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ABSTRACT 1

ABSTRACT IN GERMAN

Bei der biologischen Signaltransduktion dienen reversible Interaktionen zwischen zahlreichen Kom-
ponenten der zelluldren Signalketten der Assemblierung und Dissoziation von rdumlich und zeitlich
begrenzten molekularen Komplexen. Protein-Protein Interaktionen sind dabei wichtige Mittel zur In-
tegration mehrerer Signale in koordinierte zelluldre Antworten. Die visuelle Kaskade ist eines der am
intensivsten untersuchten Gebiete im Bereich der Signaltransduktionsforschung. Obwohl die drei-
dimensionale Strukturen des entsprechenden G-Protein gekoppelten Rezeptors (GPCRs) Rhodopsin,
des heterotrimeren G-Proteins Transducin und des Signalabschaltproteins Arrestin enorm zur Klarung
des molekularen Mechanismus der visuellen Signaltransduktion beigetragen haben, sind die Strukturen
vieler hieran beteiligten Proteine und Proteinkonformationen unbekannt. Die vorliegende Arbeit be-
schiftigt sich mit dem ligandfreien GPCR, Opsin, das beim Photobleichprozess entsteht und an der

Lichtadaption des visuellen Systems beteiligt ist.

Rhodopsin ist als Sehpigment der Photorezeptorzellen einer der am aktivsten untersuchten GPCRs. Es
besteht aus dem Apoprotein Opsin und dem inversen Agonisten 11-cis-Retinal. Der inaktivierende
Ligand ist in der sieben Transmembran- Helix (TM)-Struktur des Rezeptors kovalent gebunden und
muss durch Licht cis/trans-isomerisiert werden, um den Rezeptor zu aktivieren. Der aktivierte Rezep-
tor katalysiert den Nukleotidaustausch im G-Protein und zerféllt innerhalb von Minuten in Opsin und
all-trans-Retinal. Das visuelle Pigment wird dann durch erneute Beladung des Opsins mit 11-cis-
Retinal wieder hergestellt. In der vorliegenden Arbeit wird die erfolgreiche Kristallisation des nativen
Opsins aus der Stéibchenzelle der Rinderretina und die Bestimmung der Proteinstruktur bei 2.9 A Auf-
16sung dargestellt. Im Vergleich zur bekannten Struktur des inaktiven Rhodopsins zeigt Opsin deutli-
che Strukturinderungen in den konservierten E(D)RY und NPxxY(x)s¢F Regionen und in TM5-TM7.
Auf der intrazelluliren Seite ist TM6 ca. 6-7 A nach auBen gekippt, wihrend die TM5 Helix verlingert
und niher zu TM6 verschoben ist. Durch die strukturellen Anderungen, von denen einige einem akti-
ven GPCR Zustand zugeschrieben werden konnen, wird die leere Retinalbindungstasche reorganisiert,
um zwei Offnungen fiir Aus- und Eintritt von Retinal bereitzustellen. Die Struktur von Opsin liefert
neue Erkenntnisse zur Bindung von hydrophoben Liganden an GPCRs, zur GPCR-Aktivierung und

zur Signaliibertragung auf das G-Protein.

Schlagworter: Signaltransduktion, GPCRs, Opsin, konservierten E(D)RY und NPxxY(x)scF
Regionen, GPCR-Aktivierung
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ABSTRACT IN ENGLISH

In biological signal transduction, reversible interactions between numerous components of cellular
signaling pathways allow formation and dissociation of spatially and temporally confined molecular
complexes. Protein-protein interactions are important means of integrating multiple signals into coor-
dinated cellular responses. The visual cascade is one of the most intensely studied topics in the field of
signal transduction research. Although three-dimensional structures of the corresponding G-protein-
coupled receptor (GPCR) rhodopsin, the heterotrimeric G protein transducin, and the signal shut-off
protein arrestin contribute enormously to the elucidation of the molecular mechanism of visual signal
transduction, there are still many proteins of the visual system and key protein conformations, which
remain to be structurally determined. This thesis focuses on the ligand-free GPCR opsin which partici-

pates in the photobleaching process and is involved in light adaptation of the visual system.

Rhodopsin as the visual pigment in photoreceptor cells is one of the most actively studied GPCRs. It
consists of the apoprotein opsin and the inverse agonist, 11-cis-retinal. The inactivating ligand is
bound in the seven-transmembrane helix (TM) bundle and cis/trans-isomerized by light to activate the
receptor. The active receptor state is capable of catalyzing nucleotide exchange in the G protein and
decays within minutes into opsin and all-¢rans-retinal. The visual pigment is then restored by reloading
opsin with new 11-cis-retinal. In the present work, the successful crystallization of native opsin from
bovine retinal rod cells and determination of the protein structure to 2.9 A resolution is presented.
Compared with the known structure of inactive rhodopsin, opsin displays prominent structural changes
in the conserved E(D)RY and NPxxY(x)s¢F regions and TMS5-TM?7. At the cytoplasmic side, TM6 is
tilted outwards by 6-7 A, whereas the helix structure of TM5 is more elongated and close to TM6.
These structural changes, of which some are attributed to an active GPCR state, reorganize the empty
retinal binding pocket to disclose two openings for exit and entry of retinal. The opsin structure thus
sheds new light on binding of hydrophobic ligands to GPCRs, GPCR activation and signal transfer to
the G protein.

Keyword: Signal transduction, GPCRs, Opsin, conserved E(D)RY and NPxxY(x)s¢F regions,
GPCR activation
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ABBREVIATIONS

A
B1-AR
B,-AR
B-factor
BSA
BTP

C
cGMP
Cl1-C3
CMC
CNS
DEER
DTT
EDTA
EG
El1-E3
EPR
Fnx
FTIR
Gy
Guafy
Gy
GaCT
GPCR
hv

kDa
LDAO
MES

Angstrom

Bi-adrenergic receptor

B>-adrenergic receptor

Temperature factor, Debye-Waller factor

Bovine serum albumin
1,3-bis(tris[hydroxymethylJmethylamino)propane
Carbon atom

Guanosine 3’,5’-cyclic monophosphate
Cytoplasmic loops 1 — 3

Critical micelle concentration

Crystallography & NMR System

Double electron-electron resonance

Dithiothreitol

Ethylenediaminetetraacetic acid

Ethylene glycol

Extracellular loops 1 — 3

Electron paramagnetic resonance spectroscopy
Structure factor (or amplitude)

Fourier transform infrared spectroscopy
Transducin, the G protein corresponding to rhodopsin
a-, B- and y-subunit of transducin

By-dimer of transducin

synthetic peptide derived from C-terminus of transducin a-subunit
G-protein-coupled receptor

Photon

Kelvin

Kilodalton

Lauryldimethylamine N-oxide

2-(N-Morpholino)ethanesulfonic acid sodium salt
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Meta I
Meta II
Mw

NMR
B-OG
Opsin*
PAGE
PDB

PDE

R*

RFZ

RK

rms

ROS

S
SDS-PAGE
c

TFZ

™

uv

Amino acids
Residue num-

bering

Metarhodopsin I

Metarhodopsin 11, active form of rhodopsin

Molecular weight

Nuclear magnetic resonance spectroscopy

B-D-octylglucopyranoside

Active conformation of opsin; opsin at low pH

Polyacrylamide gel electrophoresis

Protein Data Bank

cGMP-specific phosphodiesterase

Active conformation of rhodopsin

Rotation function Z-score

Rhodopsin kinase

Root mean square

Rod outer segment

Entropy

Sodium dodecylsulfate polyacrylamide gel electrophoresis

Sigma, control level of electron density map

Translation function Z-score

Transmembrane helix

Ultraviolet

Amino acid residues are given in three letter code

In the Ballesteros-Weinstein nomenclature of GPCRs [1] the most highly
conserved residue in each TM helix is assigned the number 50 (Asnl.50,
Asp2.50, Arg3.50, Trp4.50, Pro5.50, Pro6.50 and Pro7.50 on TM1 — TM7,
respectively). All other residues on a TM helix are numbered relative to this

position.
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1 INTRODUCTION

1.1 G-protein-coupled receptors (GPCRs)

G-protein-coupled receptors (GPCRs) are cell surface receptors and constitute the most
prominent family of validated pharmacological targets in biomedicine [2,3]. GPCRs form a
large and diverse multigene superfamily of integral membrane proteins involved in many im-
portant physiological functions [3,4]. The functions are highly variable as they play a crucial
role in all major peripheral organ systems and the brain of mammals.

In humans, ~800 GPCRs are known which have been generally classified in six major fami-
lies (see Table 1.1; [5]). Although there is a lack of sequence similarity between the six classes
of the GPCR superfamily, the primary structure of GPCRs is characterized by a common
structural motif of seven transmembrane-spanning segments. According to GPCR crystal
structures, these segments form transmembrane helices (TM) that are connected by three in-
tracellular and three extracellular loops [2,6]. Due to their topology, GPCRs are also called
7TM or heptahelical receptors. Class A or rthodopsin-like GPCRs comprise 672 members in-
cluding 388 olfactory GPCRs, accounting thus for over 80% of all GPCRs [7,8]. Class A
GPCRs often contain two conserved cystein residues, which link the extracellular end of TM3
and the extracellular domain by a disulfide bridge, as well as two conserved motifs, i.e. the
E(D)RY motif in TM3 and the NPxxY(x)ssF motif in TM7, that might have a prerequisite
role in the physiological function [8].

Table 1.1. GPCR classes according to the GPCRDB database (http://www.gpcr.org/7tm/) [9].

GPCRDB family Description

Class A Rhodopsin-like GPCRs

Class B Secretin-like GPCRs

Class C Metabotropic glutamate/ pheromone receptors
Class D Fungal pheromone receptors

Class E Cyclic adenosine monophosphate (CAMP) receptors

Class F Frizzled/ smoothened receptors
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Only for class A, crystal structures of four GPCRs are known (see 1.3) providing detailed
molecular information on these receptors. A sequence alignment of GPCRs with known terti-
ary structure (Figure 1.1) reveals the E(D)RY and NPxxY(x)s¢F motifs, as well as a con-
served CWxP motif in TM6 involved in GPCR activation (“toggle switch residues”, see dis-
cussion). Common to class A GPCRs are also glycosylation sites at the N-terminus,
palmitoylation sites after TM7 and phosphorylation sites in the C-terminus. An overview

based on available structural and sequence data is provided in Figure 1.1 and Table 1.2.

GPCRs have extremely diverse ligands that comprise biogenic amines, peptides, large pro-
teins, nucleotides, lipids, and eicosanoids [10,11]. Binding of these specific ligands to the ex-
tracellular or transmembrane regions causes structural changes of the receptor to enable signal
transfer via the cytoplasmic domain to heterotrimeric guanine nucleotide-binding regulatory
proteins (G proteins, Gafy). GPCR signaling to the G protein is further regulated by receptor
kinases which phosphorylate the active GPCR to allow arrestins to bind phosphorylated

GPCRs, thus blocking the cytoplasmic receptor domain for interaction with the G protein.

Abnormalities of signaling by GPCRs have been associated with several diseases, such as
hypertension [12,13], precocious puberty [14,15], hyperthyroidism [16], nephrogenic diabetes
insipidus [14,17], cancer [18] and blindness [19,20]. The sequencing of the human genome
[21,22,23] has revealed several hundred members of GPCRs including orphan GPCRs with
yet unknown ligands, indicating the future therapeutic potential of targeting the GPCR super-
family [8].

Rhodopsin is the eponym and prototype of the GPCR class A. It was discovered more than
130 years ago as visual pigment in the vertebrate eye and is one of the most actively studied
GPCRs [24,25,26]. Rhodopsin consists of the apoprotein opsin and its chromophore 11-cis-
retinal. 11-cis-retinal is covalently bound by a Schiff base to Lys-296 on TM7 and acts as an
inverse agonist to stabilize rhodopsin in its inactive ground state. This dissertation focuses on
the bovine ligand-free GPCR opsin. A phylogenetic tree of bovine class A GPCRs is presented

in Figure 1.2 showing the sequence relation between different class A GPCRs.
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Table 1.2. Sites of modifications in GPCRs with known crystal structure

GPCR Glycosylated Palmitoylation  Phosphorylation sites Disulfide
Accessions: residues sites bond
PDB (Refs.) (Refs.) (Refs.) (Refs.)
UniProtKB (Swiss-
Prot)
Bovine rhodopsin/ Asn-2 and Cys-322 and Ser-334, Ser-338, Ser- Cys-110/
opsin Asn-15 Cys-323 343, Thr-335, Thr-336, Cys-187
1F88, 1GZM, 1U19, [27] [28,29] Thr-340, Thr-342 phos- [31]
2PED, 2HPY, 2137, phorylated by
3CAP, 3DQB GRK1 (RK)*
P02699 [29.30]
(OPSD_BOVIN)
Squid rhodopsin Asn-8 Cys-336 and unknown Cys-108/
2773, 2Z1Y Cys-337 Cys-186
P31356 [32] [32]
(OPSD_TODPA)
Human Aj4- unknown unknown unknown Cys-77/
adenosine receptor Cys-166
3EML
P29274
(AA2AR_HUMAN)
Turkey B;- Asn-14 Cys-358 unknown Cys-114/
adrenergic receptor (Probable (by similarity Cys192
2VT4 position) with ,-AR) [33]
P07700
(ADRB1_MELGA)
Human f3,-adrener- Asn-6 and Cys-341 Ser-345 and Ser-346 Cys-106/
gic receptor Asn-15 [34,35] Phosphorylated by Cys-184
2RHI, 2R4R, 3D4S (Probable PKA* and B,-ARK* [36]
P07550 positions) [34]

(ADRB2_HUMAN)

*G-protein-coupled receptor kinase (GRK). RK, rhodopsin kinase; [3,-ARK, [,-adrenergic

receptor kinase; PKA, cyclic AMP-dependent protein kinase.
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Figure 1.2. Phylogenetic tree of bovine class A GPCRs
Phylogenetic relationship between class A GPCRs, based on sequence alignment of bovine GPCRs
that have been reported in the Uniprot database (http.//www.uniprot.org/). The tree was built using the

standard online tool from Phylogeny.fr (http://www.phylogeny.fr/) [37]. The opsins comprise blue- and
red-sensitive opsin, and rhodopsin. The RPE-retinal G-protein-coupled receptor is a related retinal

protein.

1.2 Visual signal transduction

In the vertebrate eye, the lens focuses an image on the retina. The retina is composed of
tightly stacked cell layers among which the photoreceptor cell layer converts light into an
electrical signal. The signal is relayed from the rod and cone photoreceptor cells via horizon-
tal cells, bipolar cells, and amacrine cells to the ganglion cells, which convey the signal to the

brain [38,39]. A human retina contains approximately 1 x 10® rod cells and 5 x 10° cone cells.
The rod cells are specialized for the detection of dim light (scotopic vision), whereas the cone
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cells function in bright light (photopic vision) and mediate color vision. In the human retina,

there are three types of cones, each with different spectral response [40].

The visual pigment and GPCR rhodopsin is concentrated in the disk membrane of the rod
outer segment of rod photoreceptor cells. Transmission of the light signal into the cell is initi-
ated by cis/trans isomerization of rhodopsin’s 11-cis-retinal chromophore after absorption of
visual light. The isomerization of the chromophoric ligand triggers a conformational change
of rhodopsin leading to an active state (R*) called Metarhodopsin I (Meta II). For signal
transduction, R* interacts with the cytoplasmic heterotrimeric G protein transducin (Goy) to
catalyze transducin activation via GDP—GTP nucleotide exchange in the Gt-subunit. The
activated form of transducin (Go*GTP) stimulates the hydrolytic activity of phosphodi-
esterase (PDE) by relieving its inhibitory y-subunits. The activated catalytic subunit of PDE
(PDEaf”) then hydrolyzes guanosine 3’,5’-cyclic monophosphate (cGMP) to 5’-GMP. The
decrease of cGMP concentration leads to the closure of cyclic nucleotide-gated cation chan-
nels, which stops the influx of cations and thus hyperpolarizes the plasma membrane of the

photoreceptor outer segment [41].

