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Photochemistry of Visual Pigment in a G, Protein-Coupled Receptor
(GPCR)—Insights from Structural and Spectral Tuning Studies on Squid
Rhodopsin

Sivakumar Sekharan,™ Ahmet Altun,”™ and Keiji Morokuma*!

Vertebrate visual pigment rhodopsin is a G protein-cou-
pled receptor (GPCR) responsible for twilight vision. Upon
activation by light, rhodopsin initiates the visual transduc-
tion cascade that leads to the transmission of an optic nerve
signal to the brain.'*! In both flying and terrestrial animals
such a signal is vital for foraging, navigation, and mate selec-
tion within their immediate environment.! Both the verte-
brate (bovine) and invertebrate (squid) rhodopsins contain
a 11-cis-retinal chromophore bound covalently to a proton-
ated Schiff base (PSBR) nitrogen atom of a lysine residue at
site 296 and 305, respectively. In bovine rhodopsin, Glul13
is the main counterion and forms a hydrogen bond with the
PSBR.[*’ However, in squid rhodopsin the position corre-
sponding to Glull3 is occupied by Tyrlll, and together
with Asn87 they serve as potential hydrogen-bonding part-
ners for the PSBR. There is only one glutamate (Glul80) in
the interior of squid rhodopsin and is situated at ~5 A away
from PSBR and corresponds to Glul81 in bovine rhodopsin.
All other glutamates in squid rhodopsin are at the surface
and more than 17 A away from PSBR.['*!!]

Despite their large phylogenetic distance, the most impor-
tant difference between the vertebrate and invertebrate rho-
dopsins arises from their selective activation of G protein
subtypes.'") Bovine rhodopsin signals through transducin,
the a-subunit of a G-type of G protein that activates the
cyclic guanosine monophosphate phosphodiesterase and
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then closes the cation channel. In contrast, squid rhodopsin
signals through the a-subunit of a G,-type of G protein that
activates phospholipase C and opens a calcium channel.l'*!3]
Recently two X-ray crystal structures of squid rhodopsin
have been reported at 3.7' and 2.5 A!l resolution
(Figure 1). They present a major step toward understanding
the mechanistic details of the chemistry of vision in a G-
coupled GPCR.

Figure 1. Side and top view of the overlay of the backbone atom posi-
tions of seven transmembrane o-helices of 2.5 A (green), 3.7 A (blue)
crystal structures and QM/MM optimized structure (red) of the WS2
model of squid rhodopsin.

Hybrid quantum mechanical/molecular mechanics (QM/
MM) calculations are the method of choice for investigating
structural and spectroscopic properties of complex biomo-
lecular systems such as retinal proteins. In such methods, a
relatively small region of the system in which the chemical
reactions occur is modeled at QM level and the remaining
part is treated with MM force fields."*'" In this study, we
have investigated the role of the protein environment and
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internal water molecules on the structure and electronic
spectra of the PSBR by applying QM/MM methods on an
X-ray structure of squid rhodopsin. The accuracy and applic-
ability of this computational setup have already been shown
to provide novel insights into the understanding of retinal
architecture in wild type and mutant bovine rhodopsins.['!7!

Generally, cavities inside proteins are often found to be
empty in X-ray studies,"® but are actually found to be filled
with water molecules in NMR measurements.'”) The pres-
ence of internal water molecules near the SB terminal
seems, however, to be a common structural motif character-
izing GPCR chromophore binding sites. Conserved water
molecules have been recently shown to mediate activation
signals from the retinal binding pocket to the cytoplasmic
surface of rhodopsin and rhodopsin-like GPCRs.® In
bovine rhodopsin, there are two water molecules near the
SB terminal®! that are involved in the counterion switch
mechanism from Glul13 to Glul81 during the formation of
metarhodopsin-1.*? Bacteriorhodopsin® and halorhodop-
sin® contain three water molecules near the SB region and
are shown to play a critical role in the chromophore coun-
terion interactions. Xanthorhodopsin, a proton pump with a
light-harvesting cartenoid antenna, contains a bridged-water
molecule between the SB and the counterions.”” Molecular
dynamics simulations of wild-type 1 and (2 adrenergic re-
ceptors have also provided evidence for the presence of one
or two internal water molecules that are absent in their crys-
tal structures.”®

In squid rhodopsin, the available X-ray studies with 2.5
and 3.7 A resolutions could not resolve any internal water
molecules near the SB region.®”] However, there is space
available for the inclusion of some water molecules near the
SB region and therefore the effect of inclusion of such water
molecules and their effect on the structural rearrangement
and spectroscopic properties is also investigated in this
study.

