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ABSTRACT G-protein-coupled receptors are key drug targets due to their role in cellular signaling. Among them, bistable rho-
dopsins such as the jumping spider rhodopsin 1 (JSR1), are promising for optogenetic applications, but their transduction mech-
anisms remain poorly understood. In this study, we used microsecond equilibrium molecular dynamics simulations, network
analysis, and machine learning to investigate allosteric communication paths between the retinal chromophore and the intracel-
lular G-protein-binding site in JSR1. We analyzed structural differences in three functional states with retinal chromophores in
9-cis, 11-cis, and all-trans configurations. Results revealed that Trp290 is crucial for transmitting the movements of the retinal
after isomerization to the G-protein-binding site during JSR1 activation as well as residues along TM6 helix. Overall, these find-
ings advance our understanding of bistable rhodopsins and their potential in light-driven technologies.

SIGNIFICANCE This research elucidates the molecular mechanisms underlying bistable jumping spider rhodopsin 1
activation, specifically identifying critical residues that transmit light-induced signals from the retinal chromophore to
G-protein-binding sites. By revealing that Trp290 and TM6 helix residues serve as key intermediates in allosteric
communication paths, this work provides essential structural insights for engineering improved optogenetic tools. The
computational approach combining molecular dynamics simulations with machine learning offers a powerful framework for
understanding GPCR signaling mechanisms. These findings have immediate implications for developing next-generation
light-controllable proteins for therapeutic applications, including precision medicine approaches for treating neurological
disorders, blindness, and other conditions requiring spatiotemporal control of cellular processes.

INTRODUCTION G-proteins and f-arrestins bind (4,5). Structural rearrange-
ments of OBS are transmitted to IBS, which, subsequently,
undergoes structural changes that allow the transducers to
bind the receptor, thus initiating the signal transduction
cascade within the cell. This allosteric communication be-
tween OBS and IBS represents the molecular basis for the
activation of GPCRs.

There are more than 800 GPCRs codified by the human
genome (6), but the largest and well-studied class is repre-
sented by the rhodopsin-like family (7). This group includes
rhodopsin, an ubiquitous protein expressed in several spe-
cies whose defections are associated with vision and neuro-
degenerative pathologies (8). Here, the ligand inside the
OBS is a retinal chromophore covalently bound to a lysine

G-protein-coupled receptors (GPCRs) are membrane pro-
teins that play a key role in various processes such as sen-
sory perception and inflammation, making them one of the
most important pharmacological targets of drugs currently
on the market (1,2). They exhibit a conserved protein archi-
tecture with seven transmembrane helices (TMs) connected
by extracellular and intracellular loops (ECLs and ICLs,
respectively), which can be divided into three functional do-
mains (3): the orthosteric ligand-binding site (OBS) on
the extracellular side, the connector, and the intracellular
binding site (IBS) where signaling transducers such as
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via a protonated Schiff base (PSB). Upon illumination, the
retinal undergoes chemical modifications, that is, isomeriza-
tion from cis (inactivated) to trans (activated) conformation,
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FIGURE 1

Jumping spider rhodopsin 1. (@) Illustration of the jumping spider rhodopsin 1 (JSR1) in complex retinal chromophore embedded in a lipid

membrane model. The retinal chromophore inside the orthosteric ligand-binding site (in green) and the intracellular binding site with the transmembrane
helix TM6 are highlighted. (b—c) Configurations of the retinal chromophore in the 11-cis, 9-cis, and all-trans #1/#2 systems, shown in side and top views.

In the top views, residues within 4 A of the PSB NH* are highlighted. Snapshots are MD representative frames; the set of contacting residues is illustrative of
that frame and may vary during the trajectories. For 9-cis, the structure shows the PDB: 619K configuration, with the Tyr126 and Met103 coordinating the

NH+.

which start the allosteric signal to IBS, inducing the receptor
to structurally rearrange for activation. Previous experi-
mental and computational studies have revealed the struc-
tural rearrangements that occur within the receptor during
the activation process (9—13): slight modifications of 1.5—
2 A in the OBS and at the level of the intracellular ends
of TMS and TM7 helices; a significant outward/inward mo-
tion of 12-14 A and a rotation about 40°-50° of the intra-
cellular side of helix TM6 in the IBS (14—-19). However, the
mechanism by which the signal is transmitted from the
retinal chromophore to the IBS, especially to TM6 helix,
is still unclear.

