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ABSTRACT: Retinitis pigmentosa (RP) is a pathological condition asso-
ciated with blindness due to progressive retinal degeneration. RP-linked
mutations lead to changes at the retinal binding pocket and in the
absorption spectra. Here, we evaluate the geometries, electronic effects,
and vertical excitation energies in the dark state of mutated human
rhodopsins carrying the abnormal substitutions M207R or S186W at the
retinal binding pocket. Two models are used, the solvated protein and the
protein in a solvated POPC lipid bilayer. We apply homology modeling,
classical molecular dynamics simulations, density functional theory (DFT),
and quantum mechanical/molecular mechanical (QM/MM) methods.
Our results for the wild type bovine and human rhodopsins, used as a
reference, are in good agreement with experiment. For the mutants, we find
less twisted QM/MM ground-state chromophore geometries around the
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C;;—Cj;, double bond and substantial blue shifts in the lowest vertical DFT excitation energies. An analysis of the QM energies
shows that the chromophore—counterion region is less stable in the mutants compared to the wild type, consistent with recent
protein folding studies. The influence of the mutations near the chromophore is discussed in detail to gain more insight into the
properties of these mutants. The spectral tuning is mainly associated with counterion effects and structural features of the retinal
chain in the case of the hM207R mutant, and with the presence of a neutral chromophore with deprotonated Lys296 in the case of

the hS186W mutant.

B INTRODUCTION

Retinitis pigmentosa (RP), a condition associated with blind-
ness," is related to progressive retinal degeneration caused by the
death of the vertebrate photoreceptors dedicated to dim light
vision (rod photoreceptor cells).”®> Rhodopsin is the visual
pigment in rods and a heptahelical transmembrane receptor
protein expressed in retina.”® It is composed of four building
blocks: (a) an apoprotein opsin with 348 amino acid residues, (b)
a covalently bound chromophore (retinal), (c) two palmitoyl
residues linked to Cgrs322 and Cys323, and (d) two sugars linked
to Asn2 and Asn15.” In the dark state, the chromophore is 11-cis-
retinal, which forms a retinal protonated Schiff base (RPSB)
linkage with Lys296 at the rhodopsin binding pocket (RBP)
(Figure 1).

Visible light absorption at ~500 nm” by the pigment triggers
the isomerization of the 1l-cis form of the RPSB to the
nonprotonated all-trans form of the retinal Schiff base linked to
the opsin.”® This reaction occurs with high efficiency (quantum
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yield of 0.65—0.67)*° and provides rhodopsin with the energy to
form the active state.'®'" The primary photoproduct, photo-
rhodopsin (photo), is generated within a very short time (200 fs)
and thermally relaxes within a few picoseconds to a distorted
all-trans configuration, bathorhodopsin (batho), which is in equi-
librium with a blue-shifted intermediate (BSI) before forming
lumirhodopsin (lumi). Metarhodopsin I (meta I) is the next
intermediate followed by metarhodopsin II (meta II), the active
conformation for G-protein coupling.6 The meta II state is
formed by translocation of the Schiff base proton to Glull3,
which plays the role of counterion for the RPSB in the dark
state.*” This sequence of events results in the excitation of the
visual nerve and the perception of light in the brain.'> Meta II
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decays to metarhodopsin I1I (meta I1I) and later to opsin and free
11-trans-retinal (Scheme 1).°

Many experimental and computational studies are available for
bovine rhodopsin (bWT).>'*">~'* However, much less work
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Figure 1. Rhodopsin binding pocket from one snapshot of the human
wild type rhodopsin. The QM region is shown in red (water molecules in
blue) and the residues to be mutated in green. The notation for the
residues is the same as in the pdb file 1U19.

has been reported for human rhodopsin (hWT) whose crystal
structure is not yet available.”® >3

Mutations affecting rhodopsin can lead to loss of the outer
field of vision.** Over 120 point mutations have been discovered
in the rhodopsin gene. Patients suffering from Retinitis pigmentosa
caused by rhodopsin mutations display night blindness as well as
progressive loss of peripheral and, eventually, central vision.>**~*’
Some mutation mechanisms are still unclear, and no definitive
treatment is available today.

Mutations associated with Retinitis pigmentosa can cause an
impairment of protein folding or expression or retinal binding”®>°
and thus affect rhodopsin function. Some of these processes could
be influenced by drug intake.”> Understanding the effects of
mutations on light absorption and photoisomerization may thus
be relevant for medical purposes.

Extensive mutagenesis studies on rhodopsin have established
the role of key residues. For example, replacement of Pro267 has
consequences for opsin folding, membrane insertion, assembly,
and/or function.”’ RP-associated mutation experiments for cy-
steines in rhodopsin show that the disulfide bond between Cys110
and Cys187 is necessary for an appropriate folding and receptor
function.*”** Trp265 mutations have a large effect on the spectral
properties of rhodopsin, changing the retinal binding site.’"
Substitutions at Phe261 and Gly121 affect the early steps of the

Scheme 1. Rhodopsin Photocycle®”
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Figure 2. Solvated rhodopsin (left, model I) and the rhodopsin/membrane/water/ion complex (right, model II).

photoisomerization, producing blue-shifted intermediates.>* In
vitro studies using recombinant rhodopsin with amino acid sub-
stitutions associated with RP in different positions of the rhodo-
psin structure, including the RBP, show a modified spectral be-
havior.”**® Several other mutants have also been investigated,
including E113Q, E181Q, G90D, A292S, A269T, H211C, and
D83N, which display diverse light absorption patterns.'>'*

The M207R and S186W mutations affect the RBP and cause
the autosomal dominant form (ADRP) of RP.*® A recent
experimental study™ reports that the mutation M207R allows
for rhodopsin folding and rhodopsin regeneration with 11-cis-
retinal, increasing the experimentally observed concentration of
the chromophore. Light absorption has been detected in the dark
state, outlining possible changes of the protonation state for the
Schiff base linkage (SBL).*> A low misfolding at the second
extracellular loop has been reported for the mutation S186W.
This mutation thermally destabilizes rhodopsin and increases the
rate of thermal isomerization.>” An exploratory but limited
theoretical study of the M207R and S186W mutations has been
previously performed by some authors of this paper.®® Very
recently, a computational study by Rakoczy et al. using FoldX
analysis on disease-linked rhodopsin mutations included M207R
and S186W.>* They classified the mutations according to their
effect on the stability of the protein and found that both
substitutions cause some destabilization.”> However, despite
their importance for the development of prospective therapies,
to the best of our knowledge, there have not yet been reported
any detailed theoretical studies of the M207R and S186W
mutations at the molecular level.

It is known that the optical properties of the chromophores in
retinal proteins are modulated by the protein environment.
Three general mechanisms are commonly considered for the
spectral tuning: distortion of the retinal geometry due to steric
interactions with the protein binding pocket, interaction of the
RPSB with the counterion Glul13 balancing its positive charge,

and interactions of the retinal with the polar amino acid residues
lining the binding pocket.*~*

Both substituted residues (207 and 186) extend into the RBP
(Figure 1) and are near the chromophore in the three-dimensional
(3D) rhodopsin structure. Therefore, the M207R and S186W
mutations may induce structural changes that affect the dark state
geometry of the RBP, and/or electronic perturbations that impair
the mechanisms of spectral tuning and/or photoisomerization.

