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ABSTRACT

The present work focuses on the quaternary strei@firhodopsin and its possible implications
for the function of the receptor as a light trarmsiu Rhodopsin is a prototypical G protein-
coupled receptor (GPCR) that is found in high coheions in the discs of the outer segment of
rod photoreceptor cells. Its physiological functienthe transduction of light into a biological
relevant signal under dim light conditions.

There is growing evidence that GPCRs form and megkth function as oligomers in membranes
(Milligan, Ramsay et al. 2003; Milligan 2006). Qdimers were also reported for rhodopsin by
atomic force microscopy (Fotiadis, Liang et al. 200chemical cross-linking (Jastrzebska,
Maeda et al. 2004; Medina, Perdomo et al. 2004rz#sska, Fotiadis et al. 2006), blue native
electrophoresis (Jastrzebska, Maeda et al. 2003)F®ET studies (Kota, Reeves et al. 2006;
Mansoor, Palczewski et al. 2006). This view is @raed by early biophysical and biochemical
studies suggesting that rhodopsin is monomeric €¢Ck8v2; Poo and Cone 1974; Chabre 1975;
Chabre and le Maire 2005). However, it remainsa@licidated whether its quaternary structure
is of any physiological significance for visual is&j transduction.

In the present thesis, | investigated rhodopsinfepensity to oligomerize in the plasma
membrane of HEK293 and COS-1 cells using bimoledilarescence complementation (BiFC)
and fluorescence resonance energy transfer (FRET)eehniques. As possible interaction
domains for rhodopsin oligomers, helices IV and)\aiig, Fotiadis et al. 2003) as well as helices
[, I and VIII (Salom, Lodowski et al. 2006) havedn proposed so far. In my thesis, | also tried
to verify possible interaction domains using FRBMmpetition experiments. Furthermore, | was
interested in investigating whether a change irdopsin’s quaternary structure alters its ability
of binding or activating its G protein transduct)( For this question | used purified, solubilized
rhodopsin and rhodopsin fusion proteins in 0.01% ©@Nheasure FRET as well as d&tivation
rates.

| found that BIiFC yields fluorescing cells upon xpeession of several unrelated membrane and
non-membrane proteins with opsin. This suggests ith&s not a suitable test for specific
membrane protein interaction. Furthermore, | fothmat opsin shows very high FRET efficiency
in the plasma membranes of HEK293 and COS-1 Cells.FRET competition data confirms the
idea of helix IV/V as part of the oligomerizationterface. When detergent is added to purified

membranes as well as to HEK293 celisvivo, FRET efficiency decreases significantly. In
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purified, solubilized samples (0.01% DM), no FREJukl be measured at all. Under the chosen
experimental conditions, solubilized rhodopsin éfiere appears to be present as a monomer.
Nevertheless, measurements of &ativation revealed that monomeric rhodopsin effity
activates its cognate G protein at high rateg.{\of 40 G/s, Kv of 3.3 uM). Monomeric
—1S—1

rhodopsin therefore works with a specificity constaf 1.310'M™s™, which is close to the

diffusion limit (Berg and von Hippel 1985) and déius be called a ‘perfect enzyme’.



ZUSAMMENFASSUNG

In der hier vorliegenden Doktorarbeit wurde die @&struktur von Rhodopsin und ihre Rolle
fur die Weiterleitung von Lichtsignalen an das @tBm Transducin untersucht. Rhodopsin ist
ein prototypischer G-Protein-gekoppelter RezepB®CR), der in hohen Konzentrationen in den
Membranen der Disks der StabchenaulRensegmentenvartk&eine physiologische Funktion ist
die Ubersetzung von Licht in ein biologisch venbares Signal unter Dammerlicht
Bedingungen.
Es gibt zunehmend Hinweise, dass GPCRs oligomeu&t8ten bilden, die mdglicherweise auch
ihre funktionellen Einheit darstellen (Milligan, Raay et al. 2003; Milligan 2006). Mit Hilfe von
Techniken wieatomic force microscopy ( Fotiadis, Liang et al. 2003)ross-linking (Jastrzebska,
Maeda et al. 2004; Medina, Perdomo et al. 2004rz#sska, Fotiadis et al. 200@®)jue native
gel electrophoresis (Jastrzebska, Maeda et al. 2004) findrescence resonance energy transfer
(FRET) (Kota, Reeves et al. 2006; Mansoor, Palckeetsal. 2006) wurden auch fiir Rhodopsin
Oligomere als Quartarstruktur postuliert. Diese &kpente stehen aber im Widerspruch zu
Resultaten aus friiheren biophysikalischen und leimeéchen Experimenten, in denen keinerlei
Evidenz fir eine dimere/oligomere Quartarstrukturfimden war (Cone 1972, Poo und Cone
1974; Chabre 1975; Chabre und le Maire 2005). Wheitebleibt zudem unklar, ob eine
Oligomerisierung relevant fiir die physiologischenkiion von Rhodopsin als Licht Rezepiar
Vivo ist.
In der hier prasentierten Arbeit wurde die Dimexnisng von Rhodopsin in der Plasmamembran
von HEK293 und COS-1 Zellen mit Hilfe vdmmolecular fluorescence complementation assay
(BiFC) und FRET untersucht. Als mégliche InterakBdomainen der Oligomerbildung von
Rhodopsin wurden bisher Helices IV und V (Liangfi&adis et al. 2003) als auch Helices I, II,
und VIl (Salom, Lodowski et al. 2006) postuliem. der vorliegenden Arbeit wurden mdgliche
Interaktionsdomainen der Rhodopsin Oligomerbildumit Hilfe von FRET untersucht.
Weiterhin sollte untersucht werden, ob eine Andgruter Quartarstruktur auch zu einer
Anderung in der Katalyseeffizienz der G-Protein idilerung fiihrt. Fur diese Frage wurde
solubilisiertes Rhodopsin und entsprechende Rhaddfsorophor Fusionsproteine in 0,01%
DM préapariert, um G-Protein Aktivierungsraten alsla FRET zu messen.
Es zeigt sich, dass die Koexpression von komple@ment Opsin-BiFC Fusionsproteinen zu
einem starken Fluoreszenzsigmalvivo fuhrte. Die Tatsache, das auch die Koexpression vo
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verschiedener anderer -membranstandiger als autbplagmatischer- Proteine als BIiFC
Konstrukte mit einem komplementaren Opsin-BiFC Korid Fluoreszenz zeigten, legt
allerdings nahe, dass BIFC kein spezifischer Marker intermolekulare Interaktion von
Membranproteinen ist.

FRET Experimente mit geeigneten Opsin-Fluoropha@idnsproteinen ergaben eine hohe FRET
Effizienz in der Plasmamembran von transfizierteBKI293 and COS-1 Zellen. Die FRET
Kompetitionsexperimente unterstrichen weiterhin Theorie, dass Helices IV and V eine Rolle
bei der Oligomerisierung spielen. Wenn das Deteydeadecylmaltosid (DM) zu gereinigten
COS-1 Membranen oder HEK293 Zellem vivo gegeben wurde, verringerte sich die FRET
Effizienz signifikant. In aufgereinigten, solubiksten Proben (0,01% DM) konnte uberhaupt
kein FRET Signal mehr gemessen werden. Daraus deschlussfolgert werden, dass Rhodopsin
in 0,01% DM als Monomer vorliegt. Unter denselb&pezimentellen Bedingungen wurde auch
die katalytische G-Protein Aktivierungskapazitah\gereinigtem Rhodopsin bestimmt.

Es zeigte sich, dass monomeres Rhodopsin sehieatfin der Lage ist Transducin zu aktivieren
(Vmax=40 G/s, Ky =3,3uM). Daraus folgt, dass monomeres Rhodopsiit einer
Spezifizitatskonstante von 1,3 1M™s* nahe am theoretisch moglichen Diffusionslimit dtdte
(Berg und von Hippel 1985) und somit als so gerssperfektes Enzym’ beschrieben werden

kann.
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2 ABBREVIATIONS

Aa amino acid

AFP auto fluorescent proteins

BiFC bimolecular fluorescence complementation

BTP 1,3-bis-[tris(hydroxymethyl)methylamine]-
propane

DM n-dodecylp-D-maltosid

DEAE-dextran diethylamine-dextran

DMEM Dulbecco Modified Eagle’s medium

DTT 1,4-dithio-DL-threitol; (reducing agent)

ECFP enhanced cyan fluorescent protein

EDTA ethylenediaminetetraacetic acid

EGFP enhanced green fluorescent protein

EYFP enhanced yellow fluorescent protein

FCS fetal calf serum

FRET fluorescence resonance energy transfer

GDP, GTP, (c)GMP

guanosine-5'diphosphate, guanesine
5'triphosphate, (cyclic) guanosine-
5’'monophosphate

GPCR G protein-coupled receptor

G protein guanine-nucleotide binding regulatory protein

G G protein transducin

GiBy By-subunit of G

GTPyS guanosine-54-thio]-triphospate,
(non-hydrolysable)

Guo A-subunit of G

kDa kilo Dalton

LB Luria Bertani broth

Meta-I/Meta-I| Metarhodopsin-l, Metarhodopsin-I

oD optical density

PBS phosphate buffered saline

PDE cGMP-phosphodiesterase

PMSF phenylmethanesulphonylfluoride
(serine protease inhibitor)

R, R* rhodopsin, active form of rhodopsin
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R-ECFP rhodopsin fused with ECFP

RIS rod inner segment

ROS rod outer segment

R-venus rhodopsin fused with venus
Tris-HCI tris(hydroxymethyl)aminomethane
wiv weight/volume
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3 INTRODUCTION

3.1 Vision

Rods and cones constitute the light sensitivelagér of the retina. At their basal end they form
synapses with bipolar cells, and at their apical gy are connected to pigment epithelia cells.
Cones are responsible for color vision and aregmtegrimarily in thefovea centralis, the area of
most precise vision. The density of cones dropsdhgmwith a diameter of 5 mm around the
fovea. The rest of the retina is dominated by rods (3 their peak density of 1600009m
which constitute about 95% of all photoreceptotscdRod cells are responsible for vision under
dim light conditions (scotopic vision). The followg work will focus exclusively on rods and
their photoreceptor rhodopsin. However, photoremrspfound in cones are closely related to
rhodopsin, thus most probably they share the samaibnal mechanisms.

A simplified outline of the visual pathways will lggven in the following chapter, more extensive
coverage is provided by several excellent textb@vkthe visual system (e.g. Rodieck 1998).
Light entering the eye is focused by the lens drel dornea to the back of the eyeball. Its
innermost layer is constituted by the retina, whiontains the first three neuronal cell layers of
the visual pathway as well as pigment epitheli¢gscahd different glial cells (Figure 1). Entering
light encounters light-sensitive photoreceptor scetif the retina, triggering a cascade of
enzymatic reactions that finally leads to a hypkmpration of the photoreceptor cell.
Photoreceptor cells are primary sensory cells aodnf synapses onto bipolar cells.
Hyperpolarization of the photoreceptor cell resuitsa graded decrease of inhibitory glutamate
exocytosis into the synaptic cleft with its bipolzell. The resulting depolarization of the (on-
midget) bipolar cells leads to higher frequencynéiy which is detected by the corresponding
ganglion cells. At this stage, a gradual changenoded into a change of firing frequency. The
visual information leaves the eyeball and enteestifain in the bundled axons of ganglion cells,
the optic nerve. Until this point, the initial liglsignal has already been integrated to improve
signal contrast and to enable complex analysisamfaments, pattern and color further upstream.
The gain of contrast is achieved by the divergiathways of on- and off-midget cells and the

lateral forward inhibition of horizontal and amamericells of the retina.
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optic nerve fiber ganglion cell amacrine cell bipolar cell horizontal cell rod and cone cells
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Figure 1: Cell layers of the retina
Figure adapted from Ramén y Cajal, “Structure efMammalian Retina”, 1900.

Fibers of the optic nerve coming from the nasalgaf the retina cross sides at the optic chiasma
and join uncrossed fibers from the temporal pathefipsilateral retina (Figure 2). The crossing
of nasal fibers leads to a contralateral represientaf the visual fields in the brain and is also
necessary for spatial vision. From the optic chiasriormation travels via the optic tract to the
lateral geniculate body of the thalamus, where lamgell synapse onto the fourth neurons of
the visual pathway. These thalamic neurons progetite primary visual cortex in the back of the
occipital lobe. In the primary visual cortex as Mad in the adjacent secondary visual cortex and
other related areas, visual information is furtipepocessed. This enables us to establish an
internal neuronal correlate of our visual environingnd to recognize and interpret what we are
seeing. Apart from the main visual information @esing pathway that was just described,
visual information is also projected directly taetbrainstem for coordinative function of the

oculomotoric and vestibular system.
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\} Figure 2: Visual pathway
/" Q Figure adapted from ‘Gray's Anatomy of the
: Human Body' (online edition of 2D U.S.

edition).
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3.2 Photoreceptor cells

Rods are very long stretched cells that have alipedwt highly ordered structure (Figure 3).The
cells are divided by a cilium into the rod innegsent (RIS) and the rod outer segment (ROS).
The RIS contains all the machinery responsiblecil metabolism and forms a synapse onto
bipolar cells at its most basal end. The ROS iua86 pm long with a diameter of 2 um and
contains a stack of about 1000 discs. The discenade up of invaginations of cell membrane at
the basal end of the ROS; each disc has a life gpabout two weeks and shifts during its life
towards the apical end of the rod. Old discs aedsbff in stacks of about 10 discs and are
metabolized by the retinal epithelia cells. Rhodlops produced in the RIS and shuttled into the
ROS via rhodopsin-bearing transport carriers (RTE€s3 inserted into the plasma membrane at
the bottom part of the ROS, which then invagindtesning new discs. Rhodopsin occupies
about 50% of the disc area, with a molar ratio @0lcomparing rhodopsin to phospholipids

(Palczewski 2006). Amazingly, rods can reliablyed¢single photons (high sensitivity), but also
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produce relatively little noise (high specificitylhe noise is temperature-dependent and occurs
statistically every 160 s at 37°C (Rodieck 1998Jodks exactly like the signal of a single photon
in size and duration of the voltage drop (-1.7 mX&eping in mind the amplification steps of the
visual cascade (see 3.3-3.4), the most probablgecaiuthe noise therefore lies in the very first
step of the visual cascade: the formation of theyeratically active form of rhodopsin (R*).
Taking into account that each rod has about 1.#4t6dopsin molecules sitting in its ROS, each

rhodopsin molecule has a statistical probabilityrdfformation in absolute darkness of once per

760 years (Rodieck 1998).

E plasma

——  migmbane

— ., 980000
= = 40eeeeee
=

— :,4_ cilium

’/{f@y mitochondria |

golgi apparatus

Figure 3: Rod photoreceptor cell
Figure modified from (Hargrave, Hamm et al. 1993).

3.3 Rhodopsin

Rhodopsin is an integral membrane protein and Igsloo the large class A of GPCRs. So far, it

is the only GPCR whose crystal structure has baecessfully solved (Palczewski, Kumasaka et
20



al. 2000). Rhodopsin has 348 amino acids and eeiprahass of 40 kDa (Figure 4); post-
translational modifications include palmitoylatiacylation of the N-terminus, glycosylation and
a disulfide bond (Palczewski 2006). It forms sewehelices that span the membrane and a short
8" a-helix that lies parallel to the cytoplasmic sudadts extracellular N-terminus points
towards the inner part of the disc, whereas ther@ihal region is located in the cytoplasm. In
its dark state, rhodopsin is bound to its invergensst 11leis-retinal, a vitamin A derivative, by
means of a protonated Schiff base with®§sThe positive charge of this bond is counteracted
by a negatively charged counterion, Bfuin close neighborhood. The absorption spectrum of
rhodopsin in its inactive dark state shows a maxmnat 498 nm. The binding of lds-retinal
stabilizes the receptor in its inactive state dngstincreases receptor specificity. When a photon
hits rhodopsin, the energy is absorbed in aboutthirds of all cases and used for isomerization

of 11<cis-retinal to alltrans-retinal (Rodieck 1998).

C-terminal f:

cytoplasmic side

Figure 4: Rhodopsin

Figure adapted from Palczewski et al (Palczewskimksaka et al. 2000). Amino acids in black are
especially important for rhodopsin function andhhjgconserved throughout class A GPCRs.

21



The isomerization of 1tisretinal to alltrans-retinal induces a series of changes in the recepto
conformation; several short-term intermediates (i-tand Bathorhodopsin) are followed by the
more stable intermediate Metarhodopsin-1 (Metaht).Meta-I, the chromophore is bound to
opsin in its alltrans conformation but the absorption maximum has sthifteem 498 nm
(inactive form in the dark) to 480 nm. Meta-I isaquilibrium with Metarhodopsin-1l (Meta-I1),
which under physiological conditions is stronglydared. This can be measured as a shift in the
absorption maximum from 480 nm to 380 nm. Metadh de subdivided into Meta-lla and
Meta-llb. In Meta-lla, the Schiff base is deprotmthand GI&™ is protonated. Meta-Ilb is
characterized by a further proton uptake at theptgsmic site, which most likely leads to the
protonation of the counterion Gftl. Meta-Ib is the enzymatically active form of rlogmsin and

is often called R*. By random lateral diffusion aligh the disc membrane, R* encounters and
binds transducin (& Transducin belongs to the large group of het@netic G proteins and
consists of subunits@Gand @y (see 3.4). During the existence of the Rt¢@mplex, & bound
GDP is exchanged against GTP. As a result, thenstgbdissociate into the enzymatically active
GTP bound @ (Ga*) subunit and By. R* has a mean lifetime of 100 ms and producesrato
700 Gu* during that time. Rhodopsin deactivates due ® hifgdrolysis of the protonated Schiff
bond with its agonist aliFans-retinal. All-trans-retinal diffuses out of rhodopsin and is recycled
by the retinal epithelia cells to Xisretinal. It is then shuttled back into the rodsene it binds

again to the apoprotein opsin forming a new fumaionactive molecule of rhodopsin.
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Figure 5: Size comparison of rhodopsin and
its G protein transducin

red: rhodopsin, blue and green: G Protein
subunits

Figure modified from Palczewski et al.
(Palczewski, Kumasaka et al. 2000) and
Lambright et al. (Lambright, Sondek et al. 1996;
Sondek, Bohm et al. 1996).

