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Abstract: The anoctamin (TMEM16) family of transmembrane protein consists of ten members in
vertebrates, which act as Ca2+-dependent ion channels and/or Ca2+-dependent scramblases. ANO4
which is primarily expressed in the CNS and certain endocrine glands, has been associated with
various neuronal disorders. Therefore, we focused our study on prioritizing missense mutations
that are assumed to alter the structure and stability of ANO4 protein. We employed a wide array
of evolution and structure based in silico prediction methods to identify potentially deleterious
missense mutations in the ANO4 gene. Identified pathogenic mutations were then mapped to the
modeled human ANO4 structure and the effects of missense mutations were studied on the atomic
level using molecular dynamics simulations. Our data show that the G80A and A500T mutations
significantly alter the stability of the mutant proteins, thus providing new perspective on the role
of missense mutations in ANO4 gene. Results obtained in this study may help to identify disease
associated mutations which affect ANO4 protein structure and function and might facilitate future
functional characterization of ANO4.

Keywords: SNP; ANO4 gene; ANO4 protein; disease-association; homology model; protein structure;
protein stability; molecular dynamics simulation

1. Introduction

The family of anoctamins, known also as TMEM16 proteins, includes 10 members of
Ca2+-dependent transmembrane proteins [1–5] that exhibit dual function as scramblases
and ion channels. Indeed, it is the individual proportion of scramblase as well as ion chan-
nel property and activity, which distinguishes each family member. Recent work indicates
that the intracellular ion channel activity of anoctamins serve as functional regulators of
intracellular Ca2+ stores [6,7]. While ANO1 and ANO2 form Ca2+-dependent Cl- chan-
nels with negligible scramblase activity [2,8,9], ANO6 forms a non-selective monovalent
cation channel with predominant scramblase activity [3,4,6,10]. The so far identified ion
channel properties are related to either Ca2+-activated Cl− channels or Ca2+-activated
cation channels [11]. The double function of being ion channel and scramblase impedes
the clarification of the specific ion channel function [4] because the scramblase itself might
activate other non-anoctamin ion channel currents superimposing the currents through the
anoctamin pore. Among the family members, ANO1, ANO2, ANO5 and ANO6 are best
characterized, because they are associated with various diseases. For example, mutations
in ANO6 lead to Scott’s syndrome [3,4], ANO1 expression relates to cancer, is involved
in cystic fibrosis and colon disease [12–14], and loss of ANO2 function impairs olfactory
perception [15,16]. Mutations in ANO5 cause a variety of muscle dystrophies [17].

Among the anoctamin family, ANO4 is not well studied. Using a side-directed
mutagenesis approach, we demonstrated that ANO4 forms a Ca2+-dependent non-selective
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monovalent cation channel [11]. Although most of the reports show that ANO4 is found
in the plasma membrane it exhibited intracellular function with relevance for Ca2+ store
filling [6]. Additionally, recently, literature reported a link between ANO4 expression and
some disease mechanisms. The group of Brown and colleagues suggested that ANO4 might
be involved in the regulation of aldosterone secretion [18,19]. Furthermore, active myelin-
lesions in multiple sclerosis display increased levels of ANO4 expression [20]. Support for
a significant role of ANO4 in disease rises from genetic analysis. Polymorphism detection
and single nucleotide polymorphism-directed (SNP) genome-wide analysis revealed that
ANO4 provides a genetic background for a variety of brain disorders, such as schizophrenia,
Alzheimer’s disease and anxiety disorders [21–24]. A meta-analysis of genome-wide
association studies in breast cancer revealed an association with a cluster of genes that is
involved in endo-/exocytosis, among them ANO4 [25]. The recent work revealed a more
specific function of ANO4 as being a Ca2+-dependent cation channel with involvement
in Ca2+ signaling, in plasma membranes and membranes of organelles [11]. In addition,
recently published data connect ANO4 to numerous disease scenarios. Thus, using an
in silico approach, we aimed to systematically investigate most frequently occurring
genetic variants in the ANO4 gene by several well-established computational methods.
Mutations, which were predicted to be deleterious by seven different computational tools,
were further analyzed using homology modeling. To examine the effect of missense
mutations on atomic level, deleterious mutations were mapped to the modeled human
ANO4 structure and subjected to 60 ns molecular dynamics simulations (MDS). Our data
show that both G80A and A500T mutations significantly alter the flexibility and the stability
of the mutant protein.

