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ABSTRACT
G-protein coupled receptors (GPCRs) are the largest membrane protein superfamily encoded by
the human genome and represent the largest class of drug targets for a wide range of pathological
conditions. Two GPCRs members, the visual pigment rhodopsin associated with the retinal
degenerative disease retinitis pigmentosa (RP), and the muscarinic acetylcholine (ACh) 3
receptor (M3R) associated with Alzheimer’s disease (AD), are studied in this thesis.
Rhodopsin is the prototypical visual photoreceptor mediating scotopic vision and distributed
throughout the retina. Upon illumination, the bound chromophore 11-cis-retinal isomerizes to
all-trans-retinal and triggers the visual signaling cascade. Mutations found in rhodopsin, such as
G90V and N55K, are responsible for the retinal degenerative disease RP. To counteract the low
structural stability of these mutants, and to provide a deeper understanding of the molecular
mechanisms leading to visual dysfunction, artificial membranes in the form of DMPC/DHPC
bicelles and DDHA-PC liposomes were prepared. DMPC/DHPC bicelles and DDHA-PC
liposomes provided a native-like bilayer environment, which preserved rhodopsin wild type and
mutants structure and increased their thermal stability to varying degrees compared to the usual
dodecyl maltoside (DM) detergent. Furthermore, chromophore regeneration of G90V and N55K
mutants in DMPC/DHPC bicelles condition was enhanced compared to DM condition. Moreover,
the kinetics for the active state metarhodopsin II (Meta II) decay indicated that retinal release
rates of G90V and N55K mutants became faster in the presence of DMPC/DHPC bicelles and
DDHA-PC liposomes compared to DM condition. The addition of hydroxylamine upon Meta II
complete decay of WT and G90V in bicelles increased fluorescence intensity, suggesting that
retinal can be retained inside the binding pocket. DMPC/DHPC bicelles and DDHA-PC
liposomes provided stable conditions so that G90V opsin, obtained after Meta II completely
decay, was able to regenerate upon the addition of exogenous retinal. On the other hand, N55K
was not able to regenerate, indicating that the molecular mechanisms associated to this mutant
has important differences which may be associated with their specific clinical phenotypes.
The interactions between rhodopsin and arrestin, and between M3R and tau protein are studied in
their association with the degenerative diseases, RP and AD respectively. Active rhodopsin
bound R175E mutant arrestin and slowed down the retinal release from the binding pocket.
I

Arrestin binding assays on mutants associated to RP would help uncover mechanisms related to
visual cascade termination, not studied so far. M3R plays a role in muscarinic ACh signal
transmission and on ion channels function especially in the central nervous system (CNS). In the
M3R-tau interaction studies, M3R WT and mutants N132G and D518N did change the location
of tau from the cytoplasm to the membrane when they were coexpressed in HEK293T cells.
M3R mutants D518K and K523Q were affected when coexpressed with tau and trafficked from
the membrane to the cytoplasm. These shifts in location likely result from the interaction
between tau and M3R WT and mutants. This finding provides new clues about the specific tau
binding/recognition sites on M3R and the possible involvement of such interaction in the
pathophysiology of AD.
Overall, the artificial membranes DMPC/DHPC bicelles and DDHA-PC liposomes systems
provide a better bilayer environment to stabilize rhodopsin WT and mutants than DM detergent
environment thus reverting their intrinsic thermal sensitivity. The different behavior of G90V and
N55K in artificial membranes could be associated with their specific clinical phenotypes. On the
other side, the results obtained on the interaction between GPCRs and other proteins provide a
foundation for further studies associated with GPCRs mutants and degenerative diseases.
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RESUMEN
Los receptores acoplados a proteína G (GPCRs) representan la mayor superfamilia de proteínas
de membrana codificada por el genoma humano y también la mayor clase de dianas terapéuticas
para diversas enfermedades. En esta tesis se estudian dos miembros de los GPCRs; el pigmento
visual rodopsina, asociado con la enfermedad degenerativa de la retina retinitis pigmentosa (RP)
y el receptor de acetilcolina (ACh) muscarínico 3 (M3R) asociado con la enfermedad de
Alzheimer (AD).
La rodopsina es el fotorreceptor visual prototípico responsable de la visión escotópica y se
encuentra distribuido por toda la retina. Después de la iluminación, el cromóforo 11-cis-retinal se
isomeriza a todo-trans-retinal y desencadena serie de reacciones intracelulares llegando al nervio
óptico y permitiendo la unión. Mutaciones en rodopsina, tales como G90V y N55K son
causantes de RP. Para entender más profundamente los mecanismos moleculares causantes de
esta disfunción visual debido a estas mutaciones, se han preparado membranas artificiales tales
como bicelas de DMPC/DHPC y liposomas de DDHA-PC. Estos sistemas lipídicos ofrecen un
entorno bicapa más nativo, comparado con el que proporciona el detergente dodecil maltosido
(DM), usado más tradicionalmente, lo que preserva la estructura de la rodopsina nativa y de los
mutantes y aumenta su estabilidad térmica. La regeneración cromóforo para de G90V y N55K en
bicelas de DMPC/DHPC es más elevada en comparación con el valor obtenido en DM. La
cinética de decaimiento de la conformación activa metarodopsina II (Meta II) indica que la
velocidad de liberación del retinal de los mutantes G90V y N55K es más alta en presencia de las
bicelas de DMPC/DHPC, y de los liposomas de DDHA-PC, en comparación con las velocidades
obtenidas en DM. La adición del reactivo hidroxilamina después del decaimiento completo de
Meta II de WT y del mutante G90V en las bicelas provoca un incremento de la intensidad de
fluorescencia, indicando que parte de Meta II aún mantiene el retinal en su sitio de unión. Las
bicelas de DMPC/DHPC y los liposomas de DDHA-PC también estabilizan la opsina del
mutante G90V, obtenida después del decaimiento de Meta II, pudiendo ser regenerada a
rodopsina después de añadir retinal exógeno. Por lo contrario, el mutante N55K no regenera, lo
que indica que los mutantes actúan con diferentes mecanismos, pudiéndose correlacionar este
diferente comportamiento con los fenotipos clínicos específicos de cada mutante.
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Las interacciones entre la rodopsina y arrestina, y entre M3R y tau, han estudiado para entender
el mecanismo funcional de las enfermedades degenerativas de RP y AD respectivamente. La
unión de rodopsina activa con el mutante de arrestina R175E, ralentiza la liberación de retinal
desde el sitio de unión. Estudios futuros de esta interacción con mutantes asociados a RP
ayudarán a explorar los mecanismos de terminación de señal visual, y su conexión con las
degeneraciones retinanas aspecto no muy estudiado hasta el momento. M3R desempeña
funciones sobre la transmisión de la señal del muscarínico ACh y los canales ionicos,
especialmente en el sistema nervioso central (SNC). Por otro lado, la interacción de M3R WT y
los mutantes N132G y D518N, produce un cambio en la localización de tau desde el citoplasma
a la membrana cuando se coexpresan en células HEK293T. Además, los mutantes M3R D518K y
K523Q también son afectados cuando se coexpresan pasando de la membrana al citoplasma.
Estos cambios en las localizaciones celulares tanto de tau como del receptor sugieren
interacciones específicas entre ellos. Estos resultados proporcionan claves importantes sobre los
sitios de unión de tau y M3R, así como la posible implicación de este complejo en la AD.
En general, las membranas artificiales de DMPC/DHPC y DDHA-PC, proporcionan un mejor
entorno para estabilizar la rodopsina WT y los mutantes asociados a RP. Las diferentes
propiedades obtenidas de los mutantes G90V y N55K en estas membranas artificiales pueden
estar asociadas a sus distintos fenotipos clínicos específicos. Por otra parte, los resultados
obtenidos en el estudio de las interacciones entre los GPCR y otras proteínas proporcionan una
base adicional a los estudios asociados a enfermedades degenerativas.
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1. INTRODUCTION

1

2

1.1 The G-protein coupled receptors (GPCRs) superfamily
1.1.1 GPCRs
GPCRs represent the largest membrane protein superfamily encoded by the human genome.
GPCRs can sense external stimuli and elicit specific responses within the cell by activating
numerous signaling pathways that regulate virtually all physiological processes and a wide range
of pathological conditions 1–3. GPCRs can be differentiated from other protein families according
to their structural characters, and particularly to their landmark structural signature consisting of
seven transmembrane helical sequence stretches of about 25 to 35 consecutive hydrophobic
amino acid residues. The crystal structure has proven that the seven α-helices span the plasma
membrane in a counter-clockwise manner, forming a receptor, or a recognition and connection
unit, enabling an extracellular (EC) ligand to exert a specific effect into the cell. The other
requirement (from which they get their name) is the ability of interacting with heterotrimeric
G-proteins that have GTPase activity as a main functional feature 4.
Analysis of gene sequences revealed that there are over 800 GPCRs in the human genome

5

responsible for communication at the cellular level, upon activation by a variety of EC signals
including light, odorants 6, pheromones, hormones, neurotransmitters, and larger entities ranging
from peptides to large proteins

4,7,8

. Therefore, GPCRs are involved in numerous physiological

processes such as sensory perception, immune defense, cell communication, chemotaxis, and
neurotransmission. Indeed, GPCRs are the largest class (~30%) of pharmacological targets of
approved drugs for diverse diseases 9–13.
Based upon sequence homology and the functional similarity, human GPCRs have been grouped
into five families/classes (A-F) which share little sequence homology and some functional
similarity among each other. The five families of GPCRs are as follows 1,4,14:
 Class A (rhodopsin-like family): The rhodopsin-like family is the largest family of GPCRs
and contains ~670 full length human receptor proteins including receptors for odorants and
small ligands. The family can be further divided into four groups - α, β, γ, δ - in which the
largest cluster of members, the olfactory receptors, is found in the δ-group. The
rhodopsin-like family of GPCRs is highly heterogeneous when both primary structure and
ligand preference are considered. Nuclear magnetic resonance (NMR) and X-ray
3

crystallography revealed a common fold formed by an N-terminal α-helix and two β-sheets
stabilized by a conserved disulphide bridge in the EC space. Ligands interact with these EC
domains to induce receptor activation. Within the seven transmembrane regions, most class
A receptors do share specific sequence motifs 2,4,14.
 Class B (secretin-like family): The secretin-like family recruits about 60 members and is
characterized not only by the lack of the structural signature present in class A but also by
the presence of a large N-terminal ectodomain. The ligands include high molecular weight
hormones such as glucagon, secretin, calcitonin, growth hormone-releasing hormone,
corticotropin-releasing factor, VIP-PACAP and the black widow spider toxin, α-latrotoxin.
The secretin receptors share between 21 and 67% sequence identity and most of the
variation is in the N-terminal regions. Most of the secretin family receptors contain
conserved cysteine residues in the first and second EC loops. Also, almost all of these
receptors contain conserved cysteine residues that form a network of three cysteine bridges
in the N-terminal region 2,4,14,15.
 Class C (glutamate family): The glutamate family consists of two dozen GPCRs such as
the metabotropic glutamate receptors and the Ca2+-sensing receptors. This family also
includes GABA-B receptors, sweet and umami taste receptors, olfactory receptors and a
group of putative pheromone receptors coupled to the G protein Go (termed VRs and
Go-VN). These receptors possess large ectodomains responsible for ligand binding and most
glutamate members bind their respective ligand within the N-terminal region 2,4,14.
 Class D (the adhesion family): The adhesion family, formed by 33 members, presents a
proteolytic domain which gets activated on ligand binding. This family is also referred to as
the LNB7TM family, where LN stands for long N terminal and the rest contributes to the
sequence similarity between transmembrane regions of class B receptors. The diverse N
terminal of class D may contain several domains that also exist in other proteins, such as
cadherin, lectin, laminin, olfactomedin, immunoglobulin and thrombospondin domains.
These domains have an important role in the specificity of receptor ligand binding
interactions 2,14.

4

Figure 1.1 Phylogenetic tree representation of the human GPCR superfamily.
There are more than 800 human GPCRs, which can be classified into five major families: Rhodopsin (class A);
Secretin (class B); Glutamate (class C); Adhesion (class D) and Frizzled/taste receptor 2 (class F). These families
can be further divided into subfamilies on the basis of sequence similarity. GPCRs are named here according to
their gene name as used by the UniProt database. Family members with reported structures are highlighted within
the tree. CHRM3, M3R (PDB code: 4DAJ) and rhodopsin (PDB code: 1F88 and 1JFP) (labeled with a black circle)
1

have been studied in this thesis.

 Class F (frizzled/taste2 family): The group consists of frizzled receptors and the
smoothened receptor. The relationship to the GPCRs was further strengthened when
sequence comparisons with secretin revealed resemblance in the EC regions and the
presence of the well conserved cysteines in the first and second EC loops 2,4,14.
Each family covers several subfamilies of GPCRs. The rhodopsin-like family (class A) has the
5

largest number of receptors composing nearly 90% of all GPCRs

4,5,10,11,16

and the proteins

studied in this thesis, rhodopsin and muscarinic acetylcholine (ACh) receptor M3 (M3R), belong
to class A.
Nearly 800 human GPCRs were used to construct the GPCRs phylogenetic tree by sequence
similarity within the seven-transmembrane region. Figure 1.1 shows the main human GPCR
subfamilies and the proteins highlighted in blue and red have had their crystal structures reported
1,17

.

