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Abstract 23 

The N-terminal P23H opsin mutation accounts for most of retinitis pigmentosa (RP) cases. P23H 24 

functions and folding can be rescued by small chaperone ligands, which contributes to validate 25 

mutant opsin as a suitable target for pharmacological treatment of RP. However, the lack of 26 

structural details on P23H mutant opsin strongly impairs drug design, and new chemotypes of 27 

effective chaperones of P23H opsin are in high demand. 28 

Here, a computational-boosted workflow combining homology modeling with molecular dynamics 29 

(MD) simulations and virtual screening was used to select putative P23H opsin chaperones among 30 

different libraries through a structure-based approach. In vitro studies corroborated the reliability of 31 

the structural model generated in this work, and identified a number of novel chemotypes of safe 32 

and effective chaperones able to promote P23H opsin trafficking to the outer cell membrane. 33 
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Introduction 45 

Rhodopsin is a G protein-coupled receptor (GPCR) membrane protein that is activated by light of 46 

different wavelengths in organisms ranging from single-cell eubacteria and archaea to humans. In 47 

vertebrates, rhodopsin is responsible for vision, a process triggered by light-induced 48 

photoisomerization of the retinal chromophore from its 11-cis to the all-trans form (Figure 1). 49 

When bound to opsin forming rhodopsin, the retinal cofactor is covalently linked to the side chain 50 

of K296 through a protonated Schiff base. Retinal photoisomerization induces a number of 51 

conformational modifications to rhodopsin that finally activate the vision transduction cascade 52 

(Figure 1).1-3 Proper folding and localization of rhodopsin in the outer segment (OS) of 53 

photoreceptor cells is essential to vision. In this context, opsin mutations are among the most 54 

common cause of inherited ocular diseases, including retinitis pigmentosa (RP).4-6  55 

 56 



Figure 1. Chemical structure of the visual pigment chromophore 11-cis-retinal and its 57 

photoisomerization to the all-trans form when bound to K296 of opsin. 58 

The P23H mutation in the N-terminal tail of opsin causes structural destabilization and impairs the 59 

correct protein folding and binding to the natural chromophore 11-cis-retinal, accounting for most 60 

of RP cases with prevalence in North America (∼10% of RP cases).7-10. In addition, incorrect 61 

protein folding can also be caused by low cellular levels of 11-cis-retinal, which in these conditions 62 

is unable to satisfactorily function as a molecular chaperone for opsin. Several lines of evidence 63 

show that misfolded opsin is poorly translocated to the OS and accumulates in the endoplasmic 64 

reticulum (ER) where it causes aggregation and cellular degradation.11-13 Although the precise 65 

mechanisms leading to photoreceptor degradation and disease development are not yet elucidated, 66 

recent in vitro studies showed that the correct folding and trafficking of P23H mutant opsin can be 67 

partially rescued by small chaperone ligands, i.e., small molecules able to bind misfolded P23H 68 

opsin and restore the native conformational state of wild-type (WT) rhodopsin as well as to promote 69 

the correct receptor localization in the OS.14, 15 Encouraged by the beneficial effects of 11-cis-retinal 70 

administration in an early clinical trial,16 a number of retinal analogues have been developed.17-20 71 

However, these molecules bear major limitations associated to the photoinduced isomerization that 72 

can occur also during the protein synthesis in the ER, leading to protein instability.21 While binding 73 

and opsin chaperone properties of the retinal derivative beta-ionone (Figure 2) have long been 74 

known,22, 23 non-retinoid chaperones are highly needed as they are expected to overcome the 75 

limitations of retinoids, and to be more suitable candidates for drug development. Nevertheless, the 76 

lack of high-resolution structural details on opsin mutants strongly hampers the rational design of 77 

effective chaperones.24 At present, very few non-retinoid chaperones of P23H opsin have been 78 

disclosed, most still at a development stage that is far from translational or clinical applications. 79 

One of the most widely used small molecule chaperones of P23H opsin is the non-retinoid 80 

compound named YC-001 (Figure 2), a 2,5-dihydrofuran-2-one derivative discovered by a cell-81 



based high-throughput screen, which proved able to bind non-covalently to P23H opsin and rescue 82 

its trafficking to the membrane with in vivo efficacy.21, 25  83 

Computational tools proved highly effective in the discovery of novel small molecular chaperones 84 

of mutant opsin. NSC45012 [1-(3,5-dimethyl-1H-pyrazol-4-yl)ethanone] (Figure 2) is a weak 85 

inhibitor of opsin regeneration providing 40% rescue of the mutant opsin, which has been 86 

discovered through the docking-based virtual screening of a drug-like library of around 24,000 87 

small molecules.26 Moreover, the reversible orthosteric inhibitor of retinal binding 13-cis-5,8-ERA 88 