The isomerization of the retinal chromophore represents
the initial step for the activation of all rhodopsins, but the
photocycle can be different across the receptor family. In
vertebrates, rhodopsin is characterized by a single stable
state in the dark where the retinal Schiff base deprotonates
along the photocycle, leading to the release of the chromo-
phore and the bleaching of the sample (20). Invertebrates
such as insects, spiders, or squids have a bistable rhodopsin
that is characterized by two stable states associated with
either light or dark. In this case, the Schiff base remains pro-
tonated throughout the entire photocycle (21,22), and the re-
ceptor can revert back to its original inactivated state
through the absorption of another photon (light-triggered
reversion), without the need of an enzymatic regeneration.
This ability makes bistable rhodopsins good candidates for
optogenetics and other biotechnological applications, as
they can function as reversible photoswitches between their
parent form and the photoproduct (23). However, although
much is known about monostable rhodopsins, their bistable
counterparts remain quite elusive.

In this context, jumping spider rhodopsin 1 (JSR1) from
the spider Hasarius adansoni (24) emerges as a promising
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candidate for controlling cellular processes using light
(Fig. 1 a). Its key advantage is being an animal receptor, pre-
sumably better suited for optogenetics in mammalian cells,
especially in neuroscience research where precise neuronal
control is critical. The crystal structure of JSR1 was recently
solved with the retinal chromophore in the 9-cis configura-
tion. This state, defined as “JSR1 isorhodopsin-1,” shows an
absorbance maximum at 505 nm, which is blue-shifted
compared with the 535-nm absorbance maximum of the
native 11-cis retinal-bound form (25). However, both the
9-cis and the native 11-cis isoforms are bound to the inactive
state of the protein, and both are still capable of activating to
the all-trans form (19). Although the experimental structure
lacks part of the N-terminus, the intracellular loop 3, and the
C-terminus with TMS, the well-resolved part including
transmembrane helices TM1 to TM7 highlights that JSR1
shares common structural features with the other members
of the rhodopsin-like family.

In this work, we focus on the short- and long-range struc-
tural modifications induced by the retinal chromophore on
the JSR1 structure as the protein changes at the level of
the retinal binding site and the allosteric path coupling the
retinal chromophore to the G-protein-binding site, respec-
tively. We employed a combination of molecular dynamics
(MD) simulations at the atomic scale, network analysis (26)
to identify the long-range paths, and machine learning to
classify the protein structural rearrangements across the
JSR1 functional states (27). Our results show that Trp290
acts as a mechanical lever that transduces the movements
caused by the isomerization of the retinal, thus propagating
changes down to the intracellular side of rhodopsin, eventu-
ally leading to its activation. Moreover, we identify a series
of residues on TM6 helix that act as important hubs in acti-
vation, including Ala289, Met288, 11e283, Thr282, Ala279,
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Ala276, Leu275, and Glu272. These residues also play a
crucial role in the activation of bovine rhodopsins. These in-
sights provide a valuable basis for understanding the
functionality of the bistable JSR1 and help establish future
light-driven applications for the broader family of class A
GPCRs.

MATERIALS AND METHODS
All-atom MD simulations

The JSR1 protein was modeled starting from the experimental structure
solved by Varma et al. (25) (PDB: 6I9K) in the inactive state. The missing
loops were modeled using SWISS-MODEL (28); using the APBS server
(29), all aspartates and glutamates were predicted to be ionized, histidines
His38, His244, and His335 to be in the § state, and His36 and His50 in the €
state. As in the experimental structure, a disulfide bond between cysteines
Cys123 and Cys200 was added. Four complexes were produced, hereafter
named as “9-cis,” “11-cis,” all-trans #1 and all-trans #2, where the protein
was bound to different configurations of retinal chromophore. In the first
system, retinal was bound to the protein as in the experimental structure
by Varma et al. (25) (PDB: 6I9K) (i.e., in the 9-cis configuration). In the
11-cis and all-trans #1 systems, the structures of JSR1 bound to retinal in
11-cis and all-trans configurations produced by Church et al. (30) were
used. Finally, in the all-trans #2 system, retinal in all-frans configuration
was complexed to the protein with the same orientation of that in the exper-
imental structure recently solved by Tejero et al. (19). We performed a short
(10-ns) steered molecular dynamics alignment, minimizing the root mean-
square deviation (RMSD) of all-trans #1 to PDB: 9EPP over a selection
comprising atoms C1-C15 (i.e., the orientation of the retinal backbone
and the two methyl groups with respect to the f-ionone ring). Using the
CHARMM Membrane Builder (31,32), all the complexes were embedded
into a membrane of 260 POPC lipids, together with a solution of 0.15
NaCl and 41,603 TIP3P water molecules (33).