Figure 1.2 GPCRs are highly dynamic signaling machines.
Numerous distinct receptor conformations can be stabilized differently by a diverse of ligand types that bind to
several binding sites: orthosteric (light green circle) or allosteric (blue ellipsoid), which results in highly complex
signaling networks 18.

The GPCRs rearranges the conformation by binding the ligand and activates G-protein
independent signaling pathways

19,20

. G protein is composed of α-, β-, and γ-subunits. The

activated GPCRs with ligand-bound catalyzes the exchange of guanidine-5’-diphosphate (GDP)
for guanidine 5’-triphosphate (GTP) on the α-subunit (Gα) of the G protein thereby dissociating
Gα from the dimeric β- and γ-subunits (Gβγ) and stimulating a distinct signaling pathway.
Furthermore, GPCRs also triggers mechanisms for signal switch-off such as binding to arrestin
protein or other GPCR-interacting proteins and hence they can be described as integrative and
highly dynamic signaling units (Figure 1.2) 13,18,19,21.
6

The X-ray structure of bovine rhodopsin was solved in 2000 22, being the first crystal structure of
a GPCR reported. The rhodopsin structure was used as a template for the GPCRs superfamily for
years 4,11,23–25. It took seven more years for other GPCRs crystal structure to be published. β2 and
β1 adrenergic receptors were obtained by employing new receptor stabilization and
crystallization techniques, which accelerated solving the three-dimensional structures of other
receptors

26

. Until 2014, structures of 20 different class A, two class B, one class C and one

frizzled GPCR, spanning large sections of the phylogenetic tree (Figure 1.1), have been
published 1,26.

Figure 1.3 General architecture and modularity of GPCRs.
Major domains and structural features of GPCRs are shown on the dopamine D3 receptor crystal structure (PDB ID
3PBL) as an example. The EC region includes three EC loops and the N-terminus. The EC module (EC and TM-EC
regions) is responsible for binding different ligands and it has much higher structural diversity. By contrast, the IC
module (IC and IC-TM regions), involved in binding downstream effectors including G proteins and arrestins, is
more conserved between GPCRs, but undergoes larger conformation changes upon receptor activation. The C
terminus in most GPCRs is formed by a short helix 8 which parallels to the lipid bilayer, and some receptors have
palmitoylation sites anchoring helix 8 to the membrane 17.

GPCRs comprise a bundle of seven transmembrane α-helices (H1-H7) which are connected by
three intracellular (IC) and three EC polypeptide loops. The EC part, responsible for ligand
binding, also includes the N-terminus, which can range from relatively short and often
unstructured sequences in rhodopsin-like and bitter taste receptors to large globular EC domains
in other GPCR classes 2. The IC part, including the C-terminus, interacts with G proteins,
7

arrestins and other accessory proteins and downstream effectors. Transmembrane helices H1-H7
are characterized as the highly conserved and hydrophobic components harboring several
functionally important motifs. Upon comparison of all the crystal structures of GPCRs, EC and
transmembrane-EC (TM-EC) domains are considered as the basic module of ligand binding.
These domains show higher diversity between GPCR families and conformational changes upon
activation. Contrarily, IC and transmembrane-IC (TM-IC), as the downstream signaling module,
depict lower diversity between GPCR families and larger conformational changes (Figure 1.3)
17,27–29

.

Class A GPCRs exhibit the largest functional diversity among all GPCR classes because of the
diversity ligands binding. The Class A are also characterized by conserved sequence motifs
implying that share activation mechanisms. In this thesis, rhodopsin and M3R from class A
GPCRs have been studied.
1.1.2 The photoreceptor rhodopsin
The visual photoreceptor rhodopsin is a prototypical member of class A GPCRs responsible for
scotopic (or dim-light) vision. As a model of GPCRs, rhodopsin has been extensively studied
since the first report of its crystal structure by X-ray crystallography

4,11,23–25

. The proteins

involved in visual phototransduction are located mainly in the photoreceptor outer segments of
the rod and cone photoreceptor cells. Rhodopsin is located in the rod outer segment (ROS)
membranes of the rod cells of the retina, embedded in the lipid bilayer of disk membrane
surrounded by ~65-70 phospholipids per protein molecule. Each mammalian ROS consists of a
stack of 1000-2000 distinct disks surrounded by a plasma membrane. The disk is formed from
evaginations of the plasma membrane and moves up the length of the rod cell as the disks age.
Rhodopsin represents more than 90% of proteins in the disk, occupying approximately one third
of its area

30

.

Figure 1.4A shows the main morphological and structural organization of the

retinal rod photoreceptor 31–33. Rhodopsin monomer was considered as the functional unit, while
more experiments indicated that rhodopsin and opsin can form dimers and higher oligomers
organized in the disk membranes by atomic force microscopy

34

and fluorescence resonance

energy transfer (FRET) 35. As all of GPCRs, rhodopsin includes: a. N-terminal domain is located
at the EC side at the intradiscal side of the disk membrane, b. seven transmembrane helices are
8

located in the membrane and H8 is lying adjacent and parallel to the membrane, c. a cytoplasmic
C-terminal domain. Cys110 and Cys187 form the highly conserved disulfide bond which limit
the conformational flexibility of the molecule (Figure 1.4B) 22,36,37.

Figure 1.4 Schematic organization of the retinal rod photoreceptor cell and secondary structure of
rhodopsin.
A. Rod photoreceptor cell showing major cellular elements and their distributed along the cell 33. B. Secondary
structure diagram of rhodopsin. The seven transmembrane helices are embedded in the membrane and the H8 is
lying adjacent and parallel to the membrane. N-terminus is toward the EC side, and cytoplasmic domain is toward
the cytosolic side. N2 and N15 are sites of glycosylation. Cys110 and Cys187 form the essential and conserved
disulfide bond 22,36,37. Black circles correspond to highly conserved amino acid residues in rhodopsin.

Rhodopsin consists of the opsin apoprotein and the 11-cis-retinal ligand which is covalently
bound through a protonated Schiff base (SB) linkage to K296 at the seventh transmembrane
helix of the photoreceptor

38–40

. Upon photon absorption, the 11-cis-retinal chromophore

isomerizes to all-trans-retinal and triggers the formation of the active photointermediate
metarhodopsin II (Meta II) 39,41 in which the retinal SB is still intact but deprotonated. During the
activation process, the wavelength maximum (λ max ) of the visible band in the absorbance (Abs)
spectrum of rhodopsin shifts from 500 nm to 380 nm. Figure 1.5 shows the structures of inactive
state rhodopsin and the Meta II activated state

42–44

. The activated Meta II conformation can

recruit and bind IC G proteins to continue the visual signaling cascade.

9

Figure 1.5 Structures of inactive rhodopsin, active Meta II and Meta II in complex with a Gt fragment.
The cartoon models of rhodopsin (PDB code 1U19), Meta II (PDB code 1LN6) and Meta II together with a
C-terminal peptide derived from transducin Gα subunit (PDB code 3PQR). The inactive rhodopsin (left) consists
of the apoprotein opsin in its resting conformation with the inverse agonist 11-cis-retinal (red spheres) covalently
bound to K296 (black spheres) via a protonated SB. In Meta II (middle), the agonist all-trans-retinal (blue
spheres) is covalently linked to K296. Meta II with Gα fragment (right) is identified and the Gα fragment is
shown in purple 43.

Dissociation of the proton from the SB breaks a major constraint in the protein and enables
further activating steps, including an outward tilt of TM6 and stimulating a signaling cascade
beginning with binding and activating hundreds of molecules of the trimeric G protein transducin
(Gt). This eventually leads to rod photoreceptor cell hyperpolarisation, and synaptic signaling to
adjacent rod bipolar cells 37,43,45.
The visual cycle is a transcellular process by which retinal pigment epithelium (RPE) cells
maintain the supply of chromophores for the regeneration of visual opsin pigments in
photoreceptors. After the activation phase, Meta II decays and the signal is terminated by
phosphorylation kinase and subsequent arrestin binding to the phosphorylated receptor. The SB
between opsin and all-trans-retinal is hydrolysed to release free all-trans-retinal chromophore
from the protein. The adenosine-5’-triphosphate (ATP) binding cassette transporter (ABCR)
carries all-trans-retinal from the intradiscal to the cytosolic area of the disc membrane. The
all-trans-retinol dehydrogenase 8/12 (RDH8/12) catalyzes the reduction of all-trans-retinal to
all-trans-retinol by reduced nicotinamide adenine dinucleotide phosphate (NADPH).
10

All-trans-retinol leaves the photoreceptor cell, traverses the interphotoreceptor matrix and enters
the RPE where it is esterified by lecithin-retinol acyltransferase (LRAT). The all-trans-retinyl
ester is converted to 11-cis-retinol and free fatty acid by an isomerohydrolase of retinal pigment
epithelium-specific protein 65 kDa (RPE65). 11-cis-retinol can be esterified by LRAT and stored
or oxidized to 11-cis-retinal by 11-cis-retinol dehydrogenase 5 (RDH5). Other sources of
11-cis-retinol are the blood and the photoreceptor outer segments phagocytosed by the RPE.
11-cis-retinal diffuses into the photoreceptor cell where it associates with opsin to regenerate the
visual pigment (Figure 1.6) 46–49.

Figure 1.6 The visual cycle in the vertebrate retina.
In the ROS disks, light converts the 11-cis-retinal chromophore of rhodopsin to all-trans-retinal. All-trans-retinal is
released from rhodopsin and undergoes an elaborate multistep enzymatic process (called the visual cycle) to
regenerate 11-cis-retinal for subsequent opsin regeneration in a next cycle. All-trans-retinal is first reduced to
all-trans-retinol by RDH8/12. In the RPE, all-trans-retinol is esterified by LRAT to all-trans-retinyl esters. RPE65
mediates the conversion of all-trans retinyl esters to 11-cis-retinol, which is oxidized to 11-cis-retinal by RDH5.
11-cis-retinal returns to the ROS where it binds to opsin to regenerate the rhodopsin photopigment.

1.1.3 M3R receptor
ACh is a known neurotransmitter in both the peripheral (PNS) and central (CNS) nervous
systems, and neurons containing ACh as a neurotransmitter are called cholinergic neurons. ACh
transduces signals through muscarinic and nicotinic ACh receptors, both of which influence
synaptic plasticity and cognition. Muscarinic ACh receptors (mAChRs) and nicotinic
11

acetylcholine receptors (nAChRs) belong to class A GPCRs

50

. mAChRs are found in plasma

membranes of certain neurons, among other cell types, and are classified in five different
subtypes (from M1R to M5R) 51,52. Based on the IC α subunit type of the G protein they bind to,
mAChRs are divided into two main types. The first group includes M1R, M3R and M5R
interacting with Gq type proteins
interact with Gi/o proteins

54

53

, and the second group consists of M2R and M4R which

. mAChRs activation affects the function of many ion channels,

through a variety of IC signaling cascades, resulting in changed conductances of mainly
potassium and calcium channels 50.
The binding of ACh to the M3R induces a conformational change, which triggers association
with and activation of the heterotrimeric Gq proteins by exchanging GTP for GDP on the Gα
subunit. Then, the released Gα subunit activates phospholipase C (PLC) which hydrolyzes
phosphatidylinositol 4,5-bisphosphate (PIP 2 ) into inositol 1,4,5-trisphosphate (IP 3 ) and
diacylglycerol (DAG), IP 3 binds to IP 3 receptors on the endoplasmic reticulum, releasing Ca2+
from IC stores whereas DAG activates protein kinase C (PKC) (Figure 1.7) 55–57.
M3R is broadly expressed in the brain, smooth muscles of the blood vessels and lungs 58. M3R is
involved in modulation of neurotransmitter release, temperature homeostasis, and food intake in
the CNS, as well as in the induction of smooth muscle contraction, gland secretion and indirect
relaxation of vascular smooth muscle in the PNS 38. In 2012, the X-ray structure of the M3R was
reported 59.
M3R consists of seven transmembrane helices architecture as other GPCRs, with N-terminus on
the EC side of plasma membrane and C-terminal tail located on the cytoplasmic side. All the
helices are connected by either IC or EC loops. Cys141 and Cys221 are responsible for the
disulfide bond between the second EC loop and the TM3 helix (Figure 1.8) 60,61.
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Figure 1.7 Schematic cartoon of early steps in the signaling pathway of channel modulation.
A. Agonist ligands bind to the Gq coupled muscarinic receptor and activate the G protein. The G protein turns on
the enzyme PLC. B. Active PLC cleaves membrane PIP 2 , the ion channel is inhibited as it loses PIP 2 , and several
second messengers are generated 56.

