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Abstract
Since the 1950s, reverse translation has been an enigmatic part of Crick’s central dogma of molecular
biology. It might be described as the possibility to back-translate information from proteins to nucleic
acids (or codons). A few studies have attempted to theorize and/or conduct in vitro experiments to test
the likelihood of reverse translation, with ideas often involving the creation of peptide recognition sites
that bridge the peptide and the codon. However, due to many constraints including an asymmetrical
informational transfer, the stability of protein-peptide bonds, the structural non-uniformity of protein
R-groups, and the informational loss in post-translational protein modi昀椀cations, this concept requires
follow-up studies. On the other hand, current bioinformatic tools that rely on computational programs
and biological databases represent a growing branch of biology. Bioinformatics-based reverse transla-
tion can utilize codon usage tables to predict codons from their peptide counterparts. In addition, the
development of machine learning tools may allow for the exploration of biological reverse translation
in vitro. Thus, while in vivo reverse translation appears to be nearly impossible (due to biological
complexity), related biological and bioinformatics studies might be useful to understand better the
central dogma’s informational transfer and to develop more complex biological machinery.
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1. Introduction

Francis Crick [1, 2] proposed molecular biology’s central dogma to explain the 昀氀ow of basic
chemical information from DNA to protein (i.e., DNA replication, transcription into RNA as a
mediator molecule, and translation of RNA into proteins, the polymeric building blocks of life).
This process is also known as “the general transfer” (Figure 1, green arrows). For transcription,
DNA-dependent RNA polymerase will transcribe (i.e., copy) DNA’s genetic information onto
messenger RNA (mRNA). For translation to take place, a complex ensemble of ribosomes and
transfer RNA (tRNA) will read the mRNA (i.e., the transcribed DNA copies) attaching coded
amino acids to form proteins. The dogma was extended with “special transfers” after the discovery
of the RNA-dependent DNA polymerase or reverse transcriptase in viruses, which back-transcribes
RNA into DNA [3, 4], and RNA-dependent RNA polymerase (RdRp) which transcribes an RNA
strand into its complementary RNA strand [5] (Figure 1, blue arrows). Lastly, Crick’s original
central dogma also referred to “the unknown transfers” of protein which involves an informational
reversal into the corresponding nucleic acids, and the replication of protein molecules to amplify
a set of similarly composed protein molecules; both processes remain a mystery (Figure 1, red
arrows).
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2 New perspectives on reverse translation

Figure 1. Schematic of molecular biology’s central dogma with general (green arrows), special (blue arrows), and
unknown (red arrows) transfer processes.

Koonin [6, 7] stated that an information reversal from protein to nucleic acid may be possible via
certain mechanisms (e.g., prions) but that a reversal of the genetic code is impossible. Further-
more, this information back 昀氀ow itself is a violation of the known central dogma. Assuming that
reverse translation is possible, we will refer to information reversal as “the unknown transfers”
(Figure 1, red arrows), a possible extended part of the dogma. We will cover two reverse transla-
tion perspectives, (i) as an actual biological process (either natural or engineered) and (ii) as a
bioinformatics subject. Furthermore, this review addresses three main questions: Is it possible
for a polypeptide sequence to be translated back into a nucleic acid sequence? If so, will it be
signi昀椀cantly applied to many present-day molecular biology studies? and, if not, what are its
implications? The discussion includes transfer-related 昀椀ndings from ancient earth biochemistry
to present-day prion-mediated epigenetics, comparing previous reverse translation studies and
hypotheses, and reviewing reverse translation limitations. Lastly, the bioinformatics approach as
a tool of transfer between protein to nucleic acid sequence data is reviewed.

