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magpnetic fields offer a promising, largely unexplored way to extend optogenetic control beyond the

limits of native chromophores. Channelrhodopsin-2 (ChR2), a widely used light-gated ion chan-
nel, serves as an ideal model to test whether metallic nanoclusters can interface with membrane

photoreceptors without disrupting their structure or function. Using large-scale molecular dynamics

simulations from multiple starting configurations, we simulate ChR2 in complex with a gold nan-

ocluster, which does not exhibit plasmonic behavior but lies within the size regime where metallic

nanoclusters begin to display plasmonic resonances. We find that these functionalized nanoclusters

spontaneously form stable, physiologically relevant complexes with ChR2 while preserving its global
structure, hydration, retinal binding pocket, and native dynamics. Protein network and contacts
perturbation analyses uncover an unreported allosteric link between nanocluster binding sites and

the retinal cavity, suggesting a mechanism to tune photochemical behavior. Our results establish

a molecular feasibility framework for integrating nanoclusters with optogenetic receptors, opening

the way for the design of future nano-optogenetic platforms that could modulate the photoreceptor

photochemistry without genetic or chemical modification of the photoreceptor itself.

1 Introduction

The ability to manipulate neuronal activity with light has re-
shaped neuroscience, positioning optogenetics as a central tech-
nology for circuit interrogation and therapeutic innovation.™
Yet, current optogenetic actuators remain constrained by the pho-
tophysical limits of their native chromophores and the restricted
ability to externally modulate their excited-state landscapes. Hy-
brid light-matter systems that couple biomolecular photoactivity
to engineered optical near-fields offer a promising, but largely
unexplored, path to overcome these limits.
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Channelrhodopsin-2 (ChR2), a light-sensitive ion channel pro-
tein naturally found in green algae, is a key player in optoge-
netics. " Its structure consists of two monomers each composed
of seven transmembrane (TM) helices connected by extracellular
and intracellular loops. The N-terminal region of the protein is lo-
cated outside the cell, interacting with the external environment,
while the C-terminal region is located inside the cell, interacting
with the cytoplasm. The light-sensitive part of ChR2 is retinal,
a chromophore bound to the protein via a covalent bond with
a specific lysine residue in TM-7 via a protonated Retinal Schiff
base (PRSB). Upon light absorption, the retinal undergoes photoi-
somerization from its all-trans form to its 13-cis form.1% Isomer-
ization represents the initial event in the photocycle, a series of
molecular processes that occur in response to light. These include
proton transfer reactions and conformational changes, which re-
sult in the opening of the channel allowing ions to flow across
the membrane. X ChR2 has proven indispensable for millisecond-
scale neural control; however, there is still no means to externally
control retinal photoisomerization, which remains fundamentally
dictated by the native protein environment.

Since its beginning, optogenetics has often appealed to metal
nanoparticles, particularly gold nanoparticles (AuNPs),12 primar-
ily to exploit plasmonic effects for signal enhancement. 13 In-
terestingly, localized plasmonic fields have been shown to in-
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fluence the bacteriorhodopsin photocycle through near-field en-
hancement of the local electric field, which perturbs the po-
tential energy surface of charge-redistributed retinal intermedi-
ates,1% and resonant enhancement of light absorption at key in-
termediates, which accelerates photocycle kinetics resulting in
a significantly amplified photocurrent.’2 Importantly, plasmon-
induced effects are not restricted to larger nanoparticles but
can also emerge in smaller metallic nanoclusters (NCs), that
can reshape photochemical energy landscapes via strong and
ultrastrong light-matter coupling, 10718 as evidenced by recent
advances in the emerging field of polaritonic chemistry. 12728
Due to their unique electronic/optical properties, metallic NCs
have already demonstrated significant potential across a wide
range of applications such as catalysis, 22! biomedical imag-
ing, 22833 medical therapy, 2430 etc. Combining metallic NCs with
biomolecules like proteins has been shown to create synergistic
effects, uniting the distinctive optical, electronic, and catalytic
properties of the metal NCs with the inherent biological func-
tions of the proteins.3Z3% Therefore, metallic NCs seem promis-
ing to modulate the photocycle of light-sensitive proteins under
the strong coupling regime. Yet, it is still unexplored whether
these optical antennas can interface productively with a mem-
brane ion channel without ablating the structural integrity re-
quired for gating. Structural alterations of the protein host and/or
uncontrolled formation of clusters at unintended locations within
the protein can in fact limit the application of these materials in
biomedical research.4?

Here, we use large-scale molecular dynamics simulations
across 31 independent trajectories to investigate the interaction
of ChR2 with a functionalized Auys nanocluster.#142,  Although
Aups does not exhibit a plasmonic behavior, it falls within the
size regime where metallic NCs already display plasmonic reso-
nances43"4° byt differently from larger plasmonic objects, can dif-
fuse through cellular membranes. Au nanoparticles with a 2 nm
radius and hydrophobic surfaces have already been successfully
incorporated into the leaflets of bilipid vesicles.4Z48 This makes
Auys a suitable model system to investigate nanocluster-protein
interactions from a mechanistic perspective. Furthermore, the
Aups nanocluster used here is functionalized with phenyl groups,
promoting interaction with the hydrophobic region of the lipid bi-
layer and the hydrophobic surface of the membrane protein. We
analyze the propensity and stability of the interaction, identify the
most probable binding sites, and assess the effects of the NC on
the global protein structure, channel hydration, and key retinal
interactions.

