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Abstract—The effects of insertion and deletion mutations (In-
Dels) on protein structures are understudied because performing
such experiments in vitro is prohibitive. Consequently, little real
world data exists for these types of mutations, despite many
diseases being caused by InDels. Computational modeling can
support researchers in their efforts to understand the impacts of
InDels. In this work we present an in silico approach to generate
all exhaustive InDel mutants for a protein. We analyze the effects
of the InDels via heatmaps and other visualizations using a
variety of metrics, including rigidity analysis and structural data
about the mutants relative to the wild type.

Index Terms—computational structural biology, protein indel
mutations

I. INTRODUCTION

Insertion and deletion mutations (InDels) are a common
type of protein mutation. Amino acid substitution mutations
have been explored by significantly more researchers, leaving
the effects of InDels much less understood and in need of
further study [1, 7]. The high cost of performing wet-lab
experiments when doing sequence-level insertions and dele-
tions, preceding transcription and translation, and ultimately
obtaining a new protein structure [19] is one of the primary
limiting factors in the study of InDels [9, 18].

Structurally, InDels occur when non-frameshift insertions or
deletions in the DNA sequence cause at least one amino acid to
be inserted or deleted from the protein’s sequence, resulting
in an InDel mutant protein. The causes of InDel mutations
include replication errors and genome duplication [3, 15].

InDels can theoretically be at any location in a protein,
but most frequently they occur in loop regions [14]. InDels
are also known to occur in the secondary structures of a
proteins, which results in larger effect than when they occur
in other regions [8]. In particular, multiple deletions in an
alpha helix should typically prevent the protein’s expression
entirely. InDel mutations have recently been found to be
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highly correlated with functional changes in proteins, more
than substitutions [2, 12], indicating that they could be an
important factor in the structural evolution of proteins.

Many diseases are caused by InDel mutations. Cystic fi-
brosis is one such example [20]. The F508del mutation in
nucleotide-binding domain-1 (NBD1) of the cystic fibrosis
transmembrane conductance regulator (CFTR) is the predom-
inant cause of cystic fibrosis [4]. Also, several types of cancer
have been associated with InDel mutations [10, 15]. In addi-
tion, multiple severe acute respiratory syndrome coronavirus 2
(SARS-CoV-2) variants are caused by InDels [6]. It has been
shown that InDels at the 1/S2 subunits of this virus results in
mutants with greater resistance to vaccines [16].

Also, the number of InDels has been shown to correlate
with the extent of structural change that the mutation has on a
protein. InDels of length two or more have the largest impact
on protein structure, whereas single InDels are found to have
smaller effects [22]. Due to the limited research into InDels,
these findings have not been thoroughly investigated.

Furthermore, due to the lack of real world InDel data, and
the time and cost burden of obtaining that data via experiments
on physical proteins, a sudden increase in publicly available
wet-lab datasets for InDel mutants is not likely to occur soon.
As a result, computational modeling of these mutations will
play a key part in the future of InDel studies. Such modeling
might complement and even inform wet-lab approaches, pro-
viding hints about where a mutation experiment in the physical
protein should be performed so to realize an expected outcome.
In this paper, we present our compute pipeline for generating
and analyzing protein InDels. We rely on existing mutation
modeling and our own protein rigidity analysis software. In
this work specifically, we generate and analyze every possible
single insertion and deletion mutation for a set of proteins.
Our aim is to better understand the effects of different InDels.

Our prior work describes methods of in silico generat-
ing individual InDel mutations [11] and exhaustive pairwise
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substitution mutations for a given protein [17]. This paper
describes the first attempt at in silico generating and analyzing
exhaustive single InDel mutations for a protein.

II. METHODS
A. Generating Mutants in silico

To computationally generate InDel mutants, we use Rosetta
[13]. We rely on a compute pipeline developed in our recent
work, which takes a PDB file and mutation parameters as
input and performs in-silico structural modeling of a single
insertion or deletion mutation using an inverse kinematic
robotics approach [11]. The pipeline outputs a PDB file with
accompanying energetics and structural data about the mutant.

We generate an exhaustive set of single InDels for each
protein. For a protein consisting of n residues, there are n
single residue deletion sites (one for each residue) and n + 1
single residue insertion sites (at the start, end, and between
each residue) where any of 20 amino acids may be inserted
for a total of n + 20(n + 1) total single InDels per protein.
We generated exhaustive single InDel mutants for 21 proteins
(Table I), which were chosen primarily due to their size (50-
207 residues), to make the computational run-time tractable.