Figure 1.8 Secondary structure of M3R.
Seven transmembrane helices are located in the membrane, N-terminus is located on the EC side of the membrane
and the C-terminus is located on the cytoplasmic side. In blue the N-methylglycosilation of the N-terminus, in
yellow the cysteine bridge between C141-C221, in red, purple and green the residues of the binding pocket. IC loop

13

3 in red represents the third IC region that has been removed 60,61.

1.2 Degenerative diseases associated with GPCRs
Considered the largest and the most diverse group, GPCRs are responsible for the proper
conduction of many physiological processes, such as vision, IC communication, neuronal
transmission, hormonal signaling and also involved in many pathological processes

2,5

. GPCRs

are involved in a wide spectrum of hereditary and somatic disorders and diseases such as CNS
disorders, inflammatory diseases, cancer, metabolic imbalance, cardiac disease, monogenic
diseases and more

62

. The mutations or variations in the genes coding for GPCRs may lead to

misfolding, altered expression and activity. When mutations change the process of ligand binding
and signal transduction, they frequently lead to disease 5,63.
In the thesis, two GPCRs associated degenerative diseases are studied. One is the retinitis
pigmentosa (RP) which is associated to rhodopsin and mutations. Another is the Alzheimer’s
disease (AD) associated with the M3R and tau protein.
1.2.1 RP
Inherited retinal degenerations and malfunctions are clinically and genetically heterogeneous.
Many diseases in this group cause visual loss because of the premature death of the rod and cone
photoreceptor cells

64

. Mutations in rhodopsin are one of the main reasons of RP, which is a

genetically heterogeneous disorder involving rod photoreceptor cell progressive death and
eventually leading to blindness

5,38,65,66

. Epidemiological studies have revealed that RP is

heterogeneous both genetically and clinically 67. More than 150 different mutations in rhodopsin
are associated to RP. Approximately 30% of autosomal dominant RP is caused by mutations in
rhodopsin

65,68

. Rhodopsin mutants associated with RP could contribute to protein misfolding,

increased protease sensitivity, retinal binding impairment and thermal instability

66,69–72

, finally

alter the cellular fate and induce cell death 66,73. The worldwide prevalence of RP is about one in
4000 38,72.
In most of RP cases, the retina degenerates with the rod and cone cell death. Thus, the typical RP
can lead to a rod-cone dystrophy, in which loss of rod function exceeds the reduction in cone
sensitivity

74

. In the progression of RP symptoms, night blindness generally precedes tunnel

vision by years or even decades. At early stage, night blindness is the main symptom and mild
14

night blindness is often ignored by the patients. There may be peripheral visual field defects in
dim light which could not exist or be minimal in day light. In the mid stage, night blindness is
obvious, with difficulties to drive and walk during the night. Fundus examination reveals the
presence of bone spicule shapes composed of pigment deposits in the mid periphery, along with
atrophy of the retina. In the third stage, peripheral vision loss restricts the movements of the
patients. The disease progression remains slow and eventually leads to completely blindness

74

.

However, in many cases of RP, the dominant gain of misfolded rhodopsin induces degeneration,
and some mutants of one allele only lead to visual impairment.
RP can be divided into two groups: non-syndromic RP and syndromic RP

74,75

. Non-syndromic

RP is restricted to the eyes, without other systemic manifestations, while syndromic RP is
associated with non-ocular disease, the latter representing 20-30% of total cases. On the basis of
its inheritance pattern and prevalence, RP can be divided into three main groups: autosomal
dominant (30–40%), autosomal recessive (50–60%) and X linked (5–15%). Patients with no
other affected relatives are typically autosomal recessive, although a few might represent new
dominant mutations, instances of uniparental isodisomy or, for males, X-linked mutations, or
even non-Mendelian inheritance patterns 75.
Sector retinitis pigmentosa (sector RP) is an atypical variant of RP. In sector RP, only isolated
areas of the fundus show pigmentary changes. It is characterized by regionalized areas of bone
spicule pigmentation usually found in the inferior quadrants of the retina, abnormal
electro-retinograms, visual-field defects, and slow to no progressive retinal degeneration 76.
Despite of the fact that diverse technical approaches are being investigated for the treatment of
RP, there is no standardized and efficient treatment for the disease. Currently, gene therapy
represents the most promising therapeutic option for many inherited and acquired retinal diseases
77

. Gene-silencing therapy was used to silence the mutant allele of rhodopsin mutants, but

maintaining the expression of the wild type (WT) allele

77

. More advanced lines of research in

RP therapy include: the use of neurotrophic factors, gene therapy, cell-based therapy,
optogenetics approaches, retinal transplants and electronic prosthesis.
Mutations associated with RP are spread all over the opsin gene throughout the three domains of
the receptor: intradiscal, TM and cytoplasmic. The analysis of such mutations associated with RP
15

provides information about the molecular mechanism of this pathological process. The structural
and functional studies on rhodopsin mutants give insights into common structural motifs of
GPCRs and common activation mechanisms

78

. TM1 and TM2 play an important role in the

stability and function of rhodopsin. RP mutations on rhodopsin show different structure and
function characters. Some rhodopsin mutants, like G90V and N55K, present thermal sensitivity.
This low stability could affect the rhodopsin cycle of intermediates, altering the normal
rhodopsin turnover and prompting receptor malfunction and aggregation 70,79.
1.2.2 AD
AD is diagnosed by the progressive loss of cognitive function and behavioral deficits and is
characterized by the presence of senile plaques, neurofibrillary tangles, cholinergic neuron loss
and the decrease of ACh neurotransmitter level in the brain (Figure 1.9) 80,81.

Figure 1.9 Healthy and AD neurons.
Healthy

Neuron

(left),

neurofibrillary

tangles,

amyloid

plaques

in

AD

(right)

(Referred

from

http://www.ahaf.org/alzheimers).

Senile plaques consist of small β-amyloid peptides which are deposited in the brain and cause
the primary stage of AD

82,83

. Neurofibrillary tangles affecting neuron degeneration are formed

by the accumulation of microtubules and hyperphosphorylated tau protein which is a
microtubule binding protein that stabilizes the microtubule and facilitates fast axonal transport.
The tangles also affect neuron degeneration in AD

82,83

. Another AD character is the

neurotransmitter cholinergic ACh hypofunction linked with β-amyloid and tau pathologies
16

84–87

.

Muscarinic acetylcholine receptors (mAChRs), as the major receptor group for ACh in the
neurotransmission, have also been implicated in the pathophysiology of AD. Some studies
indicate that the interaction between mAChRs and tau protein could be part of an underlying
molecular mechanism causing AD.
By the different characterizations, there are mainly three hypotheses in AD: cholinergic
hypothesis of memory dysfunction, the muscarinic receptor regulation of amyloid metabolism
and the tau hypothesis. This thesis tries to find some clues between mAChRs associated with
amyloid metabolism and tau protein. In AD, abnormal phosphorylation/hyperphosphorylation
decreases tau affinity for microtubules resulting in the trafficking of tau proteins from the
microtubules to the IC neuronal space. This makes the microtubules unstable and initiates their
collapse. The hyperphosphorylated free tau proteins move down the axon from where they
dissociate from the microtubules and self-aggregate in the neuron cell body forming
neurofibrillary tangles

88

; these tangles usually impair axonal transport causing the dysfunction

of the synapse and leading to neuronal death (Figure 1.10).
Recently, AD has been associated with the interaction between EC tau and M1R/M3R that could
play a role in the loss of cholinergic neurons 89. During neuron death, IC tau released to the EC
area could interact with surface receptors such as M3R of the neuronal cells and cause calcium
increase due to calcium permeable channels. M3R has been involved in the interaction with EC
tau that are responsible for raising IC calcium 90. In this thesis, tau will be overexpressed in cell
culture and its interaction with specific M3R mutants will be studied.

17

Figure 1.10 Proteins associated with AD.
There are four main players (cyan circles) in AD. Proteins such as β-amyloid, hyperphosphorylated tau and
mAChRs are the responsible for AD phenotype. Tau in the cell becomes hyperphosphorylated and is one of the
proposed causes of AD. In this thesis the interaction between overexpressed tau and M3R WT or M3R mutants will
be investigated.

1.3 Rhodopsin conformational stability
As the largest and most diverse group of membrane proteins in mammals, GPCRs respond to a
variety of endogenous and exogenous ligands to regulate physiological processes. GPCRs also
interact with membranes lipids which modulate the G protein binding process. GPCRs
conformational stability and functional efficiency depend on many factors, such as structural
features, salts

91–93

, detergents

70,94,95

, lipids

96–103

and ligands

104

. In a membrane environment

GPCRs naturally function mainly constitute of proteins, lipids and cholesterol. To study the
structure and function relationships of GPCRs, the protein has been dissociated and extracted
from the membrane and dissolved into detergent, or alternatively studied in native membrane
91,105,106

.

1.3.1 Detergents
Detergents are compounds with amphipathic properties with the occurrence of a polar head
group and hydrophobic tail in the same molecule 107. They are the most commonly used strategy
for extracting, purifying and dissolving membrane proteins. In order to achieve optimum
18

solubilization of membrane proteins, nonionic and zwitterionic detergents are particularly
popular to solubilize membrane proteins keeping their function. 3-(3-Cholamidopropyl
dimethylammonio)-1-propanesulfonate hydrate (CHAPS) and n-dodecyl-β-D-maltoside (DM)
are the main members of this class of detergents (Figure 1.11).
CHAPS is a mild, non-denatured, and zwitterionic detergent (Figure 1.11A). CHAPS has low
absorbance at 280 nm and lacks of circular dichroic signature in the far-UV region, thereby
making it an ideal detergent for studies of membrane proteins using optical spectroscopy. For
this reason, CHAPS is widely used in solubilizing membrane proteins including GPCRs

106,108

.

DM is also widespread used in solubilization and purification of diverse functionally active
membrane proteins. As a mild, non-ionic detergent with a low critical micelle concentration
(CMC), DM forms by an intermediate length of the hydrophobic moiety and a bulky hydrophilic
sugar headgroup that has been found to be effective in solubilizing GPCRs (Figure 1.11B). The
CMC of DM in water is 0.17 mM (0.009%, w/v). Above the CMC, DM micelles form ablate
ellipsoids where the polar axis is shorter than the equatorial axes that are essential to form crystal
contacts

106,109

. For several GPCRs, DM micelles offer the advantage of preventing membrane

protein aggregation. However, this limits the structural studies since DM masks the proteins to a
large extent in protein detergent complexes.

Figure 1.11 Chemical structures of detergents commonly used for solubilization of GPCRs.
A. CHAPS and B. DM.

1.3.2 ROS disk membrane lipid composition
Cell plasma membranes are composed of lipids and proteins. Lipids make the membrane nearly
19

impermeable to most water-soluble solutes, and proteins serve as transporters and signaling
devices. The membrane lipids are arranged with polar or charged head groups oriented towards
the aqueous environment and acyl chains interacting within the hydrophobic membrane core 98.
The membrane proteins activity is influenced at the lipid-protein interface surrounded by a lipid
matrix. Cholesterol, cardiolipin, and phospholipids such as phosphatidylcholine (PC),
phosphatidylethanolamine (PE), phosphatidylserine (PS) and phosphatidylinositol (PI) affect the
protein function by changing the properties of the lipid-protein interface, membrane fusion, and
the freedom of movement of phospholipid acyl chains and proteins 98.
In the ROS, the phospholipids composition of the stacked disks is shown in Table 1.1.
Phospholipids are formed by different fatty acids, mainly 16:0, 18:0, and 22:6 with different
head groups (PC, PE and PS). The average of disk membrane phospholipid composition is
approximately of 44% PC, 41% PE, 13% PS, and 2% PI 98,110.
Cholesterol is a representative lipid in higher eukaryotic cellular membranes and is crucial in
membrane organization, dynamics, function, and sorting 111. By far cholesterol is the major sterol
in the retina. In plasma membrane and in the newly synthesized disk, cholesterol presents the
highest level with almost 40%. Cholesterol is rapidly lost when disks are apically displaced
retaining only 5% in the membrane 98,111,112.
Docosahexaenoic acid (DHA, 22:6n-3) is the major and conserved fatty acid in the retina,
accounting for over 50% of the phospholipid hydrocarbon chains in the disk membranes and 43%
of ROS which is much higher than in plasma membrane

98

. DHA promotes the formation of

Meta II from Meta I. The 16:0 fatty acyl chain in PC dramatically decreases whereas the 22:6
(DHA) fatty acyl chain increases with disk age. The increase in unsaturated lipids in the disk is
apically displaced further causing the depletion of cholesterol during spatial displacement.
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Table 1.1 Phospholipid composition of ROS.
The fatty acid composition in the different polar heads forming PC, PE, and PS. Fatty acids making up less than 0.3% in any
fraction are omitted. Values are averages with standard deviation from five preparations 98.
Outer segments

