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Abstract. A special hybrid quantum mechanics/molec-
ular mechanics forcefield is defined, parameterized and
validated for studying the photoisomerization path of
the retinal chromophore in the rhodopsin protein. It
couples a multireference ab initio Hamiltonian (CASS-
CF and second-order multireference many-body per-
turbation theory using a CASSCF reference) to describe
the chromophore while the rest of the protein is
approximated with the Amber forcefield. The frontier
has been carefully parameterized in order to reproduce
full quantum mechanics torsional energy profiles, for
both the ground state and the first excited state. It is also
shown that replacing the chromophore counterion with
point charges is a valid approximation. This result is
interpreted in terms of a cancellation effect for which a
possible explanation is given.

Keywords: Rhodopsin — Retinal — Photoisomerization —
Quantum mechanics/Molecular mechanics — Parame-
terization

1 Introduction

The primary event in the vision process consists in the
ultrafast photoisomerization of the retinal chromophore
of the protein rhodopsin [1,2], a member of the
G-protein coupled receptor family. In the so-called dark
state of rhodopsin, the chromophore is in its 11-cis form.
After absorption of a photon (the maximum absorption
wavelength is about 500 nm), this isomerizes to its all-
trans form, producing the low temperature stable
intermediate “‘bathorhodopsin” in picoseconds. On the
other hand, it is now established that the formation of
bathorhodopsin is preceded by the ultrafast (200 fs)
production of a transient precursor called “photorho-
dopsin”. The elusive geometrical and electronic structure
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of this “primary” transient species has not yet been
elucidated and this is where computational
(photo)chemistry can give considerable insights.

Computational studies have mainly focused on the
retinal chromophore in vacuo and the corresponding
photoisomerization mechanism is now established. In-
deed, static and dynamical studies have been performed
that validate a two-states two-modes mechanism [3, 4, 5,
6, 7]. However, the influence of the protein on the
mechanism of this reactive process is still largely un-
known. Only few theoretical papers have been published
on this topic [8, 9, 10, 11, 12], mainly owing to the lack of
a reasonable threedimensional structure of rhodopsin.
On the other hand, the recently published 2.8A resolved
structure [13, 14] provides the first step towards the def-
inition of a realistic computational model of the protein.

The present paper presents a detailed report of part of
the initial work we have carried out to derive a suitable
hybrid quantum mechanics (QM)/molecular mechanics
(MM) model of rhodopsin that has recently been used in
a successful investigation of its spectroscopy [15]. This
model is based on a complete-active-space-self-consis-
tent-field (CASSCF) QM part and a MM part based on
the Amber forcefield. The CASSCF was chosen because
one is interested in describing the relaxation of the ex-
cited state via a second-order multireference many—body
perturbation theory using a CASSCF reference (CAS-
PT2//CASSCF) computational strategy. Even if the new
parameters have already been given and used [15], the
present work emphasizes the procedure followed to de-
rive this hybrid QM/MM forcefield and the validation
tests performed to check its accuracy. In particular, we
focus on the Lys296-retinal-Glul13 chromophore-
counterion system of the protein.

2 The model

The retinal chromophore is covalently linked to a lysine
residue (Lys296) of the protein through the protonated
Schiff base function, whose counterion is a glutamate
residue (Glull3). Besides the nonbonded interactions
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between the chromophore and the residues of the protein
pocket and the long-range electrostatic interactions of
the chromophore with the entire protein—solvent-mem-
brane macromolecular system, this lysine—retinal-gluta-
mate (LRG) system may be considered the source of the
zeroth order interaction between the isolated chromo-
phore and the protein cavity. As such it is held
responsible for a large part of the force that drives the
initial photoisomerization motion. Thus, in order to
derive a reliable QM/MM model of rhodopsin one has
first to focus on this LRG molecular group (i.e. one must
propose a model which combines the accuracy of the
calculated properties and the computational tractabil-
ity). While the protein bulk will be treated using a
standard MM forcefield, we present a LRG QM/MM
potential in which particular attention has been paid to
(1) the definition of the size of the QM subsystem with
respect to the QM method and computational cost, (2)
the design of the QM/MM frontier, (3) the choice of the
MM forcefield and (4) the reparameterization of some
QM/MM potentials. Concerning the last point, we
modified a number of MM classical parameters, in
order to reproduce qualitatively the pure QM forcefield
of the LRG group. This means that the QM|MM force
field that we want to design will be accurate but strongly
problem dependent. 1t would be difficult to have a less-
specific force field, because we are interested in the
description of a specific chemical process — the photo-
isomerization of the retinal chromophore — that involves
at least two energy surfaces, while standard forcefields,
including the usual MM ones, deal with only one surface
(usually the ground-state surface). Furthermore, MM
forcefields only deal with conformational (not reactive)
changes.

