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Abstract: Ankyrin is one of the most abundant protein repeat families found across all forms of
life. It is found in a variety of multi-domain and single domain proteins in humans with diverse
number of repeating units. They are observed to occur in several functionally diverse proteins, such
as transcriptional initiators, cell cycle regulators, cytoskeletal organizers, ion transporters, signal
transducers, developmental regulators, and toxins, and, consequently, defects in ankyrin repeat
proteins have been associated with a number of human diseases. In this study, we have classified
the human ankyrin proteins into clusters based on the sequence similarity in their ankyrin repeat
domains. We analyzed the amino acid compositional bias and consensus ankyrin motif sequence of
the clusters to understand the diversity of the human ankyrin proteins. We carried out network-based
structural analysis of human ankyrin proteins across different clusters and showed the association of
conserved residues with topologically important residues identified by network centrality measures.
The analysis of conserved and structurally important residues helps in understanding their role in
structural stability and function of these proteins. In this paper, we also discuss the significance of
these conserved residues in disease association across the human ankyrin protein clusters.

Keywords: ankyrin repeats; human ankyrins; protein contact network; ankyrin conserved residues;
ankyrin repeat domain

1. Introduction

Ankyrin (ANK) repeat domains are among the most common structural motifs known
in proteins. It is found across all phyla and with high abundance in eukaryotes [1]. Some
ANK-repeat proteins consist solely of ANK repeats; others are multidomain molecules
in which ANK repeats are combined with other unrelated structural modules and take
part in many processes, including transcription initiation, cell cycle regulation, and cell
signaling [2,3]. The ANK repeat motif is typically 30–34 amino acid residues and has helix-
turn-helix conformation with short loops at the N and C termini, as shown in Figure 1a.
In general, 4–6 copies of the repeat stack onto each other, forming an elongated structure
mediated by the conserved hydrophobic faces of the helices [4]. The last and first two
residues of adjacent repeats form a β-turn, which protrude outwards at an angle of ~90◦ to
the antiparallel α-helices, resulting in the characteristic L-shaped cross section [5]. The 3D
structure of a designed ankyrin repeat protein with 4 repeat copies is shown in Figure 1b.
A left-handed twist to ankyrin repeats results in the repeat stack being slightly curved,
creating concave and convex faces. Less conserved positions in the motif are located
on the surface and are likely to interact with ligands, while more conserved positions
are buried in the structure and are responsible for the structural stability of the domain.
This is achieved by forming both intra- and inter-repeat non-bonded interactions, such as
hydrophobic and hydrogen bond interactions. However, a single ankyrin repeat motif is
unable to adopt a folded structure, and at least two copies of the ANK motif in tandem
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are required to form the hydrophobic core. Consecutive ankyrin repeats form a single,
linear solenoid structure called ankyrin repeat domain, which is one of the most common
protein–protein interaction platforms in nature. Many important functions of ankyrin-like
proteins are mediated by protein-protein interactions provided by ankyrin repeats, such
as the formation of transcription complexes, initiation of immune responses, biogenesis
and assembly of cation channels in the membranes, and regulation of some cell-cycle
stages. Thus, mutations in genes that encode ankyrin-like proteins can cause defects in
gene expression, leading to onset and progression of many diseases [6]. Examples of
disease associated ankyrin proteins include cell cycle inhibitor p16 (CDKN2A), which is
associated with cancer and Notch protein, a key component of cell signaling pathways that
is associated with the neurological disorder CADASIL [7,8].

The ankyrin fold appears to be defined by its structure rather than its function, since
there is no specific sequence or structure that is universally recognized by it and interacting
residues are discontinuously dispersed in the whole protein [9]. In addition, large variation
in copy number is observed across different proteins. It would be interesting to understand
the role of conserved residues in the ANK motif on its structure, function, and disease asso-
ciation. In this study, we carried out sequence and structure-based analysis of conserved
positions in the Ankyrin motif. In this paper, we discuss some of these positions involved in
disease-causing mutations in the ankyrin repeat region. We first clustered human ankyrin
proteins using CD-HIT to identify proteins with similar sequence. Next, we performed
sequence- and structure-based analysis of the repeat regions to understand the diversity
in the human ankyrin proteins. We identified the critical residue positions in the Ankyrin
motif, and we discuss their role in diseases in this paper.
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Figure 1. (a) The 3D view of Ankyrin repeat motif. The helices are colored blue, turns are red, and the
coils are grey. (b) The Ankyrin repeat domain in designed Ankyrin repeat protein, 1N0R, comprising
4 repeat copies. The concave surface is highlighted in red, and the convex surface is highlighted in
blue color.

2. Results
2.1. Human Ankyrins in UniProtKB

The UniProtKB database (2021_09 release) reports 965 distinct entries for human
proteins containing ankyrin repeats. These include some low confidence unreviewed
entries and multiple isoforms of a gene product. We extracted 257 well-annotated reviewed
ankyrin repeat entries from UniProtKB database that are considered for analysis in this
study. The details of these proteins are given in Supplementary File S1. Copy number
analysis in 257 human ANK proteins revealed that about one-third of these proteins contain
5–6 copies of the repeating units, as seen in the frequency distribution plot in Figure 2a. In
Figure 2b, the ankyrin domain coverage with respect to the number of repeat copies present
in the protein is depicted. Ankyrin domain coverage is computed as the ratio of the number
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of amino acid residues reported in ankyrin copies and the total number of residues in the
protein. We observe that, irrespective of the number of repeat copies, most human ankyrin
proteins are multi-domain, with significant proportion of the proteins being covered by the
non-ankyrin region. The average coverage of the ankyrin repeat region is ~33% across all
the proteins. PSMD10, ANKRD44, and ANKRD52 exhibit the maximum coverage of the
ankyrin region, while ANKLE2, YTHDC2, and ANKRD12 are observed to have the least
coverage (less than 5%). The frequency distribution of the length of ankyrin repeat copies
across 257 human ankyrin proteins is shown in Figure 2c. We observe high consistency in
the length of known ankyrins, with ~91% of the repeat copies being reported in the length
range of 30–33 amino acid residues.
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Figure 2. Analysis of 257 human ankyrin repeat proteins in UniProtKB. (a) Frequency distribution of
the number of ankyrin repeat copies reported in a protein. (b) Coverage of ankyrin repeat region
compared to the number of repeat copies. (c) Frequency distribution of the length of ankyrin repeat
unit. (d) Sequence logo obtained from multiple sequence alignment of all ankyrin repeat copies.
(e) Amino acid compositional bias in ankyrin repeat region compared to the base composition in all
UniProtKB proteins.
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Sequences of all ankyrin repeat copies in 257 human ANK proteins are extracted from
UniProtKB and Multiple Sequence Alignment (MSA) performed on these repeat units
using Clustal Omega [10]. The sequence logo of the MSA is obtained using WebLogo3 [11]
and given in Figure 2d. The highly conserved positions proposed by Kohl et al. [12] and
Mosavi et al. [13] are observed with high frequency in the MSA: conserved tetrapeptide
motif TPLH at positions 4–7, Glycine at positions 2, 13, and 25, Alanine at position 9 and
26, and Leucine at positions 21–22. The conserved Glycine residues at positions 2, 13, and
25 are part of the two-residue turns T1, T2, and T3, respectively, of the ankyrin motif, as
shown in Figure 1. The first helix (H1) has 4 conserved positions—Proline at 5, Leucine
at 6, Histidine at 7, and Alanine at position 9, while there are only 2 conserved positions
in second helix (H2)—Leucine at positions 21 and 22. To see if there is any bias in the
occurrence of amino acids in ANK repeat regions, the frequency of occurrence of 20 amino
acids (in %) in repeat regions is compared with their occurrence in 565,254 protein entries
in UniProtKB/Swiss-Prot protein knowledgebase release 2021_03 [14]. It may be noted
from amino acid compositional bias in ankyrin repeats in Figure 2e that the composition of
non-polar amino acids Leucine and Alanine, and positively charged amino acid Histidine
is significantly higher in ankyrin repeat regions. These three amino acids are also among
the most conserved residues found in the consensus. The compositional bias in the increase
in Histidine composition is compensated by decrease in other positively charged residues
Lysine and Arginine. Similarly, the bias towards the non-polar amino acids Leucine and
Alanine is compensated by bias against other non-polar amino acids Isoleucine, Proline,
and Phenylalanine.

