrophobic
motif and go to the membrane? The answer is ‘yes’. Very recently we demonstrated experimentally
that the polyproline-II helix can be integrated to the membrane and adopt a defined transmembrane
alignment [62,63]. A successive study showed that the collagen helix, a fold made out of assembled
polyproline-II helices, has no fundamental limitations to do so as well [64]. As a result, we suggest
that there should be a way to build up a membrane protein complexity, which entirely bypasses any
involvement of an «-helix. Thereby, we provided experimental basis for the consideration of the
Proline World as a fully realistic scenario that is alternative to the Alanine World.

Overall, this makes the Proline World a conceivable option for an alternative way of building life.
This is probably not obvious, when we just look at the amino acid structure alone, but it becomes easily
conceivable when we consider the secondary fold it builds.

7. Why Proline? Why Not Proline?

To this point, we discussed the different stages of the amino acid recruitment, all except the initial
set in the GC-phase. Perhaps the most intriguing question in these regards will be: why would such a
bizarre structure as proline be involved in the RNA World chemistry at all? Obviously, it cannot be
taken as a precursor for nucleotides (as glycine or aspartate), neither can it serve as a donor of an amino
group in transamination processes (like alanine, glutamate, or others), it even lacks the side-chain
function groups (no positive/negative charge, etc.). Thus, the only possible remaining role for the
proline in the RNA World is involvement in catalysis. If so, there is only one place in the structure of
an RNA bound proline, that is capable of catalysis — the pyrrolidine ring (Figure 7).

Proline: Ornithine: Alanine:

chirality source self-cleavage NH and 2[H]

NH 3 an
U O-RNA 2 side- product
[H - process o
N o) NH O © HyN
I H HzN OrnA N o o
catalytic part attachment 2 S RNA o “RNA H,0 RNA
site pyruvate equivalent alanyl-RNA

Figure 7. Chemical justification for the aminoacyl-RNA appearance in the GC-phase of the genetic

code formation.

Exceptional catalytic properties of proline in catalytic processes has been known in the
organocatalytic research [65]. They are associated with the secondary amino group enclosed to
a five-membered ring together with a chiral center for a chirality induction. The reactions catalyzed by
proline, and its C-terminal derivatives are called condensation reactions, the same type of reactions are
also believed to be responsible for the production of sugars in the early phases of life formation [66,67].
This led some to the suggestion that proline was the key amino acid involved in homochirality transfer
from amino acids to sugars [68]. Here, we do not aim to evaluate the significance of proline in
prebiotic processes, but we would like to note that same argument can be applied to the RNA World.
The sugar production for the nucleotide biogenesis may perfectly explain the essential involvement of
the prolyl-RNA esters in the RN A World processes (Figure 8). The proline catalyzed condensation
of sugars offers a clear advantage to a cyanide based scheme. First, proline can be easily bound to a
specific (catalytic) site of an RNA/ribozyme, while cyanide cannot. Second, proline contains a chiral
element that should lead to a needed chirality induction, which cyanide cannot do.
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+
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Figure 8. Possible condensation catalysis with chirality transfer on prolyl-RNA (as analogous to
proline-catalyzed condensation [67,68]).

Furthermore, the recruitment of proline readily proposes an explanation for the occurrence of
ornithine in the same biochemical phase (Figure 7). Ornithine is a precursor towards proline in one
of the two major metabolic pathways [69]. Therefore, the production of catalytic prolyl-RNA esters
could involve the ornithyl-RNA as its precursor. We would like to point out that according to this
scheme, the original intended purpose of the aminoacyl-RNA esters was that they were involved
either as precursors or as catalysts in chemical transformations, and not for production of peptides.
This suggestion was previously expressed in the coenzyme handle hypothesis [70]. The attachment of
the amino acids to the RNA mediators seems to be a valid assumption, because the RNA bodies would
have difficulties to operate with otherwise too small amino acid structures, for example, when recruiting
them directly from the surrounding media. Following this argument, we think that the chemistry
in the RNA World should have been done in a different way to what we have now. For example,
instead of operating with the molecules from the cellular pool, an RNA would fish all amino acids
from the pool (just like this is done in the experimental ribozyme known as flexyzyme [71]), and then
define their structures through the chemical processing. Thus, instead of the key—-lock model of the
Protein World, the RNA World might assume a different, processivity model (Figure 9). In the key-lock
model, an amino acid is recruited by the cognate RNA due to the action of a unique pocket, specific for
this only amino acid. As mentioned, this would be problematic in the RNA-only phase because the
amino acids are too small. In the processivity model, an amino acid is attached unspecifically, and it
remains attached to an RNA as long as it undergoes correct chemical processing. If it does not, the RNA
stalls, and the wrong amino acid is hydrolyzed after some time, simply through the action of water.
Such mechanisms are utilized in the editing schemes in the aaRSs [72]. In this way, the processivity of
ornithine towards proline suggests its presence in the RNA World in the RNA-bound form. Ornithine
can be processes towards proline in two steps, where the first step is oxidation of an amino group
towards a carbonyl. The same type of reaction is utilized in transamination (see Figure 7), and this
should have been present in the RNA World since many of the GCA-phase amino acids are produced
this way. Both metabolic neighbors, proline and ornithine, were recruited to the starting proteome.
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The key-lock model
substrate set enzyme
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hydrolysis

