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Deciphering the Spectral Tuning Mechanism in
Proteorhodopsin: The Dominant Role of Electrostatics
Instead of Chromophore Geometry
Jonathan R. Church+,[a] Gil S. Amoyal+,[a] Veniamin A. Borin,[a] Suliman Adam,[a]

Jógvan Magnus Haugaard Olsen,[b] and Igor Schapiro*[a]

Abstract: Proteorhodopsin (PR) is a photoactive proton pump
found in marine bacteria. There are two phenotypes of PR
exhibiting an environmental adaptation to the ocean’s depth
which tunes their maximum absorption: blue-absorbing
proteorhodopsin (BPR) and green-absorbing proteorhodopsin
(GPR). This blue/green color-shift is controlled by a glutamine
to leucine substitution at position 105 which accounts for a
20 nm shift. Typically, spectral tuning in rhodopsins is
rationalized by the external point charge model but the

Q105L mutation is charge neutral. To study this tuning
mechanism, we employed the hybrid QM/MM method with
sampling from molecular dynamics. Our results reveal that
the positive partial charge of glutamine near the C14� C15

bond of retinal shortens the effective conjugation length of
the chromophore compared to the leucine residue. The
derived mechanism can be applied to explain the color
regulation in other retinal proteins and can serve as a
guideline for rational design of spectral shifts.

Introduction

Proteorhodopsins (PRs) constitute a family of proteins that act
as light-driven proton pumps. They were first identified by a
metagenomic screening of an uncultivated marine �-proteobac-
terium from the SAR86 group by Béjà et al. in 2000.[1] Since their
initial discovery, PRs have been found in bacteria, archaea, and
eukaryotes.[2–4] Currently it is estimated that 50–70% of marine
microbes within the photic zone of the ocean contain PRs.[5–8] It
has been suggested that PRs play a key role in marine solar
energy conversion due to their wide presence in marine life and
their unique ability to absorb sunlight.[8] This energy conversion
by marine life is extremely important as photoactivated
processes in marine systems have been shown to account for
40% of the annual global carbon fixation.[9]

PRs belong to the microbial rhodopsins, which share a high
structural similarity, and are characterized by seven trans-

membrane helices (TMHs) (Figure 1).[10] These proteins carry a
retinal (RET) chromophore linked to the opsin via a conserved
lysine which together form a retinal protonated Schiff base
(RPSB) (Figure 1).[1] PRs use the bound chromophore to absorb
light in the visible range, which then isomerizes and initiates a
proton transport process. This process occurs over a series of
steps in a photocycle and is mediated through the interactions
between the RPSB, water molecules and nearby amino acid
sidechains.[11–13]

PR has evolved into two main groups in order to optimize
light absorption at various depths of the ocean.[4] They are
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Figure 1. Blue-absorbing proteorhodopsin from HOT75 (HOT75BPR) wild
type. The zoom-in shows the binding pocket of the retinal with amino acid
sidechains H75, Q105, counterions D97 and D227 as well as the nearby water
molecules (W1–W5) in yellow.
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grouped by their absorption maxima: green-absorbing PRs
(GPRs) (lmax � 525 nmÞ; which are found at the shallow ocean’s
surface, and blue-absorbing PRs (BPRs) (lmax � 490 nmÞ, which
are typically found at greater depths.[7,14] The residue in position
105 has been experimentally identified to be a key residue
responsible for the spectral shift. This specific position is
documented to cause a ~20 nm bathochromic shift upon a
glutamine (Q) to leucine (L) mutation.[13,15,24–28,16–23] Experimental
and computational studies have been performed to elucidate
the exact nature of the Q105L color-tuning
mechanism.[13,22,23,25,26,28,29] It was found that the color switching
Q105L mutation affects the C14� C15 bond length of the retinal
polyene chain.[21,22] In general, the bond length alternation (BLA)
or bond order alternation (BOA), correlate strongly with the
absorption maxima of rhodopsins.[30–32] The BOA is defined as
the difference between the average bond order (BO) of the
single bonds subtracted from the average BO of the double
bonds.[32] Likewise, the BLA is the difference in the average
length of single bonds from those of double bonds.[32–34] These
factors are often used to quantify the amount of conjugation in
the retinal; however, it still remains unclear how such a small
change causes a 20 nm spectral shift. Typically, the spectral
tuning in retinal proteins is explained on the basis of the
external point charge model by Honig and coworkers. It is
based on the observation that the excitation of retinal is
accompanied by a transfer of the positive charge on the Schiff
base moiety towards the β-ionone ring (Figure 2).[35–38] Hence,
this model has been used to explain shifts in the absorption
maximum when placing a charged residue at either end of the
chromophore by noting the differential effect on the ground
(S0) and excited state (S1) energies. However, in BPR position
105 is located further away from the Schiff base and both Q105
and L105 are neutral. The spectral tuning mechanism of the
Q105L mutation in PRs presents a challenge to the external
point charge model.

