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Protein evolution or engineering studies are traditionally focused on amino acid substitutions and the way these

Indel contribute to fitness. Meanwhile, the insertion and deletion of amino acids is often overlooked, despite being one
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of the most common sources of genetic variation. Recent methodological advances and successful engineering
stories have demonstrated that the time is ripe for greater emphasis on these mutations and their understudied
effects. This review highlights the evolutionary importance and biotechnological relevance of insertions and
deletions (indels). We provide a comprehensive overview of approaches that can be employed to include indels in

random, (semi)-rational or computational protein engineering pipelines. Furthermore, we discuss the tolerance
to indels at the structural level, address how domain indels can link the function of unrelated proteins, and
feature studies that illustrate the surprising and intriguing potential of frameshift mutations.

1. Introduction

The intricate process of evolution has resulted in the remarkable
diversity of proteins that can be found in nature today. Over the course
of billions of years, the continuous stepwise accumulation of seemingly
minor changes to amino acid sequences has generated a wealth of pro-
teins that show major differences in shape and function. The evolu-
tionary itinerary between two proteins is often portrayed as a walk
through the vast space of possible sequences, with every mutation rep-
resenting a single step through a fitness landscape (Maynard Smith,
1970; Romero and Arnold, 2009). Some of these mutations are benefi-
cial, leading the protein uphill towards a peak of high fitness to current
selective pressures. Others are deleterious, pushing it closer towards a
valley of low fitness, where it is discarded by natural selection. But as
proteins wander around this mountainous landscape, they may also
encounter the base of a new peak that leads to a different kind of fitness.
Under appropriate selection conditions, those peaks of functional
innovation can be climbed through adaptive mutations, eventually
resulting in yet another addition to nature's repertoire of distinct
proteins.

The powerful Darwinian cycle of diversification and selection has
long been used to develop custom proteins that are tailor-made for

specific purposes (Arnold, 2019). Since the 1980s, protein engineers
have employed mutagenesis techniques like error-prone PCR to accel-
erate movement through sequence space. By carefully imposing a suit-
able artificial selection pressure, adaptive mutations that guide the
protein uphill the desired fitness peaks can conveniently be exposed.
This strategy of directed evolution has been very successful and many of
its achievements have been adopted in industry, from improved deter-
gent proteases to highly active, enantioselective and thermostable cat-
alysts for manufacturing pharmaceuticals (Bornscheuer et al., 2019;
Savile et al., 2010; Vojcic et al., 2015). Over the years, considerable
advances in (semi-)rational and computational engineering have made it
possible to navigate sequence space more intelligently, resulting in
smaller libraries with a higher hit rate (Chowdhury and Maranas, 2020;
Currin et al., 2015).

Despite enormous progress in the field, not all aspects that are
responsible for functional innovation in natural protein evolution have
been extensively studied or applied for directed evolution. Most analyses
and experiments are centred around amino acid substitutions, whereas
insertions and deletions (indels) of amino acids remain overlooked. Yet,
indels are a great source of genetic diversification that can have a strong
impact on the properties or evolvability of a protein. In the metaphor of
a fitness landscape, they tend to represent steep ledges that abruptly
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alter fitness to prevailing selective pressures, for better or for worse. We
currently lack a molecular-level understanding of how exactly indels
affect protein fitness, let alone the knowledge to predict just how they
can be harnessed in the search for novel proteins. For that reason, pro-
tein engineers usually avoid traversing the fitness landscape through the
treacherous paths shaped by indels. Nevertheless, a degree of success
has been achieved in this area over the years, and several appealing
methods have been described for incorporating indels in engineering
strategies. In this review, we take a closer look at how indels contribute
to the navigation through rugged fitness landscapes both in natural and
directed protein evolution.

2. Mechanism and frequency of indel mutations

The random insertion or deletion of nucleotides in genomes is
commonly caused by a phenomenon called replication slippage, also
known as slipped strand mispairing (Sehn, 2015) (Fig. 1). DNA poly-
merase occasionally pauses and dissociates from the DNA during repli-
cation, making it possible for the end of the growing strand to separate
from the template and then reanneal to a homologous region located
downstream or upstream (Viguera et al., 2001). When the polymerase
eventually resumes replication, it will have skipped ahead or back-
tracked from where it first halted, resulting in a deletion or insertion,
respectively. The basic idea of indels originating from the misaligned
pairing of two strands was first formulated by George Streisinger in 1966
and the underlying molecular mechanism has largely been elucidated
over the past decades (Garcia-Diaz and Kunkel, 2006; Streisinger et al.,
1966). However, slippage cannot account for all observed short in-
sertions or deletions, and it has been proposed that non-slippage indels
may be caused by a diverse group of mutational mechanisms (Taylor
et al., 2004), such as the error-prone non-homologous end joining of
double-strand breaks, which can in turn be caused by ionising radiation
or replication fork collapse (Gong et al., 2005; Morita et al., 2010).

Indel events can occur throughout the genome, but certain regions
are far more susceptible to replication slippage than others. In genetic
stutters such as short tandem repeats or homopolymeric runs, the ter-
minal base of a nascent strand can easily anneal in an erroneous way to
adjacent homologous regions. In addition, exonucleolytic proofreading
efficiency is considerably diminished in repetitive DNA (Bebenek and
Ziuzia-Graczyk, 2018; Kroutil et al., 1996). As a result, as much as two-
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thirds of indels may be associated with such sequence regions in certain
genomes (McDonald et al., 2011).

The rate at which small indels are generated has been estimated for
various prokaryotic and eukaryotic genomes. It is clear that the absolute
frequency of indel events in the genome of an organism is mostly
dependent on the overall mutation rate of that organism, which varies
over a 1000-fold range across species (Lynch et al., 2016). There appears
to be a strong positive correlation between mutation rates for base
substitutions and indels, and this correlation holds even when the
mismatch repair system is inactivated (Long et al., 2018). The ratio of
small indels to base substitutions in bacteria was found to be 0.22 + 0.04
in the most recent extensive study (Long et al., 2018; Sung et al., 2016)
and a similar value was reported earlier for the human genome (Mills
et al.,, 2011). However, not all organisms follow the same pattern. In
Dictyostelium discoideum and Plasmodium falciparum, both eukaryotes
with an unusually high AT content and abundance of simple sequence
repeats, the indel rate far exceeds the base substitution rate (Hamilton
et al., 2017; Kucukyildirim et al., 2020). It is also worth noting that
indels of different length occur at different rates. Their size distribution
in prokaryotic and eukaryotic genomes obeys a power law, with longer
indels being much less represented (Cartwright, 2009; Danneels et al.,
2018).