Figure 9. The key-lock model of enzyme chemistry versus the processivity model, which is likely to
occur with the RNA mediated chemistry. The processivity model views the ribozyme as the Maxwell’s
demon, a hypothetical creature that makes a system more complex through filtering. Many biological
mechanisms operate this way [73].

The polypeptide synthesis, however, was a rather undesired side process in the GC-phase.
Ornithine is evidently compatible with the polypeptide synthesis, and it is involved in non-ribosomal
peptide synthesis of some peptides (e.g., gramicidin S or ramoplanin). Nonetheless, it has been
pointed out that ornithine might generate truncations due to the likelihood of the side-chain-backbone
cyclization [74] (see Figure 7). Such truncations could be tolerable in the GC-phase, where the
polypeptides were undesired themselves, but later when the polypeptides have become the intended
products, side-chain reactivity would severely reduce fidelity of the polypeptide synthesis by generating
multiple truncations. This reveals the reason why ornithine residue was transformed to arginine by
adding a chemically inert guanidinium group that maintained the positive charge. The addition of this
group completely abolished the reactivity of the side-chain with the backbone [74].

The catalytic role of proline in sugar formation might greatly justify the initial set in the outbreak
of the protein biosynthesis. If indeed proline was involved in the production of sugars, then perhaps
this was the only amino acid, which was initially required to be enantiomeric. In principle, the amino
acids involved in nucleobase biogenesis do not have to be chiral, in the course of the synthesis their
chiral features will be lost. However, whenever they were produced metabolically (e.g., from the
citric acid cycle), the matrix of the catalytic RNA body should produce them in the enantiomerically
pure form, simply because biochemistry functions in this way. Some studies have suggested that the
biases for specific enantiomers in biogenic molecules results from preferred interactions between sugar
and nucleotides with a given chirality, and amino acids with the opposite chirality [75,76]. A typical
example of a chirality establishment is transamination of pyruvate, which yields enantiomeric L-alanine
(Figure 7). Alanine is a generic structure, and this should have been around for various purposes very
early in biochemistry, and it is likely to expect it in the GC-phase. For example, this could have a role
as a nitrogen atom carrier, before this was taken over by more complex glutamate and glutamine.
Alternatively, an RNA bound alanine could be serving a role as a pyruvate equivalent, the same as it is
used in the C4-plants. Finally, the recruitment of glycine in the RNA World chemistry was justified by
its involvement in the synthesis of purines. The biogenesis of the glycine is among the simplest ones,
and involves a tetrahydrofolate precursor (also involved in construction of purines), carbon dioxide,
and ammonia [77].

We consider it quite likely, though, that proline played a key role in bridging amino acid and
sugar chemistries in the formation of the RNA World. That same amino acid was recruited among
first in the transformation to the Protein World was nearly inevitable. However, the recruitment
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of the metabolic structures based on the generic alanine skeleton in the GCA-phase discarded the
Proline World option. Why? Proline derivatives were simply not available. For example, what does
it take to make hydroxyproline? Molecular oxygen, a component which was absent in the RNA
World phase [78]. As noted above, the aliphatic ring or proline provides seven sites for substitutions,
but they are relatively inert and require action of aggressive reactants such as molecular oxygen.
In organic chemistry this is called the sp®>-CH-activation problem. For comparison, the synthesis of
tyrosine from prephenate involves the oxidative action of NAD, which is an anaerobic agent. Tyrosine
(hydroxy-phenylalanine) is present in the genetic code and hydroxyproline is not (Figure 10).

proline residue hydroxyproline residue €O,
0, —H2O Phenylalanine
HN-$- HO,, HN-- 02
EH m NAD" NADH/H*
N (e}
e

0,7

N (e} H
[0] 2 ~o co2
prephenate -H,0 Tyrosine

Figure 10. The oxidant requirements towards hydroxyproline and tyrosine are different.

