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ABSTRACT: We have explored the relationship between
conformational energetics and the protonation state of the
Schiff base in retinal, the covalently bound ligand responsible
for activating the G protein-coupled receptor rhodopsin, using
quantum chemical calculations. Guided by experimental
structural determinations and large-scale molecular simulations
on this system, we examined rotation about each bond in the
retinal polyene chain, for both the protonated and
deprotonated states that represent the dark and photoactivated
states, respectively. Particular attention was paid to the
torsional degrees of freedom that determine the shape of the

molecule, and hence its interactions with the protein binding pocket. While most torsional degrees of freedom in retinal are
characterized by large energetic barriers that minimize structural fluctuations under physiological temperatures, the C6—C7
dihedral defining the relative orientation of the fB-ionone ring to the polyene chain has both modest barrier heights and a
torsional energy surface that changes dramatically with protonation of the Schiff base. This surprising coupling between
conformational degrees of freedom and protonation state is further quantified by calculations of the pK, as a function of the C6—
C7 dihedral angle. Notably, pK, shifts of greater than two units arise from torsional fluctuations observed in molecular dynamics
simulations of the full ligand-protein-membrane system. It follows that fluctuations in the protonation state of the Schiff base
occur prior to forming the activated MII state. These new results shed light on important mechanistic aspects of retinal
conformational changes that are involved in the activation of rhodopsin in the visual process.

B INTRODUCTION

Retinal-based proteins occurring in membranes are among the
most ubiquitous proteins in the biosphere, accounting for the
processes of solar energy transduction and ion transport in the
case of microbial rhodopsins,"* as well as signaling by visual
pigments.”~” Rhodopsin is currently perhaps the best-studied
system among the class of G protein-coupled receptors
(GPCRs), which comprise the targets of about one-third of
the pharmaceuticals in use today.*”"® Upon photon absorption,
the covalently bound ligand of rhodopsin, retinal, undergoes an
11-cis to all-trans isomerization, culminating in a series of
photoproducts and subsequent G protein activation. The
activation mechanisms for GPCRs are clearly of great
significance, both as fundamental cellular processes and as
important targets for pharmacological intervention (see, for
example, refs 11—15).

Our understanding of the rhodopsin activation process relies
heavily on structural models from X-ray crystallography that
describe the conformations of both the dark state'®'” and the
metarhodopsin II (MII)-like activated state'®'” that binds the
G protein transducin, as well as the ligand-free opsin state.”® In
the case of the prototypical GPCR rhodopsin, numerous
experimental studies have examined structural,”’™>® dynam-
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ic,’’ 7" and spectroscopic®*** features of both the ground

state, that is, dark state, and the activated states in the
photoinitiated process that begins the visual cascade. Unusual
features of rhodopsin, compared to other ligand-activated
GPCRs, include the nature of its ligand, which is covalently
bound to the protein (opsin), and the mechanism by which the
activation process is initiated, that is, the absorption of a photon
of light. The conformation of the ligand, retinal, is intimately
coupled to the receptor state, undergoing a conformational
change, for example, cis to trans isomerization of the C11=C12
bond in the photoconversion from the dark state. Adiabatic
thermal relaxations lead to the metarhodopsin 1 (MI)
intermediate, followed by a change in protonation, for example,
the deprotonation of the protonated Schiff base upon
formation of the MII activated state. Nonetheless, there remain
many critical details of the intermediate processes to be
elucidated, such as the structural details of the MI intermediate
and the crucial deprotonation of the Schiff base required for
MII formation,*>>%3%
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Augmenting the body of experimental work on rhodopsin
and retinal are numerous computational studies—ranging from
quantum mechanical descriptions of the electronic properties of
retinal,**™*' to classical molecular dynamics (MD) studies of
the entire protein system embedded in a phospholipid bilayer
membrane.*~>> Additional studies have examined the related
system bacteriorhodopsin, a light harvesting proton pump that
also employs a covalently bound retinal cofactor.**™>® Indeed,
MD simulations of rhodopsin have been an especially active
area of computational research over the past decade, following
initial publication of its X-ray crystallographic structure,”’ the
first GPCR to have its structure determined.'®'” To date,
simulations have examined the dark state of rhodopsin, ****73!
as well as initial states along the activation pathway up to the
MI state’>*®* and even the MII state.”” Rapidly increasing
computational power—provided by parallelization, coarse-
graining,él_ 7 and especially by special-purpose computers
optimized for MD simulations®*—has opened up the possibility
of accessing longer time-scale processes, such as those
underlying the formation of the MII state of rhodopsin.
These efforts are supported by new X-ray structures that
capture activated state conformations of GPCRs'>"®'%% and
are pertinent to experiments indicating that an ensemble of
conformations characterizes the activated state.”**%*>7° A
significant challenge to the implementation of MD simulations
of the MII state is the change in protonation state of key amino
acids in the protein, as well as the deprotonation of the retinal
protonated Schiff base.*>?%

