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Abstract. Leber congenital amaurosis (LCA) is a rare form of early onset vision loss or blindness due to retinal dystrophy. This condition
is characterized by early vision loss, nystagmus and severe retinal dysfunction. To date, genetic studies have reported 19 genes to be
associated with autosomal recessive LCA, most of which are involved in the retinal morphology and the physiology of the phototransduction pathway. In the current study, a large consanguineous family segregating congenital blindness was ascertained from the Dera Ismail
Khan region of Pakistan. Genetic analysis was performed through genomewide SNP genotyping (for homozygosity-by-descent mapping),
whole-exome sequencing (for mutation identiﬁcation) and Sanger sequencing (for segregation analysis). In silico structural predictions were
performed through SWISS-Model (structure prediction) and ClusPro (molecular docking). Molecular investigation of the present LCA
family identiﬁed a novel homozygous missense mutation p.Asp306Val in GUCY2D gene (NM_000180.3:c.917A[T). In silico structural
modelling and interaction studies predicted signiﬁcant changes in protein folding and interacting residues. The present molecular genetic
study further extends the mutational spectrum of GUCY2D in LCA, and its genetic heterogeneity in the Pakistani population. The ﬁndings
of the computational studies on protein structure and interaction proﬁle predicted pathogenic consequences of p.Asp306Val on GUCY2D
function.
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Introduction
Leber congenital amaurosis (LCA; OMIM: 204000) is an
inherited ophthalmologic disorder that presents with earlyonset retinal dystrophy or congenital vision loss, pendular

nystagmus and severe photophobia. Electroretinographs are
usually unrecordable in LCA patients. The additional associated clinical features may include high hypermetropia,
poor pupillary responses to light, eye poking, keratoconus
and cataracts. The prevalence rate of LCA is about one in
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33,000 to 80,000 (Kumaran et al. 2017), while according to
the National Organization of Rare Disorders, the incidence
rate of LCA is one to two per 100,000 individuals. Further, it
is believed that LCA accounts for C5% of all inherited
retinopathies cases (Koenekoop 2004). According to recent
clinical classiﬁcation, LCA is considered as a severe type of
inherited retinal dystrophy (IRD), in which the affected
persons are congenitally blind or develop complete vision
loss within the ﬁrst year of life.et al. LCA is clinically distinct from the early-onset severe retinal dystrophy, in which
deterioration of the photoreceptor cells starts during infancy
or at least before 5 years of age (Maria et al. 2015; Kumaran
et al. 2017).
To date, mutations in 19 genes have been reported to
cause autosomal recessive LCA, among which, GUCY2D,
NMNAT1, CEP290 and AIPL1 genes mutation are found to
be highly prevalent worldwide (OMIM accessed on 17
March 2020; Kumaran et al. 2017). According to RetNet
database classiﬁcation (https://sph.uth.edu/retnet/), 23 genes
are reported to be responsible for autosomal recessive LCA
and three genes for autosomal dominant LCA, however, no
X-linked LCA genes have been identiﬁed so far. The LCA
proteins identiﬁed are typically involved in various retinal
functions and pathways such as phototransduction, the retinoid cycle, photoreceptor morphogenesis, guanine synthesis
and intraphotoreceptor ciliary transport (Kumaran et al.
2017). In the current genetic study, we report a novel single
nucleotide substitution mutation (c.917A[T) in 3rd exon of
GUCY2D gene in an extended consanguineous Pakistani
family inheriting autosomal recessive LCA, i.e. congenital
blindness. The identiﬁed transversion mutation produces a
missense change p.Asp306Val. Structure and interaction
modelling of GUCY2D protein with the p.Asp306Val substitution predicts signiﬁcant changes in protein folding and
their spatial arrangement.

Materials and methods
Genetic mapping

For genetic dissection in the present study, a positional
cloning strategy was adopted. Given the familial consanguinity and apparent autosomal recessive mode of inheritance, the chosen strategy consisted of HBD mapping
(ﬁnding Homozygous by Descent regions) through genomewide microarray genotyping, whole-exome sequencing
(WES) to ﬁnd pathogenic variants and Sanger sequencing
(for variant segregation analysis).
HBD mapping was carried out through genomewide SNP
genotyping using Illumina Human Core Exome-24 BeadChip/Inﬁnium CoreExome-24 Kit, as per manufacturer’s
protocol. The SNP microarray was performed for selected
individuals that included four affected (III-5, IV-2, IV-3, IV6, IV-8, IV-9 and IV-18) and one unaffected (IV-10) individual. The processed data were exported to a PLINK format

