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Abstract:

Alternative reading frames of protein coding genes are a major contributor to the evolution of
novel protein products. Recent studies demonstrating this include examples across the three
domains of cellular life and in viruses. Alternative frame sequences both increase the
number of trials available for the evolutionary invention of new genes and have unusual
properties which may facilitate gene origin. The structure of the standard genetic code
contributes to the features and gene-likeness of some alternative frame sequences. These
findings have important implications across diverse areas of molecular biology, including for
genome annotation, structural biology, and evolutionary genomics.

Introduction

Is evolution a tinkerer, never creating from scratch, as was proposed 45 years ago? (Jacob
1977). This claim both reflected and helped to form a general consensus across the
subdisciplines of molecular biology which has been orthodoxy until recently. The growing
evidence of highly taxonomically restricted or “orphan” genes formed ‘de novo’ from
non-coding sequences however challenges this consensus (Van Oss and Carvunis 2019;
Vakirlis, Carvunis, and McLysaght 2020; Weisman 2022). The origin of many new functional
genes requires some combination or three factors, as summarised in a recent overview
(Weisman 2022): that novel gene sequences are not as rare as earlier assumed, that there
are vast numbers of evolutionary trials, or that many of the sequences trialled are
non-random in ways which facilitate gene origin. | argue that all three factors likely
contribute. In particular, examining the large resource of alternative frame sequences within
protein-coding genes suggests both that genomes are involved in more evolutionary trials of
potential novel genes than previously realised and that these sequences have useful biases.

The non-coding sequences which are the raw materials of gene birth often have unusual
sequence properties which may predispose them towards gene formation (Wilson et al.
2017; Schmitz, Ullrich, and Bornberg-Bauer 2018; Vakirlis et al. 2018; Willis and Masel 2018;
L. J. Kosinski and Masel 2020; L. Kosinski et al. 2022). For instance, open reading frames
(ORFs) which give rise to proteins in budding yeast are enriched in foldable peptides and
have reduced aggregation tendency (Papadopoulos et al. 2021). Another study found that
such ORFs tend to encode transmembrane domains (Vakirlis et al. 2020). The specific
“pre-adaptation” hypothesis is one of multiple models for de novo gene origin (Van Oss and
Carvunis 2019) which proposes particular selective pressures which create sequence
biases; the existence of some useful biases in progenitor sequences is a broader claim.
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While key details (e.g. regarding foldability vs disorder) remain to be worked out across
organisms, the hypothesis that some sequence biases facilitate gene birth would support a
key intuition underlying the “tinkering only” framework, that functional protein sequences
could only very rarely arise from truly random non-coding sequences. As discussed below,
many new protein sequences are at least partially derived from alternative reading frames of
existing genes, and these sequences are non-random. This largely unexplored reservoir
both greatly increases the total number of evolutionary trials from which gene novelty can
arise, and is a source of potentially useful bias in novel sequences.

De novo origins

Proteins have significant functional and biophysical constraints concerning which mutations
can be sustained while retaining structural integrity and/or function. Most random changes in
a protein sequence tend to be destabilising (Tokuriki et al. 2007). In the early years of
molecular biology the observed specificity led to discussion of the “uniqueness of the gene”
(Salisbury 1969; J. M. Smith 1970). We now know that any given protein fold can be
encoded by vast arrays of different sequences of amino acids, sometimes referred to as the
“sequence capacity” or “designability” of a protein fold (Tian and Best 2017; Pan et al. 2021).
The sequence specificity however is determined by the ratio of the sequence capacity to the
total number of possible protein sequences of the typical sequence length for the fold. The
total possibility space is hyperastronomical (Louis 2016), and as such, the specificity ratio
may be extremely small for particular protein folds (Axe 2004; Tian and Best 2017). The
nature of the sequence specificity of proteins is in general not well understood; for instance,
protein sequences appear to be surprisingly close to randomly distributed throughout
sequence space (Weidmann et al. 2021). The structure space of both young proteins
(Bornberg-Bauer, Hlouchova, and Lange 2021) and small proteins (Kubatova et al. 2020)
remains largely unexplored. While many proteins do appear to be highly specified the overall
picture is not yet clear, for instance different folds sometimes perform the same functional
role (Bork, Sander, and Valencia 1993) and it is not known to what extent the total sequence
space includes functional proteins, including folds unsampled in extant biology. Recent
advances in computational structure prediction (Jumper et al. 2021; Weissenow, Heinzinger,
and Rost 2022; Lin et al. 2022) will greatly improve our knowledge of at least the naturally
occurring protein structures.

