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Abstract

Aquaporins and aquaglyceroporins belong to the superfamily of major intrinsic proteins (MIPs), and they transport water and other neutral
solutes such as glycerol. These channel proteins are involved in vital physiological processes and are implicated in several human diseases.
Experimentally determined structures of MIPs from diverse organisms reveal a unique hourglass fold with six transmembrane helices and
two half-helices. MIP channels have two constrictions formed by Asn-Pro-Ala (NPA) motifs and aromatic/arginine selectivity filters (Ar/R SFs).
Several reports have found associations among single-nucleotide polymorphisms (SNPs) in human aquaporins (AQPs) with diseases in specific
populations. In this study, we have compiled 2798 SNPs that give rise to missense mutations in 13 human AQPs. To understand the nature of
missense substitutions, we have systematically analyzed the pattern of substitutions. We found several examples in which substitutions could
be considered as non-conservative that include small to big or hydrophobic to charged residues. We also analyzed these substitutions in the
context of structure. We have identified SNPs that occur in NPA motifs or Ar/R SFs, and they will most certainly disrupt the structure and/or
transport properties of human AQPs. We found 22 examples in which missense SNP substitutions that are mostly non-conservative in nature
have given rise to pathogenic conditions as found in the Online Mendelian Inheritance in Man database. It is most likely that not all missense
SNPs in human AQPs will result in diseases. However, understanding the effect of missense SNPs on the structure and function of human
AQPs is important. In this direction, we have developed a database doAQP-SNP that contains information about all 2798 SNPs. This database
has several features and search options that can help the user to find SNPs in specific positions of human AQPs including the functionally and/or
structurally important regions. dbAQP-SNP (http://bioinfo.iitk.ac.in/dbAQP-SNP) is freely available to the academic community.

Database URL: http://bioinfo.iitk.ac.in/dbAQP-SNP

Introduction species groups. Despite low sequence identity, MIPs from
bacteria, yeast, plants and mammals adopt a unique hour-
glass helical fold (Figure 1) with six transmembrane (TM)
helices (TM1-TM6) and two half-helices (LB and LE) (1).
Two-fold rotational pseudo-symmetry is observed in the struc-
ture which is also reflected in MIP sequences. The two halves
of an MIP sequence exhibit sequence similarity indicating

gene duplication and fusion during evolution. The sequence

Members of the superfamily of major intrinsic proteins
(MIPs) can be found in all three kingdoms of life (1-3). In
some species groups like plants and fungi, MIP homologs
are present abundantly and in multiple numbers (4-6). In
humans, 13 MIP homologs are present. Since aquaporin
(AQP) is a prototype member of this family, these proteins
are named as AQPO to AQP12, and hence these human

MIP homologs will be referred to as human AQPs here-
after. Sequence analyses and phylogenetic studies reveal that
the human AQPs can be broadly classified into three classes
(3,7,8). Those which specifically transport water (AQPO,
AQP1, AQP2, AQP4, AQPS, AQP6 and AQPS) belong to
classical AQPs. The human MIP homologs that prefer to
transport glycerol and other neutral solutes fall under the cate-
gory of aquaglyceroporins (AQP3, AQP7, AQP9 and AQP10).
AQP homologs belonging to the third category are called
‘Super AQPs’ (AQP11 and AQP12). MIPs are one of the
well-characterized membrane protein families, and the struc-
tures of several MIPs have been determined from different

motif Asn-Pro-Ala (NPA) is predominantly conserved in the
majority of MIP members in both the half-helices LB and
LE present, respectively, in the N- and C-terminal halves.
The channel is also characterized by a narrow constriction
formed by four residues called the aromatic/arginine selectiv-
ity filter (Ar/R SF). Experimental and computational studies
demonstrate that both NPA motifs and Ar/R SFs have an
important role in the transport and selectivity of solutes that
are transported across the membrane (9-13). Residues near
the NPA motif exhibit characteristic conservation in AQPs
and aquaglyceroporins (14), and simulation studies reveal
that specific interactions involving these residues could play
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Figure 1. The typical hourglass fold adopted by MIP family members
shown here corresponds to the human AQP4 (PDB ID: 3GDS; resolution:
1.8 A). Only the backbone is shown in ribbon representation. The most
conserved residue in each TM segment (TM1-TM®6) and the two
half-helices (LB and LE) are displayed and the locations of the conserved
residues are indicated, and their generic numbers are also shown. In
human AQP4, they correspond to E44 (1.50), G78 (2.50), N97 (LB.50),
Q122 (3.50), E163 (4.50), G194 (5.50), N213 (LE.50) and P237 (6.50), and
the residue numbering corresponds to the PDB ID: 3GD8. For details
about the generic numbering scheme in AQPs, see the main text.

important roles in the transport properties of MIP chan-
nels (15). AQP homologs form tetramers under physiological
conditions with each monomer having a functional aqueous
pore (16).