When comparing rates of insertion versus deletion separately, these
mutations do not seem to be equally common. A pronounced abundance
of deletions over insertions has been detected in bacteria, archaea,
amoebae, nematodes, insects, fish and mammals (Gregory, 2004; Guo
et al., 2012; Kucukyildirim et al., 2020; Long et al., 2018; Saxena et al.,
2019; Taylor et al., 2004). However, this trend is not universal. In a few
species, the insertion/deletion ratio was found to be skewed towards
insertions instead (Behringer and Hall, 2016; Farlow et al., 2015; Long
etal., 2018; Sung et al., 2012). These biases may exist due to DNA repair
pathways (Long et al., 2018). Shutting down the mismatch repair system
flips the insertion/deletion ratio of bacteria in favour of insertions.
Conversely, in the extremophile Deinococcus radiodurans which has an
unusual insertion bias, inactivating its divergent repair system makes
deletions more prevalent instead (Long et al., 2018). Further, the nu-
cleotides flanking the mismatch influence the efficiency of the repair
system, which may cause bias differences in organisms where the local
or absolute ratio of G/C over A/T is unbalanced.

Unsurprisingly, indels are less abundant in regions of the genome
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Fig. 1. Strand slippage may occur during DNA replication, causing a misaligned intermediate with one or more unmatched nucleotides. The newly synthesised strand
contains an insertion or a deletion when slippage occurs in the nascent or template strand, respectively.
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that code for proteins (Chen et al., 2009; Studer et al., 2013). When the
number of nucleotides added or deleted is not a multiple of three, the
reading frame is shifted and the resulting fitness loss prevents the mu-
tation from accumulating in the population. However, substitution-to-
indel ratio has been observed to be up to 100-fold higher in protein
coding regions, indicating that the rate of indel purging cannot simply
be explained by the need to preserve the reading frame (Toth-Petroczy
and Tawfik, 2013). Purifying selection appears to act more strongly on
indels than on substitutions, even when they are in frame.

3. Tolerance to indels

Indels can occur along the whole length of a protein sequence, but
they accumulate unevenly. This observation is related to the three-
dimensional structure of proteins. Because of their intrinsic features,
the hydrophobic core, the polar solvent-exposed surface, loops and
structured secondary elements are affected by indels to different degrees
of severity (Guo et al., 2012). When such mutations occur in structural
elements that poorly tolerate their effects, they are promptly purged by
selective pressure. A massive mutational screening in p-lactamase
(Gonzalez et al., 2019) showed that most insertions and deletions are
highly deleterious, with over half of them lowering the fitness of the
enzyme at least 100-fold. Specifically, lower fitness (identified as lower
resistance to ampicillin, when compared to wild type) was usually
observed with indels occurring in secondary structure elements. How-
ever, those located in unstructured regions such as loops were tolerated
more frequently. Furthermore, the fitness effect of an insertion depen-
ded more on the site of insertion than on the identity of the inserted
residue, indicating again that the location of an indel event certainly
matters. Overall, the authors found insertions to be better tolerated than
deletions.

The tolerance of loops to indels has been widely described for many
protein families (Pascarella and Argos, 1992; Simm et al., 2007; Taylor
et al., 2004). Other disordered regions prone to accumulation of indels
are the N- and C-termini (Lin et al., 2017), where the length of the
inserted or removed sequence stretch tends to be longer (Light et al.,
2013). In a study by Arpino et al., an interesting phenomenon was
observed where a single amino acid deletion at the N-terminus of green
fluorescent protein causes a change in the registry (i.e. relative side
chain position) of an a-helix (Arpino et al., 2014a). However, the mu-
tation is not only tolerated, but it even increases fluorescence by
improving folding efficiency. Similarly, a C-terminal deletion was well
tolerated, despite the extensive structural changes that occurred as a
consequence of the deletion (Arpino et al., 2014b).

In contrast, indels tend to be dramatically underrepresented in
highly structured regions where the preservation of structural integrity
is critical, such as transmembrane domains. Transmembrane length and
helical registry of side chains within the membrane appear to be con-
strained in order to ensure a correct localization of the protein in the cell
(Taylor et al., 2004). In fact, the properties of transmembrane regions
even remain largely conserved upon frameshifting (Bartonek et al.,
2020). Another example of structures where indels are less frequently
observed are coiled coils, which are domains formed by repetitive
peptide motifs that play a structural role in the cell. Unlike other re-
petitive regions, which are generally susceptible to length changes, the
length of coiled coils is quite conserved (Surkont et al., 2015). This is
probably caused by their sequence length being directly proportional to
the physical size of the domain, which in turn directly affects their
biological function as spacers or scaffolds. When a-helices and f-strands
are compared, the former structures are found to be more tolerant to
indels, presumably because the latter interact strongly to form p-sheets,
causing the effect of the indel to propagate through the structure (Kim
and Guo, 2010). Most indels that are tolerated in p-strands are located
towards the strand termini (Arpino et al., 2014a).

At the folding level, many examples exist of proteins that tolerate in-
frame indels remarkably well. Pairs of structures in the Protein Data
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Bank of homologous proteins with short indels (< 50 bp) display low
root mean square deviations (RMSDs) when they are compared (Kim and
Guo, 2010). Even in the few cases where large RMSDs are observed,
these are caused by a different positioning of domains, rather than actual
changes in protein folding. This simple observation supports the idea
that a degree of plasticity is regularly retained in the folding paths of
alternate protein forms (with and without indels), as well as in protein
evolution (before and after indels). However, while the accumulation of
indels in folded and soluble proteins barely seems to influence their
overall structure, their effect is more noticeable on the interaction be-
tween different proteins, or even between monomers forming a homo-
oligomer (Sandhya et al., 2009; Studer et al., 2013). Indels occur
frequently at binding interfaces and they eventually apply selective
pressure even on the evolution of binding partners.

It thus appears that we can zoom in on the fitness landscape that is
shaped by indels to find some sort of hierarchy in how abrupt the effect
of these mutations can be (Fig. 2). In some regions of sequence space,
indels are tolerated generally well and their evolutionary effects on
organismal fitness are not too different from those caused by sub-
stitutions, at least with respect to the conservation of the native protein
function. In other regions, the landscape is riddled with valleys of low
fitness.

4. Adaptive indels in natural protein evolution

As proteins accrue random mutations, they may experience gradual
or even drastic shifts in their functional properties such as activity,
specificity or stability. Under appropriate selective pressures, these
mutations ultimately result in the divergence of proteins that are
equipped with a new set of traits. The impact of amino acid substitutions
on protein function is routinely investigated, and such studies have
delivered fascinating and useful insights into important processes like
specificity switches (Bridgham et al., 2009), temperature adaptation
(Pinney et al., 2021), or even the emergence of enzymatic activity in
non-catalytic proteins (Clifton et al., 2018; Kaltenbach et al., 2018). On
the other hand, the contribution of indels is still poorly understood.
Nevertheless, a few reports have surfaced that demonstrate how indels
can clearly play a key role in protein evolution as well.