A prerequisite for a computational study of the color tuning
mechanism is a high-resolution protein structure.[39] Earlier
studies have relied on homology models based on the amino

acid sequence of the Monterey Bay GPR (PDB code: 2L6X) using
bacteriorhodopsin as a template.[40–43] However, homology
models can often impede predictions due to the sensitivity of
the chromophore to small displacements of the surrounding
side chains.[44–46] Moreover, the uncertainty about the protona-
tion state of the D97 counterion in GPR (pKa value of ~7) can
alter the result of the simulation.[43] BPRs on the other hand
have been successfully resolved, including structures with key
mutations. Three crystal structures of BPR were solved by Ran
et al.[10] Two were resolved from different locations: Hawaii at a
depth of 75 meters (HOT75BPR) and the Mediterranean at 12
meters (Med12BPR, PDB: 4JQ6). Two important mutated
variants of HOT75BPR (or simply BPR) were crystallized: the
counterion mutation D97N (PDB: 4KLY) and the double mutant
D97N/Q105L (PDB: 4KNF).[10] The possibility to use experimen-
tally resolved crystallographic structures, rather than homology
models, as well as the availability of key mutants, serves as a
great starting point for computational studies.[22,23]

The aim of this study is to use hybrid QM/MM methods to
investigate the origin of the spectral tuning in the BPR which
cannot be explained by the external point charge model by
Honig and coworkers. To address this question, we have used
spectra constructed from 100 structures sampled from hybrid
quantum mechanics/molecular mechanics (QM/MM) molecular
dynamics (MD) simulations. We performed these simulations by
treating the QM region with the semi-empirical DFTB2+D
method (See Experimental Section). The excitation energies
were computed with time-dependent density functional theory
(TD-DFT) with the CAM� B3LYP functional as well as an ab initio
wave function method (RI-ADC(2)). In addition to using an
electrostatic embedding scheme [EE], we also employ polar-
izable embedding [PE] to model the protein environment due
to the nature of the mutation from glutamine to leucine.
Polarizable embedding is key to understanding the spectral
tuning in PR as the Q105L mutation does not change the
charge of the binding pocket and involves switching a polar
residue with a non-polar residue. We examined the effect that
the Q105L mutation has on the protein-chromophore inter-
actions and the resulting changes to the UV-Vis absorption
spectrum of HOT75BPR (Figure 1). The D97N mutant was also
analyzed as a quality check because this residue is one of the
counterions of the RPSB and has a strong impact on the
absorption spectrum.[47]

Results and Discussion

The absorption spectra are presented relative to the computed
absorption maximum of WT in Figure 3A. The experimental
trends of the spectral shifts were qualitatively reproduced
independent of the method.[13,17,27]

