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SHORT COMMUNICATION

Predicting potentially pathogenic effects of hRPE65 missense mutations: a
computational strategy based on molecular dynamics simulations

Giulio Polia , Ivana Barravecchiaa,b, Gian Carlo Demontisa , Andrea Sodic, Alessandro Sabad ,
Stanislao Rizzoe,f,g , Marco Macchiaa and Tiziano Tuccinardia

aDepartment of Pharmacy, University of Pisa, Pisa, Italy; bInstitute of Life Sciences, Scuola Superiore Sant’Anna, Pisa, Italy; cDepartment of
Neurosciences, Psychology, Drug Research and Child Health Eye Clinic, University of Florence, AOU Careggi, Florence, Italy; dDepartment of
Surgical Pathology, Molecular Medicine and of the Critical Area, University of Pisa, Pisa, Italy; eOphthalmology Unit, Fondazione Policlinico
Universitario A. Gemelli IRCCS, Rome, Italy; fCatholic University Sacro Cuore, Rome, Italy; gConsiglio Nazionale delle Ricerche, Istituto di
Neuroscienze, Pisa, Italy

ABSTRACT
The human retinal pigment epithelium-specific 65-kDa protein (hRPE65) plays a crucial role within the ret-
inoid visual cycle and several mutations affecting either its expression level or its enzymatic function are
associated with inherited retinal diseases such as Retinitis Pigmentosa. The gene therapy product voreti-
gene neparvovec (Luxturna) has been recently approved for treating hereditary retinal dystrophies; how-
ever, the treatment is currently accessible only to patients presenting confirmed biallelic mutations that
severely impair hRPE65 function, and many reported hRPE65 missense mutations lack sufficient evidences
for proving their pathogenicity. In this context, we developed a computational approach aimed at evaluat-
ing the potential pathogenic effect of hRPE65 missense variants located on the dimerisation domain of
the protein. The protocol evaluates how mutations may affect folding and conformation stability of this
protein region, potentially helping clinicians to evaluate the eligibility for gene therapy of patients diag-
nosed with this type of hRPE65 variant of uncertain significance.
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Introduction

Photon capture by opsins, a group of proteins belonging to the G
protein-coupled receptor superfamily, starts visual perception in
rod and cone photoreceptors of the vertebrate retina. Rod and
cone opsins require 11-cis-retinaldehyde (11-cis-RAL) as a chromo-
phore to operate as light sensors1. Photon absorption triggers 11-
cis-RAL rapid isomerisation to all-trans retinaldehyde (all-trans-
RAL), eventually dissociating into opsin and free all-trans-RAL2.
Visual pigment regeneration represents a critical step in keeping
photoreceptors responsive to light. For this purpose, the all-trans-
RAL must be efficiently recycled via isomerisation in all-cis-RAL by
a multistep process termed retinoid visual cycle, which involves
several enzymatic steps3. The all-trans-RAL is initially reduced to
all-trans-retinol (all-trans-ROL), the substrate for lecithin:retinol
acyltransferase (LRAT), which catalyses the esterification of all-
trans-ROL to all-trans-retinyl esters (all-trans-RE) in the retinal pig-
ment epithelium (RPE). The all-trans-RE are then isomerised and
hydrolysed to 11-cis-retinol (11-cis-ROL) by the retinal pigment
epithelium-specific 65-kDa protein (RPE65), an isomerohydrolase
enzyme4. Finally, 11-cis-ROL oxidation to 11-cis-retinal and its
export from RPE cells to photoreceptors regenerates the vis-
ual pigment.

RPE65, identified as the retinoid isomerase in the visual cycle,
is abundantly expressed in RPE cells and shuttles between the
cytoplasm (low enzymatic activity) and the endoplasmic reticulum