and analysed for ﬁnding HBD regions among all affected
individuals using HomozygosityMapper (http://www.
homozygositymapper.org/) (Seelow et al. 2009) and FSuite
(Ghazal et al. 2014).
WES was done for a single affected individual (IV-8) on
the Illumina HiSeq2500 platform. The sequencing library
was prepared using ThruPLEX DNA-seq 96D kit (Rubicon
Genomics, R400407, USA) and SureSelect XT2Human all
exon v5 Target Enrichment (Agilent Technologies) system.
The library was clustered onto an Illumina ﬂow-cell and
sequenced on an Illumina HiSeq 2500 sequencer following
300-cycles of paired end sequencing (HiSeq SBS Kit v4
(250 Cycle), Illumina FC-401-4003; HiSeq SBS Kit v4 (50
cycle), Illumina FC-401-4002). Raw fastq data were aligned
to the human reference sequence (hg19 assembly) using the
SNAP Aligner tool to generate BAM ﬁles. Subsequent BAM
ﬁles were then processed with the genome analysis toolkit
(GATK v. 4.0) on a high-performance cloud based Hadoop
cluster (McKenna et al. 2010; Kahn 2011). Variants were
called with the best practices as outlined by the Broad
Institute, including indel realignment and base quality score
recalibration. The variant caller used the GATK HaplotypeCaller. All VCF ﬁles generated were annotated using the
latest version of ANNOVAR (17 July 2017) including allele
frequencies from gnomAD, the Greater Middle Eastern
Variome Server and pathogenicity scores using MutationTaster, SIFT, Polyphen2, M-CAP, Revel and Intervar.
Primarily, the portion of the exome data was analysed corresponding to HBD regions to identify the causative mutation. However, the entire exome data was also examined for
the presence of other possible genes that may explain the
disease.

Segregation analysis

Variant segregation with disease phenotype across the whole
family was determined through Sanger sequencing. Primer
sets were designed using online tool Primer3plus
(GUCY2D_EX3F:
5CTCCCTTGCAGGGTGCG
3;
GUCY2D_EX3R: 5CTGCTTTGGCTGTCCTCTC3). The
primer annealing temperature was set on 56°C for 1 min to
amplify the targeted DNA region. Later, the puriﬁed PCR
product was sent to the centre for applied genomics (TCAG).

Protein structure prediction
Model construction and validation: The wild-type human

GUCY2D protein’s three-dimensional (3D) structure was
constructed using homology modelling technique. The
sequence of GUCY2D protein in fasta format was retrieved
from UniProt (ID: UniProtKB - Q02846) (https://www.
uniprot.org/uniprot/Q02846). Models for wild-type and
mutant GUCY2D together with GUCA1A, a functionally
related protein, were developed using SWISS-MODEL, an
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online homology modelling server (Arnold et al. 2006). The
initial models generated were subjected to energy minimization using the Chimera 1.14 to remove bad contacts
between atoms of the modelled proteins (Pettersen et al.
2004). A structural evaluation of energy minimized models
was performed using Ramachandran plots generated with
PROCHECK, ERRAT and ProSA-web (Colovos and Yeates
1993; Laskowski et al. 1993; Sippl 1993; Wiederstein and
Sippl 2007).
Molecular docking

To explore the molecular interactions between wild-type
and mutant GUCY2D with GUCA1A, rigid protein
docking was conducted using ClusPro server (Comeau
et al. 2007) (http://cluspro.bu.edu/). Based on the cluster
size and energy, the server returns the top models. The
model with lower energy and larger cluster sizes was
chosen by evaluating the aforesaid parameters among the
produced top 10 models. Chimera 1.14 was used for visual
representation, whereas Ligplot was used for assessing the
interactions and measuring the distances among the interacting residues (Pettersen et al. 2004; Laskowski and
Swindells 2011).
This study was approved by the institutional ethical
review board of Gomal Centre of Biochemistry and
Biotechnology, Gomal University, Dera Ismail Khan, Pakistan and samples were enrolled after giving informed
written consent. The disease was diagnosed through apparent LCA features, including congenital blindness, photophobia, null pupillary response, nystagmus and keratoconus.

