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A B S T R A C T

Homozygous and/or heterozygous loss of function mutations in the natriuretic peptide receptor B (NPR2) have
been reported in causing acromesomelic dysplasia, type Maroteaux with variable clinical features and idiopathic
short stature with nonspecific skeletal deformities. On the other hand, gain of function mutations in the same
gene result in overgrowth disorder suggesting that NPR2 and its ligand, natriuretic peptide precursor C (CNP),
are the key players of endochondral bone growth. However, the precise mechanism behind phenotypic varia-
bility of the NPR2 mutations is not fully understood so far.

In the present study, three consanguineous families of Pakistani origin (A, B, C) with variable phenotypes of
acromesomelic dysplasia, type Maroteaux were evaluated at clinical and molecular levels. Linkage analysis
followed by Sanger sequencing of the NPR2 gene revealed three homozygous mutations including p.
(Leu314 Arg), p.(Arg371*), and p.(Arg1032*) in family A, B and C, respectively. In silico structural and func-
tional analyses substantiated that a novel missense mutation [p.(Leu314 Arg)] in family A allosterically affects
binding of NPR2 homodimer to its ligand (CNP) which ultimately results in defective guanylate cyclase activity.
A nonsense mutation [p.(Arg371*)] in family B entirely removed the transmembrane domain, protein kinase
domain and guanylate cyclase domains of the NPR2 resulting in abolishing its guanylate cyclase activity.
Another novel mutation [p.(Arg1032*)], found in family C, deteriorated the guanylate cyclase domain of the
protein and probably plundered its guanylate cyclase activity. These results suggest that guanylate cyclase ac-
tivity is the most critical function of the NPR2 and phenotypic severity of the NPR2 mutations is proportional to
the reduction in its guanylate cyclase activity.

1. Introduction

The gene NPR2 encodes natriuretic peptide receptor B (NPR2)
which contains four functional domains: an extracellular ligand-binding
domain, a single membrane-spanning region, an intracellular protein

kinase homology domain and a carboxyl-terminal guanylyl cyclase
catalytic domain (van den Akker, 2001; Dickey et al., 2016). This
protein is primary receptor for C-type natriuretic peptide (CNP) (Koller
and Goeddel, 1992). Physiologically active NPR2 protein is a homo-
dimer that produces cytoplasmic cyclic GMP from GTP on binding its
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extracellular ligand, CNP (Lincoln and Cornwell, 1993). Guanylyl cy-
clase activity of the natriuretic peptide (NPR2) receptor is boosted up
by binding to its ligand (CNP) to enhance the synthesis of cGMP that

activates type II cGMP-dependent protein kinase (Vasques et al., 2014).
In this way, CNP/NPR2 cascade acts locally as a positive regulator of
endochondral ossification via prompting cartilage homeostasis,

Fig. 1. Pedigrees and genetic information of the families. Pedigree of family A containing three affected individuals (III-2, V-3, V-4) with AMDM. The ‘*’ sign is used
for the members whose samples were incorporated in this study (A). Pedigree of family B demonstrating segregation of autosomal recessive AMDM in a five
generation family (B). Pedigree drawing of family C having three affected individuals in the fourth generation (C). Partial DNA sequence NPR2 gene exhibiting novel
missense mutation [c.941 T > G; p.(Leu314 Arg)] identified in family A (D). DNA sequencing chromatograms of NPR2 showing nonsense mutation [c.1111C > T; p.
(Arg371*)] identified in family B (E). Sequencing upshots demonstrating novel stop gain mutation [c.3094c > T; p.(Arg1032*)] in the NPR2 identified in family C
(F).

Table 1
Clinical features of affected individuals in family A, family B and family C.

Clinical features Affected individuals in family A Affected individuals in family B Affected individuals in family C

IV-2* V-3* V-4 IV-1* IV-2* IV-4* IV-1* IV-2* IV-6*

Sex M F F M M F F M M
Age in years 38 13 9 13 10 17 30 26 21
Height in cm 137.25 121.95 101.66 106.25 99.52 111.76 112.00 121.92 119.38
Arms span 130.52 114.85 96.30 101.20 95.88 105.95 107.00 112.90 111.00
Disproportionate Short stature + + + + + + + + + + + + + + + + + +
Normal head circumference + + + + + + + + + + + + + + + + + +
Prominent forehead - - - - - - + + + + + + + + + + + +
Short and broad nose - - - - - - - - - - + + + + + + + +
Superiorly curved clavicles N/A N/A N/A N/A N/A N/A + + + + + +
Pectus carinatum - - - - - - + + + + + + + + + + + +
Pectus excavatum - - - - - - + + + + + + + + + + + +
Increased lumbar lordosis - - - - - - + + + + + + + + + + + +
Lower thoracic kyphosis - - - - - - - - - - - - + + + + + +
Gibbus deformity - - - - - - + + + + + + + + + + + +
Joint laxity - - - - - - + + + + + + + + + + + +
Acromesomelia + + + + + + + + + + + + + + + + + +
Bowed forearms + + + + + + + + + + + + + + + + + +
Limited elbow extension - + - + - + + + + + + + + + + + + +
Short tubular bones + + + + + + + + + + + + + + + + + +
Bowed radius + + + + + + + + + + + + + + + + + +
Short, broad fingers + + + + + + + + + + + + + + + + + +
Small orbiculated hands + + + + + + + + + + + + + + + + + +
Short toes + + + + + + + + + + + + + + + + + +
Large halluces + + + + + + + + + + + + + + + + + +
Short, broad phalanges + + + + + + + + + + + + + + + + + +
Loose, redundant skin on fingers + + + + + + + + + + + + + + + + + +
Short and dampened nails + + + + + + + + + + + + + + + + + +
Normal intelligence + + + + + + + + + + + + + + + + + +

Legends: Roman numerals represent affected individuals in the pedigrees of family A, family B and family C. M stands for male and F for female. N/A means not
assessed while - - represent absence and + + represent presence of a feature while - + signifies an unconvinced feature.
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proliferation and differentiation of osteoblasts and osteoclasts (Miura
et al., 2014; Vasques et al., 2014).