(high enzymatic activity)5. Previous studies have indicated mem-
brane association of RPE65 as essential for its enzymatic activity6.
RPE65 is highly conserved across all vertebrates, presenting high
homology to mammalian Beta-carotene 15,150 and cyanobacteria
apo-carotene oxygenase7. The fully-active RPE65 protein is a dimer
of two symmetrical, enzymatically independent subunits and is an
iron-dependent enzyme in which four histidine residues coordin-
ate a Fe2þ cation8. RPE65 has been demonstrated to bind stereo-
specifically all-trans-RE with high affinity to catalyse its
isomerisation and hydrolysis to 11-cis-ROL. The RPE65 reaction is
the rate-limiting step in the visual cycle, because it catalyses the
regeneration of visual pigment that initiates the vision process.
The crucial role of RPE65 in the visual cycle has been proved in a
model of genetically engineered RPE65 knock-out mice model.
RPE65-/- animals did not convert all-trans-RE to generate 11-cis-
ROL resulting in overaccumulation of all-trans-RE in the RPE; con-
sequently, the photoreceptors in these mice became severely
insensitive to light, and Rpe65-/- mice underwent a slow and pro-
gressive loss of photoreceptors9.

A high number of pathogenic variants have been identified in
humans since the RPE65 gene discovery. Many of these variants
introduce a missense or nonsense mutation that affects either pro-
tein expression level or its enzymatic function and are associated
with a spectrum of inherited retinal diseases ranging from Leber
Congenital Amaurosis (LCA), Severe Early Childhood Onset Retinal
Dystrophy (SECORD) and Retinitis Pigmentosa (RP)10. These
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diseases are associated with a progressive degeneration of retinal
photoreceptors and a very severe visual loss. They usually affect
young patients, in the midst of their family and work life, thus
representing a severe human, social and economic burden for
society. In December 2017, the Food and Drug Administration
approved voretigene neparvovec (Luxturna) as the first gene ther-
apy product for hereditary retinal dystrophy11–13. This gene ther-
apy is based on a recombinant adeno-associated virus 2 (AVV2)
expressing human wild-type RPE65, rescuing enzyme activity in
RPE to improve vision in patients14,15. However, as established by
the European Medicines Agency (EMA) and by the Italian Drug
Agency (Agenzia Italiana del Farmaco, AIFA), voretigene neparvo-
vec is currently accessible only to patients presenting confirmed
RPE65 biallelic mutations16. The limitations to the access to the
treatment are justified by the high cost of the drug, the organisa-
tion burden and the risks associated with surgery. Only if the
patient carries two pathogenic RPE65 mutations we can reason-
ably assume that they represent the main cause of the patient ret-
inal degeneration and that all troubles and risks associated with
voretigene neparvovec delivery are really justified. Due to the
wide range of RPE65 variants, recognising disease-causing variants
from those of uncertain significance (VUS) represents a critical
issue. Although variants leading to truncated or non-encoded pro-
tein may be expected to be pathogenic, the pathogenicity of mis-
sense mutations can be more challenging to predict. At present,
more than 100 missense mutations lacking a clear pathogenicity
classification or classified as VUS have been reported for RPE65 in
public databases17–20. Considering that patients with RPE65 var-
iants identified as pathogenic may access gene therapy at an early
stage of the disease before reaching an advanced photoreceptor
degeneration stage, the development of new methodological
approaches able to decipher the potential pathogenicity of spe-
cific RPE65 VUS presented by patients may prove useful for the
evaluation of their eligibility for gene therapy13.

In this article, we present an innovative in silico protocol devel-
oped to address the issue of patients diagnosed with an RPE65
VUS. In particular, we focussed on the impact of missense muta-
tions located within the dimerisation site of RPE65, examining
how these mutations could affect the folding and conformation
stability of this structural region of the protein, essential for sub-
cellular localisation and therefore protein stability, expression and
enzymatic activity.

Materials and methods

Protein structure modelling

The X-ray structure of bovine RPE65 (PDB code 3FSN)21, which
shows 98.5% of sequence identity with human RPE65 (hRPE65),
was used for this study. The structural portion of the protein cor-
responding to the dimer-mediating sequence (DMS) and its sur-
rounding residues (included in a shell of about 20Å from the DMS
residues) were isolated from the rest of the structure, thus obtain-
ing a protein system including residues 227–255, 285–337 and
360–418, for a total of 141 protein residues. The few non-con-
served residues included in the structural portion of the protein
used for this study were mutated and the orientation of their side
chains was automatically optimised using Modeller software22,
thus obtaining a monomeric wilt-type (WT) DMS-focussed hRPE65
model. The monomeric models of the two hRPE65 variants, A393E
and N302I, were obtained by mutating the proper residues of the
WT hRPE65 monomeric model and automatically optimising the
side chains of the mutated residues using Modeller.