2.2. Sequence Clusters

The ANK domain is defined by the occurrence of 3 or more consecutive copies of the
repeating unit. Hence, we filtered the entries with ≥3 repeat copies for further analysis.
This resulted in a total of 216 human ankyrin proteins. We used multiple iteration CD-HIT
method (H-CD-HIT) [15] for clustering the human ankyrin repeat domains. Three iterations
of CD-HIT were executed with identity thresholds of 90%, 60%, and 30%, respectively, to
obtain clusters of ANK repeat proteins. The iterative execution of the CD-HIT method
with decreasing thresholds helps in identifying distantly related sequences, as only one
representative sequence from a stringent cluster is considered in the subsequent iterations
of clustering. The set of 216 ANK proteins (≥3 copies) resulted in 49 clusters, of which more
than half (26 clusters) had only 1–2 members. The cluster membership of the human ANK
proteins and their sequence identity with cluster representative is given in Supplementary
File S2. Detailed analysis of top 10 clusters with >5 members was carried out and is
summarized in Table 1. Clusters 1 and 2 are significantly large with over 30 members.
Clusters 1 and 3 exhibit high standard deviation in the number of copies, indicating large
variation in the copy number among their members. Clusters 2, 4, 5, 9, and 10 exhibit low
standard deviation, indicating high similarity in number of copies among their members.

Table 1. Top 10 clusters obtained using CD-HIT and their domain information.

Cluster No. No. of Proteins Average Copy No. Std. Dev. Copy No. InterPro Domains

1 34 10.9 8.1
Ankyrin repeat-containing domain, ZU5 domain,
Death domain, EGF-like domain, Notch domain,

Sterile alpha motif domain

2 32 5.2 0.8 Ankyrn repeat-containing domain,
CCDC144C-like coiled-coil domain

3 13 10.7 6.8
Ankyrin repeat-containing domain, K Homology

domain, Sterile alpha motif domain, Protein
kinase domain
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Table 1. Cont.

Cluster No. No. of Proteins Average Copy No. Std. Dev. Copy No. InterPro Domains

4 9 3.7 1
Ankyrin repeat-containing domain, BRCT

domain, BCL-6 corepressor,
PCGF1 binding domain

5 8 6.4 0.7
Ankyrin repeat-containing domain, NFkappaB

IPT domain, Rel homology domain (RHD),
Death domain

6 7 9.1 2.4 Ankyrin repeat-containing domain,
SOCS box domain

7 6 6.0 2.4 Ankyrin repeat-containing domain

8 6 7.8 4.4 Ankyrin repeat-containing domain

9 6 5.0 1.5 Ankyrin repeat-containing domain, Ion transport domain

10 6 4.0 0
Ankyrin repeat-containing domain, Transient

receptor ion channel domain,
Ion transport domain

The domain architecture of cluster members was obtained from InterPro and is com-
piled for each cluster in Table 1. Except clusters 7 and 8 that are single domain proteins, all
other clusters are multi-domain proteins containing one or more domains apart from the
ankyrin repeat domain (ARD). Though clustering was carried out only based on ankyrin re-
peat domain sequence, overall domain architecture of member proteins in a cluster is found
to be similar. Some members of cluster 1 contain ARD on the N-terminal region, followed
by spectrin-binding ZU5 domain and death domain on the C-terminal end of the protein.
The notch signaling proteins in cluster 1 contain the Notch domain and calcium-binding
EGF-like domain, along with ARD. All the proteins in cluster 2 contain CCDC144C-like
coiled-coil domain, along with ARD. The structure and function of cluster 2 proteins are not
well-studied, with no structural data available for any protein in the PDB. Some members
of cluster 3 have protein kinase domain, along with ARD, while some have the nucleic
acid recognizing K homology domain. Cluster 4 also consists of the nucleic acid binding
domain, BRCT domain, and PCGF1 binding domain, along with ARD. The NFkappaB
proteins of cluster 5 contain 4 domains—NfkappaB IPT domain, Rel homology domain
(RHD), Death domain, and ARD. All members of cluster 6 have the SOCS box domain at
the C-terminal and ARD at the N-terminal, which facilitate the ubiquitination of tumour
necrosis factor receptor II. The proteins in clusters 9 and 10 have the ion transport domain,
along with ARD.

For each of the top 10 clusters, MSA of repeat copies of its members was carried
out using Clustal Omega, and sequence logo representative of each cluster was obtained,
as shown in Figure 3. To construct sequence logo, the consensus at 50% was obtained
using SeaView [16] and is shown in Table 2. Although there are some similarities among
the sequences of the cluster and the overall consensus shown in Figure 2d, there are
distinct identifiable differences in key positions among the clusters. Alanine at position 9
and Leucine at positions 6, 21, and 22 are conserved in all the clusters. The consensus
of Cluster 1, which is the largest cluster, matches very well with the overall consensus
of human ankyrin in Figure 2d. Cluster 2 shows differences with the overall ankyrin
consensus at many positions. It has Arginine at position 2, Alanine at position 5, Valine at
position 10, and the frequency of Glycine at positions 2, 13, and 25, and Histidine at 7 and
14 is significantly reduced. Cluster 3 is very similar to the overall consensus and Cluster
1, except that the Histidine residue is not conserved at position 7. Clusters 4, 6, 7, and
8 show high similarity with overall consensus on all well-conserved positions; however,
variation in the level of conservation of these positions was observed. Cluster 5 is very
well conserved in all the positions, except the Glycine and Histidine at positions 13 and 14,
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respectively, that are part of the turn T2 between the two helices. In cluster 9, the residues
of the first helix are well-conserved, but the residues in the intermediate turn, second helix,
and the long loop are not conserved. Cluster 10 exhibits maximum deviation from the
consensus, especially in the first helix region. Except for Alanine at position 9 and Leucine
at 21–22, other positions exhibit high variability for cluster 10.
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Table 2. Top 10 sequence clusters and their consensus sequence. The conserved positions are
highlighted in blue color.

Cluster No. Consensus (50%)

1 XGXTPLHXAAXXGXXXXXXXLLXXGAXXXX

2 XXRTALXXAVXXXXXXXVXXLLXXXXXXXX

3 XGXTXLXXAXXXGHXXXVXXLLXXGAXXXX

4 XGXTPLHXAXXXGXXXXXXXLLXXGAXXXX

5 XGXTXLHLAXXXXXXXXXXXLXXXGXXXXX

6 XXXXPLXXAXXXGXXXXXXXLLXXGAXXXX

7 XGXXXLHXAAXXGXXXXXXXLXXAGXXXXX

8 XGXTXLHXAAXXGXXXXXXXLLXXXAXXXX

9 XGXTXLXXAXXXXXXXXXXXLXXXXXXXXX

10 XXXXAXLLAXXXXXXXXVXXLLXXXXXXXX

2.3. Structure Analysis

Structural analysis of 127 ANK repeat proteins in the top 10 clusters was carried
out. Of these, only for 23 proteins structural information is reported for the repeat region
in Protein Data Bank [17]. For 102 of the remaining 104 proteins, predicted structure is
obtained from AlphaFold DB [18]. We extracted structural coordinates for residues in repeat
domain and considered 79 structures that had very high model confidence score. Thus,
the structural ANK repeat dataset considered for the analysis consists of 102 structures
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(23 PDB structures and 79 high confidence AlphaFold predicted structures) and their details
is summarized in Supplementary File S3. We analyzed the secondary structure architecture
(using DSSP [19]) and topological properties derived from the network representation of
these protein structures (using NAPS [20]).