Point mutations in human AQP homologs are known to
cause various diseases and result in abnormal water home-
ostasis. The range of defects due to genetic variants includes
misfolding, problems in tetramer assembly, failure to trans-
port the substrates or protein targeting/sorting (17). In this
regard, single-nucleotide polymorphisms (SNPs) in several
human AQPs have been investigated, and their associations
with several diseases have been studied in specific popula-
tions. Several reports suggest an association among SNPs of
classical AQPs and diseases and/or important physiological
processes. SNPs of AQP1 and other genes were found to have
an association in male patients with a history of priapism
indicating AQP1’s involvement in important cellular processes
such as cell adhesion and cell signaling (18). A study involv-
ing male long-distance runners found that a genetic variant
of AQP1 was found to be associated with acute body fluid
loss (19). The involvement of AQP1 polymorphisms has been
shown to be important in water retention among patients
with liver cirrhosis (20). Wang et al. genotyped AQP2 and
AQP9 polymorphisms in lung cancer patients and showed
that they contribute to chemotherapy response (21). Geno-
typing 10 polymorphisms of salivary samples from ~700
individuals found an association among AQP1, AQP2,AQPS
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and AQP6 genes and periodontitis and temporomandibular
joint disorders (22). Genotyping of seven AQP3 SNPs in early
breast cancer patients indicated that AQP3 could be a poten-
tial prognostic marker (23). Using water permeability assays,
Sorani et al. have shown that four non-synonymous SNPs
(nsSNPs) in AQP4-reduced water permeability (24). With
AQP4 playing a crucial role in maintaining the brain water
balance, the authors suggested that these nsSNPs may have
a significant role in diseases such as cerebral edema. AQP4
SNPs have also been associated with sleep quality, latency
and duration, which suggested a relationship between sleep
and brain AB-amyloid burden (25). Larsen et al. established a
link between AQP4 SNPs and non-rapid eye movement sleep
(26). The association of AQP4 SNPs with serum S100 calcium-
binding protein B and schizophrenia has been investigated by
Wu et al. (27). The association of AQP4 SNPs has been investi-
gated in sudden infant death syndrome, neuromyelitis optica,
vascular depression, schizophrenia and intracerebral hemor-
rhage (28-32). Polymorphism in the AQPS gene has been
shown to have an association with a reduced risk of chronic
obstructive pulmonary disease in the Chinese Han and Euro-
pean American populations (33, 34). SNPs in AQPS5 indicate
that AQPS and other genes are involved in the pathogenesis
of caries (35, 36). In studies conducted in patients with sepsis
and early-stage breast cancer, the AQP5 promoter polymor-
phism was found to be associated with susceptibility to major
adverse kidney events and progesterone receptor positivity,
respectively (37, 38).

Polymorphisms in aquaglyceroporins have been shown to
have a role in diseases such as Type 2 diabetes and hyper-
tension. SNPs in the AQP7 gene have been shown to have
an association with obesity and Type 2 diabetes in the Cau-
casian and Chinese Han populations (39, 40). AQP7 SNPs
have been shown to be involved in the risk of stroke in
patients with hypertension (41). The possible role of AQP8
SNPs has been suggested in the pathogenesis of polycys-
tic ovary syndrome (42). Studies on Thai postmenopausal
women revealed an association of AQP9 SNPs with femoral
neck bone mineral density (43). The role of AQP4 and AQP9
SNPs in methylation of inorganic arsenic has been studied
in Croatian-Slovenian pregnant and non-pregnant women
(44). Not much is known about the SNPs of the so-called
Super AQPs.

Association studies of human AQP SNPs with several dis-
eases and specific phenotypes are scattered in the literature.
The database of SNP (dbSNP) has revealed that many hun-
dreds of SNPs are found in human AQPs (45). We have
systematically analyzed the dbSNP and classified the SNPs
in human AQP homologs according to their positions in
the AQP structure, the nature of amino acid substitutions
and the possible disease association. We have compiled these
data in the form of a database (dbAQP-SNP) and made
this resource freely available in the form of a database.
This database will help to look for specific SNPs in human
AQP homologs and aid in experimental design to under-
stand the effect of SNPs on the structure and function of
human AQPs.

Materials and methods

Human reference genome sequences and reference protein
sequences available from the RefSeq database (46) are used
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to identify the variations, respectively, in the human genome
and the corresponding protein sequences. Although SNPs can
be of different types, we only considered the missense vari-
ants in human AQPs, AQP0-AQP12. The dbSNP as updated
in May 2019 was queried to collect and compile all the SNPs
of human AQPs. The typical query used in the dbSNP was
‘agp1’ (Gene Name) AND ‘missense variant’ (Function Class).
Each dbSNP entry is assigned a unique Accession ID called
Reference SNP ID (rsID) and contains information regard-
ing the variation in the nucleotide, codon and the resulting
change in the amino acid of the protein with respect to the
reference sequence. We have used only the primary isoforms
of human AQPs for determining the variations in the protein
sequences (Supplementary Table S1). The predicted and minor
isoforms were not considered. The search results were down-
loaded as a batch JavaScript Object Notation (JSON) file. For
ease of further analysis, the data were processed into comma-
separated values (CSV) files using the JSON module in Python.
We removed the duplicates and the deprecated files in the
search results. Similarly, we excluded results that contained
non-sense and synonymous variations.

Construction of the dbAQP-SNP database

The contents of the database containing information regard-
ing SNPs of human AQPs are stored as CSV files since they
are easy to store and upgrade. The website is maintained on
an Apache HTTP server v2.4 (https://httpd.apache.org). The
webpages are developed in HTML 5, and the JavaScript used
is loaded through a content delivery network. Python Com-
mon Gateway Interface (CGI) scripts are used for dynamic
webpages which are generated according to the user’s input.
CGI modules are used to communicate between the webpages
and the Python scripts at the backend. When the user submits
a query, a CGI script is invoked which processes the query and
generates an HTML response for the user to view.

Positions of the residues that are changed due to missense
variants were visualized in the respective experimentally deter-
mined structures or models. The 3D representation of the
residue under consideration in the structure was implemented
using NGL viewer (47) embedded as JavaScript. The structure
files in the Protein Data Bank (PDB) format for each residue
variation, with the side chains of the variant and the reference
residue, were generated using the ‘swapaa’ option available in
UCSF Chimera v 1.14 (48). For the side chains displayed in
the edited structure, the C* coordinates remain the same as
that of the reference residue, and the rotamers for the rest of
the side chain were generated using the Dunbrack library (49)
available in UCSF Chimera.

Results

We searched the dbSNP for missense variants of human AQPs
as described in the Materials and methods section. Our search
yielded 2798 SNPs that resulted in missense variations that are
found in 13 human AQP homologs. The number of entries
found varied across different human AQPs, from 173 to 353.
Among AQP0-AQP12 homologs, AQP7 and AQPO have the
largest and least numbers of entries, respectively. These data
have been organized into a database called dbAQP-SNP avail-
able freely at http://bioinfo.iitk.ac.in/dbAQP-SNP. We first
describe the salient features of the database and then present
an analysis of the SNPs found in the human AQP homologs.

dbAQP-SNP database

We have compiled the details of missense mutations for the
2798 SNPs of 13 human AQP homologs, and the details of
all these entries are available in the dbAQP-SNP database.
The database is organized into different sections. Each entry
has a unique ID along with the reference SNP ID (rsID). The
page for each entry has several details such as variation in the
codon, the residue number and the TM segment/loop in which
it occurs, the original residue and the mutated residue as the
result of SNP, details of NPA motifs and Ar/R SFs, the posi-
tion of the codon at which the SNP occurs, the original codon
and the codon modified due to SNP and the generic number of
the residue which is substituted due to missense variation. The
molecular plot of a human AQP with the substituted residue
due to missense SNPs from a sample entry in the dbAQP-SNP
database is shown in Figure 2.