The retinal moiety is a particularly challenging target for
molecular mechanics (MM)-based simulation approaches. For
example, we recently showed that each retinal methyl
substituent must be considered individually in the MM force
field, as the methyl rotation barriers depend sensitively on the
topology and protonation state of the Schiff base.”" In our
previous MD calculations,® we had been unable to reproduce
the behavior of the retinal methyl groups seen experimentally
with solid-state NMR spectroscopy,”>® which provides an
important new source of data to validate the retinal force field.
However, using larger model compounds and/or higher levels
of theory than previous studies,*”’>”’* we were able to
reproduce the experimentally observed trends in methyl
rotation barriers. The observation that protonation effects on
polyene chain conjugation extend through the molecule, and
significantly even to the retinylidene methyl groups,”
motivated us to revisit the retinal force field by conducting
high-level electronic structure calculations on the entire retinal
moiety. In this article we report a number of significant new
findings pertinent both to the quantum chemical basis of retinal
dynamics, in particular the role of the orientation of the f-
ionone ring in the deprotonation process, as well as the use of
MD calculations as a vehicle for integrating experimental
measurements spanning a range of time scales. 321723262935

B METHODS

Ab initio Quantum Chemical Calculations. Quantum chemical
calculations were performed with the GAUSSIAN 09 program to
default tolerances using multicore AMD processors. Optimized
geometries were obtained for both the trans and cis conformations
of each polyene chain torsion angle for the model compounds in
Figure 1. In these retinal analogues, a methyl amino group has replaced
the Lysine side chain that provides the linkage to the protein in
rthodopsin. The compounds studied were, namely, N-(all-trans-12-s-cis-
retinylidene )-N-methyliminium having a protonated Schiff base (PSB)
(Figure 1, top), and N-(all-trans-12-s-cis-retinylidene)-N-methylimine
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Figure 1. Structures and naming schemes for the model compounds
used in this work. (top) Protonated Schiff base (PSB) model
compound N-(all-trans-12-s-cis-retinylidene)-N-methyliminium, and
(bottom) deprotonated Schiff base (SB) model compound N-(all-
trans-12-s-cis-retinylidene)-N-methylimine. The blue arrow indicates
the torsional rotation that defines the orientation of the f-ionone ring
to the polyene chain.

with a deprotonated Schiff base (SB) (Figure 1, bottom). Dihedral
coordinate scans were performed at the second-order Moller—Plesset
(MP2) level of theory with a 6-31G* basis set. To reduce
computational time, a semirelaxed dihedral scan strategy was
employed for torsions along the main chain, whereby the two
dihedrals adjacent to the scanned dihedral were free to rotate while
other polyene torsions were fixed in the trans conformation. All -
ionone ring torsions, all methyl torsions, as well as the C6—C7 torsion
were given complete freedom in every scan. Scans used increments of
15° for each step, covering the entire range, that is, —180° and 180°.
All scans were begun from the cis conformation and convergence was
tested by comparing the end of the scans, that is, —180° and 180°, to
the trans optimized results. The choices of theory level and basis set
were based on our previous experience parametrizing singly and
doubly bonded hydrocarbon chains for saturated, monounsaturated,
and polyunsaturated fatty acids.”> While the calculation of torsional
barriers for rotation about double bonds can be challenging using
single configuration methods, the precise values of these barriers are
not critical for MD simulations under physiological conditions where
such states are not energetically accessible.