2.1 The QM /MM Hamiltonian

The QM/MM force field is characterized by a special
Hamiltonian which is the sum of three terms:

H= I:IQM + Hyr + I:IQM/MM (1)

On the right-hand side, Hoy is the usual Hamiltonian of
the QM part as if it were in vacuo, Hyny is actually the
classical energy of the MM part and Hpy/yps takes into
account all the interactions between the QM and MM
subsystems. Given #n electrons and N nuclei interacting
with O point charges, this last term can be split into
several contributions:

n 0] N

Y
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(2)
The first term ensures that the QM wavefunction is
polarized by all the surrounding point charges while the
three remaining terms are the electrostatic interactions of
the nuclei point charges, the QM/MM van der Waals
interactions and some classical bonded terms involving
bonds, angles and torsions (we chose to take into account
all classical interactions involving at least one MM atom).

As a basis for our QM/MM parameterization, we chose
the Amber94 forcefield [16]. While in Amber electrostatic
and van der Waals interactions are computed when two
atoms are separated by at least three bonds, our QM
subsystem feels all the MM point charges.

2.2 OM|MM frontier parameters

Because our primary target is to use a multireference ab
initio level (like CASSCF or CASPT?2) for the calcula-
tion of the QM part, it is out of reach to include the
whole LRG group in the QM subsystem. Obviously,
the minimal QM part is the whole n system of the
chromophore, while lysine and glutamate are treated at
the MM level. We chose to cut the lysine side chain
between Cd and Ce, thus including in the QM subsystem
the whole retinal chromophore and the last bond of the
lysine residue (Fig.1). As demonstrated in previous work
[17] a motivation to cut this bond is that such a carbon—
carbon bond is more appropriate when using a simple
QM/MM frontier scheme like the link atom (LA) one.
The LA scheme deals with the technical problem that
arises when the frontier carbon—carbon covalent bond is
cut: an electron remains unpaired on the QM side, which
is not realistic. Consequently, the Ce atom is saturated
with an hydrogen atom whose position is restrained on
the Co—Ce line 1A from the QM carbon atom. Numer-
ous QM/MM studies have shown that in this case, the
simple LA scheme (now LAH, where H indicates
hydrogen) is accurate enough to design a smooth QM/
MM frontier. Accordingly [17], we chose to let the LAH
interact with all MM point charges, while no van der
Waals or bonded terms were included between the LAH
and the MM atoms.

The remaining part of the LRG group and the rest of
the rhodopsin protein is treated with the Amber force
field. While the Glul13 residue is entirely MM, Lys296 is
now a mixed QM/MM residue, for which a special set of
parameters should be derived. Moreover, Amber94 does
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Fig. 1. Quantum mechanics(QM)/Molecular mechanics (MM)
partition of the Lys296-ret-Glull3 molecular system in the
rhodopsin protein



not contain any parameter for the centers of a conju-
gated chain. We derive such parameters for retinal.

All the QM /MM calculations were performed using a
modified version of Gaussian98 [18], linked with a
modified version of Tinker3.9 [19].

3 Parameterization
3.1. Selection of the QMMM parameters

As already defined, the Lys296 residue is a mixed QM/
MM molecular group and its MM parameters should be
adapted to reflect this hybrid situation. We start with the
reparameterization of the point charges. 1. While the
original (protonated) Amber lysine residue has a net
charge of +1, the MM side of the Lys296 residue must
now have zero total charge because the positive charge
belongs to the QM part. 2. As we used the LAH scheme,
we have chosen to set to zero the Co point charge in
order (1) not to overpolarize the QM/MM frontier and
(2) to keep unchanged the classical parameters of the
frontier (see later). 3. In order to keep a minimum of
consistency with the Amber forcefield, the modified
point charges were chosen to be as close as possible to
the original ones.

