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Chrimson is a naturally occurring channelrhodopsin with one of the
most red-shifted absorption maxima (im.x = 590 nm). This unique
absorption makes it an ideal candidate for noninvasive optogenetic
applications. The origin of the absorption maximum is thought to stem
from a single deprotonated counterion near the Schiff base. However, it
remains unclear which of the two potential counterions, E165 and D295,
is protonated. In addition, a third titratable residue (E132) near the
chromophore may also play a role in the spectral tuning mechanism.
A single mutation from serine to alanine (S169A) further red-shifts the
absorption maximum to 608 nm. Here we elucidate the mechanism
behind the red-shifted absorption maximum using classical molecular
dynamics simulations in tandem with hybrid QM/MM simulations. We
found that protonation of both E165 and E132 leads to the correct
experimental absorption trend for the wild type. This was further
validated for the S169A mutant. The derived understanding of the
spectral shift will guide the experimental design of red-shifted microbial
rhodopsins.

Channelrhodopsins are light-activated ion channels, making
them ideal candidates for biotechnological applications such as
optogenetics or vision restoration.’” These are part of the
rhodopsin protein superfamily which gains its light sensitivity
from a covalently bound retinal chromophore. The chromo-
phore is linked to the opsin through a lysine residue (Fig. 1).
Together, the lysine and retinal chromophore form a retinal
protonated Schiff base (RPSB), which is positively charged.
Hence, the absorption of the chromophore is influenced by
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the surrounding protein environment. The range of absorption
maxima found in rhodopsins spans from 400 nm to 690 nm.***
In particular, variants absorbing in the red portion of the
visible spectrum are of high interest in biotechnology because
of the deep tissue penetration within the biological transpar-
ency window from 650 nm to 950 nm.

A channelrhodopsin Chrimson, discovered in 2014 in the algae
Chlamydomonas noctigama, showed a red-shifted absorption max-
imum (Amax = 590 nm) compared to the other variants.'® This is of
particular interest, as its unique absorption has recently been
used within a dual-color optogenetic tool to control neuronal
activity®'®"” and aid in restoring vision and hearing.""®

Oda et al. have solved the crystal structure of Chrimson at a
resolution of 2.6 A, allowing atomistic insight, making it the
most red-shifted channelrhodopsin with an available struc-
ture."® Analysis of the crystal structure revealed that the bind-
ing pocket of Chrimson is similar to that of other channelrho-
dopsins. There are two counterions, E165 and D295 (counter-
ions 1 and 2, respectively), located within 3.6 A of the

E165
(Ci1)

(Ci2)

Fig. 1 Dimeric channelrhodopsin Chrimson embedded in a lipid bilayer in
the simulation box. The inset shows a zoom of the binding pocket
containing the retinal chromophore and lysine link (RPSB) of a Chrimson
monomer, including several key residues mentioned in this study: S169
and E165 (Cil), D295 (Ci2) and E132 (Ci3). The distance between the
nitrogen atom of the Schiff base moiety and the oxygen atoms of charged
residues is provided in A.
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protonated Schiff base moiety (Fig. 1). Additionally, a third
titratable glutamate, E132 (potential counterion 3), is also
located within 5.7 A to the Schiff base. These negatively charged
residues can greatly influence the absorption properties of
Chrimson. A further red shift of the maximum absorption by
18 nm to Amax = 608 nm was obtained by a single point
mutation from serine to alanine at position 169 (S169A variant).

Spectral tuning of rhodopsins has often been explained by
using the point charge model of Honig et al.>**"** This mecha-
nism is based on the intramolecular charge redistribution in
the chromophore upon excitation. The positive charge of the
chromophore, initially localized near the protonated Schiff
base moiety in the ground state, translocates towards the
B-ionone ring upon excitation. This charge redistribution
allows residues on either side of the chromophore to impact
the spectral tuning of the protein (Fig. 2). For example, a
negative charge near the Schiff base will have a larger stabiliz-
ing effect on the ground state than the excited state, leading to
a blue-shifted absorption maximum.