Functional inactivation of the natriuretic peptide receptor (NPR2),
resulting due to loss of function mutations in the NPR2, cause a severe
skeletal dysplasia, called acromesomelic dysplasia, Moroteaux type
(Bartels et al., 2004; Irfanullah et al., 2015). Harmoniously, hetero-
zygous mutations in NPR2 cause idiopathic short stature without clear
signs of skeletal dysplasia (Vasques et al., 2013; Hisado-Oliva et al.,
2015; Wang et al., 2015). In contrast, gain of function mutations in the
NPR2 or overexpression of CNP result in over growth syndrome or tall
stature without skeletal deformities (Hannema et al., 2013; Miura et al.,
2014). However, the reason of this broad spectrum phenotypic varia-
bility is poorly understood.

In silico modeling assists in structural and functional elucidation of
proteins to determine the effect of mutations on the protein structure
and its correlation with development of the disorders (Dunker et al.,
2002). For that reason, several bioinformatics tools are employed for
structural and functional analysis of novel mutations to determine their
effect on structural modifications, alterations in ligand binding affinity
and the manifestations of a positive correlation between mutations and
severe phenotypes (Sali and Blundell, 1993; Edwards and Cottage,
2003; Wang et al., 2012; Ponzoni and Bahar, 2018).

In the current study, three Pakistani families (A, B, C), showing
variable clinical features of acromesomelic dysplasia, Moroteaux type

(AMDM), were evaluated at clinical and molecular levels. Genetic
contemplations in these families revealed three homozygous mutations
including one missense and two nonsense mutations in the NPR2 gene.
In silico structural and functional analyses of the NPR2 protein vali-
dated that these mutations curtailed guanylate cyclase activity of the
protein directly or indirectly. These findings support phenotypic
variability caused by heterogynous mutations in the NPR2 gene. In
addition, this study provides a comprehensive appraisal of diverse
phenotypes linked with NPR2 mutations underscoring NPR2 as a key
physiological regulator of longitudinal skeletal growth and a putative
therapeutic target for growth disorders.

2. Methods and materials

2.1. Ethical approval and study subjects

Ethical approval to conduct this study was taken from the
Institutional Review Board (IRB), Quaid-i-Azam University, Islamabad,
Pakistan. Three families (A, B, C) segregating disproportionate short
stature were recruited from different parts of Pakistan during field
visits. Informed consent covering presentation of photographs for
publication was obtained from all participants included in this study.
Blood samples were collected from all available members of the three
families including affected and healthy siblings and their parents.

Fig. 2. Clinical Features of affected in-
dividuals in three families. Photographs
of hands of affected individuals (IV-2,
V-3) in family A showing brachydactyly
and blunt nails (A, B). Photographs of
affected individuals (IV-1, IV-2, IV-4) in
family B showing short stature (E), pi-
geon chest deformity in affected in-
dividual (IV-2) exhibiting pectus car-
inatum chest characterized by a
protrusion of the sternum and ribs (F).
Photographs of a normal individual
with affected individual (IV-2) from
family C showing extreme short stature
accompanied by pectus carinatum and
pectus excavatum (C). Spine deformity
in affected individual (IV-2) showing
thoracic kyphosis characterized by in-
ward curvature of thoracic spines and
lordotic curve in the lumber spines (D).
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2.2. Linkage mapping and sequencing analysis

Genomic DNA was extracted from peripheral blood samples by
using commercially available GenElute™ Blood Genomic DNA Kit
(NA2020) (Sigma Aldrich, St. Louis, Missouri, United States). The fa-
milies included in this study (A, B, C) were subjected to linkage ana-
lysis. Genotyping was performed by typing highly polymorphic micro-
satellite markers followed by sequencing all 22 exons of the gene NPR2
(MIM 602875) with neighboring sequences of exon–intron borders as
described previously (Irfanullah et al., 2015).

2.3. Cataloging NPR2 mutations and associated phenotypes

The Human Gene Mutation Database (HGMD®) (www.hgmd.cf.ac.
uk/ac/gene.php?gene=NPR2), Leiden Open (source) Variation
Database (LOVD) (databases.lovd.nl/shared/transcripts/00014751)
and The NCBI MEDLINE database (PubMed) (https://www.ncbi.nlm.
nih.gov/pubmed) were combed for previously known mutations in
NPR2 gene pertaining to their consequential phenotypes. The allelic
pattern of the mutations was specified as homozygous, heterozygous
and compound heterozygous. A sketch of the NPR2 protein was

Table 2
List of NPR2 mutations and their associated growth disorders.