Our findings establish a molecular feasibility boundary for in-
tegrating plasmonic nanostructures, similar to the NC here ana-
lyzed, with intact optogenetic receptors, marking a foundational
step toward hybrid nano-optogenetic systems in which metal-
lic nanostructures could regulate photoreceptor excited-state dy-
namics - and ultimately neural activation - through engineered
nanoscale electromagnetic environments.
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Intracellular

POPC membrane

Fig. 1 Representation of NC-ChR2 interaction sites: IvC, interacting via
C-terminal; IvN, interacting via N-terminal; IvM, interacting via mem-
brane and Nol, non interacting. The NC is represented in ball and sticks
(orange, gold atoms; yellow, sulfur atoms; cyan, carbon atoms; white,
hydrogen atoms). ChR2 is represented in cyan. For clarity, the POPC
membrane and the solvent are not shown.

2  Methods

2.1 Molecular dynamics simulations

We perform MD simulations of ChR2 dimeric assembly (PDB
ID 6EID29) in the dark state conformation (i.e., with retinal
in the all-trans state) both alone and in interaction with a hy-
drophobic gold thiol-protected NC for which the X-ray structure
is known.“4! Specifically, the NC employed consists of a AupysLig
cluster, where L = (S(CH;)2Ph) and Ph = C¢Hs (phenyl group).
It comprises a Auj3- centered icosahedron, with six AuyL; units
arranged around it on the 12 faces of the core. The NC ex-
hibits a net charge of —1.00, is diamagnetic, and displays poor
solubility in water. Previous simulations in interactions with
the protein B,-microglobulin,#2 showed that this NC is able to
bind the protein forming persistent complexes. Previous simu-
lations by some of us showed that glutamic acid (E) 90, a key
residue in ChR2 photocycle involved in gating and ion selectiv-
ity, can be found in the dark state in two different hydrogen
bonding patterns (referred as DOWN and UP, see section [3.2)).>1
This observation is also in agreement with previously performed
MD simulations of ChR2.22>3 Therefore, we selected as starting
structure for all MD simulations a structure extracted from our
MDs®Lin which one monomer is in the UP conformation and the
other in the DOWN conformation. With this starting structure,
also including the phosphatidylcholine (1-palmitoyl-2-oleoyl-sn-
glycero-3-phosphocholine, POPC) membrane and the solvent, we
performed two 500 ns-long MD simulations of ChR2 alone (with-
out NC) to be used as a reference. Using the same coordinates
for ChR2, we also built the starting structures for 26 MD simu-
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Fig. 2 Color map of the contacts between ChR2 and the NC. In panels A, B and C the results from the IvC (A), IvN (B) and IvM (C) MDs,
respectively, are reported. The X in the label Iv(C/N/M) x identifies the simulation. The color scale (from white to dark green) indicates the ratio of
the number of frames in which a residue is in contact with the NC (Nf;) to the total number of frames in the simulation (Nf.). The two monomers
are separated by a dotted red line. Below each panel a representative snapshot of ChR2 is reported in which the protein regions in contact with the
NC are highlighted in green (most frequent contacts in dark green). For the sake of clarity, five simulations for each interaction site are reported. The

two additional IvC MD simulations are shown in Figure S2 in the SI.

lations of the protein in interaction with the NC as follows. We
obtained 18 starting structures by creating a 3 x 3 grid on the
x-y plane of the box, with 9 points at the extracellular side and
9 points at the intracellular side. The NC was then inserted at
the desired position within this grid at a distance of ~3 nm from
the protein by removing a proper number of water molecules (see
Figure S1 A-B in the Supporting Information, SI). The remaining
8 starting structures were obtained by placing the NC at either
the extracellular or the intracellular side immediately above the
membrane and in close proximity to the protein (see Figure S1
C-F in the SI and section for the rationale of this choice).
Initially, the 26 simulations were run for 50 ns. Then, the 12
simulations in which the NC interacts with the protein were ex-
tended to 500 ns together with 3 simulations in which the NC en-
tered the membrane. The analysis of these 26 simulations shows
that the NC interacts with different regions of ChR2 with varying
propensities (see section [3.I). Specifically, we observe that in 7
out of 26 instances the NC interacts with the C-terminal region
of ChR2 (IvC) while it interacts with the N-terminal region (IvN)
and with the membrane-embedded region (IvM) only in 2 and 3

instances, respectively. Therefore, to improve our statistics and
ensure a minimum of 5 simulations for each interaction region,
we added 3 and 2 additional MD simulations with the NC inter-
acting with the N-terminal and membrane-embedded regions of
ChR2, respectively. The starting structures for these additional
simulations were taken from existing IVN and IvM trajectories at
t = 20 ns, and new initial velocities were assigned to ensure in-
dependent sampling in the new MD runs. These 5 simulations
performed to increase the statistics of the IvC and IvN interac-
tions were also run for 500 ns. A Table summarizing the initial
NC position and site of interaction between the protein and the
NC is provided in the SI (Table S1).