Here, we use homology modeling46 combined with classical
molecular mechanics (MM) optimizations and molecular dy-
namics (MD)* to generate a 3D structure of hWT from bWT.
The mechanisms of RP-associated mutations affecting the RBP
in human rhodopsin are investigated in the biological environment
by means of MD simulations*’ and QM/MM™* geometry optimi-
zations using DFT methods for the QM region. Vertical excitation
energies are calculated by a DFT-based multireference configura-
tion interaction (DFT/MRCI) treatment*® and time-dependent
TDDET methods.”® >* Two models are used (Figure 2), the
protein in a water sphere (model I) and the protein in a solvated
POPC lipid bilayer (model II), to evaluate the effect of the M207R
and S186W mutations on the retinal structure and the absorption
spectra. We analyze the effect of these mutations and discuss their
possible consequences regarding photoisomerization and poten-
tially harmful side reactions.

B COMPUTATIONAL DETAILS

Starting Structure. Our models are based on the 2.2 A X-ray
structure of bovine rhodopsin (Protein Data Bank code: 1U19)."***
They contain protein chain B including opsin, 11-cis-retinal and two
palmitic acid residues linked to Cys322 and Cys323, as well as 29
crystal water molecules in chain B. Omitted were metal ions and
other non-amino acid residues as well as the sugar residues linked to
Asn2 and AsnlS, which do not significantly influence the protein
dark state properties in experimental studies.””

1062 dx.doi.org/10.1021/jp2037334 |J. Phys. Chem. B 2012, 116, 1060-1076



The Journal of Physical Chemistry B

Homology Modeling. 3D models were generated by homol-
ogy modeling techniques using the bovine rhodopsin structure as
a template as described above. This was done for human-WT
rhodopsin (hWT), the human-M207R mutant (hM207R), and
the human-S186W mutant (hS186W). For the sake of consis-
tency, the same technique was also applied to build models for
bovine-WT rhodopsin (bWT), even though the starting geome-
try comes from bWT.

The data to build the M207R and S186W mutations was
collected from the International Retinitis Pigmentosa Association
(IRPA) databases.”® The homologous proteins were identified
using BLAST (Basic Local Alignment Search Tool).>® The
rhodopsin sequences, obtained from the TrEMBL and SWISS-
PROT databases of the ExPASy Molecular Biology Server,>
reached a significant BLAST score of 93% with the crystal
structure of bovine rhodopsin, 1U19."* Homology models were
built using MODELLER in version 9v7,”” the Cys110—Cys187
disulfide bridge was successfully generated in all structures, and
the 29 crystal waters and the palmitoyl moieties connected to
Cys322 and Cys323 in bWT were conserved. Five models with
all hydrogen atoms included were calculated for each system.
The positions of the internal water molecules, including two
of them near the chromophore in the RBP, are in excellent
agreement with the resolved water binding sites in the crystal
structure for the WT models, and are as expected for the mutants.
The models were optimized by the variable target function
method (VTFM, normal schedule) using the conjugated
gradient (CG) algorithm and refined using MD (fast level)
with simulated annealing (SA).>”® The DOPE-HR method
was employed for selecting the model with the lowest discrete
optimized protein energy (DOPE) using the standard MODELLER
energy function.””

pK, Calculations. pK, values were calculated for all titratable
amino acid residues in the structures bWT, hWT, hM207R, and
hS186W with all non-hydrogen atoms, both in the protein and in
the ligands (11-cis-retinal, palmitoyl moieties, and waters) using
the PROPKA v.2.0 program.>

Protonation States. Visual inspection, computed pK, values,
and experimental pH values reported for vertebrate rod photo-
receptors®® were considered in the assignment of the protona-
tion states for all titratable residues; the cytoplasmic pH (7.29 £
0.02) was assumed for the transmembrane and cytoplasmic
domains and the intradiscal pH (6.5 £ 0.07) for residues
extending into the intradiscal space. Residues Asp83, Glul22,
and Glul81 were protonated in bWT, hWT, and hS186W, in
accord with UV —vis spectral studies of site-directed mutants for
the first two residues and FTIR experiments in bovine-WT
rhodopsin.””*> In the hM207R mutant, Asp83 and Glu181 were
protonated and Glul22 was left charged.

The protonation state of Glul81 in vertebrate rhodopsins
has not been established unambiguously: NMR spectroscopic
measurements,63’64 FTIR spectra, and MD simulations’ together
with a recent QM/MM study®® support a charged Glu181. Two-
photon spectroscopy studies,*® the 3-D crystal structure deter-
mination,"* and site-specific mutagenesis studies involving pre-
resonance Raman vibrational spectra of the unphotolyzed
E181Q mutant®’ find Glul81 to be protonated in the dark state.
QM/MM work on visual rhodopsin addressed both the neutral
and charged forms of Glul81 and concluded from dipole
moment analysis that Glul81 is present in its neutral form.%”
QM/MM calculations indicate that the protonation state of

Glul81 does not have any crucial influence on the bond length
alternation or the optical spectra.”® Here, we use neutral Glu181.

In all cases, His100 and His211 were protonated at the 0
nitrogen only. His195 was also O protonated in bWT. His6S and
His152 were always protonated at the & nitrogen only. These
histidine protonation states agree with those adopted pre-
viously.'* His278 (intradiscal) was protonated at both nitrogen
atoms. Cys316 was found to be charged in the mutants, which is
not significant for the absorption in the dark state but for trans-
ducin activation.® Cys110 and Cys187 were unprotonated and
formed a disulfide bridge in all structures. Glul13 was negatively
charged and located close to the positive charge of the proto-
nated Schiff base (RPSB) in bWT, hWT, and hM207R. This
assignment for Glu113 and the Schiff-base linkage (SBL) are well
established for WT rhodopsins. Experimental evidence from
absorption spectra has been interpreted in terms of an unproto-
nated SBL in the M207R mutant,”® but our calculations predict
similar spectral behavior for a protonated SBL, and the pK,**"
value favors a RPSB. By contrast, in the hS186W mutant, the
computed pK, values (pK,“"''* = 831 and pK,*"" = 5.88)
indicate that the salt bridge between Glul13 and SBL is broken.
We have thus adopted a setup for hS186W in which Glul13 and
SBL (Lys296) are both neutral. For all other amino acid residues,
standard protonation states were used.

MM Optimization. All homology models were refined by
energy minimizations using NAMD v. 2.7% with the CG algorithm.
The resulting models were used as a starting point for the sub-
sequent calculations. Two different setups were used (Figure 2), one
with the protein solvated in a water sphere (model I) and the other
with the protein embedded in a lipid bilayer (model II).

Structure Validation. Three different structure validation
tools were used to test the reliability and internal consistency
of our models. Sequence—structure compatibility was evaluated
by VERIFY-3D,”® backbone conformations were inspected by
Ramachandran plots obtained from PROCHECK analysis,”* and
the 3D-model packing quality was tested by calculating the
Z-score value with WHAT CHECK.”” The root-mean-square
deviations (rmsd) between the backbones of each 3D model and
the crystal structure were also checked (Table S1, Supporting
Information).