TABLE I
PDB FILES USED (NUMBER OF RESIDUES)

TAPC (106) 1BI8 (109) IBW6 (56) 1C05 (159)
1GXG (85) THCE (118) THHP (99) 1IET (98)

11P0 (50) 1JA6 (129) IMBL (96) IN3H (207)
2B0G (83) 2ZMYO (188) | 7TRAT (124) ICTX (71)
ISRL (64) 1IFT (50) INM4 (102) 1TFD (50)

ICRN (46)

B. Protein Rigidity Analysis

We perform protein rigidity analysis of the wild type
and InDel mutants using KINARI-lib [5]. Rigidity analysis
creates a Body-Bar-Hinge (BBH) mechanical model of the
protein, which is modeled as an associated graph where nodes
represent the Body and Bar components of the BBH and edges
correspond to constraints among the bodies. A pebble game
algorithm is run on the associated graph to identify rigid and
flexible components, from which rigid clusters of atoms in the
protein can be inferred. We apply the same rigidity analysis
to the wild type protein to establish a baseline.

C. Distributed Compute Pipeline

The compute pipeline (Figure 1) described above takes 1
to 10 minutes to model a single mutation for a given protein,
depending on the number of residues. To scale this approach
to the task of generating tens of thousands of mutants, we
distributed the workload across a pool of 150 general purpose
university lab computers during their unused hours, each with
16GB RAM and 8 to 16 4GHz CPU cores.

Distributing the workload sped up computation by approx-
imately 150x over the sequential approach, depending on the
availability of machines. However, even with this distributed
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approach, the pipeline could still take months to run to
completion for larger proteins. With this constraint in mind, we
chose to examine proteins in the range of 50 to 207 residues
in length.

D. Focus on Analysis

There were two main areas of analysis of interest to us:

1) Understand better the structural effects of InDel muta-
tions via modeling
2) Assess the destructiveness of InDel mutations.

Studying the structural effects of InDel Mutations via mod-
eling involves generating mutants in silico via our distributed
compute pipeline, followed by scoring the change between
each mutant and the wild type. We used our Two Largest
Clusters Comparison Score (TLCCS) [21] as our scoring
metric. This metric we display in a heatmap to show which
InDel mutations have the most impact on structure.

Predicting the destructiveness of InDel mutations involves
reasoning about the likelihood that a given InDel will exist
in nature. During the modeling process, Rosetta outputs a
numerical energy score that can be interpreted as such a
probability - i.e. high energy mutants are less energetically
favored, and thus less likely to exist in nature. We evaluate the
validity of this approach by modeling multiple deletions inside
of an alpha helix, which is known to be a very destructive
mutation, giving us a baseline for comparison for generated
InDels.

III. RESULTS AND DISCUSSION
A. Structural Effects of InDels

Figures 2, 3, 4 show the range of effects that result from
inserting single residues into various proteins at all insertion
points. Similarly, 5, 6, and 7 show the same for single deletion
mutations at all deletion points. A few notable things can be
seen. First, for insertions, the average effect doesn’t vary much
between different residues on the same protein, but it does vary
between different proteins. For deletions, however, the average
effect varies more between different residues on the same
protein. Second, some residues have a more widely varying
effect than others. For example, inserting Phenylalynine (F)
has a more predictable effect on the structure of 1SRL than
inserting Proline (P). That is not surprising, considering that
Phenylalanine along with Tryptophan and Tyrosine is among
the largest amino acids, so inserting it into the sequence of
amino acids is more than likely to create a steric clash.

B. Analysis across multiple proteins

We also performed an analysis across proteins to better
understand the impacts due to InDel mutations that are not
specific to any one protein. Figure 8 shows the average effect
caused by inserting each residue into every position across 21
different proteins. Such an meta analysis might be useful in
predicting which residues tend to result in the greatest number
of InDel mutant outliers, and also the direction (above or
below the mean) those outliers tend to be in.
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Fig. 1. Distributed Compute Pipeline: All single InDel mutations are generated, rigidity analysis is performed, rigidity metrics are collected, and results are

aggregated to create data visualizations.
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Fig. 2. TLCCS for inserting each residue into 1CRN. Each box and whisker
plot displays the range of effects that result from inserting a particular residue
at all possible insertion points.
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Fig. 3. TLCCS for inserting each residue into 1CTX. Each box and whisker
plot displays the range of effects that result from inserting a particular residue
at all possible insertion points.

C. Heatmap Visualizations

We visualize the effects of InDel locations and residue by
using heatmaps, with the colorbar represeent the metric that
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1HHP Insertion Effects by Residue
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Fig. 4. TLCCS for inserting each residue residue into 1HHP. Each box and
whisker plot displays the range of effects that result from inserting a particular
residue at all possible insertion points.

1APC Deletion Effects by Residue
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Fig. 5. TLCCS for deleting each residue in 1APC. Each box and whisker
plot displays the range of effects that result from deleting that residue at all
possible deletion points.

we chose to analyze. In this study, two metrics are particularly
important: (1) change in protein structure (TLCCS) and (2)
ratio of hydrogen bonds (hbonds_mut_native_ratio). For
instance, as can be seen from Figures 9 and 10, in 1HHP,
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7TRAT Deletion Effects by Residue
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Fig. 6. TLCCS for deleting each residue in 7RAT. Each box and whisker
plot displays the range of effects that result from deleting that residue at all
possible deletion points.