Phospholipid composition

Fatty Acids

Phosphatidyl

Phosphatidyl

Phosphatidyl

choline (PC)

ethanolamine (PE)

serine (PS)

30.6 ± 1.5

44.1 ± 1.6

15.2 ± 0.9

16:0

19.9 ± 0.3

30.6 ± 2.2

12.6 ± 0.3

4.1 ± 0.4

18:0

22.1 ± 0.6

19.4 ± 1.0

25.0 ± 0.4

21.0 ± 1.1

18:1 ω9

3.3 ± 0.1

4.5 ± 0.5

4.2 ± 0.1

1.5 ± 0.4

18:2 ω6

< 0.1

0.9 ± 0.1

0.9 ± 0.1

< 0.1

20:4 ω6

4.8 ± 0.1

2.7 ± 0.1

2.4 ± 0.1

4.3 ± 0.5

22:4 ω6

1.6 ± 0.1

0.4 ± 0.1

0.8 ± 0.1

3.0 ± 0.2

22:5 ω6

2.3 ± 0.1

0.9 ± 0.1

1.5 ± 0.1

1.6 ± 0.3

22:5 ω3

1.9 ± 0.2

1.4 ± 0.1

1.4 ± 0.1

3.3 ± 0.2

22:6 ω3

43.0 ± 0.4

35.9 ± 2.2

50.2 ± 0.8

48.1 ± 0.8

24:4

1.2 ± 0.1

< 0.1

< 0.1

3.9 ± 0.4

24:5

1.2 ± 0.1

< 0.1

< 0.1

9.3 ± 0.7

1.3.3 Artificial membranes
Even though detergents can form micelles to solubilize GPCRs, they often show poor
conformational stability, low activity and even denatured character

97,98,113

. In the native

membranes, the lipids such as cholesterol and DHA interact with membrane proteins and help
maintaining protein structure and function. Lipid bilayer environment is essential and affects the
physical and chemical properties of GPCRs. Understanding the molecular mechanism of GPCRs
in a native-like environment will have a large impact on both basic knowledge of cell signaling
and pharmacological research

100,102,110,114–116

. Different lipids and membrane-mimic phases are

used for GPCRs, especially for rhodopsin reconstitution. Currently, the classes of mimetic
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membrane systems mainly include micelles, bicelles, liposomes, nanodiscs (or nanocarriers) 117,
planar lipid membranes and lipid cubic phases 118.
1.3.3.1 Micelles
Detergent monomers in aqueous solutions self-associate to form a basic phase called micelles. At
a broad threshold of monomer concentration called the CMC, self-association occurs and
micelles form (Figure 1.12A). A variety of detergents is available for studies of GPCRs, and
obviously the choice must fall on a detergent that is gentle enough to avoid immediate
denaturation of the protein such as DM. Mixed micelles are also formed by a mixture of
detergents or a mixture of detergent and lipid to stabilize the protein. Compared with the native
membrane, many detergents irreversibly denature membrane proteins and provide interferences
and background problems with the protein in spectroscopic measurements

119

. Once added into

the native membrane-protein complex, the detergents start to perturb the membrane and separate
the proteins from the membrane. With increasing concentration of detergent, the protein can be
embedded in the detergent micelles 106.
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Figure 1.12 Schematic models for rhodopsin in micelles, bicelles, liposomes and nanodiscs.
A. Schematic model for DM micelles containing rhodopsin. B. Rhodopsin in bicelles. C. Rhodopsin in liposomes.
D. Rhodopsin in nanodiscs.

Figure 1.13 shows the standard process of GPCRs solubilization by detergents. The presence of
the detergents and lipids may interfere with normal ligand and/or G protein binding. Furthermore,
the detergents increase the risk of destabilizing or denaturing GPCRs. Considering all the
drawbacks of detergents, the artificial membrane, in principle, is a more desirable model system
for characterization studies 118,119.
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Figure 1.13 Schematic representation of different stages for the solubilization of biological membranes
by detergents.
A. GPCRs are embedded in biological membranes. B. Detergent at low concentrations is added to interact with
the membrane and cause membrane perturbation. C. The membrane bilayer is further perturbed because of the
increasing detergent concentration. D. Addition of detergent concentrations above CMC, the complexes of
detergent, lipid, and receptors are formed. Finally the four possible complexes are lipid-detergent mixed
micelles, lipid-receptor-detergent complex, receptor-detergent complex and detergent micelles 106.

1.3.3.2 Bicelles
Bicelles morphology is hallmarked by a disk-like bilayer composed of long chain phospholipids
that are capped by either short chain phospholipids or detergents

120,121

. Bicelles offer distinct

advantage over other artificial membrane models since they can be easily prepared obtaining
high yields. Additionally, bicelles do not interfere with the majority of biophysical measurements
and increase the stability of purified GPCRs compared to solubilization in detergents. The
structure of bicelles is highly dependent on lipid composition, temperature, pH and hydration,
and the biochemical properties can be influenced by phospholipid specific differences in chain
lengths, saturation, and head groups. Figure 1.12B shows the models for rhodopsin in bicelles
121

.
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1.3.3.3 Liposomes
A liposome is a spherical vesicle having at least one lipid bilayer. The liposomes have been
widely used for many applications, from membrane models to drug delivery systems

122

.

Liposomes normally are composed of phospholipid, especially PC to form the lipid bilayer
structure. Normally the liposomes provide a better physiologically relevant milieu to stabilize the
protein

97,118

.

1,2-didocosa-hexaenoyl-sn-glycero-3-phosphocholine

(DDHA-PC)

is

an

unsaturated phospholipid and constitutes membrane-like bilayers to carry rhodopsin. Liposomes
provide a stable bilayer that strengthens protein-protein interactions 97,102,118 (Figure 1.12C). The
study of rhodopsin mutants in DDHA-PC liposomes may help to understand the structural and
functional mechanisms of RP and retinal degeneration.
1.3.3.4 Nanodiscs
Nanodiscs are small patches of membrane bilayer whose edge is stabilized by high density
lipoprotein (HDL) or nanoscale apolipoprotein bound bilayers. These have been shown to
incorporate 1 to 2 rhodopsin molecules and have excellent stability properties (Figure 1.12D)
117,118

. Nanodiscs structure is compact and decrease the number of freely diffusing lipids or

detergent molecules. All these features permit high protein concentration per volume, enabling
bulk spectroscopic measurements. One drawback of nanodiscs is the strict limit on the diameter
of the particles 113,117,118.
1.3.3.5 Planar lipid membranes
Planar lipid membranes can be subdivided into two broad classes. The first, a lipid bilayer
covering a small aperture between two aqueous phases, is referred to as a black membrane; the
second class consists of solid support planar lipid membranes. The planar lipid membrane
represents a trade-off between stability and versatility. The interaction with EC loops or domains
of GPCRs with the solid support may interfere with the mobility or even the activity 118.
1.3.3.6 Lipid cubic phases
Lipid cubic phases are sponge-like, multilamellar, continuous lipidic phases perforated by
aqueous channels supplying an ordered hydrophobic matrix that permits free diffusion of protein
and encourages GPCR crystallization in three dimensions. The lipid cubic phases have been
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limited to preparing crystals in GPCRs research. The system represents an intriguing possibility
both as a possible vehicle for reconstituted GPCRs and as a replacement for detergents in the
difficult process of GPCR purification 118.
1.4 Two artificial membrane systems
1.4.1 DMPC/DHPC bicelles
Phospholipids constituting ROS are the best options to form the artificial membranes. To
stabilize rhodopsin and its mutants, the head groups, such as PC, PE, PS and PI and the fatty acid
chains with different lengths and saturations have an impact on the biochemical properties of the
artificial membrane. 16:0, 18:0, and 22:6 (DHA) are the main fatty acid chains in the rod disk.
Other

phospholipids

1,2-dimyristoyl-sn-glycero-3-phosphate

(DMPA),

1,2-dimyristoyl

-sn-glycero-3-phosphocholine (DMPC), 1,2-dimyristoyl-sn-glycero-3-phospho-1’-rac-glycerol
(DMPG), 1,2-dimyristoyl-sn-glycero-3-phospho-L-serine (DMPS), 1,2-dioleoyl-sn-glycero-3phosphocholine
35,121,123–126

(DOPC)

and

1,2-dioleoyl-sn-glycero-3-phosphoethanolamine

(DOPE)

are also used for artificial membranes. The use of phospholipids with single or

mixture of lipids at different ratios increases the diversity of the membranes.
For bicelles composition, short-chained phospholipids such as 1,2-dihexanoyl-sn-glycero-3phosphocholine (DHPC(6:0)) or detergents like CHAPS are used to cap the long chain
phospholipids. Phospholipid bicelles have been shown to improve the stability of rhodopsin
35,120,121

. In order to improve the stability of G90V and N55K rhodopsin we have introduced

these mutants in bicelles. To do that, saturated 1% (w/v) long chain DMPC (14:0) and 1% (w/v)
DHPC detergent are mixed, and upon temperature exchange process bicelles are formed.
1.4.2 DDHA-PC liposomes
DDHA-PC consists of two DHA chains and one PC head group which accounts for 44% in disk
membrane. DHA appears to optimize the retinal integrity and visual function

97,127–129

.

DDHA-PC is used to form liposomes which constitute a membrane-like bilayer suitable for the
study of rhodopsin and its mutants

97,102,118

. The comparison of the structural and functional

features of rhodopsin mutants, inserted into DDHA-PC liposomes and in DM detergent, would
be attractive to understand the molecular mechanisms of RP disease. NMR studies have proved
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that DHA can interconvert between conformations more rapidly, and prefers to be in the
hydrophobic core of bilayers near the lipids/water interface. DHA is also capable of engaging in
partially specific interactions with rhodopsin. Bilayers rich in DHA may alter protein function
both by a change of general membrane properties and by specific interactions with particular
regions of the protein. Rhodopsin adjusts its structure far more nimbly to the lipid environment
than generally assumed. It is not just the lipid matrix that deforms in response to the needs of the
protein, but the protein may adjust structurally to the lipid matrix as well

130,131

. Figure 1.14

shows the crystal structure of rhodopsin (1U19) where the packing score for each residue in
rhodopsin against DHA, stearic acid, and cholesterol in bilayers were computed. The result
showed the overlapping groups between H6 and H7 are largely nonspecific for DHA, stearic acid,
and cholesterol. Except this, DHA (blue) interaction with 51 residues is significantly higher than
that for stearic acid (red) with 16 residues and cholesterol (purple) with 5 residues.

Figure 1.14 Binding sites of stearic acid, DHA and cholesterol in rhodopsin.
Rhodopsin interacts preferentially with DHA (22:6) (blue), stearic acid (18:0) (red) or cholesterol (purple). The
preferential interaction sites were identified by means of molecular dynamics simulations 130,131.

1.5 GPCR Interaction with other proteins and ligands
1.5.1 Signaling through GPCRs
Heterotrimeric G proteins constitute important components of cell signaling cascades. GPCRs
senses many EC signals and transduce them to the G protein for the downstream signals to play
important roles in various signaling pathways. Upon activation by the ligand, the GPCRs
undergo a conformational change and activate the G protein by promoting a GDP/GTP exchange
in the Gα subunit. Gβγ dimer dissociates from the Gα subunit and both units interact with
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different specific effectors and initiate unique signaling responses. Once the GTP in the binding
pocket of Gα-GTP is hydrolyzed to GDP, Gα returns to its inactive Gα-GDP state which will
re-associate with Gβγ to form the inactive heterotrimeric complex (Figure 1.15) 5,14,132.

Figure 1.15 Model for signal transduction by activation/inactivation of the heterotrimeric G protein
through GPCR activation.
The subunits of heterotrimeric G protein (Gα and Gβγ) in their inactivated states are associated with each other. In
the inactivated state, GDP is bound to Gα (Gα-GDP). During signal transduction, first the GPCR is activated,
changing its conformation due to the binding of agonist/ligand to the EC region. This activated GPCR further
activates the G protein by dissociating the Gα from Gβγ. In the active state, GTP is bound to Gα (Gα-GTP). Now
free Gα and Gβγ have their own effectors (E1 and E2, respectively) to further transmit the signals and initiate
unique IC signaling responses. Signal transduction is terminated when Gα-GTPase activity hydrolyzes the bound
GTP to GDP and Pi and the G protein complex is reformed by Gα binding to Gβγ 14.

1.5.2 A model GPCR system: rhodopsin-arrestin interaction
As a model of GPCRs, understanding rhodopsin signaling and its dynamic protein-protein
interactions is very important. Upon photon absorption, the photoactivated conformation of
rhodopsin, Meta II, binds to and activates the Gt, which exchanges the GDP/GTP nucleotide and
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then interacts with other downstream effectors. Meta II decays to free opsin by releasing the
retinal chromophore from the binding pocket. Signaling is terminated by a process that begins
with phosphorylation of Meta II by rhodopsin kinase and binding of arrestin, which stops
signaling by physically occluding the G protein binding site

133

. Visual arrestin belongs to the

arrestin superfamily, which includes rod and cone arrestins. This visual arrestin, a ~48 kDa
soluble protein, is an important model system to understand not only the visual response but also
the broad reaching mechanism for controlling cellular signal transduction cascades mediated by
GPCRs 134. The loop V-VI of arrestin is an important element that moves while arrestin binds to
activated receptor. This movement is essential for high affinity binding 134,135. Figure 1.16 shows
the crystal structure of human rhodopsin in complex with visual arrestin 136.