Membrane Embedding. Simulations of the rhodopsin mod-
els within the membrane/water/ion environment were per-
formed to evaluate the effect of the biological membrane on
protein conformation. This approach of simulating rhodopsin
within its native environment of a hydrated lipid bilayer is
supported by experimental data, which show that the function-
ality of rhodopsins is reconstituted in artificial membranes.”
Theoretical studies have reproduced the properties of bovine
rhodopsins in membranes very well.” The rod outer segment disk
membranes which host rhodopsin are composed of unsaturated
lipids’* and phospholipids.® Hence, the rhodopsins, oriented
along the z-axis, were embedded in a rectangular patch of
palmitoyl—oleoyl—phos;)hatidyl choline (POPC) hydrated bilayer,
using VMD v. 1.8.7.”° Additional water molecules were placed
using the SOLVATE v. 1.0 program76 for filling the empty spaces
inside the pores and in their surroundings. The water molecules
within the rhodopsin—membrane interface were removed. The
placement of the rhodopsin within the POPC membrane was
determined by the hydrophobicity of its residues; a very good
membrane—protein alignment was obtained, and lipids and
water molecules overlapping with the rhodopsin or palmitoyl
residues were eliminated. Next, complexes were placed in a box
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of water with slightly smaller size than the xy plane; any water
molecule inside the lipid bilayer was removed. The systems were
neutralized using Na* and Cl™ ions at physiological concentra-
tion (154 mM). The resulting rhodopsin/membrane/water/ion
system with dimensions of 83 x 84 x 87 A’ contains the
homology model structures, 170 POPC molecules, water mol-
ecules, and ions (Figure 2).

MD Simulations. We recall that we consider two different
models: model I with the protein in a water sphere and model II
with the protein in a solvated POPC lipid bilayer (Figure 2). The
simulations for model I will be denoted simply by MD, whereas
for model II we distinguish between simulations with a con-
strained protein in the membrane (CMD) and completely un-
constrained simulations (FMD). Comparison of CMD and
FMD results for model II allows us to assess the effect of large
conformational changes in the RBP for a given mutant. By
default, we will refer to the results obtained using model 1.

MD of Solvated Rhodopsins, Model I. The MD simulations
for model I were performed using the program CHARMM in
version 33b1.”7® The MM parameters for retinal were adopted
from the literature.”” The initial set of coordinates was taken
from the structures bBWT, hWT, hM207R, and hS186W gener-
ated by homology modeling. SHAKE constraints™ were applied
to all bonds involving hydrogen atoms. After the initial setup, the
system was solvated in a pre-equilibrated sphere of TIP3P water
with radius 30 A, located at the origin of the coordinate system
(atom C11 of the 11-cis-retinal). A spherical quartic boundary
potential acting on the O atoms of the water molecules was used.
All protein atoms more than 20 A away from the center of the
coordinate system were kept frozen in all subsequent calcula-
tions. After initial placement of the water sphere, overlapping
water molecules (distance between Ow and any heavy atom
<2.8 A) were deleted and all water molecules were energy-
minimized in 250 cycles steepest-descent and 250 cycles ABNR
(augment basis Newton—Raphson) minimizations. The posi-
tions of all non-water atoms were frozen at this stage. There-
after, the protein atoms were restrained by a strong harmonic
potential, and the protein and water molecules were minimized
using the same procedure as before. After this minimization, protein
and water atoms were subjected to a 15 ps constant-temperature
MD with a time step of 1 fs, applying a starting temperature of
50 K, a final temperature of 300 K, and a temperature step of 10 K
every 100 MD steps. Subsequently, a new water sphere was super-
imposed on the system, overlapping atoms were deleted, and the
system was again subjected to a 15 ps MD, using weaker harmonic
restraints on the protein atoms. This procedure was performed 12
times, each time lowering the harmonic restraints on the protein
atoms. In the last three cycles, the equilibration time was increased
to 30 ps. Finally, a 500 ps constant-temperature MD production run
with a time step of 1 fs was performed. Again, the temperature was
initially raised from 50 to 300 K in steps of 10 K every 100 MD steps.
The VMD program was used for visualizing all the MD trajectories
and resulting geometries.”

CMD and FMD Simulations of Rhodopsins in the Lipid
Bilayer, Model Il. At first, an energy minimization was performed
on the complex using the CG algorithm followed by a 500 ps MD
with all residues except lipid tails and palmitoyl fixed. The all-
atom CHARMM force field*"®* and the TIP3P water model®
were employed. Periodic boundary conditions (PBC) were used.
Electrostatic interactions for the full system with PBC were
calculated using the Ewald particle mesh method,* a grid spacing
of 1 A, and a cutoff of 12 A. The time step was 1.0 fs. An

Figure 3. QM regions with labels for the non-hydrogen atoms (except
for methyl groups and water molecules). Top, hWT (identical for bWT
and hM207R); bottom, hS186W. The differences between the two QM
regions are highlighted.

appropriate disorder of a fluid-like bilayer was induced. There-
after, a second minimization was performed before carrying out
another MD run for equilibration (500 ps at 300 K and constant
pressure of 1 bar with nonfixed atoms, same conditions as in the
first MD). Harmonic constraints were imposed on the protein
and retinal. The hydration of the membrane—protein interface
was prevented. This simulation allowed lipids, water molecules,
and ions to adapt to the protein in its crystal conformation, with
appropriate relaxation of the environment, in order to avoid large
deviations from the X-ray structure in the backbone and chro-
mophore regions.85 After this constrained CMD procedure, an
unconstrained simulation (FMD) was performed as follows. The
system was heated up to 310 K during a constant pressure (1 bar)
MD run of 500 ps with harmonic constraints released. The
subsequent FMD simulation was run for 1.5 ns at constant
pressure (1 bar) and constant area. This allowed us to identify
structural deviations of the rhodopsin in the membrane environ-
ment compared with the crystal structure. All calculations for
model I were performed using NAMD,* with a total simulation
time of 3 ns.

QM/MM Structure Optimizations. QM/MM optimizations
of four snapshots from the MD simulations of model I and of three
snapshots from the FMD simulations of model II were performed
with the program ChemShell.** We used Turbomole®” in version
5.7.1 for the QM calculations and DL._POLY®® as a driver of the
CHARMM?22 force field. The QM region for bWT, hWT, and
hM207R (73 atoms) included the chromophore 11-cis-retinal, part
of Lys296, part of Glul13, and two water molecules (Figure 3).
The QM region for the hS186W mutant was the same (73 atoms),
with one exception: one proton was shifted from N7Z in Lys296 to
Glul13 so that both residues were neutral (Figure 3). A second
QM region was used to further evaluate the relative stability of the
mutated systems: QM2 (106 atoms) includes the 73 atoms of the
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standard QM region plus part of residues Glul81, Tyr268, and
Thr94 (Figure S1, Supporting Information). The QM part was
described using the B3LYP density functional®** together with
the TZVP and SVP basis sets from the Turbomole basis set library.

The QM/MM interactions were treated by an electrostatic
embedding scheme.”* Open valencies at the QM/MM border
were saturated using hydrogen link atoms. To avoid overpolar-
ization of the QM region at the boundary, we used a charge shift
approach.”>%® No electrostatic cutoffs were applied for the QM/
MM interactions. Natural bond orbital (NBO) analysis was
employed to characterize the electron density distribution in
the QM region.

Geometry optimizations were performed using the HDLC
optimizer”” as implemented in ChemShell. They were done in
hybrid delocalized internal coordinates. The coordinates of all
atoms beyond 15 A from the center (atom C11 of the 11-cis-
retinal) were fixed. The optimization was finished when the
maximum gradient component was below 0.00045 au. The
VMD”® program was used for drawing molecular structures.

