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Abstract  We have used quantum-mechanics/molecular-
mechanics computations based on ab initio multiconfigura-
tional perturbation theory to determine and rationalize the
effect of the re-location of one crystallographic water mole-
cule on the vertical excitation energy of the visual pigment
rhodopsin. It is found that the re-location of one water mol-
ecule to the opposite side of the 11-cis retinal chromophore
leads to a large 0.7-0.8 A contraction in the chromophore—
counterion salt-bridge distance. In spite of this structural
effect, the change in excitation energy is found to be lim-
ited (< 1.5kcal mol~!). Through an analysis of different
rhodopsin models in terms of “components” (isolated chro-
mophore, isolated chromophore—counterion ion-pair and
models deprived of the counterion charges) we show that
the limited change of the excitation energy can be related to
a displacement of the retinal chromophore to a different spot
of the protein cavity.
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1 Introduction

Recently, we have shown that “brute force” quantum-
mechanics/molecular-mechanics (QM/MM) computations
based on ab initio (i.e., first principles) multiconfigurational
perturbation theory can reproduce the absorption maxima of
a set of modified rhodopsins with an accuracy allowing for
the analysis of the factors determining their colors [1]. In par-
ticular, for rhodopsin itself (the visual pigment of superior
animals) the computed vertical excitation energies (478 and
327nm) [2] from the ground state to the first singlet excited
state (So — S1) and from the ground state to the second sin-
glet excited state (Sg — Sy) are only 3kcal mol~! off the
experimentally observed A% . value (498 and 340nm) [3],
the computed 14.6 D So — S; change in dipole moment
(Ap) falls within the observed 13—15 D range [4] and the
So — S1 f value (0.8) compares well with the experimental
quantity (1.0) [3].

The results above are relative to a computational model of
bovine rhodopsin (Rh) derived from monomer A deposited
in the PDB archive as file IHZX [5]. In such model the crys-
tallographic structure, resolved at 2.8 A, is assumed to pro-
vide an acceptable model of the average environment of the
chromophore. Accordingly, no protein solvent (membrane
lipids and external waters) is added. Furthermore, two inter-
nal water molecules have been introduced in the model. The
first one, present in the crystal structure, is located between
the protein 11-cis retinal chromophore (PSB11) and Glu181
residue. A second one (see Fig. 1) has been placed between
PSB11 (a protonated Schiff base cation) and its Glul13 car-
boxyl counterion, as suggested by Kandori et al. [6].

Recently, two better resolved crystallographic structures
(IL9H at 2.6 A and 1U19 at 2.2 A in the PDB archive) [7,8]
reporting the position of the W2 water have become avail-
able. Such a position differs significantly from that defined in
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Fig. 1 Top view of rhodopsin from the cytoplasmatic side. Bottom
schematic structure of the 11-cis retinal chromophore. Notice the dif-
ferent position of the W2 water in the alternative IHZX (Rh model) and
1U19 (Rh-1U19 model) structures

our original model. Indeed, as schematically shown in Fig. 1,
while W2 is invariably hydrogen bonded to Ol (i.e., to the
Glul13 carboxylate), its position is shifted to the opposite
side of the rhodopsin 11-cis retinal chromophore (PSB11).
The fact that Rh reproduces the observed A%, values of rho-
dopsin and yet presents a W2 position not consistent with
the best available crystallographic data opens the question
of the sensitivity of the spectral parameters to internal water
re-location. Thus, in this contribution we report a quanti-
tative investigation of the changes in excitation energy pro-
duced by are-location of W2 in the counterion region. This is
carried out looking at a new model based on the 1U19
structure (Rh-1U 19). The results show that, in spite of sig-
nificant geometry changes in the Schiff base region, the re-
computed excitation energy differs less than 1kcal mol™!
from the original value. It is also shown that an analysis
of the excitation energies of the PSB11—Glu113 ion-pairs,
extracted by Rhand Rh-1U19 structures, indicates that PSB11
is re-located inside the protein cavity in such a way to coun-
terbalance the electrostatic effect of the contraction of the
NH(+)—O1(—) salt-bridge distance.