Molecular Mechanics Calculations. Molecular mechanics
optimizations were performed with CHARMM.”® Since the primary
focus of this study was to refine the polyene chain torsional potentials
while maintaining consistency with the CHARMM protein, lipid, and
water force fields, we adopted previously developed force field
parameters for terms other than the torsional potential. For neutral
retinal, all parameters for the f-ionone ring as well as all parameters
excluding torsions for the polyene chain and deprotonated Schiff base
were taken from the CHARMM General Force Field.”” For
protonated retinal, f-ionone ring parameters were identical to neutral
retinal, while for the polyene chain and PSB the internal energy
parameters and atomic charges are unique to each atom, due to the
delocalization of the positive charge. For these atoms we employed the
parameters developed by Nina et al’® that used the CHARMM force
field development strategy. For both neutral and protonated retinal,
we found the QM minimized energy structure was reproduced with
good accuracy by the MM force field. The entire retinal force field
(neutral and protonated) is included in the Supporting Information
(SD).

To determine dihedral parameters, coordinate scans were carried
out in CHARMM, which paralleled the QM calculations. Beginning
from C5=C6—C7=C8 along the main chain each dihedral angle was
examined sequentially. For the dihedral angle of interest the force
constant(s) were set to zero, and the difference between the QM
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results and the remaining terms in the potential energy function were
fit by adjustment of the force constant of each dihedral, fold number,
and phase angle. A second stage of refinement was to rescan each
dihedral angle using the new parameters for the other dihedrals. All of
the dihedrals showed consistent results with the exception of C5=
C6—C7=C8. This is because C5=C6—C7=C8 rotation involves
strong steric interactions between the f-ionone ring and the polyene
chain, making the C5=C6—C7=C8 and C6—C7=C8—C9 torsional
parameters highly dependent on each other. Thus, C5=C6—C7=C8
and C6—C7=C8—C9 dihedrals were repeatedly parametrized until
the results converged with the ab initio calculations.

pK, Calculations. In this work, the pK, as a function of the C1—
C6—C7=C8 dihedral angle was calculated using a thermodynamic
cycle as described by Shields and co-workers.”® Briefly, the connection
between the pK, value and the energy states of the protonated and
deprotonated species is AG® = —RTIn K,. Computationally, we can
calculate the free energy of deprotonation by calculating AG® in a
cycle, where the enthalpy of deprotonation is computed in the gas
phase, and the solvation free energy of each species, AG, is
computed quantum mechanically using an implicit solvent. The major
contributor to the enthalpy of deprotonation (and the only term that
is a function of torsion angle based on our calculations) is the so-called
proton affinity (PA), defined as the difference between the absolute
energies of the deprotonated and protonated molecule species, PA =
E(SB) — E(PSB). At a temperature of 25 °C, this simplifies to pK, =
[PA + AG,;(SB) — AG,,(PSB) — 270.28567]/1.36449 where AG,,
was calculated with the SM8 solvent model and energies are in units of
kcal/mol.%°

