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The visual pigment rhodopsif (Rh) is a G-protein-coupled
receptor containing an ldisretinal chromophore (PSB11) bounded
to a lysine residue (Lys296) via a protonated Schiff base linkage A
(see green substructure below). While the biological activity of Rh 1
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rt_aaction owes its gfficie_ncy (e.0. _short timg sca'_e a_nd quantum 5 galics) compared to the crystallographimd NMR4 (brackets) structure
yields) to the protein cavity Accordingly, the investigation of the  Exp. The arrows represent the ®rces inRh-2.

environment-dependent properties of PSB11 is a prerequisite for
understanding Rh “catalysis”. The equilibrium geometry and ab- schemé® with the frontier placed at the S C, bond of the Lys296
sorption maximumAns) are indicators of the environment effect.  side chain (see structure above). The QM calculations are based
In fact, while the geometry of PSB11 is nearly planar in a crystal, on a CASSCF/6-31G* level. The active space comprises the full
in bovine Rh it has a helical conformatiérSimilarly, the 445 nm n-system ofl and2. The MM (we use the AMBER force field)
Amax Observed for PSB11 in methahdd red-shifted to 498 nm in and QM segments interact in the following way: (i) the QM
Rh12 electrons and the full set of MM point charges interact via the one-
Recent studiéson a (vacuum) five double-bond reduced model  electron operator, (i) stretching, bending, and torsibrdtentials
of the PSB11 cation suggest that the level of theory required for a involving at least one MM atom are described by the MM potential,
correct description of its geometrical and electronic structure must (jij) QM and MM atom pairs separated by more then two bonds
include the treatment of electron dynamic correlation. In particular, interact via either standard or re-parametrizecan der Waals
the use of an ab initioc CASPT2//CASSCF/6-31G* strategy (i.e., potentials. CASSCF/6-31G*/AMBER geometry optimization is
geometry optimization at the CASSCEF level and energy evaluation carried out with the GAUSSIANYS and TINKER3 programs.
at the CASPT2 level) yields reasonable values for the backbone The protein framework used in the computation (see the
geometry Amay and change in dipole momemt4) when compared  sypporting Information for details) is derived from monomer A
with the PSB11 solution data. Here we show that the same strategydeposited in the PDB archive as file IHZXWith the exception
can be successfully used within a quantum mechanics/moleculargf the Glu113 counterion (forming a salt bridge with NBJj, the
mechanics (QM/MM) scheme allowing foEASPT2//CASSCF  Rp cavity is set neutral consistently with the experiniémhile
geometry optimization and excited state (e.gasd 3) property the protein is kept frozen during the optimization, the Lys296 side
evaluation in proteinsTwo Rh modelsih-1 andRh-2) that only chain, the position/orientation of two TIP3P water molecules (W
differ in the PSB11 modell(and2 in Figure 1) are investigated.  ang \ in the structure above), and the chromophore are relé#xed.
It is shown thaRh-2 features a chromophore equilibrium structure | the optimization ofRh-2 the terminal G—Ce—C;—Cg dihedral
with the correct helicity and Anax only 54 nm blue-shifted from angle of2 is kept frozen at the crystallographic value (ee60°)
the opserved value. ) to mimic the presence of thg-ionone ring located in a tight
Whlle_a numk_:)er of QM/MM studies hav_e_l_aeen repoftéaf hydrophobic pocket (the £ Cg moiety remains in the pocket during
rhodopsin proteins, only few employed ab initio QM. Yamada et he optimization). At the equilibrium geometry, a three-root state
al® used an RHF/6-31G/AMBER scheme to investigate the ground average CASPT2 computation is carried out using the MOLCAS-
state (9) stability of PSB11 in Rh. Hayashi et &lreported a 517 program to evaluate thémas and the oscillator strengtt) (of
CASSCF//HF/DZVIAMBER computation of thgnax Of the related the $— Siand $ — S, transitions. The AMBER charges account

pigment bacteriorhodopsin (bR). While these authors correctly fq, g polarization effects in a mean-field wa§The same charges
predict thelmax changes among different bR photocycle intermedi-  5e ysed for the excited state computations with no ad hoc dielectric
ates, thelmax absolute values were strongly blue-shifted. constant.