With all these requirements in mind, we define
empirically the set of modified point charges listed in
Table 1. While all charges corresponding to the side
chain remain unchanged (apart from CJ set to 0), we
decided to change the point charges carried by the car-
bonyl and the amino groups by about £0.05 electrons.
Because the original restrained electrostatic potential
(RESP) point charges for the amino and carbonyl groups
of a peptide bond are large, we hope this modification
will not affect too much the electrostatic interactions.

The QM/MM van der Waals interactions (defined in
Amber by the parameters ¢ and R*) are really important
to keep a realistic placement of the QM subsystem with

Table 1. Restrained ElectroStatic Potential (RESP) and Quantum
Mechanics (QM)/Molecular Mechanics (MM) Lys296 point char-
ges. MM modified values are given in bold

Atom RESP QM/MM
N —-0.3479 —0.39805
Cu —0.2400 —0.2400
C 0.7341 0.68395
H 0.2747 0.22455
(0] —0.5894 —0.63955
Ho 0.1426 0.1426
Cp —0.0094 —0.0094
Hp 0.0362 0.0362
Cy 0.0187 0.0187
Hy 0.0103 0.0103
Co —0.0479 0.0000
Ho 0.0621 0.0621
Ce —0.0143

He 0.1135

N¢ —0.3854

H( 0.3400

Total charge +1 0
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respect to the protein cavity in which it lies. We therefore
developed a set of atomic parameters for all the retinal
chromophore atoms. Following the philosophy of the
Amber forcefield, we will distinguish only three kinds of
atoms in the chromophore: the carbon atoms of the =
system, the other carbon atoms and the hydrogen atoms.
Moreover, to limit the parameterization work, we kept
the same ¢ values found in the original Amber forcefield
for sp> carbon (0.0860), sp® carbon (0.1094) and
hydrogen (0.0157).

The bond potential of the frontier includes the
stretching term of the QM/MM frontier bond, and the
angle terms N—-Ce—Co, He—Ce—Cd, Ce—Co-H and Ce—
Co—Cy. The torsion terms involve rotations around three
bonds (N-Ce, Ce—Cd and Co—Cy) as sketched in Fig. 2.
All these potentials are already parameterized in Amber,
with the exception of the dihedral angle C(ret)-N—Ce—
Co which involves a retinal atom. In order to limit the
reparameterization process, we decided to keep the same
set of parameters in the QM/MM simulation. As men-
tioned previously, the charge of the Cd atom was set to
zero, thus it does not allow us to change the parameters
of the frontier bond stretching potential: only this po-
tential acts between the two atoms that make the bond.
The QM /MM bond angles involve MM atoms with zero
or very little charge; we can therefore hope that the
original angle parameters are still valid for the hybrid
region.

The torsion potentials are the most critical because
they must be accurate enough to allow the molecular
geometry to correctly relax during the photoisomeriza-
tion. However, with the exception of C(Ret)-N-Ce-C9,
all the QM/MM torsions are already parameterized in
Amber and involve MM atoms with little charge. Thus
we decided to determine the C(ret)-N—Ce—CJ torsion
parameters and the retinal van der Waals parameters
together, in order to correctly reproduce the torsional
behavior around the N—Ce¢ (¢ angle) and the Ce—Co (¢
angle) bonds for both the ground state (Sy) and the first
singlet excited state (S;) of the LRG system.

3.2 Fitting procedure and resulting parameters

In order to determine the missing parameters defined
earlier, one needs to determine the correct Sy and S,
energy surfaces by computing them at the QM level
only. In particular one has to scan the (¢,) space, i.e.