Two trends become apparent: (i) the spectral shifts at the
RI-ADC(2) level of theory are larger than those at TD-
CAM� B3LYP level and (ii) PE results in smaller shifts than EE.
The difference between the shifts produced by the RI-ADC(2)
and TD-CAM� B3LYP can be explained by the increased
sensitivity of the RI-ADC(2) method with respect to the basis set

Figure 2. Illustration of the external point charge model for the retinal
chromophore by Honig and coworkers.[36–38] Right: the positive charge of the
retinal chromophore in the ground state (S0) is localized near the Schiff base.
Upon excitation to S1 the positive charge is partially transferred towards the
β-ionone ring. Left: Interactions with the protein environment near the Schiff
base or the β-ionone ring can impact the stability of S0 and S1. These
interactions can lead to shifts in the absorption maximum. The locations of
the key residues examined in this study including position 105 and 97 are
shown.
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size.[48] However, the current results capture the qualitative
trends while remaining computational feasible.

Neutralizing the counterion D97 by either mutating it to
N97 or by protonating it (pD97) under acidic conditions leads
to a red shift of 0.17 eV and 0.19–0.22 eV, respectively.[13,17,27]

This large shift due to the elimination of a negative charge near
the positive Schiff base can be rationalized by the external
point charge model of the spectral tuning (Figure 2).[35–38] The
presence of the negative D97 next to the protonated Schiff
base stabilizes the ground state more than the excited state,
leading to a blue shift compared to D97N or pD97. In contrast,
the Q105L mutant was measured to cause a red shift of 0.09–
0.11 eV, which is the smallest shift among the 5 variants. This is
because Q105L does not alter the charge of the binding pocket
and due to the central location of Q/L105 with respect to the
retinal. This shift is reproduced by all the computational
methods. The Q105L mutant in combination with pD97 further
enhances the red shift to 0.24–0.26 eV in comparison with the
pure effect of pD97 (0.19–0.22 eV). Although the shift between
Q105L/pD97 and pD97 is relatively small, it is only reproduced
correctly using the [PE]-QM/MM approach. In contrast, the [EE]-
QM/MM method leads to a minute blue shift. The absorption
maximum of the double mutant Q105L/D97N has not been
measured, however, our prediction is that it will create a shift
close to Q105/pD97. The ability of the computational method-
ology used in this study to yield reliable results allowed further
investigation into the factors leading to the observed spectral
shifts. This includes the BOA, BLA and C14� C15 bond length
which have been reported to correlate with the absorption
maxima.[21,22,30] To gain further insight we analyzed structural
factors from retinal geometries used for the spectrum gener-
ation (Figure 4A,C,E and Table S3 in Supporting Information).

The WT geometries show the longest C14� C15 bond length
and the largest BLA and BOA values among the variants studied
in this work (Figure 4A,C). The BOA, BLA and C14� C15 bond
length for WT, Q105L, D97N, pD97, Q105L/D97N and Q105L/
pD97 were found to decrease in magnitude between these
variants in that order. The calculated absorption maxima were
found to decrease (in eV) in the same order (Figure 4B,D,F). The
absorption maxima of the variants resulted in high Pearson
correlation coefficients (j r j >0.95) for the BOA, BLA and the
C14� C15 bond length. Such correlations between the retinal
structural factors and the predicted absorption maxima were
reported by Choongkeun et al. for BPR and Adam et al. for
Channelrhodopsin C1C2.[22,30] This high correlation raised the
question of whether the change of the bond length, which is
induced by the protein environment, is sufficient to explain the
spectral shift as discussed by Mao et al.[21] Hence, we recom-
puted the absorption maxima by omitting the protein environ-
ment from the simulation, while keeping the retinal geometry
unchanged.