Our QM/MM scheme is fully described in the Supporting Similar to its N-demethyl analogfethe vacuum equilibrium
Information. Briefly, the method is based on a hydrogen link-atom geometry ofl is planar. Insertion of this chromophore in the chiral

t Universitadi Siena. cavity of Rh is expected to lead to a twisted conformation.
#Studio dei Sistemi Complessi. Inspection of theRh-1 optimized structure (see Figure 1) shows
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Figure 2. Sy — S (circles) and $— S, (triangles) excitation energies
computed at the CASSCF (black) and CASPT2 (red) QM levels.

Table 1. Oscillator Strength
structure So— S S—S;
1 0.77 0.32
1+Glul113 0.13 0.86
Rh-1 0.39 0.68
Rh-2 0.46 0.45

that this is not the case. Chromophdréts loosely in the protein

improves inRh-2 where one has the full PSBli-system. The
computedimaxis 446 nm, yielding a 52 nm (ca. 7 kcal mé) error

with respect to the experiment. This prediction will improve in full
Rh where, in contrast tRh-2, the-ionone ring is not missing. In
fact, simple inductive-effect considerations indicate tha will

be red-shifted by the preferential stabilization of 8here the
positive charge is located closer to the ring alkyl groups. To
characterize the initial motion of PSB11 out the vertical excitation
region, we have computed the QM/MM, ®rces inRh-2. The
components displayed in Figure 1 show that despite the protein
chiral environment the force prompts a double-bond expansion
single-bond contraction along the entire chromophore backbone with
the only exception of the weakly conjugating-8Cs—C; fragment.

This result is consistent with the previously propds@dwvo-mode
(first stretching then torsion) Rh isomerization coordinate. In
conclusion, we have shown that a CASPT2//CASSCF/6-31G*/
AMBER can be used to study the structure and spectroscopy of
Rh opening the way to the investigation of the earlytf@nsient
species involved in the vision process.
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perturb itssr-skeleton. In contrast, thRh-2 optimized structure

shows a chromophore conformation remarkably close to the one

observed for PSB11 in R\ (This structure is similar to the one
obtained by Sugihara et #lvia DFTB computations on a reduced
Rh model comprising the entire PSB11 unit.) In fact, Rie-2

chromophore has a spiral-like structure with the correct negative
(counterclockwise) helicity. The degree of helicity depends on both

the PSB11 model and the methyl substituent8-demethyl-Rh-2
demonstrates (see data in Figure 1).

It is establishefithat, in vacuo, the Sstate of a PSB11 model
has a dominant hole-pair (ionic) character. Indeed, uppr-;
excitation, ca. half of the positive charge initially located on the
—N=C;5— moiety moves away along the-skeleton leading to
large values ofAx andf. In contrast, the Sstate has a dot-dot
(covalent) character, the charge remains-0¥—C;s— leading to
low Au andf values for the §— S, transition. In Figure 2 we
show that, in vacuol (taken with theRh-1 optimized geometry
of Figure 1) has a CASPT2,S> S, excitation energy corresponding
to a 454 nmimax As expected for an isolated PSB11 model, the
magnitude of 20 in Table 1 indicates that the, State has a larger
ionic character with respect t.S

When we add tol the counterion with itsRh-1 geometry

(1+Glul13), the S—S energy gap increases, leading to a strongly

blue-shiftedina. Further, the smalf value indicates that the;S

Supporting Information Available: Details of the QM/MM
scheme and protein model. Coordinates of all optimized structures. S
forces of2 in Rh-2. Tables of energies, charge distributidy, andf.

This material is available free of charge via the Internet at http://
pubs.acs.org.
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