MD simulations were run with GROMACS 2023.3 (34) using the
Amber ff14SB force field for the protein (35), the Lipid14 force field
for the POPC bilayer (36), and TIP3P model for water (33), along with
the parameters for the retinal chromophores derived by Church et al.
(30). The temperature was maintained at 303.15 K by the Nosé-Hoover
thermostat (37,38) with a damping coefficient of 1 ps ~'. Periodic bound-
ary conditions were applied in all directions using a neighbor searching
grid type and setting at 0.9 nm the cutoff distance for the short-range
neighbor list. Electrostatic interactions were taken into account by using
a fast and smooth particle mesh Ewald algorithm (39), with a 0.9-nm dis-
tance for the Coulomb cutoff. The integration time step was 2 fs. Three
independent replicas per system were run for several microseconds in
the NVT ensemble (more details in the next section). The stability of
the proteins was assessed by their RMSD where only the Ca was consid-
ered and the reference conformation corresponded to that at the beginning
of the dynamics. The trajectories were visually inspected using VMD 2.0
software (40).

Contact analysis

To identify the residue-residue and the residue-retinal interactions, semibi-
nary contact maps (C;;) were computed as truncated Gaussian kernels:

17 dij S C
e (d’.zf—cz)/Zoz’ d[j > C,

where dj; is the distance between the side chain of the i-amino acid and
either the side chain of the j amino acid or the j atom of the retinal chromo-
phore; ¢ is the cutoff distance set to 4.5 (41-44). The width o of the
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Gaussian kernel was chosen so as to attain a negligibly small value of the
kernel at d;; = 10 A. Specifically, we imposed K(d,.,;) = 1073 attaining
o = 1.38. The final contact map was computed by averaging the value of
the kernel over all the frames of the trajectory:

1 memcs
Cy = > K(ds(n) @)
Nframes n=1

Network analysis

JSR1 with the retinal chromophores was represented as a graph where the
weight assigned to the edges was as follows:

wy = — log(A;) = — log(CyMy), ?3)

with Cj; being the semibinary contact map and M;; the mutual information
matrix.
M;; was computed as

P(d.d;
ZdizdfP(d,-,dj)logP(Lg)T%)

1

My = SN

H;
where d; and d; are the displacement of the center of mass of the side chain
of the i and j amino acids with respect to its average position, and Hj; is the
Shannon entropy of those variables.

Dijkstra’s algorithm (45) was used to compute the minimal paths
between the retinal binding site (source) and the intracellular side of he-
lix TM6 (sink). d,,;, corresponds to the lowest value computed from
Eq. (3).

Machine learning classification

The structural classification was conducted by combining dimensionality
reduction performed on appropriate structural descriptors with cluster anal-
ysis (27,46). The structural descriptors consisted of distance matrices
derived from a selection of protein residues lying on the long-range
communication path between retinal and the helix TM6: Lys258, Ser259,
Ser262, Asn263, Asn266, Ser270, Ala271, Glu272, Leu275, Ala276,
Ala279, Thr282, 11e283, Cys284, Cys285, Met288, Ala289, and Trp290.
Each matrix was computed by calculating pairwise distances between the
129 atoms comprising this selection (excluding hydrogens), yielding a set
of 129 x 129 symmetric matrices where the (i.j) element contains the dis-
tance (A) between atoms i and j. These matrices were computed for 23,811
configurations obtained from equilibrium trajectories of each system,
sampled every 1 ns.

The dimensionality reduction was performed via artificial neural net-
works using an autoencoder architecture (47). They are composed by
encoder and decoder, which share a mirrored structure and are built by a
sequence of repeated building blocks. In the encoder, such building blocks
are formed by a convolutional layer, a batch normalization layer, and a max
pooling layer. In the decoder, the convolutional layer is replaced by a de-
convolutional one and the max pooling by an upscaling. Before the bottle-
neck, the channels of the last convolutional layer are flattened and fed to a
fully connected layer. Afterward, they are reshaped and fed into the
decoder. These network architectures perform nonlinear dimensionality
reduction by learning to reconstruct input data at the output while being
forced through a compressed representation at the bottleneck. The bottle-
neck thus forms a low-dimensional representation of the input with dimen-
sionality determined by the number of nodes in that layer. The autoencoders
were implemented in PyTorch (48), employing 2D convolutional layers in
the encoder and 2D transposed convolution (deconvolutional) layers in the
decoder, which are well suited for processing matrix-like data such as
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FIGURE 2 Scheme of the machine learning classification. Distance matrices computed from atomic selections along the retinal-TM6 communication
pathway serve as structural descriptors (top left). These are input to an autoencoder neural network, which reduces dimensionality by learning a compressed
representation in a two-dimensional latent space (CV-1, CV-2) and reconstructs the original descriptor (top center and right). The latent space representations
(bottom left) are analyzed through agglomerative clustering to identify structurally distinct conformational states (bottom right).