2.3.1. Secondary Structure Architecture

For each cluster, secondary structure assignment information is extracted for all repeat
copies of member proteins using DSSP program [19], and the consensus secondary structure
for the cluster is obtained. Secondary structure assignment with highest frequency at each
position in the repeat copy is considered for building the consensus secondary structure
for each cluster and is given in Figure 4. As expected, the Helix-Turn Helix motif is well
conserved across the 10 clusters, with the two helices of lengths 7 and 9 amino acid residues
from positions 5 to 11 and 15 to 23, respectively, with minor variations in clusters 3 (first
helix longer by a residue) and 9 (second helix longer by a residue). Four turn positions
of two-residues each (1, 12, 24, and 28) are also well conserved, with slight variations in
clusters 2, 3, 9, and 10.
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2.3.2. Network Analysis of Protein Structures

Network representation of protein structures, called protein contact networks (PCN) or
residue interaction networks (RIN), have been widely used to analyze topological properties
of proteins [21,22]. Concepts of graph theory have been applied for the analysis of protein
structures and their function, such as identification of residues critical for protein stability
and enzymatic activity, understanding allosteric regulation, identification of repeats and
domains, etc. [23–27]. In this study, we carried out network-based analysis of ankyrin
repeat domains in top 10 clusters to understand the topological importance of amino acid
residues in different clusters. The Cα networks were constructed for ankyrin repeat domain
regions (based on UniProtKB annotation) using the NAPS portal [20]. The average residue-
wise connectivity information for the 10 clusters is depicted in Figure 5 by overlaying
line plots of each cluster. The degree plot in Figure 5a represents the total number of
interactions of the node. It is observed that residues 9 and 10 in the first helix have the
maximum degree. We further analyzed the interaction patterns by segregating the inter-
and intra-repeat edges, as shown in Figure 5b,c respectively. The inter- and intra-repeat
edges for an example designed ankyrin repeat copy with its adjacent copies are shown in
Figure 6. The intra-repeat edges are shown in grey color, and the inter-repeat edges are
shown in yellow. The intra-repeat unit edges capture the non-bonded interactions within
the secondary structure elements and those between secondary structure elements and
are responsible in stabilizing the structural motif. Residue 9 has the highest degree in
all the clusters and has Alanine conserved across all the clusters. It has high intra-repeat
edges, while residue 10 has high inter-repeat edges. The residues at positions 5, 6, 9, and
10 of first helix interact with the residues 17, 18, 21, and 22 of the second helix, which is
reflected in the high intra-repeat edges for these residues [5]. These include the conserved
residues Pro5, Leu6, Ala9, Leu21, and Leu22. For the region towards the end of second
helix and the long loop at the C-terminal end, the number of intra-repeat edges are highly
conserved across all clusters, except in clusters 9 and 10. The inter-repeat unit edges
capture non-bonded interactions with residues of adjacent repeat copies and dictate the
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overall fold of the domain. The N- and C-terminal residues, namely 1, 2, 29, and 30, show
high inter-residue interactions, which is expected due to the proximity with the adjacent
repeat copies in the primary structure. Among these terminal residues, Glycine is highly
conserved at position 2 in most clusters, and Asparagine or Aspartic acid is observed at
position 29. The residues in the first helix are involved in inter-repeat interactions, whereas,
except residue 17, the other residues of the second helix are not involved in inter-repeat
interactions. The inter-repeat interaction pattern is much diverse across the clusters as
compared to the intra-repeat interaction pattern. Lower conservation at the sequence level
in clusters 9 and 10 (Figure 3) is also reflected in their poor overlap with other profiles. The
highly conserved residues across all the clusters in Figure 3, such as L at position 6, 21, and
22, and A at position 9, exhibit conserved inter-repeat interactions. These observations
suggest that the interaction pattern within individual repeat copies is highly conserved
across all human ankyrin proteins, while the functional diversity among the proteins can
be attributed to the variation in the inter-repeat interactions between them. The inter- and
intra-repeat interactions also dictate the 3D fold of the ankyrin motif.

Two other node centrality measures, namely betweenness and eigenvector centrality
profiles of the repeat motifs, are analyzed in top 10 clusters to identify topologically
important residues. In structural repeat proteins, the centrality values of the central repeat
copy are higher in magnitude and taper down for neighboring copies on either side,
though the general trend is the same for all copies [28]. Hence, the centrality value of each
repeat unit is normalized with respect to the maximum value in the respective unit, so
that the centrality values for each copy lies in the range 0–1. Next, the consensus profile
for each cluster is constructed by taking the average centrality value at each position
in the motif across all repeat copies of all members of the cluster. The consensus or
representative betweenness and eigenvector centrality profiles for the top 10 clusters is
shown in Figure 7a,b, respectively. The betweenness centrality is the shortest-path based
node centrality measure that captures the importance of a node in transmission flow within
the network [29]. In the network representation of protein structures, amino acid residues
with high betweenness centrality have been found critical for folding of the protein [30].
From Figure 7a, we observe that residues of the first helix of the ankyrin motif exhibits
higher betweenness centrality values compared to those of the second helix. This is because
the first helix is buried in the core of the protein. Residues positions 10 and 17 are observed
to have higher number of inter-repeat interactions and also exhibit higher betweenness
centrality values. This is not surprising as these residues act as linking residues between
the adjacent repeat copies, and most of the shortest paths between the repeat copies pass
through these nodes.

The sequence, structure, and functional domain information analyses provided in this
study help in functional grouping of human ankyrin proteins. Protein clusters identified
based on the ankyrin repeat domain sequence show a distinct conservation pattern at
certain key positions in the ankyrin motif. Further, network-based structural analysis helps
in identifying conserved interaction patterns across ankyrin protein clusters. Below, we
discuss the impact of variations at these conserved positions and disease association in few
representative examples of human ankyrin proteins across the clusters.

The principal eigenvector component of the adjacency matrix, called eigenvector
centrality, captures not only the information of direct connections of a node (degree) but
also the connectivity information of its neighbors, neighbor’s neighbors, and so on [31,32].
In our earlier work, we have shown that different protein repeat families exhibit a highly
conserved and distinct eigenvector centrality profile [28]. We showed that these conserved
patterns can be used to identify structural repeats in proteins [33,34] and developed a
database of structural repeat proteins, called DbStRiPs [35]. The average eigenvector
centrality profile is highly conserved across all the 10 clusters, as shown in Figure 7b, in
accordance with the profile used in DbStRiPs. The amino acid residues of the first helix
that are towards the core of the protein and the residues 17 and 18 from second helix that
have high inter- and intra-repeat unit interactions, respectively, also have high eigenvector
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centrality. Although the sequence conservation between the repeat units is poor, and
the domain architecture of the clusters is different, the conserved eigenvector centrality
shows that the overall connectivity of the residues within the repeating units remain highly
conserved, which is the characteristic feature of Class III and Class IV repeats in Kajava’s
classification [36].
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3. Discussion
3.1. Variations in ANK Structure

Though the topology of the structural ANK motif is well-conserved, some differences
are observed across different ankyrin repeat proteins. One of the major factors responsible
for these differences is the presence of non-ankyrin domains that affect the orientation
of the ANK domain in the overall 3D structure of the protein. The 3D protein structures
for representative example proteins from top 4 clusters are shown in Figure 8, with the
ankyrin repeat domain depicted in ‘red’, while all other domains are shown in ‘grey’. In
these multi-domain proteins, the residues of ankyrin repeat domain have long-range non-
bonded interactions with the residues of the other domains. The ankyrin repeat domain of
ANK1 protein in Figure 8a forms a super-helical structure around the other domains. The
ankyrin repeat domain of protein POTEJ (Figure 8b) has interactions with other domains
through the convex surface residues, while that in TNI3K (Figure 8c) interacts with other
domains through its concave surface residues. In the case of protein BARD1, the interaction
of the ankyrin repeat domain with other domains is through the residues of its surface
orthogonal to the concave and convex surfaces, as shown in Figure 8d. These differences
in the inter-domain interaction patterns between the clusters affect the orientation of the
ANK domain. The other factor affecting the topology of the ANK motifs is the presence
of number of contiguous ANK units in a protein. Proteins with higher number of repeats
typically exhibit a more compact and concave surface of the ankyrin domain. Third, due to
higher solvent accessibility of the N- and C-terminal motifs, these exhibit more flexibility
compared to internal ANK motifs and may sometimes be partially truncated. Apart from
these factors, evolutionary processes, such as insertions and deletions, result in variable
length of the helices and the loop regions, though the overall helix-turn-helix topology
maybe conserved. These variations in ankyrin repeat proteins may be responsible for the
structural differences observed across different clusters and result in differences in the edge
distributions of certain positions. For example, high consistency in the intra-repeat edges
among the clusters, and, for some key positions, such as position 2 of the first turn, T1, and
positions 7–10 of first helix, H1, high diversity in the inter-repeat edges is observed.