Results
General phenotypic description

The family was recruited from the District Dera Ismail
Khan, KPK, Pakistan. The pedigree consisted of ﬁve
generations with multiple affected persons who were distributed among four consanguineous loops (ﬁgure 1a). The
family ethnically belonged to the Saraiki language group,
and was segregating disease in an apparent autosomal
recessive pattern. The patients were presented with congenital blindness, nonetheless, slight light perception was
present in a few patients (IV-8 and IV-9) without object
recognition ability. All the patients were suffering from
photophobia, and mild form of pendular nystagmus. Cataracts, keratoconus, clouding of cornea and staphyloma of
the sclerae have also structurally deformed the eye in
patients (III-5 and IV-18) (ﬁgure 1b). Almost all patients
had strabismus to a variable degree. All these phenotypic
features clearly excluded the involvement of night blindness, colour blindness, early-onset severe retinal dystrophy,
retinitis pigmentosa or metabolic disorder.
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Molecular outcome

HBD analysis found a single signiﬁcant linkage interval
shared by all affected family members, between markers
rs16956197–rs11654033
on
chromosome
17
(chr17:6613827–8315649), spanning a region of *1.7 Mb.
The identiﬁed HBD region was found to overlap with the
previously reported LCA1 disease locus for LCA, which
harbours the previously reported LCA gene, i.e. GUCY2D
(ﬁgure 1c). Subsequently, the exome sequence analysis, with
primary focus on the linkage interval, found a novel
transversion mutation c.917A[T (chr17: 7907365; hg19) in
the third exon of GUCY2D gene. This variant is not reported
in genomAD, dbSNP, Clinvar or other control databases and
in-house exome database of over 300 Pakistani exomes. The
gnomAD control database includes over 15,000 South Asian
controls at the Asp306 position of GUCY2D. The subsequent Sanger sequencing of the variant across the family
found that all affected members were homozygous, and
parents were heterozygous carriers (ﬁgure 1d). At the protein
level, this variant substitutes the wild-type acidic amino acid
aspartic acid with a neutral valine amino acid at position 306
(p.Asp306Val). Multiple protein sequence analysis found
this amino acid as evolutionary conserved among vertebrate
species.
Homology modelling of wild-type and mutant GUCY2D

Since a 3D structure for GUCY2D protein has not yet been
reported in the RCSB protein DataBank, we selected its
extracellular topological domain (residues 52–462) model
for development using 1JDN as a template, via SWISS
Model, for both the wild type as well as mutant proteins
(ﬁgure 2). The reliability and stereochemistry of the generated models were evaluated using different validation tools,
i.e. Ramachandran Plot, ProSA web and ERRAT. The
Ramachandran plot for wild-type GUCY2D showed that
87.5% of residues to be present in the most favoured region,
11.2% in an additional allowed region, whereas 0.3% and
0.9% in the generously allowed and disallowed regions,
respectively. The overall g-factor value was –0.3. The corresponding values for mutant GUCY2D were 87.8, 10.6,
0.6, 0.9% and –0.3, respectively. The ERRAT overall quality
factor for wild type was 92.373 and for the 306Val mutant it
was 80.601, indicating that wild-type protein model is of
good quality as compared to the mutant model. Additionally,
the quality of the models (wild type and mutant) was compared with reference structures of high resolution obtained
from X-ray crystallography analysis through Z score. Z
scores computed using ProSA web server were –8.19 for
wild type and –7.87 for the mutant GUCY2D (ﬁgure 2). All
calculations indicated a slight difference between wild-type
and mutant structures, endorsing the reliability and quality of
constructed models. Additionally, the mutant model was
superimposed on the wild-type GUCY2D to illustrate how
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Figure 1. (a) Pedigree of the family exhibiting extensive consanguinity and autosomal recessive mode of disease inheritance. Family
members for whom DNA was available are indicated with an asterisk. (b) Photographs of the LCA patients depicting cataract, keratoconus
and staphyloma. (c) HomozygosityMapper image showing mapped HBD regions, with the signiﬁcant interval on chromosome 17
highlighted in yellow. (d) Sequence chromatograms of affected and unaffected/carrier individuals of the family showing substitution of
nucleotide A with T.

mutation affects the structural conformation. It was observed
that the mutation (Asp306[Val306), which is located
towards the C-terminus, disrupts the structure adjacent to the
mutation site and pushes loops connecting a-helix H9 and bsheet 4 (residues Glu215- Leu222) as well as b-sheet 4 and
a-helix H10 (Phe227- Ser247) inwards (ﬁgure 3). The difference between the mutant and wild type structure’s instability might be contributing to the misplaced loops. These
loops may interfere with the function of the protein while
interacting with other GUCA1A, and thus may play a signiﬁcant role in causing disease.