distance matrices (49,50). In Fig. S1, there is a detailed description of the
network as printed by torchsummary. The bottleneck size was fixed at 2
to obtain two-dimensional representations of the different atom selections.
The general scheme of the protocol is resumed in Fig. 2.

Training was carried out by minimizing the mean-square error loss
computed between inputs and reconstructed outputs with the Adam
optimizer (51). The training data set comprised 23,811 matrices. Data
were shuffled and split into training and validation sets, with the former
containing 80% of the data set and the latter the remaining 20%. A batch
size of 64 was employed. Before training, data were normalized by
setting the minimum and maximum values of every feature to 0 and
1, respectively. The initial learning rate was set to 0.005 with a multistep
scheduler that halved values at epochs 30 and 100. Training convergence
was assessed using early stopping with a patience of 5 epochs and
a minimum improvement threshold of 5 x 10~ on validation loss
(Figs. S2-S4).

The cluster analysis was then performed on the low-dimensional repre-
sentations obtained from the autoencoders using agglomerative clustering
implemented with the scikit-learn Python library (52). Specifically,
Ward’s linkage criterion (53) was employed in combination with the
Euclidean distance metric. To assess clustering quality and determine
the optimal number of clusters, three standard evaluation metrics were
used: 1) the average silhouette score, where the silhouette score for a point
i is defined as

b(i) — a(i)

. (
W = @50}

®)

where a(i) is the average distance to all other points in the same cluster, and
b(i) is the minimum average distance to points in any other cluster. The
overall score is the average of s(i) over all data points. Higher values (closer
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to 1) indicate better-defined clusters. 2) The Davies-Bouldin Score is
computed as
)

where o; and o; are the average distances of points in clusters i and j to their
respective centroids, and d;; is the Euclidean distance between the centroids
of clusters i and j. Lower values indicate better separation between clusters.
3) The Calinski-Harabasz Score, also known as the variance ratio criterion,
is defined as

(©6)

1 & o; +oj
o — 1Y (%%

’/

Tr(By) n — k
Tr(Wo) k — 1

where Tr(By) is the trace of the between-cluster dispersion matrix, Tr(W;) is
the trace of the within-cluster dispersion matrix, n is the number of samples,
and k is the number of clusters. Higher values indicate more distinct and
well-separated clusters. Their values are reported in Fig. S5 for a number
of clusters ranging from 2 to 15.

CH =

)

RESULTS AND DISCUSSION

The computational complexes of JSR1 with different confor-
mations of retinal chromophores were produced (Fig. 1 b) as
follows. The first simulated system, hereafter named as “9-
cis,” was produced starting from the complex solved by
Varma et al. (25), which is characterized by both the protein
and the chromophore in the inactive state (i.e., JSR1
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TABLE 1 Length of each MD simulation and reference point
after which the systems reached the convergence monitored
via RMSD calculations

System # Replica Total time Convergence
9-cis Rep #1 1500 ns After 300 ns
Rep #2 1500 ns After 250 ns
Rep #3 1500 ns After 750 ns
11-cis Rep #1 1000 ns After 100 ns
Rep #2 1000 ns After 100 ns
Rep #3 1000 ns After 100 ns
all-trans #1 Rep #1 2000 ns After 950 ns
Rep #2 2000 ns After 900 ns
Rep #3 2000 ns After 750 ns
all-trans #2 Rep #1 2000 ns After 900 ns
Rep #2 2000 ns After 500 ns
Rep #3 2000 ns After 1300 ns