The G-protein activation phase and thus signaling is terminated by phosphorylation of R* by
rhodopsin kinase (RK) and subsequent binding of visual arrestin to phosphorylated R*, thus
blocking receptor/G protein interaction. Concurrently, the retinal Schiff base is hydrolyzed
and the photolyzed all-trans-retinal is released from its binding site. Regeneration of the light-
sensitive rhodopsin ground state requires the supply of new 11-cis-retinal from the pigment
epithelial through the so-called retinoid cycle [42,43,44,45,46]. Abnormalities in the regenera-
tion pathway have been associated with different forms of blindness such as Oguchi and Star-
gardt disease [42]. During the regeneration phase, one experiences the phenomenon of bleach-
ing desensitization. The key to understand the complex functional implications of these
phenomena is the receptor state in which the retinal binding site is empty and the apoprotein

opsin waits for reconstitution with 11-cis-retinal.
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1.3 Structure of rhodopsin

The first crystallographic model of the bovine rhodopsin ground state was provided by
Palczewski and colleagues [31]. Further detailed insight into the structure and location of in-
ternal water molecules were given by subsequent high-resolution models (up to 2.2 A) ob-
tained from tetragonal (P4,) and trigonal (P3) crystal forms [47,48]. Together with theoretical

studies of the chromophore geometry a clear picture of the retinal binding site emerged [47].

The crystal structures confirmed the predicted 7TM topology of rhodopsin with seven trans-
membrane-spanning helical segments connected by cytoplasmic (C1 — C3) and extracellular
(E1 — E3) loops, respectively (Figures 1.3 and 1.4). In addition a cytoplasmic helix (H8) fol-
lowing TM7 was revealed which runs along the membrane surface. The model in Figure 1.4
also includes two oligosaccharides attached to Asn-2 and Asn-15 and two palmitoylate chains
linked to Cys-322 and Cys-323. TM6 is strongly distorted by Pro-267 which is one of the
most conserved residues among GPCRs. A disulfide bond between Cys-110 on TM3 and Cys-
187 in E2 tethers a compact extracellular domain, the so-called “retinal plug” to the 7TM do-
main. The “retinal plug” includes two antiparallel B-sheets in the N-terminus (strands B1/32)
and in loop E2 (strands 3/PB4), respectively [49]. E2 folds back into the protein to contribute
Ser-186 to Ile-189 of strand 34 to the retinal binding site. The retinal chromophore in its bind-
ing pocket is surrounded by hydrophobic residues (Cys-187, Ile-189, Met-207, Phe-212, Phe-
261, Trp-265 and Ala-292) and the counterion (Glu-113; [50]) of the protonated Schiff base.
Two water molecules interact with Thr-94/Glu-113 and Glu-181/Ser-186, respectively [47].
Rhodopsin and other GPCRs contain two conserved motifs. The E(D)RY motif (in TM3) is
part of a hydrogen bonded network — the so-called “ionic lock™ [51,52,53,54] — which tethers
Arg-135 (on TM3) to Glu-247 (on TM6). A second motif, the NPxxY(x)s¢F motif links Tyr-
306 (on TM7) and Phe-313 (on H8).

Besides the crystal structure of bovine rhodopsin, the structures of squid rhodopsin [32] and
other GPCRs are known including ;-adrenergic receptor (3;-AR; [33]), B.-adrenergic recep-
tor (B2-AR; [36,55]) and A, adenosine receptor [56]. Common to all structures is a bound

ligand which lacks the capability to activate the GPCRs.
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Figure 1.3. Secondary structure of rhodopsin and conserved elements

The secondary structure of rhodopsin shows seven transmembrane helices that are connected by cyto-
plasmic and extracellular loops, the cytoplasmic helix H8 running parallel to the surface of the mem-
brane, and the two terminal regions. The N-terminus is glycosylated at Asn-2 and Asn-15, HS is termi-
nated by palmitoylated Cys-322 and Cys-323. A conserved disulfide bridge (shown in yellow) between
Cys-110 (on TM3) and Cys-187 (E2) tethers loop E2 to the extracellular part of TM3. The motifs
E(D)RY in TM3 and NPxxY(x)ssF in TM7/H8 are conserved in GPCRs [57]. In the course of receptor
deactivation, the preferred phosphorylation sites for rhodopsin kinase, Ser-334, Ser-338 and Ser-343
(shown in green), get phosphorylated to allow binding of arrestin. Lys-296 (grey) on TM7 represents
the residue where 11-cis-retinal is attached via a protonated Schiff base. In the three-dimensional
structure, Glu-113 (grey) on TM3 is close to the protonated Schiff base and serves as counterion. The
most conserved amino acids are highlighted in red and are numbered using the Ballesteros-Weinstein
nomenclature of GPCRs [1] where the most highly conserved residue in each TM helix is assigned the
number 50 (Asnl.50, Asp2.50, Arg3.50, Trp4.50, Pro5.50, Pro6.50 and Pro7.50 on TMI1 — TM7, re-
spectively). All other residues on a TM helix are numbered relative to this position.



INTRODUCTION 138

Figure 1.4. Crystal structure of bovine rhodopsin

Structure of bovine rhodopsin at 2.2 A (PDB accession: 1U19, [47]). A) Overall monomer structure of
bovine rhodopsin. Seven transmembrane helices (TMs), three cytoplasmic loops (C1 — C3) and three
extracellular loops (E1 — E3) are labeled. Stick models show 11-cis-retinal (magenta), two oligosac-
charides (orange) attached to Asn-2 and Asn-15 and two palmitoylate (yellow) chains attached to Cys-
322 and Cys-323 at the end of cytoplasmic helix 8 (H8). B) Cytoplasmic view: highly conserved mo-
tifs, E(D)RY and NPxxY(x)sqF, in GPCRs. The motifs are highlighted by green and orange circles,
respectively. C) Close-up view: residues in the retinal binding site and 11-cis-retinal are shown as ball
and stick model, respectively.
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1.4 Photoactivation of rhodopsin

GPCRs are typically activated by binding of small ligands which have diverse chemical
structures (see e.g. Ref. [11]). The ligand of the 3,-AR, for example, is a biogenic amine hor-
mone. In rhodopsin, however, light as physical stimulus converts the bound retinal ligand into
a chemically different ligand with new properties that is capable to activate the receptor. The
photon energy is used to isomerize the highly effective inverse agonist 11-cis-retinal (inacti-
vating ligand) present in rhodopsin into the agonist all-trans-retinal (activating ligand). Due to
retinal isomerization, the stabilizing salt bridge between the protonated 11-cis-retinal Schiff
base and its counterion (Glu-113 on TM3) present in the inactive rhodopsin ground state is
broken [25,31,58]. As a consequence conformational rearrangements of the opsin moiety oc-
cur which lead in the rhodopsin activation process to a succession of at least five different
photoproducts, including the two early intermediates, Batho- and Lumirhodopsin (Batho,
Lumi), and the late Metarhodopsin intermediates, Meta I, Meta Il and Meta II1, that are gener-
ated by thermal conversion [59,60,61] (Figure 1.5). Each intermediate is well characterized by

its UV/Vis absorption maximum and typical infrared difference spectrum [62,63].

Triggered by uptake of photon energy and the geometrical change of retinal, rhodopsin con-
verts within milliseconds via Batho and Lumi to the active Meta II state which is in a pH-,
temperature- and detergent-dependent equilibrium with its inactive precursor Meta I (Figure
1.5) [64,65]. Formation of Meta II is accompanied by deprotonation of the retinal Schiff base
[64]. Meta III forms via two different pathways, either by thermal isomerization from Meta I
or by light-induced isomerization of the retinal Schiff base bond in the Meta II state. Meta Il
and Meta III decay slowly into opsin and all-trans-retinal by hydrolysis of the Schiff base
allowing photolyzed all-frans-retinal to be released from the retinal binding site. By uptake of
11-cis-retinal into opsin and Schiff base formation the rhodopsin ground state is regenerated

[42].

To understand the photoactivation process and concomitant conformational changes, it was
attempted to obtain crystallographic models of the intermediates. This was possible for Batho,
Lumi and a photoactivated rhodopsin with properties of Meta I1 [66,67,68]. Batho forms on a

picosecond timescale and contains retinal in the all-frans-15-anti configuration with a quite
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distorted polyene chain. No significant conformational change of the opsin moiety in Batho
relative to rhodopsin was found in the crystal structure at 2.6 A resolution [66]. The 2.8 A
crystal structure of Lumi which forms by thermal conversion from Batho on a microsecond
timescale, suggests that the chromophore reaches in Lumi a nearly completely relaxed all-
trans configuration [67]. While the location of the protonated Schiff base did not change, sub-
stantial alterations of nearby residues in the retinal binding pocket (Thr-118, Gly-120, and
Gly-121) occurred. A different orientation of retinal’s -ionone ring towards TM3 and TM4
was observed in Lumi [67] which is in agreement with a movement of the B-ionone ring as

suggested by photoaffinity labeling experiments using 11-cis-3-diazo-4-oxo-retinal [69].

A crystal structure of Meta I is not known, but electron crystallography revealed that Meta I
formation does not involve large rigid-body movements of helices [70]. To obtain a structure
of active Meta II, crystals of rhodopsin were illuminated under conditions where Schiff base
deprotonation, the signature of Meta II, occurred. The structure of this photoactivated rhodop-
sin at 4.2 A resolution does not show large rigid-body movements of the helices but small

changes at the cytoplasmic surface [68].

EPR measurements on spin-labeled rhodopsin mutants showed that upon formation of
Meta Il a 6 A rigid body tilt of the cytoplasmic half of TM6 relative to TM3 out of the helix
bundle occurs [71,72,73]. TM6 movement and concomitant breakage of the “ionic lock™ is
thought to be initiated by displacement of the B-ionone ring during transition of Meta I to
Meta II. Besides changes in the E(D)RY motif, changes in the NPxxY(x)s ¢F motif are neces-
sary to adopt the active receptor conformation as indicated by previous biochemical, muta-
tional and spectroscopic analyses [25,53,71,74,75,76,77,78,79]. Since Meta Il consists of the
subspecies Meta I, and Meta II;, [80,81] with Meta II;, containing a tilted TM6 [72], the crys-
tal structure of photoactivated rhodopsin described above may represent Meta II,, the precur-

sor of the active Meta Il species [72,80].
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Figure 1.5. Photoproducts of rhodopsin

The photoactivation process of rhodopsin is initiated by photon (hv) absorption. Light-induced isom-
erization of 1l-cis-retinal leads to a series of thermo-labile intermediates, constituting the so-called
“photobleaching process”. The intermediates are characterized by their absorption maxima, the
cis/trans configuration of the C;;-C;, bond and anti/syn configuration of the C-N Schiff base (SB) bond
[63,82,83]. Opsin is formed from Meta Il and Meta III by hydrolysis of the SB bond and all-trans-
retinal release. The absorption maxima and time scales of product formation are indicated. Meta I and
Meta Il are in equilibrium. Meta Il consists of the Mlla and MIIb subspecies with MIIb as active
photointermediate [72]. Photointermediates with known crystal structures are boxed.

1.5 Opsin, the ligand-free state of rhodopsin

Ligand-free opsin is the decay product of light-activated rhodopsin and is capable to take up
new 11-cis-retinal to regenerate rhodopsin. In the visual process opsin is produced by disso-
ciation of the phosphorylated Meta II-arrestin complex, hydrolysis of the retinal Schiff base
bond and dephosphorylation of the receptor. The hypothesis of rhodopsin regeneration after
bleaching by light has been suggested early by Hecht [46]. However, the release step of all-
trans-retinal from its binding pocket and the uptake step of new 11-cis- retinal are not clearly

understood yet.
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Opsin has a low activity towards the G protein [84,85,86,87], but the activity is enhanced by
several orders of magnitude when all-trans-retinal is present to form a non-covalent complex
with opsin [88,89,90]. By infrared spectroscopy in vitro on disk membranes it was shown that
opsin exists in a pH-dependent equilibrium of two conformations with a pK, of 4.1 at 30 °C
[91] (Figure 1.6). The infrared difference spectrum between opsin and rhodopsin at low pH is
similar to the difference spectrum between Meta Il and rhodopsin at neutral pH, suggesting
that the low pH form of opsin represents an active opsin conformation (opsin*) similar to
Meta II. Analogous to the equilibrium between opsin* and the inactive opsin conformation,
Meta II is favoured at the expense of its precursor Meta I by low pH. The high pH opsin con-

formation may thus be similar to inactive Meta I.
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Figure 1.6. Infrared spectrum of the active conformation of opsin, opsin*

Infrared difference spectra photoproduct minus dark state is shown. Black line: difference spectrum
Meta 1l minus rhodopsin obtained by light-activation of rhodopsin at pH 4. Grey line: difference spec-
trum opsin/ all-trans-retinal minus rhodopsin at pH 4. The opsin/all-trans-retinal mixture was ob-
tained as decay product of Meta Il. Data taken from Ref. [91].
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Transducin activation by opsin is pH-dependent and most efficient at pH 5 - 6 [92]. It was
shown by mutagenesis studies that the salt bridge between Lys-296 and Glu-113 stabilizes the
inactive state opsin conformation. Removal of either charge by replacing Lys or Glu, respec-
tively, resulted in constitutive activity of the mutants which could be further increased by
lowering pH [92,93]. From proton uptake measurements on the E134Q mutant Glul34 was
suggested as the possible proton acceptor group [94].

1.6 Aim of this thesis

So far crystallographic models of the rhodopsin ground state, inactive early photointermedi-
ates (Batho and Lumi) and photoactivated rhodopsin are known [31,47,66,67,68]. However
the models provide only limited information on the mechanism of rhodopsin activation and
signal transfer to the G protein because no model of an active conformation R* (Meta II) is
available. Crystallization of Meta II is hampered by the fact that Meta II decay due to retinal
release is occurring during the time needed for the crystallization process. Therefore a new
strategy to obtain a crystallographic model of an R* conformation has to be devised. Based on
the fact that opsin exists at low pH in an R*-like conformation, the aim was 1) to crystallize
opsin to possibly get structural insight into the R* conformation and ii) to provide — if possi-
ble — a new GPCR structure template for homology modeling to serve for drug discovery and

design.

Although research in the last decades has contributed much to understanding GPCR activa-
tion, many questions on the activation mechanism and signal transfer to the G protein at the
molecular level remain elusive. The opsin structure solved in this work is close to the confor-

mation of Meta II and will provide information on the following questions:

1. What conformational changes are necessary to adopt the R* conformation?
2. How can active opsin (opsin*) activate transducin (Gt)?

3. How is activation of opsin by all-frans-retinal related or the ligand-free state?
4. How can retinal be released or taken up, respectively?

5. What changes occur in the ligand binding pocket upon retinal binding?



MATERIALS AND METHODS 24

2 MATERIALS AND METHODS

2.1 Materals

2.1.1 Chemicals and consumables

B-D-dodecylmaltoside and B-D-octylglucopyranoside were from Biomol (Hamburg). Chemi-
cals and buffers in highest quality were purchased from Sigma-Aldrich and Fluka. Bovine
serum albumin (BSA) was purchased from Sigma-Aldrich and Roth (Karlsruhe). Sucrose was
from Fluka or Merck (Darmstadt). Crystallization screen kits and all crystallization tools were
purchased from Hampton Research (Laguna Niguel, CA, USA). Bovine eyes were obtained

from a local slaughter house in Germany.
2.1.2 Soft- and hardware

High-quality X-ray diffraction data suitable for structure determination were collected at
beamlines BL14.1 and BL14.2 of the Protein Structure Factory at BESSY (Elektronenspei-
cherring BESSY II, Helmholtz-Zentrum Berlin fiir Materialien und Energie GmbH, Germany)
equipped with MAR-165CCD detectors. Data were processed using the HKL 2000 package
[95], the crystallographic refinement was done using the CCP4 program PHASER [96] and
the Crystallography & NMR System (CNS) program [97]. Electron density maps were inter-
preted and structural models were fitted into the maps using the graphics program COOT
[98], the structure was validated with the programs PROCHECK [99] and WHAT CHECK
[100]. All crystal structure superpositions of C traces were performed using CCP4 program
LSQKAB [101]. All molecular graphics representations were created using PyMol [102]. In
order to investigate general features of GPCRs, multiple sequence alignment and phylogenetic
tree  representations were made using programs ClustW and  PhyML

(http://www.phylogeny.ft/) [37].
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2.1.3 Equipment

Equipment/ Supplier and model
apparatus
Centrifuges Beckman Coulter '™, Avanti ' centrifuge J-25 and J-301

Beckman L-70 Ultracentrifuge
Beckman Optima ™ TLX Ultracentrifuge, 120,000 rpm
(rotor: TLA 100.4)
Eppendorf centrifuge, 5417C
Rotors 8 x 50 ml angle rotor (Beckman JA20)
Incubators Innova "™ 4230, New Brunswick Scientific

Mytron, WBK 200

Sonificator Bandelin electronic, UW 70 type
UV/Vis spectro- Varian CARY Bio 50
photometer

Microscope Leica, Mz125

Glass/glass Wheaton (40 ml)

Potter homogenizer

Photometer Eppendorf biophotometer

2.2 Materials and chemicals

2.2.1 Materials

Crystallization tools (Hampton Research, Laguna Niguel, CA, USA):
Cryoloops (outer diameters 0.5, 0.7 or 1.0 mm), micro-tool set, capillary wax, cryo-protectant
screen kit, Linbro plates, micro bridges, 22 mm siliconized circle cover slides, high vacuum

grease
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2.2.2 Buffers

Milli-Q-purified water was used for buffer preparation. Most solutions were degassed and

filtered through a 0.22 um sterile filter.