B RESULTS

Bond Orders and Torsional Barriers Manifest Retinal
Charge Delocalization. The lowest energy conformation of
protonated retinal in the model compound (Figure 1) showed
all the features typical of previous computational and
experimental investigations of related compounds. For example,
the partial delocalization of the positive charge of the PSB along
the polyene chain manifests itself in the calculated carbon—
carbon and carbon—nitrogen bond lengths. Figure 2A presents
all heavy atom bond lengths in the retinylidene model
compound for both the protonated and deprotonated states.
While the neutral (deprotonated) species exhibits localized
bonds along the polyene chain, with a repeated pattern of
shorter (double) bonds of ~1.37 A and longer (single) bonds
of ~1.45 A, the positively charged species shows significant
resonance effects with intermediate length bond lengths near
the PSB due to noninteger bond orders. The effect declines
with distance from the Schiff base, with the protonated C6—C7
bond length within ~1% of the corresponding bond in the
deprotonated molecule. The extensive changes in electronic
structure upon protonation/deprotonation also have a large
effect on torsional barriers along the polyene chain (Figure 2B).
The larger (~35 kecal/mol) and smaller (~8 kcal/mol) barriers
for rotation about double and single bonds, respectively, in the
neutral molecule contrast with the intermediate rotation
barriers seen in the protonated species. Again, the polyene
segments near the f-ionone ring appear to show little effect of
protonation.

Torsional Energies of Retinal Depend on Protonation
State of Schiff Base. Figure 3 shows the torsional energy
profiles for selected bonds in detail. The C14—C1S dihedral,
near the Schiff base, serves as an example of an energy surface
that changes dramatically upon protonation, while the C7=C8
torsion nearer the f-ionone ring shows a small relative
difference in barrier height with protonation state. In both
cases, the likely effect on polyene chain conformation is
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Figure 2. Bond lengths and torsional barriers of polyene chain in
retinylidene model compounds depend on protonation state of Schiff
base. (A) Polyene chain bond lengths in the energy-minimized
conformations of the charged (blue) and neutral (red) model
compounds. (B) Polyene chain torsional barriers for the charged
(blue) and neutral (red) model compounds. While clear alternation
between single and double bonds is observed in the deprotonated
species, intermediate bond length and torsional barriers are seen in the
protonated species.

minimal, because the rotational barriers remain thermally
inaccessible under physiological conditions for both protonated
and neutral species. Figures 2 and 3 both suggest that the
energy landscapes of the two species are converging as the f-
ionone ring is approached. It is surprising, therefore, that the
torsional energetics of the C6—C7 torsion—defining the
orientation of the ring with respect to the polyene chain—is
strongly affected by protonation with the torsional profile
exhibiting changes in both shape and magnitude. Specifically,
Figure 4 shows that the protonated species has lower rotational
energy barriers as well as an additional low energy
conformation (¢ = ~180°, that is, s-trans) that does not exist
in the deprotonated molecule. This result is especially
surprising given the distance between the PSB and p-ionone
ring, and the apparent convergence of the protonated and
deprotonated model compounds for bond lengths (Figure 2A),
polyene chain rotation barriers (Figure 2B), and methyl
substituent rotation barriers,”" in the vicinity of the f-ionone
ring. The observation of a lower torsional barrier for the
protonated species is counterintuitive in that protonation is
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Figure 3. Torsional barriers depend on position of bond within the
retinal polyene chain. Representative torsional energy profiles for
dihedral rotation about bonds at opposite ends of 7-conjugated system
of retinylidene moiety: (A) C13=C14—C15=N and (B) C6—C7=
C8—C9 polyene dihedrals. The protonated species results are given in
blue while the neutral species results are shown in red. While the
protonated and deprotonated species give similar results for bonds
near the f-ionone ring, significant differences are observed near the
PSB.