Upon removal of the protein environment, the relative shifts
were greatly reduced for all models, as shown in Figure 3B. This
indicates that the C14� C15 bond length elongation is not the
origin of the spectral tuning which is instead controlled by the
direct electrostatic interactions between the protein and the
retinal chromophore. A similar conclusion was reached for other
photoreceptor proteins, where the geometric distortions of the
chromophore are secondary to electrostatic effects.[49–51] Work

Figure 3. Spectral shifts (in eV) relative to the WT absorption maximum.
These shifts were obtained from either TD-CAM� B3LYP or RI-ADC(2) with the
cc-pVDZ basis set. (A) Spectral shifts obtained in the protein environment
using the [EE] or [PE] QM/MM approach and experimental values for
comparison.[13,17,27] (B) Spectral shifts obtained after the removal of the
protein environment.

Figure 4. Structural factors obtained as averages from QM/MM–MD trajecto-
ries. (A) retinal bond order alternation (BOA) values of each variant and (B)
their correlation with the absorption maxima obtained using RI-ADC(2) [PE]
(blue) and TD-CAM� B3LYP [PE] (red) along with the Pearson correlation
coefficients. (C) retinal bond length alternation (BLA) values of each variant
and (D) their correlation with the absorption maxima. (E) Average C14–C15

bond lengths (BL) and (F) their correlation with the absorption maxima. Also
presented are error bars determined using the Confidence Interval at 95%
for each value.
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by Collete et al. on visual rhodopsins also showed that the
primary color tuning effect originated from the electrostatic
effects of the protein environment on the retinal chromophore,
including those with charge neutral mutations.[52] Despite the
smaller magnitude of the spectral shifts of our gas-phase
models, the trends between the variants are comparable to
those in the protein environment. However, the difference
between pD97 and D97N as well as between Q105L/pD97 and
Q105L/D97N is significantly reduced for the isolated retinal. The
red shift for Q105L has also nearly vanished, from 0.06–0.15 eV
in the protein to 0.01 eV in the gas phase.

To better understand the protein-chromophore interactions
the electrostatic potential of the environment was visualized on
the retinal.[53,54] For each BPR variant the protein environment
was found to generate a slightly positive electrostatic potential
near the β-ionone ring and a negative potential near the
protonated Schiff base of the chromophore (Figure 5A,B and
Figure S5). WT and Q105L were found to have the largest
negative electrostatic potential near the protonated Schiff base
(Figure 5A,B). The D97N and Q105L/D97N environments on the
other hand produced a smaller negative electrostatic potential
near the Schiff base due to the elimination of the negative
charge of the counterion (Figure S5).

Protonation of the D97 residue (pD97 and Q105L/pD97)
leads to similar electrostatic potentials as the D97N analogs, in
line with comparable spectral shift for these variants. These
results are also in agreement with work by Shen et al. who
found that the counterion in position 97 plays a key role in

tuning the excitation energies of BPR.[55] In accordance with the
external point charge model, a weaker negative electrostatic
interaction near the Schiff base would yield red-shifted
absorption maxima.[35,36,56] However, the Q105L mutant does not
change the charge in the protein environment. To isolate the
effect of the residue at position 105 the electrostatic potential
was also generated using only the sidechain of this residue
(Figure 5C, D).

This visualization shows that Q105 produces a positive
electrostatic potential near the retinal polyene chain near the
C14� C15 bond. This positive potential vanishes upon mutating
Q105L. To rationalize why this position has such a pronounced
effect on the absorption maximum, we inspected the difference
between S1 and S0 electron density of retinal (Figure 5E, F).The
electron density difference (EDD) shows the electron redistrib-
ution from the β-ionone ring to the Schiff base.[57] The EDD of
the WT model has a greater S1–S0 difference near the C14� C15

atoms. The wave functions of these models were also analyzed
by computing the average difference between the electron and
hole populations of a fragmented retinal chromophore as
outlined in the Experimental Section.[58,59] The WT model was
found to have a greater difference between the electron and
hole populations near the C14� C15 atoms (0.150) compared to
the Q105L model (0.129). These results along with the EDD
plots of Figure 5E,F reveal that this is due to the positive
electrostatic potential from Q105. These results suggest that the
electron density in the S1 state of Q105L is slightly more
delocalized than that of the WT model, which explains the red