For all 33 MD simulations (2 without the NC and 31 with the
NC) the POPC-embedded ChR2 dimer is solvated with TIP3P wa-
ter molecules® and neutralized with Cl-/Na* with a salt con-
centration of about 0.15 mol/1 in a simulation box of ~(98 x 98 x
140) A3, for a total of more than 140k atoms. Amber99sb param-
eters®358 are used for the protein (including the retinal,
membrane®€0 and counterions and previously QM-derived pa-
rameters are used for the NC.42 Before proceeding with the pro-
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Fig. 3 Percentage of contacts between the NC and a specific amino acid with respect to the total number of protein-NC contacts. A: IvC MDs; B: IvN
MDs; C: IvM MDs. Representative snapshots of the interaction between the NC and the two amino acids showing more contacts are reported below
each histogram. The residues are arranged in accordance with the Kyte-Doolittle hydrophobicity scale.® The residues are arranged in descending
order of hydrophobicity, starting from the most hydrophobic, indicated by the colour blue, located on the left, to the most hydrophilic, indicated by

the colour red, located on the rig

ductive run, a preliminary energy minimization and subsequent
relaxation for 1 ns are performed for all systems after the NC
All MD simulations are performed in the NPT en-
semble (T=310 K, P= 1 bar) maintaining the temperature and
pressure constant with the V-Rescale®! and Parrinello-Rahman®®2
algorithms, respectively. Periodic boundary conditions and the
Particle-Mesh-Ewald algorithm are used.®3 A 12 A cutoff is used
for van der Waals interactions. The LINCS algorithm is used
to constrain all covalent bonds involving hydrogen along with a
2 fs integration time step. All simulations were performed with
the GROMACS 2022.3 package. In summary, 33 independent
trajectories were generated (2 of ChR2 alone and 31 in the pres-
ence of the NC). Of these trajectories, 22 were initially run for 50
ns and then extended to 500 ns while the remaining 11, where
no interaction between ChR2 and the NC occurred, were run for
50 ns. In total, these 33 MD simulations yielded a cumulative

insertion.

ht.

simulation time of more than 11 us.

2.2 Dynamical Perturbation Contact Network and Con-

nected Component Analysis

In order to achieve a more profound comprehension of the lo-
cal conformation changes resulting from the interaction of the
NC, we employed the Dynamical Perturbation Contact Network
method. Some of us have previously used this method success-
fully to study allosteric pathways, and it can also be used to make
comparisons between different MD simulations.©®

age atomic contact matrix was then transformed into a residue
contact matrix, which describes interactions between amino acid
residues rather than individual atoms. To focus on inter-residue
interactions, we removed self-contacts. To identify changes in-
duced by perturbations, we subtracted the average residue con-
tact matrix of the perturbed state (simulation with NC) from that
of the initial state (the average of two simulations without NC),
creating a perturbation contact matrix. This matrix was used as
adjacency matrix for the calculation of the properties of the DPCN
with and its elements correspond to the weights of the edges of
the network. For visualization purposes, we added a coloring
scheme to the edges: blue if the weight is bigger in the initial
state and red if the weight is bigger in the perturbed state.

We further analyzed the connectivity of these networks using
Connected Component (CC) analysis. Two residues are consid-
ered connected if there is a path between them within the net-

work. A connected component is a subgraph in which all residues
are mutually connected and are not part of a larger connected

subgraph. While protein networks often form a single connected

component, removing weak interactions by applying a threshold

package.

3 Results and discussion

Briefly, following the procedure detailed in Gheeraert et al.,s7

for each frame of molecular dynamics simulations, we deter-
mined which atoms were in contact based on a distance cut-
off of 5 A, considered a robust choice for protein structure net-
works. 67469 These contacts were used to build an atomic contact
matrix for each simulation frame.
was averaged across the entire simulation trajectory. This aver-

4 Journal Name, [year], [vol.], 1

The atomic contact matrix

3.1 Assesment of ChR2-NC interaction tendency

can lead to disconnected networks with multiple connected com-
ponents. Connected component analysis, thus, simplifies the in-
terpretation and visualization of complex DPCN networks.