Before a protein can drastically diverge, a prior duplication event is
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Fig. 2. Tolerance of protein structural elements to insertions and deletions.
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often necessary. One copy of the coding gene is then free to serve as a
canvas for adaptation, as long as the other maintains its original function
to preserve organismal fitness for as long as is necessary (Copley, 2020).
This is likely to be even more relevant when indels rather than sub-
stitutions are the cause of divergence, due to their common deleterious
effects. Gene duplications have indeed been shown to set the stage for
adaptive indel events in a study of thousands of duplicate genes in five
teleost fish species (Guo et al., 2012). Indels were at least 25% more
abundant in duplicated genes than in singletons, and a large proportion
of tertiary structure divergence between duplicated genes could be
explained by indel density, but not by amino acid substitutions. Inter-
estingly, the higher indel rate could in most cases be observed sym-
metrically in both members of the gene pair, implying that both copies
experience relaxed purifying selection after duplication. The data also
once again confirmed that short indels are more prevalent than long
ones, that they predominantly occur in loop regions, and that a clear
deletion bias exists.

A few natural protein adaptations that increase the odds of survival
and/or proliferation have been found to be caused by indels. In the
peach cultivar ‘Hongbaihuatao’, a 2 base pair insertion in an anthocy-
anin transport gene instals a premature stop codon, causing variegated
coloration of flowers (Cheng et al., 2015). Although the effect of this
mutation is purely cosmetic, the added ornamental value increases the
popularity of the cultivar with consumers. However, indels can also
critically allow organisms to mitigate immediate threats to their sur-
vival. Amaranthus tuberculatus was the first weed to evolve resistance to
herbicides that inhibit protoporphyrinogen oxidase, an enzyme in a
biosynthetic pathway that produces heme and chlorophyll. The resis-
tance was conferred by the deletion of a single Gly residue near the
herbicide-binding site (Patzoldt et al., 2006). The affected Gly-coding
triplet was located in a short simple sequence repeat, making it partic-
ularly prone to slippage-mediated deletion. There are also indications
that indels play a major role in the evolution of antibiotic resistance.
Indels are significantly enriched in Mycobacterium tuberculosis isolates
that are associated with multi-drug resistance and epidemic spread
(Godfroid et al., 2020). And in a f-lactamase from Burkholderia thai-
landensis, five different deletion mutations have been reported to
broaden the substrate spectrum and to increase the minimal inhibitory
concentration when exposed to the antibiotic ceftazidime (Hwang et al.,
2014; Yi et al., 2012). Using molecular dynamics, those mutations were
correlated to elevated flexibility of a loop that is essential to protein
activity, possibly increasing the accessibility to the active site.

Indels were recently found to be an important driver in the evolution
of coenzyme specificity in Rossmann fold enzymes. Through a system-
atic search for key motifs in their coenzyme-binding pockets, it was
possible to identify an indel of three residues that accomplishes a switch
between nicotinamide adenine dinucleotide and S-adenosyl methionine
specificity (Toledo-patino et al., 2022). This work sheds new light on the
evolution of cofactor dependence in proteins and provides a novel
approach for coenzyme engineering, while also highlighting once again
the scaffold plasticity of the Rossmann fold.

Perhaps the strongest tool available for truly exposing the contri-
bution of indels to the diversification or functional innovation during
protein evolution is ancestral sequence reconstruction (ASR). Briefly,
the reconstruction procedure requires a multiple sequence alignment
and a phylogenetic tree as input, and the sequences at internal nodes of
the tree are inferred by applying a statistical model of amino acid sub-
stitution (Spence et al., 2021). Most ASR studies today focus only on
ancestral substitutions and not on indels, but considering the evidence
that the latter have a higher per-event contribution to structural varia-
tion (Zhang et al., 2018), they certainly deserve better attention. For
example, Tokuriki et al. recently analysed the mutational trajectory
from an ancestral dihydrocoumarin hydrolase to a methyl-parathion
hydrolase that is capable of degrading xenobiotic organophosphate
compounds (Yang et al., 2019). A set of five epistatic mutations was
sufficient and necessary for achieving this function switch, of which one
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was a Ser deletion in an active site loop, altering the loop conformation.
Looking forward, the use of ASR tools that more carefully handle his-
torical indel events may offer further insights in how they can shape
functional adaptation, but most of the currently available tools sadly
provide little to no opportunities for evaluating indel placement in a
reconstructed sequence. Graphical Representation of Ancestral
Sequence Predictions (GRASP) is a recent ASR tool that was designed to
solve this problem by presenting protein engineers multiple plausible
indel histories that can be explored (Foley et al., 2022; Ross et al., 2022).
Another useful ASR tool that can handle indels is FireProt*S®, which also
maps their location on the three-dimensional protein structure (Musil
etal., 2021). The ability to sample alternative plausible indel states may
allow researchers to properly characterise the functional robustness of
ancestral proteins to statistical uncertainty, a strategy that has already
proven useful in the case of ambiguous historical substitutions (Fick
et al., 2017).

5. Indels in protein engineering
5.1. Random approaches

Thanks to the powerful concept of directed evolution which collapses
the time scale of natural evolution to just a few months or weeks, protein
engineers can tailor features to specific industrial or academic needs
(Arnold, 2019). To this day, straightforward random mutagenesis con-
tinues to be one of the most effective strategies for introducing genetic
diversity in a protein template. However, the most famous random
mutagenesis techniques, such as error-prone PCR, only generate li-
braries of variants that contain amino acid substitutions. Although a few
polymerases have been described to exhibit a higher rate of slippage-
related errors (Emond et al., 2008; Guilliam et al., 2015; Kashiwagi
et al., 2006), those typically insert or remove just one or two bases,
disrupting the reading frame. Meanwhile, recombination-based tech-
niques like DNA shuffling or staggered extension process can only reli-
ably be used to mix indel events that were already present in some of the
parental genes.

Over the years, various methods have been developed specifically for
the random insertion or deletion of residues (Table 1), some of which are
discussed below. One of the first was random elongation mutagenesis
(REM), where a sequence fragment containing degenerate codons is
ligated to a gene, adding a random peptide tail to the N- or C-terminus of
a protein of interest. The authors used REM on a Bacillus stear-
othermophilus catalase I mutant with decreased thermostability, and they
identified multiple elongated variants that were profoundly more stable
(Matsuura et al., 1999). The mutational scope of the REM method is
clearly quite narrow, but the concept of protein stabilisation by engi-
neering of the C-terminus is certainly valid, as shown by others (Takano
et al., 2011).