S. No cDNA Position Protein Position Disease Reference

1 c.94C > A/c.94C > A p.Pro32Thr/p.Pro32Thr AMDM Bartels et al., 2004
2&3 c.245 T > C/c.2118C > A p.Leu82Pro/p.Asp706Glu AMDM Castro-Feijóo et al., 2012
4 c.343 T > G/c.343 T > G p.Trp115Gly/p.Trp115Gly AMDM Bartels et al., 2004
5 c.494del/c.494del p.Arg165Leufs*80/p.Arg165Leufs*80 AMDM Castro-Feijóo et al., 2012
6&7 c.528 T > A/c.1162C > T p.Asp176Glu/p.Arg388* AMDM Bartels et al., 2004
8 c.844C > T/c.844C > T p.Gln282*/p.Gln282* AMDM Bartels et al., 2004
9 c.890C > T/c.890C > T p.Thr297Met/p.Thr297Met AMDM Bartels et al., 2004
10 c.941 T > G/c.941 T > G p.Leu314 Arg/ p.Leu314 Arg AMDM Present Study
11 c.1013 A > G/c.1013 A > G p.Tyr338Cys/p.Tyr338Cys AMDM Bartels et al., 2004
12 c.1111C > T/c.1111C > T p.Arg371*/p.Arg371* AMDM Present Study
12&13 c.1111C > T/c.1314_1315delCT p.Arg371*/p.Ala440Leufs*2 AMDM Bartels et al., 2004
14 c.1225 G > A/c.1225 G > A p.Ala409Thr/p.Ala409Thr AMDM Bartels et al., 2004
15&16 c.1231 T > C/c.2761C > T p.Tyr411His/p.Arg921* AMDM Wang et al., 2016
17 c1238G > A/c1238G > A p.Gly413Glu/p.Gly413Glu AMDM Bartels et al., 2004
18 c.1294delC/c.1294delC p.Pro432Leufs*476/p.Pro432Leufs*476 AMDM Bartels et al., 2004
19 c.1330del/c.1330del p.Asp444ThrfsX33/p.Asp444ThrfsX33 AMDM Castro-Feijóo et al., 2012
20 c.1435C > T/ c.1435C > T p.Arg479*/p.Arg479* AMDM Sag et al., 2015
21 c.1498C > T/c.1498C > T p.Gln500*/p.Gln500* AMDM Bartels et al., 2004
22&23 c.1663 A > T/c.1711-1G > C p.Lys555X/p.Met571Valfs*12 AMDM Wang et al., 2016
24 c.1801C > T/c.1801C > T p.Arg601Ser/p.Arg601Ser AMDM Irfanullah et al., 2015
25 c.1887+2T > A/c.1887+2T > A p. Gly630fs*?/p. Gly630fs*? AMDM Bartels et al., 2004
26 c.1972C > T/c.1972C > T p.Leu658Phe/p.Leu658Phe AMDM Hachiya et al., 2007
27 c.2123 A > G/c.2123 A > G p.Tyr708Cys/p.Tyr708Cys AMDM Bartels et al., 2004
28 c.2245C > T/c.2245C > T p.Arg749Trp/p.Arg749Trp AMDM Irfanullah et al., 2015
29 c.2304_2307delinsCTGATGGA/c.2304_2307delinsCTGATGGA p.Trp769*/p.Trp769* AMDM Bartels et al., 2004
30 c.2326C > T/c.2326C > T p.Arg776Trp/p.Arg776Trp AMDM Bartels et al., 2004
31 c.2548_2551del/c.2548_2551del p.Glu850LeufsX32/p.Glu850LeufsX32 AMDM Castro-Feijóo et al., 2012
32 c.2720 C > T/c.2720 C > T p.Thr907Met/p.Thr907Met AMDM Khan et al., 2012
33 c.2762 G > A/c.2762 G > A p.Arg921Gln/p.Arg921Gln AMDM Wang et al., 2016
34 c.2869C > T/ c.2869C > T p.Arg957Cys/p.Arg957Cys AMDM Bartels et al., 2004
35&36 c.2876 G > C/c.1436+1G > T p.Gly959Ala/p.Lys480* AMDM Bartels et al., 2004
37 c.2986+2T > G/c.2986+2T > G Splicing AMDM Khan et al., 2012
38 c.3059delG/c.3059delG p.Asp1022Metfs*4/p.Asp1022Metfs*4 AMDM Bartels et al., 2004
39 c.3094c > T/c.3094c > T p.Arg1032*/p.Arg1032* AMDM Present Study
40 c.491C > G/c.491C p.Ala164Gly/p.Ala164 Idiopathic Short Stature Hisado-Oliva et al., 2015
41 c.766 G > T/c.766 G p.Asp256Tyr/p.Asp256 LWD Short Stature Hisado-Oliva et al., 2015
42 c.1262C > T/c.1262C p.Thr421Met/p.Thr421 LWD Short Stature Hisado-Oliva et al., 2015
43 c.1636 A > T/c.1636 A p.Asn546Tyr/p.Asn546 LWD Short Stature Hisado-Oliva et al., 2015
44 c.1641_1643del/c.1641 p.Val548del/p.Val548 LWD Short Stature Hisado-Oliva et al., 2015
45 c.2455C > T/c.2455C p.Arg819Cys/p.Arg819 LWD Short Stature Hisado-Oliva et al., 2015
46 c.2972 A > G/c.2972 A p.Glu991Gly/p.Glu991 LWD Short Stature Hisado-Oliva et al., 2015
47 c.3058C > T/c.3058C p.Arg1020Trp/p.Arg1020 LWD Short Stature Hisado-Oliva et al., 2015
48 c.2647 G > A/c.2647 G p.Val883Met/p.Val883 Overgrowth syndrome Miura et al., 2012
49 c.1462 G > C/c.1462 G p.Ala488Pro/p.Ala488 Overgrowth syndrome Miura et al., 2014
50 c.142 G > T/c.142 G p.Ala48Ser/p.Ala48 Short Stature Wang et al., 2015
51 c.226 T > C/c.226 T p.Ser76Pro/p.Ser76 Short Stature Vasques et al., 2013
52 c.328C > T/c.328C p.Arg110Cys/p.Arg110 Short Stature Amano et al., 2014
53 c.788 G > C/c.788 G p.Arg263Pro/p.Arg263 Short Stature Vasques et al., 2013
54 c.1092delT/c.1092delT p.Ile364Metfs*13/p.Ile364Metfs*13 Short Stature Olney et al., 2006
55 c.1167 G > T/c.1167 G p.Glu389Asp/p.Glu389 Short Stature Wang et al., 2015
56 c.1249C > G/c.1249C p.Gln417Glu/p.Gln417 Short Stature Amano et al., 2014
57 c.1352-1G > A/c.1352-1G Splicing Short Stature Wang et al., 2015
58 c.1481 T > G/c.1481 T p.Ile494Ser/p.Ile494 Short Stature Wang et al., 2015
59 c.1645 G > A/c.1645 G p.Ala549Thr/p.Ala549 Short Stature Wang et al., 2015
60 c.2710 A > T/c.2710 A p.Lys904*/p.Lys904 Short Stature Wang et al., 2015
61 c.1963C > T/c.1963C p.Arg655Cys/p.Arg655 Tall Stature Hannema et al., 2013