Molecular docking

Protein interaction studies of wild-type and mutant
GUCY2D with its close interactor GUCA1A found eight
residues of GUCY2D protein (Arg35 (2.85 V, 2.86 Å, 2.74
Å, 2.74 Å), Gly38 (2.94 Å), Ala40 (2.81 Å), Gly41 (2.52 Å),
Arg44 (2.69 Å), Arg314 (2.68 Å), Gly318 (3.07 Å) and
Arg320 (2.65 Å, 2.67 Å)) were involved in making 12
hydrogen bond interactions with GUCA1A residues (Asp68,
Asn66, Glu75, Lys87, Gln90, Val77, Ser81, Cys18, Lys87,
Glu17) and nine hydrophobic interactions. Further, Chimera
1.14 also highlighted the most active residues involved in

binding interactions (ﬁgure 4). In the case of GUCA1Amutant:GUCY2D docked complex, six residues, i.e. Arg35
(2.79 Å, 2.83 Å, 2.93 Å, 3.12 Å), Asp36 (3.10 Å) Ala40
(2.01 Å, 2.76 Å), Arg44 (2.67 Å, 2.81 Å), Arg314 (2.89 Å),
Arg320 (2.65 Å, 2.79 Å, 2.81 Å) were involved in hydrogen
bond interactions with the residues of GUCA1A (Lys87,
Val77, Gln90, Ser81, Glu17, Lys85, Cys18, Glu75, Asp72
and Gln33), whereas 12 hydrophobic contacts were also
observed.
Careful analysis of the docked complexes predicted that
both the modelled GUCY2D proteins (wild-type as well as
mutant) occupy the same binding pocket, however, structural
disruption of mutant protein might affect the downward signalling cascade and disturb the phototransduction process.

Discussion
LCA is a condition of severe retinal dystrophy that causes
early-onset complete vision loss or congenital blindness.
LCA is a genetically heterogenous disorder and so far 19
genes have been associated with disease pathogenesis.
Among the reported 19 autosomal recessive LCA genes, 10
have been reported in Pakistani families, including GUCY2D
(Khan et al. 2014), RPE65 (McKibbin et al. 2010), AIPL1
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Figure 2. Predicted 3D structures of wild-type and mutant GUCY2D protein generated by SWISS-MODEL (a, b) and their validations
using Ramachandran Plot, PROSA and ERRAT score.

(Khaliq et al. 2003), LCA5 (McKibbin et al. 2010),
RPGRIP1 (McKibbin et al. 2010), CRB1 (Khaliq et al.
2003), NMNAT1 (Ur Rehman et al. 2019) and TULP1
(McKibbin et al. 2010). Guanylate cyclase member 2D
(GUCY2D; OMIM: 600179) was the ﬁrst gene identiﬁed in
LCA patients, and currently has the highest disease allele
frequency, accounting about 10%–20% of total LCA cases
(Kumaran et al. 2017). GUCY2D gene is located on the short
arm of chromosome 17, and contains 20 exons that span
over 17.67 kb of genomic sequence. It encodes only a single
protein coding transcript that is translated to produce a 1103
amino acid long protein (UCSC genome browser, GRCh38/
hg38). GUCY2D is a retinal-speciﬁc guanylate cyclase 2D
protein, which contains an N-terminal receptor-ligand
binding domain (73–394), a protein kinase domain
(525–808), Haem NO binding associated domain (820–865)
and C-terminal guanylate cyclase domain (844–1057) (InterPro: Q02846). Subcellular localization studies have