If proteins have extremely high sequence specificity then de novo birth is expected to be
rare, with protein evolution proceeding only through minor divergence from existing
sequences. This was the argument of some of the founders of modern molecular evolution
such as Maynard Smith (1970), Ohno (1970), and Jacob (1977). Many proteins do indeed
have ancient roots, for instance approximately 150 million protein domains are able to be
sorted into less than 5500 protein superfamilies in the CATH database (Sillitoe et al. 2021).
Each superfamily comprises divergent proteins probably sharing a common ancestor. Some
of these different superfamilies are also related by descent (Cheng et al. 2014), and many
apparently distinct domains share common short motifs termed ‘themes’, likely via descent
(Kolodny et al. 2021). We might conclude from this that most protein families originated
before or near the time of the last universal common ancestor. A view like this is indeed
sometimes still advocated (Bordin et al. 2021; Weidmann et al. 2021). Even many putative
orphan genes without detected homologs do have homologous sequences which are missed
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by simple similarity searches due to rapid evolution or differences in genome annotation
across species (Arendsee et al. 2019; Weisman, Murray, and Eddy 2022). However, such
factors do not account for all orphans (Weisman, Murray, and Eddy 2020), and databases
like CATH, by focusing on domains, are inherently biased towards well-conserved protein
sequences, so likely underestimate the number of distinct protein families. Many
protein-coding genes are genuinely highly taxonomically restricted, and a few have been
shown in detail to have originated relatively recently from non-coding sequences (Schmitz
and Bornberg-Bauer 2017; Van Oss and Carvunis 2019; Vakirlis, Carvunis, and McLysaght
2020; Weisman 2022).

Both the ubiquity of orphan genes and proposed models for de novo gene origin have been
controversial (Casola 2018; Weisman, Murray, and Eddy 2020). Generalisations about gene
origins are typically drawn from studies in single model organisms (usually yeast, mice, fruit
flies, or humans), and often results differ when using different organisms, computational
approaches or similarity thresholds. As an example of the complexity of this literature, while
many examples of de novo gene origin in the fruit fly Drosophila melanogaster have been
claimed (Levine et al. 2006; Heames, Schmitz, and Bornberg-Bauer 2020), a detailed
analysis found just one example arising within the D. melanogaster species subgroup which
passed stringent thresholds (Zile et al. 2020). A recently published analysis, in contrast,
included not only annotated genes but other translated ORFs and found more than 80 de
novo gene candidates in this same clade, more than any previous analysis (Zheng and Zhao
2022).

Frameshifted sequences

Biological utilisation of frameshifted sequences has been known since at least the discovery
of same-strand overlapping genes in bacteriophages in the mid-1970s (Barrell, Air, and
Hutchison 1976). The concept of out-of-phase coding had been discussed earlier, for
instance in the context of a manipulated bacteriophage (Contreras et al. 1973). Undergirding
the phenomenon of gene overlap is the triplet standard genetic code which uses
double-stranded DNA and encodes 20 amino acids among 64 codons. The redundancy of
the code allows for significant sequence flexibility at the nucleotide level when encoding a
given amino acid sequence. The interchangeability of many amino acids further increases
coding flexibility. The triplet nature of the code means that translational frameshifts will
produce different protein sequences. The double-stranded nature of DNA further allows for
reading protein sequences from either strand or both simultaneously. Both sense and
antisense overlapping gene pairs are the subject of an important recent review (Wright,
Molloy, and Jaschke 2022). Virus overlapping genes have been discussed in some detail in
relation to gene birth (Rancurel et al. 2009; Willis and Masel 2018).