If we consider the actual interaction betweena®d rhodopsin, it becomes obvious that the
interaction interface of the two partners differsize by almost a factor of two (Figure 5).

Under dim light conditions, which are physiologicainditions for rods, the probability that two
photons hit adjacent rhodopsin molecules is vewy. IBurthermore, it is known that a single
photon can trigger the stereotypical response npatie-1.7 mV. This means that a single R*
must be able to activate the size superiprHBwever, the interaction domains of both proteins
lie at opposite ends (Gand G subunits), which leads to the interesting quedtiow a single R*

can activate GMainly, three different strategies are thinkable:

1. Upon activation and binding, rhodopsin and @hdergo conformational changes, thus

enabling simultaneous interaction of the bindinghdms described.
2. Rhodopsin dimerizes forming a R*R unit foy iBteraction.

3. The interaction occurs in a sequential fashion,revlig kind of sweeps along rhodopsin.

There have been several pieces of evidence fof #ile three theories. In the early ‘70s, work by
Cone (Cone 1972) and Chabre (Chabre and Cavagtdxs) showed that the rotational and
lateral diffusion constant as well as diffracticatterns of the disc membrane were in accordance
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with rhodopsin monomers. Hermann et al. (Herrm&feck et al. 2004) proposed a sequential fit
model, where rhodopsin first interacts with onetipor of the G and later with a second
interaction interface in a sliding through manr&upport for rhnodopsin dimers comes from work
of the group around Palczewski. Using atomic fomderoscopy (Fotiadis, Liang et al. 20083;
Liang, Fotiadis et al. 2003), they show that rhadoegorms long rows of dimers in native disk
preparation mounted on mica support. In a followpaper, the authors (Filipek, Krzysko et al.
2004) use molecular modeling and argue that thetifumal unit of a rhodopsin is a tetramer with
a dimer interface between helices IV/V. They pre@ptsat for G activation only one rhodopsin
of the dimeric complex needs to be activated, wdsetbe second serves as some sort of anchor
for G; binding and thus aids in the efficient catalysiot{adis, Jastrzebska et al. 2006).
Furthermore, it has been known for a long time thatopsin aggregates to oligomers on SDS-
PAGE. More systematic studies using chemical clogsng (Jastrzebska, Maeda et al. 2004;
Medina, Perdomo et al. 2004), blue native gel edgtioresis (Jastrzebska, Maeda et al. 2004),
size exclusion chromatography (Medina, Perdoma. 2084) and fluorescence resonance energy
transfer conclude that rhodopsin dimers are nog pregsent in disc membranes and cytoplasmic
membranes of COS-1 cells but also in artificiallgcanstituted asolectin liposomes and
solubilized samples (Kota, Reeves et al. 2006; MansPalczewski et al. 2006). However, it
remains to be further elucidated if the quaterrsrycture of rhodopsin is functionally relevant

during signal transduction.

3.4 G protein transducin and the visual cascade

Like all trimeric guanine-nucleotide regulatory f@ios (G proteins), Gconsists of the subunit
Ga and @y. G undergoes post-translational modifications - niggikation of the @& subunit,
farnesylation of the Gsubunit - which enable it to anchor to the disenbmne. When activated
by R*, Ga bound GDP is exchanged against GTP (Figure 6} [Blaids to the dissociation of the
GTP bound active & subunit and By. Go* can now bind its substrate, the phosphodiesterase
(PDE), and thus exposes its catalytical site. EREHE has two catalytical sites that can be
activated separately byo®. Once Gx* binds, the PDE hydrolyzes cyclic GMP (cGMP) to 6M
about 100 times more efficiently. In the dark, cGMPresent in 4 uM concentration in the ROS.
It functions as a second messenger by binding aeting N&/Ca"* selective channel in the

plasma membrane of the ROS. One R* results in avalge of about 1400 cGMP molecules.
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This is 0.7% of all cGMP contained in the ROS. Auetion of cGMP concentration leads to a
decreased probability of cGMP binding to the catitbannel while the d¢s stays constant. Since
each cGMP-dependent ion channel needs at least dfithe four cGMP binding sites occupied
to remain open, roughly 2% of all ion channels 9.7 3) close due to decreased cGMP
concentration. This translates into an approxinaatg of —1.7 mV in membrane potential. The
hyperpolarization leads to a graded reduction ofaghate release at the synaptic terminal of the
rod. The bipolar cells sense this reduction andstrat it mainly to amacrine and ganglion cells
(see 3.1.). The visual cascade is turned off demdift levels: Rhodopsin loses its agonist all-
trans-retinal and is phosphorylated by rhodopsin kin&e.bound GTP is cleaved GDP which
in turn leads to the dissociation of the PDE-Gomplex and a 100-fold reduction in cGMP
hydrolysis. The resulting rise in cGMP concentratiads to more open channels, which restores
the equilibrium between NEC&" influx (ROS), K outflux (RIS) and active transport (M&&",

K* exchanger, N@aK™ pump) and thus the dark membrane potential.

Figure 6: The visual cascade in rods
Figure modified from Leskov and Arshavsky, (Leskékenchin et al. 2000).

3.5 The GPCR family

Rhodopsin research has long been at the foreffoBPCR research, mainly because rhodopsin
can be isolated fairly easily and in big quantifiesn fresh bovine eyes obtained from the local
slaughterhouse. Furthermore, the activation ofréleeptor can be easily induced and measured

due to its light-sensitive ligand. Even though rbysin is as receptor specialized for visual signal
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transduction, several functionally important mo{ésg. D(E)RY in transmembrane helix 11l and
NPxxY in transmembrane helix VII; see Figure 4) éaheirs homologues in other class A
GPCRs, suggesting similar functional mechanismsceSrhodopsin is currently the only GPCR
with a solved crystal structure for its inactiveyrkl state (Palczewski, Kumasaka et al. 2000), it
has been the base for extensive molecular moddbingpe whole GPCR family (Zhang, Devries
et al. 2006).

With the availability of the information of the Ham Genome Project, about 900 putative
GPCRs have been identified so far. It has beemat#d that 5% of all human genes code for
GPCRs (Zhang 2006). They are involved in a widggeaaf physiological signal transduction
systems (odorants, light, metals, biogenic amifas; acids), which make them very interesting
targets for therapeutic interventions. At the motnan estimated 30% of all prescription drugs
target GPCRs (Jacoby, Bouhelal et al. 2006). Aipeegnderstanding of the exact mechanism of
GPCR activation and signal transduction might bgrefat value not only for basic science but
also for a better understanding of the underlyiathpphysiology of several diseases linked to
GPCR and G protein malfunctioning (e.g. Retinitignientosa, high blood pressure, heart
failure, several endocrine diseases). Furthermomill be a valuable tool for designing more
specific and efficient drugs (Jacoby, Bouhelalle@06; Milligan 2006).

GPCRs all feature seven transmembrane (TM) domamust of them bind heterotrimeric G
proteins upon activation. G proteins can be congbaxfea range of different versions of the
subunits; so far, 16 5 @3, and 12 @ were identified (Milligan and Kostenis 2006).
Depending on the specific composition of the G @t the extracellular signal can be
transduced to different effectors: Gs stimulatesngtyl cyclase, Gq activates phospholipase
CBy, G12 binds to guanine nucleotide exchange factord,Gi inhibits the adenylyl cyclase or
activates inward rectifying GIRK channels.

GPCRs were historically grouped into three classsording to sequence homology (within
each class 20% sequence homology). Recently, GR@Re reclassified into the GRAFS
system, which groups them according to phylogenieigage into five main families: Glutamate,
Rhodopsin, Adhesion, Frizzled/Taste2, and Secréfiredriksson, Lagerstrom et al. 2003;
Schioth and Fredriksson 2005). However, in thisithat will be referred to the historical GPCR

classification into classes A through C.
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Class A: The large Rhodopsin-like receptor groumpmases roughly 700 receptors, many of
which are odorant receptors of the olfactory epighbut also other physiologically important
receptors such as tlig-adrenergic receptor and the dopaminadzeptor belong to class A.

Class B: The secretin-like group contains abouteZ®gptors such as the calcitonin receptor and
many gastrointestinal peptide hormone receptogs ¢ecretin and glucagon).

Class C: This small group contains the metabotrghitamate receptors (mGIuRs) as well as the
GABAGg receptor. Class C GPCRs have long N-termini thatraportant for ligand binding and
the formation of their quaternary structure.

There is a growing pool of evidence that GPCRs foltigomeric structures, which might be
important for proper receptor functioning. So fdimerization/oligomerization has been linked to
proper posttranslational receptor maturation inehéoplasmatic reticulum (Fotiadis, Jastrzebska
et al. 2006). This is well established for class @GPCRs, which form constitutive
hetero/homodimers during biosynthesis. For GAB#eceptors, heterodimerization between
subtypes GABAR-1 and GABAR-2 has been shown to be required for proper recept
targeting. GABAR-1 (necessary for GABA binding) needs to heteredize with GABAR-2

to reach the cell surface (Marshall, White et 809).

There are also indications that hetero/homo dim&da might be functionally important for
class A GPCRs: Expression of rhodopsin mutantetinto Retinitis Pigmentosa (RP) wilt
rhodopsin has been shown to lead to the retenfidheoat form in the ER (Rajan et al. 2005).
Furthermore, heterodimerization between the clossbtedo;+adrenergic receptor and thes-
adrenergic receptor has been shown to be necdssamgll surface expression (Hague, Uberti et
al. 2004). Also, coexpression of class A dopamaeeptors D1 and D2 was shown to result in a
change of downstream signaling: instead of an itibib (D2) or activation (D1) of adenylate
cyclase, phospholipase C - mediated'Gaflux was stimulated (Lee et al. 2004). There éhav
been several other studies using coimmunopredmitatiuorescence resonance energy transfer,
bioluminescence resonance energy transfer, blueengel electrophoresis and atomic force
microscopy as techniques, which showed evidencecfass A hetero/homo dimerization
(Bulenger, Marullo et al. 2005; Milligan 2006). $ar though, conclusive experimental data
linking the quaternary structure to the functionatput of GPCRs in their target compartment

remains rare. It has been speculated that homorideien might be important for specificity
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and efficiency of signal transduction, whereas toelieners might be able to diversify signalling
through GPCRs (Fotiadis, Jastrzebska et al. 2006).

3.6 Aim of this thesis

In this thesis, | was interested in examining ripsiie’'s quaternary structure and its implications
on G activation. To study rhodopsin’s quaternary stitetn vivo in HEK293 and COS-1 cells,
bimolecular fluorescence complementation (BiFC) #odrescence resonance energy transfer
(FRET) were used as assays. BiFC technique is lmas#te idea that complementing fragments
of autofluorescent proteins like yellow fluorescembtein (YFP) can reassociate to form
functional fluorophores when fused to interactingteins (Hu, Chinenov et al. 2002). To
examine opsin with BIiFC, fusion proteins of opsimdaseveral control proteins with
complementing fragments of the YFP variant venusg@, Ibata et al. 2002) were prepared and
coexpressed. For FRET, donor and acceptor fusioteips were prepared by fusing venus as
acceptor and enhanced cyan fluorescent proteinoasrdo the C-terminal end of rhodopsin,
respectively. FRET efficiency as a measure of mtdecular proximity of the fusion proteins
was determined with an acceptor bleach protoc#RET competition assay was used to explore
possible dimerization interfaces of op&mvivo.

Furthermore, | was interested in the use of FRETiest rhodopsin’s propensity to form
oligomeric structures in 0.01% dodecyl maltosidsteandard amount of detergent for solubilizing
rhodopsin. Many structure-function studies of rhaglo - especially mutagenesis studies - are
carried out in its solubilized state rather thantsnnative disc membrane environment (see e.qg.:
Fritze, Filipek et al. 2003; Xie, Gross et al. 2P0B would therefore be interesting to know
whether the detergent environment changes the engfisaternary structure of rhodopsin and
interferes with its function. Previously, it hasebesuggested that rhodopsin’s functional unit for
G; activation is at least a dimer and that the momamstate of rhodopsin has no catalytic
activity (Park and Palczewski 2005; Jastrzebskéaéis et al. 2006). Apart from atomic force
microscopy studies, which do not answer functianastions, this has been mainly concluded
from experiments comparing the catalytic activit monomeric and oligomeric rhodopsin
preparations in detergent (Jastrzebska, Fotiada @006). However, experimental data has not

been very conclusive so far, which is due to thet fiaat different detergent conditions strongly
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influence the chosen (Gctivation assays and thus data from differentditmms cannot be
compared without accounting for these differences.

In my thesis, | was also interested in determinmlgether receptor monomers are really
functionally inactive, which would mean that oligera are the functional unit for G protein
activation. To answer that question, | measuredimax G protein activation rates oft
rhodopsin under the same detergent conditions teeidescribed fluorescence resonance energy

transfer experiments.
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4 MATERIALS AND GENERAL METHODS

4.1 Materials

1D4 Antibody National Cell Culture Center, Minnedip, USA

all-trans-retinal Sigma-Aldrich, Taufkirchen

ampicillin Roche, Mannheim

Biorad (Bradford) Reagent Biorad, Miinchen

buffer A pH 7.0, 40 mM KHPQ,, 26 mM KH,PO,,
1 mM Mg(CHCOO), 0.1 mM EDTA, 1 mM
DTT, 0.1 mM PMSF, 10 mM glucose

buffer E 20 mM Tris-HCI, pH 6.8, 150 mM NaCl, 1 ml
MgCl,, 1 mM CaCj, 10 mM EDTA, 0.1 mM
PMSF

buffer C 20 mM BTP, pH 7.1, 130 mM NaCl, 1 mM
MgCl, and 2 mM DTT

buffer D 10 mM Tris-HCI, pH 6.8, 1 mM EDTA, fablet
Completé"-Protease inhibitor/50 ml buffer

buffer P 20 mM BTP, 120 mM KCI, 0.2 mM Mgg|
5 mM DTT, pH 6.9

buffer Q 5 mM Tris-HCI, 5 mM DTT, pH 6.9

cell culture roller bottle (850 cth

Falcon, Greiner

Centricon YM-10 concentrators

Millipore, Eschborn

chloroquine

Sigma-Aldrich, Taufkirchen

Completé"-Protease inhibitor

Roche, Mannheim

Concanavalin-A (Con-A) sepharose

Amersham PhaarBiotech, Freiburg

COS-1 cells

American Type Cell Collection, Rockeville,
USA (ATCC#CRL-1650)

n-dodecylp-D-maltoside (DM)

Biomol, Hamburg

DEAE-dextran

Sigma-Aldrich, Taufkirchen

Dulbecco’s modified Eagle’s medium (DMEM)

Gibco imggen, Karlsruhe

DMEM/F12 medium

Gibco Invitrogen, Karlsruhe

DNA standard

Roche, Mannheim

DNA-Mini/Mega/Giga-Prep Kit

QUIAGEN, Hilden

EB buffer (elution buffer)

1.25M NaCl, 50 mM Tr4€l, pH 8.5, 15%
isopropanol; Qiagen, Hilden

EDTA Sigma-Aldrich, Taufkirchen
fetal calf serum (FCS) Gibco Invitrogen, Karlsruhe
FRET buffer 128 mM NacCl, 6 mM KCI, 1 mM MgGJ

5.5 mM glucose, 10 mM Hepes, 1 mM CgaCl
0.2% BSA, pH 7.4-7.6

FuGene Transfection Kit

Roche

glutamine

Gibco Invitrogen, Karlsruhe

HEK?293 cells

Prof. Dr. Michael Schéafer, FU Berlin

Luria-Bertani (LB) medium

10 g/l Bact8 Trypton, 5 g/l yeast extract, 5 g
NaCl, 1 mM NaOH, pH 7.0;
Becton-Dickinson, Augsburg

medium A

DMEM with 1% glutamine, 1% penicillin, 19
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streptavidin, 10% FCS, 1.5 g/l NaHCO3, 4.5
glucose

g/l

medium B

DMEM with 1% L-glutamine, 1% penicillin
1% streptavidin, 1.5g/l NaHCO3, 4.5¢
glucose

y/1

N3 buffer (neutralization)

3 M K-acetate, pH 5.3 BGEN, Hilden

P1 buffer (resuspension)

50 mM Tris-HCI, pH 8.0, il EDTA,
100ug/ml RNAse A; QUIAGEN, Hilden

P2 buffer (lysis)

200 mM NaOH, 1% SDS; QUIAGEN, dth

phosphate buffered saline (PBS)

137 mM NacCl, 2.7 K®l, 8.1 mM NaHPQO,,
1.5 mM KH,PQ,, pH 7.4,
Gibco Invitrogen, Karlsruhe

PE buffer (washing)

1M NaCl, 50 mM Tris-HClI,
Isopropanol; QUIAGEN, Hilden

pHD7. 15%

penicillin / streptomycin

Gibco Invitrogen, Kanlgre

phenylmethanesulphonylfluoride (PMSF)

Sigma-Aldyi€aufkirchen

QuikChange Site-Directed Mutagenesis Kit

Stratagéa Jolla, USA

restriction endonucleases

New England BioLabs

Tris-HCI (1 M, pH 7.4)

Sigma-Aldrich, Taufkirchen

trypsin

Gibco Invitrogen, Karlsruhe
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41.1 COS-1 cells

COS-1 cells were used for transient expressiomadopsin, rhodopsin fusion proteins as well as
other control fusion proteins. COS-1 cells (Gluzni®81) were derived from green monkey
kidney cells. The cell line was created by transfigcCV1 cells with the origin defective simian
virus SV40. COS-1 cells carry a single integrategycof an origin defective SV40, which codes
for wild type tumor antigen (T-antigen). T-antigsna DNA helicase, which is important for the
replication and transcription of plasmids carryiagSV40 origin such as the pMT4 plasmid.
COS-1 cells were grown in Dulbecco’s modified E&glmedium (DMEM) with 4 mM L-
glutamine, 1.5 g/l NaHC#) 4.5 g/l glucose, 10% fetal bovine serum at 373G 326 CQ.