DPCN analyses were performed using the Python PMDlearn

To understand if the NC can spontaneously interact with ChR2,
we started 18 MD simulations placing the NC at &~ 3 nm from the
protein. In 9 initial structures the NC was positioned at the intra-
cellular side, in 9 initial structures at the extracellular side (see
section[2]and Figure S1 A-B in the SI). The analysis of these trajec-
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tories showed that the NC could either interact with the protein
or enter the membrane. Within 25 ns, in 7 out of 18 simula-
tions (~40%), the NC started interacting with the protein (aver-
age time before the interaction: 7.5 &+ 6.9 ns) and maintained the
interaction for the rest of the MDs. In the other simulations, the
NC entered the membrane. It should be noted that these condi-
tions could still lead to an interaction between the NC and ChR2
because the NC could approach the protein by spontaneous dif-
fusion within the membrane. Since diffusion in the membrane is
expected to be a slow process, we mimicked the above scenario
by performing 8 additional MD simulations in which the starting
structures were obtained by placing the NC immediately above
the membrane and in close proximity to the protein, leaving only
a thin layer of water molecules between them. These initial po-
sitions promoted a membrane-mediated NC-protein interaction,
in which the hydrophobic NC penetrated the membrane but re-
mained in close proximity to the protein and interacted with it.
In 5 of these 8 MD simulations the NC interacted with the protein.
However, the desired interactions (insertion in the membrane in
close contact with the protein, see Figure only occurred in
three of them. In the other 2 MDs, the NC interacted with the
protein similarly to what observed upon spontaneous diffusion
(vide infra). Overall, the interaction between the NC and ChR2
occurred in 12 MD simulations out of 26 (i.e., 46%). In what
follows, we classify the 12 MD simulations in which the NC in-
teracted with ChR2 according to the interaction site (see Figure
[1): interacting via C-terminal (IvC), interacting via N-terminal
(IvN), interacting via Membrane (IvM). The analysis of these 12
simulations revealed that the NC interacted with the C-terminal
in 7 instances, while interactions with the N-terminal occurred in
2 cases. The remaining three interactions were mediated by the
membrane. Furthermore, the NC demonstrated an equal propen-
sity to interact with either monomer 1 or monomer 2. These re-
sults suggest that the protein-NC interaction was favored when
the nanoparticle diffused toward the C-terminal part (intracel-
lular). This could be ascribed to the fact that the C-terminal is
rather flexible and is therefore able to undergo a structural reor-
ganization to accommodate the NC. In contrast, the N-terminal
region (extracellular) is relatively rigid because of the presence
of two disulfide (SS) bridges (involving cysteine, Cys-34 and Cys-
36) connecting the two monomers. To compensate for the differ-
ence in sampling between IvC and IvN/IvM interaction sites, due
to the varying interaction propensities of the NC with these sites,
additional simulations were conducted to enhance the statistical
representation of IvN and IvM. Thus, in order to have at least five
simulations for each group, three simulations were added to the
IvN group and two simulations were added to the IvM group. A
Table summarizing the initial NC position and site of interaction
between the protein and the NC is provided in the SI (Table S1).

Overall, the MD simulations performed showed that the hy-
drophobic NC was able to interact spontaneously and effectively
with the protein in approximately half of the MD simulations per-
formed. In the other cases, a favorable interaction between the
NC and the membrane was observed that might lead, by diffusion
through the membrane, to further interactions with ChR2.
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Fig. 4 Plot reporting Agysr = (RMSF,inne — RMSFinounc) for each
residue in the IvC (black), IvN (red) and IvM (green) MDs. The black
dashed lines represent distinct threshold values, which have been calcu-
lated as the sum between the average of Agysr plus one, two or three
times the average of the standard deviation ogysr. The circle marker
denotes the residues of monomer 1, and the triangle marker denotes the
residues of monomer 2. At the bottom, a representative protein snapshot
highlights the regions corresponding to significant Agysr changes.

3.2 Characterization of ChR2-NC interactions

To highlight the protein regions and specific amino acids involved
in the interaction with the NC, we computed a contact map. To
this aim, we define an existing contact between residue i of ChR2
and the NC at time r when the distance between any atom of
residue i and any atom of the NC is less than 4 A. This distance
is chosen because, given the nature of the NC, we expect that the
interaction is mainly driven by hydrophobic effects.

In the IvC MD simulations (Figure ), the involvement of the
C-terminal residues was clearly present. Nonetheless, the involve-
ment of other protein regions (highlighted in green in Figure
[2i) was also observed. These regions correspond to intracellu-
lar loops 1 and 2 (ICL-1 and 2) and helix TM-5. Notably, this
interaction pattern was highly consistent across all simulations.
Furthermore, the binding profile appeared to respect the symme-
try of the dimer, as the NC tended to interact with structurally
equivalent residues on both monomers. This recurrence suggests
a preferential binding motif.