Based on this mechanism, it was hypothesized that the red-
shifted absorption maximum in Chrimson originated from a
reduced negative charge next to the Schiff base. This means a
single unprotonated counterion, in contrast to other channelr-
hodopsins that have two unprotonated counterions. However,
it remains unclear which of the two counterions, E165 or D295,
is protonated despite the high-resolution crystal structure.
Recent studies suggest that protonation of the E165 residue
plays a key role in the unique absorption maximum of this
protein.”*** Furthermore, the protonation state of E132 and the
role of this residue are not known. Hence, it is imperative to
identify the protonation state of the titratable residues to test
the proposed spectral tuning mechanism.

The protonation states of such residues have been investigated
computationally in microbial rhodopsins.*>' In the automatic
rhodopsin modelling (ARM) protocol by Olivucci and coworkers,
the protonation state of the major and secondary counterions was
shown to be the key to improving the description of outliers.*” Pieri
et al. have performed constant pH simulations to identify the
residues responsible for the spectral shifts depending on the pH
titration.**

all-trans retinal —‘q S|

/‘\ —

S32 aoi

—
Negative Negative I °

Interactions Interactions

Stabilize S;  Stabilize S,

A [H - o

e 10.0 20.0 40.0 60.0 80.0 100.0
Fig. 2 Point charge model for retinal protonated Schiff base. The elec-
trostatic potential (A®) is shown according to the map in kT e~ units. The
schematic shows that the positive charge of retinal in the ground state (So)
is localized near the Schiff base. Upon excitation to S;, there is a redis-
tribution of the positive charge towards the B-ionone ring.
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Table 1 Four protonation models examined for wild-type Chrimson and

the S169A mutant. The name of the model denotes which counterions
are protonated

Residue P1 P2 P1&3 P2&3
E165 (Ci1) v — 4 —
D295 (Ci2) — v — v
E132 (Ci3) — — v

In this work, we use multiscale simulations to probe the
protonation state of E165 (Cil), D295 (Ci2), and E132 (Ci3).
Four protonation models were studied (Table 1). Two models
have either Ci1 or Ci2 protonated, while Ci3 remains deproto-
nated. In addition, two models were added where Ci3 was also
protonated. For each model, we first performed classical mole-
cular dynamics (MD) simulations of Chrimson embedded in
the membrane, followed by hybrid quantum mechanics/mole-
cular mechanics (QM/MM) calculations.**** The S169A mutant
of Chrimson was also examined under the four protonation
patterns. This helped validate the computational model and
understand the origin of the red shift.

The root-mean-squared deviation (RMSD) for the three
residues in the wild-type and the S169A mutant was analyzed
for each trajectory (Fig. S1 and S3 (ESIt), respectively) relative to
the experimental crystal structure. Similarly, the RMSD for the
protein, the chromophore binding pocket, and the retinal
chromophore were also examined to evaluate the overall stabi-
lity of the protein (Fig. S2 and S4, ESIt).

The RMSD analysis of each model shows that changing the
protonation of the three titratable residues can lead to large
structural changes both locally in terms of the binding pocket
and for the protein as a whole (Fig. S2, ESI{). Protonation of
E132 produced smaller RMSD fluctuations regardless of
whether E165 or D295 was protonated (P1&3 and P2&3). The
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Fig. 3 Kernel density distribution map of the separation between RPSB
and the counterions (E165 and D295) in the wild-type. The black (dashed)
box denotes the hydrogen-bonding range (between 2.6 and 3.3 A).
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S169A mutant also exhibits the same trend when E132 is
protonated (Fig. S4, ESIt). This highlights the importance of
the protonation state of this residue, where its protonation
resulted in the least structural deviation with respect to the
experimental structure. Protonation model P1&3, with E132
and E165 protonated, yields the lowest RMSD values for the
protein, the binding pocket, and the retinal chromophore
(Fig. S2 and S4, ESIt). We also observed smaller fluctuations
of the three counterions in this model (Fig. S1 and S3, ESIt).