Different search options

The dbAQP-SNP database provides various search options
(Keyword Search and Advanced Search) for the users to eas-
ily navigate the database. With the Keyword Search, the
user can search the database using the unique dbAQP-SNP
ID, rsID or RefSeq ID. In the ‘Advanced Search’ option, the
user can provide multiple parameters to search at the same
time by combining all the terms. For example, the user can
search by protein, and this will help to find all SNPs asso-
ciated with a specific human AQP homolog. One can also
search the database for SNPs associated with a specific dis-
ease. The AQP structure is divided into many regions such
as channel-facing and helix-helix interface (explained in the
section “Substitutions due to SNPs in the context of struc-
turally and/or functionally important regions”). The user can
search all the SNPs that are found in specific structural regions
of AQPs. As the NPA motif and Ar/R SF have been shown to be
functionally important, a search option is available that will
fetch all the SNPs that result in missense variation in these
functionally important regions. The amino acids are divided
into six groups (see the section “Pattern of missense SNP sub-
stitutions”) for the purpose of understanding the pattern of
substitution. A search option is also implemented in which
the user can get all the SNPs which results in the substitution
of amino acids belonging to one of the six groups to any of the
six groups. This will also help to find non-conventional sub-
stitutions such as hydrophobic to charged or small residues
to aromatic residues. These different search options can also
be combined in the ‘Advanced Search’ option. For example,
the user can search for all SNPs found in AQPO that occur in
the helix-helix interface in which charged residues are substi-
tuted by aromatic residues. The screenshot of the dbAQP-SNP
Search page is shown in Figure 3.

Documentation and statistics page

The ‘Documentation’ page provides a brief introduction to
human AQPs and explains the database, different search
options, classification of amino acids and structural regions
of AQP channels. The Statistics page presents the statistics
for each of the 13 human AQPs and the occurrence of SNPs
for each human AQP in different structural regions such as
TM region, channel-facing, helix-helix interface, monomer—
monomer interface and lipid-facing. The statistical data for
all the human AQPs in which SNPs occur in the cytoplasmic,
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Figure 2. Molecular plot of a specific human AQP with the residue in which missense SNPs occurred shown in ball-and-stick representation. The helices
(TM1-TM®6) and the half-helices (LB and LE) are displayed in different colors.
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For more information on the database and the search options, please check out the Documentation section.

Bioinformatics and Biomolecular Simulation Laboratory, Department of Biological Sciences and Bioengineering
Indian Institute of Technology, Kanpur - 208016

Figure 3. Screenshot of the dbAQP-SNP Search page.
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extracellular, loops and N- or C-terminal regions can also be
found on the same page.

Overall, this will be a useful resource where SNPs in dif-
ferent human AQPs are compiled and this resource will be
helpful to predict the missense variations that are likely to dis-
rupt the structure and function and the hypothesis generated
from this study can be tested experimentally. In the following
sections, we have analyzed the data available in the database
and looked into the pattern of amino acid substitutions due
to missense SNPs and substitutions that occur in the struc-
turally and/or functionally important regions such as NPA
motifs, Ar/R SFs and helix-helix interfaces. The likely influ-
ence of unusual substitutions in the context of the function is
also discussed.

Pathogenicity due to SNPs in human AQPs

A missense variation can be pathogenic and can cause
many types of diseases. A missense mutation can be dele-
terious if it results in ‘a genetic alteration that increases
an individual’s susceptibility or predisposition to a certain
disease or disorder’ (https://www.cancer.gov/publications/
dictionaries/genetics-dictionary). The disease condition could
be the result of loss/gain of function. Two such examples
are Gly>*® — Arg in AQP2 and Ile’*! — Phe in AQPS
(50, 51). Improper trafficking is another factor that will result
in disease conditions. In the case of AQP2, a Glu residue
at the C-terminus is replaced by Lys and this substitution
results in protein being retained in the Golgi complex and
the protein fails to reach the plasma membrane (52). We
have used the Online Mendelian Inheritance in Man (OMIM)
database (http://www.omim.org) (53) and ClinVar available
at the National Center for Biotechnology Information (www.
ncbi.nlm.nih.gov/clinvar) (54) to ascertain the pathogenicity
of SNPs in human AQPs in the current dataset. We have found
22 SNPs that are reported to be implicated in disease con-
ditions, and they mainly occur in AQP0, AQP2 and AQPS.
These diseases include cataract (AQPO), autosomal recessive
nephrogenic diabetes insipidus (AQP1 and AQP2) and palmo-
plantar keratoderma (AQPS) and diminished glycerol release
(AQP7). Most of the missense mutations in these cases involve
non-conservative substitutions such as Glu — Gly, Thr — Arg,
Pro — Leu, Gln — Pro, Thr — Met, Gly — Arg, Arg — Cys,
Glu — Lys and Ala — Glu.

Pattern of missense SNP substitutions

It is clear that there are examples of human AQPs in which
non-conservative substitutions due to missense SNPs give rise

Table 1. Pattern of missense SNP substitutions in human AQP homologs

to pathogenic conditions. These are only a small fraction of
all known missense SNPs in human AQPs. With 2978 exam-
ples in human AQPs, we first wanted to find out the nature
of amino acid substitutions as a result of missense variations.
For this purpose, the amino acids were classified into six
groups. The residues Gly, Ala, Thr, Ser and Cys, collectively
grouped as small and weakly polar (SWP) residues, have been
shown to be highly group conserved at the helix-helix inter-
face of many TM helical proteins including AQPs (55-57).
The other groups are aliphatic-hydrophobic (AH; Leu, Ile, Val
and Met), aromatic (Phe, Tyr and Trp), charged (Lys, Arg, His,
Asp and Glu) and neutral polar (NP; Asn and Gln). The sixth
group has only one residue Pro. Proline is known to introduce
kink in a-helices (58). Hence, we considered Pro separately
and did not group into any of the categories mentioned above.
Such grouping of amino acids has been previously used in
other studies (59, 60).