The three DMS-focussed dimeric models, corresponding to the
WT-WT, A393E-WT and N302I-WT dimers, were obtained by com-
bining the previously created monomeric systems based on the
reference X-ray structure of bovine RPE65 (PDB code 3FSN), i.e.
superimposing the proper couples of monomeric structures to the
crystallographic RPE65 dimer.

Molecular dynamics simulations

All simulations were performed using AMBER, version 2023, using
the ff14SB force field. The solute was placed in a rectangular par-
allelepiped water box, by using TIP3P explicit solvent model and
solvated with an 8.0 Å water cap. Sodium ions were added as
counterions to neutralise the systems. Before molecular dynamics
(MD) simulations, the whole systems were energy minimised using
a two-stage protocol. In the first stage, 5000 steps of steepest des-
cent (SD) followed by conjugate gradient (CG) algorithms were
performed for the exclusive minimisation of the solvent, since a
harmonic potential of 100 kcal/(mol�Å2) was applied to all solute
atoms. In the second stage, 5000 additional steps of SD/CG were
used to minimise the whole system, until a convergence of
0.05 kcal/(mol�Å2), imposing a harmonic constraint of 10 kcal/
(mol�Å2) only on the protein a carbons. The minimised systems
were used as starting conformations for the MD simulations,
which were performed using Particle Mesh Ewald (PME) electro-
statics, periodic boundary conditions and a cut-off of 10 Å for the
non-bonded interactions. SHAKE algorithm was employed to keep
all bonds involving hydrogen atoms rigid. A constant volume peri-
odic boundary MD was carried out for 0.5 ns, during which the
temperature of the systems was raised from 0 to 300 K. The sys-
tems were then pre-equilibrated through 3 ns of constant pressure
simulation, using the Langevin thermostat, in order to maintain
the temperature at the constant value of 300 K. During these first
two MD stages, all the protein a carbons were restrained with a
harmonic potential of 10 kcal/(mol�Å2) and the simulation was per-
formed using a time step of 2.0 fs. An additional constant pres-
sure MD stage of 10 ns was then performed for equilibrating the
system using the hydrogen mass repartition (HMR) scheme24 and
a time step of 4.0 fs. All the protein a carbons were restrained
with the same harmonic potential of 10 kcal/(mol�Å2). Finally, a
production stage corresponding to 5 ms of constant pressure MD
simulation was performed using the HMR scheme and a time step
of 4.0 fs. During the production stage, the a carbons of only 56
out of the 141 protein residues belonging to the structural portion
of RPE65 simulated in the system were subjected to the harmonic
restraint of 10 kcal/(mol�Å2); this way, the DMS domain and the
surrounding protein residues of the adjacent b-sheets were kept
totally free to move during the MD and only the external residues
were restrained.

The MD replica of the wild-type system was performed starting
from the pre-equilibrated wild-type system, which was then sub-
jected to the 10 ns equilibration and the 5 ms production stages
without applying the HMR scheme and using a time step of 2.0 fs,
while maintaining all other simulation parameters.

The MD simulations of the dimeric models were carried out
using the same system preparation, minimisation and simulation
protocols, as well as the same parameters, employed for the
monomeric models. The only exception concerned the MD pro-
duction stage performed using the HMR scheme, which was lim-
ited to a simulation length of 3 ms, during which the harmonic
restraint of 10 kcal/(mol�Å2) was applied symmetrically to the
same 56 a carbons of both monomers, as performed for the
monomeric systems. The MD trajectories corresponding to
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the production stage of all systems were analysed using the
cpptraj program25 implemented in Amber 20.