Vertical Excitation Energies. We calculated vertical excita-
tion energies, oscillator strengths, and dipole moments in the
protein environment at the QM/MM level using the combined
density functional multireference configuration interaction
(DFT/MRCI) method of Grimme and Waletzke.** Time-
dependent DFT (TDDFT)*°~>*%® calculations were also carried
out for the sake of comparison. The same QM/MM conventions
were used as in the optimizations (see above). The DFT/MRCI
method takes major parts of the dynamic electron correlation
into account by DFT, while static correlation effects are included
by a short CI expansion. The configuration state functions in the
MRCI expansion are built up from Kohn—Sham orbitals of a
closed-shell reference state. The effective DFT/MRCI Hamiltonian
contains five empirical parameters, which depend only on the
multiplicity of the excited state, the number of open shells of a
configuration, and the density functional employed. Optimized
parameter sets” are available for the DFT/MRCI Hamiltonian

in combination with the BH-LYP functional.****>**%° We used
a modified set of parameters recently developed in the Grimme
group'® (p, = 0.629, p, = 0611, p; = 0.119, p[0] = 8.000,
a = 0.503). The required DFT wave functions were generated
by Turbomole, version 5.71. Using standard parameters, the

Figure 5. Changes in the rhodopsin binding pocket of hM207R (top)
and hS186W (bottom) compared with hWT (transparent). Hydrogen
atoms (except for water) are omitted, and important residues are
highlighted. The structures are QM/MM optimized snapshots.

bWT

hM207R

hS186W

Figure 4. Overlay of the rhodopsin binding pocket in the QM/MM optimized snapshots of the solvated protein systems, for the wild-type structures

(top) and the mutants (bottom).
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DFT/MRCI method yields vertical excitation energies which are

typically within 0.2 eV of the experimental values.*'*"

B RESULTS AND DISCUSSION

Structural Aspects. For each of the four rhodopsins (bWT,
hWT, hM207R, and hS186W), QM/MM geometry optimiza-
tions have been carried out for four snapshots (model I). For a
given rhodopsin, the geometries in the RBP are basically the
same in all four snapshots (Figure 4). As expected, the hydrogen
bond network around the chromophore is distorted in the two
mutants compared with the WT rhodopsins (Figures S and 6).
This is related to the substitution of the neutral methionine
residue by the charged arginine residue in hM207R and of serine
by tryptophan in hS186W. In the solvated rhodopsin (model I),
the mutation M207R brings residues Glu113, Ser186, and Thr94
closer to each other (compared with hWT), disrupts the hydro-
gen bond interactions of Glul81 with Tyr191 and Tyr192, and
leads to an elongation of the Orryr265—Oyrio1 and Oger156—Owe
distances. The mutation S186W results in the loss of the
interactions between Glul13 and Lys296; in addition, Glu113
and Thr94 move away from each other (compared with hWT),
and the hydrogen bond network between Glul81, W6, and
Tyr191 is also affected in hS186W (Table 1).

The energetic consequences of these mutations can be esti-
mated by single-point QM (B3LYP/TZVP) calculations on the
QM region at the QM/MM optimized geometries. The corre-
sponding average values for the absolute and relative energies
are given in Table 2. Compared with hWT, the QM region
(73 atoms) is notably less stable in hM207R (by 6.5 kcal/mol),

whereas the effect is much smaller in hS186W (0.8 kcal/mol) in
spite of the loss of the salt bridge between Lys296 and Glu113. In
addition, QM/MM geometry optimizations (B3LYP/SVP) with
a larger QM region (QM2) and a smaller basis (SVP from the
Turbomole basis set library) were performed for two snapshots
of each system. As mentioned above, QM2 (106 atoms) included
the 73 atoms of the standard QM region plus residues Glul81,
Tyr268, and Thr94 (see Figure S1, Supporting Information). We
found that QM2 of hM207R is much less stable than QM2 of

Table 1. Average Heavy-Atom Hydrogen Bond Distances (A)
from QM/MM Optimizations (Model I) between Residues in
the Rhodopsin Binding Pocket

QM/MM (model I)

hwT hM207R hS186W

OE2G1u113—NZ1y6206 2.71 £ 0.01 2.73 £ 0.02 6.61 £ 0.07
OElGi13—NZiy006 3.76 £ 0.05 3.50 + 0.03 6.64 £ 0.10
OE2¢1a113—Ows 276+ 000 2814002  3.86+0.12
OE2G1u113—OGseriss 542 £ 0.03 4.28 £0.05

OE2G14113—OG 1L 1heo4 4.50 £ 0.05 3.96 £ 0.06 6.29 &+ 0.09
OE2G1u181—Ows 2.74 £ 0.01 2.77 £ 0.01 4.26 £ 0.08
OE2Gu181—OHryrogs 2.78 £ 0.02 2.80 £ 0.02 2.90 + 0.05
OElgris1—OHryri0n 2.89 £ 0.01 4.86 £ 0.06 2.68 £ 0.02
OElGuis1—OHryri0:1 2.78 &£ 0.02 5.80 £0.13 5.00 £ 0.25
OHTyrzsgfoHTyﬂgl 2.90 &+ 0.05 4.70 + 0.12 2.91 %+ 0.06
OGser1s6— OG04 4.95 £ 0.03 2.85 + 0.01

OGser186—Ows 2.76 £ 0.00 421 £ 0.04

hM207R

hS186W

Figure 6. Hydrogen bonding in the rhodopsin binding pocket. Key heavy-atom distances are given in A.
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hWT (by 29.5 kcal/mol), while QM2 of hS186W is only slightly
less stable (by 3.7 kcal/mol). Finally, a tentative evaluation of the
MM (NAMD) energies of the QM region plus the neighboring

Table 2. Average Absolute and Relative Energies (kcal/mol)
of the QM Regions in the Human Wild Type Rhodopsin hWT
and the Mutants hM207R and hS186W (See Text)

B3LYP/TZVP B3LYP/SVP
QM QM2
structure energy relative energies relative energies

Glul81, Tyr191, Tyr192, Tyr268, and Thr94 residues also
indicates a possible destabilization of the retinal binding pocket
in the mutants with respect to hWT (see Figure S1a, Supporting
Information). This is consistent with recent protein folding
studies that indicate some destabilization of the whole protein
due to mutation.”

In the following, we compare the optimized structures for the
four rhodopsins in more detail. We focus on four aspects: the
similarity between the rhodopsin binding pockets, the C;;—Cj,
double bond in the dark state, the planarity of the S-ionone
ring of retinal, and the bond length alternation (BLA) in the
unsaturated polyene chain. The validity of the 3D models and
energetic aspects are addressed in the Supporting Information.

hwT —837036.65 0 0 Generally speaking, our analysis shows a pronounced similarity
hM207R —837030.12 6.5 29.5 between the two wild-type structures and reveals some charac-
hS186W —837035.85 0.8 37 teristic changes in the two mutant structures.
- .
bWT 4 2 hwWT e 1
4 \ B 4 -— v
o~ L Y b
¥ o T . l £ 4 ~
. 2! n’. “' b ~“"G|.11'*3 - P
L 4
'; ‘:'&‘ il Ay '%Ser? “‘ *I s gi %X J
2 . f \ .’f e « Met207"

hM207R

Arg207 lw\
\ &

hS186W

Figure 7. Top: Overlay of rhodopsin binding pockets from MD simulations of model I (solvated protein). Bottom: Overlay between snapshots from
MD simulations of model I and CMD simulations of model II (constrained protein in the membrane).
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Glu181

hM207R

Figure 8. Overlay of the rhodopsin binding pockets of bWT and hM207R from snapshots of the unconstrained membrane FMD simulation (model II)
and from one QM/MM optimized snapshot of the solvated protein MD simulation (model I). Color code: model II: red, 250 ps; green, 370 ps; orange,
500 ps; blue, 1 ns; model I: transparent licorice. Top panel: overlay of all structures. Bottom panel: FMD snapshot after 370 ps vs QM/MM optimized
geometry; for a better view, hydrogen atoms are omitted in hM207R (bottom right).