This was also suggested by the observations that the same in-
teraction pattern was present in 2 out of the 8 simulations whose
starting structure was chosen to promote a membrane-mediated
interaction (see above). Note that, for the sake of clarity, only five
out of seven simulations of the IvC group are reported in Figure
[2A. The other two are shown in Figure S2 in SI and feature the
same interaction pattern. Figure [2B shows that the five MD sim-
ulations in which the NC interacted with the N-terminal featured
a slightly different interaction pattern. In the /vN; 34 MD simu-
lations, the NC fit into the extracellular region of one monomer,
with the involvement of the N-terminal and extracellular loops 2
and 3 (ECL-2 and 3). In the IvN, s MDs, the NC strongly inter-
acted with the SS bridge, as also shown by the involvement of
the first residues of both monomers. In Figure |2C we report the
contacts observed in the MD simulations in which a membrane
mediated interaction occurred. In this instance, the interaction
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pattern was contingent upon the height and the area where the
interaction occurred. Nonetheless, regardless of the monomer in-
volved, a preference for the protein region where helices TM-5
and TM-6 are located was observed in the IvM simulations.

It was possible to extract from the contact map which amino
acids were more frequently involved in the interaction with the
NC. In Figure 3] the amino acids involved in interactions with the
NC were ordered according to decreasing hydophobicity (highly
hydrophobic residues in dark blue, charged residues in dark red),
showing that, despite the hydrophobic nature of the NC, polar
residues were significantly involved in the NC-protein interac-
tion in the IvC and IvN simulations. Specifically, histidine (His)
residues showed a relevant fraction of contacts with the NC in
the IvC simulations (Figure ) . As shown in Figure S8 in the
SI, this was mainly due to the abundance of His residues at the
C-terminal tail. Nonetheless, the relevant role of His in the inter-
action pattern of the IvC simulations appeared particularly inter-
esting. As a matter of fact, histidine is a polar amino acid with
an aromatic ring and was able to interact with the NC either
by aromatic contacts (stacked/edge-to-face) between its aromatic
ring and that of the phenyl groups that functionalize the NC, or
by interacting with exposed sulfur-Au atoms (Figure [3A, inset).
The latter interaction likely arose from the balance between the
propensity of His nitrogen to interact with goldZ! and the repul-
sion between the negatively charged His nitrogen and NC sulfur
atoms. Another important amino acid in the interaction pattern
of the IvC MDs was isoleucine (Ile). Ile is an apolar amino acid
and its interaction with the NC was driven by purely hydrophobic
effects: the aliphatic side chain of Ile interacted with the phenyl
rings of the NC (Figure , inset).

The interaction between the NC and a polar aromatic amino
acid was also present in the IvN group (Figure 3B), in which fre-
quent interactions with tyrosine (Tyr) were observed. Tyr phe-
nol side chain was observed to interact with the phenyl rings of
the NC via both stacked and edge-to-face aromatic interactions
(Figure [3B, inset). The residues showing the most frequent in-
teraction with the NC in the IVN MDs were the residues of the
N-terminal SS bridges (i.e., Cys-34 and Cys-36). Inspection of the
trajectories revealed that this interaction mainly involved an ex-
posed portion of the NC core and the backbone of the residues
involved in the SS bridges (Figure , inset). Note that the pref-
erential interaction of the NC with Tyr and Cys residues in the IvN
simulations was mainly due to the fact that these residues were
particularly well exposed: the N-terminals of the two monomers
are linked by two disulfide bridges, with two Tyr residues in close
proximity (Figure 3B, inset).

In the case of the IvM simulations, the NC was in contact with
a part of the protein that is distinctly hydrophobic. The most
frequent interactions were therefore with apolar residues such as
Ile and phenylalanine (Phe) (Figure ). The latter can effectively
interact with the NC vig aromatic stacking. Interestingly, all MD
simulations showed that the surface functional groups adapted
their conformation to optimize the interaction with the protein.
(see e.g. inset of Figure ).

Next, we investigated the possible effects of the above de-
scribed interactions with the NC on the structural and dynamical
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Fig. 5 A: Average number of water molecules in the protein interior N,,
in the IvC (black), IvN (red) and IvM (green) MD simulations. Error
bars are obtained by the standard deviation of N,, along each MD. The
blue dashed horizontal line corresponds to the average number of water
molecules in the two simulations without the NC, while the blue dotted
lines above and below indicate the standard deviation along the same
simulation. B: Representative structure showing the protein interior hy-
dration. Water molecules within 3.2 A from the protein are represented
as red surface, the position of Leu110 and Leul38 is highlighted by yellow
spheres.

properties of ChR2. To understand if there was any major change
in the protein conformation, we monitored its secondary struc-
ture when interacting with the NC and compared it to that along
the two MDs without the NC. The results, shown in Figures S3-S5
of the SI, showed that ChR2 secondary structure was rather stable
also when interacting with the NC.

To investigate possible effects on ChR2 dynamics, we started
by monitoring protein flexibility using RMSF analysis. To bet-
ter highlight possible differences induced by the interaction with
the NC, we compared the 17 MD simulations in the presence
of the NC with the two NC-free. In Figure we reported,
for each protein residue, the difference Agysr = (RMSF,iinne —
RMSF,ithournc)- As illustrated in Figure [4] an increased flexibil-
ity due to the interaction with the NC could be observed regard-
less of the interaction site. Specifically, the N-terminal, the intra-
and extracellular loops ICL-1, ICL-2 and ECL-1, and helices TM-1,
TM-5, and TM-6 showed an increased RMSF. Some of these re-
gions were directly influenced by the interaction with NC, while
the increased fluctuation of other regions was attributable to al-
losteric effects, a typical phenomenon in ligand binding.”2 The
C-terminal region was affected in opposite ways either an in-
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creased or a decreased fluctuation. However, a stiffening of the
C-terminal region that was in contact with the NC was present in
most IvC simulations. On the contrary, an increased fluctuation of
the N-terminal region in contact with the NC was present in the
IvN simulations.