To the best of our knowledge, this study is the first extensive in silico analysis that
combines polymorphism analysis and a molecular dynamics approach for predicting
clinical relevance of ANO4 nsSNPs.

2. Results
2.1. SNP Dataset Collection

The human ANO4 gene reveals a total of 1615 genetic variants in a data set from
dbSNP and gnomAD database (Figure 1 and Table S1). The majority of the SNPs are located
in intronic regions (881 variants; 54.6%). The ANO4 gene contains 194 (12.1%) synonymous
SNPs and 478 (29.6%) non-synonymous SNPs (nsSNPs), which are evenly distributed
across the protein coding sequence. ANO4 transcripts are predominantly expressed in the
CNS, certain genital organs (cervix, ovaries and prostate) and in adrenal glands (Figure S1).
Thus, SNPs in ANO4 might result in pathologies/diseases of the CNS or affect the function
of genital organs and the secretion by the adrenal gland. Since most of the nsSNPs in the
ANO4 gene have a very low global minor allele frequency in human populations (Table S1),
we have selected 15 most frequent nsSNPs for subsequent analysis.

2.2. Detection of Potentially Deleterious Mutations on ANO4 Structure and Function

To further substantiate which nsSNPs might have impact on ANO4 protein structure
and stability, and to increase the confidence in prediction of deleterious mutations, we have
incorporated 7 most commonly used algorithms (Provean, Polyphen-2, SNAP2, Mutpred
2.0, SNPs&GO, PhD-SNP, SIFT) in this study. Of the 15 most frequent nsSNPs in the ANO4
gene, four ANO4 variants were predicted to consistently affect the stability of ANO4
protein by the majority of algorithms used: G80A, A500T, Y672C, and A693T (Table 1
and Figure 2). According to the evolutionary conservation prediction tool ConSurf, all
4 potentially deleterious mutations are in evolutionary highly conserved regions of the
ANO4 protein, suggesting their functional importance (Figure S2).
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Table 1. In silico analysis of ANO4 nsSNPs used in this study and their predicted Provean, Polyphen-2, SNAP2, Mutpred2.0, SNPs&GO, PhD-SNP, and SIFT scores (B = benign,
D = deleterious). Predicted deleterious SNPS are depicted in bold.

SNP ID Position Provean Polyphen-2 SNAP2 Mutpred2.0 SNPs&GO PhD-SNP SIFT Allele
Frequency

Consensus
1–4 = B, >5 = D

rs34162417 G80A Deleterious probably
damaging neutral Deleterious Disease Disease Deleterious 0.047557 D (6/7)

rs116925463 V341I Neutral benign neutral benign neutral neutral Tolerated 0.002853 B (0/7)

rs201084190 Y156S Neutral benign neutral Deleterious Disease neutral Tolerated 0.000042 B (2/7)

rs143089752 Y672C Neutral probably
damaging effect Deleterious Disease Disease Deleterious 0.000366 D (6/7)

rs202022090 Y820S Neutral probably
damaging effect Deleterious neutral neutral Tolerated 0.000283 B (3/7)

rs878855567 R152K Neutral benign neutral Deleterious neutral neutral Tolerated 0.000278 B (1/7)

rs150353677 A500T Deleterious probably
damaging neutral Deleterious Disease Disease Tolerated 0.000175 D (5/7)

rs566155639 I167M Neutral benign neutral benign neutral neutral Tolerated 0.00006 B (0/7)

rs150616124 R173S Neutral benign neutral benign neutral neutral Tolerated 0.000072 B (0/7)

rs200450110 A693T Deleterious probably
damaging effect Deleterious Disease neutral Deleterious 0.000159 D (5/7)

rs199651099 R175Q Neutral benign neutral benign neutral neutral Tolerated 0.000151 B (0/7)

rs201623880 M893I Neutral possibly
damaging neutral Deleterious neutral neutral Tolerated 0.000139 B (1/7)

rs140325859 V489I Neutral probably
damaging neutral Deleterious neutral neutral Tolerated 0.000104 B (2/7)

rs372743717 T65A Neutral benign neutral benign neutral neutral Tolerated 0.000052 B (0/7)

rs778988665 R160H Neutral probably
damaging neutral Deleterious neutral neutral Tolerated 0.000060 B (2/7)