Figure 1.16 Crystal structure of human rhodopsin in complex with visual arrestin.
The interaction regions on rhodopsin and arrestin (PDB 4ZWJ) are highlighted in green.

Figure 1.17 shows the signal pathway of rhodopsin with arrestin. The rhodopsin is activated by
the light to form Meta I/II state and desensitized by the arrestin. This arrestin binds components
of the clathrin endocytic machinery including clathrin, β2-adaptin (AP2) and dynamin (Dyn) to
form the endosomal vesicle carrying the Meta II-arrestin complex dissociates from arrestin upon
internalization and receptors recycle to the plasma membrane 137.
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Figure 1.17 Role of arrestin in the desensitization, sequestration and IC trafficking of rhodopsin.
A. Rhodopsin is activated and desensitized by arrestin. Meta I/II-arrestin complex play an important role as adapter
proteins, binding to components of the clathrin endocytic machinery such as clathrin and AP2. B. Receptor
sequestration reflects the Dyn dependent endocytosis of rhodopsin via clathrin coated pits. C. Rhodopsin
dissociates from arrestin for final degradation or slow recycling to the membrane 137,138.

In the visual pathway, arrestin not only attenuates rhodopsin signaling, but also protects the cell
from excessive retinal levels under bright light conditions. Besides, arrestin is known to bind to
phosphorylated Meta II, in which the photolyzed chromophore all-trans-retinal is still attached
by a deprotonated SB. In contrast, arrestin does not bind to phosphorylated opsin, only
all-trans-retinal added exogenously can stimulate arrestin to bind this phosphorylated opsin 139.
1.5.3 Tau protein interaction with M3R
Tau is a structural microtubule associated protein (MAP) which is located in the axons of
neurons of the CNS. MAP tau (MAPT) contains three major domains: an amino terminal
projection domain, a C-terminal domain of microtubule binding repeats and a short tail sequence
140

. In the human CNS, six tau isoforms are found by alternative mRNA splicing 140 from the tau

gene encoded on chromosome 17q21. These Tau isoforms differ in their domain composition and
overall length ranging from residue 352 to 441 amino acids 141. Tau is a highly soluble, natively
unfolded, and intrinsically disordered protein, with only a low content of transient secondary
structure. Tau, as other MAPs, stabilizes microtubule polymers, suppresses microtubule
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dynamics and probably because of these effects is able to promote cytoplasmic extensions or
neuritogenesis (Figure 1.18) 142–144.

Figure 1.18 Proposed mechanisms of tau dispersion in cells.
Free diffusing tau molecules in the cytosol (1) in rapid equilibrium with tau bound to microtubules; (2) tau is free to
diffuse along the microtubule lattice; (3) motor-dependent tau transport by kinesin molecules; (4) or piggybacking
on short microtubule fragments translocated by kinesin family members or cytoplasmic dynein; (5) transport of tau
mRNA by kinesin-2 followed by local translation in the axon; (6) light gray arrows indicate the directions of motor
protein movement while solid black arrows denote the directions of tau protein or mRNA motion by diffusion or as
cargo of kinesin motor proteins 143.

As explained in section 1.2, tau protein and M3R are both involved in AD

145,146

. Currently, the

tau hypothesis of AD presumably involves abnormal hyperphosphorylation of tau as a result of
an imbalance in the kinase and phosphatase activities. In AD brains, the total tau level is about
eight-fold higher than in controls and the increased tau protein is in an abnormally
hyperphosphorylated form

86

. The reason of this is not well understood. As a MAP protein, tau

molecules contribute to maintaining the cell shape and serve as tracks for axonal transport. In
neural cells of AD patients, the phosphorylation of tau takes place in some sites causing a
decrease of the protein electrophoretic mobility 147. Tau can undergo two types of modifications,
phosphorylation and aggregation, which can regulate its interaction with cytoplasmic, nuclear, or
membrane components resulting in cell toxicity
31

148

. The phosphorylation of the N-terminal

region could affect its interaction with the plasma membrane. The phosphorylation in the
microtubule binding domain, and its adjacent regions, will impair the interaction of tau with
microtubules, as well as prevent tau-tau self-assembly. Phosphorylation at the C-terminal region
affects the interaction of tau with other proteins, like muscarinic receptors 144,148.
Tau hyperphosphorylation can induce tau aggregation which is toxic for the cell (Figure 1.19) 89.
IC tau could be toxic due to its hyperphosphorylation level or due to its aggregation. The tau
protein released as a result of neuronal death is toxic to neighboring cells, an effect that is
thought to be mediated through the activation of muscarinic M1R or M3R receptors that
increases IC calcium in neuronal cells upon tau binding 89.

Figure 1.19 Proposed tau axis hypothesis of AD: progressively increasing levels of dendritic tau make
neurons vulnerable to β-amyloid.
A. The onset of AD is characterized by the initiation of β-amyloid formation in the brain. But low levels of dendritic
tau are associated with a limited vulnerability of neurons to synaptic β-amyloid toxicity. B. With disease
progression, tau becomes increasingly phosphorylated and tau accumulates in the somatodendritic compartment of
neurons, progressively increasing dendritic tau levels. C. In fully manifested AD, high levels of tau are in the
dendritic compartment and increased β-amyloid toxicity exacerbates tau phosphorylation and its somatodendritic
accumulation 140.

Indeed, exogenously applied non-phosphorylated tau can also interact with muscarinic receptors
on the surface of cultured neuronal cells, promoting an increase in IC calcium that can alter cell
signaling pathways 90. In this thesis, four M3R mutants at the EC domain of the receptor, N132G,
D518N, D518K and K523Q, were coexpressed with tau in cultured cells to analyze their
potential interactions.
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M3R residues N132, D518 and K523 are all located at the EC loops of the receptor and they are
predicted to play a role in the binding and regulation of allosteric modulators. The mutants
N132G and D518K were chosen because the substituted residues were those corresponding to
the M1R subtype. As the amino acids D518 and K523 are charged, the uncharged mutants
D518N and K523Q, were also contacted in order to analyze any possible charge effect 149.
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2. OBJECTIVES
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The main aim of the thesis is to investigate the intramolecular and intermolecular aspects of two
GPCRs, the visual receptor rhodopsin and the muscarinic receptor. Intramolecular aspects
include protein folding and stability, while intermolecular aspects are related to the interaction of
these receptors with associated proteins. For this purpose, the stability and folding properties of
WT rhodopsin and N55K and G90V mutants and the interaction between rhodopsin and arrestin,
as well as M3R interaction with tau protein are studied.
Rhodopsin and two RP associated mutants will be spectroscopically and functionally
characterized and their behavior in detergent micelles and in mimic membranes compared. DM
micelles, DMPC/DHPC bicelles and DDHA-PC liposomes will be used to stabilize purified
bovine rhodopsin and recombinant rhodopsin WT and the G90V and N55K mutants. The thermal
stability and retinal binding behavior of rhodopsin and its mutants, and their Gt activation
capacity will be analyzed.

Figure 2.1 Study proposed in this thesis.
The visual protein rhodopsin and mutants and the M3R and mutants (in the central circle) are the GPCR studied in
this thesis. The outermost circle represent the intramolecular and/or intermolecular studies on rhodopsin and
muscarinic receptors performed during this thesis.

We also aim at investigating the mechanisms of GPCRs interaction with other proteins
associated to their signaling pathways. The work will focus on two such interactions, rhodopsin
binding to arrestin in the signal termination of the phototransduction cycle, and M3R interaction
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with tau protein and its potential role in AD. Figure 2.1 schematically summarizes the proposed
topics of study of this thesis.
In line with the main goals outlined, the specific objectives of this thesis are:
1.

To establish the optimal DMPC/DHPC bicelles and DDHA-PC liposomes system conditions
for WT and mutant rhodopsins stabilization.

2.

To compare the biochemical and biophysical properties of WT rhodopsin and N55K, G90V
mutants in DM micelles, DMPC/DHPC bicelles and DDHA-PC liposomes systems.

3.

To purify R175E arrestin mutant and to characterize its binding to photoactived rhodopsin
by means of fluorescence spectroscopy and electrophoresis.

4.

To express M3R and its mutants, and to coexpress them with tau protein to determine the
features of the interaction between M3R mutants and tau protein by means of electrophoretic
and immunocytochemical techniques.
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3. MATERIALS AND METHODOLOGY
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This section describes the materials and the procedure used in this thesis. The molecular biology
and biophysical techniques are described in detail to understand the specific features of GPCRs,
especially rhodopsin and M3R.
3.1 Materials Reagents
3.1.1 Reagents
Bovine retinas was obtained from J.A. Lawson (Lincoln, NE). The chromophores 11-cis-retinal,
and 9-cis-retinal, were provided by Dr. R. Crouch (National Eye Institute, National Institutes of
Health (USA)) and Sigma-Aldrich, respectively. Lipids for liposomes and bicelles formation,
DMPC (14:0), DHPC (6:0) and DDHA-PC (22:6n-3) were purchased from Avanti Polar Lipids
Inc (Alabaster, AL, USA). DM was from Anatrace (Maumee, OH, USA). Chloroforrn was
purchased from Sigma-Aldrich (Sant Louis, MO), methanol was from Panreac (Barcelona, Spain)
and the polystyrene beads (Bio-beads SM-2) were provided by Bio-Rad Laboratories, Inc.
(Hercules, CA).
Purified monoclonal antibody for rhodopsin, rho-1D4, was obtained from Cell Essentials
(Boston, MA, USA). The 1D4 9-mer peptide corresponding to the last 9 amino acids of Rho
(TETSQVAPA) was synthesized by Serveis Cientificotècnics (Universitat de Barcelona,
Barcelona, Spain). CNBr-activated Sepharose 4B, hydroxylamine, protease inhibitor cocktail and
phenylmethanesulfonyl
thiogalactopyranoside

fluoride
(IPTG)

(PMSF),
were

bis-tris-propane

from

Sigma-Aldrich

(BTP),
(St.

isopropyl

Louis,

MO,

β-DUSA).

Polyethyleneimine 25 kDa (PEI) was purchased from Polysciences (Warrington, PA, USA).
Other reagents were purchased from Sigma, Fisher or Panreac.
3.1.2 Cloning vectors and cell lines
WT, G90V and N55K opsin mutations were cloned into the pMT4 vector. M3R and mutants
M3R-N132G, M3R-D518N, M3R-D518K and M3R-K523Q cloned in pEF5/FRT/V5-DEST
vectors were obtained as previously described (Laura Iarriccio’s thesis reference). Arrestin
R175E in pG58 vector was provided by Dr. Eva Ramon. Human MAPT/tau transcript variant 4
natural ORF cloned in pCMV3 (HG10058-UT) (Tau-pCMV3) was bought from Sino Biological
Inc. Tau gene was also subcloned into pET-17b plasmid. These five vectors containing the
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corresponding genes of study are depicted in the following schemes (Figure 3.1).

Figure 3.1 The five plasmid vectors used in this thesis.
A. pMT4 plasmid with opsin and the mutants G90V, N55K which can be expressed in eukaryote cells; B. pG58
plasmid with R175E arrestin for expression in E.coli and IPTG induction; C. pEF5/FRT/V5-DEST plasmid with
M3R and the mutants M3R-N132G, M3R-D518N, M3R-D518K and M3R-K523Q which were expressed in
eukaryote cells; D. pET-17b with the inserted tau gene for expression in BL21 cells by IPTG induction; E. pCMV3
plasmid with inserted tau gene for eukaryotic cell expression.