shown that GUCY2D is present in disc membranes of rods
outer segments (Liu et al. 1994). Cyclic GMP (cGMP) is the
main regulator of phototransduction pathway in mammals
by acting as second messenger. The level of cGMP in retinal
cells is regulated by the cGMP-hydrolyzing enzyme (i.e.
cGMP phosphodiesterase) and the cGMP-producing enzyme
(i.e. guanylate cyclase). Cyclase enzymes are either membrane bound or in soluble forms. The GUCY2D protein
belongs to the membrane bound GMP cyclase category that
is involved in restoring the levels of cGMP in the retina after
its depletion, which is induced by a photo-mediated phosphodiesterase reaction (Burns and Baylor 2001). Thus,
physiologically, the GUCY2D protein triggers the process of
phototransduction. HGMD Professional 2019.4 has listed a
total of 249 mutations in GUCY2D, while its public version
has catalogue of 192 mutations. According to the public
version, GUCY2D has reported 132 missense/nonsense
mutations, 17 splicing defects, 21 small deletions, 12 small
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Figure 3. Superimposed 3D structure of wild-type (purple) and
mutant (cyan) GUCY2D protein. The aspartic acid at position 306
in wild-type is shown in yellow, whereas, valine at same position
306 in mutant GUCY2D is shown in red. The disrupted region is
enlarged and enclosed in a box.

insertions, seven indels, and single each regulatory, gross
deletion and insertion mutations, respectively (HGMD,
public total). Of the total 249 reported GUCY2D mutations,
10 mutations in this gene have been previously reported in
Pakistani families (table 1). In addition to LCA, GUCY2D
mutations have also been reported to be responsible for
causing cone–rod dystrophy-6, central areolar choroidal
dystrophy 1, congenital stationary night blindness type 11,
retinitis pigmentosa, and maculopathy and cone dystrophy
(survey of OMIM and HGMD, 18 March 2020).
The current genetic study involved molecular analysis of a
consanguineous Pakistani family with autosomal recessive
LCA. The mutation analysis in this family revealed a singlenucleotide substitution (c.917A[T) in third exon of
GUCY2D, which leads to a missense change at protein level
(p.Asp306Val). Structure and interaction modelling of the
GUCY2D protein have predicted signiﬁcant changes in the
protein folding pattern and their spatial arrangement (as
discussed in results), as well as its communicable binding
with close interactor guanylate cyclase activator 1A
(GUCA1A) protein. GUCA1A is a Ca?2 binding protein
involved in regulating the synthesis of cGMP in retinal cells.
Studies have shown that GUCA1A positively regulates the
activity of guanylyl cyclase in the reduced concentration of

Figure 4. 2D and 3D illustration of docked wild-type and mutant GUCY2D in the binding pocket of GUCA1A using Ligplot? and
Chimera, respectively. In the case of wild-type GUCY2D, GUCA1A is in gold and GUCY2D is in olive green, while for mutant GUCY2D,
GUCA1A is salmon colour and GUCY2D is light blue colour.
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Table 1. List of reported GUCY2D mutations in Pakistani population.
Mutation

Protein change

1
2
3

c.2384G[A
c.3956A[C
c.1573delC

p.Arg795Gln
p.His1019Pro
p.Gln525Argfs*38

4
5
6

c.582G[C
c.530 G[C
c.2283delC

p.Trp194Cys
p.Arg177Pro
p.ser762Alafs*22

7
8

c.2384G[T
c.2189T[C

p.Arg795Leu
p.Phe730Ser

Ca?2 ions, while the regulation becomes negative upon
elevation of the level of Ca?2. This Ca?2-associated regulation of retinal guanylyl cyclase is a main event in the
recovery of the dark state of rod cells after light exposure
(Kitiratschky et al. 2009). The current investigations have
shown that the identiﬁed missense mutation is situated in the
receptor-ligand binding domain (residues 73–394), which is
probably involved in intracellular signal transduction. Due to
the predicted changes in the protein folding of Asp306Val
mutant GUCY2D and its predicted failure to interact with
GUCA1A (loss of predicted interacting sites within the
binding pocket), the cGMP may not be recovered during the
phototransduction process, which would distort the visual
cycle, making patients unable to see objects. Although,
phenotypic variability among different family members
exists, the general clinical symptoms are in agreement with
previous ﬁndings, except for the presentation of staphyloma
in two of the patients (III-5 and IV-18).
In conclusion, the genetic analysis of a large consanguineous Pakistani family identiﬁed a novel missense
mutation p.Asp306Val (NM_000180.3:c.917A[T) in third
exon of GUCY2D gene. In silico protein modelling and
interaction studies have predicted this mutation to be deleterious for protein folding pattern, and may lead to loss of
GUCY2D interaction with GUCA1A, a guanylyl cyclase
activating protein. The current genetic study has helped to
expand the mutational spectrum of GUCY2D, and in particular its allelic heterogeneity within Pakistani population.
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