Int. J. Mol. Sci. 2021, 22, 2732 5 of 12

2.3. Homology Model of ANO4

In general, amino acid substitutions can alter protein structure, folding or stability, all
of which are critical for protein function. Therefore, knowledge of a ANO4 3D structure
is indispensable for better understanding the functionality of the mutated protein. Since
the crystal structure of human ANO4 has not been revealed so far, we used a homology
approach to model human wild-type (WT) and mutant ANO4 structures. The crystal
structure of Mus musculus ANO4 (6QP6), which was solved at 3.2 Å resolution shows
a protein sequence identity of 53.6%, and the sequence similarity of 72.6% served as a
template for homology modeling. The 16 loop regions which could not be aligned to mouse
ANO4 were additionally modelled.

Subsequently, the ANO4 structure was subjected to a combined steepest descent and
simulated annealing minimization, and the quality of the model structure was evaluated by
considering the overall Z-score. G80A, A500T, Y672C, and A693T mutations were mapped
to the native ANO4 structure using Yasara software. The initial WT and mutant ANO4
structures were further refined and subjected to an energy minimization algorithm.

2.4. Molecular Dynamics Simulation Analysis of Native and Mutant ANO4 Protein

In order to obtain a more detailed insight into the effect of missense mutations on
ANO4 structure and stability, we implemented a molecular dynamics simulation (MDS),
which has been used to reveal the impact of mutations on the stability of protein structure
at atomic level, using refined native and mutant protein structures. Two independent
simulations were carried out for each native and mutant structure, respectively. To com-
pare possible structural consequences of missense mutations, we have performed spatial
superposition of the native and mutant structures before and after the molecular dynam-
ics simulation (Figure 3). Native ANO4 protein aligned very well before and after MDS
(Figure 3A), similarly as Y672C (Figure 3B) and A693T (data not shown). On the other
hand mutation G80A destabilized the whole protein especially N-terminus and α-helices 4
and 6 (Figure 3C). According to the RMSD plot (Figure 4A,B and Table 2), WT and both
Y672C and A693T mutant structures reached equilibrium state after 10 ns, whereas RMSD
values of G80A, and A500T mutant were notably higher (Figure 4A and Table 2). The
trajectory files generated from the last 50 ns run of MDS were subsequently analyzed using
the Yasara software package. Root mean square deviation (RMSD), root mean square fluc-
tuation (RMSF), solvent-accessible surface area (SASA), number of H-bonds, and radius of
gyration (Rg) were assessed in ANO4 WT and the four missense mutations. First, changes
in RMSD, indicative of overall protein stability, were measured. WT, Y672C and A693T
showed similar values (5.02 ± 0.57Å, 5.36 ± 0.59Å, 5.39 ± 0.77Å), whereas the RMSD
values for G80A (6.19 ± 0.88Å) and A500T (6.54 ± 0.97Å) were significantly higher than for
the native ANO4 (Figure 3A,C, and Table 2). The increase in RMSD and thus the increase
in structural deviation is indicative of the reduction in the stability of the protein. The
values of RMSF (Figure 4C,D), that reflects the structural flexibility of the protein, did not
differ among WT and the four mutants. The same applied for Rg, SASA, and number
of H-bonds (Figure 5 and Table 2) suggesting similar protein dimensions of the mutant
structures compared to ANO4 WT. In conclusion, our MDS analysis suggests that both
G80A and A500T mutations have higher structural flexibility when compared to the native
protein, causing significant structural changes in the mutant protein. On the other hand,
Y672C and A693T mutations, which were predicted to be deleterious as well, had no effect
on the stability of mutant proteins.
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Figure 4. Molecular dynamics simulation of native and mutant ANO4 structures. (A,B) The RMSD
values of native and mutant structures from two independent simulations are shown as a function
of time after 60 ns of MDS. G80A and A500T structures exhibited significantly increased structural
deviation in comparison to ANO4 WT, Y672C and A693T mutant structures. (C,D) RMSF of the
central alpha carbon per residue over entire simulation of native and mutant structures. (E) The
stability of native ANO4 structure was evaluated during 135 ns of MDS, showing that ANO4 WT
structure reached equilibrium after 10 ns and remained stable afterwards.
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Table 2. Average structural properties calculated for the full length ANO4 wild-type, G80A, A500T, Y672C, and A693T
structures and corresponding standard deviations (in parentheses). * Significant at p < 0.05 are depicted in bold and
with asterisk.

