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Observations of light-induced structural
changes of retinal within rhodopsin
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Photo-isomerization of the 11-cis retinal chromophore activates the mammalian
light-receptor rhodopsinl, a representative member of a major superfamily of
transmembrane G-protein-coupled receptor proteins (GPCRs) responsible for
many cell signal communication pathways. Although low-resolution (5[A)
electron microscopy studies2, 3 confirm a seven transmembrane helix bundle as a
principal structural component of rhodopsin, the structure of the retinal within
this helical bundle is not known in detail. Such information is essential for any
theoretical or functional understanding of one of the fastest occurring
photoactivation processes in nature, as well as the general mechanism behind
GPCR activation4-6. Here we determine the three-dimensional structure of 11-
cis retinal bound to bovine rhodopsin in the ground state at atomic level using a
new high-resolution solid-state NMR method?. Significant structural changes are
observed in the retinal following activation by light to the photo-activated MI
state of rhodopsin giving the all-frans isomer of the chromophore. These changes
are linked directly to the activation of the receptor, providing an insight into the
activation mechanism of this class of receptors at a molecular level.

In the mammalian photoreceptor rhodopsin, the external stimulus is an optical one
and it controls the activation of a GTP-protein-coupled signal transduction pathway
leading to a neural responsel. More usually, however, GPCRs transmit chemical
(hormone, pharmaceutically mediated) signals across cellular membranes4, 8. Even
though GPCRs share a putative common spatial protein arrangement4, 5, no member
of this family, other than rhodopsin2-6, has yet been resolved in any significant (<5[A)
structural detail, which explains its importance in any structural and functional studies



for the whole family of GPCRs to reveal their putative common mechanism of
activation. The lack of high-resolution (<5[A) structural information for rhodopsin
means that no comprehensive structural description at the molecular level is available
for 11-cis retinal, the light sensitive prosthetic group of rhodopsin whose interaction
with its receptor binding pocket causes rhodopsin activation. The conjugated polyene
chain of retinal and its five methyl groups and cyclohexene ring (Fig. 1) all interact
with various amino acids of the retinal binding pocket, and so may also induce
conformational changes within the protein upon light-induced isomerization. Also, the
seven-helix bundle arrangement of the protein undergoes a conformational change to
activate the GTP-protein transducin9 followed by a cascade of signalling events.
Numerous biophysical studies have provided a significant body of indirect and often
inconsistent evidence for the retinal environment without resolving the molecular
detail of either the retinal binding site or the retinal conformation itself, or the
structural features of the molecular mechanism of light activationl, 2, 9-14. More
recently, solid state NMR studies have provided some direct and highly localized
details of the Schiff base environment and the non-planarity in the polyene chaini4-
18. However, a complete picture of the structure and orientation of retinal at an atomic
level has still not emerged, and information essential for any theoretical and
functional understanding of the general mechanism behind rhodopsin activation is far
from complete.
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To determine the three-dimensional structure and alignment of retinal in the binding
pocket of rhodopsin at the atomic level, high-resolution solid state deuterium (2H)
NMR methods were employed, namely static19, 20 and the newly developed magic
angle oriented sample spinning (MAOSS) approach?. The suggested 11-cis retinal
structure in the ground state of the receptor is distorted17, with the ring moiety twisted
against the polyene chain and further twists around theC10=C11 double bond.
Therefore, we synthesized three different retinals7, 20, which are all analogues of the
naturally occurring chromophore but with each of the following methyl groups,
C5-C18, C9—C19 and C 13—C20, carrying deuterium C—C(2H) 3, to be used separately
as non-perturbing NMR reporters of molecular structure. The solid state NMR spectra
recorded from each of the labelled retinals in rhodopsin contain direct information
about the orientation of the labelled C—C(2H)3 bond with respect to the applied
magnetic field7, 20 and directly reveal the orientational constraints for each of the
various molecular segments of the chromophore within the protein and the changes
induced after isomerization by light.

Representative 2H MAOSS NMR spectra are shown in Fig. 2a and b for rhodopsin
containing a C5—C18(2H)3 group on the cyclohexene ring of the retinal, in the ground
state and upon photo-activation in its thermally trapped MI state. Each sideband