2. The concept of reverse translation in ancient life and information 昀氀ow
from protein to nucleic acids

RNA possesses both genetic and catalytic properties [8]. Gilbert highlighted this decisive RNA
dual condition among biochemical molecules within the “RNA world hypothesis” [9, 10]. For
viruses, both DNA and RNA serve as genetic blueprint molecules, with RNA also serving as
catalytic molecule (e.g., mRNA carries genetic information from the DNA to be translated
by tRNA, or RNA enzymes that are known as ribozymes). However, objections to the RNA
world hypothesis claim that unstable and easily degradable RNA molecules are too complex to
be synthesized prebiotically and, more importantly, that RNA catalytic properties are limited
and are not present in all RNA types (only in long RNA sequences) [11]. DNA, being more
stable, displaced RNA in the RNA world hypothesis, which became the “DNA world hypothesis”,
highlighting DNA’s role as the molecule that carries the information encoding proteins. This
change in perspective followed the description of ribosome formation and was triggered by the
discovery of viral reverse transcriptases. In addition to viral reverse transcriptases, two enzymes
(ribonucleotide reductases and thymidylate synthases) can convert ribonucleotides (rNTPs) into
deoxyribonucleotides (dNTPs) [12]. This conversion from RNA to DNA not only increases
nucleotide stability but allows for convenient restoration of cytosine (C) upon deamination to
uracil (U) (not possible in RNA), which otherwise may lead to mutation [12] — allowing DNA to
thrive and dominate over RNA as the genetic molecule of life, except within the realm of viruses.
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Wicaksono et al. 3

Moreover, it was suggested that in ancient time there was a two-way information transfer between
proteins and nucleic acids, originating what we now understand as the genetic code [13]. The
mechanism, however, remains unclear.

Proteins are not known as information templates. Yet, as illustrated by the “unknown transfer”
pieces of the central dogma, one may discuss whether protein information can be transformed
back into that of nucleic acid, or whether proteins are capable of replicating other proteins.
Some instances imply protein self-replicability. For example, the 32-residue ˛-helical peptide of
yeast transcription factor GCN4 leucine-zipper domain can catalyze itself (by the acceleration of
thioester-promoted amide-bond condensation of 15- and 17-residue fragments), serving as an
auto-replication template in a dilute aqueous solution [14]. This self-replicating ability shows
that peptide sequences can store information to make copies of their own molecules. Prions
(viral proteins) constitute another example of self-replicating proteins. The accumulation of
abnormally conformed and infectious PrPSc proteins in the central neural system, PrPSc being the
“scrapie isoform” of original cellular prion proteins (PrPC), can cause transmissible spongiform
encephalopathies (TSE) [15]. After protein translation, mutant PrPSc proteins serve as templates
that bind to normal PrPC proteins. By turning ˛-helices into dominantly ˇ-sheets, whereby
changing protein stability, the prions catalyze the formation and aggregation of anomalous isoforms
[16]. It was, however, later discovered that prions only use their own structures to modify
the conformation of other proteins into similar prion proteins and that the prion protein itself
is synthesized from a PRNP gene (https://www.ncbi.nlm.nih.gov/gene/5621) that is stored as
nucleotide sequences [17].

Another study revealed the phenomenon of “prion-mediated inheritance” where a yeast prion-
forming protein, namely the Sup35 translation-termination factor, serves as an epigenetic mod-
ulator (called [PSI+]) that allows for diversi昀椀cation of protein translation [18]. With a normal
Sup35 protein, a regular protein is translated from mRNA once the ribosome reaches the stop
codon. In contrast, if the Sup35 protein is in prion aggregate (amyloid) form, a protein variant
will be translated by reading through the stop codon [18, 19]. This protein expression alteration
shows that, despite being gene-encoded, a prion can direct its prion-independent inheritance to
“prion-mediated inheritance” via the epigenetic in昀氀uence of the prion [6]. It thus appears as if a
certain back昀氀ow of information from protein to DNA is possible, i.e., describing “the unknown
transfer” in the central dogma and providing support for Lamarckian inheritance (phenotype-based
inheritance) [6].

While nucleic acids possess simplistic “one-dimensional” information that could be referred
to as “the digital code”, proteins with their more complex information and structural variants
might be referred to as “the analog code” [7]. The natural 昀氀ow of information is from a simple
model to a more complex one. The irreversible nature of the translational process serves as
an exclusion principle where, if reverse translation were possible, it would entail reversal from
complexity to a simpler version (i.e., devolving life processes). The information transfer from RNA
to amino acids is very complex and involves the pairing of amino acids to tRNA (via aminoacyl-
tRNA synthetase), the tRNA-related detection of corresponding mRNA (via anticodon-codon
recognition), and the complex enzymatic process in the ribosome which “sews” tRNA-carried
amino acids together. This intricate machinery thus allows for simpler RNA nucleotides to become
more complex and highly versatile protein structures. As mentioned earlier, prions may provide a
small opportunity for protein-to-nucleic acid communication. However, this phenomenon does not
support the concept of full physical information reversal from proteins to nucleic acids. Instead,
these phenotypic changes may occasionally lead to genetic mutations [6]. To better understand the
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4 New perspectives on reverse translation

possibilities and limitations of protein-based information transfer, whether in ancient or current
times, some researchers developed ideas and experiments over the last few decades to explore
“what if” reverse translation were possible.