Buffers for preparation of rod outer segment (ROS) from bovine retina:

Sucrose buffer 45% sucrose in buffer P

Buffer O 20 mM BTP, 120 mM KCl, 0.2 mM MgCl,, 5 mM DTT,
pH 6.9
Buffer P 41 mM K,;HPO4, 26 mM KH,PO4, 1 mM Mg-Acetate,

0.1 mM EDTA, 1 mM DTT, 0. mM PMSF, 0.1 uM
aprotenin, 5 uM leupeptin, 10 mM glucose, pH 7.0

Buffers for preparation of opsin membranes:

Buffer A 10 mM Na-Phosphate (Na,HPO,4 x 2H,0) pH 7.0,
(Hydroxylamine buffer) 10 mM Hydroxylamine/HCI

Buffer B 10 mM Na-Phosphate (Na,HPO4 x 2H,0) pH 6.5,
(Urea buffer) 5 M Urea

Buffer C 10 mM Na-Phosphate (Na,HPO,4 x 2H,0) pH 6.5,
(BSA buffer) 2% BSA (fatty-acid free)

Buffer D 10 mM Na-Phosphate (Na,HPO4 x 2H,0) pH 6.5,
(Phosphate buffer)

Buffer E 20 mM Bis-Tris-Propane pH 7.5, 130 mM NaCl
(BTP bufter)

Bufter F 20 mM Bis-Tris-Propane pH 7.5,

(10% Sucrose buffer)
Buffer G

130 mM NacCl, 10% sucrose
20 mM Bis-Tris-Propane pH 7.5,
130 mM NaCl, 1% B-D-dodecylmaltoside
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Solubilization buffers of opsin:

Washing buffer: 20 mM Bis-Tris-Propane pH 7.5
Solubilization buffer: 20 mM Bis-Tris-Propane pH 7.5

1- 1.5% B-D-octylglucopyranoside

SDS-PAGE:

During all purification steps SDS-PAGE was performed to check protein purity.

Table 2.1. Buffers for SDS-PAGE

Separating gel buffer:
Stacking gel buffer:

1 x SDS sample solution:

10 x Electrophoresis buffer:

Coomassie staining solution:

Destaining solution:

1.5 M Tris-HC1/ SDS, pH 8.8

0.5 M Tris-HC1/ SDS, pH 6.8

50 mM Tris, 2% (w/v) SDS,

2.5% (v/v) B-mercaptoethanol, 0.01% (w/v) bromo-
phenol blue, 10% (v/v) glycerol

30 g Tris, 144 g Glycerin, 10 g SDS (for 1 liter)

0.2% (w/v) coomassie blue R-250, 5% (v/v) acetic
acid, 25% (v/v) ethanol

5% (v/v) acetic acid, 25% (v/v) ethanol

Table 2.2. SDS-PAGE pipetting scheme

12% Separating | 15%  Separating | Stacking gel
gel gel
Acrylamide/bis (30%) 2.8 ml 3.5ml 0.26 ml
H,O dest. 2.345 ml 1.645 ml 1.22 ml
1.5 M Tris-HCI/SDS, pH 8.8 1.82 ml 0.52 ml
20% Ammonium persulphate 175 ul 5l
TEMED (N,N,N’,N’-Tetra- 1.4 pl
methylethylenediamine 28 ul
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Buffers for crystallization of proteins:

Sample buffer: 20 mM Bis-Tris-Propane pH 7.5,
1% B-D-octylglucopyranoside
Precipitants: 2.8 —3.2 M (NH4)2SOq4
in 0.1 M MES or Na-Acetate pH 6.0

2.3 Methods

2.3.1 Isolation of rod outer segment (ROS) from retina

Under dim red light, rod outer segments were prepared from frozen bovine retinas using a
sucrose gradient procedure as described [103]. 80-100 retinas were mixed with 45% sucrose
in buffer P (41 mM K,HPO,4, 26 mM KH,PO,4, 1 mM Mg-Acetate, 0.1 mM EDTA, 1 mM
DTT, 0.1 mM PMSF, 0.1 uM aprotenin, 5 uM leupeptin, 10 mM glucose, pH 7.0). The sus-
pension was strongly shaken for 2 min and centrifuged for 5 min at 5,000 rpm. The super-
natant was filtrated using cotton gauze, diluted with buffer P (1:1 ratio) and centrifuged for 10
min at 10,000 rpm. The membrane pellet obtained after centrifugation was resuspended in
26% sucrose in buffer P. The membrane suspension was applied onto a discontinuous gradient
(d: 1.11, 1.13 and 1.15 g/ml) to get only a layer of rod outer segments. Hypotonically stripped
disc membranes were obtained by a Ficoll floating procedure similar to the procedure de-
scribed in Ref. [104] except that 2% (w/v) Ficoll instead of 5% was used. This procedure
yielded osmotically intact disc vesicles with a size > 400 nm. Contamination by vesicle ag-
gregates was removed by a 2 um filter (Roth, Karlsruhe, Germany). Membranes were either
kept on ice and used within four days without any loss of activity or stored at -80 °C until use.
Rod outer segments (ROS) were resuspended in buffer O (20 mM BTP, 120 mM KCl, 0.2
mM MgCl,, 5 mM DTT, pH 6.9) containing a protease inhibitor tablet (Roche). The final
rhodopsin concentration was determined from ROS solubilized with buffer F containing 5
mM MgCl, and 1.15% LDAO detergent. An extinction coefficient (€509) of 40.000 Mlem™!

was used for calculation of the rhodopsin concentration from its absorption maximum.
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2.3.2 Opsin preparation

Aliquots of bovine rod outer segments (ROS, ca. 20 mg of rhodopsin) were thawed and re-
suspended in 30 ml ice-cold buffer A (10 mM Na-Phosphate (Na,HPO, x 2H,0) pH 7.0, 10
mM Hydroxylamine/HCI) under dim red light. All centrifugations were performed at 4 °C and
subsequent steps were undertaken on ice. ROS were disrupted by sonification (Bandelin elec-
tronic, UW 70 type) for 10 seconds. After that, buffer A was added up to 100 ml to the ROS
and the suspension was subsequently illuminated by white light for 10 minutes and centri-
fuged at 20,000 rpm for 20 minutes. In the light, the ROS pellet was resuspended with 35 ml
of buffer B (10 mM Na-Phosphate (Na,HPO,4 x 2H,0) pH 6.5, 5 M Urea) and was gently ho-
mogenized using a glass/glass Potter homogenizer. Buffer B was added up to 50 ml to the
homogenized sample and the sample was centrifuged at 20,000 rpm for 20 minutes. The pellet
was washed four times by resuspension with buffer C (10 mM Na-Phosphate (Na,HPO, x
2H,0) pH 6.5, 2% BSA (fat-acid free)) and centrifugation to remove retinal oxime which was
produced by the action of hydroxylamine on all-trans-retinal. The opsin membrane was then
washed four times with buffer D (10 mM Na-Phosphate (Na,HPO4 x 2H,0) pH 6.5). It was
washed one more time with buffer E (20 mM Bis-Tris-Propane pH 7.5, 130 mM NaCl). Opsin
membrane concentration was determined from its absorption spectrum using €0 = 81,200 M
'em™ [84]. Opsin membranes were resuspended in buffer F (20 mM Bis-Tris-Propane pH 7.5,
130 mM NaCl, 1 mM MgCl,, 10% Sucrose) and stored at —80 °C until use.

2.3.3 Crystallization of opsin

Single protein crystals are needed to determine the three-dimensional structure of proteins by
X-ray analysis. There are three kinds of methods to crystallize proteins; hanging-drop vapour
diffusion method, sitting-drop vapour diffusion method and micro-dialysis liquid diffusion
method (Figures. 2.1 and 2.2). One of them, the hanging drop method was usually used to
find the crystallization point of native opsin using crystallization screen kits from Hampton

Research.

Hanging drop and sitting drop method by vapour diffusion
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Hanging drop: 2-5 pl of a protein solution (>1% w/v) are mixed on a circle of siliconized
glass with the same volume of precipitating agents. This glass is then tightly sealed with
grease upside down on a well which contains 1 ml of an appropriate precipitating agent. The
drop is hanging on the glass; therefore, this method is called “hanging drop”. Vapour equilib-
rium will be reached with time. The precipitant concentration in the reservoir and the protein
drop will then be almost the same [105]. The hanging drop method is usually used to screen

the crystallization of proteins.

Hanging drop method Sitting drop method
Crystallization Crystallization
droplet droplet

CO?S"{) / Col\? slip /
i : ; Vapour . :
diffusion
Vapour
diffusion
Microbridge

b b

Reservoir Reservoir

solution solution

Figure 2.1. Protein crystallization: vapour diffusion method

Vapor diffusion is the standard method used for protein crystallization, because of the small volumes
used, easy set-up and possibility to check crystallization. Typically, a hanging or sitting drop contains
a solution of protein plus precipitant at a concentration insufficient to precipitate the protein. The drop
is equilibrated against a larger reservoir of solution containing precipitant or another dehydrating
agent. After sealing, the solution equilibrates to achieve supersaturating concentrations of protein and
thereby induces crystallization in the drop [105,106].

Sitting drop: This method is in general used to get large single protein crystals. 20-30 pl of
concentrated protein solution are usually mixed with reservoir solution and the well is sealed
tightly with a glass cover slip and grease. Then vapour diffusion occurs and the concentration
of precipitating agent on the concave of the bridge and the reservoir will be equilibrated with

time [106].
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Microdialysis by liquid diffusion

Another method to crystallize proteins is microdialysis (Figure 2.2). Zeppezauer et al. first
described microdiffusion cells [107]. The microdiffusion cells, which may contain down to 10
microliters of protein, are made from 30 mm or 50 mm long capillary tubes of Pyrex glass or
Plexiglas. The end of the tubes should have a smooth surface to avoid damage to the dialysis
membrane. To build the microdiffusion cell, a dialysis membrane is attached to the end of the
capillary with a piece of soft, transparent PVC tube. The tube has two feet to hold the mem-
brane off the bottom. The cell is filled with protein solution and put into a scintillation bottle
containing 5 ml reservoir solution. The precipitating agent is diffusing with time through the

semi-permeable membrane into the protein compartment to induce crystallization.

| { | ©

C: Capillary, P: Protein, O: Outer solution,

D: Dialysis membrane, T: Tubing with feet

Figure 2.2. Protein crystallization: liquid diffusion method

This method is also called microdialysis method. Liquid diffusion occurs between the protein solution
in the capillary and the surrounding solution, leading eventually to protein crystallization [107].

The frozen opsin membranes were thawed, resuspended and centrifuged to remove the stor-
age buffer. The membrane pellet was resuspended with solubilization buffer (20 mM Bis-Tris-
Propane pH 7.5, 1 - 1.5% B-D-octylglucopyranoside) and incubated at 4 °C for 2 hours. The
suspension was then centrifuged at 60,000 rpm for 10 minutes to separate solubilized opsin
from the unsolubilized membrane fraction. The concentration of solubilized opsin was deter-
mined from the absorption spectrum using €,50 = 81,200 M'ecm™. Crystallization of opsin was

attempted by the sparse-matrix method [108] by using the crystal screens from Hampton Re-
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search. With these screens, precipitating points of opsin for different precipitating reagents
were obtained. Based on these precipitating points, a systematic crystallization of opsin was
performed by the hanging drop method. Conditions yielding precipitation were chosen for
further optimization of the crystallization conditions. Each hanging drop was prepared on a
siliconized coverslip by mixing equal volumes (2 pl each) of solubilized opsin (5 mg/ml) and

reservoir solution.
2.3.4 Structure determination by X-ray crystallography

The protein structure determination of opsin was performed as summarized in Figure 2.3 us-

ing the molecular replacement method.

Crystallizatin of opsin
|

Y
Data collection
|

Y
Calculation of electron density
"

Y
Interpretation of electron density map

on graphics terminal
|

Y
Model building of opsin molecule
| |
v
Refinement

"
Y

Validation and deposit

in Protein Data Bank

Figure 2.3. Steps in opsin crystal structure determination
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Data collection

After growing crystals which were suitable for X-ray structure analysis, single crystals were
mounted into cryoloops, treated with cryo-protectant consisting of 90% (v/v) reservoir solu-
tion and 10% (w/v) trehalose, and flash-frozen in liquid nitrogen. Diffraction data from native
crystals were collected at low temperature (T = 100 K) in order to prevent rapid damaging of
the crystal by the intense synchrotron X-ray beam. The space group and unit cell constants of

the crystals were then determined from collected diffraction data.

Calculation of electron density map and model building

Initial attempts were performed by molecular replacement as implemented in the program
PHASER [96]. Several sets of coordinates of different rhodopsin structures were selected
from the Protein Data Bank (PDB) as search models (PDB accessions 1U19 [47], IGZM [48]
and 1HZX [109]). Using PHASER, it was first tried to determine the orientation of the search
molecule by calculating the rotation function, then the translation function was calculated to
find the correct position and finally a rigid body refinement was performed to obtain optimal

agreement between the trial solution and the diffraction data (Figure 2.4).

search model

Expt. data (MTZ)
> PHASER 3| Positioned

Search Model
(PDB)

Figure 2.4. Molecular Replacement Scheme

The program PHASER uses experimental data and a known model obtained from the Protein Data
Bank (PDB) to provide solutions to solve the phase problem. The solutions are produced depending on
rotation function Z-score (RFZ) and translation function Z-score (TFZ), e.g. the molecular replace-
ment method can be completely performed at more than 8 of the translation function Z-score.

The program Crystallography & NMR System (CNS) was subsequently used to calculate

initial Molecular Replacement phases and to improve them by electron density modification
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methods [97]. Following density modification, model building of opsin was carried out with

the program COOT [98].

Refinement

After the initial model of opsin was built, it was subjected to several refinement steps using
the software package CCP4 [96]. Each refinement step included electron density calculation
and interpretation, which were necessary to correct or extend the actual structural model. A
special feature of the program CNS is the method of “simulated annealing”, which makes use
of algorithms originally applied in molecular dynamics simulations and consists of a “heat-
ing” step to a nominally extremely high temperature (e.g. T = 2500 K) followed by a slow
cooling sequence and final energy minimization. The advantage of this method over compa-
rable methods implemented in other programs is its remarkably large radius of convergence,
which means that “simulated annealing” allows for unusually big shifts of coordinates leading
to an improvement of the fit of the model to the measured data. The program uses a classical
mechanical force field, which is further extended by adding a so-called “crystallographic”
energy term, which applies a “penalty” proportional to the sum of differences between ob-
served and calculated structure factor amplitudes. The force field parameters are based on the
structures of similar macromolecules or small molecules [110]. After the final refinement, the
geometry of the structural model was checked by comparing bond lengths, bond angles, tor-
sion angles and nonbonding distances with the ideal parameters, which are part of the force
field used during the refinement. Regions of the structural model, which show significant de-
viations from the ideal geometry, were inspected using the program COOT together with the
corresponding electron density maps in order to find out possible errors of the model and to

correct them if possible.

Validation and model deposition

By using the programs WHAT CHECK and PROCHECK program, the model was checked
with regard to e.g. close contacts, bond distances and angles, covalent bond lengths, torsion
angles and chirality between residues or ligands, distance of solvents and missing atoms

[99,100]. Refinement was performed again until possible errors were minimized. The coordi-
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nates obtained from final refinement were deposited in the Protein Data Bank (PDB) with

accessions 3CAP.
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3 RESULTS

3.1 Preparation of opsin

Experiments for protein structure determination by X-ray crystallography and NMR spec-
troscopy require large amounts of protein (> 10 mg). For this purpose, opsin membranes were
prepared from rod outer segment (ROS) disc membranes of bovine retina by using a sucrose
gradient floatation method [88,103]. In the course of membrane preparation, rhodopsin in the
ROS was bleached in the presence of hydroxylamine to hydrolyze the retinal Schiff base bond
and to form retinal oxime (Am.x =362 nm). Retinal oxime was removed subsequently by
washes of the ROS membranes with fatty acid free bovine serum albumin solution. The pre-
pared membranes containing retinal-free opsin were solubilized with 1-1.5% B-D-
octylglucopyranoside in solubilization buffer at 4 °C for 2 hours. After solubilization, pellet
and supernatant were separated by centrifugation at 60,000 rpm for 10 min at 4 °C. The con-
centration of solubilized opsin was determined from the absorption spectrum using €30 =

81,200 M'em™ (Figure 3.1A).