A shift in reading frame may be expected to be highly deleterious. Consider morse code, for
instance - it would be surprising if after a message was shifted by one character per morse
“codon” (letter code) it was still meaningful. This intuition has been influential; for instance, in
an important paper by John Maynard Smith (1970), frameshifts were effectively equated with
random sequences. There is also evidence that the genetic code has been optimised to
some extent for producing a stop codon as soon as possible after a frameshift, to reduce the
damage from frameshifting (ltzkovitz and Alon 2007). Proteins are nonetheless surprisingly
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robust to frameshift mutations (Coray et al. 2019). Frameshifted sequences tend to conserve
the hydrophobicity profiles of unshifted reference frame sequences (Bartonek, Braun, and
Zagrovic 2020) and perhaps biochemical similarity more generally, as summarised in amino
acid scoring matrices (Wang et al. 2022). A careful analysis showed that the high frameshift
robustness in the standard genetic code compared to alternative codes with a similar
degeneracy structure is largely a consequence of the well-documented mismatch robustness
in combination with the ‘block’ structure (Xu and Zhang 2021). Regardless of how it was
achieved, the frameshift robustness measured in terms of e.g. polar requirement is a real
feature of coding sequences.

Frameshifted sequences are used by diverse organisms. In bacteria, “recoding” of putative
pseudogenes involving frameshifting is common, as investigated in a recent in-depth
analysis of two serovars of Salmonella enterica (Feng et al. 2022). Single-strand RNA
bacteriophages regularly evolve sgl (single gene lysis) genes out-of-frame to the phage’s
core genes (Chamakura et al. 2020). Coronaviruses including SARS-CoV-2 include multiple
same-strand overlapping genes (Nelson et al. 2020; Firth 2020; Jungreis et al. 2021; Stewart
et al. 2022). In vertebrates an early comparative genomics study showed that frameshifts are
commonly retained for millions of years and facilitate the exploration of new sequence space
(Raes and Van de Peer 2005). There are a few known examples of out-of-frame ORFs in the
human genome (Wright et al. 2022) - a recent study, as reported in supplementary tables,
found 98 same strand out-of-frame ORFs with some evidence of protein coding from
ribosome profiling experiments (Mudge et al. 2022).

Antisense coding

Coding from each of the three frames antisense to an annotated protein-coding gene has
been established across diverse biological systems. In HIV the antisense protein, asp
(Cassan et al. 2016; Miller 1988), has been shown to be a structural protein in the viral
envelope and a transmembrane protein involved in infection of host cells (Affram et al.
2019). In bacteria, multiple antisense proteins have been characterised (Delaye et al. 2008;
Fellner et al. 2014; Hicker et al. 2018; Vanderhaeghen et al. 2018; Zehentner et al. 2020a;
Kreitmeier et al. 2022), as has been reviewed (Ardern, Neuhaus, and Scherer 2020). The
previously mentioned single confirmed ‘de novo’ gene in the D. melanogaster species group
(Zile et al. 2020) arose in antisense to an open reading frame which may be protein coding.
Multiple novel antisense protein-coding ORFs have been reported in S. cerevisiae (Blevins
et al. 2021). It is apparent that many more antisense coding ORFs are likely already in the
extant literature, either in supplementary tables or excluded as candidates at early stages of
analysis on account of substantial overlaps. While most reported antisense genes are in
frames “-1” or “-2” (i.e. directly antisense or antisense and shifted one nucleotide to the left),
the relative proportions haven’t been rigorously established. The potential functionality of
antisense sequences has long been discussed (Forsdyke 1995), but only relatively recently
has been established as a significant phenomenon.