In the presence and absence of such additional internal
water molecules, we obtained squid rhodopsin structures
with QM/MM (QM =B3LYP/6-31G*; MM =AMBER) ge-
ometry optimizations in ONIOM Scheme (see Supporting
Information). The backbone atom positions of the seven
transmembrane o-helices of two crystal structures are very
well conserved in the resulting OQM/MM  structures
(Figure 1). However, positions of the potential hydrogen-
bonding residues (Asn87, Tyr111) near the SB region are af-
fected significantly by the number of water molecules (see
Table 1).

Compared to the X-ray structures, in the absence of any
additional water molecules around the SB region (water
system WSO0), the distance between Asn87 side chain and
SB nitrogen is underestimated by ~1 A and as a conse-
quence Asn87 forms a strong hydrogen bond with the
PSBR. In the presence of one such water molecule (WS1)
the distance is overestimated by ~2 A. However, inclusion
of two water molecules (WS2) brings the key distance be-
tween SB nitrogen and potential hydrogen-bonding residues
(Asn87, Tyrlll) within 0.5 A deviation and also in good
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Table 1. Comparison of distances from the PSB nitrogen atom to side-
chain oxygen atom of the Asn87, Tyrl11, and Glul80 residues between
the X-ray and optimized QM/MM geometries.

Distance [A] QM/MM"! X-ray!®
WSO  WS1  WS2 WS3 2773 27ZIY

OH(Tyr111)-N(PSBR) ~ 3.11 508 341 329 299 289
ODI1(Asn87)-N(PSBR) 282 448 393 285 373 377
OE2(Glul80)-N(PSBR) 452 399 429 472 508 566

[a] Optimized QM/MM models contain no water (WS0), one water
(WS1), two water (WS2) and three water (WS3) molecules near the SB
region. [b] X-ray data sets are taken from chain A of 2.5 A (PDB code:
2773) and 3.7 A (PDB code: 2ZIY) structures.

agreement with the X-ray data. In the WS2 model, W1
forms a hydrogen bond with a SB nitrogen atom and Asn87
(W1), and W2 forms an hydrogen bond with W1 and back-
bone oxygen atom of Tyr111 (Figure 2).

Tyri11

Figure 2. Optimized QM/MM model (WS2) of squid rhodopsin contain-
ing two internal water molecules (W1, W2). The H-bond network be-
tween SB nitrogen of PSBR chromophore (cyan), and side chain oxygen
of Asn87 (magenta), Tyr111 (green), Glul80 (yellow) are shown in black
dots. The distances in numbers are given in Table 1.

We also included a third water molecule near the anionic
Glul80 (WS3). Although this improves the position of
Glul80 considerably, the trend seen in positions of Asn87
and Tyr111 are similar to WSO and WS1 models. Incidental-
ly, low-temperature FTIR study suggests the presence of a
bridged water molecule near the SB region®®”! and this may
actually correspond to W1 in Figure2 or OH moiety of
Tyrl11.

The deviations seen in the calculated geometry parame-
ters are irrespective of the inclusion of water molecules in
the QM region. Also, the calculated deviations in the WSO0-
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3 systems may appear to be large at first glance; however,
the distances between Asn87 and Tyrlll1 side chains or be-
tween Glul80 side chain and the SB nitrogen atom in the
X-ray structures, also deviate by more than 0.6 A.