Legends: Homozygous mutations are shown as mutant allele/mutant allele and heterozygous mutations are written as mutant allele/normal allele while compound
heterozygous mutations are specified by placing them in the same row. AMDM (acromesomelic dysplasia, Maroteaux type), LWD short stature (Short Stature, Similar
to Léri-Weill Dyschondrosteosis), Overgrowth syndrome (Epiphyseal chondrodysplasia, Miura type), Tall stature (tall stature (+5 SD), long fingers and mild sco-
liosis), Short stature (Short stature with nonspecific skeletal abnormalities).
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developed and the position of the mutations was specified with their
respective domain in the limelight.

2.4. In silico analysis

2.4.1. Generation of 3D structure of human natriuretic peptide receptor 2
(HsNPR2)

In order to identify the suitable templates for homology modeling,
the amino acids sequence of HsNPR2 was retrieved from UniProtKB
(P20594) and were BLAST searched against protein databank (https://
www.rcsb.org/). Using MODELLER program, implanted in Discovery
Studio (DS) v4.5, the template having highest similarity with the target
sequences were utilized for generating homology models as described
by Shin et al. (2016) and Ali et al. (2016). Since, Modeller program
generates custom number of models and ranking them on the basis of
description of probability density functions (PDF) and discrete opti-
mized protein energy (DOPE) scores in terms of spatial restraints of
amino acids (Sali and Blundell, 1993) and probability of atomic

distance-dependent statistical potential to assess model quality (Shen
and Sali, 2006). The best quality model was selected on the basis of
Probability Density Function (PDF) scores and Discrete Optimized
Protein Energy (DOPE) scores. The selected model was eventually
subjected to molecular dynamics (MD) simulation for initial structural
refinement. The structures were validated by the SAVES (services.mbi.
ucla.edu/SAVES/) and ProSAweb (https://prosa.services.came.sbg.ac.
at/prosa.php) validation servers. SAVES server evaluates the ster-
iochemical quality of amino acids by Ramachandran plot
(Ramachandran et al., 1963). ProSAweb calculates the Z-score of
modeled protein and is defined as the deviation of the total energy of
the structure with respect to an energy distribution derived from
random conformations (Sippl, 1993). Furthermore, fold recognition
theory investigated that protein structures with lowest Z-score are more
reliable to get native folding (Sippl, 1995).

Fig. 3. Graphic model of the homodimeric transmembrane receptor (NPR-B) protein illustrating functional domains. Mutations are assigned to the specific domains
according to the apprehensive growth disorder. AMDM stands for acromesomelic dysplasia, Maroteaux type.

Irfanullah et al. International Journal of Biochemistry and Cell Biology 102 (2018) 76–86

80

https://www.rcsb.org/
https://www.rcsb.org/
http://services.mbi.ucla.edu/SAVES/
http://services.mbi.ucla.edu/SAVES/


2.4.2. Generation of 3D structures for mutant L314R and R1032fs* of
HsNPR2

The MD refined model of wild type extracellular domain (ECDwt)
and guanylate cyclase domain (GCwt) of HsNPR2 were used as input
data to generate mutant ECD (ECDmt) and mutant GC domain (GCmt) of
the HsNPR2 by the use of Build Mutants protocol, implanted in DS v4.5.
Each mutant structure was further refined by MD simulation. The co-
ordinates of the refined mutant structures were extracted from final
trajectory frame. The wild type and mutant structures were juxtaposed
to examine qualitative and quantitative changes.