3.2. Disease Associated Variations

From multiple sequence alignment of ankyrin repeat sequences in Figure 2d, we
observe patterns of conservedness in ANK motifs, for example, Glycine residues conserved
at positions 2, 13, and 25, the TPLH motif at positions 4–7, Alanine at positions 9 and 26,
and Leucine at positions 21 and 22. These positions have been reported to be evolutionarily
conserved, indicating their importance [5]. Of the three Glycine positions, Gly13 and Gly25
terminate the two helices. The tetrapeptide motif, Thr-Pro-Leu-His (TPLH), initiates the first
α-helix and forms a turn that is stabilized through reciprocal hydrogen-bonding interactions
between the side-chain and main-chain atoms of Threonine and Histidine and H-bond
between Proline and Histidine (H), and threonine (T) initiates the characteristic L form of
the ANK repeat [5]. The conserved hydrophobic residues of the two anti-parallel helices are
involved in stacking of the repeats and result in a very stable, nonglobular ankyrin domain
structure with a hydrophobic core. A conserved motif GADVN is observed at position
25–29 in the loop region connecting the second α-helix with β-turn. In accordance with
the analysis of Utges et al., here, Ala26 and Val28 form intra- and inter-repeat interactions,
whereas Asp27 and Asn29 form hydrogen bonds, with adjacent repeats. This region
spanning from GADVN to β-turn at the interface between adjacent repeats is shown to
be the most flexible region of the motif through molecular dynamics simulations [37]. At
positions 17–22 in the second α-helix, a hydrophobic motif, [I/V]VXLLL, is observed, with
X usually being hydrophilic. These residues form intra- and inter-repeat hydrophobic
networks that help to keep together the ankyrin repeat domain (ARD) structure.
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The conserved positions are identified to be involved in the fold and stability of
individual repeating unit or in forming the interface between repeats. On the other hand,
positions 3, 12, 23, and 24 in the ANK motif are observed to be highly variable and may
be considered tolerant to mutations. It would be interesting to assess the distribution
of disease-causing mutations across the conserved and variable positions. As shown in
Figure 1b, for a designed ankyrin protein, the ANK domain forms two surfaces: concave
(coloured in ‘red’) and convex (in ‘blue’). The concave surface comprises the β-turn/loop
region and the first α-helix and is often associated with protein-protein interactions (PPIs),
namely the residues 1, 2, 3, 8, 11, 12, 32, 33 (32–12), and 7. Most of these positions on
the concave surface are highly diverse positions, and this variability allows it to bind to
different substrates. The residues on the convex surface, namely 13, 14, 15, 16, 19, 20, 22,
23, and 24 (13–31). These include the conserved positions Gly13, the conserved motifs,
[I/V]VXLLL at position 17–22, and GADVN at position 25–29, which include the conserved
positions Gly25, Leu21, Leu22, and Ala26. Positions 13 and 14, which define the start of
convex surface, are also enriched in PPIs, probably because of their close proximity to the
concave surface. Thus, less conserved positions of the ANK motif are involved in ligand
interactions, while most conserved positions with high intra- and inter-repeat contacts are
responsible for the stability of the 3Dfold of the ankyrin domain. Below, the variations
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reported at conserved positions in the ANK motif are discussed for a few proteins based
on the analyses of sequence, structure, and diseases associated with these positions.

3.2.1. Variations at Conserved TPLH Motif

One of the most conserved regions in the ANK repeat is the tetrapeptide motif TPLH,
or its close variant TP/ALH, at positions 4–7, and is observed in most of the clusters in
our analysis. It occurs at the start of first helix (H1) and contributes to the conformational
stability locally through H-bonding network, mainly for the intermediate copies, since the
terminal copies tend to exhibit more sequence diversity [38]. Proline at the 5th position
initiates the helix, while Leucine at the 6th position forms multiple hydrophobic interactions
within the repeat, as shown in Figures 5b and 6a. Threonine at position 4 forms three H-
bonds with Histidine at the 7th position, and their side chains are involved in several
intra-repeat, as well as inter-repeat, hydrogen bonds. Thus, high conservation of this
motif in ankyrin repeat proteins emphasizes the importance of this inter-repeat H-bond
network, propagating over the entire domain. The motif is conserved across all the clusters,
except cluster 10, which also shows diverse interaction pattern and edge distribution.
Mutagenesis analysis of TPLH motif in the Gankyrin protein carried out by Guo et al. [38]
revealed that the TPLH motif in the third and fourth ANK copies contributed significantly
to conformational stability, while, in other copies (repeat copies 1, 2, 5, and 6), it exhibited
comparatively lesser, or even negative, contributions.

Mutations in the repeat region of CDKN2A have been found to be associated with
multiple cancers. Different sub-types of melanomas are associated with mutations in the
well-conserved first helix residues. Mutations of Pro to Leu, Thr, and Ser at position 5
lead to the loss of its binding with CDK4, which is associated with multiple sub-types of
melanoma, non-small cell lung carcinoma, and head and neck tumors, as shown in Table 3.
Mutation of Leu to Pro and Arg at position 6 are also associated with melanoma, while
mutations in position 7 from His to Asn and Tyr are reported in lung and pancreas tumors,
respectively. Mutation of Leu to Arg at position 6 in ANK1 protein is associated with
Spherocytosis, while Leu to Ser in INVS impairs its ability to target DVL1 for degradation.

3.2.2. Variations at Conserved Glycine Positions

The Glycine at positions 2, 13, and 25 are part of the two-residue turns T1, T2, and T3,
respectively (Figure 1a), and observed to be well-conserved. Among the top 10 clusters, Gly
is well conserved at position 2 for all the clusters, except cluster 10, while it is conserved
at positions 13 and 25 in 6 out of 10 clusters. Gly2 is conserved at the beta turn T1 and is
observed to exhibit high inter-repeat interactions in Figure 5c. Gly13 is found in the loop
(turn T2) between the two anti-parallel helices. Since it is in close proximity to the concave
surface residues, Gly13 is also enriched in PPIs. Gly25 breaks the second helix. The Gly
residues in all the positions are part of a low number of interactions due to its small size,
and, consequently, lower values of network centrality are observed. However, Gly2 exhibits
the maximum number of inter-repeat edges in all the clusters due its proximity with the
residues of the adjacent repeat copy. In Table 3, the number of proteins containing mutations
at the three conserved positions, 2, 13, and 25, is given. Given the importance of these
positions in the conformational stability of the ankyrin repeat domain, it is not surprising
that only three variations at Gly2 position, three at Gly13, and six at Gly25 position have
been reported. These include three cyclin-dependent kinase inhibitors, CDKN2A, CDKN2B,
and CDKN2C, as well as nuclear factor kappa B1 (NFKB1) transcription factor, and ANK1
and ANKK1 genes, which have been associated with tumorigenesis.