Geometric parameters of PSBR in the two available crys-
tal structures and in the QM/MM-optimized WS0, WS1,
WS2, and WS3 systems at B3LYP/AMBER level are given
in Figure 3. First of all, it should be noted that due to non-
availability of well-established parameters in the standard
X-ray refinement softwares, PSBR coordinates in the crystal
structures of retinal proteins are often based on the outcome
of some low-level MM calculations fitted to the experimen-
tal electron density.”) This explains why geometry parame-
ters of PSBR in the two available crystal structures differ
significantly from each other and also from the optimized
QM/MM geometries (Figure 4).
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Figure 3. Comparison of the bond length alternation (bottom), bond
angles (middle) and dihedral angles (top) along the conjugated carbon
chain of the 2.5 A (red), 3.7 A (green) X-ray and QM/MM retinal geom-
etry in four different set-ups; WSO (blue), WS1 (cyan), WS2 (black),
WS3 (magenta). The experimental structure sets taken from chain A.
The dihedral angle deviations are from either cis (0°) or the trans (180°)
configuration.
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Figure 4. Overlay of the 11-cis-retinal protonated Schiff base (PSBR) and
Glul80, Tyr111, Asn87, residues of 2.5 A (green), 3.7 A (blue) crystal
structures and QM/MM optimized structure (red) of the WS2 model of
squid rhodopsin.

Compared to the X-ray structures, the deviations in the
calculated bond lengths is also the smallest in the presence
of only two internal water molecules near the SB region.
Analogously, it has been shown on bovine rhodopsin that
the calculated QM/MM geometry parameters of the PSBR
are more consistent with the experimental NMR data rather
than those in the X-ray structures.""! Therefore in the ab-
sence of any such available experimental NMR data for
squid rhodopsin, the optimized QM/MM geometry present-
ed in this study should provide a reasonable reference point
for further studies on squid rhodopsin.

Although less pronounced compared to the X-ray data,
QM/MM calculations reveal significant single/double bond-
length alternation (BLA) patterns along the retinal polyene
chain (Figure 3 bottom). The peaks correspond to the single
bond lengths that range as high as 1.47 A for C6—C7 to as
low as 1.40 A for C14—C15 bonds. On the other hand, the
troughs indicate reduction in values of the order of ~0.10 A
for the corresponding double bonds. Average BLA of C5—N
moiety (which is defined as the average of the bond lengths
of single bonds minus that of double bonds), is 0.07 A for all
QM/MM models (WS0-3). It is 0.01 A larger than that cal-
culated for bovine rhodopsin.!'®!

Probably due to hybridization changes caused by alternat-
ing atomic charges, the bond angles (Figure 3 middle) cen-
tered at odd numbered carbon atoms are always smaller
than their direct neighbors.”®?*! The smallest bond angles
appear at C9 and C13 due to the presence of spacious
methyl substituents at these positions. Significant nonplanar
distortions (mostly in the range of —10+10°) are induced
into the chromophore (Figure 3 top) in presence of the
forces exerted by the protein pocket. The C5-C6-C7-C8
twist angle of the B-ionone ring is found to be significantly
different in the two available X-ray structures. The lower
resolution (3.7 A) X-ray study estimates almost a planar
ring with —13° relative to the polyene chain,'”) while the
higher resolution data (2.5 A) give an almost perpendicular
twist of —71°."™ The present QM/MM calculations find an
intermediate value of —45°, analogous to that found in
bovine rhodopsin.”'® In particular, the negative pre-twist
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required for the photoisomerization of the C11—C12 double
bond is evident from the calculated dihedral angle of —17°.

The difference in response between the excited and
ground states to the external perturbation from the protein
environment is popularly referred to as spectral tuning. For
the gas-phase retinal systems as well as bovine rhodopsin
and its mutants, the cost-effective multireference SORCI +
Q ab initio method with the present computational settings
(see Experimental Section) has been shown to yield the first
singlet vertical excitation (corresponding to the experimen-
tal An. Oof a UV/Vis spectrum) not only consistent with the
more extensive MRCISD+Q and CASPT2 methods, but
also within +15 nm of the experimental measurements.['®!7!
Therefore, we use this method to perform absorption wave-
length calculations of the chromophore in the QM/MM-op-
timized structures of squid rhodopsin. These SORCI+Q
calculations were performed in the gas phase (PSBR,,) and
in the presence of electrostatic and polarizing fields of pro-
tein environment of squid rhodopsin (PSBR ). In the fol-
lowing, the absorption wavelength values (1) are discussed
mainly for the WS2 and WSO (given in parentheses) models.
The conclusions drawn are the same for other water systems
(see data at the footnote of Table 2).

