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ARTICLE INFO ABSTRACT

Keywords: Variants in rhodopsin (RHO) have been linked to autosomal dominant congenital stationary night blindness
GPCR ) ) (adCSNB), which affects the ability to see in dim light, and the pathogenetic mechanism is still not well un-
Molecular simulations derstood. In this study we report two novel RHO variants found in adCSNB families, p.W265R and p.A269V, that
BRET ) . . . . L. . . L
. . map in the sixth transmembrane domain of RHO protein. We applied in silico molecular simulation and in vitro
mini G protein . . . . . .
Visual arrestin biochemical and molecular studies to characterize the two new variants and compare the molecular determinants
GSNB to two previously characterized adCSNB variants, p.G90D and p.T94I, that map in the second transmembrane
domain of the RHO protein. We demonstrate that W265R and A269V cause constitutive activation of RHO with
light-independent G protein coupling and impaired binding to arrestin. Differently, G90D and T94I are char-
acterized by slow kinetics of RHO activation and deactivation. This study provides new evidence on the dif-
ferential contribution of transmembrane a-helixes two and six to the interaction with intracellular transducers of
RHO and mutations in these helixes result in a similar phenotype in patients but with distinct molecular effects.

1. Introduction

Autosomal dominant congenital stationary night blindness (adCSNB;
MIM #163500) has been linked to pathogenic variants in three genes:
GNATI1 encoding the rod transducin G protein alpha subunit (Gt),
phosphodiesterase 6 beta (PDE6B) and rhodopsin (RHO) [1]. Pathogenic
variants in RHO, the rod-specific G protein-coupled receptor (GPCR),
can cause adCSNB [2] or autosomal dominant retinitis pigmentosa
(adRP) [3] and, more rarely, autosomal recessive RP [4,5]. RHO is the
visual pigment of rod photoreceptor cells composed of an apoprotein,
called opsin, linked at the level of lysine 296 (K296) via a Schiff base to
the chromophore 11-cis-retinal, and its function is to activate the pho-
totransduction cascade following light capture [6]. Upon photon ab-
sorption and cis-trans isomerization of 11-cis-retinal, RHO transits to the
signaling active metarhodopsin II (MII) states that trigger the visual
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phototransduction cascade by coupling to Gt [7]. The signal is termi-
nated upon phosphorylation by the G-protein coupled receptor kinase 1
(GRK1) and by binding to visual arrestin (ARR1), encoded by the SAG
gene.

Over 200 different variants in RHO, listed in the human genome
mutation database (HGMD), are linked to adRP, but only five pathogenic
variants have been found in adCSNB patients so far (Table 1) [8-11].
The majority of adRP RHO variants cause protein misfolding and
retention into the endoplasmic reticulum (ER) [12]. Within the large
group of RHO variants, a minority affects the functionality of the protein
by altering either the correct delivery to the disc membrane, its phos-
phorylation, or its coupling to intracellular proteins (e.g. Gt or ARR1)
[13]. The five adCSNB variants discovered so far cause a milder
phenotype compared to RP variants, because they affect vision in dim
light and the phenotype does not progress to retinal degeneration. While
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the adRP variants are distributed in the entire protein, the five adCSNB
variants locate in the retinal-binding-site portions of three alpha-helixes
(H), i.e. H2 (G90D and T94I), H3 (E113K), and H7 (A292E and A295V).
All but one of them consist in non-conservative replacements, ie.
neutral-to-anionic (G90D and A292E), anionic-to-cationic (E113K), and
polar-to-hydrophobic (T94I) amino-acid changes. Most of adCSNB-
associated variants have been shown to constitutively activate Gt in
vitro [9,11,14-16]. In the mouse model bearing the G90D mutation, rod
photoreceptors exhibit a diminished light sensitivity, which is compa-
rable to wild type (WT) rods illuminated with steady light [17]. The two
G90D and T94I variants have been characterized at the atomic detail
(PDB codes 4bez active state opsin apoprotein and 5dys MII state,
respectively). In the case of G90D, the replacing aspartate displaces
E113, the 11-cis-retinal counterion in the dark state, and forms a salt
bridge with K296, thus possibly stabilizing an active opsin conformation
[18]. The replacing isoleucine in T94I establishes a direct van der Waals
interaction with K296, thus contributing to the prolongation of the MII
signaling active state of RHO [19]. A common feature of G90D and T94I
would be the ability of both replacing amino acids to interact with K296,
thus altering the dark state by weakening the interaction between the
Schiff base and its counterion E113 [18,19].

The mechanism by which the adCSNB variants are pathogenic is still
not well understood. While G90D and T94I variants could be phos-
phorylated in vitro by GRK1, G90D, but not T94l, showed a reduced
binding to ARR1 and lower binding to 11-cis-retinal [18,20]. T94I was
reported to increase the half-time of the MII form with slower kinetics of
retinal release [19]. A295V mutant was, otherwise, suggested to
constitutively activate Gt [16].

Herein we report the identification of p.W265R and p.A269V
(hereafter indicated as W265R and A269V) as novel adCSNB-linked
RHO variants. These variants lie in the retinal binding-site portion of
H6. Insights into the pathogenetic effects of the variants were acquired
by combining molecular dynamics (MD) and docking simulations, in
vitro subcellular localization and protein-protein proximity assays based
on Bioluminescence Resonance Energy Transfer (BRET) to evaluate in-
teractions with G-protein and ARR1. The two new adCSNB variants (H6-
variants) were compared to the previously characterized G90D and T941
variants (H2-variants). Interestingly, the two novel H6-variants, while
not causing structural misfolding, displayed constitutive coupling to G-
protein in the absence of retinal and light activation. H6-variants also
showed no or reduced binding to ARR1. Overall, our data suggest that
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the novel adCSNB H6-variants diverge from the previously character-
ized H2-variants in kinetics and coupling with the G-protein and ARR1.

2. Methods
2.1. Clinical examination

The study was approved by the Montpellier University Hospital,
France (ID IRB-MTP_2021_11_202100959). The investigators followed
the tenets of the Declaration of Helsinki. Informed consent for clinical
examination and genetic analysis was obtained from the patients, ac-
cording to approved protocols of the Montpellier University Hospital.

Patients had standard ophthalmologic examination (refractometry,
visual acuity, slit-lamp examination, applanation tonometry, and fun-
duscopy). Full-field electroretinograms (ERGs) were recorded using a
Ganzfeld apparatus (Metrovision) with a bipolar contact lens electrode
on maximally dilated pupils according to the International Society for
Clinical Electrophysiology of Vision (ISCEV) protocol [21]. For numer-
ical values, visual acuity was measured with Snellen charts in decimal
numbers. Goldmann visual field was quantified by counting the number
of subdivisions of the Goldmann grid within the areas of the V4e isopter
and expressed as a percentage of the normal visual field. Dark adap-
tometry was performed with a Goldman Weekers apparatus and the
responses were recorded at 11° above fixation after 3 min of pigment
bleaching.