(Figure 2) has been discovered by virtually screening a library of more than 300,000 anionic 89 

compounds followed by in vitro validation.20 Recently, part of our group has carried out structure- 90 

and ligand-based computational studies that have led to the identification of structural and 91 

pharmacophoric features that are relevant for a molecule to stabilize the 9-cis- or the 11-cis-92 

retinal/opsin complex as well as to chaperone mutant opsin to be further developed as therapeutics 93 

for RP (i.e., compounds 7 and 11a, Figure 2).27, 28  94 

 95 

 96 

Figure 2. Chemical structure of reference chaperones of mutant opsin.  97 



 98 

Here, boosted by our interest in the development of effective P23H opsin chaperones, and taking 99 

advantage of computer-aided molecular simulations, we overcame the gap of reliable structural 100 

information on the P23H opsin mutant to allow structure-guided drug design approaches. 101 

Specifically, the structure of P23H mutant in complex with 11-cis-retinal was generated by 102 

homology modeling while its conformational behavior was studied throughout molecular dynamics 103 

(MD) simulations. Then, a representative MD frame extracted by cluster analysis was used as a 104 

rigid receptor in a structure-based virtual screening to identify new small molecules that could bind 105 

within the retinal binding site of P23H mutant opsin. To explore a wider portion of the chemical 106 

space including commercial and natural compounds, and approved drugs, different libraries were 107 

screened in silico. Cytotoxicity and the ability of virtual hits to promote mutant opsin relocalization 108 

were investigated in vitro, corroborating computational predictions.  109 

 110 

Results and discussion 111 

Homology modeling of P23H mutant rhodopsin receptor 112 

The full-length 3D structure of the P23H rhodopsin mutant was generated by homology modeling. 113 

The high-resolution crystallographic structure of the bovine full-length rhodopsin (Protein Data 114 

Bank29 accession code PDB-ID: 1U1930) was selected as a template. Analysis of the all-atom root 115 

mean square deviation (RMSD) of the P23H mutant rhodopsin homology model along MD 116 

trajectory confirmed that the protein conformation is stable during the last 200 ns (Figure 3A), 117 

which suggests that the system achieved geometric convergence in MD simulations. Cluster 118 

analysis of MD trajectories was then used to identify the centroid frame of the most populated 119 

cluster, being represented by 86% of MD frames, which was used for analysis purposes. For the 120 

sake of clarity, MD frames were grouped by a hierarchical agglomerative algorithm using distance 121 

between frames calculated via best-fit coordinate RMSD as the distance metric; the representative 122 



frame described herein corresponds to the centroid of the most populated cluster, i.e., the frame 123 

having the lowest RMSD to every other frame in the cluster. Although the P23H mutation is 124 

relatively distant from the binding site of 11-cis-retinal (approximately 16 Å) (Figure 3B), by 125 

comparing the crystallographic structure of WT rhodopsin used as structural template with the 126 

representative MD frame of the P23H rhodopsin extracted by cluster analysis, it is evident that the 127 

P23H mutation affects mainly the structure of the transmembrane domain (TMD), whereas the 128 

conformation of the 11-cis-retinal binding site is only marginally affected (Figure 3C). The 129 

representative MD frame of P23H rhodopsin was finally selected as a receptor for subsequent 130 

structure-based simulations because it describes the mutant system of interest in physiological 131 

conditions compared to X-ray structures of the WT form. 132 

 133 

 134 

Figure 3. A) All-atom RMSD of the P23H mutant opsin in complex with 11-cis-retinal cofactor. B) 135 

Structural superposition of crystallographic structures of WT rhodopsin (PDB-ID 1U19) (pink) and 136 



P23H mutant rhodopsin (cyan) depicted in front view, and C) close-up view of the 11-cis-retinal 137 

binding site. Protein structures are aligned and showed in cartoon. The 11-cis-retinal chromophore 138 

and the residues of interest are represented as sticks, while polar interactions are highlighted by 139 

black dashed lines. 140 

 141 

Docking-based virtual screening 142 

Virtual screening was aimed at identifying small molecular chaperones that might potentially bind 143 

the 11-cis-retinal site of the P23H mutant opsin. Specifically, these molecules should ideally 144 

compete with the natural substrate, which is known to bind pathological opsin mutants with weak 145 

affinity, and to restore opsin folding, functions and trafficking to the OS, as underlined by in vitro 146 

studies.20 Different libraries of compounds were selected for virtual screening, including: i) a high 147 

diversity in house library of around 1,000 natural products, ii) the DrugBank database (around 148 