A) B)
1.5-
78.0
78.0 '8
o 663 66.3
o B 42.7
-Q I.
< . __
0.5\ 30.0 - 300
0.0 — — ”
300 400 16.9 16.9
. 12.3
kDa
Wavelength (nm) o . B std kDa

Figure 3.1. Characterization of opsin preparation

A) UVvisible spectrum of solubilized opsin extracted from ROS membranes containing opsin. B) SDS
polyacrylamide electrophoresis (SDS PAGE) of opsin (12% SDS-polyacrylamide gel and staining with
coomassie blue). Lanes 1 and 4, molecular mass standards (Std); lane 2 (A): 10 ul ROS/opsin mem-
branes (ca. 7-10 mg opsin per ml) solubilized with SDS PAGE sample buffer; lane 3 (B): 10 ul [-D-
octylglucopyranoside solubilized and extracted opsin fraction (3 mg ml-1) mainly containing opsin
with an apparent molecular weight around 35 kDa.
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To confirm the extraction of opsin and determination of purity, the supernatants were ana-
lyzed by 12% SDS-polyacrylamide gel electrophoresis (SDS-PAGE; Figure 3.1B). Attempts
to further purify opsin by various chromatographic methods did not yield crystallizable pro-

tein.
3.2 Crystallization of opsin

Initial crystallization conditions of opsin were screened by the sparse-matrix method [108]
using the corresponding crystallization screen kits of Hampton Research. After systematic
screening, the crystallization conditions of opsin were narrowed down to two conditions by
using the hanging drop method. 0.1 M MES buffer or 0.1 M Na-Acetate buffer (pH 5.6 - 6.0)
and ammonium sulphate as precipitating agent yielded reproducibly crystals. Opsin could
only be crystallized by using inorganic precipitants because the aggregation behaviour of op-
sin was stronger in organic precipitants like 2-methyl-2,4-pentanediole, ethylene glycol or
polyethylene glycol.
A) B)

Figure 3.2. Crystals of opsin obtained with the hanging drop method

Opsin was crystallized with 2.9 - 3.2 M (NH,),SO, in 0.1 M MES or Na(OAc) pH 5.6. A) large single
opsin crystal in hanging drop. B) Single opsin crystal containing 10% trehalose as cryoprotectant
mounted in a cryoloop.

The crystals obtained using inorganic precipitants were very unstable at room temperature
and often grew together. Large opsin crystals could be grown by the hanging drop vapour
diffusion method at 277 K using 24-well Linbro plates with 2.8 - 3.2 M ammonium sulphate
as precipitant. The crystals appeared within 3 days and grew further for 5 days (Figure 3.2).
Fully grown crystals had dimensions of 0.1 x 0.1 x 0.2 mm®. Crystals grown within 7 days
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were cryoprotected in 10% trehalose and frozen in liquid nitrogen for data collection using

synchrotron X-ray sources.

3.3 Structural analysis of opsin

3.3.1 Data collection

Diffraction data sets of opsin crystals were collected at the synchrotrons BESSY (Elektronen-
speicherring BESSY II, Helmholtz-Zentrum Berlin fiir Materialien und Energie GmbH, Ger-
many) and ESRF (European Synchrotron Radiation Facility, Grenoble, France). The best data
set (diffraction up to 2.9 A) was collected at 100 K using synchrotron beamline BL 14.2 of the
protein structure factory and Freie Universitdt Berlin at BESSY (Berlin, Germany). The crys-
tal belonged to rhombohedral space group H3, with unit cell dimensions a = 242.92 A, b =
24292 A, ¢ =110.42 A, oo = B = 90°, y= 120°. The asymmetric unit contains two molecules,
corresponding to a crystal volume per protein mass Vy=8.03 A*Da [111], equivalent to a
solvent content of 84.69% by volume. The diffraction image and crystal data collection statis-
tics are shown in Figure 3.3 and Table 3.1. All images were indexed, integrated and scaled

using HKL2000 [95].

Figure 3.3. Diffraction pattern of a single opsin crystal

A) X-ray diffraction image of opsin, collected at T = 100 K at the synchrotron beamline ID29 at ESRF
in Grenoble. The outmost purple circle corresponds to 2.9 A and the rotation range was 0.5°, exposure
time 6 s. B) Close-up view of the red box shown in the image on the left.



RESULTS

39

Table 3.1. Crystal data and data collection statistics of opsin

Data set

BESSY — Beamline BL 14.2
(native crystal)

Wavelength [A] 0.9184

Temperature 100 K

Space group H3

Unit cell parameters: a=242.92 A
b=242.92 A
c=110.42 A

Content of

asymmetric unit
Matthews coefficient
Resolution limits [A]
No. of observations

No. of unique reflections

Completeness [%]

2
Rmerge

I/o(D))

Mean redundancy

a=p=90°y=120°

2 molecules

Vu=28.03 A’Da’!
121.27-2.9 (3.0 -2.9)"
120,046

53,227

99.7 (99.9)

0.056 (0.439)

15.1 (2.0)

23(2.2)

! Values in parentheses belong to the highest resolution shell.

’ Rmerge:z z | ]hkl(j)_<]hkl>

W

|/ 22> (), where < I hkl> is the mean inten-
hkl )

sity and Iy (j) are individual intensity measurements of the reflection (4k/)

3.3.2 Model building and refinement of opsin structure

The molecular replacement method was used to solve the three-dimensional structure of op-

sin. As described in 2.3.4, several structural models of rhodopsin deposited in the PDB (PDB
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accessions 1U19 [47], 1GZM [48] and 1HZX [109]) were used without cytoplasmic and ex-
tracellular regions and without the cytoplasmic half of TM6 (see Figure 3.6 below) for initial
search trials. The initial electron density map of native opsin, which was calculated to 2.9 A
resolution using the density modified molecular replacement phase information, was already
interpretable and used to build a structural model comprising residues Met-1 to Asn-326. Mo-
lecular replacement was achieved using CCP4 program PHASER [96] by first placing the
7TM bundle of a rhodopsin monomer (rotation function Z-score (RFZ) = 3.7; translation
function Z-score (TFZ) = 9.6 as defined in PHASER) followed by a second round (RFZ = 3.9;
TFZ = 21.5). Crystallographic refinement of this model with the program CNS [97], employ-
ing simulated annealing in slow cooling mode starting at 2500 K, followed by conjugate gra-
dient minimization refinement and refinement of individual B-factors resulted in Ryonc =
0.313 and Rgee = 0.394. This step was followed by several rounds of model correction and
model extension based on 2F,-F.- and F,-F.-maps and refinement. The final opsin model,
which contains two monomers in the asymmetric unit, comprises residues Met-1 to Asn-326,
10 water molecules, N-linked oligosaccharides attached to Asn-2 and Asn-15, a palmitoyl
chain at Cys-322 of each opsin molecule, and six B-D-octylglucoside molecules (Figure 3.4).
Additional electron density, which should belong to the twenty-two C-terminal amino acid
residues (Pro-327 - Ala-348) that are missing in the structural model, showed only poor con-
nectivity and was therefore not interpretable (Table 3.2). Coordinates were deposited in the
Protein Data Bank with accession number 3CAP. Structure analysis of opsin was done to-
gether with my peer Patrick Scheerer (Charit¢é — Universitidtsmedizin Berlin, Institut fiir

medizinische Physik und Biophysk) who did the majority of the analysis.
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Table 3.2. Statistics of crystallographic refinement (opsin data see Table 3.1).

Resolution limits in refinement [A] 50.0 -291

No. of protein non-H atoms 5504

No. of atoms / residues

(two monomers per asymmetric unit)

Protein: 5184 /652
Others: 320/30
Carbohydrate residues:

N-Acetyl-D-Glucosamine 112 /8
B-D-Mannose 44/ 4
Palmitoylchains:

Palmitic acid 34/2
Detergent:

B-D-octylglucoside 120/6
No. of solvent molecules (water) 10

No. of reflections used in

Refinement 50,253
Rwork3 22.9
Rfree4 26.8

Average B-factor [A%]:
all atoms 53.7

Ramachandran plot:

residues in

most favoured regions [%] 84.4
additional allowed regions [%] 15.1
generously allowed regions [%] 0.5
outliers [%] 0.0

R.m.s. deviations from parameters

of Engh and Huber (1991; Ref. [110]):

bond lengths [A] 0.008
bond angles [°] 1.067
SRW"”‘ = Z | Fhkl (Obs)_Fhkl (calc)‘ / ZFhkl (0bs)
hid hid

4Rf,ee is the same as R-factor R+« but calculated with 5% of the reflections that were excluded

from refinement.
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3.4 Overall structure of opsin

Like the known structures of bovine [47] and squid rhodopsin [32], the ;- and 3;-adrenergic
receptors [33,36,55] and the A, adenosine receptor [56], the opsin structure shows seven TM
helices followed by a cytoplasmic helix (H8) running along the lipid membrane (Figure 3.4).
In native opsin, H8 is terminated by two palmitoylated Cys residues (Cys-322 and Cys-323).
Interestingly, only one palmitoyl group at Cys-322 could be included into the opsin model.
The lack of the second palmitoyl group may be explained as described by Jackson et al. [112]
by preferred removal of palmitic acid from Cys-323 during treatment with hydroxylamine in
the course of opsin preparation (see Methods 2.3.2). Whereas HS is well ordered, the C-
terminal tail following HS is very flexible and could not be resolved. Also the cytoplasmic
loops (C1 — C3) of opsin and rhodopsin have significantly higher temperature factors (B-
factor) than the TM segments. On the other hand, the extracellular loops and the N-terminus
form a compact extracellular domain, the so-called “retinal plug”[49,113]. The “retinal plug”
consists of two antiparallel -sheets in the N-terminus (strands B1 and 2) and in E2 (strands
B3 and B4). Surprisingly, the compact conformation of the “retinal plug” in the opsin structure
1s similar to that of rhodopsin although there is no chromophore in the retinal binding pocket.

The asymmetric unit shows a crystallographic opsin dimer in which TM1 and H8 form the
dimer interface. Similar dimeric arrangements were found in previous structure determina-
tions from two dimensional and three dimensional rhodopsin crystals [68,114] and rhodopsin
models [115]. Based on atomic force microscopic studies [116], a model with TM4 and TMS5

as interface of a physiological rhodopsin dimer was proposed [116,117,118].

As will be outlined below, opsin shows — relative to rhodopsin — prominent structural changes
in the highly conserved E(D)RY and NPxxY (x)5,6F motifs, in TM5 and TM6, and in the reti-
nal binding pocket which shows openings between TM5 and TM6 and TM1 and TM7, respec-
tively.
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Figure 3.4. Crystal structure of opsin

Two monomers of opsin in the asymmetric unit are shown as cartoon model. Opsin is comprised of
seven transmembrane helices (TM1 - TM7) connected by extracellular (E1—E3) and cytoplasmic
(C1—C3) loops, a cytoplasmic helix (HS; following TM7), two oligosaccharides and a palmitoyl
chain. Ligands are presented as stick models: four oligosaccharides consisting of N-acetyl-D-

glucosamine and [-D-mannose are shown in yellow, six [-D-octylglucoside molecules in green and
two palmitoyl chains in grey. Red dots indicate water molecules. 22 C-terminal amino acid residues

(Pro-327 - Ala-348) are missing in the opsin model.

3.5 Helix movements in low pH opsin

The known GPCR structures are similar to the rhodopsin ground state structure and are
thought to represent inactive GPCR conformations [31,32,33,36,47,48,66,67,68,109]. By en-
gineering metal ion binding sites into rhodopsin linking TM3 and TM6 or by electron para-
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magnetic resonance (EPR) and double electron-electron resonance (DEER) spectroscopy on
spin-labeled rhodopsin, a 6 - 7 A movement of TM6 relative to TM3 was found to accompany

rhododopsin photoactivation [71,73,75,119].

Figure 3.5. TM6 as observed in initial phase of refinement

2F,-F, and F,-F electron density maps contoured at 1.0 o (blue mesh) and 2.0 o (ved mesh), respec-
tively. Red indicates positive different electron density. Electron density maps were calculated using
data to 4.0 4 resolution and initial molecular phases, which were obtained using a truncated rhodop-
sin model (PBD accession 1U19) lacking both extracellular and cytoplasmic regions and the cyto-
plamic half of TM6. The truncated initial model is shown as a green cartoon and the first Ca trace of
the cytoplasmic half of TM6 is shown as a black ribbon model.

A similar large movement of the cytoplasmic half of TM6 is observed in the opsin structure.
Figure 3.5 shows a positive difference electron density map, which was obtained using the

CCP4 program PHASER [96] during initial refinement.

Relative to the rhodopsin ground state, a movement of TMS5 is observed, which occurs be-
sides TM6 movement. A core structure composed of TM1 - TM4, on the other hand, remains
almost unchanged (Figure 3.6). Figure 3.6 shows a superposition of the structures of opsin
and different rhodopsin models.
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Figure 3.6. Structural comparison of opsin and different rhodopsin structures

Each structure is shown as cylindrical helix model. Bovine rhodopsin is shown in magenta (PDB ac-
cession: 1F88; [31]), green (PDB accession: 1U19; [47]), and blue (PDB accession: 1GZM; [48]),
respectively. Squid rhodopsin is shown in grey (PDB accession: 27273, [32]). Opsin is shown in orange
(PDB accession: 3CAP; [120]). Side-view and cytoplasmic view of superposed rhodopsin and opsin
models are shown in left and right panels, respectively

TMS5 of opsin is longer than that of rhodopsin ground state and is elongated by 1.5 to 2.5 he-
lix turns depending on the reference model (Figure 3.6). As a result, loop C3 of opsin is
shorter than that of thodopsin. However, TMS5 and TM6 in the squid rhodopsin structure adopt
longer cytoplasmic helices than bovine opsin because of the larger C3 loop. At the cytoplas-
mic end, TM6 of opsin is tilted outward from the helix bundle by 6 - 7 A with Trp-265 as a
pivot point whereas the movement of helix TM5 toward TM6 is smaller (approx. 2 - 3 A; Fig-
ure 3.6).

In addition, TM7 which is connected to H8 shows a slight helix movement (H8). The rigid
body movements of TMS and TM6 found in opsin are consistent with GPCR activation-
dependent mobility changes of spin labels introduced into C3 of rhodopsin by site-directed
spin labeling [121].

Large helix movements of TM6 relative to the rhodopsin ground state were observed directly
in the crystal structure of opsin or upon light activation of rhodopsin by distance measure-
ments using electron paramagnetic resonance (EPR) spectroscopy [71,73]. Together with the

possibility to convert opsin into an active conformation by low pH as known from FTIR spec-



RESULTS 46

troscopy [91], the structure of opsin obtained under the conditions of crystallization at pH
5.6 - 6 may represent an active GPCR conformation. However, besides TM6 movement addi-
tional features involving the conserved E(D)RY and NPxxY(x)scF regions, which act as

switch regions, are known to indicate activating conformational changes of rhodopsin.

3.6 Changes in E(D)RY and NPxxY (x)s¢F motifs

The Glu(Asp)-Arg-Tyr triad or so-called E(D)RY motif is highly conserved in GPCRs [57].
In the crystal structure of rhodopsin residues Glu-134, Arg-135 and Tyr-136 are located near
the cytoplasmic end of TM3. Arg-135 forms an intrahelical salt bridge with its neighbor Glu-
134 and forms an interhelical salt bridge with Glu-247 on TM6 to stabilize the inactive con-
formation of rhodopsin (Figure 3.7A). These two salt bridges are part of a more extended hy-
drogen bonded network between Glu-134, Arg-135, Glu-247 and Thr-251, the so-called “ionic
lock”, which links the cytoplasmic segments of TM3 and TM6 (Figure 3.7B) [31,47]. In the
course of rhodopsin activation and breakage of the “ionic lock”, proton uptake occurs which

is abolished when Glu-134 is replaced by glutamine [53,72,81,94].