2.2. Variant screening

Genomic DNA was extracted from leucocytes using the FlexiGen
DNA kit (Qiagen). The DNA samples were quantified by spectropho-
tometry and diluted to 25 ng/pl for PCR amplification. Coding exons and
adjacent intronic regions of RHO (NM_000539; primer pairs and PCR
conditions are available on request) were sequenced with an Applied
Biosystems 3130xL genetic analyzer using a BigDye Terminator cycle
sequencing ready reaction kit V3.1 (Applied Biosystems) following
manufacturer's instructions. Sequence analysis was performed using the
Collection and Sequence Analysis software package (Applied Bio-
systems). SIFT (Sorting Intolerant From Tolerant), PolyPhen2 (Poly-
morphism Phenotyping 2), PROVEAN (Protein Variation Effect
Analyzer), aGVGD (align Grantham Variation and Grantham Deviation),
Varsome, REVEL (Rare Exome Variant Ensemble Learner) and CADD

Table 1
Summary of adCSNB RHO (NM_000539.3) pathogenic variants.
Nucleotide Protein Exon  Protein gnomAD  VarSome PPhen2  SIFT PROVEAN  aGVGD  REVEL CADD  Reference
change change region DANN
c.269G>A p-G90D 1 H2 0 LP 0.9987 PRO DAM DEL C65 0.784 27.50 Rao et al., 1994
DAM
c.281C>T p.T941 1 H2 0 LP 0.9988 PRO DAM NEU C65 0.665 24.50 al-Jandal et al.,
DAM 1999
c.337G>A p.E113K 1 H3 0 LP 0.9993 PRO DAM DEL C55 0.578 27.30 Reiff et al., 2016
DAM
¢.793T>C p-W265R 4 H6 0 LP 0.9968 PRO DAM DEL C65 0.949 31.00 Present study
DAM
¢.806C>T p-A269V 4 H6 0 LP 0.9992 PRO DAM DEL C55 0.540 25.20 Present study
DAM
c.875C>A p-A292E 4 H7 0 LP 0.992 POS DAM DEL C65 0.571 23.45 Dryja et al., 1993
DAM
c.884C>T p.A295V 4 H7 0 LP 0.9993 PRO DAM DEL C55 0.628 25.00 Zeitz et al., 2008
DAM

gnomAD, Genome Aggregation Database.

VarSome: LP, likely pathogenic. DANN score ranges from O to 1, with 1 given to the variants predicted to be the most damaging.
PPhen2, PolyPhen2, POS for possibly damaging, PRO for probably damaging, BEN for benign.

SIFT, TOL for tolerated, DAM for damaging.

PROVEAN (Prediction with cutoff = —2.5), DEL for deleterious, NEU for neutral.

aGVGD, align-Grantham Variation with Grantham Deviation, from CO (neutral) to C65 (the most likely pathogenic).
REVEL, Rare Exome Variant Ensemble Learner, scores range from O to 1, DAM for damaging, with 1 given to the variants predicted to be the most damaging.
CADD, Combined Annotation Dependent Depletion, above >30, highly pathogenic, above >20 pathogenic, between 15 and 20, likely pathogenic.
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(Combined Annotation Dependent Depletion) were used to predict
possible impacts of missense variants.

2.3. Computational experiments

Prediction of the Pearson Correlation Coefficient (PCC) accounting
for ER retention of W265R and A269V adCSNB variants was based on a
computational model that we previously described [22]. The method-
ology consisted in mechanical unfolding simulations (by Steered Mo-
lecular Dynamics (SMD)) of mutant RHO in a hexameric or nonameric
homo-oligomer followed by protein structure network (PSN) analysis.
SMD simulations were carried out by means of the CHARMM force field
(in all-atom mode) [23], using the GBSW implicit membrane/water
model [24].

The same force field and solvent model were employed for equilib-
rium MD simulations by using essentially the same computational setup
that we previously described [12]. Such simulations were carried out on
the H2- and H6-variants in their active opsin and MII states. For the
G90D and T94I H2-variants (sequence 1-323), the crystal structures
4bez and 5dys were used as inputs for the opsin and MII states added or
deprived of all-trans-retinal. For the W265R and A269V H6-variants, the
active opsin and MII states used as input (sequence 1-323) were ach-
ieved by mutating the crystal structure of active opsin (PDB: 3cap [25])
and of MII (PDB: 3pxo [26]), respectively. To reduce the degrees of
freedom, while letting helices move as rigid bodies, intrahelical distance
restraints were applied to the backbone nitrogen and oxygen atoms
involved in H-bonds. Moreover, to avoid excessive approaching of H3
and H7, distance restraints were set between the Ca-atom of R135 and
both Y306 and N310. The native disulfide bridge between C110 and
C187 was allowed to form; the artificial stabilizing disulfide bridge be-
tween C2 and C282 present in the crystal structures of the two H2-
variants was kept in those variants. Finally, distance restraints were
set between the oxygen atoms of a number of structural water molecules
and the surrounding H-bonding partners. For all distance restraints, the
scaling factor was set to 10 and the force constant at 300 K was set to 10
keal/mol/A. Equilibrium MD simulations served to infer the time series
of a number of geometric descriptors including the solvent accessible
surface area (SASA), the intrinsic flexibility (i.e., the Ca-atom root mean
square fluctuations (RMSFs)), and the essential motions of the proteins
by the principal component analysis (PCA) of the atomic fluctuations,
and to extract representative frames for docking simulations with
intracellular proteins. For each receptor form, ensembles of maximum
400,000 conformations saved every ps were analyzed by the Wordom
software [27,28].

Rigid-body docking simulations between the receptor and the
intracellular proteins were carried out by means of the Z-dock 3.0.2
software [29], whereas docking post-processing was done by the FiPD
software [30]. Selected structures of the H2- and H6-variants from the
MD trajectories as well as the available crystal structures of the two H2-
variants, G90D (PDB: 4bez and 4bey, [18]) and T94I (PDB: 5dys and
5en0, [19]) were subjected to docking simulations with the mini Gi
(mGi: sequence 1-53 and 183-354) or ARR1 (sequence: 12-362)
extracted from the Cryo-EM complexes with active opsin (PDB: 6cmo
[31] and 5wOp [32], respectively). The mGi from the 6cmo complex was
obtained by deleting the helical domain. The mGi extracted from the
complex with MII (PDB: 6gno [33]) was probed as well. The RHO pro-
tein was used as a fixed target, whereas mGi and ARR1 were used as
probes. All known cryo-EM complexes between the RHO receptor (in the
opsin or MII states) and Gt, Gi, or ARR1 were reconstituted to probe the
methodology. Because no high-resolution structural model has been
released so far, docking simulations were carried out to build the com-
plex between WT RHO MII (PDB: 3pxo) and ARR1. In all docking runs, a
dense rotational sampling was set. The best 4000 solutions from each
run were filtered according to the distance (12 f\) between the Ca-atom
of R135 of RHO and either L353 in the C-term of mGi or L78 in the finger
loop of ARR1. The filtered solutions were subjected to cluster analysis
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(with a Ca-RMSD cutoff = 2 A) followed by visual inspection of the
cluster centers as in [30]. From each docking run, the most native-like
solution was selected. In detail, a docking solution was considered as
native-like if the inter-protein interface held a Ca-RMSD <2.5 A with
respect to the high-resolution complexes. The receptor-mGi interface in
6cmo and 6qno was considered for the opsin-mGi and MII-mGi com-
plexes, respectively, whereas the receptor-ARR1 interface in 5wOp and
in a complex modeled by docking ARR1 onto MII was considered for the
opsin-ARR1 and MII-ARR1 complexes, respectively. The interface-
residues employed to compute the Ca-RMSD of the native-likeness
were those holding at least one atom at 7 A distance from any atom in
the interacting partner. The maximal number was taken from the anal-
ysis of all predicted complexes and the gaps made by few amino acids
were filled. The final amino acid selections were the following: a) for
RHO-mGsi, RHO: 67-73, 131-152, 223-257, and 305-313, mGsi:
27-32, 193-195, 308-321, and 334-354; b) for RHO-ARR1, RHO:
66-74, 131-151, 222-254, and 306-316 and ARR1: 66-88, 126-145,
160-164, 248-256, 292-293, and 319-322.