intensity is a function of size and orientation of the deuterium quadrupolar coupling
tensor, allowing a precise, direct and reliable measurement of the C—C(2H) 3 bond
vector orientation to be made, as illustrated with the root-mean-square deviation plots
of the C5-C18(2H) 3 orientation with respect to the membrane normal. In this way a
comprehensive analysis provides information not only about the orientation of the
chromophore in the binding pocket of rhodopsin, but also about the intramolecular
changes occurring upon photo-activation in the MI state. Significant changes in the
bond vectors are observed upon photo-excitation of retinal within rhodopsin, in
particular in the ring moiety where the C5—C18 bond has an orientation of 21 5° in
the inactivated state with respect to the membrane normal, changing markedly to 62
7° for the MI state (Table 1), this being the intermediate immediately before major
protein conformational changes occur.
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The detailed intramolecular structural information obtained for retinal within the
protein is resolved without the need to rely on any knowledge of the protein structure
itself. In particular, details can be resolved for the orientation of the ring moiety of
retinal, and its twist relative to the conjugated polyene chain, a topic which has been
the centre of much debate substantiated mainly by studies using various optical
absorption and 13C-NMR chemical shift datalo0, 11, 21, even though a complete
description of the chromophore was not available. Here, the MAOSS approach
provides tight constraints (bond vectors for C—C(2H)3 determined to 5-7°) on the
orientation of the ring moiety in the protein body and its twist relative to the other
individual molecular segments. From static 2H NMR19, the orientational constraints
for the C19 methyl group are 44 5° and for the C 20 group are 30 5°. Using these
direct orientational constraints, and the torsional and distance constraints measured by
solid-state NMR for the C10—C11-C12—C 13 segment16-18, we have constructed the
first complete high-resolution, three-dimensional structure of the orientation and
conformationof 11-cis retinal in the binding pocket of rhodopsin ( Fig. 3).



Figure 3 The structure and
orientation of the chromophore 11-
cis retinal in the binding pocket of
the GPCR protein bovine rhodopsin
in its dark-adapted ground state
(left), including the experimentally
obtained structural constraints (helix
7 of the protein used as z-axis
reference; helix only partially

displayed). (1

Major differences are observed for the position of the cyclohexene ring with respect
to the polyene chain when compared with earlier suggested structural models10, 13,
14, 21. To accommodate the tilt angle of 21 5° obtained here for the C5-C18 bond
vector, a rotational movement of the ring must be performed around the C6—C 7 bond
axis, which itself is tilted by 50° from the protein long axis. This procedure results in
two possible positions of the ring, with either a twist of 28° around the C6—C7 axis or
of 70° (corresponding to a torsion angle of -28° and -70° for the C1-C6—C7-C8
segment). The latter (shown in Fig. 3) being an angle which is more likely to reduce
steric interaction of the ring methyl groups attached to the C1 atom with the C8 proton
because of an increase in separation of more than 0.6 A, thereby drastically reducing
the violation of van der Waals distances. In both cases the retinal has a 6-s-trans as
previously found for retinal in bacteriorhodopsin22 and not the 6-s-cis configuration
assumed from indirect optical and 13C NMR chemical shift studies10, 11, 13, 21.

In a theoretical calculation of chiro-optical properties for bound 11- cis retinal, the
observed circular dichrosim (CD) spectra show very little dependence on the rotation
of the -ionone ring with respect to conjugated polyene chainll. The 13C NMR
chemical shift value for the C5 ring atom reported for retinal in rhodopsin is found at
the upper end of the region for 6-s-cis model compounds, close to the spectral range
for 6-s-trans compounds. However, the chemical shift value is extremely sensitive to
several factors including the degree of conjugation between the C5=C6 double bond
and the conjugated bond system of the polyene chain, and the electronic properties of
amino-acid residues surrounding the ring moiety. Furthermore, a twist angle of 70°
for a 6-s-trans configuration of the retinal ring provides a similar degree of
conjugational overlap as a ring-chain twist of 60—70° for a 6-s-cis configuration. This
situation is very different from the planar 6-s-frans retinal model compounds used as
references in the NMR studies21. Thus, reconciling the structurally and electronically
sensitive optical and NMR chemical shift data reported elsewherel0-14, 21 with the
direct and structurally sensitive deuterium NMR presented here, is very difficult.

The average orientation of the retinal axis (defined from C6 to C12) with respect to
the membrane plane was found to be 22° from the current study, which is less than the
32° measured by indirect optical (and hence averaged) approaches10-13. The
rotational angle of 55° for the retinal plane (defined as C6—C 9—-C19) is slightly larger
than the 40-50° range indicated by optical studies13. However, the discrepancies may
result simply from the fact that the retinal environment contains a complex electronic




distribution that contributes significantly to measured optical spectra, but does not
give direct structural constraints for the individual molecular chromophoric segments
separately. These details are, however, available from the electronic-insensitive but
structurally sensitive deuterium NMR approach used here.