Figure 5. Electrostatic potentials generated for WT and Q105L using APBS in VMD.[53,54] (A,B) The electrostatic potential of the full protein environment on the
chromophore was examined. (C,D) The electrostatic potential produced by position 105 was also examined to determine how the Q105L mutation impacts
the absorption maximum. (E,F) The S1–S0 density difference was calculated to observe the effect of the environment on the charge delocalization upon
excitation. The density difference was calculated for the snapshot of each model with the lowest RMSD to the average structure. Here green indicates a
location with a net increase in electron density upon excitation and red indicates a net decrease.
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shift of the mutant. The positive electrostatic potential from
Q105 appears to localize the electron density in the excited
state near the C14� C15 bond, producing a blue-shift in the WT
absorption maxima.

Conclusion

In summary, we have studied the color switching mutation
Q105L in BPR by hybrid QM/MM simulations. Our results show
that a change in the electrostatic potential from the residue in
position 105 near the retinal chromophore is the primary cause
of the spectral shift. This is unexpected because the Q105L
mutation is charge neutral, but the close proximity of this
residue enables Q105 to produce a small positive electrostatic
potential near the center of the polyene chain. We believe that
this spectral tuning mechanism can be utilized for rational
design of retinal proteins with the desired absorption max-
imum. By exploring the electrostatic maps, one could strategi-
cally place polar residues to achieve a desired shift.

Experimental Section

Model Generation

The computational models of this study are based on crystal
structures of blue-absorbing Proteorhodopsin (BPR). Two structures
were taken from HOT75BPR (PDB code: 4KLY and 4KNF) and one
was obtained from Med12BPR (PDB code: 4JQ6).[10] In the subse-
quent calculations chain (B) of the pentamer of HOT75BPR was
chosen because this chain as well as chain C had the highest
number of resolved residues for generating a full atomistic
model.[10] Missing loops were constructed using the Modeller
program by modelling the missing components using both crystal
structures 4KLY and 4KNF.[10,60] In both HOT75BPR crystal structures
the counterion D97 was mutated to N97, therefore the chain B of
the hexameric Med12BPR crystal structure was used as a template
for the orientation of the D97 in the reverse mutant N97D. These
two HOT75BPR structures and their N97D mutants resulted in four
models D97N (based on 4KLY), Q105L/D97N (based on 4KNF), WT,
Q105L (Figure S1). The C15=N bond between retinal and lysine in
the 4KLY and 4KNF crystal structures is highly contorted, probably
due to the lack of D97 counterion. Using these geometries as a
starting point for molecular dynamics resulted in a syn conforma-
tion instead of anti (Figure S2 B–C). These geometries were
replaced with the one from the Med12BPR structure to produce
structures with a C15=N bond in an anti configuration. Addition-
ally, the D227 residue was taken from the Med12BPR structure. The
original D227 residues were located much farther away from the
Schiff base due to the contorted nature of the C15=N bond in the
original crystal structures (Figure S2). The position of this residue is
very important due to that fact that it acts as the primary
counterion to the retinal and thus plays a key role in determining
the absorption spectrum. Waters were also added based on Dowser
predictions, with two notable waters adding to the binding pocket
above the retinal near Q/L105 (Figure S1 and S2). The D97 residue
in WT and Q105L was also protonated for direct comparison to low
pH experimental results, resulting in two additional models pD97
and Q105L/pD97.The PDB2PQR web server was utilized to calculate
the pKa value of each titratable residue and determine their

protonation state at pH 7 leaving each titratable glutamate and
aspartate unprotonated except for E108.[61]