4.1.2 HEK?293 cells

HEK293 cells were used for transient expressiorhotiopsin, rhodopsin fusion proteins as well
as other control fusion proteins. HEK293 cells wdeeved by permanently transforming human
embryonic kidney cells with sheared adenovirus @na, Smiley et al. 1977). HEK293 cells
express various adenovirus-specific proteins sgctha viral T-antigen, which is important for
replication and transcription of plasmid DNA. Irgstingly, HEK293 cells were probably not
derived from kidney cells but from neuronal celighe kidney, which explains why they express
many neuronal proteins such as neurofilaments atdal synthesis machinery (Brueggemann,
Sullivan et al. 2002). HEK293 cells were grown iMBM/F12 medium with 10% fetal bovine
serum and 4 mM L-glutamine at 37°C and 5%,CO
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4.2 Molecular biology procedures

All centrifugation steps were carried out with appEndorf 5417C centrifuge unless stated
otherwise.

4.2.1 pMT4 vector

All cloning work in this thesis was done in the nmaatian cell expression vector pMT4 (Figure
7). The plasmid pMT4 carries an artificial opsimggOprian, Molday et al. 1987) and has been
generated via insertion of an EcoRI/Notl opsin fnagt into the pMT3 vector (Franke et al.
1988; Oprian 1993).

All molecular biology procedures were carried ooftdwing standard procedures unless stated
otherwise (for further reference see: Ausubel et34ledition, “Short protocols in molecular
biology”, 1995).

Synthetic
Opsin
Gene

SV40 Ori e
+ Enhancer W JEcoRI
Tripartite ™ 7 g
Leader

DHFR
pMT4
6185 bp
B = Loctamaose T
SV40 PolyA
1; VAI
pBR322 Ori

Figure 7: pMT4 expression vector

The vector pMT4 was created by inserting the aiéifirhodopsin gene into the pMT3 vector at a EcoRl
site (N-terminal) and a Notl site (C-terminal). Odrigin of replication, DHFR: gene coding for
dihydrofolate reductase, AAMLP: adenovirus majae lpromoter, Poly A: polyadenylation signal, VAI:
virus associated gene.
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4.2.2 Restriction endonuclease digests

For preparative digests, 244 plasmid DNA was mixed with 5pul of the restrictio
endonuclease, 3@ appropriate 10X buffer, 10 pg/ml BSA (if requijednd deionized water up
to a final volume of 30Ql. Analytical digests of plasmid DNA were performedh 0.5ug DNA

and 0.5ul enzyme in a final volume of 1. Preparative digests were incubated for 4-6 hours
analytical digests for 60 min; the temperature whesen according to the manufacturer’s
suggestion for the respective endonuclease (NewakdgBio Labs, NEB). Double-digest
reactions were left to incubate overnight. The sligeé DNA was subjected to gel electrophoresis.
The band of interest was checked for expectedasidestrengths, cut out of the agarose gel and

purified.

4.2.3 Gel electrophoresis

Different sized DNA fragments can be separatedgugel electrophoresis due to the fact that
their migration speed towards the positive ele@rizdproportional to their lengths. 1% agarose
gels were prepared by heating agarose in TAE b@#@mM triacetate, 20 mM sodium acetate,
1 mM EDTA, pH 7.2) until it dissolved. The solutiavas left to cool before ethidium bromide
(~1 pg/ml final concentration) was added and tHenges poured into the chamber. The solid gel
was transferred into the running chamber and coveri¢éh TAE buffer. The DNA was mixed
with 10X running buffer (50% glycerol, 50 mM EDTA.25% bromphenol blue, pH 8.0) and
filled into the gel slots. The gels were run at@b®0 V until the buffer front was close to the
positive electrode. An appropriate DNA ladder wasdias size standard (100 bp or 1 kb, NEB).
All gels were imaged under UV light, for preparatdigests, the DNA band was excised as small

as possible with a scalpel.

4.2.4 DNA fragment extraction from agarose gels

The DNA extraction was carried out using QiAquick Gel-Extraction Kit (QIAGEN).
The gel slice was weighed into a 2 ml tube andethiraes the volume QG buffer was added. The
gel was left to dissolve completely on a shakingiceeat 50°C. If the solution turned orange or

violet, 10ul sodium acetate was added. One volume of isopalpanas added if the DNA
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fragment was below 500 bp or above 4 kb. The diesbDNA mix was applied to @ Aquick
spin column, centrifuged (14,000 rpm, 1 min) and tlow-through was discarded. 0.5 ml QG
buffer was added to the column to remove traceagafose. After centrifugation (14,000 rpm,
1 min), the flow-through was discarded and 0.75RE buffer was added. After 2 min, the
column was centrifuged (14,000 rpm, 1 min), thevfibhrough was discarded and the column
centrifuged for an additional minute. The columrswew inserted into a new 1.5 ml tube and
50ul EB buffer was applied to the center of the membraAfter one minute, the column was
centrifuged (14,000 rpm, 1 min) and the eluted Détéved at -20°C.

4.2.5 PCR procedure

For all polymerase chain reactions (PCR), the Qu#@e site-directed mutagenesis Kkit
(Stratagene) was used. For the reaction, 5 pul Xx€tion buffer, 5-50 ng dsDNA template,
125 ng oligonucleotide 1 (forward primer), 125 diganucleotide 2 (reverse primer), 1 ul dNTP
mix, and deionized water to a final volume of 50wére mixed. 1 ul Pfu Turbo DNA

polymerase was added after the reaction mix hadbeted for 1 min at 95°C. PCRs were run in
15-20 cycles of 95°C for 30 s (melting of dsDNA)-65°C for 1 min (primer annealing,

temperature depended on the primer used) and 88-i#°1 min/1 kb (elongation). The PCR
product was stored at 4°C until purification of DRA.

4.2.6 5’-Dephosphorylation with calf intestine phospha@&$CIP)

Before ligating DNA fragments into an appropriatctor, the vector was treated with alkaline
phosphatase (CIP) to remove 5’-phosphate groupsttargireduce the amount of self-ligation
between two vector ends. About 1-2 pg DNA was miwét 10ul 10X CIP buffer, 1ul CIP and
deionized water to a final volume of 10D The reaction was incubated for 1 h at 37°C. The

phosphatase was then denatured for 10 min at 3%€DNA was purified before ligation.

4.2.7 DNA purification

QIAquick PCR Purification Kit (QIAGEN) was used to purifyNA after PCR or alkaline
phosphatase treatment. The reaction was dilutedoleh with PE buffer and mixed. The mixture

was applied to &lAquick spin column, which was placed in its collectiobguThe column was
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centrifuged (14,000 rpm, 1 min) and the flow-thrbugvas discarded. The column was
centrifuged for another minute and placed into & ie5 ml tube. 30 to 50l EB buffer was
applied to the center of the membrane and lefhi¢abate for 1 min. The column was centrifuged
(14,000 rpm, 1 min) to recover the DNA in the flelwough.

4.2.8 Ligation

To create a phosphodiester bond between 5'-phosatmat 3’-hydroxy ends, the Quick Ligation
Kit (New England Bio Labs) was used. 50 ng vectaswnixed with a threefold molar excess of
the insert, 1@l 2X Quick ligation buffer, Jul Quick T4 DNA ligase and deionized water to a
final volume of 2Qul. The ligation was incubated for 20 min at roommperature and then used
to transformk. coli cells (or stored at —20°C). As a negative contiu, vector on its own was

subjected to a ligation reaction to estimate thewsmhof self-ligation.

4.2.9 Transformation of E. coli with plasmid DNA

Competent XL1BIlueE. coli cells (Stratagene, LaJolla, CA, USA) were kept-80°C and
removed 30 min before transformation to slowly thaw ice. Plasmid DNA from a ligation
(10l of the ligation reaction) or any other source (+f§) was added to 50 competent
XL1Blue cells. Cells were left on ice for anothemin. They were then heat-shocked for 2 min
at 42°C. After the heat-shock, cells were left@m temperature for another 2 min. 500.B
medium was added to the cells, which were thenbatmd at 37°C and gently shaken for 45 min.
100l of the E. coli culture was applied to the center of LB-ampiciléigar plates (ampicillin
100pg/ml). The cell solution was spread on the agafaserwith a sterilized metal stick. The
plates were incubated overnight at 37°C. If the bemnof colonies was very high, one colony
was picked and streaked on a new agar plate. Tlhaies were used to inoculate LB-medium for
guantitative DNA extraction.

For cultivation ofE.coli cells, 5 ml LB medium (Ampicillin 10@g/ml) was inoculated with one
freshly grown transformeH.coli colony. The culture was incubated at 37°C and esddar 8-12
hours. The grown culture was used for DNA miniprepsas a starter culture for DNA

megapreps.
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4.2.10 Isolation of plasmid DNA from E. coli

For purification of small quantities of plasmid DN Aprep Spin Miniprep Kit (QIAGEN) was
used. The kit uses alkaline lyses of bacterialscelhe DNA is then adsorbed to a silica-gel
membrane. The bound DNA can be washed and finhitge of the membrane.

E. coli from overnight culture were collected by centrdtign at 14,000 rpm for 1 min. The
supernatant was discarded and the pellet was resdeg in 25Q1 P1 buffer. After adding
250ul P2 buffer, the reaction was gently shaken. 3583 buffer were added and the solution
was carefully mixed. The tube was now centrifuged 0 min at 14,000 rpm. The supernatant
was applied to &lAprep column. The column was centrifuged for 1 min anel flbw-through
was discarded. The column was washed with 0.5 mibBer and centrifuged (14,000 rpm,
1 min). After discarding the flow-through, 0.75 RE buffer was added and the column
centrifuged again (14,000 rpm, 1 min). The flowetlgh was discarded and the column
centrifuged again (14,000 rpm, 1 min), the columaswserted into a new 1.5 ml tube andib0
EB buffer was applied. After 1 min, the tube wastagé&ged (14,000 rpm, 1 min) and the eluted
DNA collected.

4.2.11 DNA megapreparation

For higher amounts of DNAQIAprep Spin Megaprep Kit (QUIAGEN) was used.

The overnigh€. coli culture was diluted into 600 ml LB-ampicillin medn (100pug ampicillin/

ml) and grown overnight at 37°C on a shaking devide cell density was checked to be around
10° cells/ml. Cells were harvested by centrifuging ¢éture for 30 min at 3,100 rpm and 10°C.
The supernatant was discarded and the pellet resdsd in 50 ml P1 buffer. 50 ml P2 buffer
was added and the solution was gently shaken ihésti The lyses was not allowed to proceed
more than 5 min. Then, 50 ml of P3 buffer was adaledl after shaking the solution 4-5 times, it
was applied onto a steril@lAfilter cartridge, which had previously been adjusted &iesile
500 ml glass filtration flask. The supernatant Wedsto incubate for 10 min, after which it was
filtrated by applying a vacuum to the flask. By Bjopg 35 ml QBT buffer, a QIAGEN-tip 2500
column was equilibrated. The filtered supernataas w@pplied to the column and left to drain.
The column was washed with 160 QC buffer. The DNA was then eluted with 35 ml Qiffer

into a sterile 35 ml flask. To precipitate the DN24.5 ml isopropanol were added and after
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mixing, the solution was divided into centrifugatiaubes and centrifuged immediately for
30 min (11,000 rpm, 4°C, Beckmann JA 25-50). Theesoatant was discarded and the pellets
were washed with 8 ml 70% ethanol each and ceg#&duagain (10 min, 11,000 rpm, 4°C,
Beckmann JA 25-50). The supernatant was discardédlee pellet left to air-dry for 10 min. It
was then resuspended in 440TE buffer. The DNA was transferred into 2 ml Epgderf tubes
and the centrifugation tube was washed with anoB@ul TE buffer to recover remaining
DNA.

4.2.12 DNA concentration

The purified plasmid DNA was diluted 50 fold withater and the OD (optical density) at
260 nm, 280 nm and 325 nm was measured (Epperglor?hotometer). The concentration was
determined from the Olg via ¢ [ug/ml] = ODBgY0.02 (at d = 1 cm). As a measure of DNA
purity, the quotient of ORyOD.go was calculated (~1.8) and @had to be below 0.02.

4.2.13 DNA sequencing

All cloned DNA constructs were sequenced at aitgaf the Humboldt University (Dr. Martin

Meixner, Institute of Genetics, Humboldt UniversBgrlin).

4.3 Biochemical methods

4.3.1 Expression and purification of wild type rhodopsand rhodopsin fusion proteins

Rhodopsin, rhodopsin fusion proteins and venus-Ef0Bi#®n proteins were transiently expressed
in COS-1 cells using a DEAE-dextran transfectioncpdure (McCutchan and Pagano 1968).
DEAE is a polycation and forms complexes with DN#hen the DEAE/DNA mix is applied to
cells, DEAE interacts with the plasma membraneylteg in an increased endocytosis of the
DNA.

For one 850 cfiroller bottle, the following transfection protoashs applied: 150 ug DNA, 6 ml

1 M Tris-HCI, 48 ml medium B, and 6 ml DEAE-dextraere added into a sterile 75 ml flask.

The flask was warmed up to 37°C in a water batle ddils were checked under the microscope
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to be at about 80% confluence, and their medium reasoved. The transfection cocktail was
added to the cells and incubated for 5.5 h at 3@ 5% CQ. In a second sterile 75 ml flask,
7.5 ml chloroquine (0.1 mM) and 67.5 ml medium Arevenixed. The DNA transfection cocktail
was removed and 75 ml chloroquine/medium A mix wedded. The cells were then incubated
for another 1.5 h at 37°C and 5% £Ohe chloroquine/medium A mix was removed and the
cells were washed twice with medium B. Finally, Z80D ml medium A was added to the cells
and they were incubated at 37°C and 5%CO

Cells were harvested 72 h after transfection amdetkpressed proteins were purified using a
1D4-sepharose immunoaffinity matrix procedure (@pyiMolday et al. 1987). The 1D4 antibody
binds to the C-terminus of rhodopsin and is linkedalently to a sepharose matrix.

The cells were washed twice with PBS and then iatad for 10 min with 30 ml EDTA-PBS
(1 mM EDTA in PBS) at 37°C and 5% GOhe roller bottle was carefully shaken to remoNe a
adhered cells from the wall and 5 ml PBS with letiCompleté” Protease Inhibitor (Roche)
was added. The cell suspension was collected anulifaged (2 min, 3500 rpm, EEC-centra
CL2, 1568 G). The pellet was washed twice with 30RBS and then resuspended in 15 ml
EDTA-PBS.

All following procedures were carried out under died light conditions. For reconstitution, the
cell suspension was incubated with 30 uM clstretinal on a shaking device for 4 h (or
overnight) at 4°C. At this point, cells were eithigozen at -20°C or subject to protein
purification.

Cells were solubilized for 2 h at 4°C in 1% (w/NAdadecyl$-D-maltosid (DM) in a 50 ml
Falcon tube by using a 10% DM stock solution. N-amdH3-D-maltosid is a non-ionic detergent
with a molar mass of 510.63 g/mol and a criticatetle concentration (CMC) of 120 uM
(Rosevear, VanAken et al. 1980). The solubilizeltl mespension was then centrifuged (2 min,
3500 rpm, EEC-centra CL2, 1568 G) and the supanhatansferred onto 250 pl 1D4-sepharose
gel (binding capacity: ~1 pg/ul). The gel was wakloace with 40 ml PBS and centrifuged
(4 min, 3500 rpm, EEC-centra CL2, 1568 G) beforditaah of the solubilized protein. The
mixture was incubated overnight at 4°C. The gelemal was centrifuged (4 min, 3500 rpm,
EEC-centra CL2, 1568 G) and the supernatant wasudied. To remove excess digretinal,
the gel material was washed three times with 3OMIPBS buffer (0.03% DM in PBS, pH 7.4)

39



and once with 50 ml DM-BTP buffer (0.03% DM, 10 nBTP, pH 6.0). During each washing

step, the gel was incubated 2 min on a shakingcdehefore being centrifuged (4 min, 3500 rpm,
EEC-centra CL2, 1568 G). The washed gel materia mvesuspended in 1 ml DM-BTP buffer

and transferred into a 2 ml Eppendorf tube. Thee tulas centrifuged for 10 s (16,100 rpm,
Eppendorf 5417C) and the supernatant was discafdexd1D4-bound proteins were eluted from
the sepharose gel by incubating the gel with 1loticn buffer (100 uM 1D4 peptide, 10 mM

BTP, pH 6.0, 0.03% DM) for 2 h at 4°C. The 1D4 peptcorresponds to the last C-terminal 18
amino acids of rhodopsin (DEASTTVSKTETSQVAPA). Tsigpernatant was separated from the
gel by centrifugation (10 s, 16100 rpm, Eppendati &) and subsequent ultracentrifugation
(60,000, 15 min at 4°C, Beckmann TL 100.3). Thdietuprocedure was repeated twice with
0.8 ml and 0.5 ml elution buffer. To quantify thencentration of the expressed protein, UV/Vis

absorption spectra were taken of all three elutiBosified proteins were stored at -20°C.
4.3.2 Preparation of rod outer segments

The ROS preparation followed a protocol publishgdPbpermaster et al. (Papermaster 1982).
Under dim red light, retinas were isolated fromibeweyes obtained from a local slaughterhouse.
The retinas were cut off at the optic nerve aneatly dropped into 45% sucrose in buffer A
(pH 7.0, 40 mM KHPO,, 26 MM KH,PO,, 1 mM Mg(CHCOO), 0.1 mM EDTA, 1 mM DTT,
0.1 mM PMSF, 10 mM glucose) on ice. Until furtheeuretinas were stored at -80°C.