In the opsin-ARR1 bound state, intracellular loop 2 (IL2) holds a two-
turn helix, while it is in random conformation in the isolated and G
protein-bound states. MD simulations suggest that such helix can form,
but rarely, in the isolated states. ARR1 binding likely selects structures
with the IL2 in helical conformation. Based on this evidence, for docking
simulations with ARR1, the crystal structures of WT MII (PDB: 3pxo),
G90D (opsin) and T94I (MII) and, for all other forms, the frames closest
to the opsin structure in the 5wOp complex were used with their IL2 in
the original random conformation or with IL2 in ARR1-bound helical
conformation, upon mounting the IL2 extracted from the 5wOp complex.
All docking simulations produced native-like complexes, but the best-
scored and native-like complexes were achieved when IL2 holds two-
turn helix. The results that are shown herein concern the latter
conditions.

The selected complexes were subjected to the PSN analysis by the
PSNtools software [34]. Briefly, PSN analysis is an application of the
graph theory to protein structures. In a protein structure graph, each
amino acid is a node and pairs of nodes are connected between each
other if the strength of the non-covalent interaction is higher than a
cutoff. Nodes involved in at least four links are defined as hubs. The
analysis of receptor-mGi and receptor-ARR1 interfaces relied on the
interaction strength of those WT links (native links) involving at least
one hub (Hlinks) in the interface of the opsin or MII receptor forms. In
the four variants of RHO (G90D, T941, W265R, and A269V) the force of a
native Hlink was set to zero if neither one of the two linked nodes
behaved as a hub.

2.4. cDNA constructs

WT RHO cDNA in the pRc/CMV expression vector [12] was used for
site directed mutagenesis to generate the W265R, A269V, G90D and
T941 adCSNB variants. Q5 Site-Directed Mutagenesis Kit (NEB) was used
to introduce the desired base change with specific primers (Table 2),
following manufacturer's instructions. The mutagenized cDNAs were
checked by Sanger sequencing.

For BRET experiments, WT and mutant RHO cDNAs were cloned in
the mammalian expression plasmid pcDNA3.1-Rluc8 using Nhel/BamHI
restriction sites. In order to link in frame at the C-term the WT and
mutant RHO to Renilla Luciferase (Rluc8), the stop codon was removed
at the 3’ end of RHO ¢DNA. The open reading frames of RHO-Rluc8 in
pcDNA3.0-RHO-Rluc8 were checked by sequencing.

The c¢DNA encoding truncated ARR1 (tARR1), containing amino
acids 1 to 378, was amplified from human retina ¢cDNA using specific
primers:

h-SAG-Fw - CCATGGCAGCCAGCGGGAAGAC;
h-SAG1-378-Rev - CGGGATCCAACTAAATTTGCATCCTGATAACTTT
cC
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Table 2
Primers used for site-directed mutagenesis.
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Mutation Forward primer” Reverse primer

G90D GTCCTAGGTGACTTCACCAGC CATGAAGAGGTCAGCCAC

T941 TTCACCAGCATCCTCTACACC GCCACCTAGGACCATGAA

W265R CCTGATCTGCCGGGTGCCCTA AAAGCGATGACCATGATGATGAC
A269V GTGCCCTACGTCAGCGTGGCA CCAGCAGATCAGGAAAGCGATGACC

2 Bold and underlined letters represent the mutagenized base.

and cloned into pcDNA3.0-YFP using Nhel/BamHI restriction sites to
generate the construct pcDNA3.0-tARR1-YFP with tARR1 in frame with
YFP. The plasmid pVenus-C1, containing miniGsi (NES-Venus-mGsi) in
frame with the Venus cDNA, was used for miniGsi (mGsi) expression
[351.

2.5. In vitro subcellular localization analysis

WT or mutant RHO in the pRc/CMV plasmids were transfected in
COS-7 cells (CRL-1651, ATCC) using Escort III transfection reagent
(Sigma Aldrich). Cells were treated with either 10 pM 11-cis-retinal
(Sigma Aldrich) or 9-cis-retinal (Sigma Aldrich) or vehicle (dimethyl
sulfoxide, DMSO; Sigma Aldrich) 24 h after transfection.

ER and plasma membrane localizations were analyzed as previously
published [12]. Briefly, ER localization of RHO protein was detected
with the 1D4 mAb (1:500; Sigma Aldrich), which binds an intracellular
epitope at the C-term of RHO, and with a-CLNX (1:100; StressMarq
Biosciences), which identifies the ER resident protein calnexin (CLNX).
RHO at the plasma membrane was visualized, in the absence of cell
permeabilizing agents, with RetP1 mAb (1:500; Thermo Fisher), which
binds an extracellular epitope at the N-term of RHO. Images were ac-
quired at a Zeiss Axio Imager A2 microscope with Zen Blue Software and
co-localization analyses based on PCC were performed with Fiji (ImageJ,
National Institute of Health, Bethesda, MD, USA) as previously described
[12]. PCC values can range from 1 to —1, where a value of 1 represents
perfect correlation, value of —1 is perfect but inverted correlation and
values near zero represent distributions of fluorescent signals that are
uncorrelated (Dunn et al., 2011).

For the evaluation of RHO localization at the plasma membrane, the
number of cells labelled at the extracellular N-term in the absence of
membrane permeabilization (RetP1") was divided by the number of
transfected cells expressing RHO in any cellular compartment and
visualized after membrane permeabilization (1D47).