Metabolic unavailability and synthetic complexity of the proline derivatives did not let the
proteome develop in the direction of proline derivatives, and closed the Proline World path. Conversely,
the availability of the alanine derivatives directed the genetic code development, and lead to the
Alanine World. The diversification of the proline residue in biochemistry occurred much later, when
the genetic code was already settled. However, if there was molecular oxygen at the start, such a result
will not be that certain.

8. Concluding Remarks

Amino acids have numerous functions in biochemistry, and protein biogenesis is arguably the
most complex among them. Ribosomal RNA is the molecular machine, which polymerizes proteins
according to the messenger RNA template. The emergence of the protein coding, the transit from the
RNA to the Protein World, is the process which determined the repertoire of the amino acids involved
in it. However, one should clearly realize that the amino acids, as simple and most basic functional
organic molecules, should have been involved in other processes much earlier. When the transit started
they were readily available in the activated form bound to RNA, and we can suggest their role as some
involvement in metabolic processes as precursors and catalytic auxiliaries (the ‘co-enzyme handle’
hypothesis [39,70]). The RNA World hypothesis readily suggest some involvement of the amino acids
in constructing nucleobases or catalyzing chemical transformation such as condensations of sugars.

Furthermore, the analysis of the GC-GCA-GCAU scheme of the genetic code development
proposed by Hartman and Smith allows us to reconstruct the whole sequence of events, as well as
the etiology of the amino acid appearance in the repertoire. In our narrative, we assumed that the
recruitment of the amino acids was from metabolic and not mineral (e.g. from meteorites) sources,
because only this scenario ensures a continuous supply of chiral amino acids. Subsequent modeling
suggests that the first set (GC-phase) was the amino acids related to the nucleotide biosynthesis,
and included diverse core structures, proline, alanine, glycine, and ornithine (now: arginine). This was
followed by recruitment of a set of the amino acids closest to the core metabolism (the GCA-phase).
This phase allowed for agreement on a standard core structure, the alanine core, and resulted in
the dominance of the «-helix. This formed the Alanine World. The settlement of the standard was
a key element, which allowed design and recruitment of the metabolically complex amino acids
with hydrophobic side-chains, as well as the rest of the amino acid repertoire featuring tertiary fold
and membrane interactions (GCAU-phase). We thus demonstrate that the Alanine World model
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requires that complex protein fold followed the amino acid repertoire expansion [29,30], whereas some
other works suggested the reverse order [79,80]. We also show that an alternative development was
possible. In the case when molecular oxygen (or another generic CH-activator) was present in the initial
phase, this could enable derivation of proline, and a Proline World alternative would be at least more
likely, if not fully possible. Potentially, alternative genetic code developments could be reconstructed
artificially in laboratory evolution experiments. For example, by mimicking bioavailability of certain
chemicals, one could expect them to be included in the build-up of the biological complexity, and such
experiments should be conducted in the future.

Initial derivation of most amino acids from the alanine core, allowed nature to standardize the
underlying secondary structure elements. Results from this can be observed in existing biochemistry.
For example, we can consider amino acids by their side-chains identities, and approximate them as
20 ‘letters’ in a similar fashion to the nucleic acid ‘letters’. The concept of biochemical ‘information’
relies on this approximation. The interchangeability of residues, resistance of proteins towards most
point mutations (in line with the Kimura theory that most mutations are neutral [81]), and many more
features of the proteome result from the fact that the underlying amino acid core remains the same,
except for a few rudimentary cases: glycine, proline, and pyrrolysine. We thus propose the Alanine
World as a retrospective model that proposes a chemical etiology of coded amino acid repertoire in
proteins as a result of a historical process.
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mRNA Messenger RNA

RNA Ribonucleic acid

tRNA Transfer RNA

References

1. Smith, E.; Morowitz, H.]. Universality in intermediary metabolism. Proc. Natl. Acad. Sci. USA 2004, 101,
13168-13173. [CrossRef]

2. Weber, A.L.; Miller, S.L. Reasons for the occurrence of the twenty coded protein amino acids. J. Mol. Evol.
1981, 17, 273-284. [CrossRef]

3.  Trifonov, E.N. Consensus temporal order of amino acids and evolution of the triplet code. Gene 2000, 261,
139-151. [CrossRef]

4. Philip, G.K; Freeland, S.J. Did Evolution Select a Nonrandom “Alphabet” of Amino Acids? Astrobiology
2011, 11, 235-240. [CrossRef]

