motion between two systems, as shown by the graph, is
wide-ranging and different. In comparison, most motion
between the wild type and L245P mutant systems was
caused by residues number 183-191 and 250-255 across
mode 1, graphed in the Figure 7A. A higher mobility
frequency was observed in the residues number located
at 120-180 and 250-255 in mode 2. Residue behavior at
these positions is emphasized at the partial opening of the
mutant and complete closing of all parts of the wild type.
This observation was also seen in the residues number 50-
100 and 230-255 of mode 3. Evidently, residues number
70-77 and 183-191 also played significant roles in the
secondary structure modifications of the mutant systems.
These results are consistent with the RMSF plot, in which
the mentioned regions are highly vibrant compared to the
other locations. Most of the motions for the wild type were
due to residues number 150-180 across all three modes
as shown in Figure 7B. The wild type shows a twisting

motion from C-terminal to N-terminal based on the
direction of the residue movement in all parts of protein.
Furthermore, the direction of the above residues number
points toward the center of the active site spatially in
the bHLH-Zip domain, thus creating a suitable location
in the membrane to launch several signaling cascades.
Table 3 highlights the list of residues that attributed to
the majority of motions across different normal modes
in wild and mutant types. As enumerated in Table 3, the
residues with the highest motion include number 70-90
and 220-250 especially at position 245", These situations
are more mobile than the wild type across three normal
modes. These results are consistent to the Figure 4A,
which showed higher motion in the o2 region i.e., bHLH-
Zip domain.

Dynamically, all these projections show that the
mutant complexes have high values, signifying a large
increase in the flexibility in comparison to the wild

Figure 7: Mobility effects of the p. L245P mutation on the PROMI1 fprotein. A. Residue based mobility plots of the wild and
mutant showing mobility at different residues across different modes. B. Porcupine plots in the three different modes of the wild type
(blue) PROMI1 protein. This graph shows the number of residues 70-77 and 183-191 playing significant roles in the secondary structure
modifications of the mutant form. C. Motion in the three different modes of the L245P mutant PROMI1 protein. Arrows in blue, green,
and red indicate motions along mode 1, 2, and 3 respectively. These figures clearly show that the L245P mutation affected the overall
conformational fluctuation of the system. Our results indicate the most motions in mode 1 located in residues number 183-191 1. and 250-
255 (II) (mode 1), 120-180 (IIT) and 250-255 (IV) (mode 2), as well as 50-100 (V) and 230-255 (VI) (mode 3).
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complex during the collective motion of the PROM1
protein; this pathogenic and deleterious mutation made
the PROM1 protein less stable compared to the wild type
protein complex (Figure 7B-7C).

The L245P mutant induces instability in free
energy landscape

To assess the individual amino acid contribution
to the total free energy profile in a simulation between
the wild and L245P mutant, the interaction energy for
the previously mentioned residue was carried out using
GROMACS package by principle component analysis
(PCA). As shown in Figure 8, energy distribution is a
centralized form, indicating the overall conformational
stability of the system. However, the highest mobility and
fluctuation were observed in the L245P mutant, which
was depicted as the higher FEL. The lowest energy for the
wild type system was found to be 0.113 kcal/mol (Figure
8A), while the mutant variant was 0.605 kcal/mol (Figure

A Wild
Gibbs Energy Landscape

PC2

PC1
0 G (kJ/mol) 272
BTN

8B). These figures show that the L245P mutation affected
the overall conformational stability of the system. These
energy levels induced instability in the general structure
of the protein. Thermodynamic profile analysis in Figure
8 indicates that longer population of tonformations had
higher energy in the L245P-mutant (0-14.5 kcal/mol)
compared to native type. This observation is consistent
with previous PCA scatter and the porcupine plot, further
supporting that the L245P mutant decreases the stability.