3. Prior studies and hypotheses

In the past, some hypothetical theories and preliminary studies supported the idea of reverse
translation by suggesting the existence of an alternative system to the existing ribosomal one.
Mekler in 1967 [20] suggested the idea of tRNA anticodons being reverted into mRNA codons
(Figure 2). This could be achieved if the speci昀椀c tRNAs were bound to amino acids which, in
turn, were docked onto complementary antigen determinant sites.

However, the conversion of tRNA anticodons to mRNA codons was not fully explained by
Mekler’s hypothesis [20]. It was only postulated that a polymerase might be involved in aligning
the anticodon arm of tRNA and transferring the anticodon information back to mRNA codons
[20, 21]. To date, no studies have 昀椀lled the gap of missing information. During normal translation,
the anticodon loading of tRNA (via aminoacyl-tRNA synthetase) is achieved with extremely high
accuracy before recognition of mRNA codons in the ribosome-mRNA complex takes place [22].
Yet, for Mekler’s hypothetical process, the process behind the rebinding of individual peptides in
the polypeptide or protein sequences back to tRNA was not fully described. Without these details,
the nature of this hypothetical process remains a mystery.

In 2001, Nashimoto [13] suggested a protocol using a reverse translational RNA (rtRNA) consisting
of a hammerhead self-cleaving ribozyme [23] (sequence: 5’-GGGAACUCCCUCUGAUGA
GCAGGACCGUGCACUCUUCGAACAUUUCGACAUGAGACACGGAUCCUGCGAAA
CACCGUGUC-3’). The rtRNA had an arginine codon (peptide binding site) and an arginine

Figure 2. The concept of a reverse translation method where the determinant site of an antigen binds to the R-groups
of polar amino acids. Each amino acid is bound to a speci昀椀c tRNA sequence (having its own anticodon). As the
tRNA anticodon sites line up, they could serve as a template to synthesize a new mRNA strand (carrying their series
of codons that encode amino acids). Concept by Mekler [20], illustration inspired by and modi昀椀ed from Cook [21].
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Figure 3. A reverse translation RNA (rtRNA) hammerhead ribozyme that can serve as a catalytic biomolecule for
the information sequence reversal from a primitive protein polypeptide back into an mRNA molecule. (A) The
rtRNA consists of an amino acid/peptide binding site sequence (in this case: arginine (purple)), a hammerhead
ribozyme self-cleavage site (red) connected to the arginine (AGG) codon (blue), and a pre-mRNA binding site
(yellow). Illustration inspired by and modi昀椀ed from Nashimoto [13]. (B) Predicted three-dimensional rtRNA (viewed
using the BIOVIA Discovery Studio 2021). Tertiary structure predicted using the iFoldRNA v2 web server [27].

(AGG) RNA binding sequence [24] (Figure 3). In this case, the amino acid-binding RNA had an
arginine-binding sequence, which was synthesized by exposing pure arginine to a randomized pool
of RNA sequences to reveal regions within the latter that would strongly bind to this speci昀椀c amino
acid [25]. This protocol is now recognized as the systematic evolution of ligands by exponential
enrichment (SELEX) method and uses DNA or RNA libraries to bind desired target molecules
[26]. Nashimoto predicted that the rtRNA and pre-mRNA (containing two stop codons) would
dock into the primitive protein (Figure 4).

SELEX procedures use as many as 1014 to 1015 DNA sequences or RNA molecules that consist
of 40–80 random bases attached with PCR primers on both sides. Several thousand sequences
in the library will form the correct secondary structure that will bind with high a昀케nity to the
target molecules [28]. These high-a昀케nity RNA-amino acid complexes are then selected with their
nucleotide sequences for each amino acid. For example, the SELEX procedure allowed for the iden-
ti昀椀cation of tryptophan-binding RNA [24, 29]. Moreover, information on S-adenosylmethionine
riboswitches [30, 31, 32], aptamer domain for lysine [33, 34], and aptamer domain for citrulline
and arginine [35] have been discovered, making it easier to apply this SELEX protocol to other
amino acids in the future. Unfortunately, the unstable nature of RNA structures remains challeng-
ing [28].