In contrast to rhodopsin, the “ionic lock™ is also broken in opsin due to rearrangement of the
cytoplasmic ends of TM5 and TM6. Both ends are close to each other in opsin and are locked
by two new interactions, a new hydrogen bond between Arg-135 (on TM3) and Tyr-223 (on
TMS5) and a new interhelical salt bridge which is formed between Lys-231 (on TMS5) and Glu-
247 (on TM6; Figure 3.7C). To allow such a rearrangement, Arg-135 is released from Glu-134
and Glu-247, and Tyr-223 flipped over into the helix bundle due to movement of TMS5. More-
over, the conserved Glu-134 rotates toward TM2 and TM4 where it does not interfere with
Arg-135. The movement of TM5 towards TM6 enables stabilization of Arg-135 by Tyr-223
and stabilization of the outward tilted TM6 by the Glu-247/Lys-231 interaction, thus forming
a cytoplasmic TM5/TM6 pair.

In contrast to opsin, the crystal structure of a photoactivated form of rhodopsin shows rela-
tively small helix movements (Figure 3.8) [68]. To obtain a structure of photoactivated
rhodopsin, ground state rhodopsin was crystallized and the crystals were illuminated prior to

diffraction data collection. Retinal isomerization in photoactivated rhodopsin was shown by
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the absorption shift to 380 nm, the absorption maximum of Meta II. The small displacement
of TM6 relative to TM3 in photoactivated rhodopsin has an effect on the “ionic lock”, but
does not disrupt the TM3 — TM6 interaction as in opsin (Figures 3.8 B and C).

In photoactivated rhodopsin, Arg-135 is still stabilized by Glu-134, but Arg-135 on TM3
forms a hydrogen bond with the carbonyl oxygen of Val-250 on TM6. Thus TM3 is still teth-
ered to TM6, however in a weaker interaction as seen in the larger distances of Arg-135 and

its interaction partners (Table 3.3 and Figure 3.8.).

A) Superposition of opsin and rhodopsin

C) Breakage o

in opsin

Figure 3.7. “lonic lock”™ of opsin and rhodopsin

Rhodopsin is shown as green (PDB accession: 1U19; [47]) and opsin as orange (PDB accession:
3CAP; [120]) cartoon and stick model, respectively. A) Cytoplasmic view of the superimposed recep-
tors. B) In rhodopsin (green), Glu-134 and Arg-135 on TM3 form together with Glu-247 and Thr-251
on TM6 an H-bonded network (“‘ionic lock”) tethering TM3 to TM6. C) In opsin (orange), the “ionic
lock” is broken. Instead, new hydrogen bonds are formed between Arg-135 (TM3) and Tyr-223 (TMS),
and Glu-247 (TM6) and Lys-231 (TM5), respectively.
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A) Superposition of opsin and R*
__T_M4

C) Two new interactions
inopsin

Figure 3.8. “lonic lock™ of opsin and photoactivated rhodopsin

Photoactivated rhodopsin is shown as cyan (PDB accession: 2137; [68]) and opsin as orange (PDB
accession: 3CAP; [120]) cartoon and stick model, respectively. A) Cytoplasmic view of the superim-
posed receptors. B) In photoactivated rhodopsin, the “ionic lock” observed in dark state rhodopsin is
replaced by a weak interaction of Arg-135 (on TM3) with carbonyl oxygen of Val-250 (on TM6). C)
New side chain interactions in opsin (orange) enabled by the broken “ionic lock™ are shown in com-
parison to photoactivated rhodopsin (cyan), which shows an arrangement of TM3, TM5 and TM6
similar to ground state rhodopsin.

Besides bovine rhodopsin, the ground state of squid rhodopsin, which contains an Asp-Arg-
Tyr sequence in its E(D)RY motif, shows an “ionic lock”. The distances of the central Arg
residues to its Asp and Glu interaction partners on TM3 and TM6, respectively, are similar to

the distances in bovine rhodopsin (Table 3.3).
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Table 3.3. “Ionic lock” in four different structures of rhodopsin and opsin

Inactive bovine rhodopsin

(PDB accession: 1U19)

Photoactivated bovine rhodopsin

(PDB accession: 2137)

Atoms Distance Atoms Distance
(A) (A)
Glul34 | O°' | Argl35 | NH2 2.85 Glul34 | O* | Argl35 | NH2 3.46
Argl35 | NH1 | Glu247 | O*! 2.73 Argl35 | NHI | Glu247 | O 4.12
Thr251 | O" | Argl35 | NHI1 2.57 Argl35 | NH1 | Val250 o 3.37
Thr251 | O" | Argl35 | NHI1 4.02
Bovine opsin Squid rhodopsin

(PDB accession: 3CAP) (PDB accession: 2Z73)
Atoms Distance Atoms Distance
A) (A)
Glul34 | O | Argl35 | NH2 8.69 | Aspl132| O | Argl33 | NH2 2.70
Argl35 | NH1 | Tyr223 (0] 2.86 Argl33 | NHI | Glu256 | O 2.80
Glu247 | O® | Lys231 | N°© 2.55 Argl33 | NH2 | Glu256 | O 3.10

TM movements in opsin relative to the rhodopsin ground state also lead to changes in the

arrangement of cytoplasmic loops (especially of loop C3) as seen in a superposition of both

structures in Figure 3.9A. When the models of rhodopsin (Figure 3.9B) and opsin (Figure

3.9C) in surface representation are compared, a large crevice in the cytoplasmic domain of

opsin becomes obvious. This opening or “blossoming” of the receptor may be a prerequisite

for binding of the G protein to the active receptor state. The crevice which contains Arg-135

at its floor could be the binding site for the C-terminus of the Ga subunit as previously pro-

posed from binding assays [122,123,124]. Further, residues in loops C2 and C3 are important

to enable coupling to the G protein [123,125,126]. By the significant rearrangement of loop

C3 due to helix movement of TMS5 and TM6, some residues in C3 are exposed, i.e. Leu-226,

Phe-228 and Thr-229 on TMS5, Ser-240 in C3, and Thr-242, Thr-243 and Met-253 on TM6

[127].
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Figure 3.9. Arrangement of cytoplasmic loops in inactive rhodopsin and opsin

A) Rhodopsin (green; PDB accession: 1U19; [47]) and opsin (orange; PDB accession: 3CAP; [120])
are superimposed as cylindrical cartoon models, respectively, with view from the cytoplasm to illus-
trate the arrangement of loops C1 — C3. B) Cytoplasmic view of inactive rhodopsin shown in surface
representation with loops C1 — C3 highlighted in different green colors. C) Cytoplasmic view of opsin
shown in surface representation with loops C1 — C3 highlighted in different orange colors. Helix HS is
shown in red. The large groove observed only in opsin contains Arg-135 (shown in blue) at its floor.

Besides the E(D)RY motif, most GPCRs contain the NPxxY motif in TM7 or an
NPxxY(x)s ¢F motif, with the additional Phe residue in H8 (see Figure 1.2). The NPxxY (x)s¢F
motif was identified — like the E(D)RY motif — to be an important element for the interaction
of activated GPCR and G protein [77,128]. Biochemical and biophysical studies indicated that
a structural rearrangement of the NPxxY(x)scF motif occurs upon receptor activation
[77,129,130]. As seen in Figure 3.10, a large structural change of the NPxxY(x)s¢F motif is
also found in the opsin structure. In rhodopsin an interaction between the aromatic side chains
of Tyr-306 and Phe-313 is observed. This interaction is broken in the opsin structure because
of the TMG tilt outward of the helix bundle, allowing the Tyr-306 side chain to rotate into the
helix bundle. Tyr-306 thereby blocks TM6 from moving back toward TM3 to adopt an inac-

tive conformation corresponding to the rhodopsin ground state (Figure 3.10B).



RESULTS 51

Figure 3.10. Structural changes in the NPxxY(x)s ¢F region of rhodopsin vs. opsin

A, B) Cytoplasmic views of rhodopsin and opsin shown as green and orange cartoon models, respec-
tively. The side chains of the NPxxY(x)s ¢F residues Tyr-306 and Phe-313 are shown as stick models.
A) Close-up view of Tyr-306 and Phe-313 with electron density map. In opsin, the electrostatic inter-
action between Tyr-306 and Phe-313 is broken and Tyr-306 is rotated inside the helix bundle to stabi-
lize TM6 in its outward position. Yellow arrows indicate structural changes of TM6 and the side chain
of Tyr-306 in rhodopsin vs. opsin.

3.7 Alterations in the retinal binding site

A comparison of the rhodopsin and opsin structures shows three main alterations in the reti-
nal binding pocket around the Schiff base, the C19 methyl group of retinal and the B-ionone
ring of retinal (Figure 3.11). A salt bridge between Glu-113 and the protonated Schiff base
(Lys-296) is observed in rhodopsin. This salt bridge breaks in the course of rhodopsin activa-
tion [131]. Similarly, Glu-113 and Lys-296 are thought to form a salt bridge in opsin to con-
strain the inactive receptor conformation. Removal of either charge consequently causes con-

stitutive activity of the receptor, i.e. enhanced activity in the absence of an activating ligand
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[92,132,133]. Breakage of the salt bridge in such opsin mutants caused changes of the helix
bundle at the cytoplasmic surface as observed by electron paramagnetic resonance spectros-
copy [132]. The opsin crystal structure also shows a broken salt bridge in the retinal binding
pocket. The side chain of Lys-296 appears to be very flexible and not stabilized by the counte-
rion or possible water clusters. The distance between the counterion (Glu-113) and the e-
amino group of Lys-296 increased to ca. 6.5 A in the opsin model. Interestingly, Glu-181 is
moved toward Lys-296 by ca. 4.0 A, whereas Glu-181 in rhodopsin is positioned 7.1 A away
from Lys-296 (see Table 3.4).

Table 3.4. Distances between Lys-296 and Glu-113 or Glu-181 in rhodopsin and opsin

Lys-296 (rhodopsin ground state/ opsin)
Glu-113 3.45/6.50 A
Glu-181 7.14/397 A

The bulky side chain of Phe-293 adjacent to the Schiff base is rotated away from the helix
bundle, thereby giving access to the retinal binding pocket (see below). Further, Tyr-191,
which is part of the “retinal plug” and in rhodopsin close to the C19 methyl group of retinal,
shows a rotamer change in opsin and is shifted backward. In rhodopsin, the C20 methyl
group, which is attached to C13, interacts with Trp-265 and contributes to the twist around the
C11-C12 bond. The orientation of the B-ionone ring is locked in rhodopsin in a set of hydro-
phobic residues comprising Phe-212, Phe-261 and Trp-265 [47]. In opsin, the two bulky hy-
drophobic residues Phe-261 and Trp-265 (on TM6) are moved due to the outward tilt of TM6.
The side chains are shifted towards the position which is occupied in rhodopsin by the -

ionone ring.

The structures of Lumi and a late photoactivated rhodopsin state have been reported. Unfor-
tunately the crystallographic model of photoactivated rhodopsin, which was obtained from
illuminated rhodopsin crystals showing spectral characteristics of an active Meta II state, does
not contain retinal due to the poor resolution of the structure. In Figure 3.12 superpositions of
rhodopsin, opsin, photoactivated rhodopsin and Lumi structures are presented [47,67,68,120].

Both, the Lumi structure and the structure of photoactivated rhodopsin do not show gross
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structural features indicative for an active conformation. However, small alterations in the
position of side chains of hydrophobic Met-207 and Trp-265 residues adjacent to the B-ionone
ring are observed in Lumi. Compared with rhodopsin, photoactivated rhodopsin shows small
rotamer and backbone changes in the retinal binding site, i.e. for residues Glu-113, Glu-181,

Tyr-191, Met-207, Phe-212, Trp-265 and Phe-261.

Figure 3.11. Retinal binding pocket in rhodopsin and opsin

A) Superposition of rhodopsin (green) and opsin (orange) structures, presented as cartoon models. B)
Close-up view of retinal binding pocket. Amino acid residues are shown as stick model whereas retinal
is shown as red ball and stick model. Blue arrows indicate change of position of residues in rhodopsin
Vvs. opsin.



RESULTS 54

J.[. Phe293 7 Ph8261

)

B) .

) '&(/{ \f | * . N—
_ ;’ \

£ C!

ut8l g

b

"V Phe293
(J

T

Figure 3.12. Retinal binding pocket in rhodopsin, lumirhodopsin and opsin

A) Superposition of rhodopsin (green; [47]), lumirhodopsin (Lumi, cyan; [67]) and opsin (orange;
[120]) crystal structures (shown as cartoon model); residues close to retinal are in stick representa-
tion. B) Superposition of rhodopsin (green, [47]), photoactivated rhodopsin (yellow; retinal not re-

solved; [68]) and opsin (orange; [120]). Retinal is shown as ball and stick model. Blue arrows indi-
cate structural changes of amino acid side chains.
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3.8 Two openings of retinal binding pocket

In contrast to all other known rhodopsin crystal structures, the opsin structure reveals two
openings of the retinal binding pocket (Figures 3.13 - 3.15). The openings are located in the
extracellular half of TM1/TM7 and TM5/TM6, respectively. The opening is made possible by
structural changes of membrane-facing hydrophobic residues. In addition, helix movements
are observed at the cytoplasmic ends of TM5, TM6 and TM7 as shown in Figure 3.6. Four
proline residues, Pro-215, Pro-267, Pro-291 and Pro-303, which are located in transmembrane
helices, are highly conserved in class A GPCRs. Interestingly, three proline residues except
Pro-303 are located in or adjacent to the two openings of the retinal binding site, indicating a

role in the opening process.

Figure 3.13. Proline residues in transmembrane
helices of opsin

The opsin structure is presented as cartoon model.
Highly conserved proline residues Pro-267 on TM6;
Pro-291 on TM7 and Pro-303 on TM7 are shown as
stick model. Black dotted circles indicate position
of two openings of the retinal binding site.

Figure 3.14 shows a comparison of surface models of rhodopsin and opsin viewing TM1
(shown in cyan) and TM7 (shown in blue). In opsin an opening is seen, which is formed by
rearrangement of Leu-40 and Tyr-43 on TM1, Met-183 in loop E2, Thr-289, Ile-290, Phe-293
and Phe-294 on TM7 (Figure 3.14C). Two residues, Phe-293 and Phe-294, show significant
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rotamer changes and small backbone movements to induce the formation of the opening in

opsin.

Figure 3.14. Opening of the retinal binding site between TMI and TM7

Surtace models of A) rhadopsin and B} opsin. In opsin an opening of the retinal hinding site (presented ay green
surface) is observed between TMI (evan) and TM7 (blue): HE is shown in red. C) Close-up view of opening,
superposition of vhodopsin and opsin; side chains arve shown as magenta (rhodopsin) and orange (opsin) stick
models, respectively. 11-cis-retinal is shown as red sphere model. Yellow arrows indicate struciural changes

af aming acid residues,
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A second opening of the retinal binding site in opsin is observed between TM5 and TM6, the
two helices which show largest helix movements when opsin and rhodopsin structures are
compared (Figure 3.15). Small backbone movements of Val-204, Ile-205 on TMS5 and Phe-
273 on TM6, different side chain orientations of Phe-208, Phe-212 on TMS5 and Phe-276 on
TM6 enable formation of the opening (Figure 3.14C). Interestingly, a weak hydrogen bond
between Glu-201 on TMS and GIn-279 in loop E3 observed in rthodopsin is broken in opsin.
Breakage of the Glu-201 / GIn-279 hydrogen bond likely is concomitant with formation of the

second opening.

Figure 3.15. Opening of the retinal binding site between TM6 and TM5

Surface models of A) rhodopsin [47] and B) opsin [120]. The second opening of the retinal binding
site in opsin is observed between TM5 (forest green) and TM6 (green) and shown as orange surface
representation. C) Close-up view of opening, superposition of rhodopsin and opsin, amino acid side
chains are shown as magenta (rhodopsin) and orange (opsin) stick models, respectively. 11-cis-retinal
is shown as red sphere model. Side chains of Glu-201 and Gin-279 in opsin are shown as red and blue
stick model, respectively.
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4 DISCUSSION

The crystal structure of rhodopsin solved in the year 2000 by Palczewski and colleagues
represents a hallmark in GPCR research. The last two years now revealed several new GPCR
structures including that of the ligand-free GPCR opsin presented in this work. Among the
known rhodopsin crystal structures are: 1) dark state rhodopsin (PDB accessions: 1F88; [31],
1GZM; [48], 1U19; [47]), i1) bathorhodopsin (Batho, PDB accession: 2G87; [66]) lumirho-
dopsin (Lumi; PDB accession: 2HPY; [67]), a photoactivated rhodopsin state (PDB accession:
2137; [68]) and opsin (PDB accessions: 3CAP; [120] and 3DQB; [134]). First insight into the
Meta I state was provided by low resolution electron crystallography (EMD accession: EMD-
1079; [70]). Further, the high resolution structures of squid rhodopsin (PDB accession: 2773;
[32]), the B1-AR (PDB accession: 2VT4; [33]), the B2-AR (PDB accession: 2RH1; [36]) and
the A,a adenosine receptor (PDB accession: 3EML; [56]) have been solved.