3.2.3. Variations at Conserved Alanine Positions

Alanine is highly conserved at position 9 for all the top 10 clusters, while it is weakly
conserved at position 26 in 8 clusters. Ala9 is part of the first helix and has maximum
interactions compared to all other positions in the ankyrin motif. The central location
of the residue reflects in the high eigenvector centrality of the residue. It is involved in
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intra-repeat interactions and contributes to the structural stability of the ankyrin motif.
Mutation of Ala to Thr at position 9 in CDKN2A leads to loss of binding with CDK4, which
is responsible for CMM2 (Table 3). Ala26 is part of the long loop towards the end of the
repeating unit and is part of the flexible region of the domain, which is reflected in the low
number of interactions and network centrality values for the residue.

3.2.4. Variations at Conserved Leucine Positions

Apart from Leu6, which is part of the TPLH motif discussed earlier, Leu is conserved
at positions 21 and 22, which are part of the second helix. These are highly conserved in
all the top 10 clusters and play a vital role in stabilizing the helix-turn-helix motif. This
is reflected in the high number of intra-repeat edges. Mutations in both the positions in
CDKN2A have been found to be associated with melanoma, as shown in Table 3.

RNase L: Ribonuclease L (RNASEL) is a key enzyme in the interferon induced antiviral
and anti-proliferate pathway and is implicated in the onset and development of viral
induced cancers. It consists of three domains, the N-terminal ANK domain, the protein
kinase homology domain, and the C-terminal ribonuclease domain. It was first shown in
Rnase L that an ankyrin repeat region interacts with nucleic acids other than proteins, and
repeats 2 and 4 are involved in the binding [39]. In UniProt, variation in this protein is
reported at positions 2, 3, 7, and 18. From Figure 3, we observe that, for cluster 3, position
2 has Glycine conserved, while positions 3 and 7 are highly variable, and position 18 has
hydrophobic residues, mainly Valine/Alanine. The G2S mutation is a missense variant but
is likely benign. Though mutations in RNase L have been implicated in various cancers,
only mutations at position 3 (in repeats 7 and 8) have been shown with reduced 2–5 A
binding activity and complete loss of binding activity, when mutations are presented at
both the 240 and 274 position in the protein.

Cyclin-dependent kinase inhibitors: The family of cyclin-dependent kinase inhibitor
genes, CDKN2A (p16-INK4), CDKN2B (p15-INK4b), CDKN2C (p18-INK4c), and CDKN2D
(p19-INK4d), are tumor suppressor genes generally inactivated in human cancers. The
ANK repeat domains in these proteins are involved in binding to CDKs. Both CDKN2A and
CDKN2B are part of the same cluster 7, while CDKN2C and CDKN2D belong to clusters
19 and 15, respectively. CDKN2A is one of the extensively studied tumor suppressor that
plays a crucial role in cell cycle progression, differentiation, senescence, and apoptosis.
In CDKN2A, variations have been reported for most positions of the ANK motif, and
the majority of these variations have been reported to be associated with some type of
cancer (Supplementary File S4). Only at positions 2, 20, 27, and 30 have no variations
been reported. Of these, apart from position 2, all other are highly variable positions and
not important, either for structural stability or in PPIs. In CDKN2B, the first two ankyrin
repeats mediate majority of the interactions with the CDKs. Mutations at two conserved
positions in the ANK motif, position 2 (G47E) and position 5 (A50V), in the TPLH motif,
have been reported. Both of these mutations are in the second ANK repeat and have
been implicated in lung adenocarcinoma. It belongs to cluster 7, for which position 2 is
conserved with Gly, and position 5 with Pro/Ala, as shown in Figure 3. In CDKN2C, two
sites, 4 and 25, have reported variants. The A72P at position 4 (TPLH motif) in ANK copy 3
is reported in breast cancer, and loss of CDK6 interaction is reported. A variant T126M is
reported at another conserved site, Gly25.

ANKRD29: It is an ankyrin repeat domain protein consisting of 8 copies of ANK
repeat. In UniProt, two mutations are reported. One mutation is at the conserved Gly2
position in repeat 4, G112E, but no disease association or functional loss of the protein is
reported. The other variation is reported at position 18, V95M, which is a somatic mutation
associated with breast cancer patient. It belongs to cluster 1, which exhibits predominantly
Gly in position 2. Residue position 18 is part of the second helix and exhibits high inter-
and intra-repeat unit interactions. The position also exhibits high eigenvector centrality,
indicating the topological importance of this position.
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TPRC6. Six members of human transient receptor potential canonical (TRPC) proteins
have been reported in UniProt with ANK repeats, of which only for TRPC6 variation at
Gly13 position is reported. A G109S variation in first ANK repeat and R175Q in the third
ANK repeat is reported to increase calcium ion transport and associated with familial
atypical multiple mole melanoma syndrome (FSGS2). Apart from these, few other vari-
ations at 1, 12, 13, 14, 16, 26, and 29 have been reported for TRPC6 (Supplementary File
S4). For most of these positions, increased cation channel activity is observed, except for
N125S, which reports decrease in calcium ion activity. However, no significant indication
of channel inactivation was noted. All of the six TRPCs belong to Cluster 10, for which
these positions are highly variable in Figure 3. Centrality measure analysis indicate fewer
inter- and intra-edges at these positions for this cluster in Figure 5, and lower values of
betweenness and eigenvector centrality are observed in Figure 7.

ANKK1. The ankyrin repeat and protein kinase domain-containing protein 1 (ANKK1)
is a member of the Ser/Thr kinase family and involved in signal transduction pathways.
They play an important role in cell proliferation, differentiation, and activate transcription
factors. Two variations, S670G in ANK repeat 10 and R736L in repeat 12 has been reported
for Gly13 position in ANKK1, with R736L being a somatic mutation associated with lung
squamous cell carcinoma. ANKK1 belongs to cluster 1, where position 13 has Gly as the
dominant amino acid. Topological analysis revealed high inter-repeat interactions for
this position. Variations on all the 4 positions of the TPLH motif have been observed, as
well as at positions 16, 23, 25, 27, and 29 (Supplementary File S4). Of these, only Q717L,
corresponding to position 27 of the ANK motif, is a somatic mutation associated with lung
large cell carcinoma. From sequence and structure analysis, these positions are highly
variable suggesting probable role in PPI, namely 13, 16, and 23.

Table 3. Variations associated with the most conserved positions of the ankyrin motif.

Residue Position Gene Name Copy No. Cluster No. Variation Condition(s)

Gly2

ANKRD29 4 1 G112E G -> E (in dbSNP:rs17855552)

RNASEL 2 3 G59S G -> S (in dbSNP:rs151296858)

BARD1 1 4 G428* Hereditary cancer-predisposing syndrome

CDKN2B 2 7 G47E Lung adenocarcinoma

Thr4 ANKK1 8 1 T595I T -> I (in dbSNP:rs55787008)

Pro5

ANKK1 8 1 P596L P -> L (in dbSNP:rs7104979)

ASB2 4 6 P160S P -> S (in dbSNP:rs2295213)

CDKN2A 4 7 P114L Non-small cell lung carcinoma

CDKN2A 4 7 P114S Melanoma; lossof CDK4 binding;
dbSNP:rs104894104

CDKN2A 2 7 P48L CMM2 $; also found in head and
neck tumor

CDKN2A 2 7 P48T Hereditary melanoma|Hereditary
cancer-predisposing syndrome

CDKN2A 3 7 P81L Melanoma; impairs the function;

CDKN2A 3 7 P81T CMM2; loss of CDK4 binding;
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Table 3. Cont.

Residue Position Gene Name Copy No. Cluster No. Variation Condition(s)

Leu6

ANK1 8 1 L276R Spherocytosis type 1

ANK1 17 1 L573fs Spherocytosis type 1

ANKK1 1 1 L366F L -> F (in dbSNP:rs56339158)

NFKBIA 2 5 115..120

LHLAVI->AHAAVA: Greatly reduced
nuclearlocalization. Great reduction in

its ability to inhibit DNA
binding of RELA.