Our analysis has revealed some interesting observations.
Table 1 summarizes the number of substitutions involving
amino acids of all six groups. It shows that the highest num-
ber of substitutions involves the group of residues that are
classified as SWP residues. There are 1086 examples in which
SWP residues are substituted by another member of this group
(427) or any residue from the other five groups (659). We
found 73 and 50 cases in which SWP residues are substituted
by larger aromatic or proline residues, respectively. We found
a significantly larger number of 242 examples that involve
substitutions from SWP residues to charged residues. Sur-
prisingly, very few examples (26) are found in which SWP
residues are substituted by NP residues. As far as the indi-
vidual residues within the SWP group are concerned, the
maximum number of substitutions involved Ala (Ala-Thr:
125; Ala-Val: 115) and Gly (Gly-Ser: 72; Gly-Arg: 88).

In the case of the AH group, the largest number of sub-
stitutions involves residues within the same group. There are
457 instances in which one residue from the AH group is
substituted by another residue within the same group. AH
residues due to SNPs are substituted to SWP residues in a
larger number compared to any other group, and 188 AH
to SWP substitutions constitute the second largest number of
missense substitutions. Among the residues in the AH group,
Leu-Phe: 56, Leu-Pro: 60, Ile-Thr: 61 and Met-Thr: 31 are
some of the substitutions in which AH residues are replaced
by residues from other groups.

When it comes to charged residues, maximum substitu-
tions due to SNPs occur (182) within the same group. A
significant number of substitutions occur between the charged
residues and residues from the SWP (116) or NP (120) groups.

Group®P SWp AH Charged NP Aromatic Pro Total
SWP 427 268 242 26 73 50 1086
AH 188 457 55 18 79 60 857
Charged 116 30 182 120 62 28 538
NP 38 10 70 0 0 15 133
Aromatic 78 70 32 8 8 0 196
Pro 80 57 27 4 0 0 168
Total 927 893 610 176 222 153 2978

3For each amino acid group shown in the left column, the substitutions of amino acids due to missense SNP mutations resulting in amino acids belonging to

the same or different group are shown in the respective row.

bSWP (Gly, Ala, Cys, Ser and Thr); AH (Leu, Ile, Val and Met); Charged: basic and acidic residues (Asp, Glu, Lys, Arg and His); NP (Asn and Gln); Aromatic:

aromatic residues (Phe, Trp and Tyr); Pro: Proline.
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Some of the notable substitutions in this group involve Glu
(Glu-Lys: 37), Arg (Arg-Cys: 42; Arg-His: 42; Arg-Gln: 45)
and His (His-Tyr: 22). The residues in the NP group are mostly
substituted by residues from the charged group. The number
of instances of Asn substituted by Ser from the SWP group
is 30. There is not a single substitution of NP residues to
aromatic residues.

As far as the residues in the aromatic group are concerned,
Phe-Ser and Phe-Leu have the most number of 22 and 47
substitutions, respectively. The maximum number of substi-
tutions involving proline includes Pro-Leu: 57 and Pro-Ser:
45. However, we have not found a single example in which
aromatic residues are substituted by proline or vice versa.
Thus substitutions due to SNPs involve small to big, neu-
tral to charged, positively charged to negatively charged or
hydrophobic to proline, and vice versa. Such substitutions
are not generally considered as conservative substitutions. It
would be interesting to see where exactly these substitutions
occur in the 3D structure of human AQPs. This knowledge
can help to predict whether such substitutions are likely to
disrupt the structure and/or function.

Substitutions due to SNPs in the context of
structurally and/or functionally important regions

Structures of 6 out of 13 human AQPs have been deter-
mined experimentally, and they all have the characteristic
hour-glass helical fold. We have examined the site of mis-
sense mutations by mapping them onto the structures. AQP
structures from diverse organisms, including Eschericha coli,
plants and mammals, have been determined experimentally
(1). Although these are sequentially distantly related, they
all adopt a unique hour-glass helical fold. In the present
study, we used the experimentally determined structures for
the human homologs AQP1, AQP2, AQP4, AQPS5, AQP7
and AQP10. Their respective PDB (61) IDs are 4CSK, 4NEF,
3GDS8, 3D9S, 6QZI and 6F7H. For all other human AQPs,
we downloaded the modeled structures from the MIPModDB
database (http://bioinfo.iitk.ac.in/MIPModDB) developed in
our laboratory (62). The protocol used to build these models
is described in detail in previous publications (1, 5, 55). Since
AQP11 and AQP12 are the most distantly related homologs,
we compared the respective models downloaded from MIP-
ModDB with the models predicted using AlphaFold (63, 64)
which is based on a machine-learning approach. Superposi-
tion of the two models for both AQP11 and AQP12 indicates
that the distantly related AQP11 and AQP12 also adopt
the helical hour-glass fold (Supplementary Figure S1) and
the differences are mainly found in the loop regions con-
necting the TM segments. The root-mean-square deviation
(RMSD) of MIPModDB- and AlphaFold-modeled structures
was calculated using ChimeraX (65). The RMSD of AQP11
structures for 129 pruned atom pairs for AlphaFold and MIP-
ModDB models is only 1.004 A. The RMSD of AQP12 models
derived from AlphaFold and downloaded from MIPModDB
is 0.986 A for 120 pruned atom pairs. In calculating the
RMSD for pruned atom pairs, the conformationally dissimi-
lar regions such as loop regions are excluded. This has clearly
increased our confidence levels in the models available in the
MIPModDB database.

There are also examples in which SNPs occurred at the
N- or C-terminal regions which were not defined in the exper-
imentally determined structures or were not included in the
models. We found 607 SNPs in the N- or C- terminal ends
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and 474 of them could not be mapped on the structures due to
the truncation of N- and C-terminal regions in the structures.
Hence, they will not be discussed further.