DISCUSSION

In this genetic analysis study, we performed TES
arrays to identify the genetic defect in a Chinese family
with multi-cases of STGD4-like MD retinal degenerations
(M107). Using this approach, we successfully identified
a novel ¢.734T > C (p.L245P) PROMI1 heterozygous
mutation. Our findings highlighted that the variant in the
PROM1 gene was likely a deleterious and disease-causing
mutation in this M107 family, thereby expanding the
PROMI1 mutation spectrum for STGD4-like MD. Then,

B L245P Mutant
Gibbs Energy Landscape

PC1
0 G (kJ/mol) 14.5

Figure 8: Free energy landscape (FEL). Projections of FEL of the wild A. and the L245P mutant PROM1 B. conformational
space onto PC1 and PC2 produced from PCA. The dark blue indicates the lowest energy configuration and red shows the highest energy
configuration. These energy levels induce the instability in the general structure of mutated protein. This observation is consistent with the

PCA scatter and the porcupine plot.
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the protein structure-based virtual screening analysis was
performed to identify the protein structure and function of
¢.734T > C (p.L245P) mutant. Furthermore, atomic level
study was performed by molecular dynamic simulations
to better understand the effects of the deleterious variant
on p.L245P in active site domain of PROMI. The
computational prediction methods’ results clearly showed
that a novel PROM1 heterozygous mutation significantly
affects the protein structure and function, including
fluctuation, flexibility, atomic density distribution, and
stability.

Despite extensive investigations on STGD4-like
MD, the details of its etiology and pathogenesis remain
unclear. Familial, identical, and adoption studies have
consistently recommended that genetic variation is the
most important general factor, which would be an indicator
of its high heritability [2, 24-29]. Clinical variability exists
in the STGD-like MD, even the same gene of different
point mutations can cause variance phenotypes [30];
importantly, different genes caused the STGD-like MD,
examples include families with ELOVL4 mutation, ABCA4
mutation, and PROM mutation [4, 5, 9, 10, 12, 18-20,
22]. In general, the STGD4-like MD is juvenile-onset MD
that is generally related to an ELOVL4 mutation following
PROM1. But, most STGD-like MD subjects maintained
normal vision until the sixth decade of life. This gradually
progressive disease is diagnosed with photophobia,
paracentral scotoma, slow dark adaptation, and loss
of color and central vision. Symptoms and prevalence
of STGD-like MD are the same in altered individuals;
members of the same family can show variations in the
course of the illness [11]. Clinically, it is hard to predict
or screen exactly when the disease will be evident and
how fast it will develop, according to marked phenotype
variability. It is well established that TES is a cost-
effective and an expedited approach to screen and identify
pathogenic mutations responsible for inherited disorders
on a large scale in comparison to other genetic methods
[31, 32]. This is a predominantly accurate technique when
the study conditions are particularly heterogeneous, as in
a STGD-like MD [33]. By helping to advance imaging
techniques, we have been able to further characterize this
disease [34].

For the first time ever, this study characterized the
novel pathogenic mutation in three-dimensional protein
structure, analyzing this change at the structural level. Our
findings show that ¢.734T > C (p.L245P) is functionally
damaging and the disease-causing mutation in protein;
therefore, we introduce it as a candidate for further
clinical precision diagnosis and interpret that the same
gene mutation leads to varying onset at different ages, a
characteristic that is clinically useful for early prevention.

It has been widely accepted that the computational
and theoretical methods such as molecular dynamic
simulation, PCA, FEL, and RINs analysis (with parameters
of molecular dynamic to describe motion, stability and