3.2 Equipment
Cell culture equipment: type II class cell culture cabinet (NuAire), CO 2 incubators for
cell culture (NuAire), and liquid nitrogen containers (Air Liquide), 4ºC centrifuge biofuge
(Heraeus (Primo R)), low temperature fridge (Mo-Bio, AE390), optical inverted microscope
(Olympus (CK 30)).
Deoxyribonucleic acid (DNA) and protein expression purification devices: ultracentrifuge
Beckman Coulter (Optima LE-80K), centrifuge (Alresa), refrigerated centrifuge (Kubota (6500)),
DNA agarose gel electrophoresis, sodium dodecyl sulfate polyacrylamide gel electrophoresis
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(SDS-PAGE), Western Blot (WB) system (BioRad), UV Transilluminator 2000 and Molecular
Imager ChemiDoc documentation system (BioRad) and transparency viewer (IEWLight 5000),
bacterial incubator (Sanyo MIR-262 model).
Radioactive facilities: hood for chemical material (CaptairChem), liquid scintillation counter
(TRI CARB Packard).
Spectrophotometry: Ultraviolet-visible (UV-Vis) spectophotometer (Cary (100Bio)), spectro-fluorimeter (PTI, QM-1), and high intensity illuminator (Fiber-Lite MI-150).
Microscopy: fluorescence microscope (Nikon/Eclipse Ti-S), long-life mercury light source
(Nikon intensilight).
General lab devices: microprocessor pH meter 213 (Hanna), cold room (Isark by Coldkit),
sonicator 2070 (Bandelin), analytical balance (Mettler Toledo / NewClassic MS), autoclave
(Darlab), ice machine (Bar-line), ICW-3000 water purification system (Merck Millipore), vortex
(Heidolph),

polymerase

chain

reaction

(PCR)

apparatus

(BioRad (MJ Mini)),

microtube centrifuge (Biocen), microtube centrifuge (Eppendorf 5424), microtubes incubator
(Biosan/S-100), shaking incubator (Infors AG), refrigerated incubator (Sanyo MIR-254), -20ºC
freezer (Zanussy, tropic system), -80ºC freeze (REVCO, ULT13863V35).
3.3 DNA purification and protein expression methodologies
3.3.1 Competent cells preparation and transformation
Transformation is the process by which a foreign plasmid is introduced into a bacterial cell.
Competent cells were prepared with specific treatments to modify the membrane permeability
allowing DNA entrance into the cells. Here, DH5α and BL21 strains were used to prepare the
competent cells or ultra-competent cells. Compared the competent cells, the ultra-competent
cells showed more efficient activity that especially were used for ligated DNA, or low yield PCR
products transformations. After transformation, the DNA plasmid could be replicated as the
bacteria grew in large cell culture volumes. DH5α strain normally is used for the plasmid
amplification and the BL21 strain is used for the protein expression. The competent and
ultra-competent cells preparation and the transformation processes are described in this section.
3.3.1.1 Competent cells preparation
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One colony was incubated in 50 ml of LB at 37ºC and shook at 200 rpm overnight. Then, 1 ml of
the overnight culture was transferred to 100 ml fresh LB medium and incubated at 37ºC, and 200
rpm, until A 600 nm reached 0.6 which typically took between 3 h and 4 h. After the culture growth
was stopped by incubating on ice for 25 min, the cells were spun down for 20 min at 4000 rpm
and 4ºC. The pellet was re-suspended with 40 ml CaCl 2 and incubated 30 min on ice. The cells
were centrifuged 20 min at 4000 rpm and 4ºC, the pellet was re-suspended with 2 ml CaCl 2
containing 20% glycerol, and aliquoted in 50 µl samples and stored at -80ºC. Finally 100 ng
DNA was used to check the transformation efficiency of the cells.
Buffers:


100 mM CaCl 2 solution, autoclaved and kept at 4ºC until use.



100 mM CaCl 2 containing 20% of glycerol solution, autoclaved and kept at 4ºC until
use.

3.3.1.2 Ultra-competent cells preparation
DH5α cells were cultured on LB agar plates at 37ºC overnight and 12 large colonies were picked
up and cultured in 250 ml SOB in a 1 L flask at 19ºC with vigorous shaking to reach A 600 nm =
0.5 which normally took from 2 to 3 days. Then the flask was placed on ice for 10 min to stop
culture growth and cells were spun down at 4000 rpm for 20 min at 4ºC, and 80 ml ice-cold TB
was used to resuspend the pellets. After incubation on ice for 10 min cells were centrifuged at
4000 rpm for 20 min at 4ºC. Then the pellet was gently re-suspend in 5 ml ice-cold TB
containing 350 µl DMSO and stored at -20ºC overnight before use. Finally, the sample was
divided into 100 µl aliquots and used directly for transformation or stored at -80ºC.
Buffers:


SOB solution: 0.5% yeast extract, 2% tryptone, 10 mM NaCl, 2.5 mM KCl, 10 mM
MgCl 2 , 10 mM MgSO 4 dissolved in milliQ water. It was autoclaved to sterilize and kept
at 4ºC.



TB solution: 10 mM PIPES, 15 mM CaCl 2 and 250 mM KCl. Then dissolved in milliQ
water and adjust pH to 6.7 with KOH or HCl and then add 55 mM MnCl 2 , dissolved in
milliQ water. It was sterilized by filtration with 0.45 µm filter and kept at 4ºC.
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3.3.1.3 DNA transformation
DH5α competent cells were chosen for large amounts of plasmid purification, while BL21
competent cells were chosen for the prokaryotic expression of proteins, for example tau-pET17b
expression. When the competent cells were prepared, all the processes were performed near the
flame to avoid any contamination and on ice to keep the cell function. The transformation
process was as follows:
The competent cells were taken out from -80ºC and thawed on ice for 10 min. 1µl of plasmid
DNA (50-100 ng) was added into the competent cells tube and mixed by gently rolling the tube
for several times on ice. The mixture was incubated on ice for 30 min. Then, heat shock was
carried out by heating the competent cells at 42ºC for 60 s and then the cells were kept on ice for
3 min to cool down. 1 ml 2YT medium was added to incubate cells at 37ºC, 250 rpm for 45 min
to help cell recovery. Finally, 100 µl of cells was plated on LB solid medium dish with
appropriate antibiotics (ampicillin or kanamycin) and incubated at 37ºC overnight to allow
colonies growth.
The chemically-obtained competent E.coli (DH5α and BL21) cells were suitably used for
transformation and protein expression.
Media:


2YT medium: 1.6 g Tryptone, 1.0 g Yeast Extract, 0.5 g NaCl, adjust pH to 7.2 in 100
ml ddH 2 O and autoclaved.



LB medium: 1.0 g Tryptone, 0.5 g Yeast Extract, 0.05 g NaCl, pH 7.2 in 100 ml ddH 2 O
and autoclaved.

3.3.2 DNA maxi preparation and quantitation
After transformation of the derived plasmid, the cells were grown in larger volumes to increase
DNA amount. DNA was extracted by using the maxi-preparation Kit and quantitated by UV-Vis
spectroscopy. DNA agarose gel electrophoresis was also used to determine DNA purity.
3.3.2.1 DNA maxi preparation
To satisfy the large scale requirement for transfection, DNA Maxiprep purification was
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performed by the Hi-pure plasmid maxiprep kit (Invitrogen). In this kit, a modified alkaline lysis
method was used.
One colony was cultured in 500 ml of LB medium with the corresponding antibiotics (ampicillin
or kanamycin) for overnight incubation at 250 rpm and 37ºC. The cells were harvested by
spinning down the sample at 4000 rpm for 20 min, and the medium was removed. 20 ml
resuspension buffer (R3) with RNase A (20 mg/ml) suspended the pellet. Then, 20 ml of lysis
buffer (L7) was added to break the cells, and mixed by inverting the capped tube five times and
incubated at room temperature (RT) for 5 min. 20 ml of precipitation buffer (N3) was mixed with
the sample immediately by inverting the tube until the formation of white clumps. A funnel with
gauze was used to separate the flocculate from the liquid. Meanwhile, the Hi pure filter maxi
column was equilibrated with 30 ml of equilibration buffer (EQ1), and the liquid flowed through
from the gauze was loaded onto the column and drained by gravity flow. 60 ml of wash buffer
(W8) was used to wash the column and drained by gravity flow. Now, the DNA bound on the
column was eluted with 15 ml of elution buffer (E4). 10.5 ml of isopropanol was added into the
eluted DNA and subject to centrifugation for 45 min at 18000 g and 4ºC. DNA was precipitated
and re-suspended with 10 ml of 70% ethanol and centrifuged at 18000 g for 10 min again. The
supernatant was carefully removed and the pellet was air-dried for 10 min. 1 ml ddH 2 O was
added to dissolve the DNA.
The DNA concentration and purity was determined by UV-Vis spectroscopy by measuring the
absorbance at 260 nm. The Lambert-Beer law was used to calculate the concentration of the
purified DNA. The equation is:
A= ε·c·l
where A is the absorbance of 260 nm; ε is the molar extinction coefficient with units in ml
⋅µg-1 ⋅cm-1 (ε DNA = 0.02); l is the path length of the cuvette (1 cm) and c is the concentration of the
chromophoric compound in solution, expressed in µg⋅ml-1.
Buffers:


Resuspension buffer (R3): 50 mM Tris-HCl, 10 mM EDTA, pH 8.0.



Lysis buffer (L7): 0.2 M NaOH, and 1% (w/v) SDS.
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Precipitation buffer (N3): 3.1 M potassium acetate, pH 5.5.



Equilibration buffer (EQ1): 0.1 M sodium acetate pH 5.0, 0.6 M NaCl, and 0.15% (v/v)
TritonX-100.



Wash buffer (W8): 0.1 M sodium acetate pH 5.0 and 825 mM NaCl.



Elution buffer (E4): 100 mM Tris-HCl, pH 8.5 and 1.25 M NaCl.

3.3.2.2 DNA agarose gel electrophoresis
Gel electrophoresis is the standard laboratory procedure for separating DNA by size to determine
purification efficiency. Electrophoresis uses an electrical field to move the negatively charged
DNA towards a positive electrode through an agarose gel matrix. 1% (w/v) agarose gel with Tris
acetate-EDTA (TAE) buffer was prepared. 1g agarose powder was dissolved in 100 ml TAE
buffer and microwaved until agarose was completely melted. The agarose solution was cooled
down nearly to 55ºC - 65ºC which normally took 10 min. The agarose solution was poured down
into a gel tray with a comb to form the wells and after complete gel solidification, the DNA
samples were loaded together with 6x DNA loading buffer, and run in TAE buffer at 70 V for 80
min by an electrophoresis system (Bio-Rad). The gel was stained by the Ethidium bromide (EB)
buffer for 30 min and an image system (Bio-Rad) was used to visualize the DNA fragments.
Buffers:


TAE buffer (10x): 48.4 g Tris Base, 7.44 g EDTA dissolved in 800 ml ddH 2 O, 11.42 ml
CH 3 COOH was added and homogenized. Add more ddH 2 O to 1 L.



EB buffer: 2 µl EB dissolved in 100 ml 1x TAE buffer.

3.3.3 Eukaryotic cell culture techniques
HEK293T cells and COS-1 cells, as mammalian cell lines, were used to express WT rhodopsin
and its mutants, M3R and its mutants, and tau-pCMV3 protein. HEK293S-GNTI- cells were also
used to express the protein but mainly for WB analysis.
3.3.3.1 Mammalian cells thawing
Before cell thawing, the culture medium should be warmed at 37ºC. The cell vial was quickly
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taken out from liquid nitrogen and completely defrosted at 37ºC. The cells were rapidly
transferred to a 15 ml tube containing 7 ml of warmed medium and spun down at 900 rpm for 5
min. The cell pellet was seeded onto a 10 ml cell culture dish containing 15 ml of medium and
cultured at 37ºC in an incubator with 5% CO 2 for the subsequent experiments. Depending on the
different types of cells, different medium were chosen (see section 3.3.3.2).
3.3.3.2 Cell culture
HEK293T cells were routinely cultured in complete Dulbecco's Modified Eagle's Medium
(DMEM) supplemented with 10% fetal bovine serum (FBS), 2 mM L-glutamine and 100
units/ml penicillin/streptomycin at 37ºC in an atmosphere of 5% CO 2 . After cells reached 70% 80% of confluence, the cells could be used for generation, transfection, cryopreservation or
immunofluorescence. When the cells were used for maintenance, the medium was removed from
the 15 cm cell culture dishes and were gently washed with 7 ml phosphate buffered saline (PBS).
Then, 9 ml of fresh medium was added and the cells were detached by repeated pipetting. 3 ml
of medium containing cells was transferred to a new 10 ml cell culture dish containing 15 ml of
warmed medium, and then the cells were incubated at 37ºC in a 5% CO 2 humidified incubator.
COS-1 cells were cultured in DMEM medium supplemented with 10% FBS, 2 mM L-glutamine
and 100 units/ml penicillin/streptomycin at 37ºC and in an atmosphere of 5% CO 2 . After 70% 80% confluence, cells were carefully washed with 7 ml PBS after removing the old medium and
5 ml 1% trypsin EDTA solution was added to detach the cells for 1 min at 37ºC. Trypsin was
decanted and 9 ml of complete medium was added to inactivate trypsin. The cells were separated
by repeated pipetting and 3 ml of medium with cells was transferred into a new 10 ml cell
culture dish with 15 ml of warmed medium and incubated at 37ºC in a 5% CO 2 humidified
incubator.
HEK293S-GNTI- cells were cultured in DMEM+Ham F12 (1:1) mixture medium supplemented
with 10% FBS, 2 mM L-glutamine and 100 units/ml penicillin/streptomycin at 37ºC and in an
atmosphere of 5% CO 2 . There is not N-acetylglucosaminyltransferase (GnTI) activity in
HEK293S-GnTI- cells and the protein expression lacks complex N-glycans which is appropriate
for recombinant protein detection especially by electrophoresis. The maintenance protocol is the
same as HEK293T cells.
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3.3.3.3 Mammalian cells storage
The mammalian cells were incubated to nearly 60% - 70% confluence, which means that the
cells were on the logarithmic phase. Once thawed they still can keep their active condition. The
cells were harvested by either trypsin or pipetting in 5 ml corresponding medium and spun down
at 900 rpm at 25ºC for 5 min, the cell pellet was re-suspended with the freezing medium. The
freezing medium was composed of 20% FBS, 10% DMSO and 70% corresponding to the cell
medium. The freezing medium should be filtered before use. Then, all the cells in freezing
medium were aliquot into sterile cryovials and kept at 4ºC for 2 h. The vials were transferred to a
-20ºC freezer until frozen (4 - 6 h), and then at -80ºC to help sequential freezing while
maintaining cell viability. Finally the frozen cells were stored in liquid nitrogen.
3.3.3.4 DNA transfection and cotransfection
Mammalian cells were cultured at 37ºC in a 5% CO 2 incubator to reach 70% - 90% confluence
in 15 cm cell culture dish. DNA and PEI mixture were prepared separately. DNA mixture
contains 30 µg DNA and 2.5 ml Opti-MEM and the PEI mixture, 100 µl PEI (for stock 1mg/ml,
pH 6.0) and 2.5 ml Opti-MEM. After 5 min incubation, DNA and PEI solutions were mixed and
incubated for 20 min at RT. The cells were incubated with 15 ml cultured medium and 5 ml
DNA-PEI mixture. When co-transfection was carried out such as M3R and tau vectors, 30 µg
DNA was composed of 15 µg M3R vector and 15 µg tau vector. Cells were incubated for 48 h
(Figure 3.2). The transfected proteins were overexpressed in the cell lines and subsequently
purified in section 3.4 for further characterization.
When the mammalian cells were cultured in a 6-well plate containing sterile coverslips to carry
out the immunofluorescence experiments, different DNA and PEI volumes were used. 100 µl
cells were cultured in each well and incubated for 24 h at 37°C with 5% CO 2 to reach 60% - 70%
confluence. After changing the medium, 3 µg DNA mixed with 400 µl Opti-MEM and 15 µl PEI
(1 mg/ml, pH 6.0) mixed with 400 µl Opti-MEM were prepared separately. After 5 min
incubation, DNA and PEI buffer were mixed and incubated for 20 min and added to each well.
The transfected cells, in the 6-well plate, were cultured for 24 h and used for
immunofluorescence analysis.
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Figure 3.2 Cell transfection process.
The desired DNA (30 µg) and PEI (100 µl) were dissolved in Opti-MEM medium separately for 5 min incubation.
Then DNA and PEI were mixed for 20 min to transfect the cells. After 48 h incubation, the protein will be expressed
in cells.