To uniquely define the position of residues in any AQP
structure, we have earlier proposed a structure-based generic
numbering scheme (1) for comparing residue positions in
diverse AQP sequences. In this scheme, the most conserved
position in each of the six TM helical segments and the
two half-helices are identified from a large number of MIP
sequences. This conserved residue within a TM helix is given
the number 50, and all other positions in the same TM helix
are relative to this position. Thus, the 3.47 and 5.52 residue
positions refer to the three and two residues positions pre-
ceding and succeeding the most conserved residues of the
third and fifth TM helices, respectively. The most conserved
residues in each of the TM helix and the half-helices are shown
in Figure 1, and this generic numbering scheme will be used
hereafter. A similar generic numbering scheme has been used
for G-Protein Coupled Receptors and transporters (57, 66).
Very recently, a generic number scheme is proposed for AQPs
also along the similar lines (67).

For each SNP that resulted in missense mutation, we
examined where exactly they occurred in the structure. For
this purpose, we divided the AQP structure into six differ-
ent regions, namely, (i) channel-facing, (ii) helix-helix inter-
face, (iii) monomer—-monomer interface, (iv) lipid-facing, (v)
exposed to the cytoplasm or (vi) exposed to the extracellular
environment.

The NPA motifs and the residues forming the Ar/R SF are
functionally important regions. Apart from these two regions,
the classification of six regions with distinct structural features
is based on the following criteria. To find out the membrane
boundary in the AQP TM segments, we used the Orienta-
tion of Proteins in Membranes (https://opm.phar.umich.edu/)
and Positioning of Proteins in Membranes (https://opm.phar.
umich.edu/ppm_server) servers (68). Residues are classified as
channel-facing if both backbone and side-chain atoms face the
channel interior. If the backbone of a residue in a TM helix
is present within 4 A of another TM helix, then this residue is
considered as a residue at the helix—helix interface. If a residue
of one monomer is present within 4 A of another monomer,
then this residue is considered to be present at the monomer—
monomer interface. If a residue is present inside the TM
region and not at the monomer-monomer interface or any
of the other regions mentioned earlier, then it is considered as
lipid-facing. If the residues are present outside the membrane
region and toward the extracellular environment (or the cyto-
plasm), then these residues are considered to be exposed to
the extracellular (or cytoplasmic) environment. The nature of
residue changes in functionally important positions and other
structural regions are discussed in the following subsections.

NPA motifs

The NPA motif is highly conserved in AQPs in LB and LE
half-helices and has been shown to be functionally important
(9, 10). It is one of the two narrowest regions in AQP channels.
Hence, any change in this motif is likely to have repercussions
on the transport properties of AQPs. Missense mutations due
to SNPs have been observed in both NPA motifs. There are 33
and 23 instances in which substitutions occur in NPA motifs
found in LB and LE half-helices, respectively, and they are
summarized in Table 2. Simulation and experimental studies
have shown that the side chain of Asn in NPA motifs prevents
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Table 2. Missense SNP substitutions in functionally important regions of
human AQP homologs

Functionally

important regions SNPs observed?

LB-NPA motif AsnB50 _ Thr (AQP2, AQPS, AQPS,
AQP11), Ser (AQP2, AQPS, AQP9,
AQP11), Asp (AQP9), Ile (AQP9, AQP11),
Lys (AQP10)

ProtB51 — Thr (AQPO, AQP12), Gln
(AQP1, AQP11), Leu (AQP1, AQP10,
AQP11), Ala (AQP1), Ser (AQP1, AQP3),
His (AQPS), Arg (AQP12)

AlatB30 — Thr (AQP7)

AlalB-2 5 val (AQP3, AQP8, AQP10), Ser
(AQPS), Thr (AQP6), Asp (AQP6), Gly
(AQP7)

ThrB-52 5 Ala (AQP12)

Asn B0 — Thr (AQPO, AQP7), Lys (AQP1,
AQP9), Ser (AQP2, AQP7, AQP10)

ProlE-S1 s Ser (AQPO, AQP4), Ala (AQP2,
AQPS, AQP10), Arg (AQPS5, AQP9), Leu
(AQPS, AQP7)

AlatE52 — Thr (AQP4, AQPS, AQP9), Val
(AQPS, AQP10), Asp (AQPS)

Ser'£-52 _ Phe (AQP7)

Phe?#? — Cys (AQPO), Leu (AQP1), Ile
(AQP2)

His>4’ — GIn (AQPS), Tyr (AQPS)

Tyr>4® — Cys (AQP11)

AlalE47 5 Thr (AQPO, AQP4)

Cys'E47 — Phe (AQP1), Trp (AQP2, AQPS,
AQP6, AQP9), Tyr (AQP2)

TyrtE47 5 Cys (AQP3)

et ™47 — Thr (AQP10)

ArgtES3 5 Leu (AQPO, AQP4, AQP7),

His (AQPO, AQP2, AQP5, AQP6, AQPS),
Cys (AQPO, AQP2, AQP5, AQP6, AQPS),
Gly (AQP1), Trp (AQP1, AQP3, AQP7,
AQP10), Gln (AQP1, AQP3, AQP4, AQP7,
AQP9, AQP10), Ser (AQP6), Pro (AQPS,
AQP9)

His*7 — Gln (AQP2), Arg (AQP4, AQPS5),
Tyr (AQP4)

Gly’-7 — Arg (AQP7, AQP10), Ala (AQP7)

Ile>7 — Met (AQPS)

Ala’7 — Val (AQP9), Thr (AQP12)

Val>37 — Tle (AQP11)

LE-NPA motif

Ar/R SF

3The generic number for each residue and the substituted amino acid residue
due to missense SNPs is shown. The human AQPs in which this substitution
occurs are shown within brackets.

the transport of protons and cations in AQP channels (69-71).
Asn in the NPA motifs is completely invariant in all human
AQP homologs. Missense variation due to SNPs results in the
substitution of Asn in the NPA motifs (LB.50 and LE.50 posi-
tions) to Thr, Ser, Asp, Ile and Lys. The replacement of Asn by
residues such as Lys and Ile is most likely to affect the function
of human AQPs AQP1, AQP9, AQP10 and AQP11 (Table 2).