2,509 approved drugs),31 and iii) the commercially available MolPort database (around 8 million 149 

compounds).32 Natural products are a unique and privileged source of hit/lead compounds with a 150 

wide chemical diversity as well as tools for understanding the chemical biology of protein targets.33, 151 

34 In this context, natural products are largely used in virtual screening and drug design approaches 152 

run by our research group, showing remarkable pharmacological activities mostly as antiviral or 153 

anti-cancer drug candidates.34-40 The DrugBank database was selected with the purpose of 154 

repositioning approved drugs, which is a widely used strategy that allows the therapeutic 155 

exploitation of a drug for a therapeutic indication that is different from that of its approval.41-43 156 

Finally, the MolPort database is a rich source of commercially available diverse structures for 157 

screening purposes. While screening libraries i) and ii) was achieved at a relatively low 158 

computation cost, screening the MolPort database containing around 8 million compounds might 159 

require much more time and resources to be completed. Given the presence of an aldehyde group in 160 

the natural chromophore 11-cis-retinal, and to restrict the searchable chemical space, the MolPort 161 



database was preliminarily filtered to identify compounds bearing up to three aldehyde groups, 162 

leading to the generation of a sub-library containing 3,195 commercially available aldehydes. 163 

All compounds (i.e., natural products, approved drugs, and aldehyde derivatives) were docked 164 

within the 11-cis-retinal binding site of P23H opsin generated by MD simulations. The validity of 165 

the docking/scoring function was preliminarily assessed by covalently and non-covalently re-166 

docking 11-cis-retinal in its binding site, which provided highly similar binding modes (Figure 4A 167 

and 4B). In non-covalent docking, the oxygen atom from the aldehyde group is oriented towards 168 

K296. In both docking settings, hydrophobic interactions of the ionone moiety with residues M207, 169 

F212, F261, and W265 were preserved as in the crystallographic structure of WT rhodopsin.  170 

 171 

Figure 4. Predicted binding poses of 11-cis-retinal (yellow) and the MolPort 019-937-085 172 

compound (pink) within the main chromophore binding site of the P23H opsin mutant, predicted by 173 

covalent docking (A and C) and non-covalent docking (B and D). Polar interactions are highlighted 174 

by black dashed lines. MolPort 019-937-085 was used as a negative control. 175 

 176 

Docked molecules were sorted according to their scoring value, and the binding mode to P23H 177 

opsin of the 100 top-ranked virtual hits from each library was visually inspected. In the case of 178 



aldehydes, the covalent docking pose bound to K296 was compared with the non-covalent pose, this 179 

latter mimicking the opsin/ligand recognition process within the retinal binding site. Similar to 11-180 

cis-retinal (Figure 4A), aldehydes sharing a comparable orientation and binding mode by covalent 181 

and non-covalent docking were selected, while all others were discarded and not processed further 182 

including in vitro tests. As an example of a discarded aldehyde, the compound characterized by 183 

MolPort accession code 019-937-085 showed an opposite binding mode in covalent and non-184 

covalent docking (Figure 4C and 4D). Indeed, in covalent docking, the aldehyde group is bound to 185 

K296 through a protonated Schiff base, with the dimethoxybenzene moiety oriented toward helices 186 

6 and 5. In non-covalent docking, the aldehyde group points toward helices 5 and 6 (Figure 4C and 187 

4D).  188 

Finally, 7 aldehydes (A1-A7) and 13 natural products (NP1-NP13) were selected for experimental 189 

validation (Figure 5). Unfortunately, no molecules from the DrugBank database exhibited an 190 

interesting profile in binding to P23H opsin in silico, thus none of the approved drugs included in 191 

this database was selected for further investigations.  192 



 193 

Figure 5. Chemical structure of putative small molecular chaperones binding the P23H mutant 194 

rhodopsin selected for in vitro evaluation. To facilitate further understanding of binding modes 195 

description, ring labels are added to chalcone derivatives.  196 

 197 



Cell viability assay 198 

The cytotoxicity of the screened compounds was tested in two different cell lines, U2OS and 199 

ARPE-19. U2OS cell line transfected with human P23H his-tagged opsin is the cellular model used 200 

in this study to determine compounds activity.27, 28 ARPE-19 cells are retinal pigmented epithelial 201 

cells, that can be considered as a model to evaluate toxicity at the eye level.27, 28  202 

Most of the compounds appeared to be not toxic at 10 µM, especially when tested on ARPE-19 203 

cells. Only two compounds, NP4 and A7, diminish cell viability by around 10%. NP4 seems to be 204 

cytotoxic by the same amount also on U2OS cells, along with NP3, NP9 and NP10 (Figure 6). 205 