CDKN2A 1 7 L16fs Hereditary cancer-predisposing syndrome

CDKN2A 1 7 L16fs
Squamous cell lung carcinoma;

Hereditary melanoma; Hereditary
cancer-predisposing syndrome

CDKN2A 1 7 L16P Biliary tract tumor; familial melanoma

CDKN2A 1 7 L16P Hereditary melanoma

CDKN2A 1 7 L16R Hereditary melanoma; Hereditary
cancer-predisposing syndrome

INVS 15 8 L493S NPHP2; impairs ability to target
DVL1 fordegradation

His7

ANKK1 1 1 H367Q H -> Q (in dbSNP:rs34298987)

CDKN2A 3 7 H83N Lung tumor

CDKN2A 3 7 H83Q H -> Q (in dbSNP:rs34968276)

CDKN2A 3 7 H83Y Pancreas tumor; head andneck tumor

Ala9

CDKN2A 1 7 A19T CMM2; loss of CDK4 binding

CDKN2A 4 7 A118T CMM2

CDKN2A 3 7 A85T A -> T (in dbSNP:rs878853646)

Gly13

BARD1 3 4 G505fs Hereditary cancer-predisposing
syndrome; Familial cancer of breast

CDKN2A 4 7 G122R CMM2

CDKN2A 4 7 G122S Biliary tract tumor

CDKN2A 1 7 G23D Pancreas tumor; melanoma; loss of
CDK4 binding

CDKN2A 3 7 G89D CMM2

CDKN2A 3 7 G89S CMM2

TRPC6 1 10 G109S Focal segmental glomerulosclerosis 2
(FSGS2); increases calcium ion transport

Leu21 CDKN2A 3 7 L97R CMM2; loss of CDK4 binding

Leu22 CDKN2A 1 7 L32P Hereditary cancer-predisposing
syndrome; Hereditary melanoma
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Table 3. Cont.

Residue Position Gene Name Copy No. Cluster No. Variation Condition(s)

Gly25

ANK2 20 1 G685E breast cancer

ANKK1 3 1 G451R G -> R (in dbSNP:rs34983219)

ANKHD1 1 3 G228C G -> C (in dbSNP:rs17850572)

CDKN2A 3 7 G101W

Hereditary melanoma; Cutaneous
malignant melanoma 2;

Melanoma-pancreatic cancer syndrome;
Hereditary cancer-predisposing syndrome

CDKN2A 1 7 G35A CMM2; biliary tract tumor; uveal
melanoma; partial loss of CDK4 binding

CDKN2A 1 7 G35E CMM2

CDKN2A 1 7 G35V CMM2; loss of CDK4 binding

Ala26

ANKRD16 3 6 A128G A -> G (in dbSNP:rs2296136)

CDKN2A 3 7 A102E
Seminoma; medulloblastoma tissues
from Li-Fraumeni syndrome patients

carrying a mutation in TP53;

CDKN2A 3 7 A102T A -> T (in dbSNP:rs35741010)

CDKN2A 1 7 A36fs Hereditary melanoma; Hereditary
cancer-predisposing syndrome

$ Cutaneous malignant melanoma 2.

4. Materials and Methods
4.1. Dataset Preparation

The dataset of human ankyrin repeats considered in this work was obtained by
filtering the reviewed entries in UniProtKB database (2021_09 release) [14]. The domain
information was obtained from InterPro database (release 87.0) [40]. The disease association
of mutations in human ankyrin repeat was obtained from UniProtKB database and ClinVar
database [41]. The variations reported in ClinVar were filtered by considering only the
pathogenic variations that lead to change in the amino acid sequence. We considered only
the reviewed entries with evidence provided by multiple submitters without any conflict.
The structural data was obtained from the Protein Data Bank (PDB) [17] (if available) and
AlphaFold DB [18]. The 3D protein structures in AlphaFold DB were predicted structures
obtained using a deep-learning based artificial intelligence program called AlphaFold [42].
We extracted the structural coordinates for the residues in repeat domain and considered
only those predicted structures that have very high model confidence score. The AlphaFold
program provides residue-wise confidence score of the prediction in the range between 0
and 100, called predicted local-distance difference test (pLDDT). We considered only those
structures that have the average pLDDT score ≥ 90.

4.2. Sequence Analysis
4.2.1. Clustering

The clustering of human ankyrin repeat domains is performed using three iterations
of CD-HIT algorithm [15]. It works on the principle of matching identical short substrings
between sequences without an actual sequence alignment. Similarity between two se-
quences is computed by the overlap in the frequency of short substrings, called words,
such as dipeptides, tripeptides, and so on. The relationship between overlapping word
count and sequence similarity has been derived from analytical and large-scale statistical
analyses. In the multiple iteration CD-HIT program, called H-CD-HIT, clustering is carried
out iteratively by reducing the sequence identity threshold. In each iteration, representative
sequence for each cluster is identified as the one with maximum similarity with all the



Molecules 2022, 27, 423 18 of 20

members. Subsequent iterations are carried out by considering cluster representatives
instead of all the sequences. This increases the reachability of the clusters in datasets of
diverse sequences. The sequence identity thresholds used for the three iterations are 90%,
60%, and 30%.

4.2.2. Sequence Alignment

The multiple sequence alignment (MSA) was performed using Clustal Omega [10].
Sequence logos for the MSAs were obtained using WebLogo3 [11] and consensus sequences
for the clusters obtained using SeaView [16] at 50% threshold.

4.3. Protein Contact Network
4.3.1. Network Construction

The 3D protein structure is represented as a Cα network by considering the backbone
Cα carbon atoms of amino acid residues as nodes, and an edge is drawn between them if
the Euclidean distance between them is ≤Rc. We constructed unweighted Cα networks
for the protein structures using the NAPS portal [20] by using the distance threshold of
7 Å (Rc) and minimum residue separation threshold of 1. The connectivity information
of amino acid residues is represented by a symmetric n × n adjacency matrix A, whose
elements Aij = 1 when the residues i and j are connected; otherwise, Aij = 0.

4.3.2. Betweenness Centrality

The betweenness centrality of a node is defined as the ratio of all the shortest paths
passing through a node and the total number of shortest paths in the network [29] and is
given by:

B(u) = ∑
s 6=u∈V

∑
t 6=u∈V

(
σst(u)

σst

)
(1)

where V is the set of all vertices in the network, σst is the shortest path between nodes s,
and t and σst(u) is the shortest path between nodes s and t passing through node u.

4.3.3. Eigenvector Centrality

The principal eigen spectra of the adjacency matrix is known to depict the topology of
the graph, as apart from the connectivity of a node; it also captures the connectivity of its
neighbors and their neighbors, and so on [31,32]. It is given by:

xi =
1
λ

N

∑
j=1

Aijxj (2)

where Aij is the ijth element of Adjacency matrix, λ is the largest eigen value of A, and xi is
the eigenvector centrality of node i.

5. Conclusions

The ankyrin repeats are found in a large number of human proteins and exhibit
variations in the number of repeat units, domain architecture, function, and consensus
repeat sequence. We considered 216 well-annotated reviewed human ankyrin proteins
from UniProtKB and clustered them based on sequence conservation in the ankyrin repeat
domain. Compositional bias is observed in the occurrence of non-polar amino acids with
Leucine and Alanine, occurring with higher abundance (~26%) in the ankyrin repeat do-
main. These two amino acids are also observed in the three most conserved positions across
all the clusters, Leucine at positions 6 and 21, and Alanine at position 9. Structural analysis
shows that the intra-repeat interactions that define the ankyrin motif are highly conserved
across all the clusters, while variation in the conserved positions impact the inter-repeat unit
interactions that determine the tertiary fold and function of the protein. The network-based
topological analyses further demonstrate the importance of the conserved positions in the
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structural stability and function of the protein. This helps in understanding the associa-
tion of mutations in highly conserved regions to different diseases, such as spherocytosis,
hereditary cancer predisposing syndrome, melanoma, lung adenocarcinoma, etc.