An additional result reported below attempts to provide an
answer to the question of determining which portion of the
chromophore environment in the Rk model is held responsi-
ble for the excitation energy value. It is shown that, within
our QM/MM treatment, a reduced opsin model incorporating
only the residues surrounding the chromophore — i.e., the so
called Palczewski’s cavity [5]—yields an excitation energy
value close to those computed for the full opsin.
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2 Models and methods

The (original) Rh model considered in this work is derived
from monomer A deposited in the PDB archive as file IHZX
[5]. With the exception of Lys296, the residue charges are
described by the standard AMBER force field [9] and thus the
residue polarizability or/and dispersion effects are not explic-
itly treated. As originally pointed out by Warshel [10,11], a
correct model should include the protein solvent and account
for the solvent and protein polarizability. On the other hand,
the effect of the residue polarizability and dispersion on the
absolute excitation energy has been shown to be limited (for
the related protein bacteriorhodopsin Warshel et al. estimated
[12] an effect of <1,500cm ™! . See also the work by Renetal.
[13], Matsuura et al. [14] and Rajamani et al. [15]) and shall
fall into the reported blue-shifted and 4.5kcal mol~! error
(notice that cancellation effects cannot be excluded). With
the exception of the Glu1 13 counterion [forming a salt-bridge
with NH(+)] the model cavity is set neutral consistently with
the experiment [16]. While the protein backbone and res-
idues are kept frozen during the optimization, the Lys296
side chain, the position/orientation of two TIP3P water mol-
ecules [W1 and W2(1HZX) in Fig. 1] and the chromophore
are relaxed to generate the protein equilibrium structure. The
optimization has been stopped when the maximum force is
<0.0015 hartree/bohr and the rms is <0.001 bohr (Due to the
excessive computational cost no second derivative computa-
tion could be performed to rigorously determine the nature of
the stationary point). The alternative Rh-W2-NewPos model
is a modification of the above model where the W2 water has
been moved to the opposite side of the retinal consistently
with the 1U19 crystallographic structure and re-optimized
according to the same procedure. However, notice that in
this model the protein cavity correspond to that of the IHZX
structure. Finally, model Rh-1U19 is a model produced with
the same procedure used for RA but where the initial crystal-
lographic structure corresponds to 1U19 and comprises the
two resolved waters W1 and W2 (i.e., W1 and W2(1U19) in
Fig. 1).

The QM/MM scheme used to evaluate (when appropriate)
the model equilibrium structures and related spectral param-
eters is fully described in ref. [17]. Briefly, the method is
based on a hydrogen link-atom scheme [18] with the fron-
tier placed at the Cs—C, bond of the Lys296 side chain (see
Fig. 1). The ab initio QM calculations are based on a
CASSCF/6-31G* level. The active space comprises the full
m-system of PSB11 (12 electrons in 12 m-orbitals). The MM
(we use the AMBER force field) and QM segments interact
in the following way: (i) all QM atoms feel the electrostatic
potential of the MM point charges, (ii) stretching, bending
and torsional potentials involving at least one MM atom are
described by the MM potential (iii) QM and MM atom pairs
separated by more then two bonds interact via either standard
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orre-parametrized ([19,20]) van der Waals potentials. CASS-
CF/6-31G*/AMBER geometry optimization is carried out
with the GAUSSIANO3 [21] and TINKER [22] programs.
The ultimate goal was to obtain A%, and oscillator strengths
for So->S1 and So->S, transitions of PSB11 in the environ-
ment of the defined protein models.

3 Results and discussion

In order to estimate the influence of the (i) position of the
internal water W2 and (ii) reduction of the protein (i.e.,
opsin) model on the CASPT2//CASSCF/6-31G*/AMBER
spectral parameters of rhodopsin we consider six models.
These include the Rh, Rh-W2-NewPos and Rh-1U19 models
defined in Sect. 2 and featuring a complete opsin environ-
ment and the Rh-Cavity, Rh-W2-NewPos-Cavity, Rh-1U19-
Cavity models derived from the previous set through a drastic
reduction of the opsin models. More specifically, the reduced
models contain exclusively the 27 residues surrounding the
chromophore and defining the Palczewski’s cavity (see
above). Notice that these trimmed models are exclusively
used for re-evaluation of the excitation energy and thus the
structure is not re-optimized.

3.1 Effects of the position of W2

The ground state equilibrium structures of the retinal chromo-
phore of models Rh-W2-NewPos and Rh-1U19 are reported
in Fig. 2. The superposition with Rh reveals that the W2
re-location leads to a large 0.7-0.8 A contraction of the dis-
tance between the nitrogen of the Schiff base group and the
Glul13 carboxylate. Furthermore (see also Fig. 3), in both
Rh-W2-NewPos and Rh-1U19, the W2 water molecule forms
two hydrogen bonds involving the O1 oxygen of the coun-
terion and the carbonyl oxygen of the nearby peptide bond,
respectively. Such hydrogen bonded structure must lead to