5. Ilardo, M.; Meringer, M.; Freeland, S.; Rasulev, B.; Cleaves, H.J., II. Extraordinarily Adaptive Properties of
the Genetically Encoded Amino Acids. Sci. Rep. 2015, 5, 9414. [CrossRef]

6. Pak, D.; Du, N.; Kim, Y,; Sun, Y.; Burton, Z.F. Rooted tRNAomes and evolution of the genetic code.
Transcription 2018, 9, 137-151. [CrossRef]

7. Orgel, L.E. Prebiotic Chemistry and the Origin of the RNA World. Crit. Rev. Biochem. Mol. Biol. 2004, 39,
99-123. [CrossRef]

8. Chen, X,; Li, N.; Ellington, A.D. Ribozyme Catalysis of Metabolism in the RNA World. Chem. Biodivers. 2007,
4, 633-655. [CrossRef]


http://dx.doi.org/10.1073/pnas.0404922101
http://dx.doi.org/10.1007/BF01795749
http://dx.doi.org/10.1016/S0378-1119(00)00476-5
http://dx.doi.org/10.1089/ast.2010.0567
http://dx.doi.org/10.1038/srep09414
http://dx.doi.org/10.1080/21541264.2018.1429837
http://dx.doi.org/10.1080/10409230490460765
http://dx.doi.org/10.1002/cbdv.200790055

Int. ]. Mol. Sci. 2019, 20, 5507 15 of 17

10.

11.

12.

13.

14.

15.

16.

17.

18.
19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

Ellington, A.E.; Chen, X.; Robertson, M.; Syrett, A. Evolutionary origins and directed evolution of RNA. Int. J.
Biochem. Cell Biol. 2009, 41, 254-265. [CrossRef]

Huber, C.; Eisenreich, W.; Hecht, S.; Wachtershéuser, G. A Possible Primordial Peptide Cycle. Science 2003,
301, 938-940. [CrossRef]

Jakubowski, H. Aminoacyl-tRNA synthetases and the evolution of coded peptide synthesis: The Thioester
World. FEBS Lett. 2016, 590, 469-481. [CrossRef]

Stissmuth, R.D.; Mainz, A. Nonribosomal peptide synthesis—Principles and prospects. Angew. Chem. Int.
Ed. 2017, 56, 3770-3821. [CrossRef]

Kovacs, N.A,; Petrov, A.S.; Lanier, K.A.; Williams, L.D. Frozen in Time: The History of Proteins. Mol. Biol.
Evol. 2017, 34, 1252-1260. [CrossRef]

Hartman, H.; Smith, T.E. Origin of the Genetic Code Is Found at the Transition between a Thioester World of
Peptides and the Phosphoester World of Polynucleotides. Life 2019, 9, 69. [CrossRef]

Crick, EH.C. On protein synthesis. In Symposia of the Society for Experimental Biology; Number XII: The Biological
Replication of Macromolecules; Cambridge University Press: Cambridge, UK, 1958; pp. 138-163.
Fontecilla-Camps, ].C. Geochemical Continuity and Catalyst/Cofactor Replacement in the Emergence and
Evolution of Life. Angew. Chem. Int. Ed. 2019, 58, 42-48. [CrossRef]

Wolman, Y.; Haverland, W.J.; Miller, S.L. Nonprotein Amino Acids from Spark Discharges and Their Comparison
with the Murchison Meteorite Amino Acids. Proc. Natl. Acad. Sci. USA 1972, 69, 809-811. [CrossRef]

Cronin, J.R.; Pizzarello, S. Amino acids in meteorites. Adv. Space Res. 1983, 3, 5-18. [CrossRef]
Meierhenrich, U.J.; Caro, G.M.M.; Bredehoft, ].H.; Jessberger, E.K.; Thiemann, W.H.-P. Identification of
diamino acids in the Murchison meteorite. Proc. Natl. Acad. Sci. USA 2004, 101, 9182-9186. [CrossRef]
Kubyshkin, V.; Acevedo-Rocha, C.G.; Budisa, N. On universal coding events in protein biogenesis. Biosysterns
2018, 164, 16-25. [CrossRef]

Barbieri, M. Evolution of the genetic code: The ambiguity-reduction theory. Biosystems 2019, 185, 104024. [CrossRef]
Seligmann, H.; Warthi, G. Genetic Code Optimization for Cotranslational Protein Folding: Codon Directional
Asymmetry Correlates with Antiparallel Betasheets, tRNA Synthetase Classes. Comput. Struct. Biotechnol. ].
2017, 15, 412-424. [CrossRef]