SNPs that give rise to missense variation lead to the sub-
stitution of proline residues (LB.51 and LE.51 positions) in
NPA motifs by Thr, Gln, Leu, Ala, Ser, His and Arg. Proline
in NPA motifs plays a structural role as the N-cap residue for

the half-helices found in LB and LE loops. Hence, the substi-
tution of proline by any other residue is likely to affect the
helix stability. The proline residue in the NPA motif of LB is
replaced by Ala in wild-type AQP7. Ala at LB.51 in wild-type
AQP?7 is substituted by Thr due to missense SNP. Since Thr
has a hydroxyl group in its side chain, it will be interesting to
see how this will affect the transport properties in AQP7.

The highly conserved Ala in the LB.52 position of NPA
motifs is substituted by Cys and Thr in wild-type AQP11
and AQP12, respectively. Similarly, Ala in the LE.52 posi-
tion is replaced by Ser in wild-type AQP7. All other human
AQP homologs have Ala in LB.52 and LE.52 positions. Ala-
nine’s substitution in NPA motifs to Thr, Ser, Asp, Val and Gly
alters either the chemical nature of one of the constrictions
in the channel or a bulkier residue like Val introduces further
constriction in the channel. In the case of AQP12, the wild-
type Thr at Position LB.52 is replaced by Ala, whereas Ser at
LE.52 in AQP7 is substituted by the bulky aromatic residue
Phe. The substitutions at LB.52 and LE.52, respectively, in
AQP12 and AQP7 are likely to affect the transport proper-
ties. Hence, we can easily speculate that missense mutations
in any of the positions corresponding to the conserved NPA
motifs will have serious consequences that can compromise
the transport properties of AQPs.

Aromatic/arginine selectivity filter

The Ar/R SF forms the most important constriction in AQP
channels. The Ar/R SF is formed by four residues, one each
from TM2 and TMS helices and two residues from the LE
loop. In the generic numbering scheme, the positions of these
residues are 2.49, 5.57, LE.47 and LE.53 (1). Mutation and
computational studies suggest that the replacement of residues
belonging to the Ar/R SF results in different transport proper-
ties in AQP channels (11, 12, 72, 73). As the name suggests,
in 11 out of 13 human AQP homologs, Arg is present in the
LE.53 position. In AQP11 and AQP12, Arg is replaced by Leu.
With the exception of AQP10 and AQP12, aromatic residues
Phe, His or Tyr are present in Position 2.49. In the other two
positions, namely 5.57 and LE.47, many types of residues are
found. SNPs result in substitutions in all four positions that
form the Ar/R SF and are summarized in Table 2. Missense
variations due to SNPs are found in the LE.53 position in
which the functionally important Arg is replaced by residues
that have completely different chemical and physical proper-
ties (Leu, His, Cys, Gly, Trp, Gln, Ser and Pro), implying that
the selectivity and transport will be certainly compromised.
As far as the 2.49 position is concerned, the aromatic residues
Phe and Tyr are substituted by Cys (AQPO and AQP11) or
hydrophobic residues (AQP1 and AQP2). In the case of AQPS,
the missense mutations due to SNPs result in the substitution
of His?>* by Gln or Tyr. The LE.47 position is occupied by
Cys in five human homologs, namely, AQP1, AQP2, AQPS,
AQP6 and AQP9. SNPs at this position result in the substi-
tution of bulky aromatic residues. Such replacement is most
likely to restrict the size of the substrate that will be trans-
ported through these AQP homologs. At Position 5.57, six
human AQP homologs have His, three have Gly and the
remaining have hydrophobic residues. In three human AQPs,
His*>7 is replaced by Gln (AQP2), Arg (AQP4 and AQPS)
and Tyr (AQP4), indicating that these changes could affect
the function. The missense mutations due to SNPs give rise
to the substitution of Gly>>7 in AQP7 and AQP10 to Arg,
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and this will surely impact the type of substrates that will be
transported along these channels.

Channel-facing residues

There are 287 missense mutations involving residues that
can be characterized as channel-facing. Overall, 9% of all
the SNPs occur in the channel-facing positions, indicating
that drastic changes in these positions are likely to affect the
transport properties of AQPs. In addition to NPA motifs and
residues that are part of the Ar/R SE, other positions from
which side chains of residues directly point to the channel
axis are likely to interact with the permeating substrates and
could certainly influence the transport across the human AQP
channels. Among all human AQPs, AQP2 and AQP7 have
the maximum number of 33 and 30 instances, respectively,
in which the channel-facing wild-type residues are replaced
due to SNPs. Substitutions of channel-facing residues that
can be considered as non-conservative are listed in Table 3.
Some of the notable substitutions include those at Positions
1.53, 3.42, 4.65 and 6.62 in which charged residues Arg/Lys
are replaced by aromatic or small residues. At Position 4.66,
the negatively charged Asp in AQP6 is mutated to positively
charged Arg, while the positively charged Lys!®® is substi-
tuted by negatively charged Glu in AQP1. Similarly, Gly at
Positions 1.61, 5.61 and 5.65 are substituted by bulkier or
charged residues. As these substitutions at positions facing
the channel drastically change the chemical and/or physi-
cal properties of the residues, we can speculate that they
could alter the selectivity and transport of substrates com-
pared to the wild-type proteins that will result in different
phenotypes.