The structure of the standard genetic code is arranged in a way that may facilitate the origin
of functional protein sequences in antisense. Codons for hydrophobic amino acids tend to be
complemented by codons for hydrophilic amino acids in the antisense (Blalock and Smith
1984). This entails that the hydrophobicity pattern in the sense strand is templated in mirror
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form in the antisense. Protein hydrophobicity is very important for protein structure formation.
This suggests an analogy with a method used in designing novel proteins, where
combinatorial libraries are created with a defined pattern of polar and non-polar amino acids,
increasing the chance of the sequence forming a folded protein (Hecht et al. 2004). Whether
antisense sequences really are apt for structure formation deserves further attention. It has
similarly been suggested that there is a tendency for secondary structures found in the
sense strand to be retained in antisense, in terms of the types of amino acids encoded (Zull
and Smith 1990) and a tendency for conservative mutations in one strand to also be
conservative in the other (Konecny et al. 1993). This study of conservation in antisense has
recently been extended to other frames, finding remarkable similarity across frames
(Wichmann and Ardern 2019, 2022).

Mechanisms of protein novelty from alternative reading frames

There are multiple possible mechanisms whereby alternative reading frames can play a role
in gene origins - | will briefly describe three (Figure 1). The first is the best known -
overlapping genes. The extent of overlapping genes is not yet well quantified and it seems
likely that many overlapping genes remain undiscovered across diverse taxa. Overlapping
genes were proposed as contributors to gene novelty 30 years ago (Keese and Gibbs 1992).
The origin of such gene pairs is termed “overprinting”, and can occur either through the
translation of a previously non-coding open reading frame in an alternative reading frame of
an existing protein-coding gene, on the same or opposite strand. It is possible that such
gene pairs may get copied with one member subsequently lost by pseudogenization, but no
such examples have been published to my knowledge. Excitingly, recent studies have
demonstrated and proposed other mechanisms by which alternative reading frames play a
role in gene origins. Secondly, frameshifts within an existing gene are sometimes retained
after compensatory mutations. This phenomenon of “pairs of compensatory mutations” has
recently been studied in insects and vertebrates, with a few strong candidates found
including three human genes (Biba, Klink, and Bazykin 2022). The general phenomenon of
incorporation of frameshifted sequences was studied earlier (Raes and Van de Peer 2005).
A third mechanism is frame-shifted gene fusion. Fusions including one or more frame-shifted
sequences play a non-trivial role in the origin of new genes in E. coli; an estimated ~2.5% of
all genes in the species include sequences with an out-of-frame origin (Watson, Lopez, and
Bapteste 2022). A fourth possible mechanism is stop codon readthrough, either at the ends
of genes (L. J. Kosinski and Masel 2020) or following premature truncation (Feng et al.
2022), leading to the translation of out-of-frame sequences. Other hypotheses have also
been proposed. For instance, it has been suggested that frameshifting at the level of
translation may produce mosaic peptides in eukaryotes (Cakir et al. 2021).
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Mechanisms for protein novelty from alternative frame sequences
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Figure 1: mechanisms for producing protein novelty via alternative frame sequences: 1)
overprinting, i.e. translation of out-of-frame sense or antisense sequence produces an
overlapping gene pair, or similarly a merged product via programmed ribosomal frameshift.
2) frameshift mutation (potentially with a compensatory frameshift downstream) or inversion
incorporates alternative frame sequence 3) fusion of genes, with one or more being
out-of-frame creates a fused gene product 4) stop codon read through produces an
extended gene product, typically only for a percentage of the protein products.