isorhodopsin-1 with 9-cis retinal). Since no other structures
had been solved when the present work started, the same pro-
tein structure was used to produce the systems “11-cis” and
“all-trans #1” where the corresponding retinal configura-
tions were taken from Church et al. (30). Thus, these systems
were characterized by the protein in the inactive state and the
retinal chromophore either in the inactive (11-cis) or in the
active conformation (all-trans). However, at the time of
writing this paper, we became aware of the work by Tejero
et al. (19) with new experimental structures of JSRI in the
active state. These structures are characterized by retinal in
all-trans conformation, which was oriented in the binding
pocket differently from that in the complex by Church
etal. (30). Thus, we studied another system named “all-trans
#2” which is characterized by the same protein structure used
for the other models (the inactive state taken from Varma
et al. (25)) but with the retinal in the new active configuration
as in Tejero et al. (19). The rationale for employing the inac-
tive protein in complex with the active retinal (all-frans) was
to investigate the short- and long-range structural rearrange-
ments triggered by the active chromophore (all-trans) within
an otherwise inactive receptor, thereby capturing early events
in the activation process. Consequently, MD simulations of
JSR1 with retinal chromophores in 9-cis, 11-cis, all-trans

Transduction Pathways in JSR1 Rhodopsin

#1, and all-frans #2 configurations were run for several mi-
croseconds (Table 1). Considering that each replica reached
a steady state after a different number of steps (Table 1;
Fig. S6), cumulative times of dynamics of 3.2 us for 9-cis,
2.7 ps for 11-cis, 3.4 us for all-trans #1, and 3.3 us for all-
trans #2 systems were used for collecting data. As an addi-
tional check on retinal dynamics, we analyzed all retinal
dihedral angles—nine along the polyene chain and four
from the lysine side chain—across the three independent 9-
cis simulation replicas. The full time series for each dihedral
in each replica and summary histograms is shown in Figs. S7
and S8, respectively, and averages are presented in Table S1.
The retinal conformation remained stable throughout all sim-
ulations. In particular, the key dihedral C8-C9-C10-Cl11
maintained a cis value of —26.2° + 13.7°, consistent with
the starting crystal structure PDB: 619K (—37.4°). Similar
plots for all simulated systems listed in Table 1 are shown
in Figs. S9-S14.

Short-range protein structural modifications
induced by retinal

To assess how different retinal isomers influence the short-
range structural dynamics of the binding pocket, we
performed a contact analysis across 9-cis, 11-cis, and two
independent all-frans configurations (Table 2; Fig. 3).
Each chromophore was found to engage with a conserved
network of hydrophobic and aromatic residues, with key
contacts involving Ile57, Met99, Leul00, Metl03,
Met107, Tyrl126, Ser131, Ser199, Thr201, 11e202, Tyr218,
Ala219, Val222, Tyr223, Trp290, Tyr293, Leu294,
Ala317, I1e318, Phe319, Ala320, Ala322, Ser323, and
Ala324—residues that appear consistently across all
isomeric states. Among these, Metl03 and Tyr293 are
known to stabilize the retinal within the pocket (25,30,54).

The contact profile of 11-cis also includes unique interac-
tions with Gly134, Serl135, Ile138, and Cys325, absent in
the 9-cis and all-trans states, whereas 9-cis uniquely fea-
tures Gly130 (Fig. S15). The all-trans forms differ slightly:
Leu215, Trp286, and Ser297 are specific to all-trans #1,

TABLE 2 Residue contacts with retinal in different isomeric states

Residue name 9-cis 11-cis All-trans #1 All-trans #2
Trp 286, 290 286, 290 286, 290 290

Phe 319 319 319 319

Tle 57, 60, 202, 318 57, 60, 138, 202, 318 57, 202, 318 57, 60, 202, 318
Leu 100, 215, 294 100, 215, 294 100, 215, 294 100, 294

Val 222 222 222 222

Met 99, 103, 107 99, 103, 107 99, 103, 107 99, 103, 107
Ala 219, 317, 320, 322, 324 219, 317, 320, 322, 324 219, 317, 320, 322, 324 219, 317, 320, 322, 324
Gly 127, 130 127, 134 - 130

Ser 131, 199, 297, 323 131, 135, 199, 297, 323 131, 199, 297, 323 131, 199, 323
Thr 201 201 201 201

Tyr 126, 191, 218, 223, 293 126, 191, 218, 223, 293 126, 218, 223, 293 126, 218, 223, 293
Cys - 325 - -

Residues interacting in more than 80% of the configurations are shown in bold.
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FIGURE 3

Protein residues interacting with retinal in all conformations. The cutoff distance used to identify the interactions was 4.5 A. A contact fraction

equal to 1 indicates that the interaction persists during the whole trajectory.

whereas Ile60 and Gly130 are only present in all-trans #2.
Interestingly, no residues are uniquely shared between the
two all-frans configurations without also appearing in at
least one of the cis forms, underscoring the higher structural
variability of the active-like retinal within an inactive pro-
tein scaffold.