intercellular binding, respectively) can be used to detect
and investigate the effects of lethal polymorphisms on the
function and structure of protein [35-40]. Understanding
protein conformational changes properly can elucidate
the mechanisms underlying MD disease phenotypes for
designing suitable drugs and medical managements. In
this study, these methods clearly explained the impact
of the mutation on the active site of the PROM1 protein,
before undertaking further validation by experimental
methods. Mutation of the residue alters the overall active
site energy by ~ +6.25 kcal/mol and affects the landscape
of the protein and atomic interaction of key residues. The
different molecular dynamic parameters such as RMSD,
RMSF, DSSP, and Rg index confirmed that the p.L.245P
pathogenic imutation changes the molecular stability and
flexibility as well as the amino acid interaction network
and 3D conformational landscape. Interestingly, hydrogen
bond interactions and van-der Waals forces of Pro245 with
His242, Val73, Asn69, Leu248, Glu249, and Ile241 fin the
a-helical structure of bHLH-Zip domain significantly
increased to maintain a stable contact of the mutant form
of PROM1, whereas total protein stability was reduced due
to fluctuation in the hinge region of the mutated structure.
The substitution of deleterious L245P mutation might
change the electrostatic charge distribution in proteins and
affect normal interactions. From this analysis, we suggest
that the mutated PROM1 domain has drastically decreased
functionality and stability capacity as a consequence of
the partial unfolding of the a2/a3 helices in the bHLH-
Zip domain. This mutation led to a change of a neutral
amino acid residue, Leu, to a nonpolar charged residue,
Pro, located at the basic repeating unit of the bHLH-Zip.
The Leu position in bHLH-Zip plays an essential role in
transcriptional regulation of PROM1 [41]. It is likely that
the substitution may impair protein stability and proper
function, leading to the STGD4-like MD disorder [42].
The Pro mutation in the bHLH-Zip domain may destroy
the PROM1 transportation [43], a phenomenon possible
and consistent in our patient’s observation. Consequently,
this instability and inflexibility affected the main function
of PROMI in the plasma membrane invaginations and
disk malfunction, trapping it in the myoid region of
the photoreceptors. Functionally, the PROMI1 protein
is necessary for disk formations in the photoreceptor
cells. PROMI1 has an influence on the formation and
organization of disk within the photoreceptors. Mutations
in PROM1 gene would trap PROM1 in the myoid region
of the photoreceptors, preventing it from migrating to
the site that formed disks. Accordingly, abnormalities in
PROMI positions in the photoreceptors cells will lead
to disk malfunction. Previous studies have shown that
different mutants undergo different misfolding pathways
and exhibit different pathogenesis according to the
different MD-related diseases [10, 12, 18-20]. In addition
to an autosomal recessive PROMI early-childhood-
onset retinopathy, an autosomal dominant later-onset
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macular retinal phenotype has been documented in some
individuals heterozygous for PROM1 mutations [18, 44],
including in our study.

To the best of our knowledge, this is first report
that identified and characterized a novel ¢.734T > C
(p.L245P) mutation of PROM1 with STGD4-like MD
using the TES and multiple molecular dynamic analyses.
The findings clearly confirmed that the variant in the
PROM!1 gene is most likely the deleterious and disease-
causing mutation in our studied family. While variants
with incomplete segregation would be regarded as low
to moderated penetrance effectors, complete segregation
of a one novel variant (in PROM1I gene) demonstrates
the variants are noteworthy candidates in case-control or
population studies; however, it warrants more extensive
studies of the PROM1, including in various ethnic groups.
Altogether, this study provides compelling evidence
that the PROM1 gene mutation should contribute to the
progressive causativeness or susceptibility in patients
with STGD4-like MD, as well as defines a new approach
into the genetic characterization, precision diagnosis and
prevention for STGD4-like MD disease.

MATERIALS AND METHODS

Ethical consideration, patient information, and
clinical assessment

The study was approved by the Ethical committee of
Southwest Medical University according to the Helsinki
Declaration (1983 Revision) [45]. The cases were coded,
and measurements were made in a blinded fashion by
molecularist.

A four-generation, 18-related Chinese patients
(M107) with familial STGD4-like MD was recruited.
The genetic and full pedigree structures of the subjects
are shown in Figure 1A. The patient proband claimed
to have eye problems since the age of 42. All patients
were diagnosed with STGD4-like MD by an experienced
ophthalmologist; we also documented the patients’
inheritance patterns, ethnicity and summary information
regarding the numbers of affected subject and members
who were available for sampling. We obtained medical
history and standard ophthalmologic examinations
including best corrected visual acuity measurements,
slit-lamp biomicroscopy, and color vision tests in all
available family members. In addition, FP, FA (Spectralis;
Heidelberg Engineering, Heidelberg, Germany), visual
field tests (Carl Zeiss, Germany), and retinal structure
were examined by OCT (Carl Zeiss, Germany). ERGs
were performed using corneal “ERGjet” contact lens
electrodes (RetiPort ERG System; Roland Consult,
Wiesbaden, Germany) [45]. The ERGs protocol complied
with the standards published by the International Society
for Clinical Electrophysiology of Vision.