Overall, cell viability for both cell lines is not lower than 90% with any of the test compounds, 206 

suggesting they are all suitable for activity evaluation in U2OS systems as potential therapeutics for 207 

eye diseases. 208 



 209 

Figure 6. Cytotoxicity evaluation of the screened compounds tested at 10µM on A) U2OS hP23H 210 

and B) ARPE-19 cells. Cell viability was determined as percentage calculated on the vehicle treated 211 

cells (0.1% DMSO). The bars represent the mean ± SEM from three independent experimental 212 

repeats. Data were analysed using one-way ANOVA, Dunnett test, comparing the mean of each 213 

column bar with the vehicle, 0.1 % DMSO (**** p<0.0001, *** p<0.001, * p<0.03). Wells 214 

containing diluted reagent with media, and without the presence of cells was considered as negative 215 

control.  216 

 217 

Single cell fluorescent microscopy 218 

U2OS cells transfected with hP23H opsin (His-tag) were used to determine the ability of the 219 

compounds to promote opsin trafficking to the membrane.28 The production of hP23H opsin is only 220 

induced in these U2OS cells when exposed to tetracycline. However, opsin bearing this mutation is 221 



misfolded and accumulates in the cytoplasm if it is not bound to 9-cis-retinal forming isorhodopsin. 222 

9-cis-Retinal is an analogue of endogenous 11-cis-retinal, which stabilizes opsin structure and 223 

promotes its trafficking to the outer cell membrane (Figure 7).1, 44 224 

To evaluate opsin localization in U2OS cells, two antibodies were used. RET-P1 antibody, bound to 225 

the secondary antibody AlexaFluor555 (red signal), binds opsin on its extracellular domain, 226 

identifying this protein when localized at the membrane; instead, the His-tag antibody, bound to 227 

AlexaFluor488 (green signal), recognizes the his-tag of the transfected opsin, detecting the total 228 

opsin expressed by cells after tetracycline induction. In this way, an active compound would present 229 

both the red and green signals, as 9-cis-retinal does, and an inactive one would present only the 230 

green signal, related to total opsin, as the vehicle 0.1% DMSO does (Figure 7).  231 



 232 



 233 

Figure 7. hP23H subcellular localization after U2OS treatment with the negative (0.1% DMSO) 234 

and positive controls (9-cis-retinal, beta-ionone, and YC-001). 9-cis-retinal was tested at 5µM (as 235 

previously reported)26, whereas beta-ionone, and YC-001 at 10 µM. Anti-His/RET-P1 refers to the 236 

images merged from RET-P1 (red), and Anti-His tag (green) staining. Instead, RET-P1 refers to the 237 

images obtained from the single RET-P1 staining. RET-P1 detects opsin protein expressed at the 238 

membrane, binding its extracellular epitope, while Anti-His tag binds opsin in its tag after cell 239 

permeabilization with 0.1% Triton. The Nuclei were stained with DAPI. 240 

 241 

The screened compounds were tested at a concentration of 10 µM, and their activity was compared 242 

to the one observed for the positive (9-cis-retinal 5 µM, YC-001 10 µM, and beta-ionone 10 µM) 243 

and negative controls (0.1% DMSO).  244 

Among the positive controls, YC-001 appears to be similarly active to 9-cis-retinal, while beta-245 

ionone is associated to a weaker activity (dotted red signals are visible around the membrane), even 246 

though they have been both previously reported to promote opsin trafficking (Figure 8).21, 22, 45 247 

None of the compounds screened in this assay appeared to be as active as 9-cis-retinal and YC-001. 248 

However, NP2, NP6, NP7, NP8, NP9, NP13 and A3 were positive to the RET-P1 signal, although 249 

opsin distribution to the cell membrane is not homogeneous but dotted and localized around the 250 

nuclei as observed in beta-ionone treated cells (Figure 8). NP5 and A6 could not be tested because 251 

insoluble at 5 mM in 100% DMSO. 252 

Overall, these data corroborate the reliability of molecular modeling predictions in highlighting new 253 

scaffolds, either of natural or synthetic origin, as potential chaperones of mutant opsin which might 254 

be further developed as effective agents for the therapy of RP. 255 

 256 



 257 

Figure 8. Human P23H opsin subcellular localization after U2OS treatment with 10 µM screening 258 

compounds (NP2, NP6, NP7, NP8, NP9, NP13, A3) that resulted positive to RET-P1 staining. 259 