Similarity between Rhodopsin Binding Pockets (RBPs).
Conformations obtained from the classical CMD trajectories of
model II (protein in the membrane) have RBPs very similar to
those from the MD trajectories of model I (solvated protein); see
Figure 7 and Figure S4, Supporting Information. The geometries
of the residues in the RBP, the conformation of the 11-cis-retinal,
and the hydrogen bonds relevant to the spectroscopic properties
are well conserved in the retinal binding sites of the CMD and
MD structures.

On the other hand, significant conformational changes from
the starting geometry (and from the crystal structure) are found
after the first nanosecond of the unconstrained FMD simulation
of model IL This is not surprising, since extensive deviations from
the crystal structure have been reported in other membrane—
rhodopsin simulations.'**

Perhaps one of the most interesting changes during the FMD
runs is that Glu181 in bWT moves its carboxylic group away from
retinal (Figure 8, bottom left, and Figure S2, Supporting In-
formation) to adopt a position not encountered during the MD
and CMD simulations (Figures 7 and 8). Another important
change is that the Arg207 guanidino group in hM207R adopts a
position away from the cyclohexenyl ring of retinal (Figure 8,
bottom right) in contrast to the MD and CMD structures in which
this group points to the ring (Figures 7 and 8 and Figure S2,
Supporting Information). Therefore, the hydrogen-bonding net-
work at the retinal binding site is distorted in both the hM207R and

hS186W mutants (Table 1, Figures S and 6, and Figure S4,
Supporting Information).

C11—C;2 Double Bond in the Dark State. The dihedral angle
®C1o—C;;—C1,—C,3 characterizes the structure around the
C;1—Cj; double bond. The corresponding conformation is 11-
cis for all structures. The wild type rhodopsins (bWT and hWT)
have a dihedral angle of —12°, in agreement with the values of
—11, —17, and —16° reported in theoretical studies for the dark
state of bovine structures.'**'** A recent QM/MM study on
squid rhodopsin also finds that a negative pretwist (—17°) is
required for the photoisomerization of the C;;—C;, double
bond.'® In contrast to the WTs, the values for the hM207R and
hS186W mutants are around —9° (Table 3). Apparently, the
protein environment in the WT rhodopsins exerts a stronger
steric strain on the 11-cis-retinal moiety and thus enforces a
somewhat larger twist around the C;;—C;, double bond which
will support the C;;—C,;, photoisomerization. By the same
token, one may expect that this photoisomerization will be less
facile in the mutants. Such environmental effects are important
because the electronic structure of retinal is unselective toward
the rotation of the double bonds in the polyene chain,' so that
the protein environment is decisive for a selective isomerization.
However, the energetic consequences of small variations in the
dihedral angle ¢C;o—C;;—C;,—C;3 are small: changing this
angle by about 5° (to —7.5° in hWT and nearly —14.5° in
hM207R and hS186W) and performing constrained QM/MM
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Table 3. Dihedral Angle ¢C;o—C,;;—C;,—C,; in the Dark State of Retinal (deg), Bond Length Alternation (BLA, A), Dipole
Moment (D) of the Sy and S, States (¢, and ps ) of the QM Region, and Difference us — s, (D) in the Wild-Type Rhodopsins

and Mutants
structure ¢C10—C11—C12—Cy3" BLA Us, Us, Us, — Us,
bwT —12.04 + 0.74 0.42 + 0.00 14.44 + 0.56 25.57 £ 091 11.13 £ 0.38
hwT —12.21 + 045 0.43 £+ 0.01 15.65 + 0.63 2717 £ 0.67 11.52 £ 0.16
hM207R —9.18 £+ 0.67 0.50 & 0.01 11.57 £ 0.21 20.51 + 0.50 8.49 + 0.31
hS186W —8.57 £ 1.16 0.56 £ 0.02 11.90 £ 0.27 24.38 + 1.11 1248 £ 1.01
“In the crystal structure (pdb 1U19), the value of pC;o—C;;—C;,—Ci3 is —36.12°.1
1.55 T T T T T T T T
1 1 1 1 1 1
i i i i i i — bWT
i i i i i i i — hWT
15 i i i i i i — hM207R
: oo bbb | — hsisew
1 I 1 1 1 1 T T
1 ] 1 1 1 1 1
[ 1 1 1 1 1 1 1
1 ] 1 1 ] 1 1
1 1 1 1 1 1 1
1.45 - i i i i i i i
1 | 1 1 ] 1 1
[ I 1 1 1 1 1
Y i i i b i i
1 47 A |

bond length
-
|

._

[
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I
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Figure 9. Bond length alternation in the ground state of the wild-type and mutant rhodopsins. The bond lengths are given in A (see Figure 3 for

numbering).

optimizations with this angle fixed leads to changes of less than
0.6 kcal/mol in the relative energies. Hence, the smaller twist in
the mutants imposes only a minor energetic penalty to the
C1;—Cy, photoisomerization.

Twist and Planarity of the f-lonone Ring of Retinal. The
orientation of the -ionone ring is 6-s-cis at the Cs—C- bond. The
calculated values of the dihedral angle ¢pCs—Cs—C,—Cy are
bWT (—48.1 £+ 1.5°), AWT (—43.4 + 1.4°), hM207R (—36.9 +
1.5°), and hS186W (—44.6 £ 3.9°). Here and in the following,
we give the mean value and the standard deviations over the four
chosen snapshots. The computed dihedral angles are in good
agreement with the experimental value for chain B in the 1U19
crystal (—31.9°)'* and with results from previous ONIOM-EE
(B3LYP/6-31G*:AMBER) calculations (—44°),'* classical MD
simulations (—52°), and QM/MM MD studies (—42°)."** The
6-s-cis conformation has been found by all X-ray studies of bovine
rhodopsin'® to be the preferred conformation in this protein.'*
Recent QM/MM calculations on squid rhodopsin also give an
intermediate value of —45° for the pCs—Cg—C,—Cjg dihedral
angle.'”” This study reports the 6-s-cis conformation of 11-cis-
retinal as the most stable one for squid and bovine rhodopsins,'®’
in agreement with the orientation of the -ionone ring in our
calculations.

Another important geometrical parameter of retinal is the
dihedral angle (¢, C4—Cs—Cs—C5) of the S-ionone ring which
is related to its planarity. The calculated values of 178.7 & 0.7°
(bWT), 177.4 & 0.4° (hWT), —178.9 = 0.3° (hM207R), and

177.0 = 0.7° (hS186W) agree well with the crystal structure'*
(170.6°), although they are slightly higher and thus closer to
planarity.

Bond Length Alternation. The bond length alternation
(BLA) in the polyene chain has been related to the spectral
tuning by the protein environment."”'**'%® It is calculated as the
sum of all formal single-bond lengths minus the sum of all formal
double-bond lengths along the conjugated carbon chain between
the C6 and N atoms.'®* The BLA values for the bovine rhodopsin
structure are well documented''*'** and in full agreement with
our results for the bWT system (Table 3 and Figure 9).