DNA sampling

Peripheral blood samples in the pedigree M107
family and unrelated ethnically matched healthy control
volunteers with no family history of this disorder were
collected. gDNA was extracted from peripheral blood
lymphocytes according to the standard phenol-chloroform
method [45]. The DNA quality was measured by a
NanoDrop-2000-spectrophotometer. High quality intact
genomic DNA with optical density ratio of 260/280~ 1.8
and 260/230 > 1.5 were used for further analysis.

Design of exome capture panel

[llumina paired-end libraries (Illumina, Inc.,
San Diego, CA) were generated according to the
manufacturer’s sample preparation protocol for gDNA [46,
471,. TES on an affected family member was randomly
sheared by sonication into fragments of about 300-500
bp and then hybridized to the precapture libraries, which
were quantified (PicoGreen fluorescence assay kit; Life
Technologies, Carlsbad, CA); their size distributions were
determined by a commercial bioanalytical system (Agilent
2100 BioAnalyzer; Agilent Technologies, Santa Clara,
CA). For each capture reaction, fifty pre-captured libraries
(60 ng/library) were pooled together. Hybridization and
wash kits (Agilent Technologies, Santa Clara, CA) were
used for the washing and recovery of captured DNA
following the standard manufacturer’s protocol. Captured
libraries were quantified and sequenced (Illumina HiSeq
2000; Illumina, Inc.) as 100-150 bp paired-end reads,
following the manufacturer’s protocols whitch performed
at the BCM-FGI core. More than 99% of the targeted
coding exons were covered by at least 10 folds non-
redundant sequencing reads.

Variant filtering and homozygosity mapping

After passed quality control (QC) of the illumina
reads (> 70-80% Q30 data, < 0.5% error rate), Burrows-
Wheeler Aligner (BWA) V7.10 was used to access
sequence reads to the human reference genome from
available public online UCSC database (http://genome.
ucsc.edu/), version hgl9 (build 37.1). Next, recalibration
and local realignment were analyzed using the Genome
Analysis Toolkit (GATK version 1.0.5974), and the refined
sequencing results were subjected to variant calling using
a toolkit (Atlas2). Variant annotation was performed
by applying ANNOVAR. Sequencing depth > 4, the
estimated copy number < 2, SNP quality > 20 (score 20
represents 99% accuracy of a base call) and the distance
between two SNPs > 5 were considered the filtration
criteria for candidate SNPs [48]. We first searched for
known pathogenic mutations in STGD candidate genes
and then variants with a MAF (Minor allele frequency)
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of less than 5% allele frequency in databases of 1000
Genomes Project (1000genomes release 20100804,
http://www.1000genomes.org/). In total, the average of
4000 SNPs and INDELSs were found after applying these
filters. Subsequently, the phenotype of all cases was
considered to be similar. At first approach, our focus was
on identifying common variants among affected subjects
between families, but we also identified any shared variant
related to STGD. Consequently, we searched for variants
within STGD-related genes in proband (depicted in Figure
1A with pedigree 11:2) separately. The selected variants
were further analyzed in respect to whether they are
homozygous or heterozygous.

Mutant confirmation and segregation analysis

For mutant confirmation and segregation analysis,
we designed locus-specific primers using the online
Primer3 program (http://primer3.ut.ee/) for polymerase
chain reaction (PCR) amplification of prioritized variants
and direct sequencing, upon the gDNAs of family
members. Then, the PCR products were validated and
confirmed by Sanger sequencing methods on an ABI
3500DX sequencer (Applied Biosystems Inc., Foster City,
CA, USA) with the specific primers. Then, all results were
analyzed by Sequencing Analysis v.5.2 software (Applied
Biosystems). All analyses were performed with two
replicates per sample; a non-reverse transcription control
and non-template control for each test. The specific primer
sequences of PROM1 gene variant for Sanger sequencing
are listed in Supplementary Table 2.