expected to lead to charge delocalization and the development
of partial double bond character, and hence a larger barrier to
rotation, in the C6—C7 bond. This result, however, can be
understood after considering the unusual torsional energy
surface for C6—C7. While the other conjugated polyene
segments have energy minima at cis and trans, and hence
barriers at +90°, the C6—C7 torsion has a barrier at s-cis.
Examination of Figure 4 shows the expected destabilization of
the protonated species at +90° (and hence stabilization of s-
cis), consistent with increasing double bond character.
Retinal Conformation and Schiff Base Protonation
State Exert Mutual Effects upon One Another. While the
preceding discussion has considered the effect of deprotonation
on conformational energetics, an alternative is to think about
the effect of conformation on the energetics of deprotonation.
Tajkhorshid and co-workers””* have examined this aspect for
various retinal analogues using quantum chemical methods,
specifically density functional theory (DFT), to compute the
proton affinity as a function of changes in molecular
conformation and structure. For example, they observed that
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Figure 4. Torsional barriers of -ionone ring are less than for polyene
chain and depend on protonation state of Schiff base at opposite end
of retinal. The torsional energy profile is shown for the C5=C6—
C7=CS8 dihedral that describes the orientation of the f-ionone ring to
the polyene chain (see Figure 1). Results for the protonated species
are given in blue while the neutral species results are shown in red.

PA increased when double bonds are rotated away from their
minimum energy conformations. On the other hand, single
bond rotation caused PA to decrease. In addition, they found
that addition of methyl groups to the model molecule
decreased the energy barrier of bond rotation due to their
steric effect, whereas the electron-donating effect of a methyl
group increased the PA of retinal. While these earlier
calculations are instructive in demonstrating the relationship
between conformation and protonation state, the large
rotational barriers for polyene chain torsions (see Figure 3),
combined with the relatively tight packing within the retinal
binding pocket, limits conformational flexibility of the polyene
chain. Sampling the conformational space where large changes
in proton affinities were observed in the published studies, for
example, +90°, are thus prohibited. By contrast, Figure 4 shows
that the C6—C7 torsion has low energy barriers, particularly in
the protonated ground state. While the results in Figure 4 are
for a model compound in the gas phase, a study combining
atomistic MD simulation with “H solid state NMR showed
significant flexibility of the C6—C7 torsion with isomerization
on the 100-ns time scale.”’

To directly connect the calculated energy surfaces to
observables, we computed the pK, of the protonated model
compound as a function of the C6—C7 torsion, and have
plotted the results in Figure 5. The important feature is the
dramatic difference in pK, between the conformer in the s-trans
state (~180°) versus the two twisted s-cis conformers (£50°).
Remarkably, while the conformational energy of these states
differs by only approximately 1 kcal/mol, a striking two-unit
shift in pK, is observed, corresponding to a 100-fold change in
the equilibrium constant. Importantly, the barrier to
interconversion among these two states is thermally accessible
under physiological conditions, which contrasts with the
remaining polyene chain torsions, whose barriers to rotation
are much higher. To explore the effect of the level of quantum
chemical theory, we repeated the torsional energy profile and
pK, calculations at lower levels of theory (Hartree—Fock and
DFT). We found that while all three methods produced
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Figure S. Protonation state of Schiff base and conformational
energetics of f-ionone ring of retinal are mutually interdependent.
The value of the pK, of the retinylidene Schiff base is shown as a
function of the C5=C6—C7=C8 dihedral that defines the
orientation of the f-ionone ring to the polyene chain (see Figure
1). Planar conformations (¢ = 0, 180°) favor the protonated form, that
is, making it a weaker acid, while deviations in planarity correspond to
lower pK, values and hence a more acidic species.

qualitatively similar pK, shifts as a function of torsion angle,
only the higher level MP2 computations reproduced the
expgi'imentally measured pK, of the retinal Schiff base of 7.4 +
0.1.