The combination of a machine learning program with molecular docking and docking score
analyzer programs could potentially shorten the in vitro SELEX procedures by providing predictive
results. Speci昀椀cally, in silico machine learning methods can be built to generate a randomized
RNA sequence library, before docking it with 20 proteinogenic amino acids and revealing the best
speci昀椀c RNA sequence with the highest binding a昀케nity for each amino acid. So far, a program
such as AnnapuRNA [36] can be used to determine a docking score between RNA and a small
molecule (to validate, once the RNA and the small molecules have been previously docked by
another molecular docking program such as Autodock Vina [37]).

Nashimoto [13] also suggested that transferring 20 amino acids back into 20 codons (instead of
the full 64 codons) would work for the simulation of early Earth conditions (where codons were
less abundant) and may greatly reduce the number of reverse translational tests. However, it is still
unclear whether the amino binding site in the rtRNA would recognize the respective amino acids
during reverse translation, especially as amino acids are not free ligands but rather integrated into
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6 New perspectives on reverse translation

Figure 4. Speculative RNA-mediated reverse translation on a primitive protein or simple protein in its primary
structure. (A) The process starts with the initiation step, where the protein polypeptide strand and pre-mRNA are
forming a complex (i-ii) and the 昀椀rst rtRNA recognizes the 昀椀rst amino acid/peptide on the C-terminus by docking on
it (iii). (B) Elongation begins when, according to the amino-peptide detected by the rtRNA, a codon is added to the
pre-mRNA (iv) followed by excision of the 昀椀rst C-terminus peptide (v). This process is repeated for the next peptide
in the protein sequence (vi). (C) Termination occurs after rtRNA detected the last amino acid, methionine (Met),
in the polypeptide strand, and the start codon (AUG) is added to the pre-mRNA (vii), thus completing the mRNA
coding sequence. Illustration inspired by and modi昀椀ed from Nashimoto [13].
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a long polypeptide chain. To potentially counter this problem, a modi昀椀ed SELEX procedure that
detects a binding site for amino acids in both the C and N terminus of an oligo/polypeptide can be
suggested. However, unlike the individual amino acid SELEX procedure, this would lead to the
recognition of only partial amino acid structures within an oligo/polypeptide sequence (instead of
the entire structure as for free amino acids). In turn, this will a昀昀ect the binding force between the
amino acid molecules and the RNA nucleotides in the binding site. Information reversal poses
another problem, which will be discussed in section 4.1.

The newest suggestion in reverse translation has been described by Martin [38] in a patent claim
(US 7,169,894 B2). The patent refers to critical steps not described in Nashimoto’s paper on
reverse translation [13], some of which are re-addressed in this review: (i) The mechanism of
RNA synthesis through amino acid binding, (ii) the mechanism to “read” the peptide/protein in
sequence (related to rtRNA binding of an amino acid in sequence), and (iii) the unfolding of folded
proteins for the reverse translation process. The reverse translation element (RTE), a key element
in the reverse translation process, was described in the patent as polypeptide degradation (via
Edman or other chemical degradation) to acquire a single terminal (C or N terminal) amino acid
derivative. The RTE is described as a macromolecule, macromolecular assemblies, or particles
(could be molecularly imprinted polymers or antibody-based structure). Reverse translation starts
via exposure of the cleaved amino acid derivative to the RTE mixture and various single codons,
followed by RTE binding to the amino acid derivative and encoding codon derivative, and lastly,
polynucleotide synthesis [38]. The problem with this idea is that details regarding the RTE
chemical component are unclear (or perhaps not fully described yet). The patent only mentions
that RTE can form a suspension and that it can non-covalently and speci昀椀cally bind to one or
more copies of the cleaved amino acid derivative as well as its corresponding codon.

Physical barriers can also limit the overall informational transfer process between amino acid
sequences, in proteins, and RNA or DNA nucleotides. These barriers include the asymmetrical
transfer size between 20 amino acids and their 64 codons, the robustness of amino acid peptide
bonds in the protein compared to the phosphodiester bonds in the nucleic acids, and the unevenness
of peptide R-groups compared to the uniformity of the four nucleobases of nucleic acids (rendering
it the R-groups hard to be detected). Finally, post-translational modi昀椀cations of proteins may
reduce the information that had been present in originally translated proteins.