Anti-His/RET-P1 refers to the images merged from RET-P1 (red), and Anti-His tag (green) 260 

staining. RET-P1 refers to the images obtained from RET-P1 staining only. RET-P1 detects opsin 261 

expressed at the membrane by binding its extracellular epitope, while Anti-His tag binds opsin in its 262 

tag (C-terminus, cytosolic) after cell permeabilization with 0.1% Triton. Nuclei were stained with 263 

DAPI. 264 

 265 

Predicted biding mode of molecular chaperones 266 

The binding mode of the most promising molecular chaperones emerged from in vitro studies was 267 

further investigated by in depth molecular docking simulations. Interestingly, the aldehyde 268 

derivative A3 successfully promotes trafficking of P23H mutant opsin to the outer cell membrane 269 

and it binds similarly to 11-cis-retinal in docking simulations. By comparing the covalent and the 270 



non-covalent docking pose of A3 (Figure 9A and 9B), a very similar binding mode was observed, 271 

although the geometry of the stacking interaction with W265 is slightly more optimized in the non-272 

covalent pose (also thanks to the sandwich with F212), most likely due to the lack of the covalent 273 

bond constraints. The free aldehyde group of A3 interacts with the side chain of Y268 in non-274 

covalent docking (Figure 9B). NP2 belongs to the family of chalcones. Its ring B stacks over the 275 

indole ring of W265 and the side chain of F212, whereas ring A is oriented toward the sidechain of 276 

K296 in a geometry that corresponds to a cation-pi interaction (Figure 9C). The catechol moiety of 277 

the dihydrochalcone NP6 anchors the side chain of K296 through H-bond interactions, as well as 278 

the backbone of C187. The ring A is stacked over the side chain of W265, while the lipophilic 279 

geranyl chain is projected towards the inner and hydrophobic part of the TMD (Figure 9D). Nicely, 280 

NP7 adopts a binding mode that is highly overimposable to that of NP6, although the lack of 281 

substituents in its ring B prevents any direct polar contacts to K296. Overall, the binding of NP7 282 

within the chromophore binding site of P23H opsin seems to be driven mostly by hydrophobic 283 

interactions (Figure 9E). Similarly, NP8 fails to H-bond the side chain of K296 but the phenolic –284 

OH in ring B is H-bonded to the side chain of Y178 (Figure 9F). The aromatic core of NP9, i.e., 285 

curcumin, is stacked to F203 and Y206, while the substituted phenyl ring is projected toward K296 286 

(Figure 9G). Although curcumin is a frequent hit in medicinal chemistry, it proved herein useful in 287 

structural stabilization of the dysfunctional P23H opsin. Finally, the prenyl group of NP13 is 288 

docked near K296, whereas the aromatic core binds in proximity to F212 and it stacks over the side 289 

chain of W265, this latter being one of the most conserved interactions among effective P23H 290 

chaperones identified in this work (Figure 9H). 291 

Overall, functional groups able to anchor K296, to stack with W265 and Y268 as well as H-bond to 292 

polar residues within the chromophore binding site of P23H opsin emerged as key pharmacophores 293 

for promoting opsin trafficking to the outer cell membrane. 294 



To quantitatively estimate the binding affinity of non-covalent P23H opsin chaperones compared to 295 

11-cis-retinal, MD simulations were carried out on docking complexes. The delta energy of binding 296 

(ΔEb) was then computed by the molecular mechanics/generalized Born surface area (MM-GBSA) 297 

approach on MD trajectories. Results clearly suggest that most of the P23H chaperones investigated 298 

herein have a ΔEb comparable or slightly lower than 11-cis-retinal, with NP6 being a stronger 299 

binder than the natural chromophore (Supporting Information, Table S2). 300 



 301 



Figure 9. Binding poses of compounds A3 predicted by a covalent (A) and non-covalent approach 302 

(B), NP2 (C), NP6 (D), NP7 (E), NP8 (F), NP9 (G), and NP13 (H). Small molecules are 303 

represented as green sticks, P23H mutant opsin is represented as cyan cartoon and the residues 304 

involved in polar or hydrophobic interactions with the small molecules are represented as cyan 305 

sticks and labelled. Polar interactions are highlighted as black dashed lines.  306 

 307 

Conclusions 308 

In this work, a reliable computational model was developed with the aim of identifying small 309 

molecules that can possibly bind the P23H opsin mutant and restore the correct protein folding and 310 

localization. Computational techniques such as homology modeling and MD simulations provided a 311 

fast and reliable access to structural details that are yet unavailable by structural biology and 312 

prevent the identification of effective chaperones. The docking-based virtual screening of aldehydes 313 

and natural products led to the identification of 20 molecules belonging to different chemical 314 

classes that were selected for experimental investigations against the P23H mutant opsin. 315 