Results and discussion

The final goal of our study was the development of an in silico
strategy, based on MD simulations, allowing the evaluation of the
potential pathogenic effect of specific missense mutations of
hRPE65 associated with an insufficient amount of evidences for
suggesting either their (likely) pathogenic or benign effect. For
this purpose, we aimed at identifying a reliable MD protocol able
to discriminate pathogenic or likely pathogenic mutations from
benign or likely benign variants. We thus first analysed the litera-
ture in order to find information about known hRPE65 variants for
identifying template mutations to be used as a reference for our
protocol. We then focussed our attention on a particular domain
of hRPE65 involved in its dimerisation. hRPE65 is regarded as a
monotopic membrane protein existing as a homodimer in vivo8.
X-ray studies involving bovine RPE65, which shares 98.5% identity
with the human isoform, showed that the main portion of the
protein involved in its dimerisation includes a sequence of about
40 residues mediating most of the interactions between the two
monomers, thus referred to as dimer-mediating sequence (DMS).
The sequence originates from an extension of the third blade of
the b-propeller structure characterising the enzyme, primarily con-
stituted by an antiparallel b-sheet and a loop connecting it to the
core structure of the protein (Figure 1(A)). Interestingly, we found
that a residue located within the DMS (A393) was associated to a
missense mutation (A393E) found in patients affected by Leber

congenital amaurosis (LCA) and reported to be likely connected to
the pathogenic phenotypes26–28. Conversely, a residue not actually
included in the DMS but adjacent to both the loop and the
b-sheet of the DMS (N302) was found to be associated to a mis-
sense mutation (N302I) that can be considered as benign based
on experimental evidences (Figure 1(B)). In fact, the effect of such
mutation on hRPE65 hydrolase activity was experimentally eval-
uated and showed to be non-deleterious. In particular, the
mutated residue I302 corresponds to the homolog residue of
chicken RPE65, known to be endowed with a higher hydrolase
activity with respect to the human isoform; consistently, N302I
mutation demonstrated to slightly improve the catalytic activity of
the human enzyme (about 125% of activity compared to
wild type)29.

Based on these considerations, we focussed on the develop-
ment of an MD-based protocol for the prediction of the potential
pathogenicity of hRPE65 missense mutations localised within the
dimerisation domain, including the DMS and the surrounding
regions. Precisely, we aimed at evaluating the potential deleteri-
ous effect on local folding and conformation stability of mutations
located in such structural region of the protein, using the known
variants A393E and N302I as a reference of likely harmful and
benign mutations, respectively. As a first step, we assessed the
reliability of a hRPE65 model, based on the X-ray structure of
bovine RPE65 (PDB code 3FSN)21, including only the protein
dimerisation domain (see Materials and Methods for details). Since
this region constitutes a well-defined structural portion of the pro-
tein, located in a peripheral zone with respect to the catalytic site
(Figure 1(B)), we envisioned that it could be analysed almost inde-
pendently from the rest of the protein using a DMS-focussed sys-
tem, thus obtaining a considerable increase in MD simulation
speed. For this reason, our system included only the DMS and a
small adjacent portion of the protein structure (Figure 2(A)), in
which the outer and terminal residues were subjected to position
restraints to serve as anchoring points of the system, while all
other residues were left totally free to move during the MD, for
allowing potential conformational changes. The generated system
was then subjected to a 5 ms MD simulation protocol using the
hydrogen mass repartitioning (HMR) scheme, which redistributes
part of the mass of the heavy atoms connected to hydrogens into
the bonded hydrogens, in order to further boost the speed of the
MD by increasing the simulation time step (see Materials and
Methods for details). Moreover, a replica of the simulation using
the classic MD approach was also performed in order to confirm
the reliability of the HMR approach for the hRPE65 DMS-focussed
system. Figure 2(B), illustrates the results obtained for the HMR-
based MD in terms of root-mean-square deviation (RMSD) of the
protein a carbons, for both the full system and its key portions,
which all presented remarkable stability, since even the most flex-
ible sequence (the DMS loop) showed an average RMSD during
the whole MD around 1.0 Å. Moreover, the results were fully com-
parable to those produced by the classic MD approach, as shown
by the superposition of the minimised average structures obtained
from the last 2 ms of both simulations (Figure 2(C)), which were
found to be fully comparable both to each other and to the start-
ing conformation of the system. Moreover, the analysis of the
root-mean-square fluctuation (RMSF) of all protein a carbons dur-
ing the MD further confirmed both the stability of the system,
whose highest fluctuations were found to be lower than 1.5 Å,
and the reliability of the HMR-scheme compared to the classic MD
approach, since the deviation between the RMSF values obtained
for the two simulations did not exceed 0.06 Å (Figure 2(D)). These
results confirmed that the HMR scheme could be safely applied to