The average BLA values for the mutants hM207R (0.50 A) and
hS186W (0.56 A) are higher than those for the wild type systems
(0.42—0.43 A); see Table 3. Differences between BLA values
have previously been related to differences in the electronic
structure.'>"*'** In retinals with higher BLA values, the highest
occupied molecular orbital (HOMO) tends to be more localized
in the ionone ring region.'> The BLA is also influenced by the
electrostatic effect of the counterion Glull3, and it correlates
with the ground-state dipole moment (),'** the vertical excita-
tion energies,'> and the positive charge along the polyene chain
(the higher the positive charge, the higher the BLA)."* The larger
BLA values in the mutants hM207R and hS186W (by 0.08 and
0.14 A, respectively) thus indicate less delocalization of the
electron density in the conjugated chain (Table 3, Figure 9)
and are consistent with the blue shifts of the vertical excitation
energies found in both cases. Recent QM/MM studies 197
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Figure 10. Top: NBO charge differences between hM207R and hWT (exceeding 0.01 ¢ in absolute value). Bottom: Atom labels; red (green) marks

indicate decreasing (increasing) electron density.

show significant deviations between the BLA values of squid and
bovine rhodopsin, which correlate with the larger blue shift found
in these systems. In our case, the changes in the BLA values are
smaller and, consequently, the blue shift of the vertical excitation
energies is less pronounced. There are some interesting simila-
rities between the BLA patterns in our work and in squid
thodopsin. The highest peak in our BLA plot for hWT
(Figure 9) corresponds to the C4—C, bond (~1.47 A), and
the lowest one to the C;,—Cy5 bond (~1.41 A), in complete
analogy to the BLA analysis for squid rhodopsin with values of
147 A for C4—C- and 1.40 A for C;,—C;5 bonds.'®® These
similarities (with regard to @Cs—Cs—C;—Cg, C;;—Ci, and
BLA) between systems otherwise so different should be taken
into account in further studies of the spectral tuning mechanisms
of invertebrate and vertebrate rhodopsins.

Dipole Moments and Charge Distributions. In the mutants,
the dipole moment (u) of the QM region in the ground state Sy
(us,) is significantly smaller than that in the wild-type proteins
(Table 3). In hM207R, the chromophore is more polarized than
in hWT because the replacement of Met207 by Arg207 intro-
duces a positive charge near the ionone ring and thus induces a
shift of electron density along the chromophore chain in this

direction (Figure 10). The deprotonated Glu122 residue adopts
an orientation in hM207R somewhat different from that in hWT
(Figure S), but its carboxylate group is involved in hydrogen
bonds with the surrounding residues and thus has less of an effect
on the chromophore charge distribution. The electron densities
on the C12, C14, C15, and NZ atoms of the chromophore and
of the oxygen atom of W6 are lower in the mutant than in h(WT
(see Figure 10 and the NBO charges in Table S3, Supporting
Information). A similar trend is also found for the hS186W
system, in which the electron densities on the C12, C14, and C20
atoms are lower than those in hWT. Since there is no charged
residue interacting with the ionone ring like in the case of
hM207R, the electron density on the C16 and C18 carbon atoms
in hS186W (see Figures 10 and 11) is not affected. Given that the
Schiff base is unprotonated in hS186W, the electron density on
atoms NZ and C135 is also not affected. However, a remarkable
decrease of the electron density is found for the OE2 and OE1
oxygen atoms of Glull3 in hS186W in agreement with the
change of the protonation state of this residue from charged to
neutral.

It is obvious from the form of the frontier orbitals (Figure 12)
that the HOMO—LUMO excitation in these rhodopsins leads
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to an overall charge transfer from the ionone side (C5—C10) to
the SBL side (C12—C15) of the polyene (Figure 3), i.e., toward
the negatively charged Glul13 counterion, which causes an in-
crease of dipole moment in the first excited state (S;) compared
with the S, ground state'® (Table 3). In hM207R, the positive
charge of the Arg207 guanidino group hinders this charge transfer
upon excitation, which results in a smaller excited-state dipole
moment and also in a smaller change of dipole moment (15, — s,)
relative to the wild-type proteins (Table 3). In addition, although
the OE2Gju113—NZpys06 salt bridge has a similar average dis-
tance in hM207R and in the wild-type structures (2.61 & 0.08 A,
MD simulations, model I), the OE1 oxygen atom of Glul13 is
closer to retinal (NZ atom) in hM207R (3.84 & 0.14 A vs 2.96 &
0.12 A for hWT and hM207R, respectively; see Table S6,
Supporting Information), which will also tend to diminish the
excited-state charge transfer. Our results are in agreement with
studies of the bovine-rhodopsin E122Q mutant that report a

decrease of the electron transfer from the methyl group attached
to the CI atom to the nitrogen atom of the RPSB as a con-
sequence of the negative charge around being split due to the
mutation.'”

The hS186W mutant also has a ground-state dipole moment
(us,) that is smaller than those of the wild-type rhodopsins
(Table 3). This mutant is less polar in general, since it contains a
neutral SBL moiety and a neutral Glul13 residue at a relatively
large distance (Table 3 and Figure 3). In the absence of a negative
charge on Glu113 (as in the other three systems) and of a positive
charge on residue 207 (as in hM207R), there is no special
impediment against the charge shift upon HOMO—-LUMO
excitation (see above), and hence the change of dipole moment
(us, — us,) is largest in hS186W.

Vertical Excitation Energies. Table 4 lists the vertical excita-
tion energies and oscillator strengths of the first excited state (S;)
for all four proteins (results for the S, state are shown in Table S4,
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Supporting Information). The calculated average S, vertical
excitation energies of the wild-type rhodopsins (2.49 eV for
bWT and hWT with TDDFT, 2.56 eV for bWT, and 2.50 eV for
hWT with DFT/MRCI) are in very good agreement with the
experimental data (2.49 ¢V)*® and with previous calculations of
the optical spectra of bovine rhodopsin.'>'**'**''® In the two
mutants, the excitation energies from DFT/MRCI are ca. 0.3 eV
higher than those from TDDFT—the latter are generally
regarded as less reliable, and therefore, we primarily discuss the
DFT/MRClI results in the following. The first vertical excitation
energies are blue-shifted in both mutants with respect to hWT
(2.93 eV for hM207R and 3.05 eV for hS186W vs 2.50 eV in
hWT); see Table 4 and Figure S8, Supporting Information.
Experimentally, the reported hypsochromic shift>> of the first
band in hM207R (3.27 V) is even stronger than computed. It
has been suggested that this indicates the presence of an unpro-
tonated SBL in this mutant,” since the bovine wild-type rhodopsin
also has a band at 3.27 eV when the SBL is unprotonated.® On the
other hand, a blue shift of the first absorption band can also be
caused by amino acid substitutions in the rhodopsin binding

/ LUMO
>S, i

~

bWT ,

)S’ HOMO
- I'd

hM207R

hS186W

\

Figure 12. HOMO and LUMO orbitals (B3LYP/TZVP) for optimized
snapshots.

pocket, rather than by a change of the protonation state of SBL.
For example, according to our DFT/MRCI calculations, both
the hS186W mutant with unprotonated SBL and the hM207R
mutant with protonated SBL show comparable blue shifts (3.05
and 2.93 eV vs 2.50 eV in hWT). We thus see no reason to revise
our assignment of protonation states on this basis—the calcula-
ted pK,>"" values clearly support a protonated SBL moiety in
hM207R (Table SS, Supporting Information) that gives rise to a
Glul113—RPSB salt bridge (Table 3).

It has been shown previously that the negatively charged
groups in the binding pocket of the wild-type rhodopsins cause
a significant blue shift in the S; excitation energy because the
charge transfer upon HOMO—LUMO excitation has to over-
come the electric field of the counterion.'”® This effect is
intensified in the hM207R mutant due to the stronger electric
field of the counterion compared with hWT: the blue shift of 0.43
eV can be seen as a consequence of the electronic polarization of
the Arg207 guanidino group and the strong electrostatic influ-
ence of the anionic Glull3 residue. The latter is larger in
hM207R that in the wild-type structures (since Glul13 is closer
to the RPSB, Table 3), and hence, the S; state is more de-
stabilized which results in a larger excitation energy. A similar
analysis of the effect of Glul13 has been used before to explain
blue shifts in bovine rhodopsin.''® The increased electrostatic
influence of Glu113 in hM207R is also reflected in the calculated
dipole moments and BLA values (see Table 3 and the discussion
above). The positive correlation between BLA values and vertical
excitation energies and the role of electrostatic effects are well-
known.'"!