All GPCR structures show the same overall fold with little differences in TM helix arrange-
ment. Small variations are seen as receptor specific features. Among the different receptor
conformations observed in these structures, the difference between rhodopsin and opsin is the
largest. This is expressed in TM6/TMS5 helix motion, breakage of the “ionic lock™ between
TM3 (E(D)RY motif) and TM6, breakage of the electrostatic interaction between Tyr-306 and
Phe-313 (NPxxY(x)s¢F motif), and reorganization of some amino acid side chains in the reti-
nal binding pocket. An explanation might be that rhodopsin represents a maximally inacti-
vated GPCR, whereas the opsin structure might be close to an active conformation as in

Meta II. There are several lines of evidence which justify this view.
4.1 Evidence for an active opsin® conformation

1) The active conformation of metarhodopsin and opsin is dependent on pH and the lipid

environment

Detergent and low pH are known to facilitate formation of the active Meta II conformation,

whereas rhodopsin and opsin in the native membrane are inactive under physiological condi-
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tions [81,87]. However, in the native membrane, low pH can force proton uptake by opsin and
thus formation of a state which shows a FTIR spectroscopic signature that is comparable to
active Meta II [91]. The spectroscopic results argue for a similar conformation of Meta II and
ligand-free active opsin (opsin*), which is forming in disk membranes with a pK, of ca. 4. In
agreement with this observation, the E134Q opsin mutant showed increased activity towards
the G protein, suggesting that removal of the negative charge at Glu-134, e.g. by protonation,
facilitates formation of the active receptor conformation [91,92,135]. In rhodopsin, the energy
which is provided by photon absorption and used for retinal cis/frans isomerization shifts the
pK., for proton uptake and formation of the Meta II conformation to higher values compared

with formation of the opsin* conformation [136,137].
2) Meta II and opsin* show a movement of TM6 at the cytoplasmic surface

Multiple lines of evidence show that TM6 motion relative to TM3 is decisive for forming the
active receptor conformation. The restriction of the movement of TM6 relative to TM3 by
engineered disulfide bridges [71] or Zn*" binding sites and Zn*" chelation [75] abolished
transducin activation. The tilt movement of TM6 outward of the helix bundle upon light-
induced rhodopsin activation was confirmed by EPR [71,73,119] and fluorescence spectros-
copy [138]. Recent EPR spectroscopic data using the DEER method identified a movement of
TM6 by 5-6 A [73]. These changes of the 7TM bundle due to receptor activation — and initi-
ated in the retinal binding site — indicate an opening or ‘blossoming’ of the GPCR [139]. Such
a blossomed receptor is also seen in the structure of the ‘blossomed’ opsin* molecule (see

Figure 3.9). The cytoplasmic part of opsin* and Meta II may thus be very similar.
3) Changes in microdomains containing the E(D)RY and NPxxY(x)ssF motifs

The role of the active cytoplasmic conformation of Meta II in catalyzing nucleotide exchange
in the Ga subunit was investigated by peptide competition experiments [124], mutagenesis
[94,126,135,140,141,142], and biochemical assays [143]. These studies showed that some key
residues (e.g. Glu-134 and Arg-135 on TM3) in the cytoplasmic surface are important for G
protein interaction. The disruption of the intrahelical salt bridge between Glu-134 and Arg-
135 (the charge pair in the conserved E(D)RY motif in TM3) altered receptor-catalyzed GDP
release from the G protein [86]. The residues of the E(D)RY motif are part of an extended
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3.50

hydrogen bonding network known as “ionic lock”, which stabilizes TM3 (Arg™~", Ballesteros-

Weinstein numbering) and TM6 (Glu®*

) in the inactive ground state of rhodopsin (Figure
4.1). Arg-135 does not only form an intrahelical salt bridge to Glu-134, it also forms interac-
tions with Glu-247 and Thr-251 (in TM6) [31,32,47] (Figures 4.1A, B, D and E). These inter-

actions are broken when TM3 and TM6 separate upon receptor activation.

In the B,-AR, conformational changes of the “ionic lock” during activation of the receptor by
agonists have been demonstrated by fluorescence spectroscopic studies [144]. The data are in
agreement with a broken “ionic lock™ as seen in the opsin structure. However, the structures
of P-adrenergic receptors and adenosine receptor in their ligand-bound state (antagonist
cyanopindolol, B;-AR; partial inverse agonist carazolol, B,-AR; antagonist ZM-241,385, Aja-
adenosine receptor) show — relative to inactive rhodopsin and active opsin* — only a partially

330 and

broken “ionic lock”. The distance between TM3 and TM6 and thus between Arg
Glu®? is increased. Glu®° (the equivalent to Glu-247 of opsin) is completely released from
Arg>, but the intrahelical interaction between Glu®** and Arg™*° of the E(D)RY muotif is still
intact (Figure 4.1). The partially broken “ionic lock™ facilitates further TM6 motion and may
explain why the antagonist-bound GPCRs (B;-AR, B,-AR and A,s-adenosine receptor) dis-
play some basal activity but do not feature the completely active conformation of the recep-

tors [55]. In contrast, rhodopsin ground state structures (bovine and squid) show the full

“ionic lock” which firmly stabilizes the inactive receptor state (Figure 4.1, see table 3.3).

Previous mutagenesis, fluorescence and EPR studies [71,72,73,86,135,144] suggested that
the disruption of the “ionic lock™ as observed in the opsin* structure is induced by a rotational
and translational movement of TM6. The opsin™® crystal structure revealed that due to TM6
and TM5 movement the “ionic lock™ residues can engage in new interactions, i.e. between
Arg-135 in TM3 and Tyr-223 in TMS (Argl35-Tyr223), and Lys-231 in TM5 and Glu-247 in
TM6 (Lys-231 & Glu-247) (see Figures 3.7, 3.8 and 4.1A, B, D and E). The breakage of the
“tonic lock™ accompanied with helix movement leads to rearrangement of the cytoplasmic
loops to form a large cytoplasmic crevice where the G protein can bind for catalytic nucleo-
tide exchange. Importantly, the key residue Arg-135 (Arg’”’) stabilized by Tyr-223 (Tyr’~*)

can now display a new role in interaction with the G protein (see below).
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Figure 4.1. Comparison of GPCR microdomains containing the E(D)RY and NPxxY(x)ssF
motifs

The conserved E(D)RY and NPxxY(x)ssF motifs are part of two functional microdomains. Various
rhodopsin states (top) and different GPCR structures (bottom) are compared. Structures are presented
as cartoon and stick model, respectively. Superpositions based on C, traces were performed using
CCP4 program LSQKAB [101]. The superposition shows rhodopsin ground state (green), photoacti-
vated rhodopsin (cyan), squid rhodopsin ground state (magenta), opsin (orange), Bi-AR (grey), B-AR
(vellow) and A,+adenosine receptor (deep blue), respectively. A), B), D) and E) indicate superposi-
tions of the “ionic lock” microdomain including the E(D)RY motif. C) and F) show a comparison of
the NPxxY(x)ssF microdomain. Residues are numbered according to Ballesteros and Weinstein to fa-
cilitate the comparison of data obtained from different GPCRs [1]. In this system, two numbers (resi-
due ™) denote the location of each residue. The first number (x) denotes the TM helix. The second
number (y) gives the position of the residue relative to the most highly conserved residue in that TM
helix. The most highly conserved residue is given the number 50, e.g. Asn"’, Asp™’, Arg®”’, Trp*”’,
Pro>*° Pro®’ and Pro”’; y decreases towards the N terminus and increases towards the C terminus.

Like the E(D)RY motif, the NPxxY(x)ssF motif is part of a functional microdomain. In the
rhodospin ground state, and analogously in other GPCR structures, Asn-302 (Asn’*’ in TM7)
forms a hydrogen bonding network with Asn-55 (Asn'"’) and Asp-83 (Asp>") in the protein
interior whereas in the cytoplasmic domain Tyr-306 (Tyr’>?) and Phe-313 (Phe”®’; on cyto-
plasmic helix 8) are tethered by electrostatic interactions (Figures 4.1C and F). FTIR spectro-

scopic studies have suggested that Asp-83 (Asp”>°

) is protonated in Meta II and that with
Meta II formation a change of the hydrogen bonding network between Asn-55, Asp-83 and
Asn-302 occurs (Figure 4.2A) [31,47,142,145,146]. The network includes water molecules
used to link the TMs. In the known GPCR structures, water clusters were identified which
extend from the ligand binding pocket to the cytoplasmic surface of TMs [147]. Waters are
often bound to highly conserved residues (Asn'"’, Asp*™°, Asn”*’ and Tyr**) and are part of
functionally important microswitches/ microdomains (the “toggle switch” which enables to

modulate the bend angle of TM6 around highly conserved proline [54,148,149] and the
NPxxY(x)s¢F motif; Figures 4.2A and B, see also Figure 4.6).

The NPxxY(x)s¢F microdomain is an important element for the catalytic interaction between
activated GPCR and G protein [77,130,150]. Fritze et al. have reported that disruption of the

733 and Phe™® by mutagenesis facilitated formation of

electrostatic interaction between Tyr
active Meta II [77]. Consistent with biochemical and biophysical studies of the Meta II state
[77,129,130], the Tyr7'5 3 and Phe”® interaction is broken in opsin* as shown in Figure 3.10.
The side chain of Tyr-306 is rotated towards TM6 in opsin*, whereas all other GPCR struc-

tures (squid rhodopsin, inactive form; B;-AR, B,-AR and Aja-adenosine receptor, all three
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7.53 and

represent partially activated forms) maintain the electrostatic interaction between Tyr

Phe” (Figures 4.1C and F).

Figure 4.2. Interhelical interaction mediated by water molecules in rhodopsin and opsin

A) Superposition of crystallographic models of rhodopsin (green) and opsin* (orange). Water mole-
cules (WAT) of a water cluster found in the rhodopsin structure (PDB accession 1U19) are presented
as cyan spheres [47]. Dotted lines indicate hydrogen bonding interaction between amino acid residues
and water molecules. Yellow arrows indicate conformational changes of amino acid residues. B) In-
terhelical interactions between TM1, TM2 and TM7. Black arrow indicates electrostatic interaction
between Tyr-306 and Phe-313.

The question arises why Tyr-306 shows a rotamer change toward TM6 in opsin*. According
to the opsin* structure, the Tyr-306 side chain rotates in opsin* into a space opened by TM6
movement and stabilizes TM6 in the outward position. Changes in the TM6/TM7 interface
upon rhodopsin activation was also suggested by a mutagenesis study [151]. A specific inter-
helical interaction between TM6 (Met-257) and TM7 was concluded from activity changes in
opsin mutants where Met-257 was replaced by 18 different amino acids [151]. Most of the
opsin mutants displayed constitutive activity, which was largest for the M257Y mutant. Han et
al. suggested that Met-257 might act as an interaction partner for a residue in the
NPxxY(x)ssF motif to stabilize the inactive rhodopsin conformation by preventing TM6
movement. The suggested interhelical interaction was not found in the high-resolution
rhodopsin structure. However an interhelical interaction between the cytoplasmic end of TM 1
(Thr-62), TM2 (Asn-73) and TM7 (Tyr-306) mediated by a water molecule was observed as a
hydrogen bonding network (Figure 4.2B) [47]. The structural change of Tyr-306 (as part of
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the NPxxY(x)sF microdomain) between rhodopsin and opsin* not only causes breakage of
the electrostatic interaction between TM7 and TMS, but also removes the cytoplasmic inter-
helical interaction between TM1 (Thr-62) and TM2 (Asn-73). The opsin* structure therefore
shows small helix motions of TM7 and H8. Recent precise double electron-electron resonance
(DEER) distance measurements on light-activated rhodopsin in detergent solution has con-
firmed the TM6 helix motion paradigm and has also identified smaller relative motions of

TMI1, TM7 and the C-terminal domain [73].

The Tyr-306 side chain probably flips over in opsin* to interact with Met-257 in a hydrogen-
bonded interaction, which may be mediated by a water molecule (Figures 4.3B and C). Evi-
dence for such a water molecule comes from the structure of the complex between opsin* and
a peptide derived from the G C terminus (GaCT peptide) [120,134] (see also Appendix),
showing a water molecule, which is coordinated to Asn-302 in the vicinity of Met-257 and
Tyr-306 (Figure 4.3D). In inactive rhodopsin, a water molecule is coordinated with Met-257
in TM6 and Tyr-301 and Asn-302 in TM7 (Figures 4.2A and 4.6A) [47,134]. In the op-
sin**GaCT peptide complex structure, the water molecule appears to be released from Tyr-
301 and shifted slightly closer towards the cytoplasmic surface. In opsin®*, this water molecule
could — as part of the new TM6/TM7 network — contribute to stabilization of the blossomed

cytoplasmic surface.

Based on several lines of evidence as outlined above, the rotational change of the Tyr-306
side chain in opsin* — and likely Meta II — may induce a stabilizing interaction between TM6
(Met-257) and TM7 (Tyr-306). This stabilization depends on the rearrangement of a water
molecule needed for mediating the Met-257/Tyr-306 interaction. Thereby, Tyr-306 can act as
a blocker to prevent TM6 from moving back toward TM3 to adopt the inactive conformation

of rhodopsin.
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Figure 4.3. Role of Tyr-306 and constitutive activity due to Met-257 mutation

Role of Tyr-306 in opsin* derived from crystallographic models of rhodopsin and opsin*. A) Superpo-
sition of rhodopsin ground state (green) and opsin*® (orange). Yellow arrows indicate structural
changes between rhodopsin and opsin*. The side chain of Tyr-306, which is rotated toward TM6 in
opsin* would overlap with Met-257 in rhodopsin. Therefore, the Met-257 side chain in opsin* is
shifted away from Tyr-306 due to TM6 movement. B) Putative interhelical hydrogen bond interaction
between TM6 (Met-257) and TM7 (Asn-302 and Tyr-306). The interaction may be mediated by a water
molecule which is coordinated with Met-257, Asn-302 and Tyr-300, respectively. C) A possible struc-
tural interpretation of the large constitutive activity of the M257Y opsin mutant. In this mutant, Tyr-
257 and Tyr-306 in opsin™® may form a new electrostatic interaction, stabilizing Tyr-306 in addition to
the putative hydrogen bonded network. Thereby the M257Y opsin mutant would stabilize TM6 in the
outward position and block TM6 from moving back toward TM3 to adopt the inactive conformation
corresponding to the rhodopsin ground state. D) A water molecule coordinated to Asn-302 is observed
in the complex between opsin® and a C-terminal Go-derived peptide (magenta; PDB: 3DOB). The
crystal structure of opsin* (orange, PDB: 3CAP) is superimposed. This water molecule indicates a
possible hydrogen bonding interaction between Met-257, Asn-302 and Tyr-306.
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4) Conformational similarity between opsin* and opsin**G,aCT peptide complex

Previous protein-protein interaction studies identified Meta II as interaction partner for trans-
ducin and fragments thereof [72,86,123,134,152,153,154,155]. As key Meta II binding site on
the G protein, the C-terminus of the Gia subunit was found [153,154,156,157]. Biochemical,
biophysical and mutagenesis studies [158] provided evidence that the Gia C terminus might
bind into the cytoplasmic crevice of the ‘blossomed’ opsin* (Figure 3.9). The precise type of
binding was recently shown by a crystal structure obtained from co-crystallization of the
G CT peptide (a synthetic 11mer peptide derived from the C-terminus of Gia) and opsin
[134] (see also the Appendix). Importantly, the conformation of opsin in the opsin*GaCT
peptide complex structure is similar to that of native opsin®*, except for the peptide binding
site (see Figure 7.2). Amino acid side chains of opsin, which are associated with the synthetic
11mer peptide, show some rearrangements relative to unliganded opsin*. The main binding
modes between opsin* and the G,aCT peptide (as part of the C-terminal a5 helix of Gia) are
hydrophobic contacts between side chains and hydrogen bonds from main chain carbonyl
oxygens of the peptide. A hydrogen bonding network is formed between Arg-135 of opsin*
(on TM3) and Cys-347 of G (on helix a5), and between GIn-312 of opsin* (in the
NPxxY(x)s6F motif) and Lys-345 of Gia (on helix a5). The structure of the cytoplasmic do-
main of opsin* may thus be seen as active conformation similar to the active cytoplasmic con-
formation of Meta Il. Interestingly, the active cytoplasmic domain experiences only small

changes when the G;aCT peptide binds.
4.2 Constitutively active mutants of rhodopsin

To date, many mutagenesis studies on rhodopsin have been performed to find out what resi-
dues are critical for G protein activation. The trials are very important for elucidating of acti-
vation process as well as finding out a cause of rhodopsin related disease. The first mutation
in rthodopsin (K296E) causing constitutive activity, i.e. retinal-independent activity of opsin,
has been suggested by Keen et al. in 1991 [159]. Since then many more mutations leading to
the same phenotype have been reported (see Table 4.1). Mutations which cause high constitu-
tive activity include mutations affecting inactivating constraints in the receptor like the salt

bridge between Glu-113 and Lys-296 and interactions in the “ionic lock”. Similarly, mutations
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of Met-257 interfere as outlined above with TM6/TM?7 packing of the inactive receptor con-

formation.