Figure 1. X-ray structure of bovine RPE65 (PDB code 3FSN). (A) The two mono-
mers of the homodimer are shown in beige and cyan, with the corresponding
dimer-mediating regions (DMS) coloured purple and orange, respectively. (B) A
close up of a single monomer is shown, highlighting the distance of the catalytic
site from the DMS, in which the two residues A393 and N302, associated with
known missense mutations, are shown.
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Figure 2. Results of the MD simulation studies performed on the wild-type hRPE65 system (A): (B) RMSD results obtained after 5 ms of MD simulation using the HMR
scheme; (C) average structures of wild-type hRPE65 system obtained from the last 2 ms of MD simulation using classic (red) and HMR (green) approaches; (D) RMSF
results obtained after 5 ms of MD using classic and HMR approaches.

Figure 3. MD results obtained for A393E and N302I variants of hRPE65. (A) Average structures of A393E and WT systems obtained from the last 2 ms of MD simulation;
the DMS of the two systems is respectively coloured red and purple. (B) RMSD of the DMS a carbons during 5 ms of MD simulation obtained for A393E system com-
pared to WT. (C) RMSF of the whole A393E system a carbons compared to WT. (D) Average structures of N302I and WT systems obtained from the last 2 ms of MD
simulation; the DMS of the two systems is respectively coloured green and purple. (E) RMSD of the DMS a carbons during 5 ms of MD simulation obtained for N302I
system compared to WT. (F) RMSF of the whole N302I system a carbons compared to WT.
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boost the simulation speed without altering the results with
respect to a classic MD approach.

Encouraged by these results, we aimed at analysing the impact
of A393E and N302I missense mutations on hRPE65 dimerisation
region by using the validated MD protocol. For this reason, mod-
els of the two variants were generated and subjected to 5 ms of
MD simulation using the HMR scheme. The results obtained for
A393E variant highlighted a marked deleterious impact of the
mutation on the DMS stability. In fact, the bigger side chain of
E393 compared to that of the wild type (WT) residue, determined
a destabilising effect on the DMS conformation, whose loop was
rapidly pushed away from the b-sheet. In particular, after about
1.3 ls of simulation, the DMS loop underwent a considerable
unfolding process, assuming multiple non-native conformations,
during the rest of the MD, associated with a massive average devi-
ation compared to the WT system (Figure 3(A)). This was also
demonstrated by the analysis of the RMSD of the DMS a-carbons,
which showed a rapid increase to values around 5Å with multiple
peaks, in contrast to the values obtained for the WT system that
steadily remained around 1.0 Å (Figure 3(B)). Moreover, the ana-
lysis of the RSMF of the whole system a carbons showed fluctua-
tions of up to 6.5 Å, indeed associated to the residues of the DMS
loop (Figure 3(C)). These results clearly support the idea that the
missense mutation A393E has a deleterious impact on hRPE65
folding and conformation stability, which may affect protein
dimerisation and justify a pathogenic effect, in agreement with lit-
erature reports. These result, can thus be considered as a valid-
ation of the MD protocol in revealing potentially deleterious
structure-based effects of hRPE65 missense mutations associated
with potentially pathogenic phenotypes. On the contrary, the MD
study performed on N302I variant of hRPE65 did not show a sig-
nificant impact of the mutation on the conformation stability and
folding of the analysed system (Figure 3(D)). In fact, the RMSD
analysis revealed that the DMS conformation was perfectly main-
tained for the first 1.5 ls of simulation and only a very small
increase in the average RMSD (to a value of about 1.6 Å), com-
pared with the WT system, was observed for the remaining 3.5 ls
of MD (Figure 3(E)). The RMSF analysis showed a slightly increased
fluctuation of only few residues located within the DMS loop, cor-
responding to D375, K376 and A377, while the conformation of
the rest of the DMS sequence was essentially unchanged with
respect to the WT system (Figure 3(F)). Overall, these results sug-
gest that the missense mutation N302I does not determine a dele-
terious effect on protein folding and stability, especially if the
negligible conformational change observed for N302I variant
(Figure 3(D)) is compared with the unfolding of the DMS, charac-
terised by the loss of the native conformation of the DMS loop,
shown by A393E variant (Figure 3(A)). This is consistent with the
experimental data demonstrating a non-detrimental effect of
N302I mutation on RPE65 activity and thus represents a validation
of the MD protocol in confirming the harmless structural impact
of non-pathogenic RPE65 missense mutations experimentally
determined as neutral and/or benign.