Table 2. The calculated SORCI+Q first vertical absorption wavelengths
(A) in nm, oscillator (f) and rotatory (R) strengths [in au] of the PSBR in
gas-phase (gp) and protein environments.!!

WSO WS2
yl f R A f R
PSBR,, 599 0.9 0.12 604 0.9 0.16
PSBR roqcin”) 476 1.2 0.26 490 1.1 0.32
PSBR rorein™_asns™ 517 1.1 0.21 510 1.1 0.32
PSBR orein™ g1 487 1.1 0.26 501 1.1 0.31
PSBR orein™_Grurso™ 606 0.9 0.11 591 1.0 0.17
PSBR g1ein ! - - - 599 1.0 0.17

[a] See Supporting Information for the second vertical excitation ener-
gies. [b] Protein containing the deprotonated/charged Glu180. [c] Charges
of that particular amino acid turned off. [d] Protein containing the pro-
tonated/neutral Glul80. [e] PSBR,, absorbs at 632 nm when Glul80 is
protonated. [f] For WS3, PSBR,, absorbs at 599 nm, PSBR i, absorbs
at 463 nm and PSBR;;ocin-ciuiso @absorbs at 570 nm.

In the absence of any electrostatic or polarization effect
from the protein, PSBR in the gasphase absorbs at 604
(599) nm (Table 2). Compared to the optimized PSBR in
vacuo that absorbs at 625 nm,!'”) geometrical distortions in-
duced by the protein environment blue shifts the absorption
wavelength by ~20 nm, a trend also seen in the QM/MM
calculations on bacteriorhodopsin.®”! Recent experimental
measurements and theoretical calculations® ! have already
shown that PSBR in the gas phase absorbs at 610 nm, there-
fore our calculated value of 604 nm will serve as a good ref-
erence point for evaluating the important residual effects
from the protein (MM region). When the electrostatic and
polarization effects from the protein are included, the chro-
mophore absorbs at 490 (476) nm, in excellent agreement
with the experimental measurements (480! and 493 nm!™)
and thus the absorption wavelength dramatically blue-shifts

Chem. Eur. J. 2010, 16, 17441749

© 2010 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

COMMUNICATION

by =~ 120 nm, an aspect analogous to the findings in bovine
rhodopsin.[1®17:3+3

QM/MM studies allow us to investigate the contribution
of a specific amino acid on the absorption wavelength by
turning off its charges. Therefore, to determine the origin of
the significant blue shift (~120 nm) from gas phase to the
squid rhodopsin, we turned off the charges of several amino
acids (see Supporting Information). The most significant
contributions come from Tyr111, Asn87 and Glul80 (in the
increasing order) and they all blue shift the absorption max-
imum. The effects of other amino acids are within +10 nm
and counterbalance each other (see Supporting Information
for details). Tyr111 induces a blue shift of only 10 (11) nm,
whereas Asn87 induces 20 (41) nm shift. In the absence of
any water molecule near the SB region (WS0), the effect of
Asn87 is larger by ~20 nm since it forms a strong hydrogen
bond with the SB nitrogen atom (Table 1).

Deprotonated Glul80 shifts the absorption wavelength in
all models by more than 100 nm (in the presence and ab-
sence of its charge: 490 (476) and 591 (606) nm respective-
ly). When the structures are reoptimized with protonated
Glu180, the calculated absorption wavelength (599 nm) is
almost equal to the gas-phase value (604 nm). This shows
that Glul80 is negatively charged and serves as the main
counterion in squid rhodopsin.

The position corresponding to Glul80 is occupied by
Glul81 in bovine rhodopsin, and irrespective of its protona-
tion state it was shown to exert a negligible effect on the ex-
citation energy due to the presence of the principal counter-
ion Glu113.'%34 Therefore, despite their bonding schemes
(hydrogen-bonded Glull3 and non-hydrogen-bonded
Glu180) and position being drastically different, it is re-
markable that Glull3 and Glul80 induce a blue shift of
over 100 nm in bovine and squid rhodopsins.