For ROS preparation, retinas were thawed, resuggeandd then vigorously shaken for 2 min to
break off the ROS at the cilium. Consecutively, thespension was centrifuged (5,000 rpm,
5 min, 4°C, Beckmann JS-13.1) and filtered throagtotton cloth. Buffer A was added 1:1 to
the filtered solution and the solution was cengéd again (10,000 rpm, 10 min, 4°C, Beckmann
JS-13.1). The pellet was resuspended in 45% suandagfer A and added carefully on top of a
discontinuous sucrose gradient (1.11, 1.13 and d/a®). After centrifugation, ROS was
extracted from the uppermost boundary layer wislyrange. The extract was washed with buffer
A and centrifuged (10,000 rpm, 10 min, 4°C, Beckma8-13.1). The pellet was stored at -40°C

or directly used to extract transducin.
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4.3.3 Preparation of G holoprotein

Transducin was prepared from bovine rod outer satgg{®OS) following a published procedure
(Kdihn 1982) in a modified form (Heck and Hofmanr93®

Purified ROS of about 100 retinas were resuspeidébtonic buffer P (20 mM BTP, 120 mM
KCI, 0.2 mM MgCh, 5mM DTT, pH 6.9), which contained 1 tablet CoaiglV-Protease
inhibitor (Roche) per 250 ml buffer. The suspensi@s homogenized with a glass homogenizer
and diluted to 1 mg rhodopsin/ml with buffer P adgCl, (final concentration 5 mM). The
solution was stored on ice and bleached for 10wiih orange light (filter Schott OG-550) to
bind G to the activated rhodopsin. The solution was deigied (28,000 rpm, 30 min, 4°C,
Beckmann JA-30.50) and the pellet resuspended potoyic buffer Q (5 mM Tris-HCI, 5 mM
DTT, pH 6.9). The solution was centrifuged agai8,(®0 rpm, 30 min, 4°C, Beckmann JA-
30.50), the pellet resuspended in buffer Q with A% GTP and 50 uM MgGl(rhodopsin
concentration ~3 mg/ml) and incubated for 9 min.tis step, Gexchanges GDP against the
present GTP and dissociates from rhodopsin andiftemembrane.

The suspension was centrifuged again (28,000 r@nmif, 4°C, Beckmann JA-30.50) and the
supernatant removed and stored. The step was eepaatl the resulting supernatant was added
to the first supernatant. To remove remaining memdrimpurities, the Gsolution was
centrifuged (40,000 rpm, 15 min, 4°C, Beckmann p@&d the supernatant concentrated via
ultrafiltration (Amicon YM-10) to 3 ml. The conceated G preparation was then dialyzed (pore
size <12 kDa) overnight against buffer C (20 mM BpHA 7.1, 130 mM NaCl, 1 mM Mgghnd

2 mM DTT).

To remove traces of rhodopsin, the dialyzegp@paration (~8-15 ml volume) was then applied
to a Concanavalin-A column (~1 ml ConA sepharos$e) ffow rate of 0.1 ml/min in buffer C at
6°C. Remaining rhodopsin binds to the ConA sepleavis its sugar modifications. The resulting
Gt preparation was further concentrated by ultrafilom (Centricon YM-10) and stored on ice.
Protein concentration was determined with the Bratihssay (see 4.4.2). To exactly determine
the amount of functiondb protein, Gwas further quantified by titrating it with exaamounts of
GTPyS (100 nM) using 10 nM rhodopsin as catalyst imalfvolume of 1000 ul while subjecting

it to constant stirring (Ernst, Bieri et al. 2000).
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GTPyS concentration was determined by UV/Vis absorpspactroscopy witlg,sz= 13700 M
'em™ (Bock et al. 1956). Geoncentrations ranged between 30-40 pM. Interglgtironly one
third of the G protein pool determined by Bradford assay couldattevated. This could be an
effect of G agglomeration due to the high concentrations aekieduring ultrafiltration or else
due to the suboptimal quality of the retinas andBrpreparation. However, all calculated
activation rates in this work refer to the amouftfunctional G as determined by G¥B

titration.

4.3.4 Membrane preparation of COS-1 cells

The protocol for 1 roller bottle (850 &rwas adapted from Han and Sakmar (Han and Sakmar
2000). Cells were harvested b ml PBS (pH 7.4) into a 50 ml Falcon tube. Thegrav
centrifuged (2 min, 3500 rpm, EEC-centra CL2, 18&nd the supernatant was discarded. The
cell pellet was resuspended in 11 ml hypotonicdyuif (10 mM Tris-HCI, pH 6.8, 1 mM EDTA,

1 tablet Complete’-Protease inhibitor/50 ml buffer). The suspensi@swomogenized 5x with

a glass/glass homogenizer and then pulled twiceutir a 26-gauge cannula attached to a
syringe. To separate the membrane fraction, thatdysvas applied onto 10 ml of 37.7%
saccharose in buffer E (20 mM TrisHCI, pH 6.8, 1@ NaCl, 1 mM MgC}, 1 mM CaCi.

10 mM EDTA, 0.1 mM PMSF) into a centrifuge tube asehtrifuged at 24,000 rpm (20 min,
4°C, rotor Ti 50.2). The membrane fraction was a&oted with a syringe from the boundary layer
between the sucrose layer and the hypotonic buffiee. membranes were diluted with 30 ml
buffer E and centrifuged (45,000 rpm 60 min, 4°@pr Ti 50.2). The pellet was washed with
30 ml buffer E and centrifuged again (45,000 rp@n6n, 4°C, rotor Ti 50.2). The pellet was
homogenized in 7.5 ml buffer E with a 26-gauge céaattached to a syringe. Aliquots of 1.5 ml

were frozen in liquid nitrogen and stored at -40°C.
4.3.5 HEK?293 cell transfection

HEK?293 cells were grown up to about 80% conflueiitd0 cnf round tissue culture plates

which contained a 9 cfrround coverslipif vivo FRET experiments) or in 8-well coverslips

(BIFC experiments). The serum-free DMEM/F12 mediwvas warmed up to 37°C. For

transfection, the FuGene transfection reagent (Boalas used according to the manufacturer’'s
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suggestions. For 10 értissue plates, gl FuGene per plate was preincubated with f0ferum-
free medium for 5 min. The mix was then added &@NA (0.2 pg/crf) and left to incubate for
another 20 min after careful mixing. The DNA mix svadded to the cells and distributed by
gently shaking the plates. Cells were left to irateb24 h before fluorescence microscopy

experiments.
4.4 Biophysical methods

4.4.1 Fluorescence spectroscopy assay fqra@tivation

The inactive, GDP-bound @ in equilibrium between soluble and micelle-bdym vivo: disc
membrane bound) fractions (1). The micelle-bouadtfon of inactive, GDP-bound;Gan form
a complex with active rhodopsin. Complex formatieith rhodopsin induces conformational
changes in Gwhich lead to the release of its bound GDP {2p hext step, empty;@ow binds
GTP, which leads to a dissociation of the R*e@mplex (3). The active Gpecies (@) GiGTP
dissociates into @*GTP and @y, which leave the membrane. In the presence of RD#ye
Gi*GTP, especially @&, does not dissociate from the membrangbdeind GTP is hydrolyzed to
GDP and Pdue to intrinsic GTPase of @&). This step occurs vivo within seconds, unden
vitro conditions the timescale is minutes.(Hofmann 1993)

1) G, o [GDP & G, ,;, [GDP

)G, [GDP +R* & R* Gy, T GDP

3 R* B, 4y, + GTP~> [R* G, [GTP] »>R* +G, , [GTP

4) G, o [(GTP—>» G, , [GDP+PR,

G activation was measured here using intrinsic #soence dequenching of«JTrp*®) upon

exchange of GDP against GTP, which was first desdrby Higashijima (Higashijima, Ferguson
et al. 1987). Even though there are several additiyptophans present innG2), Gy (8) and
rhodopsin (5), the fluorescence increase due t@dBvation leads to a 25-30% increase in
detectable fluorescence in the sample. Thiad8vation assay was first described by Phillips e
al. (Phillips and Cerione 1988), for experimentsalibed here, a modified version as described
in (Ernst, Bieri et al. 2000; Bartl et al. 2005)napplied.

To measure activation kinetics without an overl&ycd P hydrolysis, a non-hydrolysable GTP,

GTPyS, was used. All measurements were carried oudDdT.2For G activation assay, settings
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were Aex = 300 nm, and\em= 345 nm with an integration time of 0.5-2 s. Babaorescence
levels were recorded for about 15 s before actwadif rhodopsin was triggered with orange light
(480 nm longpass filter, GG495 Schott, Mainz, GerylaActivation of the whole (pool was
achieved by adding 50 nM rhodopsin to the cuvétte slope of the initial rise in fluorescence
emission (F/t) was quantified by linear regressimce the maximal amplitude of fluorescence
after addition of excess rhodopsin accounts foitoked amount of ¢ the change in fluorescence
(F/t) could be transferred into/@. All data was analyzed with Sigma Plot 2000.
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Figure 8: Setup for measurements of fluorescence éssion spectrain vitro

Experiments were carried out with a fluorescencecspmeter (SPEX, Fluorolog 1) equipped with a
450W xenon arc lamp. Abbreviations: M: mirror, Slit, R: reference, BS: beam splitter, S: sample
chamber, G: grater.

4.4.2 Bradford assay

The Bradford assay (Bradford 1976) is a spectrdscagsay to determine the concentration of a
protein in solution. It is based on the fact the tlye Coomassie changes its absorbance when it

binds to arginine and hydrophobic amino acid ressdun its anionic, bound state Coomassie
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absorbs mainly at 595 nm. The absorbance at 59 rmearly proportional to the amount of
protein, typically in the range of 2 pg/ml to 12¢/ml. Due to the fact that different proteins do
not have the same amino acid composition and tlsasdiffer in the percentage of hydrophobic
amino acid residues and arginines, the proteindstahused has to be similar to the measured
protein.

G: concentrations were measured with the Bradfordyassing BioRad protein reagent. 10 pl of
the sample was diluted in 790 pl buffer and 20BidRad protein reagent. After 5 min
incubation, the absorption was measured at 595Toncalibrate the Bradford assay, bovine

serum albumin was used as standard.

4.4.3 UV/visible spectroscopy

UV/Vis absorption spectra were taken at 20°C witilaaian Cary 50 UV/visible spectrometer
with a resolution of 2 nm. Rhodopsin samples wesemally measured in BTP-DM elution
buffer (100 uM 1D4 peptide, 10 nM BTP, pH 6.0, @®BM), the same buffer was also used to
record basic absorption spectra. For the illumihdtbleached”) rhodopsin spectra, the samples
were illuminated for 15 s with a 150 W fiber oplight source equipped with a 480 nm longpass
filter (GG495 Schott, Mainz, Germany) and a heatemtion filter.

For each sample, absorption spectra between 25ndné50 nm were taken for the dark and the
illuminated state. Rhodopsin concentration wasrdeteed via E =eced with E = absorption at

A = 498 nm, e = 40600 M'cm™ and d = 1cm (Kropf, Whittenberger et al. 1973)tlire dark
spectraln the case of fusion proteins consisting of rhaio@nd fluorescent proteins, difference
spectra (spectrum after illumination subtractednfroorresponding spectrum in the dark) were

used to determine rhodopsin concentration.
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5 BIMOLECULAR FLUORESCENCE COMPLEMENTATION

5.1 Method

Bimolecular fluorescence complementation analyBiB€) was introduced as a qualitative assay
for monitoring molecular interactions of proteinsvivo. (Hu, Chinenov et al. 2002; Hu and
Kerppola 2003). The authors cut yellow fluorescerdtein (YFP) at different non-conserved
amino acids in loop region of ifsbarrel structure and fused the resulting fragmemtbe basic
region leucine zipper (bZip) domains of the tramg@n regulatory proteins Jun (bJun) and Fos
(bFos), respectively. The bZip domains of Jun and &e known to interact with each other.
Upon coexpression of the resulting bJun and bFs®ruproteins inE. coli or COS-1 cells,

fluorescence emission could be measured (Figure 9).

4

Figure 9: BiFC complementation

Cartoon of fluorophore fragmentpale green) fused to interacting proteins bJun and bFos, wligon
coexpression lead to BiFC of the fragments (complaied fluorophoregreen).

Figure adapted from Kerppola (2006).

As a negative control the authors showed that mdriee fragments fluoresces on its own, and
that coexpression of corresponding fragments lackive interacting bZip domain yielded no
fluorescence emission. The authors also studiedrdphore complementatiom vitro by
denaturing (5 min at 95°C) a mixture of complememtifragments, which were either
coexpressed and copurified or mixed after puriiccat After leaving denaturing conditions,
fluorescence emission slowly increased to reaakvel Icomparable to intact fluorophores after
several hours. Furthermore, the authors showedik& could be suppressed by the addition of
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wild type bZip domains, which strongly suggestd thaiation of fluorescence complementation
is not driven by the attraction of the fluorophdr@gments to each other. However, the addition
of competing wild type bZip domains had to occuthivi seconds after denaturation, which
indicates that once complementation is completedotbcess is not reversible. Thus, the authors
claim that BiFC is a valuable tool for monitoringgsially close protein-protein interaction during
protein complex formation. But they also say thaisi not as suitable to monitor shifts in
equilibrium after complex formation due to the weesible fluorophore formation. However, one
main advantage of BiFC over FRET is that fluoreseeis only visible if protein interactions
occur, which makes it a potentially easy-to-usel tiowy determining new protein-protein

interaction.

So far, BIFC has been mainly used for soluble pmetéke bZip domains and the G protein
subunits @ and & (Hu and Kerppola 2003; Hynes, Tang et al. 2004{t&aChaban et al.
2004; Cole, McLaughlin et al. 2007). In my thedisyas interested in the use of BIiFC to
investigate membrane protein interactions. For pl@pose, fusion proteins between fluorophore
fragments and several different proteins such a&s G#PCR rhodopsin, the tyrosine kinase
epidermal growth factor receptor (EGFR), the cR$SPCRp,-adrenergic receptofff-AR), the
cation selective ion channel transient receptoema! protein TRPV3 (Xu, Ramsey et al. 2002),
the E. coli specific outer membrane protein OmpA (Wang and RD02) as well as the soluble
maltose binding protein (MBP) were created.

For fluorescence microscopy, fusion protein comstrwere transiently expressed in HEK293
cells using FuGene as transfection medium. The egdire imaged 24 h post transfection using
an upright, widefield microscope (DMR, Leica, Beesh, Germany) equipped with a mercury
lamp (HBO 50W, Osram) and a Plan-Apochromat 63x/&b}ective (Leica, Bensheim,
Germany). Venus fluorescence emission was filtaretirecorded with a cooled CCD camera (C
5985-10, Hamamatsu, Herrsching, Germany). Setfimggenus weré ey = 490 nmAey, = 535-
580 nm (band pass filter). For further charactéiora fusion proteins were expressed in COS-1
cells, purified by means of 1D4-immunoaffinity chratography and characterized via UV/Vis
absorption spectroscopy. Rhodopsin fusion proteiese also functionally characterized using

the described (activation assay (see 4.4.1, data not shown).
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5.1.1 BIFC fusion protein constructs

For all fusion protein constructs, pMT4 was modifigy standard cloning and PCR procedures
(see section 4.2). Codons corresponding to the thB4ellowed by a stop codon were added to
the C-terminal end of all fusion proteins. The 1f2g-is a sequence of 9 amino acids at the C-
terminal end of rhodopsin. It functions as epitapg for the monoclonal anti-rhodopsin 1D4
antibody, which was used to immunopurify resultfngion proteins. Fluorophore fragments of
EYFP/venus were generated using previously puldigpit sites (Hu, Chinenov et al. 2002)
(Figure 10).

N-terminus 155 173

y ]P 3P
|

YFP

A A

Figure 10: BiFC split sites in YFP

Green fluorescent protein-derived fluorophores hafeébarrel structure, which is constituted by
11 strands surrounding a centrahelix. Both split sites are in loop regions whichnnect
strands forming theB-barrel structure. For C-terminal opsin constru¢ke® opsin gene was
followed by bases GGATCAACCGGT and the gene coordmg to the respective EYFP
fragment and codons corresponding to the amino aeglience GTETSQVAPA (1D4-tag)
(Figure 11 A). In N-terminal EYFP-opsin construatedons corresponding to opsin amino acids
1-21 were followed by bases ACCGGT, the gene ofréspective EYFP fragment, and codons

corresponding to opsin amino acids 3-348.
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A B

N-terminus linker N-terminus
1D4-tag 1D4-tag psin(1-21) 1D4-tag
EYFP (1-154) EYFP (1-154)
EYFP(1-172) EYFP (1-172)
2
173-238 -238

Figure 11: Fusion protein constructs between EYFPrad opsin

A: C-terminal fusion protein constructs between msid EYFPB: N-terminal fusion protein constructs

between opsin and EYFP.

To further optimize the resulting BiFC construdi,FP was exchanged against venus in all C-

terminal BiFC constructs (Figure 12) (see 5.2). Vakow variant ‘venus’ ishequorea victoria
GFP with mammalian codons and the following adddianutations: F46L, F64L, S65G, V68L,
S72A, M153T, V163A, S175G, T203Y, H231L and a Valifisertion (Nagai, Ibata et al. 2002)

(see 6.1.1 for amino acid alignment). Venus hasecéd maturation properties due to enhanced

folding and accelerated formation of the chromophawhich is the rate limiting step of

maturation. The resulting opsin-venus fusion pratevere named as follows:

linker

1D4-tag 1D4-tag
R-venus(1-154) enus (1-154)

R-venus(154-238)

R-venus(1-172) venus (1-172)

R-venus(172-238)

Figure 12: C-terminal fusion proteins constructs beveen opsin and venus
49



To investigate BIiFC between opsin and other men@rnaroteins as well as other soluble
proteins, the following additional BiFC construetgh venus (fragments) were created (Figure
13).