The first method that could insert or delete random residues of
defined length along the entire sequence was described in the early
2000s. Random insertion and deletion mutagenesis (RID) can be used to
delete an arbitrary number of consecutive bases at random positions,
and insert a predetermined or random sequence of arbitrary length at
the same position (Murakami et al., 2002). To accomplish this, a Ce(IV)/
EDTA complex that acts as molecular scissors is briefly added to a cir-
cular single-stranded version of the target DNA. The resulting cleavage
site determines the location of the forthcoming indel event. The power
of RID was demonstrated by applying it to two fluorescent proteins,
yielding variants with different fluorescence properties. Yet, the method
is technically demanding and it involves multiple low-efficiency steps,
which may explain why it has seen little use.

A few simpler methods that can generate indel events anywhere in a
sequence were reported in the following years, but they come with their
own disadvantages. Segmental mutagenesis fuses two fragment libraries
of the same gene that were truncated either at the 5’ end or at the 3’ end
by an exonuclease, which causes a deletion or a tandem repeat at the



Table 1
Overview of methods for the generation of random indel libraries.
Method Description Suitable for  Suitable for Prevents Controlled
insertions deletions frameshifts insertion sequence
Error-prone polymerases Some error-prone DNA polymerases generate a high proportion of indel errors during amplification. + + - - (Emond et al., 2008; Guilliam et al., 2015;
Kashiwagi et al., 2006)
RAISE Target DNA is fragmented by DNase I, several nucleotides are attached to the 3’ terminus of the fragments + + - - (Fujii et al., 2006)
using terminal deoxynucleotidyl transferase, and the obtained elongated fragments are reassembled by self-
priming PCR.
Segmental mutagenesis Plasmid is linearized by cutting at the 5’ or the 3’ end of the gene. Exonuclease treatment progressively + + - - (Pikkemaat and Janssen, 2002)
shortens the gene until the target region is reached. After removing remaining vector DNA, the 5" and 3’
truncated gene fragments are randomly ligated. A repeat or a deletion is introduced at the fusion point.
Random deletion and  Plasmid is digested by DNase I to generate double strand breaks with overhangs. The 5" — 3’ polymerase + + - - (Hida et al., 2010)
tandem duplication  and 3' — 5 exonuclease activity of T4 DNA polymerase is used to make the overhangs blunt, which creates
deletions and tandem duplication insertions.
TRINS Gene is fragmented by DNase I. An aliquot of fragments is treated by ssDNA ligase to generate circular + - - — (Kipnis et al., 2012)
single-stranded DNA. Next, linear and circular fragments are mixed and rolling circle amplification is
performed using the strand displacement activity of Pfu polymerase, generating fragments with tandem
repeats. Finally, the gene is reassembled from the intact and elongated fragments.
Truncation by An artificial transposon is randomly inserted into the gene. In two separate PCR reactions, 5’-end and 3'-end — + - n.a. (Morelli et al., 2017)
transposition fragment libraries are amplified using a primer that binds to the transposon, then a primer binds to the 5’ or
3’ end of the gene, respectively. The 5’ and 3’ fragment libraries are ligated to linker DNA, the transposon is
removed by endonuclease digestion, and the gene fragments are reassembled by blunt end ligation. Finally,
the gene library is linearized by PCR.
MuDel An engineered mini-Mu transposon is randomly inserted into the gene by transposase. The transposon is — + + n.a (Jones, 2005)
removed by endonuclease digestion and the gene is reassembled by ligation. During the restriction-
digestion step, three nucleotides are removed.
Codon deletion An engineered asymmetric Mu transposon is randomly inserted into the gene. Inverse PCR is performed, — + + n.a. (Liu et al., 2016)
mutagenesis with the choice of primers determining the number of codons that will be deleted. Next, the PCR product is
digested by endonuclease, followed by ligation.
COBARDE During chemical oligonucleotide synthesis, further growth of a fraction of the oligos is randomly halted by — + + n.a. (Osuna et al., 2004)
attaching a protecting group in the nucleotide that precedes the codon to be deleted. Unprotected chains
undergo three cycles of synthesis to introduce 3 nucleotides, after which the protecting groups are removed
and synthesis continues. Deletion frequency can be adjusted by fine tuning the protecting group
concentration.
Pentapeptide scanning Random insertion of the Tn4430 transposon, followed by digestion by endonuclease and ligation. Most of + — + - (Hayes and Hallet, 2000)
mutagenesis the transposon is deleted, but a 15-bp fingerprint is left behind that consists of 5 bp of each transposon end
and 5 bp of duplicated DNA from the target site.
Random elongation A random peptide chain is attached to the C-terminus of a protein by digesting a DNA fragment encoding + - + + (Matsuura et al., 1999)
mutagenesis this peptide chain by endonuclease, and ligating it to digested plasmid DNA.
RID The gene target is converted to circular ssDNA and chemically cleaved at a random site. Anchors containing + + + + (Murakami et al., 2002)
an endonuclease restriction site and nucleotides to be inserted are ligated to both ends. ssDNA is filled in by
PCR. The anchors are then removed by endonuclease digestion, but a few anchor bases are retained at the 5
end and a number of bases are removed from the 3’ end. Finally, the digestion product is cyclized again.
InDel assembly Involves cycles where template DNA is bound to paramagnetic beads and digested with a type IIs + + + + (Tizei et al., 2021)
endonuclease, followed by annealing and ligation of standardised DNA building blocks. The building blocks
contain a degenerate overhang, a triplet that is inserted into the sequence, and a new endonuclease
recognition site that enables the assembly cycle to be restarted. Variation in composition and length can be
introduced.
TRIAD An engineered mini-Mu transposon is randomly inserted into the gene, determining the location of the =+ + + + (Emond et al., 2020)

eventual indel event. The ends of the transposons were designed to result in the deletion or insertion of
triplets after digestion and ligation steps. Insertions are obtained by ligation of shuttle cassettes containing
randomised nucleotide triplets, and a shuttle sequence that is eventually removed.

n.a.: not applicable.
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fusion point (Pikkemaat and Janssen, 2002). The strategy was success-
fully employed to obtain haloalkane dehalogenase variants with
enhanced promiscuous activity on 1,2-dibromoethane. But like other
exonuclease-based methods (Hida et al., 2010), it frequently introduces
frameshift mutations and the produced insertions are only limited to
repeats of the original sequence.