4. Limitations

4.1. Data transfer asymmetry

As mentioned earlier, Nashimoto’s rtRNA SELEX process entails a genetic code limitation [13].
There are 64 natural combinations of nucleotides that create codon triplets which can be translated
into 20 proteinogenic amino acids and three stop codons. For reverse translation to occur, those
20 amino acids should be returned into 64 codons. However, in Nashimoto’s reverse translation
[13], the three stop codons are used as “primers” for reverse translation (Figure 4) and the 20
amino acids will be directly translated into the 20 codons. Therefore, a way to translate the rest of
the 41 codons into RNA remains necessary. According to Nashimoto (personal communication),
simulating early RNA-protein symmetry with reverse translation will result in the transferring
of 20 amino acids into 20 codons. To make a full reverse translation to run, a reversion into 64
codons with consideration of tRNA variation (see codon table concept in section 5) re昀氀ecting
di昀昀erent protein foldings [39] could be achieved with several tRNA even if they carry the same
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8 New perspectives on reverse translation

amino acids. However, translational folding associated with tRNA abundance poses a problem.
Hypothetically, reverse translation might thus determine which codons should 昀椀t into the mRNA
sequence by detecting certain folds in the protein structure.

4.2. Peptide bond stability

The 昀椀rst problem of protein transfer is the existence of stable peptide bonds between amino acids
in the polypeptide chain (compared to the phosphodiester bonds in nucleic acids). Although the
C–O bond in an ester and the C–N bond in an amide entail 358 kJmol�1 and 305 kJmol�1 of
energy, respectively [40], these bonds di昀昀er in their favor to hydrolysis. During hydrolysis, a
phosphodiester bond releases 5:3 kcalmol�1 (22:175 kJmol�1) of free energy (Gibb’s energy, or
�G) [41], whereas a peptide bond releases c.a. 2 kcalmol�1 to 4 kcalmol�1 (8:368 kJmol�1 to
16:736 kJmol�1) of �G [42]. In that sense, the peptide bond releases less energy which indicates
that the bond is closer to equilibrium and is, therefore, more stable.

In a biological system, it is likely that a catalyst (like proteolytic enzymes) could be a ribozyme.
Although no proteolytic ribozyme has been discovered or created thus far, it would hypothetically
be able to break a polypeptide into amino acids during reverse translation. It could potentially
work as a separated set of enzymes or be integrated into the reverse-translation system. For
example, mimicking the two-sided functionality of the reverse transcriptase HIV-1 enzyme, one
part (the polymerase) could revert RNA into DNA while another part (the nuclease) could break
the RNA apart [43]. Thus, in creating a big protein sca昀昀old, one could potentially revert protein
to RNA while a protease hydrolyzes the peptide bonds of the polypeptide. Yet, once again, it
would be highly di昀케cult to recognize and transfer varied peptide R-groups back into nucleotide
codons (i.e., aside from protein cleaving and amino acid-to-codon reversal, this process would be
similar to Martin’s RTE machinery [38]).

4.3. Variation in protein R-groups, peptide pairing, and structural recognition

Proteins are comprised of various amino acids (i.e., combination of 20 proteinogenic amino acids
with 20 di昀昀erent R-group compositions). Some amino acids are formed with simple molecules
(e.g., a single hydrogen in glycine) while others are more complex in their structure (e.g., ring
structures in phenylalanine, tryptophan, and tyrosine) [44]. In comparison, there are only two
groups of nucleobases in nucleotides: those with a single-ringed pyrimidine (i.e., thymine (T), U,
and C) and those with a double-ringed purine (i.e., adenine (A) and guanine (G)) [45]. These
monomeric variation di昀昀erences make the probing of molecules required for informational transfer
di昀케cult. In DNA and RNA, purine and pyrimidine bases are paired. As such, one base could be
used as the probe for the other. During DNA replication, mRNA transcription (where template
DNA nucleotides are copied into their mRNA nucleotide pairs), and the translation of mRNA
codons with tRNA anticodons. Other paired examples include the reverse transcription of RNA
templates into cDNA [46] and the replication of RNA using RdRP (where one RNA strand
serves as a template which results in another RNA strand) [47]. However, as no amino acids are
paired, this principle does not apply to protein or polypeptide sequences. The intermolecular
bonds between amino acids (found in secondary and tertiary protein structures) can be formed
by hydrogen bonds, van der Waals interactions, hydrophobic interactions, salt/ionic bridges, and
disul昀椀de bridges [48].