Conformational Dependence of pK, Values for Retinal
Schiff Base. For the conformational dependence of pK, shown
in Figure 5 to be relevant for the rhodopsin activation
mechanism, one would need conformational transitions
between states having different pK, values. The two-way
protein-induced ligand conformational changes could move the
retinal from a state that favors protonation to one that favors
deprotonation via rotation of the pf-ionone ring. From the
standpoint of the f-ionone ring the pK, of the PSB depends on
its conformation; and conversely from the view of the pK, (if it
had one) the f-ionone ring conformation depends on whether
it is protonated or deprotonated. To examine the conforma-
tional states of retinal during the activation process, we
computed the time series for the C5=C6—C7=C8 dihedral
angle following isomerization of the C11=C12 bond, which is
rotated upon photon adsorption, from a previously published
1.5 us MD simulation of rhodopsin in an explicit lipid
membrane.*> (Details of the simulation are found in this
reference.) The force field for the simulation had a C6—C7
rotation barrier that is similar to what was computed in the
present work, and thus provides insight into the degree of j-
ionone ring mobility that might be expected within the
rhodopsin binding pocket. Upon isomerization of the Cl1=
C12 double bond, the C6—C7 torsion undergoes rapid
conformational changes, moving between the twisted s-cis
conformations (+50°) and the s-trans conformation (180°) for
several hundred nanoseconds (Figure 6). At longer times, the
retinal ligand settles into a predominantly s-trans state that is
stable on the s time scale accessible to the simulation.
Importantly, this s-trans conformation stabilizes the protonated
state, potentially maintaining the PSB until additional
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Figure 6. Molecular simulations of rhodopsin in explicit bilayer
membrane show the torsional angle defining the f-ionone ring
fluctuates between positively and negatively twisted s-cis conforma-
tions. A dominant population of s-trans is found for the MI
photoproduct at longer time intervals. The C5=C6—C7=C8
dihedral angle is shown as a function of time after isomerization of
the C11=C12 torsion, observed in a molecular dynamics simulation
of rhodopsin in an explicit membrane. The dihedral data were taken
from previously published simulations reported in ref 82. (Inset)
Molecular graphics of the retinal near the beginning of the simulation
(gray) and near the end of the simulation (green) after aligning the
structures.

conformational rearrangements of the protein have taken
place. The simulation also shows that conformational flexibility
is retained by the ligand, though fluctuations occur on a much
longer time scale of approximately once per 100 ns. It is
noteworthy that these fluctuations rotate the C6—C7 torsion
from an s-trans to a twisted s-cis conformation, which
corresponds to movement from the maximum pK, to near
the minimum pK,, that is, conformational fluctuations observed
in the simulation lead to shifts of greater than two pK, units.

B DISCUSSION

Changes in both structure and dynamics underlie the reaction
coordinates for GPCRs such as rhodopsin,"*'® the B-adrenergic
receptors,®>*® and other GPCRs of remarkable significance to
human biology.">*”** For rhodopsin, the role of dynamics in
its activation mechanism has been explored both through
experimental®®***>** and theoretical*”** approaches. Activa-
tion by light entails ultrafast photoisomerization of retinal,
whereby coherent wave packet dynamics on the excited state
potential surface occur nonadiabatically through a conical
intersection with the ground state potential surface of the
photoproduct.*****® The impulsive nuclear response explains
the ultrafast isomerization,** which is followed by a series of
adiabatic thermal relaxations, culminating in the MI-MII
equilibrium and guanine nucleotide exchange on the G protein
transducin.*® The fluctuating equilibrium between MI and
MII states entails large-scale restructuring of transmembrane
helices HS and HS6, as first revealed by the site-directed spin-
labeling studies of Hubbell and co-workers,”?° and later
confirmed by X-ray crystallography.'®™° The following
question thus arises: how are the large-scale structural
rearrangements initiated by changes in the local dynamics of
the retinylidene ligand of rhodopsin? Moreover, are changes in
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the local pK, values of the retinylidene Schiff base involved?
Here, the confluence of molecular simulations with spectro-
scopic studies has much to offer, and rests upon a firm quantum
mechanical treatment of the retinal chromophore and the
changes undergone upon photoactivation.

