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1 Structural Models

There are currently four high-resolution structures of bovine visual rhodopsin reported in
the literature.’# The structure with PDB identifier 1F88, solved at 2.8 A resolution, is
the first high-resolution structure of a GPCR and reveals the major features of the pro-
tein previously inferred from a variety of experimental studies, including cryomicroscopy.®
A refined model (PDB identifier 1HZX)? adds some aminoacid residues not identified in
structure 1F88. A more recent refinement (PDB identifier 1L9H) improves the resolution
to 2.6 A and resolves essential structural components of the chromophore binding site,
including two bound-water molecules next to the retinyl chromophore.® Finally, the most
recent structure (PDB identifier 1U19) completely resolves the polypeptide chain at 2.2 A
resolution and provides further conformational details of the retinyl chromophore.*

The energy storage during the primary photochemical event involves a mechanism
that depends on localized structural rearrangements within the retinyl chromophore and
its close neighboring residues. The protein surrounding the chromophore is well charac-
terized in all of the crystal structures mentioned above. QM/MM modeling of the energy
storage mechanism has shown that bound water molecules observed in the 1L9H struc-
ture, but not resolved at lower resolution, are critical for the underlying conformational
changes. It is therefore expected that as long as these water molecules are present in
higher resolution structures, the reported calculations should be robust.

The computational models developed by recent DFT QM/MM studies®’ are based on
the refinement of crystal structure 1F88.1 The rhodopsin cavity is set neutral, consis-
tently with FTIR experiments.® The pSB linkage between Lys-296 and the chromophore
bears a net-positive charge NH(+), forming a salt-bridge with the negative counter-ion
Glu-113.%1°  Amino-acid residues Glu-122, Asp-83 and Glu-181, all within the protein
core, are assumed to be neutral as indicated by FTIR experiments® and UV-vis spectro-
scopic measurements of site-directed mutants.!! Further, model systems based on the
crystal structure 1L9H, monomer A, solved at 2.6 A resolution?® have also been prepared.
A crucial difference between the 1F88 and 1L9H crystal structures is the presence of two
water molecules next to the retinyl chromophore in the 1L9H structure, not observed at



lower resolution. These two water molecules are included in QM/MM models prepared
from the 1F88 structure since they play a crucial structural role in the stabilization of
the chromophore as revealed by the DFT QM/MM studies.® Specifically, bound-water
molecules contribute to the stability of an extended hydrogen-bonding network involving
highly conserved amino-acid residues in the Ell loop, including Glu-181, Cys-187, Ser-
186 and Glu-113 (see Fig. 1). Such a structural feature is consistent with the counter-ion
switch mechanism recently proposed for a subsequent step in the rhodopsin photobleach-
ing sequence.'? %3

DFT QM/MM computational models of rhodopsin have been obtained at the ONIOM
Electronic Embedding (B3LYP/ 6-31G*: Amber) level of theory.®” Equilibrium configura-
tions have been computed by geometry relaxation with respect to the conformation of the
retinyl chromophore, bound-water molecules and amino-acid residues within a 20 A ra-
dius from the retinyl chromophore. The protein structure beyond the 20 A radius has been
subject to harmonic constraints in order to preserve the natural shape of the protein.

2 OQM/MM method

The ONIOM Electronic-Embedding (ONIOM-EE) method,**-2° depicted in Fig. 1, involves
a two-layer link-atom scheme where the prosthetic group of interest is modeled within
a molecular layer described at the Quantum Mechanical (QM) level of theory, while the
otherwise classical protein environment is described according to a Molecular Mechanics
(MM) force field.
The energy evaluation involves the combination of three independent calculations as
follows:
E = EMM,fuII + EQM,red _ EMM,red7 (1)

where EMMUlis the energy of the full-system computed at the MM level of theory and
EQMred js the energy of the reduced-system computed at the QM level of theory, including
the electrostatic interactions between the QM electronic density and the MM layer. Finally,
EMMred is the energy of the reduced-system computed at the MM level of theory, including
the classical electrostatic interactions between the distribution of atomic charges in the
reduced system and the MM layer. Note that since electrostatic interactions between the
two layers are included in the calculation of both terms EQMed gnd EMMred  electrostatic
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contributions included at the MM level in EMMred gnd EMMAUl cancel. Therefore, the re-
sulting QM/MM evaluation of the total energy involves a rigorous QM description of the
polarization of the prosthetic group induced by the surrounding protein environment.