Mutation analysis in silico

The damaging effects of heterozygous mutations
(c.734T > C mutation) on PROM1 protein functions
were evaluated in silico using online web server
Mutation Taster (http://www. mutationtaster.org/) [49],
Polymorphism Phenotyping version 2 (PolyPhen-2,
http://genetics.bwh.harvard.edu/pph2/) [50], SIFT (http://
sift.jevi.org/) [51], Have Your Protein Explained (HOPE)
[52], and PANTHER (http://www.pantherdb.org/tools/
csnpScoreForm.jsp) programs [53]. Functional impact
of the mutation was documented as ‘‘tolerated” or
“damaging” for SIFT and as “polymorphism” or “disease
causing” for Mutation Taster. PolyPhen-2 classifies
predicted effects of amino acid substitutions, marking
the function of human proteins as ““benign”, “possibly
damaging”, “probably damaging”, or “unknown”. To
predict stability changes upon mutation from the protein
sequence or structure, I-Mutant3.0 was used based on the
stability predictors (DDG < 0: decrease stability, DDG >
0: increase stability) [54]. Pairwise alignment between
template and target were performed by EBI/EMBL. Also,
NCBI online data bases (http://www.ncbi.nlm.nih.gov/)

were used to analyze the PROM1 conservation in deferent
organism gene by inputting the data into the HomoloGene
software of NCBI “Show Multiple Alignment” and
Jalview software [55].

Homological based modeling

The sequence of human PROM1 was downloaded
from the universal protein resource (http://www.uniprot.
org) (Entry: 043490). The template for sequence
alignment was identified by searching human PROM1
on PDB using the BLASTp program. The 3D structure of
PROM1 (XKD) was created using MODELLER version
9.17 [56], then the model was viewed using PyMol
software [57]. The initial coordinates of PROM1, which
were used in our molecular simulations, were based on
crystal structure of the template protein (PDB Entry:
4wid). A mutation of Leu to Pro at position 245" was
generated in silico from the wild-type crystal structure
using Pymol software [58]. The general streochemical
quality of the final modeled protein structure was
evaluated using PROCHECK [59], ProSA-web (protein
structure Analysis) [60], RAMPAGE, and QMEAN
analysis [61].

Molecular dynamic simulation

Molecular dynamics (MD) simulations investigate
the motions and fluctuations of a system containing
discrete particles under the impact of internal and external
forces. The role of this application base on this method
is broad, ranging from atoms to a molecule. The initial
3D structure made from modeler was optimized using
molecular dynamic simulation. The 130 ns simulations
of p.L245P on the active functional extracellular domain
of PROM1 (position 179-433, Supplementary Figure 3)
were performed using the GROMCS molecular dynamics
package version 5.1.3, which, on the Centos linux system,
implements GROMOS96 package version 43al force
field. pdb2gmx tools from GROMACS software package
was applied to generate the topology file. The 3D human
PROMI1 was surrounded by a cubic periodic box of the
simple point charge model of water molecules with a
margin of 1.0 A along each dimension. [62]. In detail,
the number of water molecules in the cubic cage was
approximately 120,000. Also, the molecular dynamical
systematic simulations charges were neutralized by
using sufficient Na“ and CI- ions. All covalent bonds to
hydrogen atoms were constrained using the SHAKE
algorithm. Electrostatic interactions were calculated
using the particle-Mesh Ewald algorithm [63] with a
cutoff of 10 A for Lenard-Jones interactions. Periodic
boundary conditions were applied to avoid edge effects.
Prior to molecular dynamic production, 50,000 steps of
steepest-descent minimization were used to the solvent.
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After energy minimization, the system was equilibrated
with NVT (isochoric-isothermal) and NPT (isothermal-
isobaric) ensembles under the condition of position
restraint for heavy atoms, with 100 ps with gradual
heating from 300 K [64]. In addition, stable salt bridges
were extracted based on a distance cut-off value of 0.4
nm. The atomic coordinates of each model were saved
every 1-ps for the analysis. The temperature and pressure
coupling was applied using the modified Berendsen
thermostat algorithm [65] at 300 K and Parrinello-Rahman
algorithm [66] at 1 atmosphere with a link constant of 0.1
ps and time duration of 100 ps. The comparative analyses
were saved every 1 ps time interval for further analyses,
including RMSF for all human PROMI structures.
RMSD, secondary structure modifications, Rg, hydrogen
bond occupancy, secondary structure analysis, PCA,
and clustering analysis were performed for the wild-
type and mutated form [67]. Additionally, the structural
changes were visualized using VMD version 1.9.2 and
Pymol software. The plots were conducted using xmgrace
tool and secondary structure analysis, by DSSP of the
GROMACS packages, respectively. Furthermore, a 130 ns
molecular modeling trajectory of the system was obtained
under constant pressure at 300 K using the GROMACS
software package.