Necnin sase-Cramony = 418 A Rh

Rh-W2-NewP08 N . g0se-Camors = 3.36 A

Distances
NScluﬂ Bam'01CsMnyl =3.67 A
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Fig. 3 Superposition of the optimized So-Rh (white) and So-Rh-1U19
retinal chromophores (black). Some critical distances describing the
position of the W2 water are reported. Notice that the position/orient-
ation of W2 for Rh-W2-NewPos is very similar to that one of Rh-1U19
model

a significant stabilization of the W2 position consistently
with the fact that the original Rh model, where W2 is hydro-
gen bonded to a single carboxylate oxygen, is 17 kcal mol ™!
higher in energy with respect to Rh-W2-NewPos. This type of
binding is also found in the /U9 crystallographic structure
as well as in previously reported DFT-based models [23,24].

The superposition of the three models (see Fig. 2) reveals
an important re-location of the retinal chromophore domi-
nated by the displacement of the Schiff base region. How-
ever, it must be stressed that, in both Rh-W2-NewPos and
Rh-1U19, the PSB11 optimized geometry is quite similar, in
terms of dihedral angles, to the PSB11 geometry reported for
the original Rh model (see Table 1). (It may be noticed that, in
Rh-1U19,the PSB11 backbone becomes fairly more planar).
The computed displacement is very similar in the Rh-W2-
NewPos and Rh-1U19 geometries. These results also show
that the position of W1 is little affected by the re-location
of W2.
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Table 1 Dihedral angles (degrees) along the backbone of the 11-cis retinal chromophore

Model Co=C71 C3=C3 C=Cyg Cg=Cyp Cio=Cy; C;1=Cpp Cpp=C;3 C3=Cyy4 Ci4=Cy;5 Ci5=Nyg
Rh —54.0° 175.9° —170.2° 169.7° 166.1° —8.1° 166.6° 178.9° 177.7° 173.2°
Rh-W2-NewPos —55.4° 175.1° —170.0° 167.0° 175.1° —7.8° 166.7° 177.9° 172.8° 171.4°
Rh-1U19 —53.2° —177.9° —172.6° 174.0° 170.9° —4.0° 165.4° —179.2° 169.6° 171.9°

Notice that Cq = C7 defines the dihedral angle of the S-ionone ring while C;; = Cj> corresponds to the dihedral angle of the isomerizing double

bond

Table 2 Calculated and observed A%, . values (nm)

Structure Calculated Observed Error
Ko Ko

So-Rh 478 (59.83) 498 (57.4) <25

So-Rh-W2-New Pos 479 (59.77) <25

So-Rh-1U19 513 (55.74) >—1.8

Excitation energies (kcal mol~!) are given in parenthesis. The upper
limit of the error computed with respect to the observed A{ .. value, is
given in kcal mol~!

The So — S; excitation energies and corresponding A% .
values for our three rhodopsin models are reported in Table 2.
The absolute error, with respect to the experiment, is also
reported. In spite of the fact that the structural changes
described above must strongly modify the chromophore-
counterion electrostatic interaction, the computed excitation
energies are similar. In fact, the predicted energy is always
less than 3kcal mol~! far from the experimental value, even
if for Rh-1U19 the error yields a red shifted rather than a
blue shifted predicted value. The electrostatic interactions
are considered one of the most important factors affecting
the value of the spectral parameters in rhodopsin. Hence,
given the remarkable change in NH(+)—O1(—) salt bridge
distance between Rh and models Rh-W2-NewPos and
Rh-1U19, a significant change in excitation energy was
expected. Indeed, it is established [25] that the shorter is
the distance between the negatively charged counterion and
the positive Schiff base group, the larger is the stabiliza-
tion of the ground state with respect to the spectroscopic
state ultimately leading to a blue-shift in the chromophore
absorption.

This behavior is readily explained by the charge-trans-
fer nature of the spectroscopic state of the chromophore
[4,26-28]. In fact, upon vertical Sg — S; transition, the
chromophore positive charge, located initially on the -NH=
CH- moiety, shifts towards the S-ionone region leading to
counterion—chromophore charge separation. As a conse-
quence, any electrostatic effect that stabilizes (destabilizes)
the positive charge in the Schiff base region on the ground
state, as well as any electrostatic effect that destabilizes (sta-
bilizes) the positive charge in the proximity of S-ionone
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region will lead to an augmented (reduced) So — S; energy
gap. For this reason it is rather surprising that models
Rh-W2-NewPos and the Rh-1U19 do not show a large blue-
shift in excitation energy with respect to Rh.