3.4 Protein Purification Methodology
3.4.1 Coupling of 1D4 antibody to sepharose beads
Modified sepharose (Cyanogen bromide-activated-Sepharose 4B) beads coupled with rho-1D4
antibody were needed for rhodopsin purification from mammalian cells and ROS.
1.51 g sepharose powder was dissolved into a final volume of 6 ml of 1 mM HCl (pH 2~3) for
15 min till all the white clumps were completely dissolved. Then the beads were washed using a
filter funnel with G3 porosity (Duran) for 30 min by using 300 ml 1 mM HCl (pH 2~3) in
several aliquots to remove any additives. Beads were washed with 3 volumes (18 ml) of coupling
buffer (pH 8.3) in aliquots to increase the pH of beads and to allow antibody coupling. 7.5 ml of
5.3 mg/ml 1D4 antibody was mixed with sepharose beads by using a spatula and incubated
overnight at 4°C. According sepharose manufacture instructions, 5~10 mg of antibody per 1 ml
medium is recommended. Here, 7.5 mg protein per 1 ml medium was used.
The unbound rho-1D4 antibody was washed away by using 2 volumes (12 ml) of coupling buffer.
Then, washed rho-1D4 beads were transferred into a 50 ml tube containing 6 ml of 1 mM
Tris-HCl pH 8.0 and agitated for 2 h on RT to block any remaining active group. Filter funnel
porosity G3 was used to remove the 6 ml Tris-HCl (pH 8.0) and the beads were washed
sequentially with alternative cycles of 5 volumes (30 ml each) of 0.1 M NaAc pH 4.0 with 0.5 M
NaCl, and 0.1 M Tris-HCl pH 8.0 with 0.5 M NaCl, for 4 times. Finally the beads were
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transferred to a falcon tube containing 6 ml of beads storage buffer at 4°C. These beads were
used for rhodopsin purification from either ROS or mammalian cells expression.
Buffers:


1 mM HCl (pH 2~3): 41.6 µl of 12 M/37% HCl dissolved in 500 ml ddH 2 O, adjust pH
2~3.



Coupling buffer: 0.1 M NaHCO 3 pH 8.3 containing 0.5 M NaCl.



Beads storage buffer: 2 mM Na 2 PO 4 (pH 6.0) with 0.004% (w/v) NaN 3 .

3.4.2 Purification of WT rhodopsin, and G90V and N55K mutants from mammalian cells
WT rhodopsin, and the G90V and N55K mutant genes constructed in the pMT4 plasmid vector
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were transiently transfected in 10 plates of COS-1 cells, or HEK293S-GNTI- cells, by

chemical transfection with PEI reagent. After 48 h, cells were harvested and regenerated with 10
µM 11-cis-retinal in solvent buffer for overnight incubation. 1% (w/v) DM with PMSF and

protease inhibitors was added for 1 h and gently nutated to solubilize the cells, followed by
ultracentrifugation for 35 min at 35000 rpm (using rotor 50 Ti). The supernatant was used for the
immunoaffinity chromatography purification by sepharose coupled to the rho-1D4 antibody.
After 3 h incubation, the sepharose-bound WT and mutants were spun down and washed with
washing buffer containing 0.05% (w/v) DM for 5 times at 4000 rpm, 5 min at 4°C. Then WT and
mutant rhodopsin were eluted with elution buffer containing peptide (Figure 3.3) 94. The protein
was either immediately characterized or stored at -80°C for a few days.
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Figure 3.3 Rhodopsin purification process.
Rhodopsin apoprotein or the mutants were overexpressed in eukaryotic cells and regenerated with 11-cis-retinal to
obtain rhodopsin WT and mutants. DM detergent was added to solubilize the protein which was eluted with the
rho-1D4 9-mer peptide and analyzed by means of UV-Vis spectroscopy.

Buffers:


Solvent buffer (DDHA-PC liposomes study (3.5.2)): 137 mM NaCl, 2.7 mM KCl, 1.5
mM KH 2 PO 4 , and 8 mM Na 2 HPO 4 , pH 7.4.



Solvent buffer (DMPC/DHPC bicelles study (3.5.2)): solvent buffer was also named as
Bicelles buffer A: 10 mM BTP, 140 mM NaCl, 2 mM MgCl 2 , 2 mM CaCl 2 , pH 6.0.



Washing buffer: solvent buffer with 0.05% (w/v) DM.



Elution buffer: washing buffer with 100 µM 1D4 9-mer peptide.

3.4.3 Rhodopsin purification from retinal ROS

ROS membranes were purified from bovine retinas, under dim red light, using a sucrose gradient
method

151,152

. The membranes were suspended in 70 mM potassium phosphate, 1mM MgCl 2 ,

0.1mM EDTA, pH 6.9, then centrifuged and the pellets were re-suspended in 5 mM Tris-HCl
(pH 7.5) containing 0.5 mM MgCl 2 . Two alternating washes with these buffers were carried out
to remove any further contaminating proteins. Finally, ROS membranes were split into several
aliquots and stored in the dark at -80°C for the further use. The ROS membranes were used for
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rhodopsin purification. ROS membranes were solubilized in solvent buffer with 1% (w/v) DM in
the dark for 1 h at 4°C. The pigments were purified by immunoaffinity chromatography on
1D4-Sepharose 4B in the same buffer. The protein sample was incubated with the
1D4-Sepharose beads for 3 h and the purified protein was eluted in the corresponding solvent
buffer containing 100 µM 1D4 9-mer peptide. All the procedures were performed in the dark at
4°C.

3.4.4 Isolation of the Gt from bovine retinas
Gt is naturally expressed in vertebrate retinal rods and cones, with different α, β and γ subunits in
rod and cone photoreceptors. Light causes conformational changes in rhodopsin, leading to the
binding and activation of Gt. So, Gt was purified to study the different ability of WT rhodopsin
and its mutants to bind and activate Gt.
Fifty bovine retinas were thawed and exposed to light at 4°C for overnight to allow Gt binding to
photoactivated rhodopsin. Retinas, re-suspended in 150 ml of 47% (w/w) sucrose in Tris buffer
A, were homogenized with a 50 ml syringe. Then the solution was centrifuged at 42000 g for 20
min. The supernatant containing the orange ROS membranes were collected, diluted with 200 ml
of Tris buffer A and homogenized again with a 50 ml syringe. Finally, the homogenate was
centrifuged at 30000 g, at 4ºC for 20 min. The pellet was re-suspended in 50 ml Tris buffer A
with the help of a 21 gauge needle for three times. Sucrose density gradient was used to separate
the ROS membranes from cell debris and remaining retinal tissues. To do that, 9 ml of 30% and
25% sucrose were used as two gradients from bottom to top respectively in the centrifuge tubes.
Finally, the membrane suspension was added on the top of the sucrose gradient. The gradient
sample was centrifuged at 42000 g for 30 min at 4°C. The orange band located between 30% and
25% sucrose was collected using a 21-gauge needle and diluted with 160 ml of Tris buffer A,
followed by centrifugation at 42000 g for 20 min to remove the sucrose. The pellet was
resuspended in 100 ml of Tris buffer C and centrifuged at 42000 g for 20 min. The pellet was
resuspended again in 100 ml of Tris buffer D and spun down at 42000 g for 20 min. This step
was repeated twice. The pellet was resuspended with 50 ml Tris buffer D containing 0.04 mM
GTP and incubated for 30 min at 4°C. The sample was centrifuged at 45000 rpm (using the Ti50
rotor) for 45 min at 4°C and the supernatant was filtered (0.45 µm) and concentrated with an
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Ultra-15 centrifugal filter (Amicon) with a 10 kDa cut off to a final volume of nearly 10 ml. The
concentrated sample was transferred into a dialysis tube and dialyzed against 900 ml of Tris
buffer E which should be changed twice. The protein was collected and purity was determined
by means of SDS-PAGE with Coomassie blue staining
Buffers:


Tris buffer A: 20 mM Tris, pH 7.4, 1 mM CaCl 2 , 2 mM DTT.



Tris buffer C: 10 mM Tris, pH 7.4, 100 mM NaCl, 5 mM MgCl 2 , 2 mM DTT.



Tris buffer D: 10 mM Tris, pH 7.4, 0.1 mM EDTA, 2 mM DTT.



Tris buffer E: 20 mM Tris, pH 7.5, 100 mM NaCl, 50% glycerol, 5 mM DTT and 5 mM
MgCl 2 .



47% sucrose: 117.5 g sucrose in 250 ml Tris buffer A.



30% sucrose: 75 g sucrose in 250 ml Tris buffer A.



25% sucrose: 62.5 g sucrose in 250 ml Tris buffer A.

0.1 mM PMSF was added in all the buffers before use.
3.4.5 Expression and preparation of M3R WT and mutants
M3R as WT and mutants M3R-N132G, M3R-D518N, M3R-D518K, and M3R-K523Q genes
constructed in pEF5/FRT/V5-DEST vectors were transfected into HEK293S-GNTI- cells by
means of the PEI reagent. After 48 h, cells were harvested using solvent buffer and centrifuged at
4000 rpm for 20 min. The cell pellet was resuspended with 100 µl PBS pH 7.4 containing 1%
DM and shook for 1 h. After 40 min centrifugation at 6000 rpm, the protein in the supernatant
was detected by measuring the absorbance at 280 nm. The total protein samples adjusted to A 280
nm

= 0.8 were subject to SDS-PAGE. The cells cotransfected with tau-pCMV3 and M3R mutants

were prepared following the same protocol.
3.5 Lipid bilayer preparation
To understand the detailed structure of the rhodopsin and its mutants associated with RP,
rhodopsin WT and mutants were inserted into mimic membrane models: DMPC/DHPC bicelles
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and DDHA-PC liposomes. Here, the mild neutral detergent (DM) was used to purify rhodopsin
and three lipids, DMPC, DHPC and DDHA-PC, were prepared in different bilayer for protein
insertion. Figure 3.4 shows the molecular structures of the lipids used.

Figure 3.4 Molecular structures of the lipids.
Three kinds of lipids (DMPC, DHPC, DDHA-PC) were used in this thesis. DMPC/DHPC was used for the bicelles
and DDHAPC was used for liposomes preparation.