Noteworthy, no approved drugs to be repurposed as P23H chaperones were identified in silico. 316 

Single cell fluorescent microscopy and cytotoxicity assays were used to evaluate the ability of 317 

selected compound to promote P23H opsin translocation to the outer cell membrane as well as to 318 

preliminarily assess safety, respectively. Different natural chemotypes (NP2, NP6-9, and NP13) 319 

and the aldehyde derivative A3 emerged as promising molecular chaperones and structural 320 

stabilizer of mutant opsin, thus validating the robustness of the computational procedure. Moreover, 321 

these molecules are promising starting points for further optimization. 322 

 323 

Materials and methods 324 

Homology modeling and MD simulation 325 



Since the 3D structure of the hP23H mutant rhodopsin is not solved yet, homology modelling was 326 

carried out. The X-ray structure of WT bovine rhodopsin (PDB-ID: 1U19)30 was selected as a 327 

structural template based on its high resolution (2.20 Å), and the model was built using the Prime 328 

software in the Schrödinger Release 2019-1.46 FASTA sequences of human (Uniprot-ID: P08100) 329 

and bovine (Uniprot-ID: P02699) opsin were aligned providing the 93.4% of identity of the primary 330 

sequence, which provisionally allow to generate a reliable homology model.47 The rough homology 331 

model of hP23H mutant opsin in complex with the 11-cis-retinal covalently bound to K296 through 332 

a protonated Schiff base was relaxed by MD simulation using the procedure described previously.48 333 

The ff14SB force field49 was used to parameterized the apoprotein opsin, while the covalent bond 334 

parameters of the retinal cofactor were retrieved from Ferrè et al.50 as well as from a previous 335 

work.48 The hP23H/11-cis-retinal complex was then placed in a phospholipid bilayer of 138 336 

molecules of 1,2-dioleoyl-sn-glycero-3-phosphocholine (DOPC)51 added by mean of the 337 

CHARMM-GUI membrane builder,52, 53 solvated in a rectangular box of 14,629 TIP3P water 338 

molecules, neutralized with the addition of 2 Na+ counter-ions and finally relaxed through two 339 

rounds of energy minimization. The first round corresponds to energy minimization of water 340 

molecules and counter-ions for 1,500 steps using the Steepest Descent algorithm (SD), and for the 341 

3,500 steps using the Conjugate Gradient algorithm (CG). In the second round, energy minimization 342 

of the entire system was carried out for 10,000 steps (1,500 steps SD followed by 8,500 steps CG). 343 

The Langevin thermostat was then used to heat the system from 0 to 300 K over 1 ns at constant 344 

volume, while the Berendsen barostat was used to control the density equilibration over 1 ns. 345 

Finally, the system was preliminary equilibrated for 50 ns and MD trajectories were produced for 346 

500 ns at constant pressure without restraints. MD simulations were carried out with the Amber18 347 

program,54 and the MD trajectory was analyzed by the CPPTRAJ software.55 The hierarchical 348 

agglomerative (bottom-up) approach was used to run cluster analysis on MD frames. The 349 

representative MD frame of the most populated cluster was extrapolated from MD trajectory and 350 

used as a rigid receptor in the docking-based virtual screening. 351 



 352 

Docking-based virtual Screening 353 

The docking-based virtual screening was carried out using three different libraries of compounds: i) 354 

an in house collection of around 1,000 natural products, the Drug Bank database,31 and the 355 

commercially available MolPort database containing 7,934,460 compounds in April 2021.32 356 

Molecules were downloaded in SMILES format and filtered through the FILTER (OpenEye) 357 

version 3.1.0.3 (aldehydes were retained through the “aldehyde” rule implemented in the 358 

program).56 Compounds were converted in 3D coordinates with OMEGA (OpenEye) version 359 

3.1.0.3,56, 57 keeping the exact stereochemistry as specified in the input file, racemic compounds or 360 

molecules with unspecified chirality were discarded. The main tautomeric form of each compound 361 

was retained in the virtual screening library, while the protonation state at pH 7.4 was assigned by 362 

QUACKPAC (OpenEye) version 2.0.0.3.58 Compounds were then energy minimized by SZYBKI 363 