>
vy}

linker 1D4-tag

venus(1-239)

linker 1D4-tag

venus(1-238)

venus(1-172) venus(1-172)

venus
173-2

venus
173-238

I
I

linker 1D4-tag D linker 1D4-tag

v v ' v
venus(1-239) I

venus(1-172)

O

venus(1-172)

venus venus

linker 1D4-tag

TRPV3 I venus(1-239) I

m

TRPV3 I venus(1-172) I

TRPV3 I :lvzearjuzsaa; I

Figure 13: C-terminal fusion proteins constructs bewveen BiFC control proteins and venus

A B,-AR-venus(1-238)B.-adrenergic receptor fused to venus(1-2BAR-venus(1-172)p-adrenergic
receptor fused to venus(1-178):AR-venus(173-238)3,-adrenergic receptor fused to venus(173-2B8);
MBP-venus(1-238): maltose binding protein fusedé¢aus(1-238); MBP-venus(1-172): maltose binding
protein fused to venus(1-172); MBP-venus(173-2&8&ltose binding proteins fused to venus(173-238);
C EGFR-venus(1-238): epidermal growth factor recefised to venus(1-238); EGFR-venus(1-172):
epidermal growth factor receptor fused to venuf{2}1EGFR-venus(173-238). epidermal growth factor
receptor fused to venus(173-238) OmpAl71-venus(1-238): OmpAl71l fused to venus(1:238
OmpA171-venus(1-172): OmpA171 fused to venus(1-1@2npAl71-venus(173-238): OmpAl71 fused
to venus(173-238)E TRPV3-venus(1-238): TRPV3 receptor fused to veni288); TRPV3-venus(1-
172): TRPV3 receptor fused to venus(1-172); TRP¥Bus(173-238): TRPV3 receptor fused to
venus(173-238).

50



For EGFR constructs, codons corresponding to EGFRrewfollowed by bases
TGCTCGAGCATGCATCTAGAG, the gene of the respectiMaofophore (or fluorophore
fragment) and codons corresponding to the 1D4-sagino acids GTETSQVAPA). For MBP
constructs, codons corresponding to MBP were falblwy bases GGATCAACCGGT, the gene
of the respective fluorophore (or fluorophore frant), and codons corresponding to the 1D4-
tag. For OmpAl71 constructs, codons correspondin@®@mpAl71 were followed by bases
CCTGCAGGATCAACCGGT, the gene of the respective iftyghore (or fluorophore fragment),
and codons corresponding to the 1D4-tag. For TREW®structs, codons corresponding to
TRPV3 were followed by bases CTAGATACCGGT, the gehé¢he respective fluorophore (or
fluorophore fragment), and codons correspondinthéolD4-tag. Fof,-AR constructs, codons
corresponding top,-AR were followed by bases ACCGGT, the gene of tlespective

fluorophore (or fluorophore fragment), and codoose&sponding to the 1D4-tag.

protein abbreviation Genbank entry |5 ing acids | commentireference
Swiss-Prot entry
synthetic gene
. . M12689 i (Ferretti 1987),
opsin (bovine) R OPSD_BOVIN 1-348 modified by
(Sakmar 1989)
[B>-adrenergic PO7550 (Kobi
obilka et al.
receptor BAR ADRB2_HUMAN 1-413 1987)
(human)
transient
receptor (Xu, Ramsey et al.
potential TRPV3 TRP(\Q/2K4MZC§USE 1-790 2002)
receptor V3 - (Peier et al. 2002)
(murine)
epidermal
growth factor P0O0533 i :
receptor EGFR EGFR_HUMAN 1-3205 (Lin et al 1984)
(human)
fragment
sgc-a?:?:‘ﬁ:ecljl?tfer constitutingB-barrel
membrane OmpA171 POAIL0 22192 (Wang and Kim
: OMPA_ECOLI 2002)
protein OmpA _
(E. coli) gene: (Beck,
) Bremer 1980)
maltose binding POAEX9 :
protein MBP MALE_ECOLI 1-387 (Quiocho 1997)
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5.2 Results

To determine which complementing fusion proteinstorcts were most suitable, two different
sets of previously published fluorophore fragmeBf¢FP(1-172)/EYFP(173-238) and EYFP(1-
154)/EYFP(155-238) (Hu, Chinenov et al. 2002) wesed to generate fusion proteins with opsin
as described. The four complementing fragments Vesed to the N-terminal as well as to the
C-terminal site of opsin, leading to 8 differentnstructs (Figure 11). All constructs were
sequenced and amplified. Fusion proteins were sgptein COS-1 cells, regenerated with 11-
cisretinal and purified as described above. Only troess carrying the fluorophore fragment at
the C-terminal site of opsin could be successfaitpressed and purified. However, not all C-
terminal constructs were expressed equally wetb(dat shown).

One probable reason for low expression levels@d#ig distortions. To facilitate folding, fusion
proteins were optimized using venus, a maturatistniiozed EYFP variant (Nagai, Ibata et al.
2002). The so-derived fusion proteins R-venus(1184venus(1-172), R-venus(154-238) and
R-venus(173-238) (Figure 12) could be successeniyressed in COS-1 and HEK293 cells and
purified as shown by UV absorption spectroscopygfe 14).

When expressed on their own, R-venus(1-154), Rs@nl72), R-venus(154-238) and R-
venus(173-238) showed typical absorption featufedhi@dopsin for dark conditions as well as
after bleaching (Figure 14). When R-venus(1-154) Rrvenus(1-172) were coexpressed with R-
venus(154-238) and R-venus(173-238), respectivieéyabsorption spectra showed an additional
absorption peak ak =515 nm, which is typical for R-venus (Figure .1Bpth coexpressed
samples still showed a normal Meta-II absorptioift $880 nm) of rhodopsin after illumination.
Comparing the amount of rhodopsin with venus by meeaf their extinction coefficients
(rhodopsin:gses = 40,600 Micm™: venusesisnm= 92,200 M'cm™), it turned out that the relation
of rhodopsin:venus is not exactly 2:1 (two rhodaop$ision proteins are needed for one
complementing venus) but roughly 3:1. However, \Wesiblot experiments with coexpressed
fusion proteins revealed that coexpressed R-FCR R+FC4 run as a single band at about the
size of two wt rhodopsin and one venus (data not shown). Thiggesig that not all

complemented fluorophores actually mature to blg fuhctional even though they complement.
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Figure 14: UV/Vis spectra of fusion proteins

A-D: Fusion protein constructs were expressed in CO8HE, cregenerated with Idsretinal and
purified as described. All spectra were taken efghrified sampleRed curves. spectra taken in the dark,
blue curves. spectra taken after illumination of the sample I®» s with orange lightgreen curve:
difference spectra of dark-light spectra. Aftauritiination, the absorption maximum shifts from 488to
380 nm, which is typical fowt rhodopsin. None of the spectra has an absorptiak pe515 nm, which
would be typical for venus absorption.
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Figure 15: UV/Vis spectra of coexpressed fusion pteins

E—F: Fusion protein constructs were coexpressed in C@8H$, regenerated with Xisretinal and
purified as described. All spectra were taken efghrified sampleRed curves. spectra taken in the dark,
blue curves: spectra taken after illumination of the sample I®& s with orange lightgreen curves:
difference spectra of dark-light spectra. The dueves show a shift of the maximum absorption from
498 nm @reen) to 380 nm, which is typical fost rhodopsin. Both red curves show a maximal absampti
at 515 nm, which is typical for venus absorption.

The UV/Vis spectra of coexpressed fusion protekigure 15) show that they must come close
enough to enable fluorophore fragments to intemadtcomplement to a fluorescing holo protein.
COS-1 and HEK293 cells expressing R-venus(1-172)emus(173-238) and R-venus(1-172)
together with R-venus(173-238) were imaged withofiscence microscopy. There was no
significant fluorescence detectable in cells odgressing R-venus(1-172) or R-venus(173-238)
(Figure 16A and B), whereas cells coexpressing lootistructs showed strong fluorescence
signals (Figure 16 C). Fluorescence was mainlyliped in the plasma membrane but also
present in intracellular compartments such as tigogasmatic reticulum (ER) and the Golgi
apparatus. This suggests that bimolecular fluorescecomplementation occurs during
biosynthesis of the fusion proteins. The formeailiscing protein complex is then shuttled to

the plasma membrane.
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A: R-venus(1-172) B: R-venus(173-238) C: R-venus(1-172) + R-venus(173-238)

Figure 16: Expression of opsin BiFC constructs in HK293 cells

All HEK293 cells were imaged 24 h post transfectioith FuGene using a 63x/1.4 objective (Leica),
Aexe= 490 NM Aem= 535-580 nm;A: R-venus(1-172), no significant fluorescence defset B: R-
venus(173-238), no significant fluorescence detdefaC: Coexpression of R-venus(1-172) and R-
venus(173-238), strong fluorescence emission pedlimainly in the plasma membrane as well as in
intracellular compartments such as the ER and tlgiG

To verify that detected fluorescence emission upmexpression of complementing fragments R-
venus(1-172) with R-venus(173-238) is due to spediteraction of opsin with itself, several
other proteins were fused to venus fragments ardpressed with opsin fusion proteins (Figure
17). All control fusion proteins were cloned as desdalibeder 5.1.1 (Figure 13) and sequenced.
Control BiFC experiments were carried out exadltg coexpression of R-venus(1-172) with R-
venus(173-238). Surprisingly, all negative contmmnstructs showed positive BiFC upon
expression with opsin fusion protein (Figure 17A-Eyen though the level of fluorescence was
not as strong as when coexpressing R-venus(1-1v#2)Ravenus(173-238), it was still clearly

detectable in all cases.
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A B,-AR-venus(173-238) B MBP-venus(1-172) C EGFR-venus(173-238)
+R-venus(1-172)

+ R-venus(1-172)

D OmpA171-venus(173-238) E TRPV3-venus(173-238)
+R-venus(1-172) +R-venus(1-172)

+ R-venus(173-238)

Figure 17: BiFC between opsin and several differertontrol proteins upon coexpression

All HEK293 cells were imaged 24 h post transfectioith FuGene using a 63x/1.4 objective (Leica),
Aexe= 490 NM Aem= 535-580 nmA: Coexpression db,-adrenergic receptor fused to venus(173-238) with
R-venus(1-172) shows strong fluorescence localimauhly in intracellular compartments like the ER bu
also in the plasma membrari; Coexpression of maltose binding protein fusedeous(1-172) with R-
venus(173-238) shows strong fluorescence localisgtie plasma membrane as well as in intracellular
compartments (ER);C: Coexpression of EGFR-venus(173-238) with R-vend§(@) shows
homogeneous fluorescence in the cytoplasm, theeaueind plasma membrane as well as in thelER;
Coexpression of OmpAl171-venus(173-238) with R-vémlg2) shows fluorescence mainly in
intracellular compartments as well as in the plasneanbraneE: Coexpression of TRPV3-venus(173-
238) with R-venus(1-172) shows fluorescence mamiptracellular compartments like the ER.
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The fluorescence signal of all control BiFC expemnts (Figure 17) is slightly lower than in cells
coexpressing of R-venus(1-172) and R-venus(173-28)this does not necessarily mean that
BiFC efficiency is lower, it could also reflect lewexpression levels of the control fusion
proteins. Moreover, BiFC is a qualitative assaygimtein-protein interaction and differences in
fluorescence emission cannot be reliably quantified

A B,-AR-venus(1-172) B MBP-venus(1-172)
+ B,-AR-venus(173-238)  + MBP-venus(173-238)

C EGFR-venus(1-172) D TRPV3-venus(1-172)
+ EGFR-venus(173-238)  + TRPV3-venus(173-238)

-
-

Figure 18: BiFC between control fusion constructs

All HEK293 cells were imaged 24 h post transfectioith FuGene using a 63x/1.4 objective (Leica),
Aexc= 490 NM Aem= 535-580 nm. Positive BiFC upon coexpression ofitmd fusion proteins with
themselves (see labeling) could be recorded incafies.A: Fluorescence is mainly restricted to
intracellular compartments, little fluorescence t@endetected in the plasma membraBefFluorescence

is homogenously distributed in the cytoplasm asl Wwat seems to be higher concentrated in some
intracellular compartment, probably due to degriadatC: Fluorescence is mainly visible in intracellular
compartments like ER and Golgi but also in the miasnembrane: Fluorescence is mainly localized in
intracellular membranes, as well as in the plasrambrane.

BiFC was also tested for control fusion proteinshwthemselves (Figure 18). As shown, all

control fusion proteins exhibit positive BIiFC whetoexpressed with their respective

complementing fusion protein. In the case of EGERs known that upon binding its ligand

EGF, the tyrosin kinase dimerizes and is interealizHowever, EGF should not be present in
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HEK293 cell culture but BiIFC between EGFR-venus(2)land EGFR-venus(173-238) is
nevertheless positive (Figure 18 C). For MBP andPVR, homo dimerization has not been

reported at all. However, both of them show posiB/FC (Figure 18B, D).

A B,-AR-venus B MBP-venus C EGFR-EYFP
D TRPV3-venus E OmpAl71-venus

Figure 19: Expression of control proteins fused teenus

All HEK293 cells were imaged 24 h post transfectipith FuGene using a 63x/1.4 objective (Leica),
Aexc= 490 NM Aem= 535-580 nmA: Fluorescence is mainly present in intracellulanmbranes (ER) but
also in the plasma membranB; Fluorescence is homogenously distributed in thtoptasm, C:
Fluorescence is mainly visible in intracellular qmartments like ER and Goldd: Fluorescence is mainly
localized in intracellular membranes, as well aghia plasma membrang,: Strong fluorescence is
present in intracellular compartments (nucleus)taedcytoplasm.

5.3 Discussion

Positive BiFC between R-venus(1-172) @aeAR-venus(173-238) is not as surprising as with all
of the other fusion proteins. The class A GPEMRR shares a high sequence homology with
rhodopsin and is therefore also structurally veryilar. It is thus not too surprising to see
fluorescence emission due to successful BiFC betvireenus(1-172) anfl,-AR-venus(173-
238) (Figure 17A) and betwe@a-AR-venus(173-238) anghb-AR-venus(1-172) (Figure 18A).
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EGFR is a typical tyrosine kinase involved in geibliferation and cell growth. It does not share
many structural features with rhodopsin but newwe$s solid BiFC signals are detectable for
coexpression of EGFR-venus(173-238) and R-venug®}-1Figure 17C). It is known that
crosstalk between GPCRs and EGFR signaling pathwagsrs, but so far, none of these
interactions were reported to be directly betwe®C& and EGFR (Thomas et al. 2006; Fischer,
Hart et al. 2003). Fluorescence is not only loealizaround the plasma membrane but also in the
cytoplasm, the ER and the nuclear membrane. Thikldme due to mistargeting or misfolding of
the protein complex. Another possibility is that~Bi already occurs when fusion proteins are
expressed, perhaps due to their close localizatitile ER upon overexpression.

Especially unexpected was BIFC between opsin andoAIml, MPB and TRPV3 fusion
proteins (Figure 17 B, D, E). TRPV3R is a catiolestve ion channel which primarily responds
to noxious heat signals in different tissues (skamgue, spinal cord and brain) (Xu, Ramsey et
al. 2002). It is known to form heterotrimeric chatmwith TRPV1 but until now, no protein
interactions between TRPV3 and GPCRs have beemntegh©@mpA, the outer membrane protein
A of E. coli, can act as a porin with low permeability for shsallutes, it is also known to be
implicated in the stabilization of mating aggregatiiring conjugation (Wang and Kim 2002).1t
is known to form homodimers Here, only 171 aminddscwhich form its 8-stranded
transmembrang-barrel domain were used to generate the describagAl71-fluorophore
fusion proteins. So far, no interaction between &@@nd OmpA has been reported. The maltose
binding protein, MBP, is a soluble plasma proteinEocoli involved in the trafficking of

maltose. So far, no interactions with rhodopsinehlagen reported.

To summarize, it can be said that BiFC does natesgmt an unambiguous tool for monitoring
specific interaction of membrane proteins. This lhige due to the restriction of membrane
proteins to 2-dimensional compartments. Howevegnawnrelated, soluble proteins such as MBP
show positive BiFC with opsin.

Also, fluorescence emission is almost always akseatable in intracellular compartments like
the ER. This could be an effect of mistargetingnasfolding of the protein complex. An
alternative explanation is that fluorescence complatation occurs before the protein complex is
shuttled to its target compartment. Kerppola e(tdl, Chinenov et al. 2002) showed that once
the BIFC complex has assembled, it is very stabketd irreversible fluorophore formation (see

5.1). Thus, fluorescence which can be traced tdabkgi and the ER does not necessarily mean
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that proteins specifically interact in their targetmpartment, e.g. the cell membrane. Positive
BiFC could therefore also be a result of close pnity during expression, post-translational
modification and transport.

Overall, it can be said that BiFC does not allowdaneaningful interpretation of fluorescence as
specific membrane protein interactions. Howevemight be a potentially useful technique for
linking proteins together. Using complementing @usiprotein with strong transport qualities
could be a feasible approach for shuttling targetgins to specific cell compartments. In the
case of coexpression of R-venus(173-239) with MBRus(1-172), for example, the protein
complex was mainly located in plasma membrane (EigiZB), whereas MBP-venus on its own
was localized in the cytoplasm (Figure 19B). Fumiere, BiFC linked rhodopsin does not differ
significantly in its G protein activation capacityom wild type rhodopsin (experiment was
performed as described in 4.4.1, data not showhighwsuggests that BiFC linked proteins might
be totally functional. BiFC therefore could be udedcoupling potential interaction partners to
each other and measuring gain or loss of funcBaih of these potential applications for BiFC
remain to be further investigated.
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6 FLUORESCENCE RESONANCE ENERGY TRANSFER in vivo

6.1 Method

6.1.1 Construction of opsin-venus, opsin-ECFP and venu§&EP fusion plasmids

In my thesis, | was especially interested in logkat the quaternary structure of rhodopsin in the
cytoplasmic membrania vivo. To do so, it was necessary to choose a proteioréacceptor pair
for FRET instead of labeling purified rhodopsin lwithemically derived fluorophores. | used a
set of fluorophores, which were derived from theeegr fluorescent protein (GFP). As
acceptor/donor pair, the yellow GFP variant venad ¢ghe cyan GFP variant ECFP were
employed, respectively.