Structural recognition problems will lead to di昀케culty in the building of peptide-recognition
components such as Nashimoto’s rtRNA peptide-binding nucleotide sequence [13], Mekler’s
antigenic surface [20], and Martin’s RTE surface [38]. During normal translation, aminoacyl-
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tRNA synthetase adds peptides to the 3’ end of tRNA and this pairing is performed with high
accuracy. The latter is supported by the structurally maintained positioning of the tRNA acceptor
end and the anticodon loop (and sometimes the variable loop), the corresponding amino acid, and
the ATP inside the aminoacyl-tRNA synthetase binding pocket domains [49]. Another factor is
the optimal ratio between aminoacyl-tRNA synthetase and tRNA concentrations inside a living
cell [50]. Furthermore, aminoacyl-tRNA synthetase possesses proofreading capabilities whereby
mismatched amino acids can be hydrolyzed either before or after their transfer to tRNA [51]. In a
cocktail of RNA nucleotides and proteins or peptides (whether single or as oligopeptides) inside
a living cell, a perfect balance in concentration, a rate of structural recognition by an enzymatic
or RNA nucleotide surfaces, and an error proofreading mechanism must all co-occur. Therefore,
for reverse translation to be biologically viable, equally complex mechanisms will have to exist or
will have to be incorporated.

4.4. Post-translational protein modi昀椀cations

Following the ribosomal translational process, a subset of proteins will undergo certain modi昀椀ca-
tions. Polypeptides will be folded and reshaped into their secondary and tertiary forms (with some
tertiary structures later merging to form a quaternary structure). The folding of proteins is heavily
a昀昀ected by their internal peptide sequences (peptide hydrophobic e昀昀ects are mainly responsible)
but is also supported by electrostatic interactions (e.g., salt bridging) to maintain structural 昀氀exi-
bility, stability, and functionality [48]. Since proteins are linear and long unbranched polymers,
their folding process is reversible [52]. A Nobel-winning experiment by An昀椀nsen [53] revealed
that protein ribonuclease can be unfolded (when subjected to 8 M urea and ˇ-mercaptoethanol)
and later refolded into a new isomer structure (via random cross-linking). Another experiment by
Yuan et al. [54] allowed for the “unboiling” of an egg (i.e., protein reversion to its native form) by
applying shear stress using a vortex 昀氀uid device. Since the folded protein structure presents a
problem in reverse translation (as previously discussed), these methods of protein denaturation
or unfolding could potentially be used to obtain a linear protein template for reverse translation.
Unfortunately, another signi昀椀cant hurdle toward successful reverse translation exists in proteolysis
of the protein sequence.

Partial proteolysis (i.e., reducing the protein size with new C- and N-termini) is one process of
protein maturation. As a result, the protein can be either activated, inactivated, has its function
altered, or excised with growth factors to allow for a wide variety of biological regulations [55].
Such excision by proteolysis makes it di昀케cult to predict protein function by only reading the
nucleic acid transcript (mRNA) or by studying the newly translated polypeptide. The informational
loss by proteolysis thus reduces the information available for reverse translation. Even if the
latter could be achieved, the resulting RNA would only be partially complete compared to the
original transcript. This implies that in vivo (if not in vitro) reverse translation would greatly
reduce the complexity of biological life and revert evolutionary progress. However, to make
reverse translation workable as an in vitro process, all the limitations described in this section
would still require much study and experimental work.

Regarding reverse translation, one hopeful approach is the perception of protein as a digital code
and not an analog code as previously suggested by Koonin [7]. While the latter code would refer
to a protein in terms of its structures (i.e., both sequences and more complex structures that direct
its function), the digital code refers only to its peptide sequence. Long sequenced functional RNA
molecules (just like proteins) often form secondary, tertiary, and even quaternary structures while
nucleic acids comprise sequences made up of four nucleobases in triplet combinations or codons
(i.e., the templates of protein information). Proteins as digital codes are thus peptide sequences
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10 New perspectives on reverse translation

with information that can be useful in omics and structural bioinformatics. In bioinformatics, a
forward-reverse informational 昀氀ow supports the mapping of sequences between nucleic acids
and proteins. When applied across di昀昀erent organisms, this creates a useful tool for phylogenetic
analyses. This forward-reverse informational 昀氀ow can also be incorporated into omics databases
or be used for structural predictions in computational biology.