(OpenEye) version 1.10.0.3,59 using the MMFF94S force field.60 Non-covalent molecular docking 364 

simulations of the Drug Bank database and natural products were carried out with FRED (OpenEye) 365 

version 3.3.0.361, 62 using the Chemgauss4 fitness function with standard settings and high docking 366 

accuracy. The highest score pose of each compound was stored for visual inspection and further 367 

analyses. Aldehyde compounds were docked both covalently and non-covalently using Glide XP 368 

docking program from the Schrödinger Release 2019-1, using standard settings and storing the 369 

highest ranking pose of each docked compound.63 The pre-defined imine condensation reaction 370 

between an aldehyde ligand and a lysine residue in the receptor was used in covalent docking. The 371 

structure of the P23H rhodopsin mutant corresponding to the centroid of the most populated cluster 372 

extracted from MD simulations was used as a rigid receptor in molecular docking simulations. ΔEb 373 

calculations were carried out with the MMPBSA.py program.64 374 

 375 

Source of small molecules 376 



Aldehyde derivatives were purchased from MolPort (Riga, Latvia). Natural compounds NP1-NP13 377 

are known structures belonging to an in house library of natural products, which is stored at the 378 

Organic Chemistry Laboratory of the Department of Chemistry and Technology of Drugs of 379 

Sapienza University of Rome. The library consists of about one thousand natural products, isolated 380 

mainly from indigenous plants collected in biodiversity-rich countries, especially in tropical and 381 

subtropical areas, and enlarged with their semi-synthetic and synthetic derivatives, as well as plant 382 

material extracts. The chemical identity of the selected compounds was assessed by re-running 383 

nuclear magnetic resonance spectroscopy (NMR) experiments and was proven to agree with the 384 

literature data reported below for each compound. The purity of all compounds, checked by 385 

reversed-phase high performance liquid chromatography (HPLC), was always higher than 95%. 386 

Details on natural products tested in this work including source, molecular weight, and molecular 387 

formula are reported in Supporting Information, Table S1). PAINS analysis of tested compounds as 388 

well as SMILES strings are reported in the Supporting Information.  389 

NP1 (Emodine anthrone, 2-(3-methyl-1-butenyl)-1,8-dihydroxy-3-methoxy-6-methylanthrone 390 

showed NMR spectra identical to those reported in the literature.65, 66 NP2 (2',4'-dihydroxy-4-391 

methoxychalcone, (E)-1-(2,4-dihydroxyphenyl)-3-(4-methoxyphenyl)prop-2-en-1-one) showed 392 

NMR spectra identical to those reported in the literature.67 NP3 (g-hydroxyanthrone B, (E)-1,6,8-393 

trihydroxy-4-(4-hydroxy-3-methylbut-2-en-1-yl)-3-methyl-2,5-bis(3-methylbut-2-en-1-394 

yl)anthracen-9(10H)-one) showed NMR spectra identical to those reported in the literature.68 NP4 395 

(Loganin, 1-((1S,4aS,6S,7R,7aS)-6-hydroxy-7-methyl-1-(((2S,3R,4S,5S,6R)-3,4,5-trihydroxy-6-396 

(hydroxymethyl)tetrahydro-2H-pyran-2-yl)oxy)-1,4a,5,6,7,7a-hexahydrocyclopenta[c]pyran-4-397 

yl)ethan-1-one) showed NMR spectra identical to those reported in the literature.69 NP5 (Sesamin, 398 

5,5′-[(1S,3aR,4S,6aR)-Tetrahydro-1H,3H-furo[3,4-c]furan-1,4-diyl]bis(2H-1,3-benzodioxole) 399 

showed NMR spectra identical to those reported in the literature.70 NP6 (4,2’,4’,6’- tetrahydroxy-400 

3’-prenyl-3-geranyldihydrochalcone, (E)-3-(3,4-dihydroxy-5-(3-methylbut-2-en-1-yl)phenyl)-1-(3-401 



(3,7-dimethylocta-2,6-dien-1-yl)-2,4,6-trihydroxyphenyl)propan-1-one) showed NMR spectra 402 

identical to those reported in the literature.71 NP7 (Cordoin, 2’-hydroxy-4’-prenylchalcone) showed 403 

NMR spectra identical to those reported in the literature.72 NP8 (2-hydroxy-3',4'-404 

dimethoxychalcone, (E)-1-(3,4-dimethoxyphenyl)-3-(2-hydroxyphenyl)prop-2-en-1-one) showed 405 