Crick, FH.C. The origin of the genetic code. J. Mol. Biol. 1968, 38, 367-379. [CrossRef]

de Pouplana, L.R.; Torres, A.G.; Rafels-Ybern, A. What Froze the Genetic Code? Life 2017, 7, 14. [CrossRef]
Hartman, H.; Smith, T. The evolution of the ribosome and the genetic code. Life 2014, 4, 227-249. [CrossRef]
Smith, T.; Hartman, H. The evolution of class II aminoacyl-tRNA synthetases and the first code. FEBS Lett.
2015, 589, 3499-3507. [CrossRef]

Grosjean, H.; Weisthof, E. An integrated, structure-and energy-based view of the genetic code. Nucleic Acids
Res. 2016, 44, 8020-8040. [CrossRef]

Wong, ].T.-F. A Co-Evolution Theory of the Genetic Code. Proc. Natl. Acad. Sci. USA 1975, 72, 1909-1912.
[CrossRef]

Kubyshkin, V.; Budisa, N. Synthetic alienation of microbial organisms by using genetic code engineering:
Why and how? Biotechnol. J. 2017, 12, 1600097. [CrossRef]

Kubyshkin, V.; Budisa, N. Anticipating alien cells with alternative genetic codes: Away from the alanine
world! Curr. Opin. Biotechnol. 2019, 60, 242-249. [CrossRef]

Persikov, A.V,; Ramshaw, J.A.M.; Kirkpatrick, A.; Brodsky, B. Amino Acid Propensities for the Collagen
Triple-Helix. Biochemistry 2000, 39, 14960-14967. [CrossRef]

Ozbek, S.; Balasubramanian, P.G.; Chiquet-Ehrismann, R.; Tucker, R.P; Adams, J.C. The Evolution of
Extracellular Matrix. Mol. Biol. Cell 2017, 21, 4300-4305. [CrossRef]

Nanda, M.; Ganesh, K.N. 4(R/S)-Guanidinylprolyl Collagen Peptides: On-Resin Synthesis, Complexation with
Plasmid DNA, and the Role of Peptides in Enhancement of Transfection. J. Org. Chem. 2012, 77, 4131-4135.
[CrossRef]

Morowitz, H.].; Kostelnik, ].D.; Yang, J.; Cody, G.D. The origin of intermediary metabolism. Proc. Natl. Acad.
Sci. USA 2000, 97, 7704-7708. [CrossRef]

Pace, C.N.; Scholtz, ].M. A helix propensity scale based on experimental studies of peptides and proteins.
Biophys. ]. 1998, 75, 422-427. [CrossRef]

Li, S.-C.; Deber, C.M. A measure of helical propensity for amino acids in membrane environments. Nat. Struct.
Mol. Biol. 1994, 1, 368-373. [CrossRef]


http://dx.doi.org/10.1016/j.biocel.2008.08.015
http://dx.doi.org/10.1126/science.1086501
http://dx.doi.org/10.1002/1873-3468.12085
http://dx.doi.org/10.1002/anie.201609079
http://dx.doi.org/10.1093/molbev/msx086
http://dx.doi.org/10.3390/life9030069
http://dx.doi.org/10.1002/anie.201808438
http://dx.doi.org/10.1073/pnas.69.4.809
http://dx.doi.org/10.1016/0273-1177(83)90036-4
http://dx.doi.org/10.1073/pnas.0403043101
http://dx.doi.org/10.1016/j.biosystems.2017.10.004
http://dx.doi.org/10.1016/j.biosystems.2019.104024
http://dx.doi.org/10.1016/j.csbj.2017.08.001
http://dx.doi.org/10.1016/0022-2836(68)90392-6
http://dx.doi.org/10.3390/life7020014
http://dx.doi.org/10.3390/life4020227
http://dx.doi.org/10.1016/j.febslet.2015.10.006
http://dx.doi.org/10.1093/nar/gkw608
http://dx.doi.org/10.1073/pnas.72.5.1909
http://dx.doi.org/10.1002/biot.201600097
http://dx.doi.org/10.1016/j.copbio.2019.05.006
http://dx.doi.org/10.1021/bi001560d
http://dx.doi.org/10.1091/mbc.e10-03-0251
http://dx.doi.org/10.1021/jo300070p
http://dx.doi.org/10.1073/pnas.110153997
http://dx.doi.org/10.1016/S0006-3495(98)77529-0
http://dx.doi.org/10.1038/nsb0694-368

Int. ]. Mol. Sci. 2019, 20, 5507 16 of 17

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.
60.

61.

62.

63.