In the attempt of further improving the reliability of our MD-
based strategy for evaluating the potential deleterious effect of
missense mutations on the hRPE65 dimerisation region, we tried
to increase the complexity of our model. Our aim was to obtain a
more realistic representation of the hRPE65 dimeric system, which
could also take into account the contribute of the mutual pres-
ence of the two monomers in the evaluation of the impact of the
missense mutation on local folding and conformation stability of
the DMS region of hRPE65. For this reason, by combining the WT
and mutated hRPE65 models employed in the previous MD

simulations, three different dimeric systems reproducing the
bound dimerisation domains of both hRPE65 monomers were
generated: a WT-WT dimeric system (Model 1) and two mutant-
WT dimeric systems, including either A393E (Model 2) or N302I
(Model 3) mutations in a single monomer (Figure 4). All systems
were subjected to the same MD simulations using the HMR
scheme employed for the monomeric systems. However, due to
the higher computation time required for the simulation of the
dimeric models compared to the original monomeric ones, the
total simulation time was restricted to 3 ms. After the simulations,
all models were subjected to the same analyses already performed
on the monomeric systems. In particular, we focussed our atten-
tion on monomer A of the dimeric models, which was subjected
to mutations in Models 2 and 3 (Figure 4).

As expected, the WT-WT dimeric model showed results that
were fully comparable with those obtained for the monomeric WT
system, with an average RMSD of the DMS a carbons around 1Å
and maximum RMSF values of all a carbons below 1.5 Å (Figure 5
and Supplementary Figure S1). Consistently, the minimised aver-
age structure of the WT system in the WT-WT dimer obtained
from the last ms of MD simulation was found to be fully compar-
able with that derived from the monomeric system
(Supplementary Figure S2). Despite the reduced simulation time
employed for the MD studies of the dimeric models, the results
proved the reliability of the MD protocol in confirming and
improving the results obtained using the monomeric models of
the hRPE65 variants. In fact, the DMS of A393E variant within the
A393E-WT model was found to undergo a fast unfolding process,
leading to a remarkable deviation from the native conformation
(Figure 5(A)) since the very beginning of the MD simulation; this
was highlighted by the RMSD of its DMS a carbons that reached
values around 5–6Å after less than 0.2 ms of MD (Figure 5(B)),
which were averagely maintained for the whole simulation (mean
RMSD ¼ 5.3 Å). By comparing the average structure obtained for

Figure 4. Structure of the DMS-focussed dimeric system compared to the full
RPE65 dimer (PDB code 3FSN). The two monomers of both systems are shown in
beige and cyan, with the corresponding DMS coloured purple and orange,
respectively.
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the mutated A393E monomer with that obtained for the WT, it is
possible to check that almost the whole DMS loop of the mutant
presents large conformational alterations with respect to the WT
and appreciable deviations from the native conformation are also
observed within the DMS b-sheet (Figure 5(A)). In agreement with
these observations, the RSMF of the a carbons of the whole
mutated monomer showed a very high peak (above 7Å) around
the DMS loop residues, but also an appreciable increase in many
other residues of the system (Figure 5(C)). The MD simulation
results obtained for the N302I-WT system allowed to clearly con-
firm the harmless impact of N302I variant. In fact, the N302I
monomer within the mutated dimer substantially showed the
same results obtained for the native system. As shown in Figure
5(D), the minimised average structure of the N302I monomer
obtained from the last ms of simulation was found to be perfectly
superimposable to that of the WT monomer in all regions of the
DMS and, in general, in all portions of the model. In fact, the DMS
a carbons of the mutant showed RMSD values that were steadily
kept around 1Å for the whole MD simulation, as observed for the
WT monomer (Figure 5(E)). Moreover, the RMSF plot obtained for
the a carbons of the whole mutated monomer was almost indis-
tinguishable from that related to the WT monomer (Figure 5(F)),
which confirmed the lack of any appreciable deviation from the
native conformation during the whole MD simulation.