ANO4 wt G80A A500T Y672C A693T

Cα-RMSD (Å) 5.02 (0.57) 6.19 * (0.88) 6.54 * (0.97) 5.36 (0.59) 5.39 (0.77)

Cα-RMSF (Å) 2.21 (1.62) 2.33 (1.87) 2.27 (1.84) 2.03 (1.44) 2.11 (1.65)

Rg-protein (Å) 41.17 (0.37) 41.64 (0.24) 41.34 (0.26) 41.10 (0.25) 41.10 (0.26)

H-bonds 2700 (57) 2699 (50) 2706 (59) 2669 (62) 2714 (51)

SASA (nm2) 85.40 (1.53) 86.31 (1.39) 86.18 (1.77) 85.51 (1.63) 86.02 (1.38)Int. J. Mol. Sci. 2021, 22, x FOR PEER REVIEW 7 of 12 
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3. Discussion

ANO4 shows distinct expression patterns in the human body, implying that changes
in its expression activity or in ANO4 gene nucleotide sequence would result in specific
organotypic diseases. Thus, we implemented a systematic in silico analysis to identify
ANO4 gene polymorphisms, as well as vulnerable sites that affect ANO4 structure. As
a result, we identified structural parameters affected by deleterious SNPs with potential
significant impact to ANO4 protein stability, whereas parameters indicative for structural
flexibility and radius of gyration were not affected. By comparison of the SNP location
of mutations with no effect to those with strong impact for protein stability, we identified
homology regions in ANO4 that represent sites with highest potential of disease association.
These regions might help to judge the potential severity of disease-associated SNPs.

The selection of known SNPs in the ANO4 gene from the gnomAD database has
already revealed a large number of known SNPs. Furthermore, we obtained the pattern of
preferential ANO4 expression in the different organs (Figure S1). Already at the level of
nucleotide alterations, SNPs with a higher disease potential were easily identified. More
than 400 non-synonymous SNPs were identified in coding regions of the ANO4 gene were
identified as promising candidates. As this number makes almost 30% of all known SNPs,
the ANO4 gene bears a strong potential to reveal disease associations. Compared to other
members of the anoctamin family, such as ANO1, ANO2 and ANO6, the function and
pathophysiology of ANO4 is rather poorly investigated. At the level of nucleotide analysis
of known SNPs in ANO4, a role of this ion channel in disease is substantiated.

However, we found that more than 400 non-synonymous SNPs were evenly dis-
tributed over the nucleotide sequence of ANO4. This makes it difficult to judge their
potential impact on ANO4 function and for a true disease-association. To address this
question, we performed an in silico approach to evaluate the impact of non-synonymous
SNPs. Based on known ANO structures and identification of homology regions with high
evolutionary stability, we first generated a homology model of the three-dimensional struc-
ture of the human ANO4 protein. This model was tested for the impact of SNPs on protein
structure by seven different algorithms that resulted in four variants with a predicted high
deleterious effect on protein structure. These SNPs localized to evolutionary highly con-
served homology areas, thereby predicting the severity of functional impairment of ANO4,
and its related disease potential. To give an estimate of the effect of the mutation (SNP) onto
the protein structure, we performed MD simulations to determine structural significance of
these SNPs with potential function. MD simulation became a broadly used, valuable tool
to distinguish the disease-causing SNPs from the neutral SNPs [26–29]. Various parameters
that predict protein stability were calculated in the last 60 ns of the simulation trajectories:
RMSD, RMSF, radius of gyration, solvent-accessible surface area and number of H-bonds.
Only the parameter, which predicts structural deviation, was altered in the two variants.
G80A and A500T showed larger deviation than the ANO4 WT, which became obvious by
comparing the homology models of native ANO4 and G80A with the variant Y672C which
shows a mean of deviation comparable to WT: the structure of G80A differs strongly from
that of WT or Y672C ANO4. In further studies MD simulations of a null mutation G80V
might help to further substantiate the implications of amino acid position 80 for protein
stability of ANO4, given the similar hydrophobic property of alanine and valine.