5. Reverse translation as a bioinformatics tool

Bioinformatics is an emerging branch of biology that utilizes computational tools to simulate
biological processes by using information from biological databases (i.e., extracted de novo from
sampled living organisms, or collected from previous studies and stored in an online database).
Previously, Edmann’s degradation could be used for peptide identi昀椀cation (using a sequencing
machine) [56]. Today, protein sequencing can be performed using tandem mass spectrometry
[57]. Some software programs are also able to convert peptide codes into nucleic acid sequences.
Thus, in a scenario where a protein sequence is known, but not that of the RNA or DNA, reverse
translation could be useful to determine gene or transcript sequences. For instance, a paleoge-
nomics study using a preserved mammoth specimen taken from permafrost in Russia compared
the mammoth genome with that of modern biota [58]. Since protein fragments are often found in
much older fossil samples, e.g., with a highly preserved Early Jurassic era (195 million years old)
collagen sample from a sauropodomorph dinosaur, Lufengosaurus [59], reverse translation of
the peptide fragment to a nucleic acid sequence could potentially be incorporated in comparative
paleomics studies (including paleoproteomics, paleogenomics, and even paleometagenomics).
Current advances in sequencing and identi昀椀cation technologies hold great potential (especially
since these advanced methods are more accurate in determining sequences). However, further
development and integration of machine learning algorithms with online databases could also
support computational-based reverse translation.

Older bioinformatics software such as DNASTAR EditSeq (previously LASERGENE EditSeq
[60]) reverse translated proteins and predicted codons, although the reversal algorithm was
undescribed. Today, many include tools for reverse translation. For example, the Sequence
Manipulation Suite (https://www.bioinformatics.org/sms2/rev_trans.html) will convert a protein
sequence into a DNA sequence and the user can even enter their desired codon table (in GCG for-
mat) as a template upon sequence submission. Alternatively, a default codon table from the coding
sequence of Escherichia coli (available on GenBank) and the Kazusa’s Codon Usage Database
(https://www.kazusa.or.jp/codon) [61] is employed. The latter is a composed list of each codon’s
total quantity in the selected organism genome, the number of codons per 1,000 nucleotides, and
the fraction of codons. After input and submission of the protein peptide sequence (in FASTA
format), the website will generate two DNA sequences (also in FASTA format) based on the most
likely codons and the consensus codons (while also listing base probabilities throughout the se-
quences). A similar open web service is provided by the European Molecular Biology Laboratory
– European Bioinformatics Institute (EMBL-EBI), namely EMBOSS Backtranseq (which also
uses selected parameters from its own codon usage table; https://www.ebi.ac.uk/Tools/st/emboss_-
backtranseq) and EMBOSS Backtranambig for the back translation of speci昀椀cally ambiguous
nucleotide sequences (using selected parameters of the updated codon table of NCBI’s Taxonomy
Browser; https://www.ebi.ac.uk/Tools/st/emboss_backtranambig). Other software such as Qia-
gen’s CLC Main Workbench also supports reverse translation features with codon parameters
such as random codons, only the most frequent codon, codons based on the frequency distribution
of biological organisms (also based on Kazusa’s Codon Usage Database, or using custom codon
frequency tables). All these bioinformatics reverse translation tools share the same principle:
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the use of codon-usage tables with listed frequencies of codons. Then, based on probabilities,
these tools will convert a peptide sequence to a DNA sequence. Previous studies that used reverse
translation tools include those on the development of non-replicating mRNA and self-amplifying
mRNA vaccine candidates where the epitope can be combined or manipulated before being
back-translated to DNA sequences for production against SARS-CoV-2 and HPV [62, 63, 64].

Other than vaccine development, or the similar modi昀椀cation and production of short peptide
sequences, bioinformatics could be used for the development of nucleic acid and protein engineer-
ing. For example, methods combining directed evolution with omics databases [65] and protein
structure databases [66] have been described. Applications may include the development of
precision medicines [65, 67], protein engineering [66], and nucleic acid aptamers [68] (although
these applications are independent of reverse translation). As described in section 3, machine
learning may be used to simulate and predict RNA sequences that will bind to speci昀椀c amino
acids with the highest binding a昀케nity (i.e., using SELEX, but in silico version), and later to create
the supporting organic environment for the in vitro testing for reverse translation itself. Overall,
more research is required to close the scienti昀椀c gaps around reverse translation possibilities, and
future attempts to recreate or innovate reverse translation might also unlock new knowledge.