The vector pMT4 was modified by standard cloning &#CR procedures such that the opsin
gene was followed by bases GGATCAACCGGT, then fodd by the gene corresponding to
ECFP or venus and codons corresponding to the aagidosequence GTETSQVAPA (1D4-tag)
(Figure 20).

R-ECFP B R-venus

linker linker
1D4-tag 1D4-tag 1D4-tag 1D4-tag

Figure 20: FRET constructs

A: R-ECFP construct consists of the gene for opdliowed by a 12 bp linker and bases coding for the
full length ECFPB: R-venus construct consists of the gene for ofmdiowed by a 12 bp linker and bases
coding for the full length venus.

Rhodopsin’s C-terminal sequence ETSQVAPA is reczgphiby the rho-1D4 antibody used for
immuno purification of the fusion proteins. The pyaariant ‘ECFP’ isAequorea victoria GFP
with mammalian codons and the following additionaltations: K26R, F64L, S65T, Y66W,
N146l, M153T, V163A, N164H, H231L and a Val-1a irtgen ((Griffin, Nandi et al. 1998) and
Clontech Laboratories) (Figure 21). The yellow aati‘venus’ isAequorea victoria GFP with
mammalian codons and the following additional matet: F46L, F64L, S65G, V68L, S72A,

M153T, V163A, S175G, T203Y, H231L and a Val-1a mis& (Nagai, Ibata et al. 2002)(Figure
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21). The control construct venus-ECFP was clonedédpyacing the EcoRI-Sall Fragment of
opsin-ECFP with the venus gene. The gene produntésmmonds to a fusion protein of venus and
ECFP separated by a 20 amino acid linker sequédgsin fragments were fused to venus by
replacing opsin in R-venus with the respective rfiagt using standard PCR and molecular
biology procedures. Fragments opsin(1-146); opd4ir{348); opsin(1-240Q)opsin(241-348);
opsin(147-240) were used as previously publishaduif®rs, Yu et al. 1999; Yu and Oprian
1999).

10 20 30 40 50 60 70 80
1 1 il L 1 L | 1
ECFP MVSKGEELF TGWP ILVELDGDVHGHEFSVSGEGE GDATYGKL TLEFICTT GKLPVPHP TLVT TLTHGVQCF SRYPD 77
EGFP MV SKEGEELF TGVWP ILVELD GINHGHEF SV S GEGE GDATYGEL TLEF ICTTGKLEVPHP TLVTTLTYGV(CF SRYPD 77
EYFP MVSEGEELF TGWP ILVELD GIVNGHKFSVS GEGE GDATYGEL TLEF I CTTGKLFVPWP TLVTTEGYGL(QCFARYFD 77
VENHUS M/SKGEELF TGVWP ILVELD CIWHGHKFSVSGEGEGDATYGEL TLKL ICTTGKLPYPHP TLVTTLGYGLOCFARYPD 77
GFP M SKGEELF TGWWP ILVELD GIWHGHKF 5V5 GEGE GDATYGEL TLEF I CT TGKLEVEPWP TLVTTESYGV(CFSRYFD 76
90 100 110 120 130 140 150 160
l 1 | Il 1 1 | 1
ECFP HMEQHDFFKSAMPE GYV(ERT IFFKDDGNYKTRAEVKFE GD TLVNRIELKGIDFEED GHIL GHELEYNY ISHHUVYITADK 157
EGFP HMEQHDFFKSAMPE GYV(ERT IFFKDDGHYKTRAEVKFEGD TLVHRTELKG IDFKED GHIL GHKL EYWYHSHHUYTMADEK 157
EYFP HMEQHDFFESAMPE GYV(ERT IFFEDDGHYETRAEVEFE GD TLVNRIELKGIDFEED GHIL GHELEYWYNSHHVYIMADE 157
VENUS HMEQHDFFKSAMPE GYV(ERT IFFKDDGNYKTRAEVKFE GD TLVNRIELKGIDFEED GHIL GHELEYNYNSHHVYITADK 157
GFP HMEQHDFFKSAMPEGYVQERT IFFEDDEHYRTRAEVKFEGD TLVHRIELKGIDFEED GHIL GHELEYNYHSHHVYTMADK 156
170 180 190 200 210 220 230 240
]
ECFP QI{HGIEIIFKIR}ETIEDGSVI][A;I'HEQQHTPIG;)GF'H'I.LPDH'I‘L‘IELSIIJSELSK;)PH'EKRDH!W{LBHTMGI'ITLHIDELYK I239
EGFP QEHGIRVHFKIRHHIED GSVQLADHYQQHTP IGD GPYLLPDHHYL ST(SAL SKDPHEKRDHMVLLEFVTAAGITLGMDELYE 239
EYFP QENGIRVHNFKIRHNIED GSVQLADHY QQNTP IGD GFVLLPDNHYL SYQSAL SKDPHEKRDHMVLLEFVTAAGITLGMDELYK 239
VENUS QKHGIFANFKIRHNIED GGV QLADHYQQHTP IGD GPVLL PDNHYL SY QSAL SKDPHEKRDHMVIL EFVTAAGITLGMDELYK 239
GFP QEHGIRVHFKIRHNIED GSVQLADHY QQHTP IGD GPYLLPDHHYL STQSAL SKDIPHEKRDHMVLLEFVTAAGI THGMDELYE 238

Figure 21: Amino acid alignment of GFP-derived flusophores

Altered residues are marked med, amino acid sequence as published in: ECFP (dbhteEGFP
(clontech), EYFP (clontech), venus (Nagai, Ibatale2002), and GFP (clontech).
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6.1.2 FRET

In the last decade, fluorescence resonance enexgsfer (FRET) has become an increasingly
popular technique for studying protein-protein iatgionin vivo, complementing a set af vitro
techniques like yeast-two hybrid and various putiwd techniques. Especially since the
development of GFP derived fluorophores suitabteFIRET, it became a convenient technique
for imaging protein interactions in living systedilligan, Ramsay et al. 2003; Hebert, Gales et
al. 2006).

FRET is a phenomenon which has first been discdvbyeTheodor Forster (1946). He found
that energy can be transferred without radiationveen an excited donor molecule (D*) to an

acceptor molecule (A).

D + hy; > D+ Donor (CFP)
D*+ A > A*+D
A* > A+ hv,
For FRET to occur three conditions have to m
fulfilled: g
)] The emission spectra for the donor havej ;
overlap with the absorption spectra of t E:ﬁ;?g

acceptor.
i) The emission dipole of the donor a
absorption dipole of the acceptor must

be perpendicular to each other. Donor FRET
fluorescence fluorescence

lii)  The distance between donor and accep

has to be below 10 nm. Figure 22 Fluorescene resonance energ
transfer (FRET)

Figure adapted from (Siegel, Chan et al. 2000)

The donor is excited at a wavelength that ideatlgsdnot excite the acceptor. To get back to its
basic energy level,oSthe excited donor emits fluorescence at a waggterwhich compared to
its excitation wavelength is generally shifted tmder wavelengths (Stokes shift). In close
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presence of a suitable acceptor, the electromaghelils of both fluorophores can interact and
the excitation energy can be transferred withodtatéon to the acceptor, which in turn emits
fluorescence at an even longer wavelength (FigRye 2

The sensitivity of FRET as an indicator of proxiynitetween different proteins of interest is due
to the fact that the distance between donor andpacc determines the efficiency of the energy
transfer by the sixth power®jr Apart from the distance, the FRET efficiencyditermined by
the spectral overlap integral and the relativerdagon of the fluorophores. The spectral overlap
integral of any given donor/acceptor pair is constad if the orientation in a first approximation

is considered to be random, the only remainingaveiis the distance (Siegel, Chan et al. 2000).
E=RS/(RC +r°) E = FRET efficiency
r = actual radius between donor and acceptor

Ro = radius where FRET efficiency is Yak
(for ECFP/EYFP R= 49-524A if randomly orientated)

The FRET efficiency is quantified by mainly fouffdrent strategies (Siegel, Chan et al. 2000):

1) Direct FRET: quantification of the difference incaptor fluorescence emission in the
presence and the absence of a donor while exeitithga donor specific wavelength. The
advantage of this approach is its intuitive priteipnd with the choice of appropriate
fluorophores an easy data analysis. The drawbathkaiswith currently available GFP-
derived fluorophores this strategy can lead toefalgsitive results due to partial overlaps
of both excitation and emission spectra of donal acceptor (spectral cross-talk). Thus,
this has to be taken into account during data amaly

2) Indirect FRET: uses the effect of donor fluoreseequenching during FRET. First, the
donor is excited in the presence of the acceptdrdamor emission spectra are recorded.
The acceptor is then removed from the sample BcBetly bleaching it (destroying it),
the donor is excited again, and a second emisgiectsim is recorded. The difference of
donor fluorescence emission can be quantified amdessed in FRET efficiency. The
strength of this technique is its more precisenestie of FRET efficiency without the need
of accounting for spectral cross-talk. However, rawback of this method is its time
consuming bleaching process, which makes it diffico perform time-resolved
measurements (< min) like e.g. protein interactiafter addition of a ligand. Another

problem to keep in mind is that bleaching can (dep®ey on the fluorophores) induce
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other changes apart from the desired irreversibtease of acceptor emission. The photo
physics of the fluorophores thus require contrgbegiments of the bleaching induced
effects in isolated donor and acceptor preparations

3) FRET efficiencies can also be quantified by measuchanges in donor fluorescence
lifetime (FLIM). If FRET occurs, the fluorescendéetime of the donor is diminished.
This difference in decay constants of donor fluoeese emission after short excitation
pulses can be quantified. The advantage of thieniqoe is its independence from
acceptor related problems like spectral cross{tBlland long bleaching protocols (2). Its
disadvantage is that for detection of small chanigefluorescence lifetime, a large
population of donors has to be measured, whichsldadproblems of bleaching or
decreased time-resolution due to repetitive measemés. Also, FLIM requires special
pulsed excitation equipment, normally a pulsedrlagéh a fairly blue shifted spectrum,
and highly time-resolved emission quantificationuipqent. Both are currently not
widely available and expensive.

4) Furthermore, FRET can also be measured using pethaxcitation light and quantifying
the amount of emission at different angels to thigai excitation. Normal fluorescence
should be oriented parallel to excitation light,emas possible fluorescence due to FRET
will be independent of the initial angle. The ade@e of this technique is that only one
fluorophore is necessary (‘homo FRET’). Its disadege is the need for special

polarization filter sets (Tramier 2003).

Here, FRET was quantified by acceptor bleachingxgdained under (2), mainly because it is a
feasible approach when using a regular widefieldrosicope and it circumvents problems related

to spectral cross-talk.

The following acceptor bleaching protocol was aggblio quantify FRET efficiencies:

1) Initial fluorescence emission levels of donod acceptor were recorded ten times.

2) Venus was selectively bleached at 515 nm forx 8%, after each bleaching step,
fluorescence emissions levels were measured.

At the end of the bleaching protocol, venus emisdiad decreased to about 10% of its initial
value. For data analysis, only plasma membranaopsriwvere taken into account by selecting

them individually for each cellfo determine the maximal ECFP emission, ECFP eamissias
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plotted against the respective venus emission. HGEP emission in the absence of venus
fluorescence emission (frus= 0) could then be determined by linear regresaiwalysis. FRET

efficiency was calculated as followed:

E% = (FECFPmax ~ I:ECFPmin ) *100= (1_ I:ECFPmin ]* 100

I:ECFP max ECFP max

with  E% = FRET efficiency,
Fecrrmin= ECFP emission before venus photobleaching, roé&en single measurements
before the bleaching protocol,
Fecrrmax= ECFP emission after venus photobleaching, linegression analysis at
Frenus= 0.

The measured FRET efficiency not only depends erdistance between acceptor and donor but
also on the amount of monomeric donors and the atrafudonor homo-oligomers (opsin-ECFP
with itself). R-ECFP homo-oligomers falsely redube measured FRET efficiency due to the
fact that they cannot be quenched by venus. Thew slonstant ECFP emission before and after
venus photobleaching, which increases the amougCéiR,i,, and therefore decreases the FRET
efficiency. To circumvent the problem of falselydueed FRET efficiency due to ECFP homo-
oligomers, transfections were carried out with asplid DNA ratio (ECFP : venus) of 1:4.
Before starting the photobleaching protocol, darexceptor ratios were determined by
comparing emission values of R-venus and R-ECFPtHeofinal data analysis, only cells with a
venus : ECFP ratio of > 1.5 were considered.

R-venus and R-ECFP were coexpressed in HEK293 aslidescribed (6.3.5). The amount of
plasmid DNA and the DNA ratio (ECFP : venus) of Wdre kept constant for all transfection.
For FRET competition experiments (8.2), the plasmA mixture was constituted of 70%
plasmids coding for the competing wildtype protaimd 30% plasmids corresponding to the
donor/acceptor mix. 24 h post transfection, coygssivere assembled into the custom-built
measuring chamber and FRET buffer (128 mM NaCl,M iKCI, 1 mM MgCh, 5.5 mM
glucose, 10 mM HEPES, 1 mM CaCD.2% BSA, pH 7.4-7.6) was carefully added onte th
cells. FRET experiments were carried out usingraeried microscope with a monochromatic

light source. The beam path was created by mearss chfal reflectivity dichroic mirror, the
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objective was a Plan-Apochromat 63x/1.4 objectiXeigs). Fluorescence emission was filtered
and recorded with a 12-bit cooled CCD camera. FOFEE Aexc = 415 nm, Agm = 460-500 nm
(band pass filter) and for venugy = 515 nm,A¢m = 535-580 nm (band pass filter) were used.

6.1.3 Statistical analysis

Invivo FRET data was analyzed with Microsoft Excel by pating FRET efficiencies as means
with standard deviation over all bleached cellshe respective experiment with an emission
ratio of venus:ECFP >1.5. To test for significadifferences between resulting FRET
efficiencies, Student’'s T-Test for unpaired, equeiance data was applied. Equal variance was

tested before with the F-test. Changes were dextab significant when P < 0.05.
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6.2 Results

DNA for R-venus, R-ECFP and the ECFP-venus fusiootgins was cloned as described,
sequenced and amplified. Fusion proteins were igatlg overexpressed in COS-1 cells,
regenerated with 1dis-retinal, solubilized in DM and purified. Both fasi proteins show typical
features ofwt type rhodopsin: samples kept in the dark had @oration maximum at 498 nm
when fluorophore absorption was subtracted (Figi8e green lines). After illumination, the
absorption maxima shifted to 380 nm, a typical deatof wt rhodopsin in its Meta-Il state

(Figure 19, blue lines).
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R-venus
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Figure 23: UV/Vis spectra of R-venus and R-ECFP

R-venus and R-ECFP were expressed in COS-1 cgénerated with 1tisretinal and purified as
described under 4.3.Red curves are spectra taken in the daldtpe curves are spectra taken after
illumination with orange light for 15 green curves are difference spectra of dark-light spectra. gtié

in absorption from 498 nm (dark state rhodopsid,aqarve) to 380 nm (green curve) is a typical featf
wt rhodopsinA R-venus shows an additional absorption peak ahbifred and blue curve), which is the
absorption maximum of venuB. R-ECFP shows maximal absorption at 478 nm (regejumhich is
typical for ECFP.

Forin vivo imaging, HEK293 were imaged 24 h post transfectioells expressing R-venus and/
or R-ECFP (Figure 24) showed strong fluorescendbdrplasma membrane, furthermore weaker
fluorescence in the ER, the Golgi apparatus andesiociusion bodies that might belong to the
cellular degradation system. The correct targetihdusion proteins to the plasma membrane,
together with the UV/Vis spectra suggests a close thodopsin function for both constructs.
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Figure 24: HEK293 cells coexpressing R-venus and REFP

Four typical example pictures of HEK293 cells tak&hh post transfection with R-venus and R-ECFP.
Plasmid constructs, transfection procedure andiimgagere as described under 6.1.

To determine the amount of FRET between opsins eedire cotransfected with R-venus and R-
ECFP with a plasmid DNA ratio of 4:1. Cells wereagedin vivo applying the acceptor
bleaching protocol as described. For each bleackxpgriment, all cells in the bleaching field
with average expression of the fluorophores wewdyaed. For data analysis, venus and ECFP
emission of selected plasma membranes were plagiaitist time to test if the bleaching protocol
produced sufficient reduction of acceptor fluoresee The mean value of all selected cells in the
bleaching field was used to calculate the FRETciefficy. To do so, ECFP fluorescence was
plotted in dependence of venus emission (Figure % data was fitted with a linear regression,
yielding R-ECFR.ax at Renus= 0. FRET efficiency (E%) was calculated with:

I:ECFP min ] * 100

F

ECFP max

E% = (FECFPmax _ I:ECFPmin) *100= (1_

ECFP max
where Ecrpmin= emission before venus photobleaching, meanno$itegle measurements before
the bleaching protocol,
Fecrrmax= ECFP emission after venus photobleaching, linemression analysis at
Frenus= 0.
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FRET efficiency for R-venus/ R-ECFP in the plasmentbrane of HEK293 cells was measured
in nine independent bleaching experiments on differdays. Each bleaching experiment
contained three to seven cells that were analyspdrately. Only cells with normal morphology,
moderate expression of fluorophores, a donor @oceemission ratio > 1.5, and regular
bleaching kinetics were considered. Data was poaled averaged to give a mean FRET
efficiency for each bleaching experiment. All bleig experiments were averaged giving a

FRET efficiency for opsin fusion proteins 8% r-venusir-ecrr)= 30% +/- 3.4%.