In order to rationalize the behavior described above, we
have “dissected” the excitation energies of the three
models (see Fig. 4). More specifically we have determined,
for each model and using the same level of theory, the
excitation energies of (i) the full protein, (ii) the isolated
chromophore (taken with the geometry found in the protein),
(iii) the chromophore-Glul13 ion pair (also taken with the
geometry found in the protein) and (iv) the full protein model
deprived of the Glul13 counterion charges (this is called
non-counterion-opsin (nc-opsin) from now on). From the
values of the excitation energies of the isolated chromo-
phores (see Fig. 4B) it is apparent that the limited differ-
ences in the retinal structure have a small effect on the
excitation energy values. In contrast, due to the difference in
Nschiff base—Ccarboxyl values (see Fig. 2), a substantial differ-
ence is expected for the excitation energy of the chromo-
phore-Glul13 ion-pairs. In fact, the ion-pairs extracted from
the Rh-W2-NewPos and Rh-1U19 models give blue-shifted
values with respect to the corresponding Rh ion-pair (see
Fig. 4C), reflecting the stronger electrostatic interaction of
the negative counterion with the positive chromophore.

The fact that, in contrast to the isolated ion-pair, the exci-
tation energy of Rh (see Fig. 4A) is closer to those of Rh-W2-
NewPos and Rh-1U19, must be attributed to the effect of the
cavity residues other than the Glul13 counterion. This con-
clusion is confirmed by the data reported in Fig. 4D where
we show the effect of the nc-opsin cavity (i.e., a cavity with a
neglected counterion charge). It is apparent by inspection of
the figure that the excitation energies are all red-shifted with
respect to those of the isolated chromophores (as previously
reported [1] this counterbalance, to some extent, the effect of
the counterion that always leads to a blue-shift). Secondly, the
excitation energy of Rh is the least red-shifted. In other words,
while the nc-opsin cavity of the Rh-W2-NewPos and Rh-1U19
models strongly red-shifts the chromophore absorption, such
an effect is more limited in Rh. Remarkably, this lesser effec-
tive red-shift appears to match and counterbalance the lesser
effective blue-shift seen in the ion-pair and due to the larger
distance between the counterion and Schiff base charges.
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Fig. 4 Excitation energies analysis for Rh, Rh-W2-NewPos and
Rh-1U19. A Full thodopsin model. B Isolated retinal chromophore.
C Isolated chromophore-counterion pair. D Chromophore embedded
in an artificial opsin (nc-opsin) deprived of the counterion charges.
E Rhodopsin models with a trimmed opsin (Rh-Cavity, Rh-W2-NewPos-
Cavity and Rh-1U19-Cavity)

While the reason for a less effective blue-shift in the RA
ion-pair can be safely attributed to the larger distance between
the Glul13 carboxylate and Schiff base group of this model,
the reason for the less effective red-shift induced by nc-opsin
cannot be immediately understood. This effect must be obvi-
ously related to the structure and intensity of the electric field,
generated by the partial charges of the neutral protein resi-
dues, acting on the chromophore nuclei. For Rh we found
a positive potential in the Schiff base region [1] destabiliz-
ing So with respect to S (see above). Here, we report that
such potential increases in intensity for Rh-W2-NewPos and
Rh-1U19 consistently with the stronger red-shift seen in
Fig. 4D. This is documented in Fig. 5 where we report the
most significant differences between the nc-opsin potential
of Rh-W2-NewPos and Rh-1U19 with respect to the one cal-
culated for RhA. Indeed, there is a remarkable ca. +0.15 a.u.
increase in the Schiff base region due to the nc-opsin res-
idues. We also show that the positive potential increase is
enhanced when W2 is inserted in the nc-opsin model.

As previously reported [1], in our CASPT2//CASSCF/6-
31G*/AMBER models, the negative counterion counterbal-
ances and surmounts the nc-opsin potential thus accounting
for the blue-shift imposed by the full protein on the exci-
tation energy of the isolated chromophore. It is apparent
from the data above, that the stronger (counterion-induced)
blue-shift expected for Rh-W2-NewPos and Rh-1UI9 is
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® negative

v0.049
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([ +0.038) / +0.024
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Fig. 5 Change in the electrostatic potential generated by the AMBER
partial charges of nc-opsin on the atoms of the retinal chromophore of
Rh-W2-NewPos (bold) and Rh-1U19 (italics) with respect to the same
potential calculated for the reference Rh model. Noticed that, in the
protonated Schiff base region, the nc-opsin potential is always positive.
Circled values report the variations, again with respect to Rh, when W1
and W2 are included in the computation (i.e., when the electrostatic
potential is generated by nc-opsin+ W1+ W2)