The geometries of the five models were optimized using the hybrid
quantum mechanics/molecular mechanics (QM/MM) method with
constraints on the backbone and heavy atoms of sidechains outside
of the binding pocket. The QM region consisted of the retinal
chromophore along with the N/D97, Q/L105, D227, and K231
sidechains cut between Cβ-Cα and capped with a hydrogen atom.
Nearby water molecules (W1, W2, W3 and if applicable W4) were
also included in the QM region. During the optimization process
the MM region was composed of the remaining protein and solvent
molecules which were further subdivided into relaxed and frozen
portions. The relaxed MM region included the binding pocket
residues of the chromophore which were defined as the sidechains
which have at least one atom within a 6 Å distance to the retinal
chromophore. The remaining protein and peptide backbone were
fixed in space with 100 kcal ·Å-2 ·mol-1 constraints. During the
optimization process the QM region was treated at the B3LYP/Def2-
SVP level of theory with Grimme’s D3 dispersion correction using
the TeraChem computational package.[62–65] The MM region was
modeled using the AMBER ff14SB classical force field while the
water molecules were treated using the TIP3P water model.[66,67]

After optimization, the models were subject to QM/MM molecular
dynamics (MD) simulations with the AMBER 16 package.[68,69] During
equilibration the QM region was reduced to the retinal chromo-
phore with the linking K231 sidechain. This region was treated
using the semi-empirical DFTB2+D method due to the ability of
the method to produce a nanosecond MD trajectory efficiently
while also providing reliable results.[70] The DFTB method itself has
been successfully applied to other retinal systems, such as C1 C2
embedded in a membrane, and benchmarks of the method have
shown it can produce results in close agreement to those obtained
with the B3LYP functional with medium sized basis sets.[71,72] During
the equilibration process each of the models were heated from 0 to
300 K over 0.02 ns with an integration step size of 1 fs with a
10 kcal/mol ·Å2 restraint on all heavy atoms. An additional step of
equilibration was then run for 0.02 ns at 300 K using the Langevin
thermostat with the restraints relaxed for the heavy atoms of
sidechains within 6 Å of the retinal chromophore. The equilibration
steps were then followed by a 1 ns ground state QM/MM
simulation with the same conditions and a time step of 1 fs. During
the equilibration and production steps, SHAKE was used in the MM
region to constrain the bond lengths of bonds involving hydrogen.

Spectra Generation

UV-Vis absorption spectra were then generated by sampling 100
conformations from the 1 ns QM/MM molecular dynamics (MD)
trajectory every 10 ps followed by calculating the excitation
energies. The excitation energies were determined with both time-
dependent density functional theory (TD-DFT) and the second-
order algebraic diagrammatic construction method with the
resolution of identity approximation (RI-ADC(2)).[73,74] The TD-DFT
excitation energies of each snapshot were determined for the 10
energetically lowest excited states using two embedding schemes
for the QM/MM calculations, electrostatic embedding [EE] and
polarizable embedding [PE]. The point charges of the environment
were generated using the ff14SB AMBER force field.[66] The TD-DFT
[EE] calculations were performed using the Orca program package
at the CAM� B3LYP/cc-pVDZ level of theory without the use of the
Tamm-Dancoff approximation (TDA).[75] The TD-DFT [PE] calcula-
tions were performed at the same level of theory with the Dalton
program along with the external field effect (EEF) option.[76–79] The
protein and solvent in the [EE] calculations were described using
the same force field as in the MD simulations whereas potentials
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based on atom-centered multipoles (up to and including quadru-
poles) and dipole-dipole polarizabilities were used in the [PE]
calculations. The multipoles and polarizabilities were derived for
each snapshot by using a fragmentation scheme as detailed in
Ref. [18]. The individual fragment calculations were performed
using CAM� B3LYP together with an ANO-type recontracted 6–31+

G* basis set (loprop-6-31+G*). The potential for the [PE] calcu-
lations were generated using the PyFraME package.[80] The
Turbomole package was used to determine the excitation energies
of each snapshot at the RI-ADC(2)/cc-pVDZ level of theory.[81] Each
set of resulting stick spectra were then broadened assuming a
Gaussian band shape and the final spectra were determined by
averaging over the 100 conformations at each wavelength
(Figures S5–6, Table S1).