We used MD simulations of 60 ns that were used by other authors for MD simulations
too. In a similar approach using MDS for 50 ns, Agrahari et al. found differences either
in RMSD, RMSF and radius of gyration when comparing several mutations of a protein
involved in Lesch–Nyhan disease. The same applied for GJB1, that is associated with
X-linked Charcot-Marie-tooth diesease [27,28]. With ANO4 WT we performed a prolonged
MD simulation of 135 ns that shows that the structural parameters have already stabilized
after a little more than 10 ns. Thus, we are in good agreement of the usefulness of shorter
MD simulation durations.

Using homology modeling as a starting point for structural studies has its own limita-
tions, however high protein sequence identity with homologs from different species with
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known crystal structure (in this case 53.6% identity of murine ANO4 to the human ANO4),
usually warranties reliable predictions [30,31]. Thus, the approach to use a homology
model for prediction of mutant protein stability by computer-based analysis is common
when the crystal structure of the protein of interest has not been reported so far [26,28,29].

In summary, we found that SNPs in evolutionary highly conserved homology regions
of ANO4 alter the protein stability and might lead to a loss or reduction of ANO4 activity
in tissues with high ANO4 expression, such as genital organs (cervix, ovaries, prostate),
tissues with secretory activity (adrenal gland) and the central nervous system. Indeed,
SNPs in the ANO4 gene associate with breast cancer and various brain disorders such
as schizophrenia or anxiety disorders. Based on our investigation, we suggest that these
associations result mainly from reduced or loss of ANO4 activity in the affected tissues.
The recently reported role of ANO4 in the regulation of aldosterone secretion fits into the
observation that ANO4 is preferentially expressed in tissue with secretory activity [18,19].

In the present study, we were able to identify regions in the ANO4 protein, which we
predicted to be highly impacted by SNPs. This information might be useful for identifying
disease-associated SNPs.

4. Materials and Methods
4.1. Dataset Collection

SNPs of the human ANO4 gene were retrieved from the National Center for Biotech-
nology Information (NCBI) SNPs database, (dbSNP) [32] and genome aggregation database
(gnomAD) database [33], which contains data from 125,748 exomes and 15,708 whole
genomes. All redundant, outdated and SNPs found in non-canonical transcripts were
removed from further analysis. The amino acid sequence of human ANO4 (accession
number: NP_849148.2) was retrieved from the NCBI website.

The Genotype-Tissue Expression (GTEx) project was supported by the Common Fund
of the Office of the Director of the National Institutes of Health, and by NCI, NHGRI,
NHLBI, NIDA, NIMH, and NINDS. The data used for the analyses described in this
manuscript were obtained from the GTEx Portal on 15 June 2020.

4.2. Computational Methods for Detection of Deleterious Mutations

Seven computational algorithms for prediction of the effect of nsSNPs on the protein
structure and stability were used. Protein Variation Effect Analyzer, (PROVEAN) [34],
estimates the functional impact of protein sequence variations as “neutral” or “deleterious”.
Polymorphism Phenotyping v2 (PolyPhen-2) [35] predicts possible impact of an amino
acid substitution on the structure and function of a human protein using straightforward
physical and evolutionary comparative considerations. Mutations with probabilistic score
bellow 0.15 are classified as benign, the ones in the range of 0.15 to 0.84 are classified as
“possibly damaging”, and mutation is classified as “most likely damaging” if the score
is higher than 0.85. The sorting intolerant from tolerant (SIFT) method [36], which is
based on the degree of conservation of amino acids in sequence alignments, predicts
whether an amino acid substitution affects protein function. SIFT assigns scores where a
variant with a score less than 0.05 is considered deleterious, whereas a variant with a score
greater than 0.05 is considered tolerated. Predictor of human Deleterious Single Nucleotide
Polymorphisms (PhD-SNP) [37] is a Support Vector Machine (SVM) single sequence based
method which predicts whether an nSNP is a neutral polymorphism or a disease associated
polymorphism. Screening for Non-Acceptable Polymorphisms 2 (SNAP2) [38] method
utilizes sequence information, secondary structure and residue conservation as well as
neural networks to predict whether the mutation is neutral or non-neutral. SNPs&GO [39]
is SVM based method which predicts if a given single point protein variation can be
classified as disease associated or neutral using evolutionary information, and functions
encoded in gene ontology terms. Mutations with a score greater than 0.5 are classified
as disease related. We additionally estimated the evolutionary conservation rate of each
residue in ANO4 using ConSurf [40], which quantifies the degree of conservation for each
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amino acid position in a given alignment. The extent of conservation of each residue
is presented as a score in the range of 1–9, with 1 denotes highly variable sites, and 9
evolutionary conserved sites.