2.6. cAMP assay

COS-7 cells were seeded at the concentration of 20,000 cells per well
in 96 well plates in technical duplicates for each condition. Cells were
transiently transfected with Metafectene PRO (Biontex Laboratories
GmbH) in suspension with 100 ng of pcDNA3.0-RHO-WT-Rluc8 plasmid
and with 100 ng of pcDNA3.0-Gi-YFP plasmid encoding a Gi protein in
frame with YFP [35]. 48 h after transfection, cells were treated as follow:
20 min of pre-incubation with 500 nM 3-isobutyl-1-methylxanthine
(IBMX; Sigma Aldrich), phosphodiesterase enzymes inhibitor, followed
by 15 min of incubation with 500 nM IBMX and 10 pM 9-cis-retinal or
DMSO (vehicle) and 5 pM coelenterazine h (CTZh; NanoLight Tech-
nologies). Cells were then treated with 5 pg/ml cholera toxin to activate
Gs (Sigma Aldrich) and lysed by freeze-thaw. cAMP in the lysate was
quantified by Detect X Direct Ciclic AMP ELISA kit (Arbor Assays)
following manufacturer instructions. Absorbances were measured at
450 nm with the GlowMax Discover System (Promega).

2.7. Bioluminescence Resonance Energy Transfer (BRET)

To assess coupling of RHO to Go protein we co-expressed RHO-Rluc8
(WT or adCSNB variants) with mini Gsi (mGsi), a G protein that had

been developed to test GPCR-G protein coupling using BRET [35]. mGsi
was chosen because RHO had been previously crystallized with a miniG
protein, containing only the ras domain [36].

pcDNA3.0-RHO-Rluc8 and either NES-Venus-mGsi or pcDNA3.0-
tARR1-YFP were transiently transfected in COS-7 cells using Meta-
fectene PRO (Biontex Laboratories GmbH). In order to evaluate the best
transfection condition for BRET experiments, we tested 25, 50 or 100 ng
of plasmids expressing the different RHO variants and different amounts
of either NES-Venus-mGsi or pcDNA3.0-tARR1-YFP and 100 ng of
pcDNA3.0-RHO-Rluc8 was selected as optimal amount for RHO
expression. Transfections for BRET assays were performed in a final
volume of 50 pl/well of transfection mixture containing 100 ng of
pcDNA3.0-RHO-Rluc8 (either WT or mutant RHO) and increasing
amounts of NES-Venus-mGsi or pcDNA3.0-tARR1-YFP plasmids (0 to
400 ng). For coupling analysis, 48 h after transfection, cells were incu-
bated in serum-free medium for 24 h with either DMSO (vehicle) or 10
UM 9-cis-retinal, the chromophore. 72 h after transfection, cells were
exposed to 5 pM CTZh, the Rluc8 substrate, and light emissions from
Rluc8 (480 nm) and YFP or Venus (530 nm) were detected with a
CLARIOstar plate reader (BGM Labtech).

Based on data collected from coupling experiments, BRET experi-
ments in kinetics were performed on COS-7 cells transfected with 100
ng/well pcDNA3.0-RHO-Rluc8 and 100 ng/well of either NES-Venus-
mGsi or pcDNA3.0-tARR1-YFP (ratio 1:1). 48 h after transfection,
Rluc8 and YFP or Venus emissions were measured with a CLARIOstar
plate reader every 3 s for a total time of 30 min. After the first 10 min,
either 10 pM 9-cis-retinal or control vehicle (DMSO) were added to each
well and light emissions were recorded in real time for the remaining 20
min. BRET data derive from 4 different biological replicates.

2.8. Data analyses

We performed at least four biological replicates for each experiment
and data are represented as the mean + standard error of mean (SEM).
For the analysis of membrane/total RHO and ER localization, One-Way
ANOVA with Sidak's multiple comparison test was applied using
GraphPad Prism 9.0 and p < 0.05 was considered significant. For BRET
coupling and kinetics experiments, the Area Under the Curve (AUC) was
measured for each RHO variant, and AUC of 9-cis-retinal treatment were
compared to vehicle treated samples using the Mann-Whitney's U test.

3. Results

3.1. Identification of two novel pathogenic RHO variants in adCSNB
patients

We identified two French families (families 1 and 2) with novel
missense pathogenic variants in RHO, ¢.806C>T (p.A269V) and
¢.793T>C (p.W265R), respectively. The four-generation family 1 pre-
sented typical Riggs-type of CSNB segregating as an autosomal dominant
trait (Fig. 1A). The index patient (III:2) and her daughter (IV:3) com-
plained about non-progressive night blindness with normal day vision
since early childhood. The index patient's daughter (IV:3) was not
available for an ophthalmic examination but the index patient (IIL:2)
was clinically investigated. The 50-year-old index patient reported signs
of nyctalopia since childhood and photophobia since the age of 45 years.
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Fig. 1. Pedigrees and clinical characterization of adCSNB patients. (A) Pedigrees of families 1 and 2 with adCSNB. Filled symbols indicate affected family members;
squares: males; circles: females; arrow: index patient; slashed symbols: deceased persons. M indicates the presence of the pathogenic variant and + indicate the WT
allele. (B) Electropherograms show the normal control sequence and affected sequence (index individuals, red arrow) surrounding the RHO pathogenic variants. (C)
Full-field ERGs from normal control and index patients III:2 (family 1) and I:1 (family 2). (D) Dark-adaptation curve of index patient IIl:2 (family 1) compared to
normal curve. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

Her best corrected visual acuity was 20/20 on both eyes. The fundus
showed no sign of retinal degeneration as the posterior pole, macula,
and optic discs had normal appearance except for a discrete peripapil-
lary atrophy related to myopia. The retinal vessels were not attenuated.
The fundus autofluorescence (FAF) and the spectral-domain optical
coherence tomography (SD-OCT) were normal. The ERG profiles of the
index patient and a representative control subject are shown in Fig. 1C
and D. Scotopic ERGs, that assesses rod photoreceptor functionality, was
severely reduced but recordable. Photopic ERGs and 30-Hz-flicker ERG,
that primarily assess cone photoreceptor functionality, did not show
alterations (Fig. 1C). Dark adaptometry revealed a total absence of rod
adaptation at 30 min and a weak adaptation of the cones (Fig. 1D).

In family 2, the index patient (I:1) complained about non-progressive
night blindness with normal day vision since early childhood. At pre-
sentation, the 37 year-old index subject had neither visual field loss nor
photophobia and had normal visual acuity at 20/20 in both eyes. The
fundus and FAF examinations of the index patient were normal. The
ERGs showed the absence of rod responses while the cone responses
were normal (Fig. 1C). The dark adaptometry test could not be per-
formed for the index patient in family 2. The son of the proband (II:1), 3-
year-old, was too young for a complete ophthalmic examination but also
presented signs of night blindness.

Direct sequencing of the three known genes underlying adCSNB of
the index patients of families 1 and 2, revealed a heterozygous c.806C>T
variant resulting in a p.A269V alteration and a heterozygous ¢.793T>C
variant resulting in a p.W265R alteration in RHO (NM_000539.3),
respectively. Both variants were in exon 4. No disease-causing variants
in PDE6B and GNAT1 were detected. The p.A269V variant co-segregated
with the phenotype in all available members of family 1 (Fig. 1A and B).
DNA was not available for sequencing from other members of family 2.
Both variants were absent from the human public database gnomAD and

were predicted to be damaging by all the pathogenicity prediction
software used (Table 1; PolyPhen2, SIFT, Provean, align-GVGD, REVEL,
CADD and Varsome).