Based on these results, the dimeric approach demonstrated to
constitute a successful implementation of our DMS-focussed MD-
based evaluation strategy of hRPE65 missense mutations, provid-
ing a confirmation of both the robustness of our MD protocol and
the reliability of the potential pathogenicity predictions that can
be derived from the obtained structure-based results. In fact, the
dimeric DMS-focussed models allowed to speed up the occurrence
of the deleterious effects determined by A393E mutation on local
protein folding and conformation stability, as well as to eliminate
the very small deviation observed in few loop residues of the
monomeric model of N302I variant.

In conclusion, we developed an in silico protocol based on MD
simulations aimed at evaluating the potential pathogenic effect of
hRPE65 missense variants. Our strategy focussed on analysing the
dimerisation domain of the protein, including the DMS and the
surrounding region, by using DMS-focussed hRPE65 models. The
two DMS-focussed MD-based approaches herein reported,
employing both monomeric and dimeric models of WT and
mutant hRPE65, were found to represent profitable tools for analy-
sing the potential deleterious impact of missense variants on local
folding and conformation stability around the dimerisation
domain of the protein. Such approaches may thus be used either
alone or better in combination with each other, with the aim of
deriving solid structure-based clues about the potential

Figure 5. MD results obtained for the dimeric A393E-WT and N302I-WT models of hRPE65. (A) Average structures of A393E and WT monomers obtained from the last
ms of MD simulation; the DMS of the two systems is respectively coloured red and purple. (B) RMSD of the DMS a carbons during 3 ms of MD simulation obtained for
A393E monomer compared to WT. (C) RMSF of the whole A393E monomer a carbons compared to WT. (D) Average structures of N302I and WT monomers obtained
from the last ms of MD simulation; the DMS of the two systems is respectively coloured green and purple. (E) RMSD of the DMS a carbons during 3 ms of MD simula-
tion obtained for N302I monomer compared to WT. (F) RMSF of the whole N302I monomer a carbons compared to WT.
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pathogenicity of hRPE65 variants. The herein developed in silico
protocols can be readily applied for the analysis of all other
hRPE65 variants characterised by missense mutations localised
within the hRPE65 dimerisation domain. In particular, our strategy
can be applied for obtaining preliminary information about the
potentially deleterious effect of at least 10 missense mutations
lacking a clear pathogenicity classification or labelled as variants
of uncertain significance (VUS) therein located. A more refined
interpretation of VUS may have a significant clinical impact, espe-
cially in patients showing a retinal phenotype strongly suggesting
to be RPE65-related but carrying RPE65 VUS. Such patients repre-
sent very challenging cases as their phenotype seems particularly
suitable for receiving the treatment, but they cannot access it
unless the pathogenicity of the RPE65 variants is demonstrated.
The results may support possible reclassifications of hRPE65 mis-
sense variants in relation to pathological phenotypes such as RP,
LCA and SECORD30, and may help clinicians to better evaluate the
eligibility for gene therapy of patients diagnosed with such muta-
tions. Moreover, our domain-focussed MD-based protocol for ana-
lysing the structural impact of hRPE65 missense mutations may be
extended to other regions of the protein in order to expand the
applicability domain of our strategy and allow the evaluation of
the potential pathogenicity of hRPE65 VUS localised in different
structural contexts, thus paving the way for the development of
an exhaustive approach enabling the analysis of all possible of
hRPE65 VUS. Finally, it’s worth highlighting that our approach may
be profitably applied for evaluating the impact of missense muta-
tions on other protein targets whose aberrant function and/or
expression is implied in the development of inherited diseases. In
particular, proteins characterised by the presence of distinct struc-
tural domains would be most suitable for our approach, since the
effect of local folding and conformation stability of specific pro-
tein regions could be analysed through microseconds-long MD
simulations of domain-focussed systems, as performed for the
dimerisation region of hRPE65.
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