Ret 7 D

QM/MM frontier

Ala295

Fig. 2. QM/MM torsions it (curved arrows)
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calculate the Sy and S; energies for each pair of (¢,¥)
values. Since performing such calculations for the entire
retinal and lysine molecular system would be computa-
tionally expensive, we built a model system in which the
retinal chromophore is replaced by a three conjugated
double bonds Schiff base, linked to a lysine-like residue
that contains only three bonds in the side-chain (instead
of five). The model and the (¢,y) angles are displayed in
Fig. 3. The initial structure is defined via geometry
optimization of the model at the RHF/6-31G* level,
leading to ¢ = —120.726°and y = 179.704°. Then a grid
of 96 different structures is built, varying ¢ from
—120.726° to 44.274° with a step of 15° and ¥ from
179.704° to 74.704° with a step of —15°. For each
structure, four energy -calculations are performed:
CAS(6,6)/6-31G* on the ground state and on the first
singlet excited state and QM/MM CAS(6,6)/6-31G*/
Amber computation on the same states. The root mean
square of the difference between the QM and QM/MM

=
o
|
T

“A

Fig. 3. Model system for the fitting procedure of the Lys296—
retinal parameters

relative energies (where relative means with respect to
their minimum) is then minimized (using the simplex
method) by running MM calculations for the van der
Waals interactions between the QM and MM parts and
the C(ret)-N—-Ce—C¢ torsion. The resulting optimized
van der Waals atomic parameters (R* in angstréoms; ¢ in
kilocalories per mol) are: (1.8700; 0.0860) for a carbon
atom in the conjugated = system (1.8700; 0.1094) for the
other carbon atoms and (0.9200; 0.0157) for a hydrogen
atom. The C(ret)-N—Ce—CJ torsional potential is given
by:

0.750[1 + cos¢] (3)

The original QM and the resulting parameterized QM/
MM potential energy surfaces for both Sy and S; states
are reported in Fig. 4. Differences between QM and QM/
MM energies exceed 3 kcal/mol for only 11 structures in
So and for nine structures in S; over a total number of 96
structures. However these structures have very high
relative energies and should never be reached during a
geometry optimization.

In conclusion we designed a QM/MM Lys296-ret
potential that reproduces efficiently the torsional
behavior of the lysine side-chain at the QM/MM fron-
tier. The next step in the building of our QM/MM LRG
system regards the quality of the retinal-Glul13 inter-
actions, when the glutamate counterion is replaced with
Amber point charges.

4 Suitability of the RESP point charges
As already reported, our QM/MM LRG system includes

the whole counterion in the MM subsystem, which is
treated according to the Amber forcefield. In this

Fig. 4. Potential energy surfaces (the red axis corresponds to the ¢ angle, the hlue axis corresponds to the i angle, the green axis
corresponds to the energy relative to its minimum at ¢ = —120.726°;y = 179.704°)



forcefield, the non-bonded electrostatic interactions are
modeled by an atom-centered point charges, determined
according to the (RESP) procedure [20]. This procedure
comes from the original ESP scheme of Cox and
Williams, in which a least square fitting algorithm is
used to compute a set of charges that reproduce the
electrostatic potential calculated on a grid of points
surrounding the molecule of interest. Basically, the
RESP improvement consists in a penalty function that
restrains the charges on non-hydrogen atoms, in order to
lower the conformational dependance of the fitted
charges (typically this is the case for alkyl carbon
atoms).

The RESP charges have often proven their reliability
(e.g., recently in [21]) both in MM and QM/MM com-
putations (using both semiempirical and ab initio
Hamiltonians). However, in the present QM/MM work,
the corresponding Glul13 point charges must be able to
correctly reproduce the interactions between the retinal
chromophore and its counterion (both in the ground
state and in the excited state). Therefore we decided to
compare QM and QM/MM geometries and energies of a
retinal model interacting with a counterion model. The
corresponding model system is displayed in Fig. 5: the
retinal chromophore is modelled by the 4-cis-nonatet-
raeniminum cation always computed at the CASSCF
and CASPT2 (10 electrons in 10 orbitals, using the 6-
31G* basis set) levels of theory while the counterion

Fig. 5. Model chromophore and counterion used for restrained
electrostatic potential charge validation

Table 2. Acetate RESP charges. The atom numbers are given in
Fig. 5. For comparison purposes, Amber RESP charges for glu-
mate are also given

Atom Acetate RESP Glu RESP
0Ol —-0.8661 -0.8188
02 —-0.8538 —-0.8188
C10 0.9239 0.8054
Cl1 -0.2943

H1 0.0301

H2 0.0301

H3 0.0301

Table 3. Model chromophore optimized bond lengths (A)
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model is an acetate anion. The relative orientation and
distance between the chromophore and its counterion
for this molecular complex are derived from the crys-
tallographic structure of rhodopsin where the retinal
chromophore is replaced by our model with a geometry
optimized in vacuo and the Glull3 side chain is cut
between the Co and Cf atoms and saturated with a
hydrogen atom (i.e., an acetate anion).