3.2. Structural effects of the adCSNB variants on the RHO protein

The structural effects of the adCSNB-linked W265R and A269V
variants were first analyzed in silico. The amino acid residues W265 and
A269 lie on the extracellular half of H6 two positions upstream and
downstream of the highly conserved P267 residue, which confers
functionally important conformational degrees of freedom to the helix
(e.g., a kink in the inactive state of the receptor). In the dark state
structure of RHO, W265 makes van der Waals interactions with the
p-ionone ring of 11-cis-retinal. Such interactions are lost in the photo-
activated states, due to the all-trans isomerization of the chromophore.
Arginine substitution for W265 induces the formation of a salt bridge
with E122 on H3 (Fig. 2). Such salt bridge persists in all frames of
equilibrium MD simulations of the W265R mutant in both the opsin and
MII states. A269V faces both F208 and F212, situated six and two po-
sitions upstream of the conserved P215, and causes a peculiar defor-
mation in H5 (Fig. 2), altering local H5-H6 packing interactions. The
local perturbations induced by the two H6-variants differ significantly
from the two H2-variants, G90D and T941, which perturb the Schiff base
by salt bridge or van der Waals interactions with K296 (Fig. 2).

The a-helix containing W265 and A269 is central in the process of
RHO activation, which is characterized by conformational changes in
H5 and outward movements of H6, coupled to breakage of the dark RHO
salt bridges between R135, of the E/DRY motif, and E134 and E247
[37]. Such structural changes favor the formation of a binding site for
Gt, participated by the cytosolic extensions of H3 (containing R135), H5
and H6, the N-term of H8, the three intracellular loops (IL) and the C-
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Fig. 2. Structural models of adCSNB variants in RHO. Side view, in a direction parallel to the membrane surface, of the crystal structures of WT (pdb: 3cap), G90D
(PDB: 4bez) and T94I (PDB: 5dys), and of two frames of W265R and A296V from molecular simulations. The cytosolic side is at the top. H1, H2, H3, H4, H5, H6, and
H7 are colored in blue, orange, green, pink, yellow, cyan, and violet, respectively; N-term and C-term, the latter including H8, are red, IL1 (intracellular loop 1) and
EL1 (extracellular loop 1) are lime, IL2 and EL2 are grey, and IL3 and EL3 are magenta. The all-trans-retinal, present only in T94I, is shown in black sticks. Mutation
sites, mutated side chains and surrounding amino acids are represented in sticks. (For interpretation of the references to color in this figure legend, the reader is

referred to the web version of this article.)

term [26,31,38]. ARR1 competes for the same Gt-protein binding site on
RHO [32].

We first investigated if the two novel H6-variants could cause mis-
folding of mutant opsin. To this end, we exploited a computational
model based on unfolding simulations and PSN analyses that we
developed for 39 adRP RHO mutants [22]. In that model, the mutation-
caused structural perturbations compared to the WT were expressed in
terms of native hubs (i.e. nodes involved in at least four links) and their
links with reduced frequency over the simulation time. Hub and hub-
link weakening were translated into a network perturbation (NP)
index that linearly correlated with the PCC index of ER retention
calculated by expression of the RHO mutants in vitro (Fig. 3A and B). The
W265R and A269V NP indexes (25.26 and 22.56, respectively) in the
presence of 11-cis-retinal indicated no misfolding. The NP index was,
then, used to predict their PCC, i.e. 0.45 and 0.42, respectively, which
suggested no or minimal of ER retention when bound to retinal. The
analysis of the hub-mediated retinal-mediated sub-network (i.e., the
stable native network mediated by hubs in the first and second inter-
action shell of retinal), otherwise, showed slight perturbation and
weakening of the Hlinks, which were more evident in W265R compared
to A269V (Fig. 3C and D). This suggested that the H6-variants, in
particular W265R, although non-misfolded might be perturbed in the
retinal binding site.

Based on the in silico studies, we assessed whether H2- and H6-
variants disturbed plasma membrane localization. The subcellular
localization of G90D and T94I, did not significantly differ from WT RHO
in the presence or absence of 11-cis-retinal (Fig. 3E-G). Colocalization
analysis of the two novel H6-variants with CLNX, an ER resident protein,
highlighted slight retention in the ER of A269V in absence of retinal
(PCC = 0.56 4 0.12, *P < 0.05), whereas W265R behaved as WT (PCC
= 0.5 £ 0.10) (Fig. 3F-G). The exposure to 11-cis-retinal restored
localization of A269V to a value similar to WT (PCC = 0.51 4 0.09), but,
interestingly, slightly increased retention in the ER of W265R (PCC =
0.58 + 0.11, **P < 0.01, Fig. 3F and G). The effect of retinal on ER
retention of W265R might be related, at least in part, to Hlink pertur-
bations in the retinal binding site, as inferred from PSN analysis and not
present for the A269V variant (Fig. 3C and D). Overall, these data
showed that the adCSNB variants are not majorly misfolded and could
reach the plasma membrane.

We then inferred the effects of H2- and H6-variants on the intrinsic
dynamics of RHO by analyzing the conformational ensemble from

equilibrium MD simulations of the active opsin and MII forms. The
fluctuations of the Ca-atoms deduced from the Ca-RMSF profiles sug-
gested that, for all variants in both states, the most flexible regions are
the N-term, IL2, IL3, the cytosolic protrusions of H5 and H6, EL3, and H8
(Fig. S1A). In the opsin state, the H6-variants show higher flexibility of
the H5-IL3-H6 portion compared to the MII state of the same variants
and both states of the H2-variants (Fig. S1A and B). Moreover, in the
opsin state, both H2- and H6-variants show increased flexibility of HS8,
which is higher than the respective MII states (Fig. S1A and B). This
observation clearly emerges from the Ca-RMSF profiles averaged over
the two states of the H2- or H6-variants and mapped onto the 3D
structures (Fig. S1C and D). In line with fluctuation profiles, the analysis
of collective motions by the PCA of the Co-atom fluctuations showed
that the first three principal components (PC) describe collective dis-
placements of IL2, IL3, the cytosolic extensions of H5, H6 and H8, that
likely deform the G protein and ARR1 binding sites. Such deformations
were associated to changes in the SASA indexes of selected cytosolic
amino acids: L72, Y74, R135, V139, T251, 1255, K141 and M309. SASA
index is a hallmark of the inactive and signaling active states of RHO:
269.47 + 38.44 A2 for the crystal structures of dark RHO (PDB: 1ul9,
1gzm, and 2ped) and 620.95 + 29.39 A? for the structures of activated
RHO, either in the isolated state or in complex with G protein/arrestin
(PDB: 3cap, 5w0p, 6cmo, 60y9, 6oya, and 6qno). For the crystallo-
graphic structures of G90D opsin and T94I MII the SASA indexes were
610.00 A% and 602.52 A2, respectively. As for the conformational en-
sembles of the H2 and H6 variants, in the opsin and MII states, we
calculated a median SASA index of 535.57 + 46.37 A2 (Fig. S2).