2.4.3. Molecular dynamics simulation
Molecular dynamics simulations were carried out in octahedral box

with TIP3P water model while using GROMACS v5.0.7 package
(Abraham et al., 2015). The topology of protein structure was generated
by CHARMm36 ff parameterization (Huang et al., 2017). The systems
were neutralized by adding 0.1M NaCl to maintain physiological en-
vironment followed by energy minimization via steepest descent algo-
rithm (at maximum force of 10 kJ/mol) to avoid steric clash. The Par-
ticle Mesh Ewald (PME) approach was employed for long-range
electrostatics (Darden et al., 1993). Each system was equilibrated in
two phases: (i) temperature equilibration at 300 K by the V-rescale
method (Bussi and Donadio, 2007), and (ii) pressure equilibration at
1.0 bar by Parrinello-Rahman barostat (Parrinello and Rahman, 1981).
The initial simulation of structural refinement was performed for 3
nanoseconds, while the simulation for each homodimer was conducted
for 10 ns. The results of simulation were analyzed by visualization
software DS v4.5 and VMD.

2.4.4. Generation of homo-dimer structure of HsNPR2
Since physiologically functional NPR2 is a homodimer, homo-

dimeric structures were generated for both: wild type and mutant ex-
tracellular domains and guanylate cyclase domains of NPR2 by em-
ploying GalaxyWeb server (http://galaxy.seoklab.org/cgi-bin/submit.
cgi?type=HOMOMER). Each homodimer was subjected to molecular
dynamics simulation to obtain its physiological orientation. Finally,
comparative analyses were carried out to investigate structural varia-
tion(s) between the wild type and mutant structures.

3. Results

3.1. Patients and mutations

In total nine patients, three each from family A (IV-2, V-3, V-4),
family B (IV-1, IV-2, IV-4) and family C (IV-1, IV-2, IV-6) were in-
corporated in this study. Family A, segregating autosomal recessive
disproportionate short stature, was collected from district Swat, Khyber
Pukhtonkhwa, Pakistan. This was a five generation pedigree containing
three affected individuals including two girls (V-3, V-4) and a male
individual (IV-2). Blood samples of two affected (IV-2, V-3) and two
healthy members (IV-1, V-2) were collected for this study (Fig. 1A).
Family B, presenting four generation pedigree, with autosomal re-
cessive mode of inheritance was collected from district Chakwal,
Punjab, Pakistan. Blood samples of three normal (III-2, III-3, III-4) and
three affected individuals (IV-1, IV-2, IV-6) were incorporated in this
study (Fig. 1B). Family C was a Saraiki speaking five generation pedi-
gree from which one healthy (III-4) and two affected (IV-2, IV-4) in-
dividuals were included in this study (Fig. 1C).

Along the lines of clinical features, genetic mapping by typing
highly polymorphic STS markers (D9S251, D9S1118, D9S1845,
D9S1817, D9S1794, D9S50, D9S772, D9S200, D9S55, D9S229,
D9S773) established linkage in all the three families (A, B, C) to the
NPR2 gene on chr.9p13.3. Subsequent sequencing analysis of the gene
revealed a novel homozygous missense mutation (c.941 T > G;
p.Leu314 Arg) in affected individuals of family A (Fig. 1D), a previously
reported homozygous nonsense mutation (c.1111C > T; p.Arg371*) in
family B (Fig. 1E) and a novel nonsense mutation (c.3094c > T
p.Arg1032*) in twenty second exon of the NPR2 gene in affected in-
dividuals of family C (Fig. 1F).

3.2. Clinical features

Affected individuals in all three families (A, B, C) demonstrated
clinical features of autosomal recessive acromesomelic dysplasia, type
Maroteaux (AMDM) with considerable phenotypic variability (Table 1).
Affected individuals in family A demonstrated mild disproportionate
short stature characterized by slight acromesomelic shortening of arms
and legs. Although, the difference between height and arm spans of the
patients was minor but hands and feet of affected individuals were
comparatively small exhibiting brachydactylic fingers and toes.

Fig. 4. Sequence alignment of the extracellular domains of HsNPR2 with RnNPR1. The mutated residue (L314) of the HsNPR2 is illustrated as red-lined box, where
the aligned residue in RnNPR1 is lysine (K) (A). Sequence alignment of the GC domains of HsNPR2 and CrCYG12. The truncated residues of the GC domain of
HsNPR2 in mutant R1032fsX are enclosed as red-line box (B).
Validation of the homology models of ECD and GC domains of HsNPR2. Residues distribution of the ECD of HsNPR2 (C) and GC domain of the HsNPR2 (D) in the
correspondent regions of Ramachandran plot. Z-score validation of the ECD of HsNPR2 (E) and the GC domain of HsNPR2 (F).
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Fig. 5. Homology modeling, homo-dimer generation and structural and molecular interaction analyses of the wild type and mutant ECD of HsNPR2. Homology
model of the monomer of ECDwt (A) and monomer of ECDmt (B) of HsNPR2. The superimposition portrayal of ECDwt/mt monomers. The arrows indicated the
predicted sites of variation, which we could obtain after models superimposition of wild type and mutant (C). Homo-dimer of ECDwt (D) and the homo-dimer of
ECDmt (E) of HsNPR2. Superimposition upshots of the wild type and mutant extracellular domain (ECDwt/mt) of the HsNPR2. The sites of variations (Leu314 Arg) and
ligand (CNP) binding are arrow-pointed in panel (F). Comparative analyses of the size of CNP binding site of ECDwt (G) and ECDmt (H) of Hs NPR2. Structural and
molecular analyses expose that missense mutation (p.Leu314 Arg) in the ECD of HsNPR2 shrivels the CNP binding site as a result of polar interactions in the
homodimer (G–J). Hydrogen bond formation between D86 and H114 in the ECDwt (K) and hydrogen bond formation between D86 and H114 in addition with π-
cation interactions between the Y78 and R110 (L). An explanatory illustration of the allosteric effects of mutation (L314R) on CNP binding site of ECDwt (M) and
ECDmt (N) of HsNPR2 where the red-line demonstrates the trend to mimic interactions and variation.
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Table 3
Molecular interactions between the homo-dimer of the ECD of HsNPR2.