4.3. Homology Modeling of the Human ANO4 Structures

Homology model of human ANO4 was built using YASARA molecular modelling pro-
gram version 19.9.17 [41]. The hm_build.mcr macro of the YASARA software was used with the
default parameters except the maximum oligomerization state was set to two. The amino acid
sequence of human ANO4 (accession number: NP_849148.2) was submitted to modeling, and
template structures were searched by running six iterations of PSI-BLAST. For the top scoring
templates (PDB ID: 6QP6 and 5OYB) from the protein data bank a total of 12 models were
created, and the quality of the model structure was evaluated by considering the overall Z-score.
The Z-score has been defined as the weighted averages of the individual Z-scores using the
formula, Z-score = 0.346 × Dihedrals + −0.809 × Packing1D + 0.4656 × Packing3D [41]. ANO4
model structure with the Z-score of -0.862 which was based on Mus musculus Ano6 structure
(PDB ID: 6QP6 solved at 3.2 Å) was subjected to further refinement using the md_refine.mcr
macro of YASARA, while the models with lower quality Z-scores were discarded. G80A, A500T,
Y672C and A693T mutant structures were obtained by mutating corresponding positions in
the ANO4 model structure. After the mutation, the structures were subjected to an energy
minimization with the YAMBER force field as described previously [42]. The structures of
WT and mutant ANO4 proteins were superimposed and aligned using MUSTANG program
implemented in the YASARA software package [43].

4.4. Molecular Dynamics Simulation

Molecular dynamics (MD) simulation technique was used in order to understand the
effect of point mutations on ANO4 protein structure and stability. MD simulations were
run on an AMD R9 3900X @4.20 GHz workstation with 12 computing cores, and 24 threads,
with hyper-threading enabled, equipped with 16 GB of RAM. This workstation had one
RTX 2080Ti graphic card onboard. GPU card was set up with default values of memory and
core clock speeds and voltages. The energy minimized structures of the native and mutant
ANO4 proteins were used as starting points for the MD simulations, which were carried
out with YASARA software using the md_runmembrane.mcr macro and the AMBER14
force field.

The ANO4 simulation was set up automatically by first scanning the protein for
exposed transmembrane helices. Based on the identified secondary structure elements,
the protein was oriented normally with respect to the plane of the membrane and the
XZ-plane. The equilibrated membrane, consisting of phosphatidylethanolamine molecules
was enclosed in the simulation cell of size [69 × 98 × 65] Å and the native or mutant
proteins were then embedded into the membrane. The simulation cell contained around
324,217 atoms which included the ANO4 dimer together with phosphatidylethanolamine
and water molecules. During the equilibration phase which lasted 250 ps, the membrane
was artificially stabilized to avoid distortions while the simulation cell adapted to the
pressure exerted by the membrane. The MD was run twice for each system for 60 ns at
constant temperature of 298K, and pressure with a time step of 2 fs and snapshots were
saved at every 25 ps, as defined in md_runmembrane.mcr macro. The computing time for
the simulation was 440 h.

The trajectory files generated by MD simulations were analyzed using YASARA to
obtain the root-mean-square deviation (RMSD), root-mean-square-fluctuation (RMSF),
solvent-accessible surface area (SASA), number of H-bonds and radius of gyration (Rg)
values, which were statistically analyzed to determine the differences in the RMSD, RMSF,
and Rg values between native and mutant protein structures.

Supplementary Materials: The following are available online at https://www.mdpi.com/1422-006
7/22/5/2732/s1, Figure S1: mRNA tissue expression of ANO4, Table S1: List of ANO4 SNPs used in
this study.
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