Altogether, these analyses suggested that, by different ways and
extents, mutations in H2 and H6, while not misfolding, affect the dy-
namics of the cytosolic crevice involved in G protein/arrestin
interaction.

3.3. RHO coupling to G protein is affected in adCSNB variants

Based on MD simulations, we probed the propensity of the adCSNB
variants to interact with the G protein (mGi, see Methods) by docking
simulations. For all predicted complexes, the interface Ca-RMSDs be-
tween predicted and native complexes were significantly lower than the
2.5 A cutoff, chosen to define an interface as a native-like. Collectively,
these results suggested that the four considered variants were able to
form native-like complexes with the G protein. The receptor-mGi
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Fig. 3. Assessment of misfolding of adCSNB variants. (A) The mutation sites on the structure of RHO are represented as spheres centered on the Ca-atoms on the
crystal structure of dark RHO (PDB: 1ul9). While the majority of the spheres concerns the adRP mutation sites used to calibrate the computational model, the two
spheres with the red labels concern the novel adCSNB variants in H6 (cyan). (B) The scatter plot shows the linear correlation between the NP index accounting for
mutational effects on the native structure network and the PCC index accounting for ER retention. Low NP index denotes no or minimal effects on structure network,
low PCC index indicates no or low ER retention. Dots are colored according to the amino acid structural location, as shown in panel A. The two H6-variants linked to
adCSNB are shown in white. (C-D) The 2D-networks concerning hubs (pentagons) and their links in the retinal-binding pocket (RET = 11-cis-retinal) of WT RHO are
shown. Coloring of links and nodes indicates the perturbation caused by W265R (C) or A269V (D) as depicted in the color legend. The color of each hub represents
the percentage of perturbed hub-links (i.e., with reduced frequency with respect to the WT). Each link is colored according to its perturbation compared to the WT.
The asterisk on the W265 means that such native hub is replaced by arginine in the considered mutant. A269 is not a hub and thus not shown in the fig. (E) Mi-
crographs of immunofluorescence analyses of WT and mutant RHO (1D4, red) and the colocalization with ER marker CLNX (green) in the presence or absence of 10
pM 11-cis-retinal (1D4/CLNX). Membrane localization of RHO WT and adCSNB variants was assessed with RetP1 antibody in the absence of plasma membrane
permeabilization (RetP1). (F) Histogram representing PCC values of RHO-CLNX colocalization. (G) Histogram shows the quantification of WT and mutant RHO at the
plasma membrane based on the ratio of the number of cells presenting RHO at the plasma membrane (RetP1") versus total number of transfected cells (1D4™). (One
!Vay ANOVA; *P < 0.05; **P < 0.01). (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

interface in the most native-like complexes underwent PSN analysis,
focusing on those links that characterize the reference complexes be-
tween mGi and WT active opsin or MII (i.e., native links). The native
links involving at least one hub node (i.e., Hlinks) turned out to be
proper reference frames to infer the effects of the H2- and H6-variants on
mGi coupling. In fact, hubs are hyperlinked nodes and the hot spots in
protein-protein recognition often fall in densely packed regions (hot
regions) of interfaces [39]. Indeed, the total force of the interface native-
Hlinks was able to distinguish the opsin and MII states of RHO in com-
plex with mGi (Fig. 4).

In the native complexes between opsin/MII and mGi, the C-terminal
helix (a5) of the G protein docks onto a cavity participated by H2, H3,
H5, H6, and H8 of RHO, whereas the N-terminal helix (aN) and the p6-
strand with IL2 and IL3 of RHO, respectively (Figs. 4A and S3A). PSN
analysis of the receptor-mGi interface showed that the distribution of the
22 native Hlink-nodes in mGi was the following: 15 (68 %) in a5, 5 in 6,
and 2 in oN, with two interface hot regions participated by 6 and a5 of
mGi (Figs. 4 and S3A and Table S1). The total interaction strength of the
interface native Hlinks was 64.66 % and 114.41 % for the native com-
plexes involving opsin and MII, respectively (Fig. 4A and B), suggesting
that the index could roughly mark receptor-G protein coupling effec-
tiveness. On these bases, the index was employed to investigate the ef-
fects of the H2- and H6-variants on the RHO-mGi interface in the
absence and presence of all-trans-retinal. In the opsin states and MII
states, the indexes were higher in the H6-variants when compared to the
H2-variants (Fig. 4B and C, Table S1). Otherwise, the difference between
MII and opsin states (AHlinks) highlighted the following trend: T94I >
WT > G90D > A269V > W265R (Fig. 4B-D). H6-variants had negative
AHlinks, indicating better coupling in the opsin state than in the MII
state. In summary, in the opsin states and compared to WT, the H6-
variants displayed stronger coupling with mGi than the two H2-
variants. On the contrary, in the MII states and compared to the opsin
states, the WT and the two H2-variants, in particular T94I, improved
their coupling while the two H6-variants slightly worsen their interac-
tion with mGi (Fig. S4).

To experimentally confirm the in silico finding we assessed RHO
coupling to G protein by BRET. The assay was based on co-expression of
RHO linked at the C-term to Rluc8 together with a mGsi protein linked to
Venus (see Methods for details).

To define whether the BRET technique could be appropriate to test
binding of RHO to the G protein o subunit, we verified if, in the presence
of CTZh, the substrate of Rluc8, emission of visible light by the enzyme
could isomerize 9-cis-retinal and activate RHO. In this assay we chose to
test interaction of WT RHO with Gi because Gt is a Gi/o subfamily
member [40] and RHO was previously shown to bind Gi [31]. Besides,
the assay with Gi provided us with a measurable outcome, which was
the concentration of the second message cAMP. To this purpose, COS-7
cells co-transfected with RHO-Rluc8 and Gi protein linked to YFP were
treated with the chromophore 9-cis-retinal and CTZh. Gi-YFP is a
construct similar to the one used for BRET assay (mGsi) but contains the
entire Gi necessary for interaction and inactivation of adenylate cyclase.

Samples co-expressing RHO and Gi and treated with 9-cis-retinal, upon
exposure to CTZh, displayed reduced levels of cAMP (Fig. S5), demon-
strating that visible light emitted by Rluc8 could activate RHO, which, in
the artificial system based on expression of Gi, transduced the signal and
caused inhibition of the adenylate cyclase and decrease of intracellular
levels of cAMP.