Supplementary Materials: The following supporting information can be downloaded, Supplemen-
tary File S1: Details of the reviewed human ankyrin repeat proteins reported in the UniProtKB
database. Supplementary File S2: Cluster membership of the human ANK proteins obtained from
hCD-HIT method. Supplementary File S3: Details of the structural data of the human ankyrin repeat
proteins obtained from the Protein Data Bank (PDB) and AlphaFold DB. Supplementary File S4: The
curated information of the disease association of mutations in human ankyrin repeat proteins obtained
from the UniProtKB and ClinVar databases.

Author Contributions: Conceptualization: B.C. and N.P.; methodology: B.C.; investigation: B.C. and
N.P.; writing original draft preparation: B.C. and N.P.; supervision: N.P. All authors have read and
agreed to the published version of the manuscript.

Funding: This research received no external funding.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Conflicts of Interest: The authors declare no conflict of interest.

Sample Availability: Not applicable.

References
1. Bork, P. Hundreds of Ankyrin-like Repeats in Functionally Diverse Proteins: Mobile Modules That Cross Phyla Horizontally?

Proteins 1993, 17, 363–374. [CrossRef] [PubMed]
2. Li, J.; Mahajan, A.; Tsai, M.-D. Ankyrin Repeat: A Unique Motif Mediating Protein-Protein Interactions. Biochemistry 2006, 45,

15168–15178. [CrossRef] [PubMed]
3. Andrade, M.A.; Perez-Iratxeta, C.; Ponting, C.P. Protein Repeats: Structures, Functions, and Evolution. J. Struct. Biol. 2001, 134,

117–131. [CrossRef] [PubMed]
4. Mosavi, L.K.; Cammett, T.J.; Desrosiers, D.C.; Peng, Z.-Y. The Ankyrin Repeat as Molecular Architecture for Protein Recognition.

Protein Sci. 2004, 13, 1435–1448. [CrossRef] [PubMed]
5. Utgés, J.S.; Tsenkov, M.I.; Dietrich, N.J.M.; MacGowan, S.A.; Barton, G.J. Ankyrin Repeats in Context with Human Population

Variation. PLoS Comput. Biol. 2021, 17, e1009335. [CrossRef]
6. Sharma, N.; Bham, K.; Senapati, S. Human Ankyrins and Their Contribution to Disease Biology: An Update. J. Biosci. 2020, 45,

146. [CrossRef] [PubMed]
7. Zhao, R.; Choi, B.Y.; Lee, M.-H.; Bode, A.M.; Dong, Z. Implications of Genetic and Epigenetic Alterations of CDKN2A (P16INK4a)

in Cancer. EBioMedicine 2016, 8, 30–39. [CrossRef] [PubMed]
8. Wang, T.; Baron, M.; Trump, D. An Overview of Notch3 Function in Vascular Smooth Muscle Cells. Prog. Biophys. Mol. Biol. 2008,

96, 499–509. [CrossRef]
9. Sedgwick, S.G.; Smerdon, S.J. The Ankyrin Repeat: A Diversity of Interactions on a Common Structural Framework.

Trends Biochem. Sci. 1999, 24, 311–316. [CrossRef]
10. Sievers, F.; Wilm, A.; Dineen, D.; Gibson, T.J.; Karplus, K.; Li, W.; Lopez, R.; McWilliam, H.; Remmert, M.; Söding, J.; et al. Fast,

Scalable Generation of High-Quality Protein Multiple Sequence Alignments Using Clustal Omega. Mol. Syst. Biol. 2011, 7, 539.
[CrossRef]

11. Crooks, G.E.; Hon, G.; Chandonia, J.-M.; Brenner, S.E. WebLogo: A Sequence Logo Generator. Genome Res. 2004, 14, 1188–1190.
[CrossRef] [PubMed]

12. Kohl, A.; Binz, H.K.; Forrer, P.; Stumpp, M.T.; Plückthun, A.; Grütter, M.G. Designed to Be Stable: Crystal Structure of a Consensus
Ankyrin Repeat Protein. Proc. Natl. Acad. Sci. USA 2003, 100, 1700–1705. [CrossRef] [PubMed]

13. Mosavi, L.K.; Minor, D.L.; Peng, Z.-Y. Consensus-Derived Structural Determinants of the Ankyrin Repeat Motif. Proc. Natl. Acad. Sci. USA
2002, 99, 16029–16034. [CrossRef]

14. UniProt Consortium. UniProt: The Universal Protein Knowledgebase in 2021. Nucleic Acids Res. 2021, 49, D480–D489. [CrossRef]
15. Li, W.; Godzik, A. Cd-Hit: A Fast Program for Clustering and Comparing Large Sets of Protein or Nucleotide Sequences.

Bioinformatics 2006, 22, 1658–1659. [CrossRef] [PubMed]
16. Gouy, M.; Guindon, S.; Gascuel, O. SeaView Version 4: A Multiplatform Graphical User Interface for Sequence Alignment and

Phylogenetic Tree Building. Mol. Biol. Evol. 2010, 27, 221–224. [CrossRef]
17. Berman, H.M.; Westbrook, J.; Feng, Z.; Gilliland, G.; Bhat, T.N.; Weissig, H.; Shindyalov, I.N.; Bourne, P.E. The Protein Data Bank.

Nucleic Acids Res. 2000, 28, 235–242. [CrossRef]

http://doi.org/10.1002/prot.340170405
http://www.ncbi.nlm.nih.gov/pubmed/8108379
http://doi.org/10.1021/bi062188q
http://www.ncbi.nlm.nih.gov/pubmed/17176038
http://doi.org/10.1006/jsbi.2001.4392
http://www.ncbi.nlm.nih.gov/pubmed/11551174
http://doi.org/10.1110/ps.03554604
http://www.ncbi.nlm.nih.gov/pubmed/15152081
http://doi.org/10.1371/journal.pcbi.1009335
http://doi.org/10.1007/s12038-020-00117-3
http://www.ncbi.nlm.nih.gov/pubmed/33410423
http://doi.org/10.1016/j.ebiom.2016.04.017
http://www.ncbi.nlm.nih.gov/pubmed/27428416
http://doi.org/10.1016/j.pbiomolbio.2007.07.006
http://doi.org/10.1016/S0968-0004(99)01426-7
http://doi.org/10.1038/msb.2011.75
http://doi.org/10.1101/gr.849004
http://www.ncbi.nlm.nih.gov/pubmed/15173120
http://doi.org/10.1073/pnas.0337680100
http://www.ncbi.nlm.nih.gov/pubmed/12566564
http://doi.org/10.1073/pnas.252537899
http://doi.org/10.1093/nar/gkaa1100
http://doi.org/10.1093/bioinformatics/btl158
http://www.ncbi.nlm.nih.gov/pubmed/16731699
http://doi.org/10.1093/molbev/msp259
http://doi.org/10.1093/nar/28.1.235


Molecules 2022, 27, 423 20 of 20

18. Varadi, M.; Anyango, S.; Deshpande, M.; Nair, S.; Natassia, C.; Yordanova, G.; Yuan, D.; Stroe, O.; Wood, G.; Laydon, A.;
et al. AlphaFold Protein Structure Database: Massively Expanding the Structural Coverage of Protein-Sequence Space with
High-Accuracy Models. Nucleic Acids Res. 2022, 50, 439–444. [CrossRef]

19. Kabsch, W.; Sander, C. Dictionary of Protein Secondary Structure: Pattern Recognition of Hydrogen-Bonded and Geometrical
Features. Biopolymers 1983, 22, 2577–2637. [CrossRef]

20. Chakrabarty, B.; Parekh, N. NAPS: Network Analysis of Protein Structures. Nucleic Acids Res. 2016, 44, 375–382. [CrossRef]
21. Greene, L.H. Protein Structure Networks. Brief. Funct. Genom. 2012, 11, 469–478. [CrossRef]
22. Di Paola, L.; De Ruvo, M.; Paci, P.; Santoni, D.; Giuliani, A. Protein Contact Networks: An Emerging Paradigm in Chemistry.