Helix-helix interface

We have previously shown that the residues belonging to
the SWP group are close to 95% group conserved at the
helix-helix interface of many membrane proteins including
AQPs, formate/nitrite transporters, Sugars Will Eventually be
Exported Transporters (55-57). The presence of such residues
at the helix-helix interface helps to bring the TM helices close
together for an optimal helix-helix packing interaction. As
mentioned earlier, we define a residue at the helix-helix inter-
face if the backbone of the residue of one helix is within 4 A of
another helix. The maximum number of >850 SNPs occurs at
the helix-helix interface. When we examined the human AQP
SNPs that occur at the helix-helix interface, half of all SNPs
in human AQP homologs involve SWP residues. Among them,
174 involve missense mutations that result in a change of one
SWP to another SWP residue. In the remaining 254 cases, SWP
residues at the helix-helix interface are substituted by bulkier
hydrophobic or aromatic residues, indicating that the helix-
bundle geometry is likely to be disrupted with such replace-
ment. This may lead to the overall destabilization of the
hour-glass fold typically found in AQP structures. Similarly
in ~50 SNPs, AH residues are substituted by SWP residues
that may have an effect on the helix packing. The introduction
of a charged residue requires another charged/polar residue
within the TM helical domain so that the two residues can
interact among themselves. Otherwise, their presence in a
hydrophobic environment becomes unfavorable (74). Hence,
the substitution of any hydrophobic residue by a charged
residue will be energetically not favorable within the TM
region. The same is true when a charged residue is substituted
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Table 3. Missense mutations due to SNPs in channel-facing residues

Channel-facing

residues?® Missense mutations due to SNPsP

™1 Arg!33 — Trp (AQP12); Phe!-S7 — Ser
(AQPS)
Leu'7 — Ser (AQP9), Pro (AQP10)
Gly'6! — Arg (AQP2, AQPS), Val (AQP7,
AQP9), Glu (AQP9)
Thr!-6! — Tle (AQP11); Ala’-%5 — Asp
(AQP1); Val'-65 — Gly (AQP9)
GIn'S — Arg (AQP11); Tyr'65 — Asn
(AQP12), His (AQP12)
Met!68 — Thr (AQP7), Lys (AQP7); Lys!-¢?
— Glu (AQP1)
Tle!-6 — Thr (AQP9)
™2 le245 — Thr (AQP2, AQP6), Ser (AQPS);
Pro** — Leu (AQPS)
Tyr2'49 — Cys (AQP11); Leu?%3 — Pro
(AQPO, AQP11)
Tle?>3 — Thr (AQP1, AQP4), Ser (AQP4,
AQPS5); Thr2-33 — Tle (AQP6)
Val?37 — Gly (AQP7); Tle?57 — Ser
(AQP9), Asn (AQP10)
Trp>®1 — Arg (AQP6); Gly>¢! — Val
(AQP7), Asp (AQP7), Arg (AQPS)
Ser>6* s Arg (AQP2); Gly265 — Arg
(AQP2)
LB Val HB-33 _ Asp (AQPO); Cys HB-7 — Tyr
(AQP2); Met HB-S7 5 Thr (AQP10)
T™3 Arg3#? — Cys (AQPO, AQP6), Gly (AQPO),
Trp(AQPS)
Lys>42 — Asn (AQP3, AQP4), Thr (AQP9);
Thr342 — Met (AQP11)
™4 Leu*37 — Pro (AQP6); Val*¢1 — Asp
(AQP9); Leu*®! — Pro (AQP12)
Thr*®5 — Ile (AQP2), Met (AQP7); Arg*63
— Trp (AQP12), Gln (AQP12); Asp*©6 —
Gly (AQP6)
T™S Ile’* — Thr (AQP4), Lys (AQP4)
Tle’* — Thr (AQP2, AQP4, AQP6, AQP7,
AQP9), Asn (AQP9), Ser (AQP9)
Val’>3 — Asp (AQPS, AQP12); Gly’-57 —
Arg (AQP10)
Met>¢1 — Thr (AQPO); Tle>¢! — Thr
(AQP1)
Gly>¢! — Val (AQP7, AQP11), Arg
(AQP12)
Gly’®5 — Arg (AQP2), Asp (AQP4), Val
(AQPS)
TMé6 Phe®62 — Ser (AQPS); Arg6-62 — Ser
(AQPS)

2The TM segments and the half-helix regions in the hour-glass helical fold
are given.

bThe generic number of the channel-facing residue and its substitution due to
missense SNPs are shown here. The human AQPs in which this substitution
occurs are shown within brackets.

by a hydrophobic residue in the middle of the hydrophobic
environment. There are close to 164 entries in which charged
residues are introduced at the helix—helix interface. However,
we found <15 examples in which the missense mutation of
charged residue leads to hydrophobic/aromatic/SWP residues.
The introduction of a charged residue in the TM region
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or replacement of a charged residue by hydrophobic/aro-
matic residues will destabilize a membrane helix-bundle
protein.

Missense mutations in other positions

We also analyzed positions that occur at the monomer—
monomer interface and lipid-facing positions. There are 371
entries that can be defined to fall at the interface of two
monomers in the tetrameric arrangement of AQPs. It has
been shown that the function of AQP monomers can be influ-
enced by their interaction with the neighboring monomers
in the tetramer assembly (75, 76). Hence, missense varia-
tions due to SNPs at the monomer-monomer interface could
potentially impact the transport properties of human AQP
homologs. Another 294 SNPs are found in positions that
are lipid-exposed. The majority of them involve AH residues.
These are mostly substituted by another hydrophobic residue
from the same group. These substitutions are likely to have
little effect on the structure and function of AQPs.

Helices of AQP hour-glass-shaped helix-bundle extend
beyond the lipid head-group region, and thus these are
exposed to the cytoplasmic or extracellular side. We have
looked at the positions of these exposed helical regions and
found 122 and 85 cases, respectively, in which SNPs occur
in these regions. The majority of these SNPs result in mis-
sense mutations involving SWP or charged residues. We have
identified 718 SNPs that are found in the loop regions con-
necting the six TM helices. This is the second largest category
after those found at the helix-helix interface. Not surprisingly,
>500 of these SNPs involve residues that are classified as SWP,
charged or NP. Hence, we speculate that these substitutions
will not have any major consequence on the structure and/or
function of the human MIPs.

SNPs were found at positions at the N- or C-terminal
regions that are within the structurally defined regions. We
found >40 and 90 examples in N- or C-terminal tails, respec-
tively, in which missense mutations due to SNPs occur.
Compared to functionally recognized regions such as NPA
motifs and Ar/R SF residues, structural and/or functional
consequences of missense variations due to SNPs will be
difficult to speculate in N- and C-terminal regions. If the
residues are known to undergo phosphorylation or other
post-translational modifications (PTMs), then substitutions in
these positions will have a significant effect on the function
or regulation of these channel proteins. However, residues
undergoing PTMs have to be clearly established.