Coupling of the RHO-RLuc8 with the G protein was then tested by
adding increasing amounts of Venus-mGsi. BRET saturation curves were
obtained for WT RHO and adCSNB variants both in the presence and
absence of 9-cis-retinal, indicating specificity of interaction (Figs. 5 and
S6). The specificity of the coupling was confirmed by the left-shifted
coupling curve, as well as higher plateau levels, of RHO WT in pres-
ence of 9-cis-retinal (Figs. 5A and S6B, green lines). These observations
suggested that RHO could be reconstituted with 9-cis-retinal and, upon
light emission from Rluc8, activated and enabled to bind the mGsi. BRET
saturations curves highlighted different ratios of protein-protein inter-
action among the adCSNB variants when compared to WT RHO. Spe-
cifically, we observed a higher interaction with mGsi of H6-variants in
the absence of retinal compared to WT RHO (Fig. 5A and D-F, black
curves), which suggested constitutively activated conformations of
W265R and A269V variants. In contrast, H2-variants were characterized
by lower binding to mGsi in the absence of retinal (Fig. 5A-C, black
curves, and F). While H2-variants increased their interaction with mGsi
in the presence of the 9-cis-retinal, the novel pathogenetic H6-variants,
in this same condition, displayed equal or reduced coupling with mGsi,
as accounted for by the difference in BRET area under curve (AAUC)
between MII, stimulated with retinal and light, and opsin states, in the
absence of retinal (Fig. 5G). Remarkably, those trends were consistent
with the results of docking simulations (Fig. 4). In fact, for both the opsin
and MII states, the BRET calculated AUC linearly correlated with the
Hlink interaction strength (R> = 0.94 and R? = 0.92, respectively)
(Fig. S7).

For a longitudinal analysis of RHO binding with the G protein over
time and to finely measure the rate of interaction between the RHO-
Rluc8 and Venus-mGsi after isomerization of 9-cis-retinal, we per-
formed coupling kinetics. RHO WT coupling with mGsi reached the
plateau at 400 s after treatment with 9-cis-retinal, while slower kinetics
were observed for all adCSNB variants (Fig. 6A-E). Specifically, G90D
had a right-shifted peak, indicating slower interactions with mGsi when
compared to WT RHO (Fig. 6B). Similarly, T94I had slower coupling to
mGsi than WT, although the interaction constantly increased over time
reaching levels higher than WT RHO (Fig. 6C). Differently, no significant
change in coupling of W265R and A269V variants with mGsi could be
detected upon exposure to 9-cis-retinal (Fig. 6D and E). To quantify these
results, we calculated the AUC in the presence and absence of 9-cis-
retinal for WT RHO and each variant and confirmed higher coupling to
mGsi of T94I than WT, while no interaction changes of W265R and
A269V was induced by retinal (Fig. 6F).

In summary, molecular simulations and coupling experiments
highlighted that H6-variants are prone to constitutively couple to the G
protein and suggested that these variants may maintain an activated
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Fig. 4. PSN analyses of the predicted interfaces in the complexes between the adCSNB variants and mGi. (A) Cartoon representations of the cryoEM structures of the
complexes of WT opsin (left) and WT MII (right) with mGi (PDBs: 6¢cmo and 6qmo, respectively) in which the extracellular halves of the receptors are not shown. The
native interface-Hlinks and the involved nodes are shown. Links are colored according to their interaction strength (see the color legend at the bottom of the figure)
whereas nodes are colored according to the average interaction strength of the links they are involved in. (B) Histograms of the summations of the interaction
strength of all interface native Hlinks for the opsin (filled histograms) and MII (dashed histograms) states for WT (black), G90D (red), T94I (green), W265R (blue),
and A269V (violet). (C-D) The predicted complexes between the opsin forms (C) and MII forms (D) of G90D, T941, W265R, and A269R and mGi are shown. The native
interface-Hlinks and the involved nodes are colored according to the interaction strength. (For interpretation of the references to color in this figure legend, the

reader is referred to the web version of this article.)

state when retinal is released upon light stimulation. Differently, H2-
variants displayed a slow binding to G protein, with T94I strongly
increasing the coupling with mGsi when activated.

3.4. Effects of adCSNB variants on coupling of RHO with ARR1

The PSN-based approach employed to analyze the RHO-mGi in-
terfaces was applied to the RHO-ARR1 complexes. In the native complex
between RHO opsin and ARR1 (PDB: 5wO0p) the phosphorylated C-term
of the receptor interacts with the N-terminal domain of ARR1 forming
the interface-1, whereas the other cytosolic portions of the RHO form the
interface-2. The latter is contributed by IL1, IL2, H2, H3, H5, H6, and H8

of RHO and finger loop, C-loop and p-strands 5, 6, 9, 15, and 16 of ARR1
(Fig. S3B). The finger loop of ARR1 docks in the same receptor site as the
a5-helix of the G protein (Fig. S3A and B). It is worth noting that the
structural models of RHO used herein lacked the C-term, therefore, only
interface-2 was considered in the analysis. The best predicted RHO-
ARR1 complexes, held an average RMSD from the experimental inter-
face equal to 1.17 A (Fig. $8). PSN analysis of the predicted interface
showed 17 out of 28 (61 %) Hlinks involving the region 66-83, which
comprises the finger loop and the N-terminal portion of 6 of ARR1 and
H3, H5, H6, H8, IL2, and IL3 of RHO (Table S2, Figs. 7 and S3B). Native
Hlinks formed approximately two hot regions at the interface of the
complexes between ARR1 and WT opsin/MII. One hot region was
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< 0.05. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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histograms) and MII (dashed histograms) states are shown for WT (black), G90D (red), T94I (green), W265R (blue), and A269V (violet). (C-D) The predicted
complexes between the opsin forms (C) and MII forms (D) of WT and CSNB variants and ARR1 are shown. The native interface-Hlinks and the involved nodes are
colored according to the interaction strength. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of

this article.)

contributed by the finger loop of ARR1 and H2, H6, H8, and IL1 of RHO,
whereas the second hot region involved the strands 5, 6, 9, 15, and 16
and the C-loop of ARR1 and H5 and IL2 of RHO (Figs. 7, S3B and
Table S2). Both regions were strengthened in the predicted native
complex with MII compared to opsin (Fig. 7). As shown for mGi, the
summations of the Hlink forces distinguished the opsin and MII forms of
WT RHO, being 151.07 % and 235.57 %, respectively (Fig. 7B and
Table S2). The same index computed on the adCSNB variants indicated
that, while the strength of the interface for the WT and both H2-variants
augmented from opsin to MII, the two H6-variants showed a decreased
index (Fig. 7B-D, Table S2).

With the aim of assessing coupling of RHO to ARR1 by BRET assay,
we were aware that COS-7 cells do not express the GRK1 enzyme
necessary for phosphorylation of the carboxy-terminal region of RHO
and for ARR1 recruitment. Furthermore, no rod photoreceptor specific
cell line expressing GRK1 was available. To overcome this limitation, we
took advantage of a modified ARR1 (tARR1), which lacks of the C-term
domain, and that was previously shown to be able to bind to activated
RHO in a phosphorylation-independent manner [20,41]. tARR1 linked
to YFP was, thus, used for BRET assays. Experimental conditions were
optimized upon testing different concentrations of RHO-RLuc8 and
increasing amounts of tARR1-YFP (Fig. S9 and 8). Coupling experiments
confirmed specific binding of WT RHO to tARR1 which occurred only
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after exposure to 9-cis-retinal, indicating that tARR1 was able to bind
only to activated RHO. WT RHO displayed the highest BRET coupling
signal to tARR1 and H2-variants recorded a coupling similar to WT RHO
(Fig. 8A-C and F). Otherwise, W265R and A269V mutations significantly
reduced binding to tARR1, in particular W265R appeared to be unable
to bind (Fig. 8D-F). Interestingly, for both opsin and MII states, the BRET
AUC values linearly correlated with the values of Hlink interaction
strength (R? = 0.92 and R? = 0.96, respectively, Fig. $10).