To derive RESP charges for the acetate ion, we used
the fitting program freely downloadable from the Amber
site [22]. From the starting geometry defined previously,
we took the acetate alone and carried out an energy
calculation at the RHF/6-31G* level of theory to obtain
four shells of points on which the electrostatic potential
due to the acetate is calculated. The derived RESP
charges are reported in Table 2. Notice that the charges
carried by the carbon and oxygen atoms are similar to
the ones defined in the Amber forcefield for the gluta-
mate anion.

At this point, QM and QM/MM calculations can be
compared. Two kinds of computational tests (denoted as
Expl and Exp2 in the following) were carried out:

Expl: Optimization of the ground state (Sy) geometry of
the model chromophore (acetate frozen) and energy
gap calculations.

Exp2: Optimization of the first excited state (S;) geom-
etry of the model chromophore (acetate frozen) and
energy gap calculations.

In both Expl and Exp2, the orientation and the distance
of the model chromophore with respect to the acetate
are constrained to the initial values. While geometry
optimizations are performed at the CASSCF level
(including the whole = system), dynamical correlation
is included carrying out CASPT?2 calculations using the
Molcas-5 program [23]. First, it should be noted that the
QM and QM/MM geometries are in very close agree-
ment (see bond lengths for the chromophore in Table 3).
The starting geometry is planar and remains planar both
in Sy and in S;. In Table 4 we report the energy gaps
between the ground state and singlet excited states
computed at the CASSCF and CASPT?2 levels, using a
three or four roots state-averaged CASSCF wavefunc-
tions (Sg, Sy, S; and also S; for Exp2) in order to ensure
the presence of the absorbing state, identified through a
large oscillator strength value between Sy and this state.
Actually, Sy and S; are states of the same kind (i.e. S is
not the absorbing ionic state found both in vacuo [7] and
in the protein environment [15]). Thus the main effect of
the counterion is to stabilize the non absorbing states
with respect to the spectroscopic one. Inspection of the
CASSCF gaps for the two computational experiments
clearly shows that a pure-electrostatic model of the

Experiment N1-C1 Cl-C2 C2-C3 C3-C4 C4-Cs C5-Co C6-C7 C7-C8 C8-C9
Expl QM 1.282 1.443 1.355 1.452 1.358 1.456 1.353 1.459 1.346
Expl QM/MM 1.283 1.441 1.356 1.451 1.358 1.455 1.353 1.459 1.346
Exp2 QM 1.303 1.408 1.441 1.382 1.436 1.395 1.443 1.380 1.427
Exp2 QM/MM 1.303 1.407 1.440 1.381 1.437 1.394 1.443 1.380 1.427
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Table 4. Complete-active-space self-consistent-field (CASSCF) and
second order multireference many body perturbation theory using
a CASSCF reference (CASPT2) (10,10)/6-31G* energy gaps
(kcal.mol~!). The numbers in bold highlight the absorbing state
(oscillator strength f > 0.7 ; the non absorbing states all have f <
0.2)

Expl Exp2

QM QM/MM QM QM/MM
CASSCF(Sy — Sy) 101.0 100.0 61.2 61.5
CASSCF(Sy — S») 116.2 113.2 95.3 94.0
CASSCF(Sy — S3) 98.0 95.8
CASPT2(Sy — Sy) 82.7 79.9 57.5 57.8
CASPT2(Sy — S») 84.3 85.2 62.6 64.0
CASPT2(Sy — S3) 89.0 86.3

Table 5. CASSCF Mulliken charges for the model chromophore
reported as a percentage of the total positive charge located on the
half of the model chromophore located near the counterion. States
are ordered following the CASPT2 energy levels. The numbers in
bold highlight the absorbing state

Expl Exp2
QM QM/MM QM QM/MM
So 92 91 87 87
S 62 64 86 86
S) 53 58 35 44
S3 87 82

counterion reproduces quite well the corresponding QM
values: the QM/MM results always differ by less than 4
kcal.mol~!. However, two distinctive features can be
highlighted:

— QM and QM/MM energy gaps between Sy and the
non absorbing excited states (i.e. states with little
oscillator strength) are in very good agreement
(differences less than 1 kcal.mol™).