FRET efficiency not only depends on specific doaccéptor fusion protein interaction but also
reflects - especially in membranes - the amourtoificidental donor/acceptor encounters. The
probability of coincidental encounters increasethwlie amount of expressed proteins. To check
to which extent the measured FRET efficiency isesult of coincidental encounters due to
receptor crowding in the plasma membrane, FRET measured in cells exhibiting low overall
fluorescence levels (at the detection limit for HREheasurements). This was achieved by
decreasing the amount of plasmid DNA and addingNp&® vector (clontech) without an insert
during the transfection. Presumably, the pcDNA3aeuses up parts of the replication capacity
of the transfected cells, resulting in a lower antoof fluorescing proteins. Cells were
transfected with a transfection cocktail containd®§o plasmid coding for R-venus/R-ECFP (in a
4:1 ratio) and 70% pcDNA3. FRET efficiency of cedixpressing R-ECFP and R-venus with
pcDNA3 was slightly lower but without statisticatlevance (T-test > 5%) (Figure 25). This
suggests that the measured FRET efficiency is metndainly to overexpression and coincidental

encounters but it is a product of specific intdmat of the apoprotein opsin.
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Figure 25: FRET efficiency of opsin

FRET efficiency with standard error for coexpreasid opsin-ECFP and opsin-venus (R-ECFP/R-venus)
on their own and with 70% pcDNAS.

Additional evidence for specific opsin-opsin intefan would be a negative FRET control. Two
approaches are feasible for that purpose:

1) Direct approach: FRET between fluorescently lledb@®psin and other, non-interacting labeled
membrane proteins could be measured and compakesh tough this strategy seems very
straightforward, the interpretation of the datalifficult due to the fact that FRET is dependent
on distance and fluorophore orientation, which nsakedifficult to compare FRET data of
different sized membrane receptors with each o#litiout knowing the precise tertiary structure
of the fusion protein.

2) Indirect approach: Untagged membrane receptarklde coexpressed with the labeled opsin
donor/acceptor pair. If the FRET efficiency staysnstant while coexpressing other non-
interacting membrane receptors, this indicatesERET efficiencies report specific interactions

of the apoprotein opsin with itself rather than noidental encounters. Data from these
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competition experiments can be more easily comphesduse the same donor/acceptor pair is
used. This was the main reason for choosing theeictdapproach as experimental strategy here.

The difference in FRET efficiency during competitiexperiments might not only be due to
specific interaction but also to different expressievels of the competing membrane proteins.
Since it was technically not possible to compamgrtexpression levels by using fluorescently
tagged membrane proteins for competition experimeattferent expression levels cannot totally
be ruled out. However, membrane proteins for coitipetexperiments were selected according
to their high expression levels when expressetlasdphore tagged fusion proteins.
Coexpression of other membrane receptors with apsie realized in the same 70% : 30% DNA
ratio as described for the pcDNA3 vector. For eemteptor combination, several bleaching
experiments were performed and each bleachingtresisl analyzed as described above (Figure

26). Results were averaged, and the standard deviahd the standard error were calculated
(Figure 27).
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Figure 26: FRET in HEK293 cells coexpressing R-versuand R-ECFP
A, C, E: FRET measurements in HEK293 cells expressingiisieR-ECFP and 70% EGFR.
B, D, F. FRET measurements in HEK293 cells expressingiRis/eR-ECFP and 70% opsin.

C+D: Acceptor bleaching protocoblack circles: mean R-ECFP emission (dequenchimgyl circles:
mean R-venus emission (irreversible destructiontdyghoto bleachingpther fine lines: single cells that
were averaged to calculate mean R-venus and R-E@#3ion values.

120

E+F: ECFP emission plotted in dependence on venussemisdata was analyzed with linear regression

to yield ECFP fluorescence in the absence of venus.
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Figure 27: FRET efficiency of opsin for competitionexperiments with membrane proteins

FRET efficiency with standard error for coexpreasid opsin-ECFP and opsin-venus (R-ECFP/R-venus)
on their own and with 70% plasmid DNA coding foe thamed membrane proteins.

As a positive control, unlabeled opsin was usedcfampetition experiments. Opsin should be
able to compete with R-venus resulting in signifitya decreased FRET levels. As expected,
opsin decreased FRET efficiency to about 10%. éstargly, there is no statistical significant
difference between opsin andAR competition, which suggests that other GPCR$ aagcthe
>-AR have a similar potential to interact with opgttowever, TRPV3, an ion channel from the
TRP family, was significantly less able to decreBRET efficiency to the extent opsin and the
%~ AR did. Furthermore, EGFR, a tyrosine kinase, ar6luR, a class C GPCR, were used for
competition experiments. Both of them did not diffégnificantly in their ability to decrease
FRET efficiency in comparison to opsin as competitm the light of possible GPCR

heterodimerization and structural similarities witthe GPCR family, this is not so surprising for
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the metabotropic glutamate receptor. However, tlffecient competition with EGFR is
unexpected as there is no known interaction betWBGRs and EGFR.

So far, helices IV and V (Liang, Fotiadis et al03D as well as helices |, 1l and VIII (Salom,

Lodowski et al. 2006) have been suggested as risiopmerization interface. The competition

FRET approach was used here to further investitp@elimerization interface. Opsin fragments
(Figure 28) were generated following published finagtation sites (Struthers, Yu et al. 1999; Yu
and Oprian 1999) and coexpressed with R-venus/RPEOFmeasure FRET. Opsin fragments
were further fused to venus to check their expoes$evels as well as their targeting to the
membrane (Figure 29).

C-terminus

[N N

J

N-terminus

g
:

Figure 28: Opsin fragments for competition experimats

Top: Rhodopsin with its 7 transmembrane helices, then8lix is situated parallel to the membrane.
Bottom: Opsin fragments used in competition experimergsshown in A-E.
A: opsin(1-146)B: opsin(147-348)C: opsin(1-240) D: opsin(241-348)E:opsin(147-240)
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A opsin(1-146)-venus B opsin(147-348)-venus € opsin(1-240)-venus D opsin{240-348)-venus E opsin{147-240)-venus

Figure 29: HEK293 cells expressing opsin fragmentsised to venus

Typical pictures of HEK293 cells 24 h post transifecwith plasmids coding for opsin fragments fused
venus. Plasmid constructs, transfection proceduldraaging were as described under 6.1.

Opsin(1-146)-venus, opsin(147-348)-venus, opsid@)Xenus, opsin(241-348)-venus and
opsin(147-240)-venus were all cloned, sequencedaanplified for transfection experiments.
Apart from opsin(147-240)-venus, all fragment fusqroteins could be equally well expressed
and showed similar distribution within the cell (m& plasma membrane and ER). Opsin(147-
240)-venus showed overall reduced fluorescenceghwhiso seemed to be localized mainly in
the ER and the nuclear envelope. It is possibleselver, that expression and targeting of opsin
fragments fused to venus is different comparechtagged opsin fragments. One possible reason
could be that folding and targeting in unlabeledingragments might be less severely impaired

than in opsin fragments fused to venus.
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Figure 30: FRET efficiency of opsin for competitionexperiments with opsin fragments

FRET efficiency with standard error for coexpreasid opsin-ECFP and opsin-venus (R-ECFP/R-venus)
on their own and with 70% plasmid DNA coding foe tihamed opsin fragments.

FRET results from opsin fragment competition expents (Figure 30) showed that opsin(147-
348) and opsin(1-240) are especially competent etitops, lowering FRET efficiency of R-
venus/R-ECFP to 12% for opsin(147-348) and 11% dpsin(1-240). Opsin(1-146) and
opsin(241-348) were significantly less competendeécreasing FRET efficiencies of R-venus/R-
ECFP.

Both opsin(147-348) and opsin(1-240) contain hé&ixand V. Therefore, the data is in good
agreement with results from molecular modellingjohhalso suggested TM domains IV and V

as dimerization interface of rhodopsin (Liang, &dis et al. 2003).
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FRET efficiency of competition experiments

Mean Standard Standard error Number of
deviation of the mean bleaching
experiments

R-venus/R-ECFP (100%) | 30 3.4 1.14 9

pcDNA3 (70%) 28 4.4 1.45 9
R-venus/R-ECFP (30%)

venus-ECFP 36 51 3

opsin (70%) 9 2.0 0.64 10
R-venus/R-ECFP (30%)

opsin(1-146) (70%) 18 6.1 1.30 22
R-venus/R-ECFP (30%)

opsin(147-348) (70%) 12 3.9 0.85 21
R-venus/R-ECFP (30%)

opsin(1-240) (70%) 11 3.4 0.91 14
R-venus/R-ECFP (30%)

opsin(241-348) (70%) 22 6.8 2.15 10
R-venus/R-ECFP (30%)

opsin(141-240) (70%) 13 4.9 1.04 22
R-venus/R-ECFP (30%)

TRPV3 (70%) 22 3.9 1.23 10
R-venus/R-ECFP (30%)

AR (70%) 11 4.5 1.29 12
R-venus/R-ECFP (30%)

EGFR (70%) 14 5.0 1.25 16
R-venus/R-ECFP (30%)

mMGIuR (70%) 15 6.7 2.98 5

R-venus/R-ECFP (30%)
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6.3 Discussion

Overall, it can be said that coexpression of R-gemith R-ECFP in HEK293 yields a high
FRET efficiency of about 30% in the plasma membrafieis is in good agreement with
previously measured FRET in COS-1 cells (Kota, Reest al. 2006) and asolectin liposomes
(Mansoor, Palczewski et al. 2006). The measured TFREiciency is close to the FRET
efficiency for when venus is directly fused to ECE8%). Taking into account that FRET is
highly dependent on the distance of acceptor tooddif), this suggests that dimerization
efficiency of opsin is very high. In addition toath the FRET efficiency does not show a strong
dependency of expression levels of the fluoroplasrehown by coexpressing pcDNA3 to lower
fusion protein expression. The lack of strong cotretion dependence of the measured FRET
efficiencies suggests a specific receptor intesactiather than receptor crowding. However,
unfortunately the concentration dependence coultl e quantified. Furthermore, FRET
efficiency can be competed efficiently by coexpi@ssof untagged opsin, which is a clear
indication that FRET does not occur due to doncegptor affinity. FRET efficiency can be
significantly reduced with related membrane prateinch as the class A GPCRAR and class

C GPCR mGIuR but also with the tyrosine kinase EGH#ts is an unexpected result, however,
recent literature on EGFR/GPCR crosstalk duringnaigransduction might be an explication
(Thomas, Bhola et al. 2006) (Fischer, Hart et @03). So far though, none of these interactions
were reported to be directly between EGFR and GPCR.

Nevertheless, coexpression of TRPV3 receptor astivegFRET control did not significantly
decrease FRET efficiency even though it is wellregped and efficiently targeted to the plasma
membrane of HEK293 cells (Hellwig 2005).

Competition experiments with opsin fragments showmat fragments containing helix 1V/V
decreased FRET efficiency almost as muckvaspsin, suggesting that helix IV or/and V might
be important for dimerization. However, a genenawback of the FRET strategy is its poor
control over expression levels of the competitioat@ins. Thus, it cannot be completely ruled
out that at least parts of the change in FRET iefiicy is due to different expression levels of the
proteins.

It remains to be elucidated if rhodopsin showsshme FRET efficiency as its apoprotein opsin.

Due to rhodopsin’s light sensitivity and the lowné&-resolution of the acceptor bleaching
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protocol, FRET measurements of R-venus/R-ECFP ergted with 11-cis retinal do not
produce meaningful data. The use of light insereiigands did not show a significant change in
FRET efficiency in comparison to opsin (data nobwh). Since regeneration efficiency with
light insensitive retinals is low and the amounadtied retinal is limited due to its cell toxicitty,

cannot be ruled out that a mixed population of negated opsin and apoprotein was measured.

Furthermore, it would be interesting to quantife tistance between two opsins. To be able to
do so, it is necessary to differentiate betweenedimation efficiency and the distance between
two partners. Furthermore, the position of the ribyghores relative to each other is conveniently
assumed to be random. This might be an erronemusnggion for oriented membrane proteins.
Thus, this distance of donor and acceptor is nailyeaccessible from FRET experiments.
However, the fact that directly linked fluorophoresnus-ECFP showed only slightly higher
amounts of FRET than opsin fusion proteins withheaiber, strongly suggests that opsin dimers

might be closely packed and almost completely prtese dimers.
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7 PROPERTIES OF SOLUBILIZED RHODOPSIN

7.1 Fluorescence resonance energy transfer (FRET) experents

7.1.1 Method

For FRET analysis, emission spectra of 0.55 uM poessed and purified R-venus and R-ECFP
fusion proteins were measured under the same harffédetergent conditions agsdsativation for

wt rhodopsin (9.3). As a positive FRET control, aidasprotein between ECFP and venus was
expressed, purified and measured under the sanditioos as the R-venus / R-ECFP mixture.

All spectra were recorded with a SPEX fluorologsflectrofluorometer. For ECFP and FRET
spectra, the sample was excited at 420 nm whilerdéty emission between 450 and 600 nm.
Venus spectra were recorded between 520 and 60@mia exciting at 510 nm. Fluorescence
emission was recorded at scan steps of 1 nm. Terrdete FRET, R-ECFP spectra were
compared to spectra of coexpressed R-ECFP and &své&irect excitation of R-venus by the
420 nm excitation beam in the R-ECFP/R-venus sample accounted for with the following
procedure:

1) The emission spectrum of the R-venus only sar(gteitation at 420 nm) was scaled to the
amount of venus present in the R-ECFP/R-venus maxiy comparing maximal venus emission
at 530 nm (excitation at 510 nm).

2) The scaled R-venus emission spectrum (excitatof20 nm) was then subtracted from the
emission spectrum of the R-ECFP/R-venus mixtureci{axon at 420 nm). The difference
spectrum of the corrected R-ECFP/R-venus spectnaritee R-ECFP spectrum (matched to the
peak height at 480 nm) yields the emission dueRBF

The same procedure was then applied to the spefctree ECFP-venus fusion protein (positive
control).

FRET was also measured in membrane samples. C@b+hembranes expressing R-venus, R-
ECFP or an R-venus /R-ECFP mixture were purifieddascribed under 4.3.4. The purified
membrane samples were not regenerated wittistfetinal, thus all measurements were carried

out with opsin fusion proteins. The described FRE®tocol was applied to the opsin fusion
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protein samples and repeated after the additiom@kasing amounts of DM (0.01% (w/v),
0.03%, 0.1% and 1%).

7.1.2 Results

For FRET in solubilized samples, R-ECFP and R-vewese coexpressed in COS-1 cells,
solubilized and purified as described (9.1.1). Tohexpressed samples had absorption spectra
that were the sum of rhodopsin, venus and ECFPrati@o spectra (Figure 23). When
illuminated, the samples showed a shift in absompto 380 nm (Figure 23), which is typically
due to Meta Il formation inwt rhodopsin. Its transducin activation capacity (e€1l) was
comparable tomt rhodopsin (data not shown). Taken together witlvivo experiments (6.2),
there is no indication that R-venus and R-ECFP shompromised rhodopsin function. They
seem to be produced, processed and transportedeta@eil membranes equally well ag
rhodopsin. This suggests an intact secondary amidrtestructure and thus also a quaternary
structure comparable tet rhodopsin.

After the described solubilization and purificatiprocess of coexpressed R-venus/R-ECFP, no
emission peak at 530 nm was detectable when egcdin420 nm (ECFP/FRET excitation
conditions) (Figure 31 and 32). After accounting darect excitation of R-venus at 420 nm, the
spectra of the coexpressed sample were an almdstpeverlay to spectra of R-ECFP on its
own (Figure 32, blue curve). However, for the puesitcontrol FRET experiment, the fusion
protein ECFP-venus did show strong FRET fluoreseeemission at 530 nm, even after
accounting for direct excitation of venus at 420 (figure 32, green curve).

Thus, there is no FRET detectable for purified Rus#R-ECFP fusion proteins in 0.01% DM for
rhodopsin concentrations up to 0.55 pM. It candfee be concluded that under the chosen
conditions, solubilized rhodopsin fusion proteire/é no tendency to form dimeric/oligomeric
structures and seem to be present as monomerse Theto indication that this should be
otherwise for solubilizeat rhodopsin.
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Figure 31: FRET measurements of solubilized R-ECFPR-venus mixture in 0.01% DM

R-ECFP and R-venus were coexpressed, reconstititedl1-cis-retinal and immunoaffinity purified as
described in 4.3.1. Rhodopsin concentration waS @M with 0.01% (w/v) DM, 20 mM BTP, 130 mM
NaCl, 1 mM MgC}, pH 7.5 at 20°C.

5e+5

R-venus

venus-ECFP;

4e+5 4 positive FRET control

— R-venus+R-ECFP
ECFP

3e+5 -

2e+5 /

Fluorescence in AU

le+5 4

\

[
/
|

T T T T T T T

460 480 500 520 540 560 580 600

nm

Figure 32: Normalized FRET spectra
Data from Figure 31 normalized as described unded 7

As a further positive control, membrane preparatiohCOS-1 cells were prepared as described
under 4.3.4. In the case of membrane samples of CGAs coexpressing R-venus and R-ECFP,
a FRET signal at 530 nm was detectable, which gsaqed gradually as increasing amounts of
DM were added to the membrane sample (Figure 334dhdAt the same time, ECFP emission

was gradually dequenched as shown in Figure 35s&om increase at 478 nm, red squares). At
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1% DM, the emission spectra of coexpressed R-vBrHSIFP were identical to R-ECFP control
spectra, thus no FRET emission could be detectgoha@re at 530 nm. This suggests, especially
taken together with FRET experimeintsvivo (see 6.1-6.3), that DM leads to a disruption ef th
quaternary structure of opsin maintained in themka membrane and agrees with the notion that

solubilized rhodopsin is of monomeric nature.
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Figure 33: FRET emission spectra in COS-1 membranes

Raw data of emission spectra of membrane prepastid COS-1 cells coexpressing R-venus and R-
ECFP; membrane preparations of R-venus, R-ECFPpsid on their own were used as control emission
spectra. Increasing amounts of DM (final concerintwere added to the samples as indicated.
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Figure 34: Normalized FRET emission spectra in COS3-membranes

Emission spectra of Figure 33 normalized as desdnitmder 7.1.1.
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Figure 35: FRET decrease upon addition of DM to COS. cell membranes

Black triangles. venus emission at 528 nm while exciting at 420inrdependence on added DM (final
concentration).Red squares. ECFP emission at 478 nm while exciting at 420 rdata taken from
normalized spectra as plotted in Figure 34.