Vlassov, A. How was Membrane Permeability Produced in an RNA World? Orig. Life Evol. Biosph. 2005, 35,
135-149. [CrossRef]

Lancet, D.; Zidovetski, R.; Markovitch, O. Systems protobiology: Origin of life in lipid catalytic networks.
J. R. Soc. Interface 2018, 15, 20180159. [CrossRef]

Szathmary, E. The origin of the genetic code: Amino acids as cofactors in an RNA world. Trends Genet. 1999,
15, 223-229. [CrossRef]

Chatterjee, S.; Yadav, S. The Origin of Prebiotic Information System in the Peptide/RNA World: A Simulation
Model of the Evolution of Translation and the Genetic Code. Life 2019, 9, 25. [CrossRef]

Morrison, K.L.; Weiss, G.A. Combinatorial alanine-scanning. Curr. Opin. Chem. Biol. 2001, 5, 302-307. [CrossRef]
Koonin, E.V. Orthologs, Paralogs, and Evolutionary Genomics. Annu. Rev. Genet. 2005, 39, 309-338. [CrossRef]
Fekner, T.; Li, X.; Chan, M.K. Pyrrolysine Analogs for Translational Incorporation into Proteins. Eur. J. Org.
Chem. 2010, 2010, 4171-4179. [CrossRef]

Yoo, B.; Kirschenbaum, K. Peptoid architectures: Elaboration, actuation, and application. Curr. Opin. Chem.
Biol. 2008, 12, 714-721. [CrossRef]

Fanelli, R.; Berthomieu, D.; Didierjean, C.; Doudouh, A.; Lebrun, A.; Martinez, J.; Cavelier, F. Hydrophobic
o, x-Disubstituted Disilylated TESDpg Induces Incipient 31p-Helix in Short Tripeptide Sequence. Org. Lett.
2017, 19, 2937-2940. [CrossRef]

Peggion, C.; Moretto, A.; Formaggio, F; Crisma, M.; Toniolo, C. Multiple, consecutive, fully-extended
2.05-helix peptide conformation. Pept. Sci. 2013, 100, 621-636. [CrossRef]

Adzhubei, A.A.; Sternberg, M.].E.; Makarov, A.A. Polyproline-II helix in proteins: Structure and function.
J. Mol. Biol. 2013, 425, 2100-2132. [CrossRef]

Shi, Z.; Chen, K.; Liu, Z.; Kallenbach, N.R. Conformation of the backbone in unfolded proteins. Chem. Rev.
2006, 106, 1877-1897. [CrossRef]

Cowan, PM.; McGavin, S. The structure of poly-L-proline. Nature 1955, 176, 501-503. [CrossRef]

Kurtz, J.; Berger, A.; Katchalski, E. Mutarotation of poly-L-proline. Nature 1956, 178, 1066-1067. [CrossRef]
Kang, YK ; Jhon, J.S.; Park, H.S. Conformational Preferences of Proline Oligopeptides. J. Phys. Chem. B 2006,
110, 17645-17655. [CrossRef]

Kuemin, M.; Engel, J.; Wennemers, H. Temperature Induced Transition between Polyproline I and II
Helices—Quantitative Fitting of Hysteresis Effects. . Pept. Sci. 2010, 16, 596-600. [CrossRef]

Huang, K.-Y.; Horng, J.-C. Impacts of the Terminal Charged Residues on Polyproline Conformation. J. Phys.
Chem. B 2019, 123, 138-147. [CrossRef]

El-Baba, TJ.; Fuller, D.R.; Hales, D.A.; Russel, D.H.; Clemmer, D.E. Solvent Mediation of Peptide
Conformations: Polyproline Structures in Water, Methanol, Ethanol, and 1-Propanol as Determined by Ion
Mobility Spectrometry-Mass Spectrometry. J. Am. Soc. Mass Spectrom. 2019, 30, 77-84. [CrossRef]

Horng, J.-C.; Raines, R.T. Stereoelectronic effects on polyproline conformation. Protein Sci. 2006, 15, 74-83. [CrossRef]
Chiang, Y.-C.; Lin, Y.-J.; Horng, J.-C. Stereoelectronic effects on the transition barrier of polyproline
conformational interconversion. Protein Sci. 2009, 18, 1967-1977. [CrossRef]

Sonar, M.V.; Ganesh, K.N. Water-induced switching of 3-structure to polyproline II conformation in the
4S-aminoproline polypeptide via H-bond rearrangement. Org. Lett. 2010, 12, 5390-5393. [CrossRef]
Bansode, N.D.; Madhanagopal, B.; Sonar, M.V.; Ganesh, K.N. Stereodependent and solvent-specific formation
of unusual B-structure through side chain-backbone H-bonding in C4(S)-(NH,/OH/NHCHO)-L-prolyl
polypeptides. Biopolymers 2017, 108, €22981. [CrossRef]