The two internal water molecules (W1, W2) induce a
14 nm red shift. Although this shift is analogous to the
effect of W2a and W2b in bovine rhodopsin (20 nm),*!!
their positions and bonding schemes are also completely dif-
ferent.

CD spectroscopy is a useful tool to monitor the overall
shape and absolute conformation of an inherently chiral
chromophore. Determination of the absolute sense of twist
around the 12s-bond adjacent to the cis—trans isomerization
site of the chromophore is critical, since the helicity direc-
tion should determine the chromophore movement after
photoisomerization.

Experimental and theoretical studies on bovine rhodopsin
have shown the out of plane distortion to be negative about
the C11—-C12 and positive about the C12—C13 bonds.”*>*!
This pattern is also seen in the higher resolution 2.5 A X-ray
data (—7°, +175°) of squid rhodopsin, but not in the lower
resolution (3.7 A) X-ray structure (+5°, +171°). The QM/
MM-optimized geometries are in good agreement with the
higher resolution X-ray structure (—17°, +166°). These two
dihedral angles impart a positive helicity on the chromo-
phore, yielding a positive rotatory strength (R). The calcu-
lated a-band at 490 nm and R value of 4+0.32 au agree both
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in sign and magnitude with those determined experimentally
(495 nm, +0.20 au).* Also we find that half of the calculat-
ed rotatory strength arises from the chromophore—protein
electrostatic interaction.

In conclusion, the availability of squid rhodopsin crystal
structures has opened the way for studying the structure and
wavelength selection of PSBR in Gg-coupled GPCRs. The
QM/MM calculations on the available X-ray structures of
squid rhodopsin have provided additional structural details
of the PSBR geometry and its environment. As a first step
towards understanding the role of water molecules near the
SB region, several conceivable internal water models and
their effect on the structural rearrangement and spectral
tuning mechanisms are discussed. Although the presence of
internal water molecules affect the structures near the SB
region, their impact on the absorption maximum is minimal
(475415 nm). Therefore, despite considerable study, it is
still quite difficult to judge the reliability of water models
using the present X-ray structures.

A negatively charged Glul80 residue situated at =5 A
away from the SB region, and which cannot form any hydro-
gen bonds with the SB nitrogen atom, acts as the principal
counterion in squid rhodopsin. In particular, the strong elec-
trostatic interaction between the chromophore and the non-
hydrogen-bonded counterion (Glul80) dominates the mech-
anism of spectral tuning from gas phase to the protein envi-
ronment. Therefore, compared to bovine and other related
retinal proteins, this property merits consideration as the ab-
sence of a direct hydorgen-bonding Glu/Asp counterion is
critical for differentiating the structure and understanding
the wavelength regulation in squid rhodopsin.

Experimental Section

We started from the 2.5 A crystal structure of squid rhodopsin (pdb
code: 2Z73). The details of setup procedure are given in the Supporting
Information. Although there is a debate in literature on the protonation
state of Glul81 in vertebrate rhodopsins, its analogue in squid rhodopsin
(Glul80) is certainly deprotonated as one of its carboxylic oxygen (O)
atom forms hydrogen bonds with Tyr190 and Tyr277, whereas the other
forms hydrogen bonds with Asnl185. The geometries of the protonated
and fully optimized structures at AMBER force field level were further
refined at a hybrid QM/MM (QM =B3LYP/6-31G*; MM =AMBERY6)
level.l>%! The resulting geometries were used to calculate absorption and
circular dichroism (CD) spectra with three-root spectroscopy oriented
configuration interaction (SORCI) method” including +Q Davidson
correction for excitations higher than doubles on complete active space
self-consistent field (CASSCF) wave function. We employed the 6-31G*
basis set throughout the study. The active space encompasses six elec-
trons in six orbitals. Computational efficiency of SORCI+Q calculations
was enhanced by setting Ty, Ty and Ty thresholds to 107%, 107, and
107 E,, respectively. Further details can be found in the Supporting In-
formation and in references [16,17].
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