Another relatively straightforward method is random insertional-
deletional strand exchange (RAISE) (Fujii et al., 2006). Unlike the
exonuclease-based methods, it does not limit insertions to tandem re-
peats, but it also does not prevent the introduction of frameshift muta-
tions. RAISE is reminiscent of gene shuffling and utilises terminal
deoxynucleotidyl transferase to attach random nucleotides to the 3’
terminus of digested DNA before the fragments are reassembled by self-
priming PCR. RAISE has been used to generate mutants of TEM p-lac-
tamase with improved ceftazidime-hydrolysing activity, which inter-
estingly pointed out how hot spots for deletions were situated close to
hot spots for point mutations.

Since the presence of frameshifts in a library causes most variants (>
66%) to be non-functional, avoiding them is highly desirable. Methods
that rely on engineered transposons offer an elegant solution to this
problem. Transposons are DNA elements that can accurately and effi-
ciently be inserted into a sequence at a random location with the help of
a transposase. By redesigning the transposon to contain appropriately
situated recognition sites of certain restriction enzymes, cleavage with
these restriction enzymes and subsequent religation can bring forth the
insertion or deletion of nucleotide triplets. Pentapeptide scanning
mutagenesis makes use of a transposon originating from Bacillus thur-
ingiensis which leaves a 15 bp fingerprint after transposition, digestion
and ligation: 5 bp are duplicated from the target site and 5 bp are left
behind from each of the transposon ends (Hayes et al., 1997; Hayes and
Hallet, 2000). Others have created systems based on the bacteriophage
Mu transposon. In MuDel, this transposon was modified at its termini to
include a recognition site for MlyI (Jones, 2005). The ability of this re-
striction enzyme to cut a few bp outside of its recognition sequence al-
lows exactly three bp of the gene of interest to be deleted. A few studies
have used these methods to evaluate the tolerance of TEM B-lactamase
or green fluorescent proteins to insertions or deletions (Arpino et al.,
2014a; Hayes and Hallet, 2000; Jones, 2005; Simm et al., 2007).

Hollfelder et al. recently described transposon-based random inser-
tion and deletion mutagenesis (TRIAD), which may be the most versatile
method for generating indel mutations to date (Emond et al., 2020). It
consists of a single transposition reaction using engineered mini-Mu
transposons, followed by a few cloning steps. The method is an
advance of the MuDel system and the MuDel-based TriNEx method,
which was designed for the random substitution of trinucleotide se-
quences (Baldwin et al., 2008). TRIAD can delete one, two or three
triplets, or it can insert a cassette of one, two or three fully randomised
triplets. The efficacy of TRIAD was demonstrated by creating indel li-
braries of a phosphotriesterase. It was observed that the vast majority (>
75%) of indel mutations had a strongly deleterious effect on native
phosphotriesterase activity, whereas the effect of substitutions was
largely neutral. However, none of the substitutions could improve the
native activity any further, while a few indels did. Similar effects were
found when screening the same libraries for promiscuous arylesterase
activity. Indels were largely deleterious, but the frequency of beneficial
indels was also at least three times higher than that of beneficial sub-
stitutions. Those numbers convincingly illustrate how indels appear to
polarise the properties of library members towards extreme outcomes.
Since its inception, TRIAD has already been applied for developing an-
tibodies with improved binding affinity (Skamaki et al., 2020) and for
improving the properties of a bifunctional ancestor of haloalkane
dehalogenase and Renilla-type luciferases (Schenkmayerova et al.,
2021). Given these success stories, it appears that protein engineers now
finally have a tool at their disposal that can help them travel to new
areas of sequence space in directed evolution experiments, granting
access to the steep ledges that indels tend to carve into the fitness

Biotechnology Advances 60 (2022) 108010

landscape.
5.2. Semi-rational approaches

Given our poor knowledge of how indels affect the properties of a
protein, techniques that randomly insert or delete residues across the
entire sequence offer obvious benefits. However, the notoriously low hit
rate of random mutant libraries generally necessitates a massive
screening effort, and the development of an appropriate high-
throughput screening method for identifying variants with improved
properties is far from trivial. Not all properties or activities can conve-
niently be screened for at large scale due to technical limitations, time
constraints or high costs. Therefore, there is a clear need for strategies
that can exploit any available structure-function information to search
only the most promising regions of sequence space, resulting in smaller
but smarter libraries that are more likely to yield hits (Chica et al.,
2005). For substitution-based protein engineering, this semi-rational
approach has seen tremendous success over the past two decades and
techniques that use degenerate codons to randomise so-called muta-
tional ‘hot spots’ (e.g. iterative saturation mutagenesis or combinatorial
active-site saturation testing) have become common practice (Reetz
et al., 2005; Reetz and Carballeira, 2007). Unfortunately, there are very
few examples of semi-rational strategies that have been reimagined for
the generation of indel variants.

Stepwise loop insertion strategy (StLois) can be performed to
remodel and elongate active site loops (Fig. 3A) (Hoque et al., 2017).
The targeted loop first has to be identified rationally, which can be
accomplished by comparing the length and composition of functionally
relevant loops in the engineering template to those in homologous
proteins. Next, a library is constructed where random residues are
introduced into a promising elongation site using NNK degenerate co-
dons. Engineers should carefully choose the mutational step length, that
is the number of residues that are simultaneously inserted at the elon-
gation site in each round of mutation: larger step lengths drastically
increase the size of the library, but they also stimulate the discovery of
inserted residue combinations that exhibit positive synergistic effects.
The authors found a double residue insertion in each round to be a solid
compromise. Finally, the obtained libraries are screened, and the best
variant(s) can subsequently be subjected to another round of mutagen-
esis where the targeted loop is elongated once more. StLois has suc-
cessfully been used to improve the phosphotriesterase activity of a
laccase, resulting in a 16-fold increase in catalytic efficiency towards
ethyl-paraoxon (Hoque et al., 2017).

A different group devised the linker in loop insertion (LILI) approach,
which shows some similarities to StLois, but requires considerably less
screening. In LILI, not fully randomised residues but predefined linkers
of different lengths (2 to 6 residues) are inserted at rationally selected
mutational hot spots in flexible loops (Fig. 3B) (Heinemann et al., 2021).
Examples of suitable linkers with different dynamic properties are the
flexible Gly-Gly or Gly-Ser linkers, the stiff Pro-Ala linker, or the Gly-Pro
linker without defined structure. LILI thus randomly samples the length
and flexibility of catalytically relevant loops. The potential of the
strategy was demonstrated on a cumene dioxygenase, of which the ac-
tivity and product profile could be modulated significantly.