Gorres, K.L.; Raines, R.T. Prolyl-4-hydroxylase. Crit. Rev. Biochem. Mol. Biol. 2010, 45, 106-124. [CrossRef]
Janata, J.; Kamenik, Z.; Gazar, R.; Kadlcik, S.; Najmanova, L. Biosynthesis and incorporation of an
alkylproline-derivative (APD) precursor into complex natural products. Nat. Prod. Rep. 2018, 35, 257-289.
[CrossRef]

Brown, A.M.; Zondlo, N.J. A Propensity Scale for Type II Polyproline Helices (PPII): Aromatic Amino Acids
in Proline-Rich Sequences Strongly Disfavor PPII Due to Proline-Aromatic Interactions. Biochemistry 2012,
51,5041-5051. [CrossRef]

Kubyshkin, V.; Grage, S.L.; Biirck, J.; Ulrich, A.S.; Budisa, N. Transmembrane Polyproline Helix. J. Phys.
Chem. Lett. 2018, 9, 2170-2174. [CrossRef]

Kubyshkin, V.; Grage, S.L.; Ulrich, A.S.; Budisa, N. Bilayer thickness determines the alignment of model
polyproline helices in lipid membranes. Phys. Chem. Chem. Phys. 2019, 21, 22396-22408. [CrossRef]


http://dx.doi.org/10.1007/s11084-005-8901-9
http://dx.doi.org/10.1098/rsif.2018.0159
http://dx.doi.org/10.1016/S0168-9525(99)01730-8
http://dx.doi.org/10.3390/life9010025
http://dx.doi.org/10.1016/S1367-5931(00)00206-4
http://dx.doi.org/10.1146/annurev.genet.39.073003.114725
http://dx.doi.org/10.1002/ejoc.201000204
http://dx.doi.org/10.1016/j.cbpa.2008.08.015
http://dx.doi.org/10.1021/acs.orglett.7b01172
http://dx.doi.org/10.1002/bip.22267
http://dx.doi.org/10.1016/j.jmb.2013.03.018
http://dx.doi.org/10.1021/cr040433a
http://dx.doi.org/10.1038/176501a0
http://dx.doi.org/10.1038/1781066a0
http://dx.doi.org/10.1021/jp0629792
http://dx.doi.org/10.1002/psc.1245
http://dx.doi.org/10.1021/acs.jpcb.8b10864
http://dx.doi.org/10.1007/s13361-018-2034-7
http://dx.doi.org/10.1110/ps.051779806
http://dx.doi.org/10.1002/pro.208
http://dx.doi.org/10.1021/ol1021993
http://dx.doi.org/10.1002/bip.22981
http://dx.doi.org/10.3109/10409231003627991
http://dx.doi.org/10.1039/C7NP00047B
http://dx.doi.org/10.1021/bi3002924
http://dx.doi.org/10.1021/acs.jpclett.8b00829
http://dx.doi.org/10.1039/C9CP02996F

Int. ]. Mol. Sci. 2019, 20, 5507 17 of 17

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

Kubyshkin, V.; Budisa, N. Promotion of the collagen triple helix in a hydrophobic environment. Org. Biomol.
Chem. 2019, 17, 2502-2507. [CrossRef]

Notz, W.; Tanaka, E; Barbas, C.F. Enamine-Based Organocatalysis with Proline and Diamines: The Development
of Direct Catalytic Asymmetric Aldol, Mannich, Michael, and Diels—Alder Reactions. Acc. Chem. Res. 2004, 37,
580-591. [CrossRef]

Weber, A.L. The Sugar Model: Catalysis by Amines and Amino Acid Products. Orig. Life Evol. Biosph. 2001,
31,71-86. [CrossRef]

Northrup, A.B.; MacMillan, D.W.C. Two-Step Synthesis of Carbohydrates by Selective Aldol Reaction. Science
2004, 305, 1752-1755. [CrossRef]

Hein, J.E.; Blackmond, D.G. On the Origin of Single Chirality of Amino Acids and Sugars in Biogenesis.
Acc. Chem. Res. 2012, 45, 2045-2054. [CrossRef]