Sequence novelty is a broader concept than gene novelty. As genes are often composed of
multiple domains which can be added, subtracted, or replaced, what counts as a new gene
resembles a “ship of theseus” problem (“Plutarch, Theseus, Chapter 23, Section 1" n.d.). Of
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the four mechanisms of sequence novelty from alternative reading frames highlighted here,
i.e. overprinting, fusion, frameshift-compensation, and read-through (Figure 1), the latter
three typically do not produce fully new genes except in cases where two genes fuse such
that both are frame-shifted), but instead introduce new amino acid sequences into existing
genes. Overprinting can also involve extension of existing genes rather than translation of
separate open reading frames. Extension or replacement of sequence allows skipping some
of the steps involved in forming a fully new gene, which are summarised by Van Oss and
Carvunis (2019). However, there is a large pool of translated sequences in addition to
canonical genes, giving more templates from which to build. For instance, in both eubacteria
and archaea (Gelsinger et al. 2020; Zehentner et al. 2020b; C. Smith et al. 2022), budding
yeast (Ingolia et al. 2014; Durand et al. 2019; Blevins et al. 2021), mice (Ruiz-Orera et al.
2018), and the human genome (Mudge et al. 2022) there are many unannotated open
reading frames with strong evidence of protein coding but which are generally not under
strong purifying selection. Many of these sequences are in alternative frames of older
protein-coding genes. Only very seldom in such studies however is purifying selection tested
for with methods appropriate for overlapping sequences, of which there are now a few (Firth
2014; Sealfon et al. 2015; Nelson, Ardern, and Wei 2020). As such, the evolution of
alternative frame sequences outside of viruses is almost completely unstudied. It is clear that
they evolve rapidly (Pavesi 2019), and as such explore large regions of sequence space.
Even synonymous mutations in a coding sequence in effect explore sequence space in
alternative frames. The surprising similarity in this “collateral” effect size across alternative
frames (Wichmann and Ardern 2019) may facilitate evolutionary exploration (Wichmann and
Ardern 2022).

Discussion

At the turn of the millennium a helpful critical review of the evidence available at the time for
direct sense-antisense coding and its potential role in evolution was published (Boldogkoéi
2000). The author concluded by favouring the traditional view that proteins arise only by
divergence, writing about antisense coding “l| do not believe that this capacity, if it ever
existed, is utilized by recent genomes.” Bidirectional coding has, similarly, recently been
argued to have been important in early life and rare since (Carter 2021). However, the
extensive recently accrued evidence for de novo gene origin and out-of-frame coding brings
alternative reading frames out of the shadows as a demonstrated mechanism of continued
importance in gene origin.

Many research questions are opened up as a result of the increasing prominence of
alternative frame protein-coding sequences. In particular, both the relative and absolute
contributions of the different mechanisms discussed here, as well as the timeframes on
which they operate, are unknown. The structural features of proteins encoded by
overlapping genes and novel genes more broadly can now be investigated with new
computational methods, along with the contribution of alt-ORF sequences to protein
structure. In future research six frame translations should be increasingly used when
searching for homologous sequences rather than relying on official annotations, and the
gaps in current gene annotations should be taken into account. Improved comprehensive
genome annotation will lead to improved understanding of biological processes including
critical host-pathogen interactions (Stewart et al. 2022). Understanding evolutionary rates in
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novel genes will help in better understanding accessory genes, for instance in both viruses
and the large pangenomes of many bacterial species (Brockhurst et al. 2019). The rapid
evolution of alternative frame sequences in particular increases the number of evolutionary
trials and may facilitate gene origins from these sequences.

Processes underlying the origins of novel proteins remain poorly understood at the level of
detailed mechanisms. The evolutionary use of overlapping reading frames potentially
provides an elegant mechanism for exploring new territory in sequence and function-space -
by both increasing the number of trials and potentially being biased in useful directions.
Although the available data is of mixed quality and is often contentious, there is growing
evidence that alternative frame ORFs play a major role in gene origin and that the structure
of the proteins they encode may be partially templated from pre-existing reference frame
proteins. The discovery of this vast coding reservoir contributes towards solving the apparent
paradox of protein sequence specificity and the frequent evolution of protein novelty.
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