2BOG Deletion Effects by Residue
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Fig. 7. TLCCS for deleting each residue in 2BOG. Each box and whisker
plot displays the range of effects that result from deleting that residue at all
possible deletion points.
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Fig. 8. TLCCS for each residue averaged across all of the proteins simulated.
Each box and whisker plot displays the range of effects that result from
inserting a particular residue at all possible insertion locations.

insertion of most residues at indices 84 or 85 result in a
large structural change and a decrease in the number of
hydrogen bonds in the mutant. Although the heatmaps for
the analyses using the hydrogen bonds and TLCCS metrics
look similar, there are differences (residues 22 and 32, for
example), hinting that the utility afforded by both metrics
are not identical. The extent that one metric is useful over
the other, or whether using them in combination provides
the most complete assessment of the effects of InDels, is
something that we leave for future work. Similarly, assessing
to what extent an InDel affects the count and distribution of
hydrogen bonds, including those near and far removed from
the mutation site, we leave for future work.

3501

To identify other potentially noteworthy metrics which yielded
significant signals, we employed principal component analysis.
We found that in many proteins, the change in hydrophobic
interactions often makes up a large portion of a non-leading
principal component. This led us to create the same type of
heatmap as described above with the color map corresponding
to changes in hydrophobic interactions based on the insertion
index and the residue being inserted. This visualization (Figure
11) revealed hot spots with a rather large increase such as the
insertion of Valine (V) at index 16.
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Fig. 9. Effects on number of hydrogen bonds overall of each possible insertion
into 1HHP.
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Fig. 10. Effects on the TLCCS of each possible insertion into 1HHP.

D. Rigid Cluster Visualization

Figure 12 shows a visualization of the rigid clusters of a
protein’s wild type and an InDel mutation. As can be seen
from this comparison, the protein’s distribution of large rigid
clusters changes significantly in response to the InDel. This
type of analysis reveals that the effects on a protein’s rigid
clusters caused by an InDel mutation can have effects beyond
the vicinity of the InDel.
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Fig. 12. Visualization of 5 largest rigid clusters of 1CTX wild-type (left) and
InDel mutation after insertion of Cysteine (C) at index 62 (right). Each circle
represents one atom with colors corresponding to each of the five largest rigid
clusters.

E. Residue and Secondary Structure Comparison

Figures 13 and 14 show two examples of the effect of
various insertions on a protein’s rigid clusters, based on the
residue that is inserted, as well as the secondary structure
that the residue is inserted into. This visualization allows us
to see the distribution of InDel effects, including patterns
within those. For instance, insertions of Aspartic Acid (D) and
Tryptophan (W) into the [S-sheets of 1CTX seems to have a
very pronounced effect on the protein’s rigid clusters when
compared to the rest of the possible insertions. Interesting
to note is that Aspartic Acid is acidic, while Trypotphan
is aromatic, so their effect upon insertion to the structural
properties of a protein in this case seems to be due to different
mechanisms.

The analysis based on secondary structured yielded addi-
tional interesting results. For single insertions in individual
proteins, hot spots appear on the heatmap visualizations, indi-
cating a larger effect at specific locations where InDels were
performed. Typically, these were found in the secondary struc-
tures, primarily alpha helices. However, surprisingly, some
InDels not in secondary structures also had significant effects.
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Fig. 13. Average effect of inserting each residue in each type of secondary
structure in 1CRN. A lower value means a larger effect.
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Fig. 14. Average effect of inserting each residue in each type of secondary
structure in 1HHP. A lower value means a larger effect.

IV. CONCLUSIONS

Despite being less common than substitutions, InDels are
responsible for important structural and functional changes
in proteins. However, they are understudied due to a lack
of efficient experimental techniques for conducting exhaustive
mutation experiments in physical proteins. In this work we
present our proof-of-concept approach to generate exhaustive
InDel mutants and analyze their effects.
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Using existing open-source software, including Rosetta and
rigidity analysis algorithms, we computationally generated
protein structures for every possible single InDel mutation for
a set of proteins. We presented a variety of analysis approaches
to help infer how InDels affect the structural properties of
proteins.

We focused primarily on structural analysis, using the
change in rigid clusters upon an InDel as a metric of the
effect of the mutation. This preliminary study hopes to provide
useful information for future projects wishing to study InDel
mutations which are limited by the lack of real-world data,
demonstrating the applications of computationally modeling
InDels at scale. In future work, we will develop a model to
take into account a mix of rigidity and structural-based metrics
to make predictions about the effects of InDels, both on the
scale of an individual protein as well as across protein families.
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