6. Conclusions

Reverse translation, the informational 昀氀ow between proteins and nucleic acids, remains a mysteri-
ous phenomenon. This o昀昀-limits concept in biology bridges the less complex nucleic acids code
(i.e., the digital code) and the complex peptide code (i.e., the analog code) [7]. However, future
in vitro studies will have to complete Nashimoto’s rtRNA peptide-binding nucleotide sequence
[13], Mekler’s antigenic surface [20], and Martin’s RTE surface [38]. The resulting studies will
also likely give rise to equally important side products (e.g., to understand how ancient Earth
model of RNA-peptide interaction system, to make a de novo RNA-peptide molecular interaction
machinery, and for in silico modeling) and could support the development of ribozymes and
the engineering of aptamers or peptide-nucleic acid recognition molecules. In addition, reverse
translation bioinformatics tools could be improved for better and more accurate sequence predic-
tion. Furthermore, these tools could be useful for protein engineering (providing a more direct
approach than that of existing databases). In nature, the protein itself can be an intriguing machine.
By learning more about unique proteins like prions, we can better understand how some proteins
can epigenetically a昀昀ect the synthesis of other proteins. Ultimately, however, reverse translation
is mainly useful in the form of bioinformatics (especially for studies that involve short peptide
sequences). Based on the information thus far, not much can be done for in vitro reverse translation
in the future, let alone in vivo reverse translation. Nevertheless, as the 昀椀elds of molecular biology
and bioinformatics advance, it is likely that “reverse translation” might gain further focus or be
rede昀椀ned. Similar to how program-based tools on proteins, nucleic acids, or bioinformatics are
currently useful in answering old problems from the ancient RNA world, the development of new
molecular machinery and tools for biomolecular engineering in the future might extend biology’s
central dogma in new ways.
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Nuevas perspectivas sobre traducción inversa: breve historia y estado actual

Resumen: Desde los años 50s del siglo XX, la traducción inversa ha sido una parte enigmática
del dogma central de la biología molecular de Crick. Podría describirse como la posibilidad de
retro-traducir información de proteínas a ácidos nucleicos (o codones). Unos pocos estudios
han intentado teorizar y/o conducir experimentos in vitro para comprobar la probabilidad
de la traducción inversa, con ideas que frecuentemente involucran la creación de sitios de
reconocimiento de péptidos que actúan como puentes entre el péptido y el codón. Sin
embargo, debido a muchas restricciones, incluida una transferencia asimétrica de información,
la estabilidad de los enlaces proteína-péptido, la no-uniformidad estructural de los grupos
R de las proteínas y la pérdida de información en las modi昀椀caciones postraduccionales de
las proteínas, este concepto requiere estudios posteriores. De otro lado, las herramientas
bioinformáticas actuales que se basan en programas computacionales y en bases de datos
biológicas representan una rama en crecimiento de la biología. La traducción inversa basada
en bioinformática puede utilizar tablas de uso de codones para predecir codones a partir de
sus contrapartes peptídicas. Además, el desarrollo de herramientas de aprendizaje automático
podría permitir la exploración de la traducción inversa biológica in vitro. Así, mientras la
traducción inversa in vivo parecer ser casi imposible (debido a su complejidad biológica),
estudios biológicos y bioinformáticos relacionados pueden ser útiles para entender mejor el
dogma central de transferencia de información y para desarrollar maquinaria biológica más
compleja.
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Novas Perspectivas sobre Tradução Reversa: Breve História e Atualizações

Resumo: Desde a década de 1950, a tradução reversa tem sido uma parte enigmática do dogma
central da biologia molecular proposto por Crick. Esta pode ser descrita como a possibilidade
de retro traduzir a informação das proteínas para os ácidos nucleicos (ou códons). Alguns
estudos tentaram teorizar e/ou conduzir experimentos in vitro para testar a probabilidade de
tradução reversa, com ideias baseadas na criação de locais de reconhecimento de peptídeos
para ligar o peptídeo com o códon. No entanto, devido a muitas restrições, incluindo a
transferência informacional assimétrica, a estabilidade das ligações proteína-peptídeo, a
não uniformidade estrutural dos grupos R das proteínas e a perda informacional durante as
modi昀椀cações proteicas pós-translacionais, esse conceito requer de mais estudos. Por outro
lado, as ferramentas bioinformáticas atuais que dependem de programas computacionais e
bancos de dados biológicos representam um ramo crescente da biologia. A tradução reversa
baseada em bioinformática pode utilizar tabelas de uso de códons para predizer os códons
a partir das suas contrapartes peptídicas. Além disso, o desenvolvimento de ferramentas
de aprendizado de máquina pode permitir a exploração da tradução reversa biológica in
vitro. Assim, enquanto a tradução reversa in vivo parece ser quase impossível (devido à
complexidade biológica), estudos biológicos e bioinformáticos podem ser úteis para entender
melhor a transferência informacional do dogma central e desenvolver máquinas biológicas
mais complexas.
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