Since helices TM-1, TM-5, and TM-6 showed an increased fluc-
tuation, we focused on the behavior of all seven transmembrane
helices by computing the root-mean-square deviation (RMSD) on
each ChR2 helix along all simulations. The analysis indicated that
the protein transmembrane region was essentially stable, as evi-
denced by the relatively low values observed for all helices (~1
A.) Nonetheless, helices TM-3 and TM-5 displayed higher RMSD
values in some simulations (see Figure S7 in the SI). Inspection of
these simulations revealed that the high deviation of TM-3 could
be attributed to the substantial impact of the NC on the ICL-2 re-
gion, which is closely associated with the TM-3 helix. The high
deviation of TM-5 could instead be attributed to a kink of the he-
lix region in contact with the NC. Therefore, the increase in RMSD
could be attributed in both cases to a direct effect of the presence
of the NC.

A relevant structural feature in rhodopsins is the amount of
water in the protein interior in the dark state, that can affect
the protonation state of crucial residues with major impact on
the photocycle evolution.®? In principle, the interaction of the
NC with either the C- or N-terminal may affect water accessibil-
ity within the protein interior. Specifically, the NC could obstruct
water entry or induce conformational changes in the terminal re-
gions, potentially leading to a partial opening of the channel even
in the dark state, where the channel is expected to remain closed.
However, the analysis of the number of water molecules in the
protein interior, shown in Figure |5 indicated that ChR2 hydra-
tion did not vary significantly, despite the NC interacting with the
region near the channel entrance.

The average number of water molecules in the protein interior
was determined by calculating for each MD frame the number of
water molecules N, within 3.2 A from the protein and whose
z coordinate along the membrane normal was between that of
Leul10 and that of Leu138 (see Figure [5B). Importantly, N, rep-
resents the average hydration per monomer, computed by divid-
ing the total number of internal water molecules in the dimer
by two. A monomer-specific analysis revealed in fact no statisti-
cally significant differences in hydration variability between the
UP and DOWN monomers. In the simulations without the NC,
N,, = 162 +8. The simulations with the NC yielded comparable
mean values of N,,, suggesting that the interaction with the NC
did not affect the channel structure in the dark-adapted state.

As mentioned in the Methods section, in a previous MD simu-
lation we observed two possible HB patterns for glutamate (Glu)
90 (see Figure @A): the UP pattern, in which Glu-90 interacts
with asparagine (Asn) 258, and the DOWN pattern, in which
Glu-90 interacts with aspartic acid (Asp) 253.21 We therefore
monitored along the IvC, IvN and IvM simulations the hydrogen
bond (HB) between Glu-90 and Asn-258 side chains. In addi-
tion, we also assessed the stability of the interaction of the pro-
tonated Schiff base (PSB) and its two counterions by monitoring
the distance between the NH group of PSB and the side chain of

Nanoscale

View Article Online
DOI: 10.1039/D6NR00330C

(¢ C ¢
: D253 E123) (
& V D253 |
E90 A Y e O
e ) Eved w v
N258 k PSB Lonese ¢ A
¢ %=
v S
( (
UP > ¢ DOWN
1.0
B WONC
- vC

- VN
08 M

1
M I
N W‘ I¥

E123-PSB D253-PSB EQ0-N258

Fraction

Fig. 6 A: Representative snapshot of the UP Glu-90 conformation, in
which Glu-90 is hydrogen bonded to Asn-258 (left) and DOWN Glu-90
conformation, in which Glu-90 points inside the retinal cavity (right). In
the two snapshots, the backbone of residues are shown as licorice and
the following distances are highlighted: PSB/Glu-123, PSB/Asp-253,
Glu-90/Asn-258. For clarity only the hydrogen involved in the bonding
are shown. B: Fraction of frames in which the HB criteria is satisfied in
the different MD interaction groups.