Constitutive activity by disruption of the salt bridge between Lys-296 and Glu-113

Cohen and co-workers reported that at pH 6.1 wild-type opsin displayed, when compared
with Meta II, a small activity towards transducin [135]. Mutagenesis studies of two residues
(Glu-113 and Lys-296) showed a strongly increased, pH-dependent constitutive activity of
opsin when one interaction partner of the Lys-296/Glu-113 salt bridge was removed (Table
4.1) [92,93,135,159,160]. In contrast to the E113Q or K296G mutants, the K296R opsin mu-
tant was inactive like wild-type opsin at pH 6.7 [92,93,135]. Therefore disruption of the salt
bridge between Lys-296 (or Arg-296 in the K296R mutant) and the counterion Glu-113 ap-
pears to be decisive for forming the active conformation. In the (active) opsin* structure, cor-
responding alterations in the retinal binding pocket are seen, i.e. Glu-113 (on TM3) is shifted
backward from Lys-296 (on TM7) to disrupt the salt bridge. Constitutive activity of opsin

may thus be caused by a decrease of stabilization of TM3/TM?7 interhelical interactions.

Similarly in rhodopsin, a salt bridge between Lys-296 and the counterion Glu-113 is present,
however Lys-296 is linked by a protonated Schiff base to 11-cis-retinal. Light induced retinal
cis—trans isomerization in rhodopsin causes rearrangements in the retinal binding site, lead-
ing to the disrupture of the Schiff base/ Glu-113 salt bridge by proton transfer to Glu-113
[161]. Glu-113 was suggested as Schiff base counterion and predicted to be the cause of en-
ergy increase and spectral red shift in the primary photon-induced event [58]. The role of Glu-
113 as counterion was confirmed by the spectral shift observed in the E113D (Apax = 505 nm)
and E113Q (Amax = 380 nm) mutants [50]. The structures of rhodopsin and opsin show how
the compact “retinal plug” formed by extracellular loop E2 and the N-terminus shields the
retinal binding site from the aqueous phase and thus enables the Lys-296/Glu-113 interaction

[25,47].

The Glu-134/Arg-135 charge pair is important for transition of the inactive to the active

receptor state



DISCUSSION 68

Meta II formation (indicated by Schiff base deprotonation) is enhanced at the expense of
Meta I by the interaction with the G protein, which established Meta II as the active, G protein
binding species [155]. It was early noticed as paradoxon that Meta Il formation goes along
with proton uptake from solution, although the Schiff base is deprotonated [64]. It is now un-
derstood that this occurs because two proton transfer reactions take place, which are linked to
two independent, but thermodynamically coupled, functional domains in the protein. These
are the region near the retinal Schiff base and the Glu(Asp)-Arg-Tyr triad (the E(D)RY motif).
In the course of thodopsin activation, proton transfer from the retinal Schiff base to its counte-
rion, Glu-113, and proton uptake by Glu-134 as proton acceptor or mediator occur sequen-

tially [53,72,81,94].

Several mutations of Glu-134 (Gln, Ile and Ser) had been tested whether they result in consti-
tutive activity of rhodopsin or not [86,135]. The E134Q mutant showed pH dependent activity
of opsin (pH range 5.0 - 7.0) and Meta Il (pH 5 - 9.5). The two residues in the intrahelical
interaction between Glu-134 and Arg-135 appear to have different roles as concluded from the
fact that many substitutions of Glu-134 (GlIn, Ile or Ser) did not reduce activity [86]. The im-
portance of Arg-135 in nucleotide exchange catalysis was derived from the severe effect on
transducin activation by the RI35A, R135L, R135G and E134R/R135E mutations
[86,125,162]. In conclusion, the Glu-134/Arg-135 charge-pair, which is located near the cyto-
plasmic surface, is an important element in regulating the active cytoplasmic conformation.
Recently, the opsin**GaCT peptide structure further confirmed that in the active receptor
conformation Arg-135 plays a key role in the interaction with the C-terminus of Gia (Figure

7.2) [134].

Relationship between Met-257 and Tyr-306 in Meta Il and opsin*

The opsin* structure provides an explanation why mutations of Met-257 frequently lead to
constitutive activity [151]. Water-mediated hydrogen bonding interactions tether TM6 (Met-
257) and TM7 (Tyr-301 and Asn-302). Also TM1 (Thr-62), TM2 (Asn-73) and TM7 (Tyr-
306) are linked by a water molecule (Figure 4.2B) [47]. In biochemical studies, the opsin
M257Y mutant displayed highest constitutive activity [151]. The reason for the high-level
activity may be explained by stabilization of the Tyr-306 rotamer in its active conformation,

which forces TM6 into the outward position, as suggested in figure 4.2C. The interaction is
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probably also mediated by a water molecule which is present in a common interhelical cavity
found in GPCRs (see Figure 4.6). A release of the above mentioned interhelical constraints
upon receptor activation may cause the smaller relative motions of TM1, TM7, and the C-

terminal domain in Meta II as seen by DEER EPR measurements [73].

Table 4.1. Constitutively active mutations of opsin

Mutation Location References

(Ballesteros-Weinstein numbering)

Lys — Glu Lys-296"* [159]
S — n S- : ,

Lys — Gl Lys-296"* 93,135

Lys — Met, Gly Lys-296"4 [160]

Glu — Gln Glu-113*% [160]

Glu — Ile, Gln, Ser Glu-134*% [86,135]

Met — all natural amino Met-257%4 [151]

acid residues except Arg

4.3 Opening of the “ionic lock™ in GPCR structures

To date, several GPCR crystal structures from bovine rhodopsin structure to Ajs-adenosin
receptor have been reported [31,32,33,36,47,48,55,56,68,120,134]. In structural aspect, they
can be grouped into two groups, receptors with closed and receptors with “blossomed”/ open
cytoplasmic conformation. Rhodopsin (bovine and squid) show most inactive conformations
with constraints by the “ionic lock” and the NPxxY(x)ssF microdomain (Figure 4.1). The
other extreme is the opsin* conformation with TM5/TM6 motion and rearrangement of the
“ionic lock” and the NPxxY (x)s ¢F microdomain. The different structures of GPCRs contain-
ing water soluble diffusible ligands show only partial transition into the opsin* conformation.
TMS5 is moved largely like in opsin* and Tyr’® is approaching the “ionic lock” to open it by

eventual interaction with Arg®™

(Figure 4.1). In contrast the outward movement of TM6 is
only small and not enough to fully open the cytoplasmic crevice for coupling with intracellu-
lar G protein, but sufficiently large to disrupt the salt bridge between Arg>® and Glu®*°. Par-

tial TM movements are seen in the GPCR structures with bound partial inverse agonists and
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antagonists and may thus explain the partial activity of these GPCR-ligand complexes to-
wards the G protein. In this regard, a photoactivated form of rhodopsin with deprotonated
Schiff base shows a similar low degree of TM6 motion [68]. In the sequence of rhodopsin
activation, Schiff base deprotonation leads to formation of Meta II,, which then converts into
Meta I, when TM6 fully moves outward [68]. The structure of photoactivated rhodopsin
(Figure 3.8) likely represents Meta II, and a partially activated GPCR conformation.

The GPCRs with bound antagonist (antagonist cyanopindolol, B;-AR; partial inverse agonist
carazolol, B,-AR; antagonist ZM-241,385, A,s-adenosine receptor) show a constraining inter-

action between TM3 and cytoplasmic loop C2. The new interaction occurs between Asp>*’

3.60 3.62

and Tyr™™" or Ser " of loop C2 where the sequence identity in GPCRs is low [56]. The low
activity of GPCRs with bound antagonist may thus be related to the semi-opening (relative to
opsin*) of the cytoplasmic surface. Further, because of the small TM6 movement, the struc-
tural rearrangements in the NPxxY(x)s ¢F microdomain did not occur relative to opsin* and
the opsin**G,aCT peptide complex. In the structures of ,-AR and the A,5-adenosine recep-
tor, loop C3 was replaced by T4-lysozyme, and in the B,-AR a large part of loop C3 was de-
leted. These modifications were necessary for crystallization of the recombinant GPCRs,
however, it is not clear how much they influence movement of TM5 and TM6 or breakage of

the ionic lock and thus formation of the active receptor conformation (Figures 4.1D and E).

4.4 Ligand channeling

Previous biochemical experiments and molecular dynamic simulations studies have suggested
that uptake and release of retinal may proceed through different gates [163,164]. However, the
rhodopsin structure does not show openings of the retinal binding site for retinal entry or re-
lease. In contrast, opsin* contains two openings in the TM region between TM1/TM7 and

TMS5/TMB6, respectively (Figures 3.15 and 3.16).
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Figure 4.4. Rearrangement of loops E2 and E3 and formation of the two openings of the reti-
nal binding site in opsin*

A) A hydrogen bonding network between Glu-181 and Tyr-191 (both in E2) and Tyr-268 (on TM6) is
present in rhodopsin (green), but not in opsin* (orange). 11-cis-retinal is presented as a red sphere
model. B) A hydrogen bonding network mediated by a water molecule (WAT) at the extracellular sur-
face of rhodopsin. C) and D) Superposition of rhodopsin (green) and opsin* (orange) structures,
showing different orientations of membrane-facing hydrophobic residues involved in forming the open-
ings of the retinal binding site. In rhodopsin, but not in opsin®, a hydrogen bonding network between
TMS5 (Glu-201), TM6 (GIn-279) and a water molecule is present (dotted line). Breakage of the network
may consequently induce a breakage of hydrogen bonding between Gly-280 and Asn-2 and rear-
rangement of loop E3. Relative to rhodopsin, opsin* shows a rotamer change of Tyr-191 which leads
to a steric hindrance between the side chain of Tyr-191 and Met-288. Relocation of Met-288 has an
influence on Pro-291 which may free the restricted residues Phe-293 and Phe-294, allowing their rota-
tional change to form one opening of the retinal binding site between TM1 and TM7. D) Opening of
the retinal binding site between TM5 and TM6. Formation of the second opening is allowed due to
conformational changes breaking the Glu-201/GIn-279 hydrogen bond, which enables rearrangement
of Phe-273 and Phe-276. A hydrogen bonding network between Glu-122, Trp-126 and His-211 links
TM3 and TM5, this network is likely weakened in opsin™ to enable changes of Phe-208 and Phe-212.
Pro-215 induces a kink in TM5 which likely facilitates conformational changes in the extracellular
TM35 segment.
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The first opening between TM1 and TM7 is induced by a prominent rotation of Phe-293 and
a rotamer change of Phe-294, the second opening between TMS5 and TM6 is induced by reori-
entation of side chains of hydrophobic residues (Val-204, Ile-205, Phe-273, Phe-208, Phe-212
and Phe-276) due to movement of TMS and TM6. A channel through the protein linking the
two openings was suggested from the opsin* structure and the idea were extended by retinal

docking experiments in the retinal binding site [120,165].

Formation of the two channel openings in the TM surface may be initiated by rearrangement
of the extracellular loops E2 and E3 (Figure 4.4). A movement of loop E2 upon light-
activation of rhodopsin was recently shown by solid state NMR experiments [166]. In
rhodopsin a disulfide bond between Cys-110 on TM3 and Cys-187 in E2 tethers a compact
extracellular domain, the so-called “retinal plug”, to the 7TM domain. E2 folds back into the
protein to contribute Ser-186 to Ile-189 of strand 4 to the retinal binding site. The retinal
chromophore in its binding pocket is surrounded by hydrophobic residues (Cys-187, Ile-189,
Met-207, Phe-212, Phe-261, Trp-265 and Ala-292) [25,31]. TM6 (Tyr-268) is tethered to Glu-
181 and Tyr-191 in E2, i.e. linked to the “retinal plug” (Figure 4.4A). E2 is further tethered to
the extracellular end of TMS5 in rhodopsin ground state by an interaction between Asp-190
and Thr-193 (in E2) and Asn-200 (on TMS) (Figure 4.4B). In addition, rhodopsin contains a
hydrogen bond between Glu-201 at the extracellular end of TMS5 and GIn-279 on TM6.

In opsin®*, where the two openings of the retinal binding site are present, the “retinal plug”
domain is maintained but is not less tightly tethered to the 7TM domain. The interaction be-
tween Tyr-268 on TM6 and Glu-181 and Tyr-191 in E2 is lost, allowing rearrangement of E2
(Figure 4.4A) and breakage of the hydrogen bond at the extracellular ends of TMS5 (Glu-201)
and TM6 (GIn-279) (Figure 4.4C), thus facilitating formation of the opening between TM5
and TM6.

Concomitant with the breakage of the hydrogen bond between Glu-201 and GIn-279, a rear-
rangement of loop E3 occurs. In opsin*, Asn-282 (in E3) interacts with Asn-2 whereas in
rhodopsin Gly-280 (in E3) interacts with Asn-2 (Figure 4.4C). The rearrangement of E3 in-
duces structural alterations in the extracellular segments of TM6 and TM7 (Figures 4.4C and
D). Accordingly, changes of bulky residues on TM7 (Phe-293 and Phe-294) enable formation
of the opening between TM7 and TM 1, whereas changes of bulky residues on TM6 (Phe-273
and Phe-276) enable formation of the opening between TM5 and TM6. Formation of the latter
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opening also involves changes of bulky residues on TMS5 (Phe-208 and Phe-212), likely facili-
tated by a weak hydrogen bonding network between TM3 (Glu-122 and Trp-126) and TMS5
(His-211) in opsin* (Figure 4.4D).

all-trans-retinal

Figure 4.5. Proposal for retinal channeling

A) Cytoplasmic view of coplanar cut through opsin* monomer revealing the channel for retinal. All
7TM helices in the surface and cartoon model are labelled and shown in blue (TM1) to red (TM7). The
blue dotted line indicates a possible route for retinal uptake and release. Presumptive retinal entry and
exit sites are shown in B) and E), respectively. 11-cis retinal is shown as red ball and stick, all-trans-
retinal close to a putative exit site is shown as yellow stick model. C) After retinal entry, the Schiff base
with the e-amino group of Lys-296 is formed. D) Light-induced retinal cis/trans isomerization in
rhodopsin.
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In summary, rearrangement of loops E2 and E3 and concomitant formation of the two open-
ings of the retinal binding site in opsin* yielded a ligand channel which traverses opsin over a
distance of ca. 70 A and is between 11.6 and 3.2 A wide [165]. Although there are two possi-
ble routes for uptake and release of retinal, the current proposal favours a unidirectional pas-
sage of retinal as shown in Figure 4.5. The channel form a sharp bent around Lys-296, which

suggests that only the bent 11-cis-retinal can pass this restriction site.

Interestingly, the regeneration of visual pigments starts with an initial non-covalent binding
of 11-cis-retinal, which increases receptor activity transiently until rhodopsin is regenerated
[167]. Such non-covalent retinal binding is modelled in Figure 4.5B. It eventually results in
formation of the retinal Schiff base and of the rhodopsin ground state conformation (Figure
4.5C). The release of all-trans-retinal is favoured with the pH dependence of active Meta II
[168], arguing for the necessity of the opsin* conformation and thus the openings of the reti-
nal binding site for the release step. Possibilities for the release route of all-trans-retinal after
light-induced retinal isomerization and retinal Schiff base hydrolysis are illustrated in figures

4.5D and E.