Residue interaction networks of the wild- and
mutant-type

To analyze the mutatant residue on protein sequence,
we used the open source software platform, Cytoscape
v3.3.0 [35]. Cytoscape allows us to map the various
finteractions of wild- and mutant-type residue sources
data in RIN models. In this regard, the average structure
derived from the 130 ns trajectory of each system, wild
type and L245P mutant was used to construct the RINs
in 2D graphs using RING 2.0 web server [68]. This is a
new version of the RING software for the identification
of covalent and non-covalent bonds in protein structure.
After determining the interaction between amino acids,
RING used several tools to define non-covalent interaction
between the amino acids, including hydrogen bonds, salt
bridges, and interaction in closest atom. We mapped
the information about the protein mutation and natural
variation of a PROM1 protein onto all the corresponding
nodes in the pathway. All the processed residues
(functional extracellular domain of PROMI in position
179-433) were separately imported into Cytoscape 3.3.0 to
reconstruct amino acidic networks using RINalyzer plug-
in software [36]. Therefore, the Cytoscape archive files
were constructed by Submitting the crystal structure of
both the wild type and the mutant protein to RING server
[37].

Analysis of molecular dynamic trajectory

The trajectory files were analyzed using gmx rms,
gmx rmsf, and gmx gyrate GROMACS utilities to obtain
the RMSD, RMSF, and Rg. The numbers of distinct
intermolecular hydrogen bonds formed between all
residues during the simulation were calculated using gmx
hbond utility. Secondary structure analyses using DSSP
module were performed for both the wild type and L245P
mutant over the whole simulation period.

Circular dichroism spectroscopy analysis

The secondary structure of the wild-type and
p.-L245P mutant system were determined by CD
spectroscopy during 130 ns modeling using DichroCalc
server [69]. CD spectroscopy is a well-established
technique for measuring the secondary structure,
dynamics, and folding pathways of proteins fin the “far-
UV” spectral region (190-250 nm); where alpha-helix,
beta-sheet, and random coil structures each give rise to a
characteristic shape and magnitude of CD spectrum [70].

Principal component analysis (PCA)

PCA is a method that reduces the complexity of the
data and extracts the concerted motion that are essentially
correlated and presumably meaningful for biological
functions during simulations. PCA was performed to
determine the correlated motions of the residues to a
set of linearly uncorrelated variables named principal
components that are significant for the biological function
of the protein during the course of simulation [38]. In PCA
analysis, a variance/covariance matrix was constructed
from the trajectories after the removal of the rotational and
translational movements. PCA is a widely used protocol
to simplify eigenvectors and eigenvalues of bio-molecules
from the molecular modeling trajectories by relating it to
the dimensional reduction method. GROMACS utility
tools were used to perform PCA, with using normal mode
wizard of VMD. PCA scatter plots were then created by
the xmgrace program.

Free energy landscape (FEL)

FEL promotes the dynamic energy distribution
and structure-function correlation of mutational residues
variable in the protein system, which helps to visualize the
stability of wild and mutant conformations for a protein
[39]. The free energy minima regularly characterizes
the conformational group in the stable states. The free
energy barriers represented by the transient states of free
energy values of backbone atoms in different systems,
according the Gibb’s free energy method [40]. In this
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study, we compared FEL values to identify the dominant
conformational states, function of the enthalpy, and
entropy of protein in wild and mutant conformations of
PROM1 protein by using GROMACS package software
based on the PCA data.
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