Discussion

Several studies have investigated the association between
human AQP SNPs and health complications or diseases in
specific populations (17-43). This includes more prevalent
problems such as Type 2 diabetes, hypertension and obe-
sity. Human AQP SNPs have been implicated in other health
risks such as acute body fluid loss, liver cirrhosis, periodon-
titis, temporomandibular joint disorders, cerebral edema,
sleep-related disorders, sudden infant death syndrome, neu-
romyelitis optica, vascular depression, schizophrenia, chronic
obstructive pulmonary disease, pathogenesis of caries, adverse
kidney events, polycystic ovary syndrome and femoral neck
bone mineral density. Many of these missense SNPs that are

found to be associated with diseases or health complications
are not available in databases like OMIM and Humsavar,
which are part of the UniProt/Swiss-Prot protein knowledge-
base (https://www.uniprot.org).

Calvanese et al. considered 34 single amino acid poly-
morphisms found in human AQPs that are associated with
genetic disorders and investigated the possible relationship
between the structural defects and experimental phenotypes
for 17 mutations (77). The database MutHTP (78) has
compiled details of disease-associated and neutral mutations
from ~5000 human TM proteins. As per the ‘Statistics’ page
of this website, the total number of distinct disease muta-
tions is 183395, and the number of neutral mutations is
17827. The mutation data were collected from different
mutation databases such as Humsavar, SwissVar (79), 1000
Genomes (80), COSMIC (81) and ClinVar (54). This implies
that on average, there are ~40 disease mutations per TM
protein. We realize that some proteins may have higher dis-
ease mutations, and some may have a negligible number
of disease mutations. Recently, a study by Igbal ez al. (60)
identified 3D features associated with pathogenic (disease-
associated) and population (benign) missense variants from
1330 disease-associated genes using 14270 experimentally
determined structures. The mutation data for this study was
compiled from OMIM (53), Human Gene Mutation Database
(82), ClinVar (54), Exome Aggregation Consortium (83)
and Genome Aggregation Database (84). The 3D features
include the mutated amino acids’ physicochemical properties,
structural context and functional features. Among the dif-
ferent functional classes they analyzed, four AQPs (AQP1,
AQP2,AQP4 and AQPS) have been included under the ‘Trans-
porter’ functional class. In all four AQP homologs, only 58
pathogenic missense variants are available, while population
(neutral) missense variants are 542 in total out of which 447
have been mapped onto the 3D structure. Hence, the num-
ber of pathogenic mutants available in the mutation databases
for the AQP family is in general very less. However, there
are many reports associating SNPs with disease conditions as
detailed in the Introduction section. In the current study, we
have found >20 examples in the OMIM database in which
AQP SNPs result in diseases. Most of these missense SNPs
occur in the helix-helix interface or they are facing the chan-
nel interior, and one can safely assume that the substitutions
due to SNPs could possibly interfere with the structure and/or
function. Other possibilities include improper folding and
targeting. The study by Igbal et al. showed that the 3D-
mutational hotspots can be different across different protein
structural and functional classes (60). In this regard, the cur-
rent study is very important as it has compiled the missense
variants and classified functional features specific to AQP fam-
ily members. As mentioned above, at present the number of
recognized pathogenic variants for the AQP family is very less
as evident from other studies. When more pathogenic variants
are recognized, the current data with structural and functional
classifications can be applied to come up with the prediction
for human AQP missense substitutions.

In this study, a systematic search in the dbSNP yielded
~2800 missense SNPs in all human AQP homologs. Hence,
it is important to analyze the nature of the residue substi-
tutions that can help to infer where the substitutions in the
structure take place and what kind of substitutions are occur-
ring. We are fully aware that not all SNPs will result in
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pathogenic conditions. However, it is important to know what
kind of substitutions occur due to missense SNPs and whether
or not these substitutions are likely to affect the structure
and/or function of human AQPs. We analyzed all the missense
SNPs of human AQPs to understand the pattern of substitu-
tions. We divided the naturally occurring amino acids into
six groups, and this classification is based on both chemi-
cal and physical properties. This analysis helped us to find
out some of the unusual and non-conservative substitutions
which included small to big, hydrophobic to charged and neg-
atively charged to positively charged, and vice versa. Some
substitutions are never observed. For example, we did not
find even a single case in which aromatic amino acids are
substituted by proline, and vice versa. We have also com-
pared the pattern of substitutions found in our study and the
data available in the MutHTP database (78). A comparison
between data obtained from mutation databases and the cur-
rent study using SNP missense substitution data reveals that
there are some notable differences in the pattern of amino
acid substitutions. For example, in the present study, we have
not found even a single example in which NP (Gln and Asn)
residues are replaced by aromatic residues (Tyr, Trp and Phe).
However, in MutHTP, many examples have been found in
which Asn is replaced by Tyr in disease mutations, and a few
cases of Asn — Tyr mutation were found in neutral muta-
tions. Similarly, Pro to Aromatic substitutions and vice versa
were not found in the present study. In MutHTP, there are
some examples in which Phe is substituted by Pro in disease
mutations.

Next, we wanted to find out where exactly these substi-
tutions occur with respect to the structure. We found many
examples of non-conservative substitutions in the function-
ally important NPA motif or Ar/R SE. Similarly, substitutions
that are likely to disrupt the TM helix packing occur at the
helix-helix interface. Building the dbAQP-SNP database and
making it publicly available is the first step where researchers
can use this resource to look at specific missense SNPs, the
type of substitutions and the structural region in which these
substitutions occur. Using the Advanced Search options, one
can look at all the missense SNPs that occur in specific
structural regions. One can also choose a particular human
AQP homolog and focus on all missense SNPs to under-
stand whether these SNPs are likely to result in pathogenic
conditions. We hope that this resource will help to fur-
ther advance our knowledge in associating SNPs in human
AQPs with the structural and functional defects that may be
pathogenic.
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