4.5 A water cluster in GPCR structures and the activation

process of rhodopsin

Another common feature of the reported high-resolution crystallographic models of class A
GPCRs are similar water clusters in interhelical cavities. These cavities might be able to form
a long hydrogen bonding network between TM1-TM3 and TM6-TM7 extending from the
transmembrane helical bundle to the cytoplasmic surface [32,36,47,56] (Figure 4.6). The in-
terhelical cavity is filled with five (bovine rhodopsin), six (f2-AR receptor and A,x-adenosine
receptor) or nine (squid rhodopsin) water molecules, and the hydrogen bonding network is
usually extended from the toggle switch residue (Trp-265 in rhodopsin, Trp-274 in squid
rhodopsin and Trp-286 in [2-AR, except His-278 in Ajs-adenosine receptor) to the
NPxxY(x)s¢F motif as shown in figure 4.6. A water molecule is coordinated to the indole ni-
6.48

trogen atom of the toggle switch Trp
(Pro®®) in TM6 and to facilitate helix movements [147] (F igure 4.6). TM5/TM6 movement

residue, likely to maximize the proline-induced kink

upon receptor activation may rearrange water molecules in the hydrogen bonding network. It
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is likely that this network, which interacts with a number of highly conserved amino acids,
may be important in transmitting structural changes from the ligand-binding pocket to distal

sites.

A) Bovine rhodopsin B) Squid rhodopsin

! ' ‘As p52/_.
Asn280, r

Figure 4.6. Comparison of interhelical water clusters in GPCRs structures

Overall structures of GPCRs and water clusters in interhelical cavities are presented as cartoon mod-
els: A) Bovine rhodopsin (magenta, PDB accession: 1U19), B) Squid rhodopsin (green, PDB acces-
sion: 2Z73), C) Ai4-adenosine receptor (blue, PDB accession: 3EML) and D) [2-AR (grey, PDB ac-
cession: 2RHI). Residues coordinated with water molecules are shown as stick model. Water
molecules are presented as yellow (bovine rhodopsin), forest (squid rhodopsin), dark blue (Aj4-
adenosine receptor) and grey (f2-AR) sphere models, respectively. Ligands in the different GPCR
models are presented as stick model. Dotted lines indicate hydrogen bonds between coordination part-
ners.
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Interestingly, in the GPCR structures, some water molecules that are located in the termini of

7.53

the water cluster interact with Asn’* and Tyr™™* in the NPxxY motif. More than two water

749 residue, whereas one water molecule is coordi-

molecules are always shared by the Asn
nated by the Tyr"™* residue. To elucidate the role of water in the opsin* conformation, it may
take different crystallization methods like the cubic phase method to get a high-resolution

structure with refined water molecules [32,36,56].

4.6 Sequential activation process of rhodopsin

To date, the crystal structures of GPCRs in the inactive or partially photoactivated state could
not be used to derive the complete activation process because these structures are lacking the
known prominent features of the active receptor conformation. However, the opsin* structure
shows the prominent features in agreement with previous biochemical and biophysical data.
Therefore an attempt was made to summarize the activation process of rhodopsin based on the
available rhodopsin and opsin* structures. In the ground state, the crystallographic model of
rhodopsin contains three prominent constraints, in the retinal binding pocket and in two func-
tional regions (regions containing the E(D)RY and NPxxY(x)scF motifs) [25,31,47]. The
structural features in the retinal binding pocket of rhodopsin comprise the Schiff base and its
stabilizing counterion, the constraint on the B-ionone ring by a set of hydrophobic residues
(Phe’*” on TMS5, Phe®* and Trp®** on TM6), and an interaction between C19 of retinal and
Tyr-191 of the “retinal plug”. These features contribute to stabilization of the extracellular
part of the rhodopsin molecule. The two functional E(D)RY and NPxxY(x)scF regions are
located at the cytoplasmic surface. They are strongly constrained by the “ionic lock™ between
the cytoplasmic segments of TM3 and TM6, and an electrostatic interaction between Tyr' >
and Phe”, respectively. Protein structural alterations and release of the constraints are in-
duced by cis/trans isomerization of the chromophore following light absorption
[51,52,53,54,77,129,130]. Due to retinal isomerization, the stabilizing salt bridge present in
the inactive rhodopsin ground state between the protonated 11-cis-retinal Schiff base and the
Glu-113 (on TM3) counterion is broken [25,31,58]. As a consequence, conformational rear-
rangements of the opsin moiety occur, giving raise to a succession of several different photo-
products in the activation process, i.e. Batho, Lumi, Meta I and Meta II. These photoproducts

show several small structural changes in each state as shown by X-ray crystallographic studies
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and electron crystallography [66,67,68,70]. Up to Lumi no large conformational changes in
the retinal binding pocket and large rigid-body movements of TMs are not observed, but spe-
cific changes for each state, i.e. a distorted polyene chain of retinal in Batho, a nearly undis-
torted all-frans chromophor in Lumi and a rearrangement of side chains close to the kink in
TM6. Interestingly, from the Meta I structure, a rearrangement of residues Trp-265 (adjacent
to Pro-267 at the bend of TM6) was suggested to occur relative to the rhodopsin dark state.
Based on the electron crystallographic data, the rotamer change of the Trp-265 side chain
“toggle switch” as consequence of the photoactivation event may have occurred in Meta I
[70]. It was also suggested that a proton relay via proton wires from the retinal binding pocket
to the cytoplasmic surface (as shown in figure 4.6) may occur upon receptor activation [147].
The deprotonation of the Schiff base is a prerequisite characteristic for the Meta II state and
precedes structural changes known from FTIR and EPR spectroscopic data
[53,71,72,73,77,80,81,92,93,133,135]. The transition to the active state of rhodopsin is then
accompanied by multiple structural alterations, comprising the breakage of the “ionic lock”,
rearrangement of the NPxxY(x)s ¢F microdomain, changes in protonation switches, i.e. proto-
nation of Glu-113 due to deprotonation of the Schiff base, and protonation of Glu-134 at the
cytoplasmic surface as a consequence of TM5/TM6 movements [72].

Based on the available structures of rhodopsin, photointermediates and opsin, the proposed
activation process of rhodopsin is summarized as follows [31,47,48,66,67,68,70,120,134] and

presented in figure 4.7.

In step one, the protonation process of Glu-113 may be induced by rotamer changes of

aromatic residues Tyr-191 and Tyr-192 of the “retinal plug”.

As described in 4.2 and figures 3.11 and 3.12, a broken salt bridge between counterion Glu-
113 and the g-amino group of Lys-296 is observed in the retinal binding pocket of opsin,
whereas in rhodopsin dark state, stabilization of the protonated Schiff base is provided by its
salt bridge to the counterion [92,93,120,133]. The breakage of the salt bridge may be facili-
tated by rotamer changes of aromatic side chains of residues Tyr-191 and Tyr-192 and back-
bone movements (Figures 3.11 and 3.12). Both aromatic residues belong to the “retinal plug”
which limits accessibility to the retinal binding site. The change of Tyr-191 due to the altered
chromophore geometry caused by cis/trans isomerization may break van der Waals contacts

between the carboxyl group of Tyr-191 and C19 of the chromophore. As a result of disruption
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of the contact, Glu-181 may shift toward the counterion Glu-113. The charge-charge repulsion
force between the Glu-113 and Glu-181 carboxyl groups may facilitate breakage of the salt
bridge between Glu-113 and the retinal Schiff base, supported by rearrangement of water
molecules in the retinal binding pocket due to a change of the hydrogen bonding network
around the Schiff base. Protonation of Glu-113 may be linked to the arrangement of the water
cluster in the retinal binding pocket depending on the retinylidene geometry (11-cis- or all-

trans).

In step two, Trp-265 shifts towards the position previously occupied by the B-ionone ring

and induces movement of helix TM6.

In the opsin and opsin* structure, Trp-265 on TM6 is shifted toward the position previously
occupied by the retinal B-ionone ring, which in the rhodopsin structure is tethered by a set of
hydrophobic residues (Phe-212, Phe-261 and Trp-265) [47,120,134]. As shown in figure 3.11
and 4.6, the highly conserved Trp-265 [148,149] plays an important role in GPCRs as a “tog-
gle switch” to facilitate helix movement and rearrangement of water molecules. The change
of the toggle switch, depending on cis/frans isomerisation, may produce a domino effect, i.e. a
maximization of the proline-induced kink in TM6 to facilitate helices movements, a breakage
of the “ionic lock™, a rearrangement of cytoplasmic loops and helices, leading to an “open”
cytoplasmic surface [71,72,73,169,170]. Moreover, the residue (Trp-265) may also act as a
gatekeeper which is able to mediate the signal transfer from the extracellular region to the

cytoplasmic surface for coupling to the G protein.

In the third step, the helix movement of TM6 facilitates breakage of the “ionic lock” and
formation of the extended hydrogen bonded network including Arg-135 of the E(D)RY mo-

tif.

As described above, the change of the toggle switch residue (Trp-265), which in opsin and
the opsin*+GaCT complex structure (see Appendix) is shifted towards the space occupied by
the B-ionone ring of retinal, may also induce a helix rotation and a maximization of the helix

kink caused by the conserved Pro-267 residue (Figure 3.13).
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Consequently, the “ionic lock™ is broken and as shown in figure 3.7C, a new hydrogen bond
between Arg-135 and Tyr-223, and a new interhelical salt bridge between Lys-231 and Glu-
247 is formed. However, the TM6 movement is not enough for keeping the active conforma-
tion because the protonation of Glu-134 appears to be a prerequisite for coupling to the G

protein [53,76,86,94,131,135,171,172,173,174].

Finally, protonation of Glu-134 in the E(D)RY motif may be induced by rearrangement of
the NPxxY(x)sF region.

Rhodopsin activation usually progresses as a protonation-dependent process, i.e. by protona-
tion of the Schiff base counterion Glu-113 and of Glu-134 involved in proton uptake from the
solvent [131,175,176]. The latter, protonation of Glu-134 in the Meta II;, photoproduct facili-
tates coupling to the G protein [94]. In the bovine rhodopsin model, a water cluster is distrib-
uted from the toggle switch (Trp-265) to the cytoplasmic surface. The water cluster, which
consists of five water molecules close to TM1-TM3, TM6, and TM7, extends from Trp-265 to
Tyr-306 of bovine rthodopsin. As shown in figures 4.2 and 4.6, a similar rearrangement of the
NPxxY(x)s6F microdomain of opsin relative to rhodopsin may occur in the Meta II,, state and
may be accompanied by rearranged water molecules in the water cluster to facilitate proton

uptake by the E(D)RY region (Glu-134).
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Figure 4.7. Hypothetical rhodopsin activation process

Based on the available structural information on different rhodopsin states a model for the rhodopsin
activation process is proposed (see text). For illustration, known structures of rhodopsin and rhodop-
sin photoproducts are presented as cartoon, ball and stick, and/or cylinder models, respectively. In the

Meta intermediates, inactive and active conformations are shown in green (inactive) and orange (ac-
tive), respectively.
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4.7 Open questions

Although the opsin* structure allowed elucidation of many features of the active receptor

conformation [120,134], questions still remain:

1. What are the structural differences between inactive and active opsin conformations
occurring in a pH-dependent manner?

2. Under what conditions and how can the two putative entry and exit sites for retinal be

formed?

3. Is there a unidirectional passage for retinal in the retinal channel?

4. What is the structural difference between opsin* and the non-covalent all-trans-

retinaleopsin™® complex to explain a difference of binding affinity for G protein?

5. How does the active Meta II structure look like relative to opsin*? What are the differ-

ences in the retinal binding site of Meta Il and opsin*? What is the effect of transducin

binding on the Meta I conformation?
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S CONCLUSION

The following conclusions can be made from the X-ray crystallographic analysis of opsin:

1. The movement of the cytoplasmic segment of TM6 with Trp-265 as pivot point is a
prominent feature of the active receptor conformation as present in opsin*. The TM6 move-
ment observed by crystallography is in good agreement with measurements by EPR spectros-
copy. Moreover, smaller movements of TMS5 and TM7 at the cytoplasmic surface are accom-

panied with TM6 movement.

2. In opsin®*, the microdomains containing the highly conserved E(D)RY and NPxxY (x)s ¢F
motifs are rearranged due to movement of TMS5, TM6 and TM7. The structural rearrange-
ments in both microdomains are important for transition from Meta II, to Meta I, and subse-

quent protonation of Glu-134.

3. Two other structural rearrangements between rhodopsin and opsin are two openings of
the retinal binding site located in the TM domain. The openings may act as entry and exit sites

for retinal.

4.  The crystal structures of ligand-free opsin and the opsin*+GaCT peptide complex are
very similar, except for the GaCT peptide binding site. The opsin crystal structure therefore

likely represents the active opsin* conformation.

5. The successful crystallization of opsin alone and in complex with G protein fragments
(see Appendix) provides a basis for further structural approaches to reveal the interaction of

GPCRs with ligands and interacting proteins.
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7 APPENDIX

The structure of opsin at low pH is considered to represent an active receptor conformation.
To elucidate the active opsin conformation in complex with a G protein fragment, several tri-
als of co-crystallization of opsin with a fragment of G; have been performed. The G frag-
ments were prepared as synthetic peptides derived from the C-terminus of the Gia- or Gyy-
subunit, respectively. Both C-termini are key binding sites for Meta II (150). Opsin was co-
crystallized either with an eleven amino acid synthetic peptide derived from the C-terminus of
the Gia-subunit or a twelve amino acid synthetic peptide derived from the farnesylated Gy C-

terminus, respectively (Table 7.1).

Table 7.1. G-derived peptides used for co-crystallization with opsin

Peptide Abbreviation Sequence (derived from Gy)
G(340-350) GaCT(wt) NH,- *IKENLKDCGLF** -COOH
G(340-350) GoCT NH,- **ILENLKDCGLF**" -COOH

(K341L)

Gy(60-71)far GyCT NH,- ““DKNPFKELKGGC!(farnesyl) -CONH,

Opsin* and the Gi-derived peptides have been co-crystallized (Figure 7.1) by modifying the
crystallization conditions of opsin, i.e. change of pH (pH 5.6-6.0), precipitant concentration
(2.9-3.2 M ammonium sulphate) and crystallization buffers (sodium acetate, sodium citrate,

sodium cacodylate or 2-(N-Morpholino)ethanesulfonic acid).
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A) Opsin B) Opsin*-G,aCT(wt)

/

C) Opsin**GaCT D) Opsin*GyCfarT

Figure 7.1. Images of crystals of opsin and opsin**G,CT complexes

A) Opsin crystals grown in 3.2 M ammonium sulphate in 0.1 M MES or sodium acetate, pH 5.6. B)
Crystals of opsin*G,aCT(wt, wild type) complex grown in 2.9-3.1 M ammonium sulphate in 0.1 M
MES or sodium acetate, pH 5.6 C) Crystals of opsin**G,aCT complex obtained with 3.2 M ammonium
sulphate in 0.1 M MES or sodium citrate, pH 6.0. D) Crystals obtained by co-crystallization of opsin
with the farnesylated GyCT peptide, using 3.0 M ammonium sulphate in sodium cacodylate, pH 6.0.

The crystal structures of the opsin**GaCT complex [134] and opsin**GaCT(wt) complex
(unpublished) could be solved. Details of the structures will be reported in the thesis of Pat-
rick Scheerer. The overall structure of opsin* in complex with the GiaCT peptide is very simi-
lar to that of ligand-free opsin (Figure 7.2). Based on the helix movements of TMS - TM7,
breakage of the “ionic lock” between TM6 and TM3 (E(D)RY motif) and rearrangement of
residues of the NPxxY(x)scF motif, the crystal structure of ligand-free opsin represents an

active receptor conformation.
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Figure 7.2. Comparison of ligand-free opsin and opsin**G,o.CT structures

A) The overall topology of opsin* in the opsin**G,aCT complex (PDB accession 3DQB) is very simi-
lar to that of ligand-free opsin (PDB accession 3CAP) [120,134]. Each opsin structure is labelled and
shown as orange (ligand-free opsin) or green (opsin*) cartoon model, respectively. The interacting 11
amino acid C-terminal peptide G,aCT derived from G is presented as magenta cartoon. B) Compari-
son of the E(D)RY region in ligand-free opsin and opsin**G,aCT complex (cytoplasmic view). Residues
of the E(D)RY motif are presented as orange and green stick models, respectively. C) Comparison of
NPxxY(x)s " regions in ligand-free opsin (orange) and opsin**G,oCT complex (green); cytoplasmic
view; blue arrows indicate rotamer changes of side chains.

From NMR spectroscopy experiments it is known that the GCT peptide in the op-
sin**GaCT crystal adopts the same conformation as analogous GaCT peptides (containing
one or two amino acid substitutions) when bound to Meta Il in native disc membranes
[177,178]. Thus, the cytoplasmic domain of opsin* in the ligand-free opsin and opsin*+GaCT
crystals, and the cytoplasmic domain of Meta Il present in disc membranes are similar.

Knowledge of the opsin* conformation and the exact binding mode of the G;aCT peptide fur-
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ther allowed to propose mechanisms for rhodopsin activation and receptor-catalyzed nucleo-

tide exchange in the G protein [179,180].
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