Additionally, the interaction between RPSB and the counterions
(E165 and D295) was monitored for each protonation model. To this
end, the distance between the heavy atoms (Schiff base nitrogen
atom and the oxygen atoms of the counterions) was used as an
indicator. A kernel density fit was performed to obtain qualitative
information about the density around any bond distance between
the involved residues. The kernel density distribution map is shown
in Fig. 3 and Fig. S5 (ESIt) for the wild-type and the S169A mutant,
respectively. Representative structures from the high density region
of the kernel distribution for each protonation model are provided in
Fig. S6 and S7 (ESIt). RPSB and the counterions were considered to
be within the hydrogen-bonding distance if their separation was
between 2.6 and 3.3 A (this region is marked by a dashed box in
Fig. 3 and Fig. S5, ESIf). P1&3 (E165 and E132 are protonated)
showed the highest density of both counterions interacting with the
Schiff base (around 24% and 9% of the simulation time, respectively
(Table S1, ESIt)).

Following the classical simulations, a hybrid QM/MM
scheme was employed to simulate the absorption spectra of
the different protonation models (technical details are provided
in the ESIf). The absorption maximum for each model is
summarized in Table S2 (ESIf).

To validate the spectral shift between the calculated and the
experimental absorption maximum of Chrimson, which depends on
the level of theory, Channelrhodopsin-2 (ChR2) was similarly mod-
elled, and its absorption spectrum was calculated as a reference.
This choice was made because the protonation states of the titratable
residues in this protein have been extensively studied.*’?*** The
resulting relative shifts between the Chrimson protonation models
and ChR2 were then compared to the experimental shift (Fig. 4 and
Tables S2, S3, ESIt). The absorption maxima of the S169A mutant
models were also generated using the same procedure.

The experimental shift between the absorption maxima of
ChR2 and Chrimson was measured to be 0.52 eV, while the
S169A mutation induces an additional 0.06 eV red-shift. Model
P1&3 was found to best reproduce the experimental shifts for
the wild-type (calculated Ay, = 601 nm, 2.06 eV), the S169A
mutation (calculated A, = 611 nm, 2.03 eV) and the magni-
tude of the change between ChR2 and Chrimson. The trend in
the energies can be explained based on the electrostatic
potential experienced by the retinal chromophore (Fig. 5).
The protein environment generates a more negative potential
close to the Schiff base in the case of ChR2 as compared to
Chrimson (Fig. 5a and b). In the case of the S169A mutant, the
Schiff base initially experiencing a negative potential from S169
changes to a positive potential upon mutation to A169, asso-
ciated with the removal of the polar ~-OH group (Fig. 5¢ and d).

This journal is © The Royal Society of Chemistry 2025
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Fig. 4 Spectral shifts of the four different protonation patterns for wild-type

(W. T.) and S169A Chrimson. Here, the W. T. model is compared to the
simulation of ChR2, while S169A is compared to the simulations of the W. T.
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Fig. 5 Electrostatic potential of the protein projected on the retinal PSB.
(a) and (b) show the electrostatic potential of the full protein environment
on the RPSB in Chrimson (P1&3) and the reference ChR2, respectively. (c)
and (d) show the electrostatic potential generated only by the sidechain of
S169 and A169 in the Chrimson wild type and the S169A mutant (P1&3),
respectively. The protein structures with an excitation energy closest to
the computed absorption maximum were used to examine the electro-
static potentials. These maps were generated using APBS in VMD.*142

Models in which E132 was deprotonated, P1 and P2, pro-
duced an incorrect trend in the absorption maximum between
the wild-type and the S169A mutant with respect to the experi-
ment (Table S2. ESIT). Here, the P1 and P2 wild-type absorption
maxima were red-shifted relative to the S169A mutants by
0.09 eV and 0.06 eV, respectively. Protonation of E132 with
D295, P2&3 (calculated A, = 528 nm, 2.35 eV), led to a smaller
shift from ChR2 of 0.20 eV and an overestimation of the red-
shift from the S169A mutation of 0.37 eV.

Comparison of the spectral shifts in tandem with RMSD
analysis relative to the experimental crystal structure strongly

Chem. Commun., 2025, 61, 13117-13120 | 13119
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suggests that E132 and E165 are protonated, while D295 should be
deprotonated. Interestingly, E132 plays a key role in the correct
trends despite not directly interacting with the protonated Schiff
base of the chromophore. This combination leads to the lowest
overall deviation in the shift and also had the smallest structural
deviations relative to the experimental crystal structure. This work
emphasizes the importance of critically analyzing the electrostatic
environment of the chromophore. These insights can serve as a
guide in designing the spectral shift in microbial rhodopsins, as
well as in photoactive proteins in general.
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