7.1.3 Discussion

The FRET data acquired from membrane samples of-C@&ls coexpressing R-venus and R-
ECFP is in good agreement withvivo FRET data from HEK293 cells as described in 6.1-6.3.
Furthermore, it also agrees with data from COSHE experiments by Kota et al. (Kota, Reeves
et al. 2006), which found strong FRET emission 3@ Bm when looking at whole COS-1 cells
coexpressing opsin-YFP and opsin-CFP fusion preteftowever, their emission ratio YFP:CFP
under FRET excitation conditions is higher than wt@uld be measured here for COS-1 cell
membrane samples. This might be due to differeptession conditions but also to differences
in sample preparation. Instead of membrane sarpl@ et al. used a solution of whole cells to
measure FRET. In whole cell samples, it is impdedib distinguish FRET from the ER or Golgi
from FRET in the plasma membrane. Depending oratheunt of overexpression, this can lead
to very strong FRET signals due to protein crowdmthe ER and the Golgi.

The fluorescence spectra of solubilized opsin-EGp$th-venus fusion proteins show no FRET
in 0.01% DM up to rhodopsin concentrations of Qu3&. The data is in agreement with gel
filtration experiments from Jastrzebska et al. t(zabska, Maeda et al. 2004) that show that in

the absence of a crosslinking agent, rhodopsinegl@ds monomer during size exclusion
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chromatography. However, it contradicts data fromngmission microscopy (Jastrzebska,
Fotiadis et al. 2006), which shows that in 3 mM Dibdopsin is present as a mix of monomer
and dimers. A possible explanation for this couddtbat rhodopsin samples for transmission
microscopy were only solubilized and did not undethe purification process described here
(see 4.3.1). It might well be possible that a carabon of solubilization and immunoaffinity
purification is necessary to disrupt the dimerigfoineric quaternary structure of rhodopsin.

The data also disagrees with gel filtration andrese gradient sedimentation experiments
published by Medina et al (Medina, Perdomo et @D4). They show evidence for a dimeric
composition of rhodopsin for its dark as well as its light-activated state by comparing the
hydrodynamic properties (elution time) of solul®iiz rhodopsin to the properties of various
soluble proteins of known molecular mass. Howetteese findings have been questioned by
Chabre and le Maire (Chabre and le Maire 2005) usxaf the use of soluble proteins for size
calibration. Due to the unknown hydrodynamic prdiperof the rhodopsin-detergent complex,

this might yield a false size estimate.
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7.2 Rhodopsin titration

7.2.1 Methods

Rhodopsin’s ability to activate its cognate G piotevas measured via the fluorescence
dequenching of @upon GTP binding as described in 4.4.1. Rhodopsintentration was varied
from 0.1 nM to 500 nM while the (&oncentration was kept constant. &tivation rates were
measured under the following conditions: 5.8 uM38 uM GTRS, 1.5 mM GDP, 20 mM BTP,
130 mM NaCl, 1 mM MgGl 0.01% DM, pH 7.5, 20°C in a final volume of 650 All reagents
were added to the measuring cuvette and allowetljiost to 20°C while undergoing constant
stirring for 4 minutes. To be able to measureaGivation at high rhodopsin concentrations,
1.5 mM GDP (final concentration) was added to adsurements. GDP competes with GTP for
binding at G thus slowing down activation rates (Heck and Hafm2001). Gactivation rates
measured in the presence of GDP can therefore eatompared with rates measured in the
absence of the competitor GDP. However, since thE GG relation is kept constant within one
set of experiments, rates can be compared to @ébeh éctivation rates were calculated from the

initial rise in fluorescence by linear regressiorlgsis as described in (6.4.1).
7.2.2 Results

The initial slope of fluorescence increase wagditivith a linear regression as shown in Figure
36 (B and D). With the maximal amount of fluoresoeincrease (f.) after addition of excess
rhodopsin, the increase in fluorescence (F/t) waassterred into Gactivation rates (&t) with:

G *
F Pomy _G* (see 4.4.1).
t F(total)

For low rhodopsin concentrations, the fit runs tigio zero (Figure 37gft pandl). For higher
rhodopsin concentrations (50 nM to 600 nM), thedinfit with y = mx+n yields a value for n
different from O (Figure 37right panel). Given that in the absence of rhodopsin, fluczase
levels were constant (which proves that no rhodopsipurities are present in the; G
preparation), this is rather unexpected. The regsobably lies in a systematic underestimation
of G; activation rates due to the velocity of &tivation, which reaches the detection limit oé t

used spectrophotometer at high rhodopsin concemtga{Figure 36 C and D). Also, the linear
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range of the fluorescence increase decreases wathirgy enzyme concentration, making it
increasingly difficult to analyze.
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Figure 36: G, activation upon binding of GTPyS at increasing rhodopsin concentrations

Rhodopsin concentration was varied as indicate8l-, G; concentration was kept constant at 5.85 uM
with 1.5 mM GDP, 50 uM GT¥5, 20 mM BTP, 130 mM NaCl, 1 mM Mg£10.01% DM, pH 7.5, 20°C
in a final volume of 650 pul

A andC: Fluorescence emission in % of basal fluorescéeeel plotted in dependence on tinfash
symbol: rhodopsin activation is started by orange ligintow: addition of 50 nMwt rhodopsinB andD:
linear regression analysis of initial fluorescemm@ease, legend refers to rhodopsin concentration.
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Figure 37: G activation rates in dependence on rhodopsin conciation

G; concentration was kept constant at 5.85 uM wikhmiM GDP, 50 uM GTiS, 20 mM BTP, 130 mM
NaCl, 1 mM MgC}, 0.01% DM, pH 7.5, 20°C in a final volume of 650 (Bt activation rates were
determined from linear regression analysis (Fi@dfkas described under 4.4L&ft panel: Gt activation
rates for low rhodopsin concentrations (0.1-10 nNght panel: Gt activation rates for high rhodopsin
concentrations (50-600 nM).

However, the data shows that at constaptc@centration, the initial rise in fluorescence
emission —and thus;@ctivation rates— grows linearly with rhodopsimcentration over a wide
concentration range between 0.1 nM and 500 nM. THdgates that at least in the nanomolar

range rhodopsin shows a constapa@ivation rate.

7.2.3 Discussion

The linear dependence of; @ctivation on rhodopsin concentration is in goggeament with
previously measured@ctivation rates for low nanomolar amounts of dpgin in the absence
of GDP (Olaf Fritze, dissertation (2006)). The An@roportionality between activation rates and
rhodopsin concentration allows the deduction of ¢a&alytical capacity of a single rhodopsin.
However, it cannot be deduced that the quaternanctsre does not influence rhodopsin’s
ability to activate its G protein, since our FREAta indicates that rhodopsin in 0.01% DM is a

monomer up to 0.55 pM.
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7.3 Transducin activation assay

7.3.1 Method

Rhodopsin’s ability to activate its cognate G piotevas measured via the fluorescence
dequenching of @ upon GTP binding as described in (4.4.1).c@Gncentrations were varied
between 33 nM and 55 uM while keeping rhodopsinceatration constant at 1 nM. Activation
rates were measured under the following experinheotaditions: 200 uM GT¥S, 20 mM BTP,
130 mM NaCl, 2 mM DTT, 1 mM MgGJ 0.01% (w/v) DM, pH 7.1, 20°C in a final volume of
100 pl. All samples were mixed thoroughly, transfdr to the measuring cuvette, and
equilibrated for 4 min at 20°C. For each ¢@ncentration, Gactivation rates were determined
twice. The whole set of experiments was repeateld different G and rhodopsin preparations.
Data of both sets of separate experiments was tesedlculate Gactivation rates via linear
regression analysis of the initial slope as desdribnder 4.4.1. To be able to precisely determine
maximal activation rates, the exact amounts of tional G was measured by titrating it with
known amounts of GT¥& (see 4.3.3). GS concentration was determined by UV/Vis

spectroscopy witlzss= 13700 Mcm™.

7.3.2 Results

G¢ activation rates were measured for two different a@d rhodopsin preparations ag G
concentration between 33 nM and 55 uM (Figure 38 a9). Interestingly, reaction velocity
decreased at high uM; Goncentrations. This could be caused by agglomerat G at high uM
concentrations, which then cannot be activatedhoglopsin. This explanation seems plausible
considering that with higher (&oncentration final fluorescence levels also desed, which
suggests that only a part of the gdol could be activated. For further data analysidy G
activation data up to a concentration of 11.7 pM w@nsidered.
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Figure 38: G activation upon binding of GTPyS at increasing G concentrations (1)

A andB: linear regression of initial slope of fluorescerincrease, legend refers te &dncentrationsC:
examples of original traces (normalized to basairiéscence level, dilution artefacts due to additibat
rhodopsin were accounted foflash symbol: reaction was started with orange ligatrows. addition of

50 nMwt rhodopsinD: GTHS titration to determine &oncentration; flash symbol: reaction was started
with orange lightarrow: excess amount of G¥B was added to activate the wholgoGol.

91



G, concentration
33uM
33
—_ 9.9 M
= X 9.9 M
g o — e
) 7] — 231M
3 o B
o S 33
3 £
£ Py
o
8 g
S G, concentration 3
8 33nM g
g — 33nM S =
S —— 9nM =] e sl
= 99 nM LL
(TR 330 nm
—— 330nm
—— 990 nm
990 nm
T T T T T T T T T T
0 50 100 150 200 250 0 50 100 150 200 250 300 350
Time [s] Time [s]
35
D |
30 1 30
S =
f=ai X 251
o =l
(7] (o]
@ 2 b
G -
521 g%
£ g
= 151 a
0] @
o o
c c
2 210k KN
] 7]
P10 A
S} <]
S S5
[ [’ - w
v G, concentration 04
— 99M
0 — 330nM
. . : T T T T
0 200 400 1600 0 200 400 600 800 1000
Time [s] Time [s]

Figure 39: G activation assay upon binding of GTRS at increasing G concentrations (2)

A andB: linear regression of initial slope of fluorescerincrease, legend refers t@ édncentrationC:
examples of original traces (normalized to basairtscence level, dilution artefacts due to additibwt
rhodopsin were accounted foflash symbol: reaction was started with orange ligatrows. addition of
50 nMwt rhodopsinD: GTRS titration to determine &oncentrationflash symbol: reaction was started
with orange lightarrows a+b: additional GTRS was addeda(100 nM, b: 200 nM, final concentration),
arrow c: excess amount of G¥B was added to activate the wholgpGol.
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Interactions of rhodopsin with its G protein transith can be quantitatively described as enzyme-
substrate interactions with a kinetic analysis &diog to Michaelis-Menten. The following
assumptions have to be made to interpret the déteaviichaelis-Menten type of hyperbolic fit:

1) The catalyzed reaction has to be much faster thanetaction without catalysis (k<sk

2) The enzymatic complex (R*%Erreversibly leads to G+R*

3) R* G;and R*Gare in equilibrium

4) Rhodopsin as the enzyme is only present as R* &; R*

The catalytic reaction can then be described as:
Ky ka
[R]+[Gt] ? [R*Gt] & [R] +[G*]
The measured (ctivation rates (@) were plotted in dependence opdBncentration and fitted

with a hyberbolic function with:

_ kRG]

. _k, +k,
K, +[Gt] , with K, = K

[Gi] = transducin concentration,..k = G/R's and K, =[G] at 0.5 Vnax and V = reaction
velocity. The fit yielded the characteristic hypelib curve with a positive asymptotic growth

towards the maximal reaction velocity{}).

Parameters Value standard error
V max 38 1.1
Kwm 3.3 0.25
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Figure 40: G activation rates in dependence on Zoncentration

G; activation rates were derived from initial fluozeace slope analysis of two, Gtration data sets
(Figure. 38 Klack circles) and Figure 39réd squares)).G; activation rates were plotted in dependence of
G; concentration and analyzed with Michaelis Mentaretics yielding a hyperbolic fit with a ) of

38 G/R's and a Iy of 3.3 uM.

7.3.3 Discussion

To characterize the absolute enzymatic activitg, rttaximal catalytic velocity of the enzyme is
the adequate measure. The maximal reaction vel@fitgny enzyme is achieved when the
substrate is present in constant, unlimited comafitiand the formation of the enzyme-substrate
complex merely depends on the amount of free enzyiinerefore, the velocity of the product
formation is only determined by the characteristitthe enzyme, in this case rhodopsin.

The Ky is often described as a measure of the affinitthefenzyme to its substrate. This is only

+
correct if k << ki, then K, :ucan be simplified toK,, :% as the dissociation
1 1

constant of the enzyme-substrate complex.

The performed Michaelis Menten fit yielded &:lof around 40 @R-s and a Michaelis Menten

constant k; of 3.3 uM. To compare catalytic efficiency of @ifént enzymes to each other, the

specificity constant is often used as a param@tee. specificity constant of rhodopsin can here

be calculated asi¢/Ku = 40/ 310° M*-s* = 1.310' M™s™. The size of the specificity constant
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is limited at its upper border by the diffusion tbe reaction partner. The diffusion controlled
limit was determined to be at around®M's* for reactions in solution. Many enzymes in
nature have a specificity constant in that range. (@cetylcholinesterase: 116° M™*s™,
carboanhydrase: 88 M™*s%). For enzymes with a specificity constant at tiféusion limit,

the term ‘catalytic perfection’ is often used (Letger 2001). It was shown here that monomeric
rhodopsin in solution works close to its theordfichffusional limit and can thus as well be
called a perfect enzyme.

However, G activation rates in native rods were determinebedetween 120-150'@ eskov,
Klenchin et al. 2000) up to@ctivation rates of 600'Heck and Hofmann 2001). This means
thatin vivo, rhodopsin’s maximal activation velocity is 3-ifhés faster tham vitro. It will be
interesting to learn how this gain in function sheeved under physiological conditions. One
possibility is that orientation of enzyme and stddst are optimized to make successful coupling
quicker. Furthermore, it could also be an effedtieferent chemical conditions or due to changes
in the quaternary structure of rhodopsin. Howeitaran be concluded that rhodopsin monomers

are sufficient for efficiently catalyzing G proteaativation.

95



8 CONCLUSIONS

In this thesis, several aspects concerning theequeaty structure of rhodopsin and its functional
relevance were studied. In chapter 6, rhodopsinaernary structure was investigaiadvivo.
Upon coexpression of the fusion proteins R-venud BRAECFP, high FRET efficiencies of
30% ++~ 3% were measured in the plasma membrane portitiE&f293 cells. This shows that
opsin fusion proteins are separated by a very shudrmolecular distance (50-100 A).
Considering that the direct fusion protein of EGHfél venus yielded a FRET efficiency of 36%,
this strongly suggests that opsin fusion protenmesoerwhelmingly present as dimers/oligomers.
As a control experiment, it was shown that FRETicefficy can be significantly lowered by
coexpressingvt opsin but not by lowering the overall expressiewvels. This shows that FRET
between R-venus/R-ECFP is not mainly a result @rexpression or due to the affinity of the
fluorophores to each other. Coexpression offg#eR and, surprisingly, of EGFR also had the
potential to reduce FRET efficiency. As a negatoamtrol, coexpression of the ion channel
TRPV3 decreased FRET efficiency significantly ldssnwt opsin. The same competition assay
was also used with opsin fragments to map possbpkEn-opsin interaction domains. The
resulting data is in good agreement with helice®\Ads dimerization interface. A possible caveat
of the competition experiments is the poor contvekr expression levels of the competing
proteins. Even though care was taken to select wgliressed and transported membrane
proteins, it cannot fully be ruled out that theeetf of the competition experiments are partly due
to different protein concentrations in the membrdheemains to be further investigated if there
are any physiological relevant, direct interactidmetween tyrosine kinase EGFR and class A
GPCRs. It also remains to be elucidated which ttwdipid environment plays for the quaternary
structure of rhodopsin as it is known that the disembranes of rods exhibit a cholesterol
gradient.

Apart from FRET, BIFC was used to investigate ripgio's propensity to dimerize. Positive
BiFC (chaper 5) was not only observed upon coespyasof complementing opsin BiFC
constructs but also with several different confnateins. To summarize, it can be said that BiFC
does not represent an unambiguous tool for mongospecific interaction of membrane
proteins. This might be due to the restriction okmibrane proteins to 2-dimensional

compartments. However, even unrelated, solubleepr®tsuch as the MBP showed positive
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BiFC with opsin. Nevertheless, BiFC could be a po&dly interesting tool for shuttling proteins
to different compartments of the cell as well asdoupling proteins to each other.

Much of our understanding of rhodopsin is deriviehrfin vitro experiments using purified and
solubilized rhodopsin samples. Therefore, in trst part of this thesis (chapter 7), rhodopsin’s
propensity to dimerize and its catalytic activitgne studied in solubilized and purified rhodopsin
samples. Using FRET, it could be shown that rhohogslubilized with a standard concentration
of dodecyl maltoside (0.01%) is present as a momoRethermore, purified membrane samples
of COS-1 cells expressing R-venus/R-ECFP showddHRET is successively lost upon addition
of increasing amounts of detergent.

In a second step, rhodopsin’s enzymatic capacigy m®nomer was investigated. Its maximal G
activation capacity was determined to be aroun®#R s, with a Michaelis Menten constanf; K
of 3.3 uM. This means that monomeric rhodopsinbie do efficiently activate its G protein
transducin. Moreover, its specificity constant & 10" M™*-s* shows that monomeric rhodopsin
works at the diffusional border. This evidence adnommeric rhodopsin as a highly efficient
enzyme is in good agreement with a very recent ipppblished by Bayburt et al. (Bayburt
2007). The authors reconstituted rhodopsin in Namwsdof 10 nm diameter. The purified
Nanodiscs had a stoichiometry of one or two rhooopgr Nanodisc. In this preparation, the

authors could also show that monomeric rhodopsdinates its G protein transducin.
However, it remains to be understood how and ifddpsin’s quaternary structure is of any

relevance for achieving the high Gctivation rates of 120 — 600 §Leskov, Klenchin et al.
2000, Heck and Hofmann 200h)vivo.
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