ECD Homo-dimer of HSNPR2 Hydrogen Bonds π-cation Interactions Hydrophobic Interactions

Chain A Chan B Chain A Chain B Chain_A Chain_B

Wild type D86
H114

H114
D86

—— —— H135, Y78, V85, F111, H114, L82, V85 Y78, H135, V85, R110, L82, H114, F111

Mutant (L314R) D86
H114

H114
D86

Y78
R110

R110
Y78

L82, V85, K88, L89, R110, F111, P81 V85, L89, L82, R110, F111, H114

Legends: Amino acid residues are denoted by single letter symbols i.e. D=Asp, F=Phe, H=His, K= Lys, L= Leu, P=Pro, R=Arg, V=Val, Y=Tyr.

Fig. 6. Homology modeling and homodimer generation of GC domains of wild type and mutant HsNPR2. Homology model of the GCwt domain (A), homodimer of the
GCwt domain of HsNPR2 (B). Homology model of the GCmt (C) and homodimer of the GCmt domain of HsNPR2 (D). Illustration of the superimposition of monomers of
the GCwt/mt domains (E), homodimer of the GCwt/mt domains of HsNPR2 (F). Comparative analysis of the size of substrate binding site of GC- (G) and GCmt (H) of
HsNPR2. The substrate binding site of the GC domain of HsNPR2 is shown as black-dashed circles. The sites of variation are arrow-pointed. As a result of the
p.Arg1032* mutation, the substrate binding site of the GC domain is abnormally slackened (G&H). Orientation pattern of the important residues involved in substrate
binding (I–J). Molecular interactions pattern observed in the homodimer of the wild type (K) and mutated (p,Arg132*) forms (L) of GC domain of HsNPR2.
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Affected individual (IV-2) had loose, redundant skin on his hands
(Fig. 2A). A clear bending of the fore arms of affected individuals in-
dicated that radius is longer than ulna (Fig. 2B). Lamentably, the family
head declined to provide complete body pictures of the affected in-
dividuals. All affected individuals had normal intelligence and no
hearing impairment, or speech impairment was noted in affected in-
dividuals. Inclusive physical examination of affected individuals re-
vealed clinical features comparable with acromesomelic dysplasia, al-
lowing making molecular diagnosis of AMDM. Affected individuals in
family B showed severe clinical features including disproportionate
short stature (Fig. 2E) and Pectus carinatum or pigeon chest deformity
characterized by protrusion of the sternum and ribs (Fig. 2F). All af-
fected individuals had acromesomelia characterized by shortening of
the forearms and forelegs along with the shortening of distal segments
(hands and feet). Bowed forearms, with limited extension of elbows,
and brachydactyly (short fingers and short toes) were noticeable in
affected individuals (Fig. 2F). Patients from family C showed severe
phenotypes of acromesomelic dysplasia including severe short stature
(112–121 cm), acromesomelia characterized by shortening of the fore-
arms and forelegs along with the shortening of distal segments (hands
and feet), pectus carinatum characterized by pigeon chest deformity
with a protrusion of the sternum and pectus excavatum characterized
by anomalous formation of the rib cage that gave the chest a caved-in or
sunken appearance (Fig. 2C). Affected members also showed spinal
deformities such as thoracic kyphosis characterized by inward curva-
ture of thoracic spines and lordotic curve in the lumber spines (Fig. 2D).

3.3. Phenotypic and mutational miscellany of the NPR2 Gene

Along the lines of the Human Gene Mutation Database (HGMD) 31
mutations in the NPR2 gene were publicized including 20 point muta-
tions, 3 splice site mutations, 7 small deletions and 1 small idel while in
Leiden Open (source) Variation Database (LOVD) total entries were 52
including 4 splice site mutations, 4 small deletions, 1 small indel and 43
missense/nonsense mutations. Inclusive review of literature revealed
that loss/gain of function mutations in the NPR2 result in variable
stature abnormalities. Out of 61 mutations (also included from the
current study) reported in the NPR2 so far, 39 (34 homozygous and 5
compound heterozygous) are involved in AMDM, 7 heterozygous mu-
tations caused short stature similar to Léri-Weill Dyschondrosteosis, 14
heterozygous mutations caused short stature with nonspecific skeletal
deformities, 2 heterozygous mutations caused over growth syndrome
and 1 heterozygous mutation resulted in simple tall stature (Table 2). A
graphic model of the homodimeric transmembrane receptor (NPR-B)
illustrated that 28 mutations occurred in the ligand binding domain, 5
in the transmembrane domain, 16 in protein kinase domain and 13
mutations were reported in the nucleotide cyclase domain (Fig. 3).

3.4. Generating 3D structures for extracellular domain (ECD) and
guanylate cyclase (GC) domain of HsNPR2

According to BLASTP searches against PDB (https://www.rcsb.org/
), the Natriuretic Peptide Receptor 1 of Rattus norvegicus (RnNPR1; PDB
ID: 1DP4) has 59.6% similarity with extracellular domain (ECD) of
HsNPR2 (Fig. 4A). In parallel, the catalytic domain of the guanylate
cyclase of Chlamydomonas reinhardtii (CrCYG12; PDB ID: 3ET6) showed
∼68.4% similarity with guanylate cyclase (GC) domain of HsNPR2
(Fig. 4B). For that reason, RnNPR1 and CrCYG12 were used as tem-
plates for the homology modeling of ECD and GC domains of the
HsNPR2, respectively. Homology models having lowest PDF total en-
ergy and lowest DOPE score were selected for further exploration.