Molecular Simulations Depend on Retinal Electronic
Structure and Are Influenced by Charge Delocalization.
A notable challenge for molecular simulations of retinal
proteins is the very different electronic structures of the
protonated and neutral SB species. In protonated retinal, the
conjugated polyene chain allows delocalization of the positive
charge across the molecule, and hence stabilizing the PSB (see
Figure 3 of ref 91 for enumeration of the various resonance
forms). Charge delocalization, however, is not uniform along
the chain, because the more electropositive nitrogen atom
yields a greater propensity for positive charge near the PSB.
This electronic effect leads to bond lengths near the PSB that
are nearly equivalent, that is, the formal single and double
bonds show similar lengths, while those near the f-ionone ring
show the expected bond length alternation. While molecular
mechanics force fields describing this effect as well as the
remaining internal degrees of freedom in protonated retinal®
have been developed and tested in large-scale MD simulations,
less attention has been given to comparison with the
deprotonated state force field, with the exception of methyl
group energetics in ref 71.

We note that the tetra-substituted C5=C6 double bond of
retinal is electron rich, and thus can have a substantial effect on
conjugation involving the entire 7 system. The protonated form
becomes more acidic when the C6—C7 dihedral is
perpendicular to the rest of the polyene plane, due to a
reduction of electron density and less charge delocalization of
the iminium salt. Remarkably, this effect is transmitted through
nine chemical bonds. Although an increase in pK, with
decreasing conjugation is expected, an increase of more than
two pK, units is rather surprising. It is worth noting that our
proton affinity calculations correspond to the gas phase, and the
pK, computation employs an implicit solvent to represent an
aqueous medium, neither of which fully captures the complex
environment of the rhodopsin binding pocket. The retinal
binding pocket of rhodopsin is inaccessible to water in the dark
state (as judged by hydroxylamine reactivity”) but becomes at
least partially hydrated in the MI state.”* Additionally, motions
of the protein during activation involves reorganization of
charged groups near to the PSB, for example, the complex
counterion involving the carboxylates Glu'’* and Glu'®.**
While changes in interactions with water and proteins during
photoactivation clearly have the potential to alter the pK, of the
PSB, these effects should be considered as additional to those
arising from ligand electronic structure.

Retinal Conformation and Schiff Base Protonation
State Exert Mutual Effects upon One Another.
Complicating the analysis of PSB deprotonation are the
numerous factors affecting the acidity of the PSB, as well as
the manner in which they change as a function of time during
the photoactivation process. The protein, for example, has a
large effect on the pK, of the retinal Schiff base, as evidenced by
the measured pK, rising from 7.4 as a free ligand in aqueous
ethanol solution to 14.5 in the case of bacteriorhodopsin.®!
Another potential mechanism for modifying the acidity of the
PSB is coupling of the conformational change within retinal to
deprotonation. This will be the case whenever the energy
surface of a conformational degree of freedom, for example
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rotation of a torsion angle, is modified upon deprotonation.
Essentially, whenever conformational energetics depend on
protonation state, then the energetics of deprotonation will
depend explicitly on conformation. Previously, Tajkhorshid and
co-workers”* studied this effect using quantum chemical
calculations of various model compounds to represent the
retinal PSB. They computed the proton affinity of numerous
model compounds with structures mimicking the retinal
molecule polyene chain. The effect of conformation was
examined by comparing proton affinities of the all-trans chain
with those computed after rotating the various torsion angles by
90°. They observed that rotation about double bonds increased
PA, that is, decreased acidity of the PSB, while rotation about
single bonds had the opposite effect. Additionally, they found
that the location of methyl groups on the chain alters the PA
and its dependence on conformation, such that rotation about
specific bonds can maximally affect the pK, value. The key
result of the present work is that the orientation of the f-
ionone ring can serve as a switch between conformations that
differ by greater than two pK, units, and importantly these
conformations are thermally accessible under physiological
conditions.