In hWT, the Sy—S; (7z7r*) transition is dominated by the
HOMO-LUMO excitation (about 85%). In the mutants, this
excitation contributes somewhat less (79% in hM207R and 84%
in hS186W), and double excitations become more relevant; in

hWT hM207R
hS186W
LUMO+1
LUMO+1
Y LUMO
LUMO
Anomo-Lumo
HOMO - HOMO
HOMO-1 { } HOMO-1

Figure 13. Schematic representation of the variation of orbital energy
gaps upon mutation. The HOMO energy is taken as a reference in all
cases. Compared with hWT, the HOMO—1 energy is lower in hS186W
and slightly higher in hM207R.

Table 4. Average DFT/MRCI and TDDFT Vertical Excitation Energies E (eV) for the S, State, Associated Wavelengths (nm, in
Parentheses), and Oscillator Strengths f for Snapshots from the MD Simulation of the Solvated Protein”

DET/MRCI TDDFT
structure exp. value I3 f B f
bWT 2.49 (498)% 2.56 4 0.03 (484 £ 7) 1.28 + 0.02 249 4 0.03 (497 + 5) 0.63 + 0.41
hWT 2.50 & 0.05 (496 + 10) 1.26 + 0.02 249 & 0.03 (498 + 6) 1.05 =+ 0.02
hM207R 2.93 4 0.01 (424 + 2) 122 4 0.02 2.64 + 0.06 (469 + 11) 0.00 =+ 0.00
hS186W 3.05 & 0.03 (407 + 3) 1.07 & 0.07 279 & 0.04 (445 + 6) 0.82 + 0.10

“Note that TDDFT erroneously predicts a dark S, state in hM207R. In the case of bWT, the TDDFT calculations yield a different state ordering in

different snapshots.
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Table S. Optimized Dihedral Angles (deg) ¢, (H,—C,—
NZLys296_HZLys296) and ¢, (H7_C7_NZLys296_CELysZ96)
in the Human Wild-Type Rhodopsin and the Mutants (see
Figure 10 for Atom Labels) for the Standard QM/MM Setup
(Model I, ref) and for the Model Systems 1—4 (See Text)”

hWT hM207R hS186W
P1 P2 P1 P2 P2
ref —49 147 —80 110 136
1 N 141 —76 109 136
2 —20 164 not computed 164
3 —46 144 —62 115 123
4 =79 131 —74 109 124

“ Starting geometries for the geometry optimizations: For each of the
three proteins, the initial geometry obtained during system setup was
used for the entries ref, 1, 3, and 4, whereas the starting geometries for 2
were generated by removing in the optimized standard QM/MM
geometries (ref) all those atoms that are not present in the gas-phase
model system 2.

addition, there is some more involvement of the HOMO—1 ()
and LUMO+1 (s7*) orbitals. Both mutations increase the HOMO—
LUMO and HOMO—LUMO+1 gaps (Figure 13), which leads
to blue shifts in the vertical excitation energies (with respect to
hWT). Additionally, in both mutants, the electron density of the
HOMO in the C;;—C;, and C;p—Cy bonds is higher than in
hWT. In hS186W, the contribution of the -ionone ring to the
HOMO is larger than in hWT (Figure 12), as also indicated by
the BLA calculated for this system.

In the hS186W mutant, Glull3 is uncharged and the salt
bridge between Glull3 and the retinal is broken so that the
electron density is less localized than in hM207R. This is
consistent with studies on bovine wild-type rhodopsin without
counterion,"'”!'* which reported a massive flow of negative
charge from the conjugated carbon chain toward the positive
nitrogen atom following excitation. The higher vertical excitation
energies calculated for both mutants are consistent with the
stronger BLA found for the mutants with respect to the WT
structures (Figure S3, Supporting Information).

Spectral Tuning Mechanisms in the Mutants. To evaluate
the effect of the distortion of the retinal geometry, the protein
environment, and the counterion on the spectral tuning in hkWT
and its mutants, we performed additional model calculations
using B3LYP/TZVP as QM treatment.

(1) QM/MM calculations on the full system with a smaller
QM region (QMO) containing only retinal and part of
Lys296 (protonated in hWT and hM207R; unprotonated
in hS186W).

(2) Gas-phase QM calculations on QMO without any MM
environment.

(3) QM/MM calculations analogous to (1) but with all
MM point charges set to zero except those of Glul13
(retained).

(4) QM/MM calculations analogous to (1) with all MM
point charges retained except those of Glul13 (set to zero).

The dihedral a.ngle (% (H7_C7_NZLy5296_HZLy5296) (Flgure 3)
has been used before to represent the overall twist of the retinal
backbone.”* For our standard QM/MM setup (model I), this
angle is computed to be —43° for bovine rhodopsin (bWT), in
good agreement with a previously reported value (—50°).”* It is
similar in hWT (—49°) but much more negative in hM207R

Table 6. Bond Length Alternation (A) in the Human Wild-
Type Rhodopsin and the Mutants for the Standard QM/MM
Setup (Model I, ref) and for the Model Systems 1—4 (See
Text)”

hWT hM207R hS186W
ref 0.43 0.50 0.56
1 0.39 0.49 0.54
2 0.22 n/a 0.55
3 0.44 0.44 0.57
4 0.23 0.37 0.57

“See footnote “ of Table S.

(—80°), indicating that 11-cis-retinal is more twisted in this
mutant (Table 5). Since ¢, is not defined in hS186W (Lys296 is
deprotonated), we also use @, (H;—C;—NZy06—CEry296)
to measure the twist of the retinal backbone. According to the ¢,
values for the standard QM/MM setup, the hS186W mutant is
twisted slightly more than hWT but significantly less so than
hM207R (Table 5). Turning to the model systems (1—4), we find
that the replacement of our standard QM region (retinal, Lys296,
Glu113, and two water molecules) by the smaller QMO region
(see above) does not affect the overall twist of retinal much (see
entry 1 in Table S). By contrast, the gas-phase optimization of the
bare QMO region leads to much less twisted structures in all cases,
as expected (see entry 2 in Table 5). The twist of the retinal
backbone is already largely restored in QM/MM optimizations
that include only the electrostatic interactions between QMO and
Glul13 (see entry 3 in Table S). Finally, when turning off these
electrostatic interactions with Glul13 in the QM/MM optimiza-
tions, the twist becomes notably larger in hWT but changes less in
the two mutants (see entries 1 and 4 in Table §).

As already discussed, the bond length alternation in the retinal
chain increases for our standard QM/MM setup when going
from hWT to hM207R and hS186W (Table 6). The BLA values
change only slightly when using the smaller QMO region (see
entry 1 in Table 6). In the case of hWT and hM207R, they remain
large when including only the electrostatic QM/MM interactions
with the anionic Glul13 residue (see entry 3 in Table S) but
become much smaller in the gas-phase model calculations where
this residue is not present (see entry 2 in Table 6) and in the
QM/MM calculations when turning off the MM charges of
Glul13 (see entry 4 in Table 6). By contrast, in the case of the
hS186W mutant with a neutral Glul13 residue, the BLA values
remain essentially the same in all model systems (Table 6).