counterbalanced by a stronger red-shift due to nc-opsin. How-
ever, notice that the nc-opsins in Rh and in Rh-W2-NewPos
are identical as the cavity is derived by the same 1HZX crys-
tallographic structure. The solution of this apparent discrep-
ancy lies in the different orientation/placement of the retinal
chromophore (especially of its Schiff base region). In fact, as
seen in Fig. 2A, the re-location of the Rh-W2-NewPos chro-
mophore relative to the Rh chromophore, leads to exposure to
a different electrostatic potential. Our results suggest that the
limited sensitivity of the computed excitation energy to W2
re-location is associated with a mechanism that re-locates the
chromophore. This mechanism will be the subject of further
investigations.

3.2 Reduction of the protein model

In this section we discuss the CASPT2//CASSCF/6-31G*/
AMBER vertical excitation energies computed for the three
trimmed rhodopsin models defined in Sect. 3. Our target is
to assess whether the effect of the protein cavity on the chro-
mophore Af . is mainly due to the first shell of residues or
to a more extensive portion of opsin. The results of these
computations are reported in Tables 3 and 4. The differ-
ences between the excitation energies of the full models and
of the corresponding trimmed models are < 1.5kcal mol™!
for both the Sy — S; and S¢g — S, transitions. Such a lim-
ited change indicates that, within our QM/MM protocol, the
spectral properties of the chromophore are determined by
the Palczewski’s cavity. This conclusion may not hold if one
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Table 3 Three-roots state

average (equal weights) S S

CASSCF/6-31G*/Amber and Structure CASSCF CASPT2 CASSCF CASPT2

CASPT2/6-31G*/Amber

excitation energies computed for So-Rh 916 5983 109.40 8727

SO — S] and S() — Sz

transitions in the full models and So-Rh-W2-NewPos 91.17 59.77 106.26 84.09

in the reduced ones expressed in So-Rh-1U19 85.35 55.74 103.70 84.07

—1

kcal mol So-Rh-Cavity 93.20 59.77 110.41 86.88
So-Rh-W2-New Pos-Cavity 93.33 61.16 108.00 83.00
So-Rh-1U19-Cavity 87.63 55.89 104.97 83.89

Table 4 Charge transfer (Aq) (i.e., change in the positive charge of the -NH=C15- fragment), change in dipole moment (IAul) and change in
Oscillator strenghts ( f) computed at three-roots state average (equal weights) CASSCF/6-31G*/Amber

Ag? |Apl(Debye)® fe
Structure So — S So— Sp So — Sy So— Sy So — Sy So — Sy
So-Rh —0.3446 —0.1546 14.59 5.40 0.773 0.506
So-Rh-W2-NewPos —0.3093 —0.1721 13.88 6.13 0.757 0.576
So-Rh-1U19 —0.3692 —0.1261 15.97 5.03 0.928 0.416
So-Rh-Cavity —0.3362 —0.1778 14.50 6.09 0.702 0.565
So-Rh-W2-NewPos-Cavity —0.2761 —0.2163 12.82 7.57 0.629 0.697
So-Rh-1U 19-Cavity —0.3575 —0.1533 15.79 5.76 0.830 0.493

 evaluated with Mulliken charges at CASSCEF level
b.¢ evaluated at CASSCF level

attempts a geometry optimization where the Van der Waals
forces play an important role. It is also remarkable that the
computed electronic structure properties (see Table 4) also
remain qualitatively consistent in the three models, although
larger differences are computed for Rh-W2-NewPos.

4 Conclusions

The sensitivity of ab initio CASPT2//CASSCF Sy — S
excitation energies to the position of the crystallographic
water W2 has been assessed for different models of bovine
rhodopsin. The results indicate a fairly low sensitivity of the
absorption maximum to the W2 position that, in turn, sug-
gests a compensation mechanism. Our analysis points to a
displacement of the chromophore to a cavity region with a
larger nc-opsin positive potential as a means to offset the
effect of the decrease in NH(+)—O1(—) salt bridge distance.
We have also compared the effect of a reduction of the full
opsin model to the 27 aminoacids of the Palczewski’s cavity.
The fact that the value predicted for the Sy — S| excitation
energy is substantially the same indicates that, for rhodopsin,
the charges of distant residues are of relatively minor impor-
tance for the control of the optical absorption features of the
retinal chromophore. Of course, we do not expect this to be
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a general result and highly truncated protein models should
always be applied carefully until a systematic analysis is car-
ried out to set their limitations and reliability.
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