Crystallographic Structures and Molecular Dynamics
Simulations of Rhodopsin Reveal Changes in the f-
lonone Ring Due to Isomerization of the Polyene Chain.
The recently published crystallographic structures of an
activated MII-like conformation of rhodopsin reveals two
separate conformational changes of the retinal ligand within the
binding cavity.'*'®'® As expected, the polyene C11=C12
dihedral moves from cis (dark state) to trans (MII). However,
an additional rotation is also observed around the C6—C7 bond
of the f-ionone ring, which changes from ~—50° (average of
the dark state structures) to ~+50° in the MII structures,
notably accompanied by a long-axis rotation of the entire retinal
molecule.'® This raises the obvious question as to the path of
this transition: namely, does the f-ionone ring rotate through
an scis (0°) or strans (180°) intermediate during the
photoactivation process? The calculated C6—C7 energy surface
(Figure 4) is ambiguous on this point. No matter if the
isomerization occurs pre- or postdeprotonation, the barrier to
rotation through s-cis is similar to the rotational barrier through
s-trans. It is, however, possible that interactions between the
ligand and the protein alter the effective barriers to favor one
path over the other. The MD simulation results in Figure 6
support this idea, with many observed transitions between
—60° and +60° through strans shortly (<200 ns) after
isomerization of the C11=Cl12 torsion angle. Additionally,
the MD trajectory clearly settles into the s-trans state on the us
time scale. It is noteworthy that the distribution of retinal
conformers observed in the latter part of the simulation
reproduces experimental solid-state “H NMR spectra for the
retinal methyl groups, including the CS methyl group which is
sensitive to the f-ionone ring conformation.”® The NMR
results correspond to the MI conformation, suggesting that the
state of the C6—C7 torsion angle may be s-trans in the
preactivated MI intermediate.

Potentially arguing against the path through s-trans are the X-
ray structures of the short-time intermediates bathorhodopsin
and lumirhodopsin,”>*® which give C6—C7 dihedral angles of
—14° and —5°, respectively. The low rotational barriers of the
protonated retinal (Figure 4) and the high mobility observed in
the simulation during the period immediately following
isomerization (Figure 6), however, are consistent with a highly
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dynamic S-ionone ring. Presumably, it could adopt numerous
conformations during these short-lifetime intermediate states,
before stabilizing in an s-trans configuration, corresponding to
the longer-lived MI state. Further support for an s-trans C6—C7
dihedral in the MI state of rhodopsin is found from a survey of
retinal conformations in the X-ray structures in the protein data
bank (PDB). If such a survey is broadened to include nonvisual
rhodopsins, there are many examples of all-trans polyene chains
(with protonated Schiff bases) that show the C6—C?7 torsion in
the s-trans conformation. These include the many bacterio-
rhodopsin ground-state structures, as well as examples from
archaerhodopsin, sensory rhodopsin, halorhodopsin, and
xanthorhodopsin.”” Thus, both the MD analysis (validated by
’H NMR) and the conformational preference observed in the
PDB support an all-trans configuration of retinal in MI that
includes a coplanar orientation of the B-ionone ring and the
polyene chain arising from a trans C6—C7 torsion angle.

B CONCLUSIONS

Our quantum chemical calculations suggest a surprising
mechanism in which remote control of the PSB is achieved
by the motion of the f-ionone ring despite their separation by
nine chemical bonds. The observation that the pK, of the
protonated Schiff base is a function of f-ionone ring orientation
has implications for the rhodopsin activation process, whereby
the MI intermediate includes a planar retinal that favors the
protonated form, that is, higher pK, value. The intrinsic
conformational freedom of the f-ionone ring in the protonated
form of the ligand could be modified by the protein to maintain
the trans conformation in MI, until the stage in the activation
process where deprotonation of the PSB is required. At that
point a protein conformational change could allow rotation of
the f-ionone ring into a nonplanar conformation that favors the
deprotonated state. Once deprotonation had occurred the
much higher energy barrier for f-ionone rotation of the neutral
species would ensure the ligand stays locked in a fixed
conformation. In this way the activated MII state is stabilized
leading to the resultant visual signaling via binding of the G-
protein transducin.
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