This observation is further supported by the analysis of
hydrogen-bonding distances. Recent work by Tejero et al.
(19) showed that Tyrl126 stabilizes the PSB in the 9-cis
conformation via a short 2.9-A contact with the nitrogen
on the retinal. In our simulations, this distance was 3.2 =+
0.2 A in 9-cis and 3.1 + 0.2 A in 11-cis, but it increased
to 42 = 03 A and 3.7 + 0.4 A in all-trans #1 and #2,
respectively. A similar trend was observed for Ser199,
with PSB distances of 4.1 + 0.2 A (9-cis), 3.8 = 0.3 A
(11-cis), 5.5 + 0.4 A (all-trans #1), and 4.6 = 05 A
(all-trans #2), compared with crystallographic values of
3.9 A (inactive) and 5.7 A (active) (19,25).

Additionally, we found that several JSRI residues
involved in retinal binding correspond to pathogenic muta-
tion sites in bovine rhodopsin (e.g., Glyl27, Ilel38,
Tyr191, Ser199, Thr201, Tyr218), further supporting their
functional importance (55).

Overall, the contact analysis reveals that the binding
pocket undergoes state-specific rearrangements upon isom-
erization, with 11-cis exhibiting the richest and most diverse
interaction profile, and all-trans states showing less
extensive, though still functionally significant, contacts.
Consistent with this picture, the dihedral summaries
(Tables S1-S4) indicate that hallmark torsions retain their
expected cis signatures in the cis ensembles; for example,
in 9-cis the key C8-C9-C10-C11 torsion (¢4) is narrowly
centered at —26.2° = 13.7° and C10-C11-C12-C13 (¢b¢)
at 168.4° = 8.8°; in 11-cis, ¢¢ shifts to a cis-like value of
—10.6° = 10.1°—whereas most remaining polyene angles
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occupy single, relatively tight wells. In contrast, the all-
trans forms drive several polyene torsions toward ~180°
with broader distributions (e.g., ¢4 = 203.0° = 28.5° in
all-trans #1 and 183.4° + 26.5° in all-trans #2) and increase
flexibility at the ionone-polyene junction and the Schiff-
base linkage (e.g., ¢9 SDs of 21.2° in all-trans #1 and
55.8° in all-trans #2). Notably, the lysine side chain be-
comes markedly more labile in the active-like ensembles,
with y; showing very large fluctuations (SD 93.3° in all-
trans #1; 59.8° in all-trans #2), consistent with the weak-
ened PSB-stabilizing contacts (longer Tyr126/Ser199 dis-
tances) and with the Trp290 rotation/TM6 rearrangement
isolated by our ML classification (see next sections).
Thus, beyond the cis/trans assignment, the isomer-depen-
dent redistribution and broadening of specific retinal tor-
sions—especially around C13-C15 and the p-ionone
ring—map onto the state-specific interaction patterns in
Fig. 3, providing a mechanistic link between chromophore
conformational ensembles and pocket remodeling.

Long-range communication path between retinal
and the G-protein-binding site

To predict the long-range communication mechanism
coupling the retinal chromophore to the G-protein-binding
site (i.e., the molecular basis of JSR1 activation), a network
analysis was employed. First, the complexes were repre-
sented as networks in which nodes coincide with the protein
amino acids and edges with the interactions between pairs.
Then, a weight expressed as w;; = —log(A;;) = —log(C;;M;)
was assigned to each edge, which quantifies the communi-
cation path in terms of contacts between amino acids and
correlations of their motion, computed from MD runs.
Dijkstra’s algorithm (45) was then used to determine the
shortest paths, that is, the most effective communication
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routes, between the retinal binding pocket (source) and the
IBS localized at the end of TM6 helix in the inactive config-
uration (sink). The outward rotation of the sink site was
shown to form the G-protein-binding cavity (4,12).

In the systems all-trans #1 and #2, the path was found to
jump from retinal to the C-terminal side of TM6 at the level
of Trp290 (Fig. 4). Then, the path moves down to reach
the intracellular side of TM6 helix involving Ala289,
Met288, Cys285, Cys284, 11e283, Thr282, Ala279, Ala276,
Leu275, Glu272, Ser270, Asn266, Asn263, Ser262, Ser259,
and Lys258. Interestingly, mutations of bovine rhodopsin
known to affect the activation of the protein correspond to
residues on JSR1 identified along the path. They are
Cys264 (56), Ile263 (56), Val258 (57), Met257 (58),
Val254 (59), Thr251 (60), Val250 (61), and Glu247 (12),
which correspond to Ala289, Met288, I[1e283, Thr282,
Ala279, Ala276, Leu275, and Glu272, respectively, in
JSR1 (Fig. S16). This evidence supports the robustness of
our findings.