The designated homology model of ECDwt showed lowest PDF total
energy (2282.36) and lowest DOPE score (-51779.22). The coordinates
of the MD refined ECDwt were extracted from the last frame of the
trajectory. The steriochemical validation of MD refined model of ECDwt

showed that ∼89% residues were occupied the most favored region of
the Ramachandran plot (Fig. 4C). The Z-score value (-8.5) calculated by
the ProSAweb server was within its value of the experimentally de-
termined PDB structures (Fig. 4D). Similarly, the selected model of GC
domain had lowest PDF total energy (1327.01) and lowest DOPE score
(-19299.25). The steriochemical validation of the MD refined structure
of GC domain showed that ∼91% residues occupied the most favored
region in Ramachandran plot (Fig. 4E). The Z-score (-5.33) analysis also
validated that the quality of the refined GC domain model is best en-
ough to proceed for further analysis (Fig. 4F).

3.5. Structural and functional elucidation of missense mutation p.
(Leu314 Arg)

Homology model of mutant (Leu314 Arg) extracellular domain
(ECDmt) of NPR2 was generated from ECDwt (Fig. 5A) by Build Mutants
protocol, implanted in DS v4.5 and refined by MD simulation (Fig. 5B).
The superimposition of the refined model of ECDwt and ECDmt intuited
minor local deviations around the mutation position (Fig. 5C). Since
physiologically active NPR2 is a homodimer, so the global disarray in
the homodimer caused obstructions to its ligand binding capacity.

Subsequently, the MD refined homo-dimer of ECDwt and ECDmt

were analyzed for local as well as global qualitative and quantitative
changes. The results validated that the mutation Leu314 Arg produced
allosteric effect on the ligand binding site for C-type natriuretic peptide
(CNP) in ECD homo-dimer formation. The homo-dimers of ECDwt

(Fig. 5D) and ECDmt (Fig. 5E) demonstrated that the receptor binding
site is constricted in mutant structure. Upon superimposition of ECDwt

Table 4
: Molecular interactions between the homo-dimer of the GC domain of HsNPR2.

Homo-dimer of
the GC of
HSNPR2

Hydrogen Bonds Electrostatic
Interactions

Hydrophobic
Interactions

Chain A Chain B Chain
A

Chain
B

Chain A Chain B

Wild type G971
L972
K973
K973
R976
R976
R976
R976
G981
T851
D894
E906
E906
D910
D910
S988
V970
R976
F980
D898
E906
D910
D910

N887
D894
D894
D898
E906
K904
Y903
E906
D910
N887
L972
R976
R976
R976
G981
R989
N887
K904
D910
K973
R976
F980
G981

K973
D898
E906

D898
K973
R976

A854
A854
A856
C966
C966
C966
A987
V883
M880
I908
P879
M880
V883
I908
F864
F980
V970
V883
L886

M880
V883
P879
P879
M880
V883
I908
A854
A856
V905
C966
C966
C966
V984
I908
V883
Y890
F980
F980

Mutant
(R1032fsX)

G971
K973
R976
P879
L979
D894
T907
G909
V970
L979
D894

N887
D894
T907
Q853
G909
K973
R976
R976
N887
G909
K973

K973
R976
D894
E906

D894
E906
K973
R976

A854,
A856,
V905,
C966

P879,
V883,
I908,
V882

Legends: The chain A denotes monomer A and chain B stands for monomer B of
NPR2 in a dimeric functional protein. Amino acid residues with their respective
positions are symbolized by single letter system and Arabic numerals.
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and ECDmt (Fig. 5F), it was observed that the CNP binding site of ECDmt

was slightly tapered resulting in a reduction in CNP binding site in
ECDmt (Fig. 5G-J). Moreover, the inter-facial residues of ECDwt and
ECDmt were identified, and it was observed that the actual reduction of
CNP binding site of ECDmt was caused by the displacement of Leu89-
Tyr90 fragment in monomer B and His114-Trp115 fragment in
monomer A (Fig. 5 G&H). Furthermore, the analysis of molecular in-
teractions of both the homo-dimers (ECDwt and ECDmt) suggested hy-
drogen bond interaction between Asp86 and His114. Interestingly, our
analysis recognized that ECDmt homo-dimer had formed new π-cation
interactions between the Tyr78 and Arg110 (Fig. 5K&L). Into the bar-
gain, illustration of the allosteric effects of mutation (L314R) on CNP
binding site of ECDwt (Fig. 5M) and ECDmt (Fig. 5N) suggested that the
π-cation interaction between the Tyr78 and Arg110 reduces CNP
binding site in ECDmt of HsPNR2 (Table 3).