— QM and QM/MM energy gaps between Sy and the
spectroscopic state (i.e. the state with a large oscillator
strength value) differ more (the QM/MM excited state
is always slightly stabilized with respect to the QM
one, in a range from 2 to 4 kcal.mol™").

Notice that, owing to near degeneracy of the third and
fourth roots in Exp2, the QM absorbing state is S3 while
it is S, in the corresponding QM/MM. Looking at the
CASPT?2 values, the tendencies are the same for the
covalent states and show a little stabilization of these
states when the QM/MM scheme is used. However, the
QM/MM ionic states are now slightly destabilized with
respect to the QM ones. Remarkably, owing to some
cancellation errors that we will discuss in the following,
the QM/MM CASPT?2 energy gaps are now closer to the
QM ones (differences always less than 1.5 kcal.mol™").
To summarize, our QM/MM scheme seems to oversta-
bilize the absorbing state at the CASSCF level. How-
ever, CASPT?2 energy gaps recover this overstabilization
yielding a slightly understabilized value. The proposed
CASPT2//CASSCF/Amber strategy is thus validated.

The positive cancellation effect discussed earlier can
be rationalized by looking at the Mulliken charges. First
it should be noted that in all the QM calculations, some
charge transfer takes place between the chromophore
and the acetate (the chromophore always has a total
charge about 0.9) which, obviously, cannot be treated
using a point charge model of the counterion. For this
reason, in Table 5 we have reported the percentage of
Mulliken charges located on the half of the chromo-
phore closest to the counterion (i.e. N to Cy4 ; see figure
5 for notation) with respect to the total charge. While
these relative Mulliken charges are in very close agree-
ment for the corresponding QM and QM/MM non
absorbing states, the discrepancy is larger in the case of
the spectroscopic state. In fact, in the QM/MM model,
there is less charge flow towards the hydrocarbon end of
the chromophore. Thus, at the CASSCF level, the QM/
MM absorbing state is stabilized, with respect to the
QM one, by the interaction with the counterion, while
the final destabilization of this state at the CASPT?2 level
is more difficult to rationalize. We provide here a ten-
tative explanation. Since, in general, the dynamic cor-
relation effect tends to stabilize the excited states with
ionic character, with respect to those with covalent
character, the counterion overstabilization is somehow
recovered, probably owing to an increase of the charge
flow towards the hydrocarbon end in the hypothetical
corresponding CASPT?2 wavefunction.

5. Conclusions

In the present work, we defined, parameterized and
validated a QM/MM forcefield ultimately devoted to the
study of the excited state motion of the retinal chromo-
phore in the rhodopsin cavity. We focused on the
molecular system composed of the chromophore, the
lysine residue linked to retinal through a protonated
Schiff base and its counterion (a glutamate anion). The
main characteristics of the resulting QM/MM model are

— The QM subsystem is restricted to the retinal chro-
mophore and the last bond of the lysine sidechain,
and thus includes the protonated Schiff base linkage.
The validated level of theory is a CASPT2//CASSCF
level that includes the whole = system in the active
space.

— The MM subsystem contains the rest of the protein,
including the protonated Schiff base counterion and it
is treated using the Amber forcefield.

— The QM/MM frontier has been carefully parameter-
ized: modified RESP charges for the lysine MM
atoms and torsional and van der Waals parameters
are derived to get a correct description of the
torsional potential of the frontier bonds both in Sy
and S;.

— The use of the Amber-like charges of an acetate anion
(mediating the electrostatic interaction with retinal)
has been tested and validated.

The QM/MM model defined here has recently been
applied to a model of the rhodopsin protein at the
CASPT2//CASSCF/Amber level of theory [15] and



allowed the spectroscopic features of rhodopsin to be
qualitatively reproduced and explained.
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