The pathlength (d,,;,), which describes the efficiency of
the coupling mechanism and results from the sum of the

Transduction Pathways in JSR1 Rhodopsin

weights of each edge, was d,,;, = 21.89 for all-trans #1
and d,,;, = 20.79 for all-trans #2. Considering the logarith-
mic nature of this metric, a unit difference in d,,;, corre-
sponds to an order-of-magnitude change in communication
efficiency. Thus, the allosteric path is more efficient in all-
trans #2 than in all-trans #1.

As a control, the same analysis was carried out in the 9-cis
and 11-cis complexes. From a qualitative perspective, both
systems share the same route coupling the retinal to TM6
helix, involving identical protein residues. However, their
path lengths differ from those of the all-frans systems,
with d,,,;, = 22.69 in 9-cis and d,,,;, = 23.25 in 11-cis, indi-
cating that the path has a weaker communication efficiency
in the cis systems. Interestingly, the comparison of the edge
weights between pairs of residues along the paths (Table S1)
revealed that the bottleneck reducing communication effi-
ciency in the cis systems compared with the all-frans is
localized at the bending region of TM6. Indeed, 11-cis
shows the highest weight value at the Ser270— Asn266
step (5.59) among all the systems, whereas 9-cis shows a
peak at Asn266— Asn263 (1.47 versus 0.71 in 11-cis,
0.60 in all-trans #1, and 0.68 in all-trans #2).

Overall, these results indicate that communication be-
tween the retinal chromophore and the G-protein-binding
site, defined by TM6 helix, involves Trp290 as a key bridge
between these regions, together with several other residues
on TM6. Moreover, the path did not change across the sys-
tems; however, their lengths suggest the following trend in
communication efficiency: all-trans #2 > all-trans #1 > 9-
cis > 11-cis, with approximately one order of magnitude ef-
ficiency drop at each inequality. In this context, all-trans #2
appears to adopt the most favorable active pose of the retinal
within the binding pocket to efficiently activate the protein.
Indeed, although the retinal aldehyde tail and the nearby
methyl group stabilize Trp290, contributing to maintaining
the stable position of its side chain, the second retinal
methyl group that is closer to the f-ionone ring is able to
interact better with the indole ring of Trp290, improving
the efficiency of the signal propagation toward TM6 helix.

Autoencoder-based structural classification of
the Retinal-TM6 signaling path

To predict the structural rearrangements of the residues
along the previously described allosteric path between
retinal and TM6 helix across the JSR1 functional states, a
machine learning structural classification was adopted. All
the available MD configurations were classified in eight
structural clusters, which were further grouped into three
distinct families (Fig. 5). The comparison with principal
components analysis illustrates well the capability of the
nonlinear technique (i.e., the autoencoder-based classifica-
tion) to discriminate structural patterns while keeping the
dimensionality of the representation low (Fig. S17). The
first family contains cluster 5, characterized by a downward
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rotation of Trp290. The second family encompasses clusters
0-2, showing an upward displacement of Glu272 and
Leu275. Finally, the third family comprises clusters 6, 3,
7, and 4, where the primary structural differences are local-
ized at the bottom of TMG, specifically a clockwise rotation
of Lys258, Ser259, Ser262, and Asn266, accompanied by a
slight contraction of the helix toward the upper region. The
most significant findings emerge from cluster 5 and cluster
4: cluster 5 exhibits a rotation of Trp290, whereas cluster
4 displays a prominent bending of the end side of TM6
together with a clockwise rotation. By comparing the struc-
tural differences of these clusters with the corresponding
systems they appear in, two distinct patterns emerge: the
rotation of Trp290, observed exclusively in the all-trans
#2 system, and the bending coupled to rotation of the bottom
side of TM6 found in the 9-cis system. Notably, Trp290,
which has been experimentally demonstrated to play a
crucial role in the activation of vertebrate rhodopsins
(1,14,62,63), is found to rotate only in all-trans #2, which
represents the most realistic active pose of retinal in the
binding pocket. This observation can be interpreted as the
initial step in protein activation, where Trp290 transduces
the isomerization of the retinal and transmits this conforma-
tional change to the rest of the protein.