glutamate Glu-123 and aspartate Asp-253 (the three monitored
distances are highlighted in Figure [6A). The applied HB criteria
were based on a heavy atom (O--O and N---O) distance cutoff of
3.0 A, a hydrogen-acceptor distance cutoff of 2.5 A, and a mini-
mum donor-hydrogen-acceptor angle of 145° in line with recent
high-resolution protein structural analyses.Z2 It was previously
observed that in ChR2 the PSB can form a direct HB with either
of the two counterions, both direct and water-mediated.””# Con-
sistently with this observation, we observed in our simulations a
HB between the PSB and either Glu-123 or Asp-253. Our data
also suggested that the presence of the NC promoted dynamic ex-
change between these two configurations. Figl6]also shows that
the HB pattern of the Glu-90 was affected by the presence of NC:
an increase in the population of the UP Glu-90 conformation by
~20% was observed in the IvC and IvN simulations. This increase
was consistent in both the UP and DOWN configurations, thus in-
dicating that interaction with NC stabilized the UP conformation
and promoted the transition from DOWN to UP. Conversely, in
the IvM simulations the Glu-90/Asn-258 interaction was weak-
ened by ~20%. Notably, it was shown that Glu-90 has a major
role in ChR2 photocycle branching.>® The present observation of
a NC-induced change in Glu-90 HB pattern suggested therefore
that the photocycle branching could be affected by the presence
of the NC. Interestingly, a reduction in the branching probability
for ChR2 in proximity to gold surfaces was previously suggested
on the basis of experimental results.””>
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Fig. 7 (A) Detailed view in the monomer of the high-betweenness centrality nodes (orange spheres) identified across all interaction groups (IvC, IVN,
IvM). These 22 conserved residues form a continuous allosteric pathway connecting key functional regions: the N-terminal domain (black dotted box),
the transmembrane helix 1 (TM1, red box) and 2 (TM2, blue box), and the C-terminal region (grey box). Key functional residues, including the
gating-related Glu-90 and His-134, and the retinal binding pocket (brown dashed oval), are highlighted. The light red surface represents the internal
water network (quicksurface representation). (B-C) Representative snapshots of the DPCN analysis for the IvC (B) and IvN (C) interaction groups.
The ChR2 dimer is shown with the nanoparticle (yellow/cyan spheres) interacting at the C-terminus and N-terminus, respectively. The colored boxes
highlight the localized Connected Components (CCs) that cluster within the functional regions identified in panel A.

3.3 DPCN analysis

In order to conduct a more accurate investigation of the local and
global perturbations induced by the interaction with the NC, a
DPCN analysis was performed. This method was chosen because
it allowed for a detailed examination of the variations in protein
contact networks due to NC interaction. The DPCN analysis, com-
bined with the study of its CCs, i.e subgraphs of nodes with highly
correlated contact variations, provided a detailed map of local-
ized perturbation effects. The limited size of the CCs confirmed
that the NC influence was predominantly localized, with localized
perturbations found across the whole systems but without alter-
ing the overall stability of the protein. This analysis identified the
key regions most responsive to the perturbations induced by the
NC binding (see Fig[7): the direct NC interaction site at the N- or
C-terminal, the retinal cavity, and the TM1-TM2 helical region.

Then, we investigated what specific residues were responsible
for mediating and propagating these signals. To this end, we com-
puted the betweenness centrality on the DPCN graph. Since edge
weights in the DPCN represent contact perturbations, we defined
the edge ’distance’ for the shortest-path calculation as the inverse
of the weight d;; = 1/|w;;|. This transformation ensures that the
computed shortest paths, and consequently the betweenness cen-
trality, trace the shortest routes of signal propagation. Using this
metric, we identified the minimal set of nodes accounting for 50%
of the total betweenness in each network. This approach enabled
a direct comparison of the dominant information flow mediators
across different interaction groups (IvC, IvN, IvM), highlighting
both common communication nodes and condition-specific dif-
ferences in signal propagation pathways (see Fig[7). This central-
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ity analysis revealed a core set of 22 residues that functioned as
high-betweenness nodes across all three interaction groups (Fig-
ure S9). Spatially, these nodes formed a continuous pathway that
connected the C-terminal, intracellular gate (ICG), central gate
(CG), and N-terminal domain, suggesting the presence of an al-
losteric communication network. A comparison with existing lit-
erature showed that this set of nodes includes several residues
with well-documented functional importance. For instance, Glu-
82, Glu-90, and Asn-258 are known to influence the local elec-
trostatics and affect ion permeation within the ICG/CG region.7®
Moreover, residue His-134 has been demonstrated to modulate
the channel’s photocurrent and closing time.ZZ A notable concen-
tration of eight nodes was also found on the TM2 helix, a region
that is recognized for its role in channel gating.””®

Finally, the DPCN analysis revealed that nanoparticle interac-
tion induced localized structural perturbations within the reti-
nal binding pocket. Specifically, CCs involving the retinal chro-
mophore were detected in both monomers, regardless of which
monomer directly contacted the nanoparticle or where the inter-
action occured (see Fig. This finding indicates that the struc-
tural perturbation propagates allosterically to the retinal cavity in
both monomers. Given the well-established sensitivity of retinal
photophysics to its local environment, 783 such perturbations
could potentially alter ChR2’s function by modulating the retinal’s
photochemical cycle.