We analyzed 9-cis-retinal-dependent coupling kinetics between
RHO-Rluc8 and tARR1-YFP (Fig. 9). The coupling curve of WT RHO
reached a plateau three-times higher than vehicle-treated controls 400 s
after 9-cis-retinal injection (Fig. 9A). Differently, all adCSNB mutants
failed to attain a plateau and displayed different kinetics with the
exception of A269V, that displayed maximal coupling at a time around
1000 s (Fig. 9B-E). The G90D variant had a slower but constantly
increasing interaction with tARR1 and, similarly, the coupling curve of
the T94I constantly increased over time reaching interaction values
higher than WT RHO, but without getting to a plateau (Fig. 9B and C).
W265R was the only variants that did not display any binding to tARR1
in the presence or absence of 9-cis-retinal (Fig. 9D), as also confirmed by
the quantification of the effect of retinal (Fig. 9F).

Altogether these data suggested a slower kinetic of binding of the
adCSNB pathogenetic variants to ARR1 with W265R failing the binding
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with ARR1 upon activation.

4. Discussion

In this study we report the identification of two new causative

pathogenetic variants in RHO linked to adCSNB and their molecular
characterization via a multidisciplinary approach. The H6-variants,
W265R and A269V, were compared to two previously reported vari-
ants lying in H2, G90D and T94I, already characterized at atomic detail
[18,19], with the aim of unraveling common or differential mechanisms
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leading to the adCSNB phenotype. We report no major misfolding
caused by adCSNB mutations based on in silico and in vitro studies, and
these data confirmed previously published studies on G90D and T941
[42]. The W265R variant increased retention in the ER upon binding
with 11-cis-retinal, differently from RHO variants causing RP. We could
explain this behavior by in silico analysis showing that the arginine
substitution for W265 perturbs the native interaction network in the
retinal binding site.

Molecular simulations showed that, by different intrinsic dynamics,
the H6-variants affect the motions of IL2 and the cytosolic extensions of
H5 and H6, and H8, thus deforming the binding sites to G protein and
ARR1, which in part overlap each other. Notably, docking simulation
suggested that folding of IL2 in a two-turn a-helix is important for the
establishment of a strong native-like interface between opsin and ARR1.
On these bases, the impaired coupling of RHO mutants with ARR1 might
be ascribed, at least in part, to failure for IL2 to acquire the peculiar
conformation. The structural effects of mutations on the hot regions at
the interfaces between RHO and either mGi or ARR1, identified H6-
variants as causing constitutive coupling with mGi, which appeared
stronger than in WT RHO. For WT and H2-variants, in particular T94I,
the presence of retinal improved the interface hot region, while a
worsening was observed for the two H6-variants, in particular W265R.
Indeed, the W265 residue is highly conserved in Family A GPCRs and
mediates the structural communication between ligand binding site of
the receptor and G protein/arrestin coupling regions in the vast majority
of structural complexes solved so far [43].

Differently from H6-variants, H2-variants showed low or no consti-
tutive coupling with mGsi and T94I could be light-stimulated to even
higher levels than WT and G90D. Nevertheless, H2-variants had slow
binding kinetics that could not reach a plateau in the time of the BRET
experiments. The low response to retinal of G90D may be explained, at
least in part, by some constitutive coupling of the RHO variant to the G
protein, as detected in the kinetics experiments (see Fig. 6B black curve).
Our results are, thus, consistent with previous studies showing that
G90D is in an active configuration and that remains activated for longer
time [42,44]. Our data also agree with the most recent report uncov-
ering that G90D produces, irrespective of retinal, continuous noise in
darkness due to concatenated electrical events of low amplitude and
high frequency [45]. The BRET assay, otherwise, identified T94I as a
mutant that binds to mGsi at higher levels that WT RHO, but with slower
kinetics. The finding of increased interaction with G protein also con-
firms the prolonged MII state for this mutant. In fact, the BRET results do
not diverge from a biochemical study on the constitutive activation of
both G90D and T94], that identified G90D as more capable to activate Gt
[14,15], because the kinetics of G90D coupling to mGsi in the absence of
9-cis-retinal, was faster than the kinetics of T94l. The BRET coupling
studies on H2-variants with tARR1 are also in agreement with the
literature that reports a reduced binding to ARR1 for G90D but not for
T94I [20].

A common feature of adCSNB mutations in RHO is that they affect
interactions with K296 in the retinal pocket [2]. Nevertheless, while the
four variants are linked to a CSNB phenotype, our results show that the
allosteric structural changes in the cytosolic regions caused by variants
in H2 or H6 are different and may differently affect RHO functionality.
Coupling and kinetics studies suggested that, while the different adCSNB
RHO pathogenetic variants are characterized by prolonged activation of
RHO, the alteration caused by variants lying in H6 are distinctive from
those lying in H2. RHO W265R and A269V variants showed no or very
limited changes in binding to G protein when reconstituted with 9-cis-
retinal, possibly because the two amino acid substitutions in H6 cause a
conformational change that allows RHO to interact with the G protein
without the need of retinal isomerization. Moreover, the phenotype for
these two RHO variants might also be amplified by the altered or low
binding with ARR1. This effect was mainly evident for the RHO W265R
variant, which failed to bind to tARR1. The constitutive activity of the
two H6-variants towards mGi coupling, combined with reduced
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desensitization by ARR1, could synergistically contribute to maintain
active phototransduction, that characterizes the adCSNB phenotype.
Differently, most mutations linked to RP cause misfolding and ER
retention, and, when localized at the retinal binding pocket, they per-
turb the pocket volume [12]. This study provides a molecular explana-
tion of the different phenotypes in RP and CSNB patients.

5. Conclusion

In the present study, the combination of molecular modeling and
simulations with subcellular localization analysis and BRET coupling led
us to gain insights into the structural characteristics of two novel RHO
mutants in helix 6. Specifically, W265 and A269 locate two positions
upstream and downstream of the highly conserved P267 residue, which
confers functionally important conformational degrees of freedom to
helix 6. Arginine substitution for W265 induces the formation of a salt
bridge with E122 on H3, whereas valine substitution for A296 alters
local H5-H6 packing interactions. Such local perturbations in the mu-
tation site, while not causing misfolding, affect the structural commu-
nication between retinal binding site and G protein/arrestin binding
regions of the RHO protein. Based on this evidence, we propose that the
H6-variants share light-independent coupling with the G protein with a
conformation similar to the activated RHO. The constitutive activation
of the G protein is exacerbated by reduced desensitization due to
impaired binding to ARR1 upon light-stimulation. On the contrary,
mutations on H2 alter the kinetics of activation and deactivation of
RHO, leading to slower recycling of the receptor and, hence, causing
night blindness.
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