Inspection of the retinal dihedral time series for frames
assigned to cluster 5 (Fig. S13) reveals a transient 14-cis ge-
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ometry at the C14—C15 double bond sampled in replicate 1
of all-trans #2. Although this feature could be construed as a
classical force field artifact, it arose spontaneously and was
not reproduced elsewhere; together with the two replicas
that remain all-frans, this indicates that the torsion is on
average stable and supports its interpretation as a short-lived
excursion along the active-like pathway rather than a prep-
aration bias. Consistent with this, the Schiff-base torsion
(C13-C14-C15-NZ) displays the largest—yet still
weak—Pearson || < 0.15 correlation with Trp290 rotation
across 9-cis, 11-cis, and all-trans #1.

As a complementary quantitative check of chromophore-
protein coupling, we computed Pearson correlations
between each retinal dihedral and the Trp290 CA-CB-
CG-CD2 dihedral over pooled equilibrium segments
(Fig. 6; complete time series and distributions in Figs. S7—
S14). Across all data sets, correlations remain modest
(typically || S 0.10), with slightly elevated values near
C13-C14/C14-C15 and for the #-ionone ring, most evident
when all-frans #2 is included. Together with the autoen-
coder-based classification (Fig. 5), which isolates a
Trp290-rotated family unique to all-frans #2, these trends
support all-trans #2 as the activating arrangement: retinal
isomerization perturbs the pocket to favor Trp290 rotation
and TM6 rearrangement, with coupling distributed over
several torsions rather than dominated by a single dihedral.
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including all-trans #2. Complete time series and distributions for all dihedrals are shown in Figs. S7-S14. Across all sets, correlations are modest (typically ||
< 0.1), indicating very weak linear co-variation between Trp290 rotation and any single retinal torsion. Nevertheless, torsions around C13-C14/C14-C15 and

the p-ionone ring orientation (C5-C6-C7-C8) show slightly higher |A

CONCLUSION

In this work, we investigated the molecular mechanisms un-
derlying the activation of JSR1 by integrating microsecond-
scale MD simulations, network analysis, and machine
learning-based structural classification. By comparing four
JSR1 systems complexed with different isomers of the
retinal chromophore, we found that the all-trans #2 config-
uration appears to represent the most favorable active pose
within the binding pocket. This configuration exhibited
the most efficient allosteric communication between the
retinal and the intracellular G-protein-binding site, as indi-
cated by the shortest network pathlength (d,,;,, = 20.79),
compared with all-trans #1 (d,,;,, = 21.89), 9-cis (d,in =
22.69), and 11-cis (d,n;n, = 23.25).

The network analysis has been widely used to identify
allosteric paths between two protein regions (26). Here, it
was combined with machine learning in order to identify
the conformational poses of the residues along the paths in
the presence of different retinal isomers. Two different stages
of the activation process were found: 1) the rotation of
Trp290 and 2) the bending of TM6 characterized by a clock-
wise rotation of Lys258, Ser259, Ser262, and Asn266,
accompanied by a slight contraction of the helix toward the
upper region of TM6. These results agree with previous evi-
dence on different GPCR classes (4,12). This combined
method provided a powerful framework for studying allo-
stery in JSR1, which can be applied to other GPCR systems,
and, in general, to membrane proteins.

Our findings identify Trp290 as a key molecular switch in
the JSR1 activation process. Located at the junction between

, most evident when including the all-frans #2 data set.

the chromophore and TM6 helix, Trp290 acts as a primary
sensor of retinal isomerization. Its rotation—observed
exclusively in the all-frans #2 system— marks the initial
step of activation, transmitting structural rearrangements
to the intracellular portion of TM6. This result is consistent
with previous studies on vertebrate rhodopsins, where
Trp290 has been experimentally validated as essential for
activation (1,14,62). Thus, it represents a strategic residue
that can be mutated to tune the activation of JSR1: noncon-
servative mutations (e.g., to alanine), which remove the
bulky indole ring crucial for the interaction with retinal,
are expected to abolish the activation.

In conclusion, this study offers a comprehensive molecu-
lar-level view of JSRI signal transduction, highlighting
several crucial residues that can be targeted by mutagenesis
to regulate JSRI1 function. It underscores the functional
relevance of the all-frans #2 retinal configuration and eluci-
dates the structural role of Trp290 as a mechanistic bridge
between chromophore isomerization and intracellular
signaling. Moreover, it introduces a generalizable strategy
that couples network analysis with machine learning to
characterize allosteric communication in complex biomole-
cular systems.
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