The DPCN analysis showed that among all the MD simulations
performed, IvM; was the only trajectory in which the protein net-
work was markedly affected by the interaction with the NC. In this
simulation, a large CC spanning almost the entire monomer inter-
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Fig. 8 Panel A: Connected Components (CCs) identified via DPCN analysis for the IvM; simulation of ChR2 (cyan cartoon) with NC (spheres, top
left). A large Connected Component (CCy, blue), spanning the entire interacting monomer, can be observed. Other significant CCs (CC; red, CC3
green, CCy yellow) are also depicted. Panel B: Projection of the trajectories on the plane of the first two eigenvectors of the C, covariance matrix for
the trajectories without NC (black) and IvMj, in which the latter is colored according to time. The red crosses mark densely populated regions from
which representative structures are extracted. The representative structures, Panel C, are shown as superimposed, and the protein regions with more

evident conformational differences are colored according to the time frame.

acting with the NC was observed (Figure ), in clear contrast to
the localized CCs described above for the other trajectories. No-
tably, IvM; was also the only trajectory in which a pronounced
kink of the helix was observed. To better characterize the dy-
namics of the IvM; simulation, we performed a principal com-
ponent analysis (PCA).24 We computed the eigenvectors of the
protein’s ¢-carbons covariance matrix on a trajectory obtained
by concatenating one trajectory without the NC and the IvM; MD
simulation. Subsequently, the two trajectories were projected sep-
arately on the plane of the two first eigenvectors obtained from
the concatenated trajectory. Such a projection is shown in Fig-
ure (black, trajectory without the NC and colored according
to time IvM;). The Figure shows that the conformational basin
without the NC remains localized in a relatively limited region
of the plane while the /vM; conformational basin is rather differ-
ent. As shown by the representative structures extracted from the
IvM; basins (panel C), this was mainly due to the kink of TM-5.
However, it is interesting to observe that as the trajectory evolved
in time (panel B), the difference in the projection on eigenvector
1 with respect to the MD without the NC was partially recovered.
This observation is in accordance with the time evolution of the
RMSD of TM-5 (Figure S7D in the SI), which shows that the helix
kink only occurred in the first part of the trajectory. This suggests
that the protein is capable of recovering its initial conformation
and shows that ChR2 is rather stable and can adapt to the ex-
ternal perturbation exerted by the NC without undergoing major
structural or dynamical changes.

4 Conclusions

Our simulations reveal that functionalized gold nanoparticles can
stably engage ChR2 without compromising its structural integrity
or native dynamic ensemble, despite frequent nanoscale surface
contact and membrane insertion events. Across 31 molecular
dynamics trajectories, spontaneous nanoparticle-protein complex
formation occurs in roughly half of the configurations, primar-
ily stabilized by aromatic-rich interfacial interactions, while in

other cases nanoparticles partition into the lipid bilayer, suggest-
ing alternative access routes to transmembrane interaction via
lateral diffusion. Remarkably, ChR2 retains its global fold, wa-
ter content, and retinal Schiff-base configuration, demonstrating
an unexpected capacity to withstand nanoscale perturbations and
recover native-like conformational states even after local distor-
tion. Beyond structural resilience, we identify specific mechanis-
tic effect of nanoparticle engagement: a rewiring of the Glu-90
hydrogen-bond network, an essential determinant of ChR2 pho-
tocycle branching.

Network analyses based on dynamical perturbation contact
networks (DPCN) further show that nanoparticle engagement pri-
marily induces localized structural perturbations within ChR2,
consistently involving the same set of protein regions across all
simulations. These regions include the terminal domains and
transmembrane helices TM-1 and TM-2. Notably, regardless of
whether a stable nanoparticle—protein complex forms, we consis-
tently observe a perturbation of the retinal cavity, suggesting a
sensitivity of this region to external nanoscale interactions and
a potential impact on the chromophore’s photophysical behav-
ior. In particular, the IvM simulations in which the nanoclus-
ter interacts laterally with the protein and approaches the reti-
nal cavity display contact geometries that would be especially
conducive to plasmon-mediated modulation of the retinal chro-
mophore for similarly sized nanoclusters with plasmonic charac-
ter. These observations suggest that metallic NCs may affect the
photophysics of ChR2 in two ways: (i) indirectly, by altering the
environment surrounding the chromophore, and (i) directly, by
exerting an effect on the optical properties of retinal. The latter
way is unlikely for the Au,s cluster investigated here, because of
its molecular-like electronic excitations, but could be important
for other nanoclusters in the same spatial size range (1-2 nm,
such as Au;44SRe02®) or also small silver clusters such as Agyg44)
that exhibits plasmonic like characters.

Collectively, these results establish a molecular feasibility
framework for structurally non-disruptive integration of metal-
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lic NCs with membrane photoreceptors. By providing mech-
anistic insights into the interaction between metallic NCs and
ChR2, this work opens a conceptual path toward hybrid nano-
optogenetic architectures, where plasmon-supported near-fields
could re-engineer chromophore photophysics and neuronal acti-
vation dynamics without genetic or chemical modification of the
receptor. More broadly, our findings may contribute to the ratio-
nal design of plasmonic nanostructures for interfacing with func-
tional membrane proteins, advancing foundational capabilities in
nano-neurotechnology and protein-nanomaterial hybrid systems.
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