Spectroscopic studies have shown that the UV-Vis absorption
maximum of BPR in a basic environment (pH 9, 488 nm) does not
shift from the value obtained at neutral pH (490 nm).[13] On the
other hand in acidic conditions (pH 5, 528 nm) the absorption
maxima of the D97N mutated proteins and the WT had similar
λmax values, both of which were red shifted compared to the
absorption maxima in basic conditions.[17,21,25,27,82] The experimental
spectra in basic conditions were used as a reference to the WT and
Q105L computed absorption spectra and the spectra obtained
under acidic conditions were used as a reference for D97N and
Q105L/D97N as well as pD97 and Q105L/pD97.[13] The absorption
spectra obtained in this study are presented in Figure S5 and the
absorption maxima are tabulated in Table S1 along with their
corresponding experimental values. To estimate the direct electro-
static effect of the protein environmental on the absorption
maxima, the UV-Vis absorption spectra were also determined by
removing the protein from the excitation energy calculations
(Figure S6). When neglecting the environment, both Dalton and
Orca yielded similar excitation energies which differed at most by
1 nm (Table S1). Additionally, the chromophores and environments
of the WT and Q105L models were swapped to observe the direct
impact of the environment on the absorption maximum (Table S6).

Structural Factors

The structural factors of the retinal chromophore were determined
from the DFTB2+D trajectories. Here the bond length alternation is
the difference between the single and double bonds between
carbons of the polyene chain. Likewise the bond order alternation
was determined in a similar fashion from the difference in the bond
orders of the single and double bonds. The bond orders were
generated by the Orca program which uses the Mayer bond order
formulism.[83,84]

Electrostatic Potentials

The electrostatic potentials of the protein were visualized by
projecting the point charges of the protein environment onto the
chromophore. This was done by first averaging the positions of
each atom over the DFTB2+D trajectories and then zeroing the
point charges of the retinal and lysine link residues. The electro-
static potential of the environment was then generated using the
APBS program and visualized with VMD as shown in Figure 4 and
Figure S7.[53,54] To examine the effect of the residue in position 105
a similar procedure was adopted where the point charges of only
the Q/L105 residue were used to generate separate electrostatic
maps for WT and Q105L mutant. For WT and Q105L, the snapshot
of each variant with lowest RMSD from the average was used to
calculate the electron density difference (EDD) between S1 and S0.
The EDD was calculated using the RI-ADC(2) [EE] results from
Turbomole and visualized with VMD.[54,81] The TheoDORE package

was used to determine the average difference between the electron
and hole populations of the retinal chromophore for the WT and
Q105L models. The electron-hole analysis was performed using RI-
ADC(2) for both embedding schemes along with Löwdin charges
and the fragmentation pattern presented in Figure S14.[58,59] The
chromophore was partitioned in this way because the lysine link is
not conjugated (Fragment 3), the electron density difference figures
and electrostatic potential maps of our work along with exper-
imental evidence from Mao et al.[21] show that the primary effect of
this mutation is located near the C14-C15 bond (fragment 2) and
the remaining chromophore was grouped into fragment 1.

Trajectory Analysis

We have analyzed the structural differences between the QM/MM
optimized geometries and the QM(DFTB2+D)/MM trajectories at
300 K by plotting the root mean square deviations (RMSD) of the
heavy atoms relative to their QM/MM optimized positions for both
the binding pocket and retinal chromophore (Figure S8–13). The
RMSD of each model shows only minor fluctuations over the 1 ns
trajectory for both the retinal chromophore and 6 Å binding pocket.
These results provide evidence that the models had been properly
equilibrated after heating to 300 K and thus would provide
reasonable structures when generating the absorption spectra. We
also report the excitation energies of the individual snapshots from
each trajectory which show that similar to the RMSD values there
were only small fluctuations around the average absorption
maximum.
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