3.6. Structural and functional analysis of nonsense mutation p.(Arg1032*)

The refined model of GCwt (Fig. 6A) was used to generate mutant
Arg1032* by Build Mutants protocol, implanted in DS v4.5. The super-
imposition of MD refined GCwt and GCmt revealed that the topology of
substrate binding site of GCmt was drastically distorted. It was prag-
matic that two consecutive beta-strands at the C-terminal position of
the GC domain of NPR2 were abolished as a result of mutation p.
(Arg1032*) (Fig. 6E). The folding of these two beta-strands is very
important to shape the topology of substrate binding site of the GC
domain of HsNPR2. The results revealed that the substrate binding site
of GC domain was significantly enlarged in GCmt (Fig. 6G&H). In ad-
dition, significant positional changes in the important residues of the
GC domain were observed (Fig. 6I&J). The inter-molecular interaction
pattern of the homo-dimers of GCwt and GCmt suggested that the sub-
strate binding site of GCmt was significantly enlarged due to the loss of
polar interactions between the monomers of GCmt, which may hamper
the optimal binding of cGMP to fulfill the crucial catalytic cascade
(Table 4).

4. Discussion

The present study delineates clinical and molecular evaluation of
three Pakistani consanguineous families (A, B, C) segregating variable
clinical features of acromesomelic dysplasia, Maroteaux type (MIM:
602875). Molecular analysis discovered novel homozygous mutations
(p.Leu314 Arg) in the extracellular domain of NPR2 in family A, and
(p.Arg1032*) in guanylate cyclase domain of the NPR2 in family C.
Besides, a homozygous nonsense mutation (p.Arg371*) occurring in the
extracellular domain was found in family B that was previously re-
ported by Bartels et al. (2004) in compound heterozygous state (p.
[Arg371*]/[Ala440Leufs*2]) in an American family. Preliminary pre-
diction tools like polyphen2 and SIFT revealed that missense mutation
(p.Arg371*) completely eradicate three functional domains of the NPR2
protein which include transmembrane domain, protein kinase domain
and the obligatory guanylate cyclase domain. As a consequence, the
truncated protein is not capable to perform its physiological functions.
Accordingly, sever symptoms of AMDM were observed in patients of
family B.

Conversely, operational and tangible influence of missense mutation
(p.Leu314 Arg) in the extracellular domain and nonsense mutation
(p.Arg1032*) in the terminal region of guanylate cyclase domain of the
NPR2 protein was inexplicit. For that reason, bioinformatics meth-
odologies were employed to investigate structural and functional con-
sequences of the aforementioned mutations (p.Leu314 Arg,
p.Arg1032*).

In silco modeling and molecular dynamics simulation analysis re-
vealed that missense mutation (p.Leu314 Arg) in the extracellular do-
main has trivial local effects on the protein monomer. However, the
mutation disrupted the ligand (CNP) binding site in extracellular

domain as a result of global allosteric effects on homo-dimer formation.
The results signified that the reduction in CNP binding site due to
distant mutation site is facilitated by a cascade of inter-residual mole-
cular interactions. The advents of π-cation interactions between the
Tyr78 of one monomer and Arg110 of the other monomer signify the
increase in inter chain attraction between two monomers to shrink the
CNP binding site. Moreover, the shrinkage of CNP binding site was also
fortified by displacement of inter-facial residues (Leu89-Tyr90) frag-
ment in one monomer and (His114-Trp115) fragment in the other.
These results ascertained that (p.Leu314 Arg) mutation has a hypo-
morphic effect on the ligand binding site of NPR2 and moderately re-
duce the cGMP level. Therefore, clinical features of moderate severity
were observed in affected individuals of family A. It has been long es-
tablished in mouse models that hypomorphic mutations in the NPR2
and/or CNP result in reduced cGMP production eventually leading to
moderate retarded bone growth due to impaired endochondral ossifi-
cation (Tsuji and Kunieda, 2005; Tsuji et al., 2008).

On the other hand, nonsense mutation (p.Arg1032*) in the GC do-
main showed disastrous effects on the structure and function of NPR2
protein. Bioinformatics analysis revealed that the mutation p.
(Arg1032*) abolished two consecutive beta-strands at the C-terminal
position of the GC domain resulting in capsizing of topology of sub-
strate binding site in the GC domain. Our results recommended that p.
(Arg1032*) produced drastic changeability in the structure, particu-
larly, the substrate (GTP) binding site in the GC domain of the NPR2
homodimer. Eventually, the deterrence to the optimal binding of sub-
strate (GTP) obstructs the essential catalytic cascade and the production
of cGMP is halted. Therefore, the patients from family C were severely
affected due to scarcity of cGMP production.

Literature review revealed that 44% of mutations in NPR2 occurred
in the ligand binding domain, 8% in transmembrane domain, 26% in
protein kinase domain and 21% in the nucleotide cyclase domain of the
NPR2 protein (Bartels et al., 2004; Hachiya et al., 2007; Castro-Feijóo
et al., 2012; Khan et al., 2012; Hannema et al., 2013; Miura et al., 2014;
Hisado-Oliva et al., 2015; Irfanullah et al., 2015; Wang et al., 2016).
This widespread mutational spectrum of the NPR2 gene suggest that
these mutation may either affect the cGMP production and protein ki-
nase activity or alter the topography of the NPR2 protein.

In summary, clinical and molecular evaluation produced two novel
and one recurrent mutation in three Pakistani families (A, B, C) seg-
regating variable clinical features of AMDM. Bioinformatics investiga-
tions revealed that these mutations hindered guanylate cyclase activity
of the NPR2 directly or indirectly to some extents. The results con-
cluded that guanylate cyclase activity is the most vital function of NPR2
and the mutations occurring in the ligand binding or transmembrane
domains as well as protein kinase domain have momentous effects on
guanylate cyclase activity of the NPR2 protein.
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