The position of the chromophore with respect to the membrane bilayer has been
resolved (Fig. 3) using information from the helix wheel representation for rhodopsin
in the ground state3. Here, Lys[196 (helix VII:11 in the nomenclature used there3) is
close to the centre of the membrane, and the -ionone ring of retinal is close to the
conserved tryptophan (at VI:16), with the side chain of tyrosine (at VI:19) which is
found in all opsins, and the side chain of alanine (or threonine) (VI:20) found in
mammalian opsins, below the retinal ring. This indicates that the -ionone ring should
point towards the intracellular side of the membrane, as shown here, but this
intermolecular information for retinal with respect to the protein is not revealed by the
current NMR data for symmetry reasons.

The unique structure of the chromophore reflects the remarkable efficiency of retinal,
when located in the binding pocket of rhodopsin, to convert 30-35calthol -1 of light
energy into a chemical signal by undergoing isomerization to an all-frans structurel,
14, 17. The channelling of this energy to the protein body is thought to provide the
main force for protein activation. To determine the orientation and proposed relaxed
all-trans conformation of the chromophore in the MI-state of the protein, 2H NMR
experiments, were carried out on irradiated rhodopsin samples trapped at the MI state.
For all C—C(2H) 3 bond vectors, angles between 60° and 65° were obtained (Table 1)

reflecting the relaxed

Table 1 Summary of NMR spectra analysis structure of the
Cs-Cre Co-Cio Ci:-C  chromophore in

Dark state 21 x5 44 = 5° s0x5  agreement with the
M state 627" 85 = 10° 80 = 10° .
T S S . recently obtained
Bond vectors for each of the labelled segments of retinals within bovine rhodopsin measured . o
directly fom the 2H-NMR spectra. torsion angle of 180

for the C10-C11
segmentl18, and intraligand distance measurements17 around this segment confirming
a relaxed all-E structure. The structure shown in Fig. 3 indicates a combined
movement of the ring and the C6—C 11 segment relative to the Schiff base upon
activation. The three bond vectors are roughly collinear, so the torsion angle of the
chromophore plane relative to the membrane plane can only be accounted for by a tilt
of the retinal axis. Using a reasonable value between 30° and 35° for the tilt of the
axis (a change of 10° occurs upon activationl3, 14) a rotation of the chromophore
plane through an angle of 45° to 50° occurs upon isomerization.

Deriving structurally relevant information at the atomic level for agonists and
antagonists for GPCRs will enable detailed insights into their binding and activation,
as shown here on the photo-receptor protein bovine rhodopsin. The structural
information obtained allows a critical evaluation of binding sites and binding modes
of GPCR ligands, particularly with respect to recent assumptions about the existence
of a binding pocket within the transmembrane domain which may be highly
conserved throughout the whole family of GPCRs3-6, 8. To define this structural
feature of receptor activation is not only important for rhodopsin related diseases, but
is of general relevance to the activation of the large family seven transmembrane
domain GPCRs that rely on diffusing transmitter molecules.



Methods

Sample preparation Three different retinals were synthesized7, 19, all analogues of
the naturally occurring chromophore but with each of the following methyl groups,
C5-C18, C 9—C19 and C13—C20, carrying deuterium C—C(2H)3. Rhodopsin was
isolated from bovine retina but with its indigenous retinal removed to give
chromophore-free opsinl7, 19. Each of the labelled retinals was introduced into the
opsin to give a fully functional rhodopsin which is embedded in bilayers using well
established methods19, 20.

NMR experiments NMR experiments were carried out at 61.402IMHz on a
BRUKER MSL 400 using a 7-mm MAS probe. Spectra were recorded using a 'single
pulse' sequence with the sample subject to MAS. The pulse length was typically S02s.
The spinning rate was stabilized to about 3[Hz. Measurements were performed at
213[K using a spinning speed of 2860z, a recycle delay of 300ths and around
400,000 scans. Spectra were processed with 16[K zerofilling applying 100z of
exponential line broadening.

Data analysis The symmetrized NMR spectra were analysed using a program for
MAS lineshape simulations of oriented systems based on the NMR software library
GAMMA as described?. The observed MAS sideband distribution depends on the tilt
angle PM of the C—C(2H)3 bond vector with respect to the protein long axis ZM,
defined by the orientation of helix 7. The distributionof ZM about the sample director
ZD, which is caused by some remaining disorder in the sample is described by a
three-dimensional Gaussian distribution of the spectral width . A spectral
deconvolution analysis applied to spectrum of Fig. 2b showed that more than 80% of
the sample was in the MI state.

To relate the orientational constraints obtained by the simulation package (obtained
with respect to the membrane normal) to the protein body itself, a protein reference
system was chosen based on the latest structure2 for the arrangement and positions of
the seven transmembrane helices in bovine rhodopsin in the ground state. The
projection maps reveal helix 7, where 11- cis retinal is attached to the -amino group of
LysP96, as collinear with the membrane normal, and therefore helix 7 has been used
here as representative of the protein long axis ZM (Fig. 3).
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