It is also possible to extend random approaches with a semi-rational
fine-tuning step. In an engineering study that explored the enhancement
of antibodies affinity by indels, TRIAD was first applied to search for
positions that tolerate single amino acid insertions. Then, diverse li-
braries were designed that contain zero to five additional degenerate
codons at the most promising insertion point. This insertional scanning
mutagenesis (InScaM) process exposed multiple variants with markedly
improved binding affinities (Skamaki et al., 2020).

Future semi-rational protein engineering studies could consider
applying a degree of randomization that balances between the full NNK
degeneracy of StLois or InScaM and the predefined linkers of LILIL
Indeed, semi-rational substitution libraries regularly make use of
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Fig. 3. Semi-rational strategies for remodelling and/or elongating functionally
relevant loops. (a) The stepwise loop insertion strategy involves iterative cycles
of introducing one or more additional residues at a rationally selected insertion
site using NNK degenerate codons. The most favourable variant identified in the
screening process becomes the template for the following round of insertion
mutagenesis. (b) In the linker in loop insertion approach, linkers with various
dynamic properties (four shown) of different lengths (e.g. 1 < n < 6) are
introduced at the targeted insertion sites.

reduced amino acid alphabets that search sequence space more intelli-
gently. One example is the popular NDT degeneracy that encodes only
12 amino acids with a well-rounded mix of physicochemical properties
(Reetz et al., 2008), but each inserted degeneracy can even be individ-
ually fine-tuned based on rational or computational considerations
(Reetz and Wu, 2008). In addition, it may be worth assessing whether
the ASR tool GRASP can provide assistance in identifying suitable hot
spots for insertion mutagenesis by offering a glimpse at plausible his-
torical indel events, as those might indicate which sites tolerate such
mutations best.

5.3. Rational and computational approaches

Protein engineers have a long history of letting chemical intuition,
computational tools or insights from structure-function relation studies
guide their mutagenesis strategies. That accumulated experience now
allows us to confidently develop reasonable hypotheses of how certain
substitutions may establish salt bridges or disulfide bonds that enhance
stability (Yang et al., 2015), switch between evolutionarily-related ac-
tivities (Franceus et al., 2021), create more space for bulky substrates
(Dirks-Hofmeister et al., 2015), and so on. In contrast, relatively few
studies have focused on indels. The lack of prior examples makes it
difficult for researchers to suggest indels that may alter relevant protein
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properties. The ultimate goal of truly understanding and predicting the
molecular basis of their effects remains far off for the time being.

So far, indel mutations have primarily proven their worth in rational
engineering experiments when they were a part of loop exchanges be-
tween homologous proteins. This process is known as loop grafting and
it involves preserving the overall scaffold and catalytic residues while
replacing the more variable loop regions in-between structural elements
(Nestl and Hauer, 2014; Tawfik, 2006). Various examples can be found
in literature where a grafted loop was shorter or longer than the original
loop, and where the obtained chimaera displayed significant changes in
activity, enantioselectivity, thermostability or specificity (Table 2). A
beautiful example was described by Boersma and colleagues, who were
aiming to improve the enantioselectivity of a lipase from Bacillus subtilis
in the kinetic resolution of 1,2-O-isopropylidene-sn-glycerol esters
(Boersma et al., 2008). A loop near the active site entrance was replaced
by longer loops originating from structurally homologous cutinase or
esterase with the intention of increasing the interaction surface with the
substrate. This approach yielded variants with inverted and improved
enantioselectivity.

The general concept of loop grafting may be quite straightforward,
but its outcome is not easily predictable. Even in published research,
failed grafting attempts that abolished all soluble expression or activity
have been reported (Hawwa et al., 2009; Xiang et al., 2009). And when
the scaffold does tolerate the different length of the new loop, epistatic
ratchets may still prevent its beneficial effect from coming to fruition.
The Tawfik group discovered that a deletion in a loop of phospho-
triesterase can trigger the emergence of homoserine lactonase activity,
but only when this deletion is combined with an adjacent highly
epistatic substitution (Afriat-Jurnou et al., 2012). The authors specu-
lated that the restrictive substitution may have occurred as one of the
final steps in the divergence of this phosphotriesterase from the common
ancestor of phosphotriesterases and related lactonases, blocking the
novel enzyme from reverting back to its ancestral bifunctional state. This
finding sounds a cautionary note: regular amino acid substitutions
should not be disregarded when analysing or introducing indel muta-
tions, as the success of an indel may be contingent on a point mutation
elsewhere, or vice versa.

Some of the difficulties involving the use of indels in rational engi-
neering may be overcome by computational analyses. A web-based tool
named LoopGrafter is now available to provide visual support in the
process of transplanting loops between homologous proteins (Planas-
Iglesias et al., 2022). After simply uploading the desired scaffold and
insert protein structures, LoopGrafter can be used to identify and review
candidate loops for grafting, to pair all candidate scaffold loops to
suitable insert loops, and to visualise and rank grafted proteins. The
application supported a recent study where a luciferase loop with
important dynamic properties was transplanted into an ancestral protein
with both haloalkane dehalogenase and weak luciferase activity, which
implemented stable glow-type bioluminescence (Schenkmayerova et al.,
2021).

The range of possible new loops is not necessarily restricted to those
already present in nature. The Rosetta suite is capable of remodelling
entire active site loops in silico in terms of length, conformation and
sequence composition to establish key interactions with a ligand of
choice. For example, a loop in human guanine deaminase could be
redesigned to increase activity on ammelide by two orders of magnitude,
with the optimal loop containing two deletions and four substitutions
(Murphy et al., 2009). Remodelling challenges can even be outsourced
to citizen scientists. Players of the online protein puzzling game FoldIt
managed to increase the activity of a computationally designed Diels-
Alderase >18-fold by remodelling its backbone, which involved an
insertion of 13 residues (Eiben et al., 2012).

Finally, the current surge of interest in machine learning (ML) al-
gorithms that are capable of spotting patterns in data opens up inter-
esting opportunities for the inclusion of indels in data-driven rational
design. For instance, ML models have already been used to drastically
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Table 2
Examples of loop grafting studies where the length of the grafted loop is different
from the loop in the scaffold.