ONIOM-EE Energy Evaluation:
QM = DFT B3LYP/6-31G*
MM = Amber Force Field

'='-'+'

Figure 1: DFT QM/MM approach implemented in the description of molecular rearrangements due
to 11<cig/all-trans isomerization in visual rhodopsi’ The methodology involves the ONIOM
Electronic Embedding hybrid approath?® where the retinyl chromophore and nearby amino-
acid residues are modeled within the Quantum Mechanics (QM) layer, including the underlying
induced polarization due to the rest of the protein that is modeled according to a classical Molecular
Mechanics (MM) level of theory.

The DFT QM/MM studies of energy storage and molecular rearrangements due to
11-cis/all-trans isomerization in visual rhodopsin have applied the ONIOM-EE method, as
implemented in Gaussian03.?* In these calculations, the rhodopsin binding site is parti-
tioned into QM and MM layers with a frontier at the C;-C. bond of the Lys-296 side chain
(i.e., two bonds beyond the C-NH(+) linkage).® The QM layer includes 48 atoms of the
retinyl chromophore, five atoms of Lys-296 (NH*, CH,) and a link hydrogen atom that
saturates the extra valence of the terminal -C-H, at the boundary. We have recently inves-
tigated minimum energy structures obtained with extended QM layers including Glu-113,
Glu-181, Ser-186, Cys-187, Lys-296, wat2a, and wat2b. We considered these residues
since they play a dominant role in the underlying energy storage mechanism. Even for this
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extended QM-MM setup with extended QM layer we have found no significant structural
and energetic differences, demonstrating convergence relative to the size of the QM layer.
In addition, a higher level of theory has been tested by re-evaluating the energy storage
through geometry optimization of the cis and trans configurations at the ONIOM(mp2/6-
31g*:Amber), finding a difference of less than 1 kcal/mol with respect to the DFT cal-
culation. Computational studies of the NMR spectroscopy, however, require modeling a
more extended QM layer in order to accurately describe magnetic shielding effects.” Sin-
gle point calculations of chemical-shifts explicitly consider extended QM layers, including
amino-acid residues with significant steric interactions with the chromophore as well as
nearby residues with aromatic functional groups (e.g., Trp-265, Tyr-268, Ser-186, Cys-
187 and Gly-188).” The explicit inclusion of these residues results in a QM layer with 80
additional atoms, including the 6 link-hydrogen atoms placed at the corresponding fron-
tiers. All ONIOM-EE studies® ’ reported here describe the rest of the protein according to
the Amber MM force field.??

3 Finite Temperature calculations

Helmholtz’s free energies calculations of the cis/trans isomerization were based on hybrid
Monte Carlo sampling of thermal configurations and thermodynamic integration at the MM
level, followed by QM/MM calculations of statistical weighting factors associated with the
complete thermodynamic cycle.?®?* This approach allows for DFT QM/MM free energy
calculaitons, by-passing the need of sampling thermal configurations at a high level of
theory.

The QM/MM isomerization free energy change, between states 11-cis and 1ll-trans, is
calculated as the sum of three terms: (1) the isomerization free energy difference at the
classical MM level; (2) the negative free energy term between cis at the classical level
and cis at the QM/MM level; (3) the free energy difference between trans at the classical
level and trans at the QM/MM level. Both (2) and (3) are evaluated as AA = —kTIn <
exp(—AV/ET) >um, Where AV = Eqwmm — Emw is the energy difference between QM/MM
and MM levels of theory, and MM denotes a molecular mechanics ensemble average. The



MM free energy difference is evaluated as

< exp<_Etrans/kT) >MM

AA = —kTIn .
< exp(—Eeis/KT) >um

(2)

The ensemble averages were performed at 300 K, by sampling 2000 configurations during
60 ps trajectories of molecular dynamics generated with the AMBER MM force field.?? Due
to the intrinsic limitations of the MM force field, MD simulations were carried out with the
chromophore harmonically constrained to the cis, or trans, conformation obtained at the
DFT QM/MM level. Residues with o carbons beyond a 20 A radius were also subject to
harmonic constrains.

The resulting DFT QM/MM free energy storage is 30 kcal/mol, 4 kcal/mol smaller than
the 34 kcal/mol computed at 0 K, in very good agreement with the experimental values of
32-35 kcal/mol. The individual free energy componentes of the cycle, described above,
are: (1) -12 kcal/mol, (2) + 21 kcal/mol, and (3) 21 kcal/mol.
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