Fichman, Y.; Gerdes, S.Y.; Kovacs, H.; Szabados, L.; Zilberstein, A.; Csonka, L.N. Evolution of proline biosynthesis:
Enzymology, bioinformatics, genetics, and transcriptional regulation. Biol. Rev. 2014, 90, 1065-1099. [CrossRef]
Szathmary, E. Coding coenzyme handles: A hypothesis for the origin of the genetic code. Proc. Natl. Acad.
Sci. USA 1993, 90, 9916-9920. [CrossRef]

Goto, Y,; Katoh, T.; Suga, H. Flexizymes for genetic code reprogramming. Nat. Protoc. 2011, 6, 779-790. [CrossRef]
Voller, J.S.; Dulic, M.; Gerling-Driessen, U.L; Biava, H.; Baumann, T.; Budisa, N.; Gruic-Sovulj, I.; Koksch, B.
Discovery and Investigation of Natural Editing Function against Artificial Amino Acids in Protein Translation.
ACS Cent. Sci. 2017, 3, 73-80. [CrossRef]

Boél, G.; Danot, O.; de Lorenzo, V.; Danchin, A. Omnipresent Maxwell’s demons orchestrate information
management in living cells. Microb. Biotechnol. 2019, 12, 210-242. [CrossRef]

Frenkel-Pinter, M.; Haynes, ].W.; Martin, C.; Petrov, A.S.; Burcar, B.T.; Krishnamurthy, R.; Hud, N.V,; Leman, L.J.;
Williams, L.D. Selective incorporation of proteinaceous over nonproteinaceous cationic amino acids in model
prebiotic oligomerization reactions. Proc. Natl. Acad. Sci. USA 2019, 116, 16338-16346. [CrossRef]

Han, D.X.; Wang, H.Y,; Ji, Z.L.; Hu, A.E; Zhao, Y.F. Amino Acid Homochirality may be Linked to the Origin
of Phosphate-Based Life. ]. Mol. Evol. 2010, 70, 572-582. [CrossRef]

Michel, CJ.; Seligmann, H. Bijective transformation circular codes and nucleotide exchanging RNA
transcription. Biosystems 2014, 118, 39-50. [CrossRef]

Yishai, O.; Bouzon, M.; Déring, V.; Bar-Even, A. In Vivo Assimilation of One-Carbon via a Synthetic Reductive
Glycine Pathway in Escherichia coli. ACS Synth. Biol. 2018, 7, 2023-2028. [CrossRef]

Lyons, T.W.; Reinhard, C.T.; Planavsky, N.J. The rise of oxygen in Earth’s early ocean and atmosphere. Nature
2014, 506, 307-315. [CrossRef]

Riddle, D.S.; Santiago, ].V.; Bray-Hall, S.T; Doshi, N.; Grantcharova, V.P; Yi, Q.; Baker, D. Functional rapidly
folding proteins from simplified amino acid sequences. Nat. Struct. Mol. Biol. 1997, 4, 805-809. [CrossRef]
Jiménez-Montafio, M.A. Protein evolution drives the evolution of the genetic code and vice versa. Biosystems
1999, 54, 47-64. [CrossRef]

Kimura, M. Evolutionary rate at the molecular level. Nature 1968, 217, 624—626. [CrossRef]

@ © 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
@ article distributed under the terms and conditions of the Creative Commons Attribution

(CC BY) license (http://creativecommons.org/licenses/by/4.0/).


http://dx.doi.org/10.1039/C9OB00070D
http://dx.doi.org/10.1021/ar0300468
http://dx.doi.org/10.1023/A:1006750423942
http://dx.doi.org/10.1126/science.1101710
http://dx.doi.org/10.1021/ar200316n
http://dx.doi.org/10.1111/brv.12146
http://dx.doi.org/10.1073/pnas.90.21.9916
http://dx.doi.org/10.1038/nprot.2011.331
http://dx.doi.org/10.1021/acscentsci.6b00339
http://dx.doi.org/10.1111/1751-7915.13378
http://dx.doi.org/10.1073/pnas.1904849116
http://dx.doi.org/10.1007/s00239-010-9353-z
http://dx.doi.org/10.1016/j.biosystems.2014.02.002
http://dx.doi.org/10.1021/acssynbio.8b00131
http://dx.doi.org/10.1038/nature13068
http://dx.doi.org/10.1038/nsb1097-805
http://dx.doi.org/10.1016/S0303-2647(99)00058-1
http://dx.doi.org/10.1038/217624a0
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	The Amino Acid Code 
	Amino Acids Do Not Equal Proteins 
	The Evolution of the Genetic Code 
	The Repertoire Expansion: Step by Step 
	The Alanine World 
	The Proline World 
	Why Proline? Why Not Proline? 
	Concluding Remarks 
	References