Scaffold Grafted loop origin Result
Glyoxalase II Metallo p-lactamase Introduction of (Park
p-lactamase activity etal.,
2006)
Lipase Cutinase and Inversion of (Boersma
esterase enantioselectivity et al.,
2008)
Lactonase with low Phosphotriesterase Loss of activity (Hawwa
phosphotriesterase etal.,
activity 2009;
Xiang
et al.,
2009)
Phosphotriesterase Lactonase Emergence of (Afriat-
lactonase activity, Jurnou
but only when et al.,
combined with an 2012)
adjacent epistatic
substitution
Nicotinamide- Thermophilic-like Variations in (Reich
dependent subfamily of old thermostability and etal,
cyclohexenone yellow enzymes solvent tolerance 2014)
reductase
Nicotinamide- Old yellow enzyme Improved activity in (Reich
dependent and morphinone a cascade reduction etal.,
cyclohexenone reductase of allylic alcohols 2016)
reductase
Proline 4- Other proline 4- Improved activity, (Liu et al.,
hydroxylase hydroxylases reduced 2019)
thermostability
Sortase Other sortase with Change in substrate (Wéjeik
different substrate preference etal.,
preference 2020)

reduce the screening burden associated with combinatorial substitution
libraries by predicting which regions of sequence space are enriched in
variants with higher fitness, from data obtained by screening a modest
subset of those libraries (Wu et al., 2019). Similarly, such models might
be able to find patterns in the structure-function relationships of indel
variants to predict their effects in silico. Some exploratory work has
already been done in this area. In one study, a publicly available dataset
of single amino acid deletions in enhanced green fluorescent protein was
analysed to assess how well tolerance to deletions can be inferred from
structural features (Jackson et al., 2017). Packing density was found to
offer significant predictive power. A different group managed to build a
classifier that distinguishes whether a single point deletion leads to a
folded or unfolded protein conformation (Banerjee et al., 2019), as well
as a positive-unlabeled classifier that predicts the change in foldability
arising from multi-point deletions (Banerjee et al., 2020). Statistical
analyses also provided useful insights in the dynamics-based luciferase
engineering study mentioned above, which made use of both TRIAD and
LoopGrafter (Schenkmayerova et al., 2021).

6. Domain indels

The functionality of a protein is often the result of the acquisition of
novel elements which improve the binding to a partner, the specificity
for a substrate or the protein's catalytic activity. While these features are
usually acquired over time after the accumulation of mutations, a
different route involves the insertion or deletion of whole domains. The
introduction of a domain in a protein sequence can also be the result of
an indel event, the major difference being that the number of bases
inserted in the sequence is far larger. One option is the insertion of a
domain as a sort of prepackaged independent module, but another
possibility exists where a repeat sequence is inserted, followed by evo-
lution of the inserted repeat into a domain with a novel function. Ex-
amples of the latter have been detected in the genome of Rickettsia
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conorii, where mobile palindromic repeat elements were discovered that
are capable of insertion in open reading frames (ORFs). Surprisingly, the
mobile elements persistently appear at the surface of the proteins coded
by those ORFs (Claverie and Ogata, 2003). In this way, the original fold
and function of the scaffold proteins are unaffected by the insertion.
Because of their intrinsic features, palindromic DNA repeats have a high
probability of coding for soluble peptides that adopt an independent
fold. This basically makes the Rickettsia repeat elements perfect transi-
tory sequences: they can be translated into low-profile elements located
at the host protein surface after which they either perish, or evolve into a
binding module, a specificity loop, or another useful structural element.
The insertion of whole domains based on repeats is a very successful
evolutionary strategy, and as many as 25% of recorded proteins contain
long repeats (Pellegrini et al., 2012). The length of the repeat unit can
range from just a single amino acid, to >100 residues. Repeats can
expand or contract by insertion or deletion of repeat units, respectively,
but such indels are usually detrimental unless the repeat units fold
independently (Schiiler and Bornberg-Bauer, 2016).

A few groups have tried to harness the potential of domain insertion,
with research focusing on identifying the optimal fusion strategy. An
important consideration concerns the relative location of N- and C-
termini of the inserted domain (Fig. 4) (Ostermeier, 2005). About half of
the available structures for single domain proteins have their N- and C-
termini proximal, meaning that the two extremities are close to each
other in three-dimensional space. This characteristic makes such do-
mains well suited to be inserted in another scaffold. On the other hand,
scaffold domains are ideally discontinuous, meaning that their linear
sequence is (or can be) interrupted by another domain. Discontinuous
domains are quite prevalent in natural multi-domain proteins (Jones
et al., 1998). Methods for performing domain insertion have been
reviewed in the past (Kanwar et al., 2013).

Like for other technologies explored in this review, a notable target
of domain engineering has been p-lactamase. A cytochrome sequence
was randomly inserted into a p-lactamase scaffold, which linked the
function of these two unrelated proteins by making tolerance to ampi-
cillin dependent on the presence of heme (Edwards et al., 2008). A
random domain insertion approach can be more attractive than a
rational approach, as the latter is rarely successful due to the difficulty of
predicting the outcome of entangled structures. The best-performing
insertion was achieved by removing a loop, which was replaced with
a whole domain. Following these first results, the performance of the
variants was further explored, finding that the best ones have high
structural independence between the domains (Edwards et al., 2010). It
has also been possible to link the function of p-lactamase and a maltose-
binding protein to create hybrid proteins where maltose is an effector of
B-lactam hydrolysis (Guntas et al., 2005). In green fluorescent protein,
insertion of a calmodulin or a zinc finger domain can generate indicator
proteins whose fluorescence can be enhanced by metal binding (Baird
et al., 1999). And by fusing the chromophore centres of enhanced green
fluorescent protein and the heme-binding electron transfer protein cy-
tochrome bsg, fluorescence quenching became heme-dependent
(Arpino et al., 2012).

The deletion of domains has also been attempted. For example, a
bacteriophage endolysin, from which the internal amidase domain was
removed, retained efficacy on its staphylococcal targets while attenu-
ating the harmful side effects on the animal body (Zhou et al., 2017).
And deletion of certain domains in the thrombolytic protein alteplase
was found to alter its pharmacokinetic properties (Acheampong and
Ford, 2012).

7. Frameshift mutations

While the effect of indels introducing or removing multiples of three
nucleotides has often been discussed in literature, and their potential in
engineering has been tested to a certain extent, indels of lengths not
divisible by three nucleotides have received less attention. These
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Fig. 4. Domain assembly according to relative termini location. (a) A domain
with proximal N- and C-termini can be inserted on another domain while
retaining the topology and folding of both domains. (b) A domain with distal
termini requires the introduction of a spacer sequence in order to retain proper
domain folding.

frameshift indels change the reading frame for translation, which typi-
cally results in the production of truncated or nonfunctional variants.
However, recent work has convincingly demonstrated that the
destructive reputation of frameshifts is perhaps not entirely deserved,
especially when related to translation in the native context of the host
organism.