The DFT/MRCI vertical excitation energies for our standard
QM/MM setup give a strong blue shift of the first bright transi-
tion in the mutants, both in hM207R and even more so in
hS186W (Table 7). The computed QM/MM values change only
slightly when using the smaller QMO region (see entry 1 of
Table 7). Since hWT and hM207R share the same bare QMO
region, the corresponding excitation energies must be identical
(not computed for hM207R); the calculated value for hWT is
much smaller than in the protein (see entry 2 in Table 7) but
increases substantially when adding an anionic Glul13 residue
(see entry 3 in Table 7). The absence or presence of Glu113 thus
strongly affects the vertical excitation energies of hWT and
hM207R (see also entries 1 and 4 in Table 7). In the hS186W
mutant, the gas-phase excitation energy of the bare QMO region
(retinal plus unprotonated Lys296) is computed to be very high
(see entry 2 in Table 7), and is reduced only slightly upon
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Table 7. DFT/MRCI Vertical Excitation Energies of the First
Bright Transition E (eV) and Oscillator Strengths fin the
Human Wild-Type Rhodopsin and the Mutants for the
Standard QM/MM Setup (Model I, ref) and for the Model
Systems 1—4 (See Text), Evaluated at the Individually
Optimized Structures™’

hwT hM207R hS186W
E f E f E f
ref 2.50 1.26 2.93 122 3.05 1.07
1 2.39 1.26 2.87 1.24 3.06 112
2 1.99 1.54 n/a n/a 3.48 1.22
3 2.61 1.26 2.58 127 3.30 0.95
4 1.94 142 227 1.35 3.10 1.02

“See footnote * of Table S. * The data in this table refer to the brightest
low-energy transition that is dominated by the 7z7* HOMO—-LUMO
excitation. This transition generates the S, state in all cases except for
entry 2 of hSI86W (neutral gas-phase chromophore) where the
HOMO—-LUMO excitation contributes to the three lowest singlet
excited states as follows: S; at 3.25 eV, 38%; S, at 3.26 eV, 21%; S; at
3.48 eV, 55%.

addition of a neutral Glu113 residue (see entry 3 in Table 7); the
minor role of this neutral residue in hS186W is also obvious from
the QM/MM charge deletion analysis (see entries 1 and 4 in
Table 7). The DFT/MRCI vertical excitation energies calculated
at individually optimized geometries (Table 7) do not change
much when reevaluating all of them at the optimized geometries
obtained from our standard QM/MM setup (see Table S7,
Supporting Information), and hence, the trends discussed above
remain valid for this alternative choice of geometries.

The results in Tables 5—7 indicate that the spectral tuning
follows different mechanisms in the three proteins considered
presently. In hWT and hM207MR, the anionic Glul13 residue
has a strong direct influence on the excitation energy, but the
main distinguishing feature is the structure of the retinal chain,
which shows a higher twist and a larger bond length alternation in
the full and approximate QM/MM treatments (Tables S and 6).
In the hS186W mutant, the intrinsic excitation energy of the
isolated chromophore (with a neutral deprotonated Lys296
residue) is already much higher and accounts for the basic blue
shift in the protein; the retinal chain is strongly twisted and has a
very pronounced bond length alternation at all levels considered,
while the neutral Glull3 residue has only a minor influence
(Tables S and 6). This strong intrinsic blue shift of the neutral
chromophore is well-known experimentally: gas-phase absorp-
tion spectra of neutral retinal Schiff base chromophores show
blue shifts up to 1.17 eV compared with their protonated
counterparts.''> On the theoretical side, high-level ab initio
(CASPT2) calculations give a blue shift of 1.40 eV upon
deprotonation of the Schiff base chromophore,'** in good
agreement with the present results (Table 7). Qualitatively, this
intrinsic shift is caused by the charge transfer that occurs upon
HOMO—-LUMO excitation from the ionone side toward the
SBL side (see Figure 12), which is energetically much favored
when Lys296 is protonated.'"

To summarize, in agreement with other studies on bovine and
squid rhodopsins,"**”''° the spectral tuning in hM207R is
mainly due to the Glul13 counterion and the structural features
of the retinal chain, whereas the presence of neutral Lys296 and

Glul13 residues is mainly responsible for the strong blue shift in
the hS186W mutant.

Excess Energy in Mutants. The hM207R and hS186W muta-
tions lead to a substantial increase of the first vertical excitation
energy compared with the native human rhodopsin (hWT). The
calculated vertical excitation energy of hWT (57.7 kcal/mol)
matches the reported experimental value well (57.4 kcal/mol).'*
The excitation energy is computed to be higher by 9.9 kcal/mol in
the hM207R mutant and by 12.7 kcal/mol in the hS186W mutant.
One may thus hypothesize that this higher energy uptake could be
related to the pathogeny of the Retinitis pigmentosa disease at a
molecular level, since it can cause harmful collateral reactions in the
retinal binding site of the mutated systems.

Experimentally, the energy for rhodopsin activation by light in
vertebrate rods is on the order of 40—50 kcal/mol,"'® and after
the photoinduced 11-cis/all-trans isomerization, an energy
amount of about 32—35 kcal/mol is stored in the bathorhodop-
sin intermediate.'” In hWT, the difference between the energy
absorbed by rhodopsin and stored in bathorhodopsin (i.e., the
excess energy) is thus around 22—25 kcal/mol. Assuming that
the bathorhodopsin intermediate has a similar endothermicity in
the wild type and the mutants, the excess energy is predicted to
be in the range 32—38 kcal/mol in hM207R and hS186W. We
note in this context a recent QM/MM study of vertebrate
(bovine) and invertebrate (squid) rhodopsins,116 which ad-
dressed energy storage in the corresponding bathorhodopsin
intermediates and its relation to the flexibility of the binding site.

B CONCLUSIONS

The geometries, electronic structures, and vertical excita-
tion energies of two human rhodopsin mutants (hM207R and
hS186W) associated with the Refinitis pigmentosa disease were
investigated using MD simulations as well as QM/MM and
DFT/MRCI calculations. An analogous study of the wild-type
bovine and human rhodopsins was carried out for comparison,
yielding results that are in good agreement with previous
experimental and theoretical work on these wild-type proteins.
An analysis of the QM energies shows that the chromophore—
counterion region is less stable in the mutants compared to the
wild type, consistent with recent protein folding studies that
indicate some destabilization of the whole protein due to
mutation.” The present calculations provide insight into the
spectral shifts in the mutants and their relation to structural and
electronic effects.

We find that both mutations lead to slightly less twisted dark
state configurations and to a strong blue shift of the vertical
excitation energies. The excess energy found in the mutants
(compared with the wild-type rhodopsins) could lead to un-
wanted side reactions in the absence of a sufficiently fast energy
dissipation mechanism.

As in previous work, a positive correlation is observed between
the computed BLA values and vertical excitation energies. The
higher S, vertical excitation energies in the mutants are consis-
tent with the calculated BLA values and the electronic structure
of both mutants. The electronic polarization effects of Arg207
and the electrostatic influence from the counterion Glull3
explain the higher vertical excitation energy of the hM207R
mutant. The chromophore in hS186W contains a neutral Schiff
base linkage which is known to show a substantial blue shift of the
lowest excitation (compared with its protonated counterpart),
and there is an increased electronic polarization of the 3-ionone
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ring, which leads to the highest BLA values, the best localized
HOMO (in the ring), and the highest vertical excitation energy
found presently. The spectral tuning is thus mainly associated
with counterion effects and structural features of the retinal chain
in the case of the hM207R mutant, and with the presence of a
neutral chromophore containing deprotonated Lys296 in the
case of the hS186W mutant.
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