NMR spectra identical to those reported in the literature.73 NP9 (Curcumin, (1E,6E)-1,7-bis(4-406 

hydroxy-3-methoxyphenyl)hepta-1,6-diene-3,5-dione ) showed NMR spectra identical to those 407 

reported in the literature.74 NP10 ((E)-5,7-dimethoxy-3-(4-methoxy-3-((7-methylocta-2,6-dien-1-408 

yl)oxy)phenyl)-4H-chromen-4-one) showed NMR spectra identical to those reported in the 409 

literature.75 NP11 (Columbianetin, (S)-8-(2-hydroxypropan-2-yl)-8,9-dihydro-2H-furo[2,3-410 

h]chromen-2-one) showed NMR spectra identical to those reported in the literature.76 NP12 (2-411 

hydroxyderricin, 2,2’-hydroxy-4’-methoxy-3’-prenylchalcone) showed NMR spectra identical to 412 

those reported in the literature.77 NP13 (6-prenyl-aromadendrine, 3,5,7-trihydroxy-2-(4-413 

hydroxyphenyl)-6-(3-methylbut-2-en-1-yl)chroman-4-one) showed NMR spectra identical to those 414 

reported in the literature.78  415 

 416 

Cell Culture 417 

ARPE-19 and U2OS cells were cultured in DMEM:F12 medium (Pan Biotech), supplemented with 418 

10% foetal bovine serum (FBS) (Pan Biotech) and 1% penicillin/streptomycin (Sigma), under 419 

standard cell culture conditions (in the dark, at 37.0 °C, 5% CO2 and partial humidity).28 420 

Cells were harvested weekly when confluent and the media was changed every 2 days. U2OS cells 421 

used in this study, stably expressing—in the presence of tetracycline—the human rhodopsin bearing 422 

P23H mutation and a 6 histidines tag (His-Tag, C-terminus), have been previously described.26 423 

ARPE-19 (CRL-2302), human retinal pigment epithelium cells, were purchased from ATCC. 424 

 425 

Cell Viability Assay 426 



CellTiter-Blue Cell Viability Assay (Promega) was used to determine cell death rate after 427 

compounds treatment.79  428 

Cells were harvested the day before the assay, and seeded into a 96 well plate (2x104 cells/well), 429 

and maintained with DMEM:F12 supplemented with 2% FBS. After 24 hours, the cells were treated 430 

with 10 µM of the tested compounds, and the following day, 20 µl of CellTiter-Blue reagent were 431 

added in each well and left to incubate at 37 °C for a maximum of 4 hours. After that, the 432 

fluorescent signal was recorded using a CLARIOSTAR plate reader setting the excitation/emission 433 

wavelengths to 560/590 nm. Data were normalized to 0.1% DMSO-treated cells (vehicle). The 434 

fluorescence recorded from wells containing diluted reagent with media, and without the presence 435 

of cells, was considered as negative control. 436 

 437 

Single cell fluorescent microscopy assay 438 

U2OS cells stably transfected with human P23H rhodopsin were harvested 4h before the assay and 439 

plated on 13 mm coverslips precoated with poly-D-lysine (PanBiotech), then left to adhere. After 440 

this period and under dim red-light conditions, the media was replaced with fresh media containing 441 

1 µg/µl tetracycline (Invitrogene) and of 10 µM of the compounds (0.1% DMSO final 442 

concentration).28 443 

Cells were incubated overnight in the dark to allow tetracycline-induced rhodopsin expression. 444 

The following day, under dim-red light conditions, cells were washed twice with dPBS 445 

(PanBiotech) and fixed with a solution of 4% methanol-free paraformaldehyde (Thermo Scientific) 446 

for 25 minutes, followed by two PBS washes before incubating the cells with Intercept blocking 447 

buffer (LI-COR) for 1h. Then, the cells were incubated with RET-P1 antibody (Invitrogene, 1:800 448 

Intercept buffer) for 2h, followed by incubation with the secondary antibody anti-mouse IgG (H+L), 449 

F(ab)’ 2 Alexa Fluor 555 Conjugate (Cell signalling Technologies, 1:1000 Intercept Buffer), for 1h. 450 

After careful repeated washing with PBS, cells were treated with a solution of 0.1% Triton for 20 451 

minutes, and incubated with Anti-His Tag (Amgen, 1:500, Intercept buffer) overnight. The 452 



following day, the cells were incubated with anti-mouse Ig(H+L), F(ab)’2 Fragment Alexa Fluor 453 

488 Conjugate antibody (Cell Signalling Technologies, 1:1000 Intercept Buffer) for 1 h, washed 454 

and nuclei were stained with DAPI (Sigma, 1:1000 Intercept buffer) for 10 minutes. Finally, the 455 

coverslips were mounted on glass microscope slides using Moviol 488 mounting media. 456 

 457 

Data and Software Availability 458 

The three-dimensional structure of P23H mutant opsin extrapolated from MD simulations and used 459 

in this study as a rigid receptor in virtual screening, and docking complexes of validated hit 460 

compounds described in this work are available in PDB format as Supporting Information files. 461 

 462 

Supporting Information 463 

Additional information on compounds from the in house natural products tested in this work, 464 

including source, molecular weight, and formula. PAINS analysis of tested compounds, and 465 

SMILES strings. 466 
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