Savaging systems exist to prevent wasting energy and resources on
the translation of off-frame nonfunctional proteins. One of these systems
is to “ambush” frame-shifted sequences with hidden stop codons, which
only appear off-frame (Seligmann and Pollock, 2004). This is clearly
visible when translating frame-shifted sequences in silico: a series of stop
codons emerge, rather than a single long sequence that does not match
the original. While this process may seem coincidental at a first glance,
strong arguments point towards a very precise mechanism being behind
the presence of hidden stop codons. This mechanism is embedded in the
standard genetic code and in the codon usage of organisms. Upon
introduction of a frameshift mutation, only 20 of the 64 standard codons
cannot contribute to the appearance of a hidden stop codon (Fig. 5), and
on top of that, a positive correlation exists between codon usage and the
number of ways a codon can form hidden stops (Seligmann and Pollock,
2004).

Interestingly, even when hidden stop codons cannot intervene to
abruptly terminate the translation of frameshifted sequences, the stan-
dard genetic code can minimise the impact of these mutations. The
standard genetic code was found to be very efficient in maintaining
similar amino acid properties for coded sequences after point mutations,
mistranslations (Freeland and Hurst, 1998) and frameshift mutations
(Geyer and Mamlouk, 2018). The vast majority of randomly generated
artificial genetic codes are far less resilient. It has been proposed that the
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frameshift-robustness of the standard genetic code is in fact a byproduct
of its mismatch-robustness. Indeed, due to the high degeneracy of the
genetic code, most amino acid changes caused by a frameshift are also
accomplishable by a single mismatch error (Xu and Zhang, 2021).

The preservation of physicochemical properties (such as polarity,
affinity to nucleobases and intrinsic disorder) as consequence of
frameshift mutations was further investigated on a dataset of almost
3000 human proteins (Bartonek et al., 2020). There is a positive corre-
lation between the hydrophobicity profile of the originals' and the +1
frameshift variants, despite the average sequence identity between the
two groups being just 6.5%. Frameshifts thus allow very far jumps in
sequence space to be explored, while maintaining the same physico-
chemical properties.

Mutually compensatory pairs of frameshift mutations constitute
another evolutionary mechanism that can assist the recovery of func-
tionality after frameshift-mediated movements through sequence space
(Biba et al., 2022). One shift can be compensated by a second one (e.g.
+1 and — 1, or + 1 and + 2) to restore the original frame. It has been
shown that such pairs of frameshifting indels are more likely to arise as
distinct mutational events separated by a period of time, which implies
that frameshifted uncompensated intermediates occur as well. Similarly,
gene silencing caused by indels can be reverted to reacquire the func-
tional version of a gene (Gupta and Alland, 2021).

Probably even more intriguing is the observation that indels in
homonucleotide repeats in coding regions can be bypassed at the tran-
scriptional and translational levels (Rockah-Shmuel et al., 2013). The
bypass of indels, which restores the original coding frame, is suggested
to be the result of RNA polymerase slippage or ribosomal slippage and
the likelihood of this phenomenon taking place is positively correlated
to the length of the repeat. This mechanism shows striking similarities to
the DNA polymerase slippage mechanism that introduces indels in the
first place, which is more likely to occur in longer repeats as well.

The findings enumerated above underline that there may be a place
for frameshift mutations in future protein engineering strategies after
all. The tendency of frameshift variants to retain the original physico-
chemical properties opens up an exciting new avenue for crossing
sequence space. The question remains to what extent the preservation of
physicochemical properties results in the preservation of biological
function or enzymatic activity. Once more information will become
available on this topic, frameshift variants could be taken into consid-
eration as new starting points for directed evolution, in search of new or
improved properties. However, an important caveat is the systematic
presence of hidden stops, which may require careful optimization of
codon usage.

8. Concluding remarks and perspectives

Numerous studies have clearly demonstrated that the adaptive evo-
lution of proteins is not influenced only by changes in amino acid
composition, but also by changes in size. However, their full potential in
protein engineering endeavours has not yet been realised. Fortunately,
recent years have witnessed meaningful progress in the field, making it
easier for indels to be embraced in mutagenesis strategies. In random
directed evolution, the TRIAD method is a promising addition to the
mutagenesis toolbox for scanning whether functional innovation can be
achieved through indels, even when little structural or functional
knowledge is available. In semi-rational engineering, the StLois and LILI
approaches allow sampling the length, composition and dynamics of
promising loop regions. With LoopGrafter, there is now a straightfor-
ward way to transplant loops between structurally-related proteins. And
the continuous advances in model-driven and ML-assisted (re)design are
expanding the boundaries of computational indel engineering.

Future research should focus on elevating our insight into the
structural and functional implications of indel mutations to the next
level. The work discussed in this review shows that we already have a
rough idea of which regions are most likely to tolerate indels.
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Fig. 5. Hidden off-frame stop codons can terminate translation of frame-shifted sequences. (a) Codon table, with 44 codons that can contribute to hidden stops
(marked by black borders). These codons start with A or G, or they end with U, UA or UG. The colour scale from blue (higher) to red (lower) reflects the relative
frequency of codon usage in E. coli. (b) CUG and AAA are examples of a codon pair that contribute to the hidden stop codon UGA. This first codon ends with UG and
second starts with A. Similarly, CUA and GGC contribute to the hidden stop codon UAG. (For interpretation of the references to colour in this figure legend, the reader

is referred to the web version of this article.)

Furthermore, we now know that indels tend to be high risk, high reward
mutations that are simultaneously more likely to be deleterious, but also
more likely to be advantageous. Gaining a deeper understanding of the
molecular origin of these observations would be highly desirable. For
example, it seems plausible that indels can have a substantial impact on
conformational dynamics, which is known to be an important driver of
protein evolution (Maria-Solano et al., 2018), but information on this
topic is scarce. It is also important that we continue studying the
structure-functional implications of indels at the domain level, and their
contribution to the evolution proteins.

Until the largest gaps in our general comprehension of the effects of
indels have been filled, semi-rational approaches may be most suited for
incorporating indel variation in routine protein engineering workflows.
Indeed, the high risk associated with indel mutations implies that at this
time, random methodologies may only be practically feasible when the
protein of interest is compatible with (ultra)high-throughput protocols
that bypass the library size problem altogether (Sheludko and Fessner,
2020). Conversely, semi-rational approaches hit the sweet spot in the
trade-off between library size and hit rate. To stimulate their use and
success, there is a need for more inventive ways of leveraging our cur-
rent knowledge of indels for the construction of manageable smart
libraries.

Above all, it is our hope that a deeper awareness of the importance
and potential of indels will emerge. We have just scratched the surface of
the exciting insights and applications that these sophisticated mutations
can bring. Once they start attracting more attention in the work of
molecular biologists, structural biologists and protein engineers, we will
certainly be able to dig much deeper.
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