Chem. Rev. 2013, 113, 1598–1613. [CrossRef]
23. Amitai, G.; Shemesh, A.; Sitbon, E.; Shklar, M.; Netanely, D.; Venger, I.; Pietrokovski, S. Network Analysis of Protein Structures

Identifies Functional Residues. J. Mol. Biol. 2004, 344, 1135–1146. [CrossRef]
24. Brinda, K.V.; Vishveshwara, S. A Network Representation of Protein Structures: Implications for Protein Stability. Biophys. J. 2005,

89, 4159–4170. [CrossRef] [PubMed]
25. Böde, C.; Kovács, I.A.; Szalay, M.S.; Palotai, R.; Korcsmáros, T.; Csermely, P. Network Analysis of Protein Dynamics. FEBS Lett.

2007, 581, 2776–2782. [CrossRef] [PubMed]
26. Blacklock, K.; Verkhivker, G.M. Computational Modeling of Allosteric Regulation in the Hsp90 Chaperones: A Statistical

Ensemble Analysis of Protein Structure Networks and Allosteric Communications. PLoS Comput. Biol. 2014, 10, e1003679.
[CrossRef] [PubMed]

27. Chakrabarty, B.; Das, D.; Bung, N.; Roy, A.; Bulusu, G. Network Analysis of Hydroxymethylbilane Synthase Dynamics.
J. Mol. Graph. Model. 2020, 99, 107641. [CrossRef]

28. Chakrabarty, B.; Parekh, N. PRIGSA: Protein Repeat Identification by Graph Spectral Analysis. J. Bioinform. Comput. Biol. 2014, 12,
1442009. [CrossRef]

29. Freeman, L.C. A Set of Measures of Centrality Based on Betweenness. Sociometry 1977, 40, 35–41. [CrossRef]
30. Vendruscolo, M.; Dokholyan, N.V.; Paci, E.; Karplus, M. Small-World View of the Amino Acids That Play a Key Role in Protein

Folding. Phys. Rev. E Stat. Nonlin. Soft Matter Phys. 2002, 65, 061910. [CrossRef]
31. Kannan, N.; Vishveshwara, S. Identification of Side-Chain Clusters in Protein Structures by a Graph Spectral Method. J. Mol. Biol.

1999, 292, 441–464. [CrossRef]
32. Vishveshwara, S.; Brinda, K.V.; Kannan, N. Protein Structure: Insights from Graph Theory. J. Theor. Comput. Chem. 2002, 1,

187–211. [CrossRef]
33. Chakrabarty, B.; Parekh, N. Identifying Tandem Ankyrin Repeats in Protein Structures. BMC Bioinform. 2014, 15, 6599. [CrossRef]
34. Chakrabarty, B.; Parekh, N. PRIGSA2: Improved Version of Protein Repeat Identification by Graph Spectral Analysis. J. Biosci.

2020, 45, 95. [CrossRef]
35. Chakrabarty, B.; Parekh, N. DbStRiPs: Database of Structural Repeats in Proteins. Protein Sci. 2021. [CrossRef]
36. Kajava, A.V. Tandem Repeats in Proteins: From Sequence to Structure. J. Struct Biol. 2012, 179, 279–288. [CrossRef]
37. Schilling, J.; Jost, C.; Ilie, I.M.; Schnabl, J.; Buechi, O.; Eapen, R.S.; Truffer, R.; Caflisch, A.; Forrer, P. Thermostable Designed

Ankyrin Repeat Proteins (DARPins) as Building Blocks for Innovative Drugs. J. Biol. Chem. 2021, 298, 101403. [CrossRef]
38. Guo, Y.; Yuan, C.; Tian, F.; Huang, K.; Weghorst, C.M.; Tsai, M.-D.; Li, J. Contributions of Conserved TPLH Tetrapeptides to the

Conformational Stability of Ankyrin Repeat Proteins. J. Mol. Biol. 2010, 399, 168–181. [CrossRef] [PubMed]
39. Tanaka, N.; Nakanishi, M.; Kusakabe, Y.; Goto, Y.; Kitade, Y.; Nakamura, K.T. Structural Basis for Recognition of 2′,5′-Linked

Oligoadenylates by Human Ribonuclease L. EMBO J. 2004, 23, 3929–3938. [CrossRef] [PubMed]
40. Blum, M.; Chang, H.-Y.; Chuguransky, S.; Grego, T.; Kandasaamy, S.; Mitchell, A.; Nuka, G.; Paysan-Lafosse, T.; Qureshi, M.; Raj,

S.; et al. The InterPro Protein Families and Domains Database: 20 Years On. Nucleic Acids Res. 2021, 49, D344–D354. [CrossRef]
[PubMed]

41. Landrum, M.J.; Chitipiralla, S.; Brown, G.R.; Chen, C.; Gu, B.; Hart, J.; Hoffman, D.; Jang, W.; Kaur, K.; Liu, C.; et al. ClinVar:
Improvements to Accessing Data. Nucleic Acids Res. 2020, 48, D835–D844. [CrossRef]

42. Jumper, J.; Evans, R.; Pritzel, A.; Green, T.; Figurnov, M.; Ronneberger, O.; Tunyasuvunakool, K.; Bates, R.; Žídek, A.; Potapenko,
A.; et al. Highly Accurate Protein Structure Prediction with AlphaFold. Nature 2021, 596, 583–589. [CrossRef]

http://doi.org/10.1093/nar/gkab1061
http://doi.org/10.1002/bip.360221211
http://doi.org/10.1093/nar/gkw383
http://doi.org/10.1093/bfgp/els039
http://doi.org/10.1021/cr3002356
http://doi.org/10.1016/j.jmb.2004.10.055
http://doi.org/10.1529/biophysj.105.064485
http://www.ncbi.nlm.nih.gov/pubmed/16150969
http://doi.org/10.1016/j.febslet.2007.05.021
http://www.ncbi.nlm.nih.gov/pubmed/17531981
http://doi.org/10.1371/journal.pcbi.1003679
http://www.ncbi.nlm.nih.gov/pubmed/24922508
http://doi.org/10.1016/j.jmgm.2020.107641
http://doi.org/10.1142/S0219720014420098
http://doi.org/10.2307/3033543
http://doi.org/10.1103/PhysRevE.65.061910
http://doi.org/10.1006/jmbi.1999.3058
http://doi.org/10.1142/S0219633602000117
http://doi.org/10.1186/s12859-014-0440-9
http://doi.org/10.1007/s12038-020-00058-x
http://doi.org/10.1002/pro.4052
http://doi.org/10.1016/j.jsb.2011.08.009
http://doi.org/10.1016/j.jbc.2021.101403
http://doi.org/10.1016/j.jmb.2010.04.010
http://www.ncbi.nlm.nih.gov/pubmed/20398677
http://doi.org/10.1038/sj.emboj.7600420
http://www.ncbi.nlm.nih.gov/pubmed/15385955
http://doi.org/10.1093/nar/gkaa977
http://www.ncbi.nlm.nih.gov/pubmed/33156333
http://doi.org/10.1093/nar/gkz972
http://doi.org/10.1038/s41586-021-03819-2

	Introduction 
	Results 
	Human Ankyrins in UniProtKB 
	Sequence Clusters 
	Structure Analysis 
	Secondary Structure Architecture 
	Network Analysis of Protein Structures 


	Discussion 
	Variations in ANK Structure 
	Disease Associated Variations 
	Variations at Conserved TPLH Motif 
	Variations at Conserved Glycine Positions 
	Variations at Conserved Alanine Positions 
	Variations at Conserved Leucine Positions 


	Materials and Methods 
	Dataset Preparation 
	Sequence Analysis 
	Clustering 
	Sequence Alignment 

	Protein Contact Network 
	Network Construction 
	Betweenness Centrality 
	Eigenvector Centrality 


	Conclusions 
	References