3.5.1 DMPC/DHPC bicelles preparations
A 10% (w/v) DMPC sample was prepared by dissolving the powder in bicelles buffer A and
gently vortexing, followed by incubating the solution at 42°C for 5 min and then cooling to RT.
10% (w/v) DHPC was also prepared in bicelles buffer A. Final 2% (w/v) DMPC/DHPC (1:1)
mixtures were mixed briefly, heated to 42°C for 10 min, and then stirred at RT for 1 h until the
mixtures were clear. The bicelles were mixed with rhodopsin dissolved in DM and agitated for 1
h. Rhodopsin was transferred from DM to the bicelles. The residual DM in the sample was
neglected because of its presumed very low concentration. All bicelles were used within 36 h
from preparation 35.
Buffers:


Bicelles buffer A: 10 mM BTP, 140 mM NaCl, 2 mM MgCl 2 , 2 mM CaCl 2 , pH 6.0.
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Buffer A containing 0.05% (w/v) DM was used as a DM-buffer A control buffer.



Buffer A containing 2% (w/v) DMPC/DHPC bicelles was prepared as the description
above.

The bicelles buffer A was used in all the experiments associated with DMPC/DHPC bicelles.

Figure 3.5 Protein insertion into DMPC/DHPC bicelles.
DMPC and DHPC were used to prepare the DMPC/DHPC bicelles by using different temperature changes. Once
DMPC/DHPC bicelles were formed, concentrated rhodopsin dissolved in DM was added. After the incubation,
rhodopsin was transferred to the DMPC/DHPC bicelles.

3.5.2 DDHA-PC liposomes preparation and protein insertion
DDHA-PC powder was dissolved in chloroform: methanol (2:1, v/v) and the solution was
evaporated to dryness under a stream of nitrogen. The lipid film was hydrated with PBS pH 7.4
to form the liposomes. The liposomes were mixed with 0.5% DM and the solubilized protein
subject to gentle agitation for 3 h at 4°C. Bio-beads SM-2 were added in order to extract the
extra DM

153,154

. Finally, the proteoliposomes system included 0.375 mM DDHA-PC liposomes

and 0.5 µM WT rhodopsin or mutants (representing a 750:1 ratio) (Figure 3.6).
Buffers:
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During the DDHA-PC liposomes preparation process, the solvent buffer (see section
3.4.2) was used and all the experiments involving DDHA-PC liposomes.



DM detergent buffer: solvent buffer containing 0.05% (w/v) DM.



DDHA-PC liposomes buffer: solvent buffer containing 0.375 mM DDHA-PC liposomes
with 0.5 µM WT rhodopsin or mutants, which would be 750:1, as per the above
description.

Figure 3.6 Protein insertion into DDHA-PC liposomes.
DDHA-PC powder was dissolved in PBS pH 7.4 to form the DDHA-PC liposomes and mixed with rhodopsin in
DM detergent. Biobeads were added to the system for three times to remove the DM detergent, embedding the final
protein in the DDHA-PC liposomes.

3.6 Protein detection
3.6.1 Protein characterization by UV-Vis spectroscopy
UV-Vis spectra measurements were carried out with a Cary 100 Bio spectrophotometer (Varian,
Australia), equipped with water-jacketed cuvette holders connected to a circulating water bath.
Temperature was controlled by a Peltier accessory connected to the spectrophotometer. All
spectra were recorded in the 250 nm - 650 nm range with a bandwidth of 2 nm, a response time
of 0.1 s, and a scan speed of 300 nm/min. The spectral ratio is defined as absorbance at 280 nm
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divided by absorbance at the visible λ max value to measure the pigment yield and stability. The
protein concentration was determined by measuring the absorbance at λ max . Lambert-Beer law
was used to calculate the concentration of the purified protein. The formula is:
A = ε·c·l
A is absorbance of λ max ; ε is the molar absorptivity with units of M-1cm-1; l is the path length of the
cuvette (1 cm); c is the concentration of the chromophore in solution, expressed in M.
For mutants, each ε value was calculated with the equation: ε = (A/A Rho ) · (A 440Rho /A 440 ) ε Rho ,
where A is the absorbance at the λ max value, A 440 is the absorbance at 440 nm after acid
denaturation, and the ε Rho is the molar extinction coefficient of Rho (ε Rho = 42.7×103 M-1cm-1) 70.
In this thesis, WT rhodopsin and mutants were characterized by their UV-Vis spectra. UV-Vis
spectroscopy was also used for the photobleaching, thermal bleaching and chromophore
regeneration experiments.
3.6.1.1 Photobleaching and acidification of purified WT, and G90V and N55K mutants
WT rhodopsin and mutant samples, purified from COS-1 cells and dissolved in the appropriate
buffers, were monitored in the dark state and then photobleached with a 150-watt power source
equipped with an optic fiber guide with a 495 nm cut-off filter for 30 s to ensure complete
photoconversion to 380 nm absorbing species. For some mutants in specific conditions, a second
illumination was also performed to facilitate complete photoconversion. Acidification was
carried out immediately after photobleaching, by adding 2 N H 2 SO 4 to a final pH of 1.9, and an
absorption spectrum was recorded 1 min after acidification.
3.6.1.2 Thermal stability of WT, and G90V and N55K mutants
The thermal stability of rhodopsin and its mutants was followed by means of UV-Vis
spectrophotometry. Pigment thermal bleaching rates were obtained, in the dark, by monitoring
the decrease of absorbance at λ max of the visible spectral band as a function of time at either
55°C, 48°C or 37°C. Spectra were recorded every min. Data points were obtained by using the
equation: ∆A = (A-A f ) / (A 0 -A f ), where A is the absorbance recorded at λ max , A f is the absorbance
at the final time, and A 0 is the absorbance at time 0. The half-life time (t 1/2 ) for the process was
determined by fitting the experimental data to a single exponential decay curves using Sigma
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Plot version 11.0 (Systat Software, Chicago, IL, USA).
3.6.1.3 Chromophore regeneration of WT, and G90V and N55K mutants
Two main buffers were used for chromophore regeneration depending on the different lipids used.
For the chromophore regeneration in bicelles, we used the bicelles buffer A containing DM or
DMPC/DHPC bicelles, pH adjusted to 6.0; for the chromophore regeneration in DDHA-PC
liposomes, the solvent buffer containing DM or DDHA-PC liposomes (pH adjusted to 6.0) was
used.
2.5 fold molar excess of 9-cis-retinal or 11-cis-retinal was added to the purified samples, in the
dark, followed by illumination with a 150-watt power source equipped with an optic fiber guide
using a > 495 nm cut-off filter to avoid photobleaching of the free retinal. The samples were
illuminated for 30 s at 20°C and spectra were recorded every min until no further increase in
A λmax was detected.
3.6.2 Pigment characterization by fluorescence spectroscopy
All fluorescence assays were performed by using a Photon Technologies QM-1 steady-state
fluorescence spectrophotometer. Sample temperature was controlled with a cuvette holder Peltier
accessory TLC 50 (Quantum Northwest, Liberty Lake, WA, USA) connected to a hybrid liquid
coolant system Reserator XT (Zalman, Garden Grove, CA, USA). The changes on Trp
fluorescence were monitored over time. All fluorescence scans were carried out by exciting the
samples for 2 s at 295 nm and a bandwidth slit of 0.5 nm and blocking the excitation beam for 28
s with a beam shutter to avoid photobleaching of the sample. Trp emission was monitored at 330
nm with a bandwidth slit of 10 nm.
3.6.2.1 Meta II decay stability of WT and mutants
The Meta II active conformation decay process was followed in real time by fluorescence
spectroscopy
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. 0.5 µM rhodopsin, or mutants, was stabilized for 10 min at 20°C in the

fluorimeter, followed by illumination for 30 s with a > 495 nm cut-off filter. The increase in Trp
fluorescence, due to retinal release from the Meta II conformation, was monitored and after the
fluorescence reaching a plateau, 50 mM of hydroxylamine hydrochloride (adjusted to pH 7) was
added to confirm complete retinal release. The t 1⁄2 values for the retinal release curves were
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determined by fitting the experimental data to a single-exponential curve using Sigma Plot
version 11.0 (Systat Software, Inc., Chicago, IL, USA).
3.6.2.2 Chromophore uptake of opsin upon retinal release
The retinal entry process was monitored, in real time, by means of fluorescence spectroscopy.
After Meta II complete decay, 2.5 fold 9-cis-retinal, or 11-cis-retinal, over pigment concentration
was added into the cuvette, and changes in fluorescence intensity were recorded. The volume of
the concentrated retinal stock added to the protein sample was less than 1% of the total sample
volume to avoid any ethanol effect on the sample spectral behavior.
Fluorescence spectroscopy was also used for the Gt activation assay (3.5.4), and
rhodopsin-arrestin interaction experiments (3.5.8).
3.6.3 Gt activation assays for WT rhodopsin and mutants in DM and liposomes
In the thesis, two methods to monitor the Gt activation were performed; the radio-nucleotide
filter binding assay and a fluorescence spectroscopic method.
3.6.3.1 Radionucleotide filter binding assay for Gt activation
The ability of WT rhodopsin, and mutants, to activate Gt was determined by means of a
radionucleotide

filter

binding

assay

by

measuring

the

uptake

of

guanidine

5’-O-(3-thio)-triphosphate (GTPγS35) by Gt purified from bovine retinas. The assays were
performed by mixing 10 nM rhodopsin purified from ROS (Rho) with 500 nM Gt in 25 mM Tris,
pH 7.5, 100 mM NaCl, 5 mM MgAc, 5% glycerol, 2.5 mM DTT, and 3 µM GTPγS35 (0.156
Ci/mmol) at RT. To determine the Gt activity, a final concentration of 0.012% DM or 2.5 µM
DDHA-PC liposomes was needed. The reactions were initiated by the addition of rhodopsin in
the dark and all the samples were filtered after different incubation times, either in the dark or
after illumination, to determine the amount of bound GTPγS35. The bound GTPγS35 was
measured by means of a Tri Carb 2100TR liquid scintillation counter (Perkin-Elmer, The
Netherlands).
The activity measured as cpm which is coverted to pmol using the formula:
Concentration =

2.22 ∙

1012

60

𝑑𝑑𝑑𝑑𝑑𝑑
∙ 𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟 𝑜𝑜𝑜𝑜 𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙

Here,
𝑐𝑐𝑐𝑐𝑐𝑐

dpm = 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒 ; counter efficiency = 55%; 1 Ci = 2.22∙ 1012 dpm; radioactivity of
the ligand = 1250 Ci/mMol.

3.6.3.2 Gt activation by fluorescence spectroscopy
Fluorescence spectroscopy was also used to detect Gt activation of WT and G90V, N55K
mutants. The rate of GTPγS uptake by Gα was followed by monitoring the increase in intrinsic
fluorescence of a Trp which is conserved in all G proteins

156

. Excitation (λ = 285 nm) and

emission (λ = 338 nm) wavelength were determined by scanning a protein sample. Spectra
excitation and emission band were set at 1 nm with a signal integration of 5 s. For the assay, 25
nM Rho was mixed with 1 mM of Gt in 25 mM Tris pH 7.5, 100 mM NaCl, 5 mM MgAc, 2.5
mM DTT and 0.012% DM in a 200 µl cuvette and was maintained in the instrument for a few
minutes to achieve a stable baseline. Then, 5 µM GTPγS was added for 5 min to measure the
interaction of rhodopsin and Gt in the dark. The sample was illuminated for 1 min at 25°C. The
increase in fluorescence was recorded until it reached a plateau.
3.6.4 SDS-PAGE and Blue-Native PAGE (BN PAGE)
3.6.4.1 SDS-PAGE and Coomassie blue staining
SDS-PAGE is used to separate proteins from a mixture according to their size. SDS-PAGE
system was composed of a separating gel (bottom) and a stacking gel (upper) which were
prepared using the reagents listed in Table 3.1. Separating gel was added to the glass slot and of
isopropanol was used to flat and seal up the surface. Once the separating gel was solidified,
isopropanol was removed and the stacking gel was prepared. A comb was inserted to form the
lanes. Proteins were prepared and mixed with 4x protein loading buffer and loaded onto the gel.
The gel was run in the 1x TGS buffer for 2.5 h at 100V. After electrophoresis, the gel was stained
with Coomassie brilliant blue buffer for 3 h and destained with Coomassie destain buffer until
the protein bands were visible.
Buffers:
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4x protein loading buffer: 0.0625 M Tris, 2% SDS, 10% Glycerol, 0.4 M DTT, 0.1%
Blue Bromophenol dissolved in ddH 2 O.



1x TGS buffer: 3 g Tris, 14.4 g Glycine, 1 g SDS pH 8.3, up to 1 L with ddH 2 O.



Coomassie brilliant blue buffer: 10% (v/v) MetOH, 10% (v/v) AcOH and 0.025% (w/v)
Coomassie-G



Coomassie destain buffer: 400 ml Methanol, 100 ml Glacial Acetic Acid dissolved in 1
L ddH 2 O.

Table 3.1 SDS-PAGE preparation.
SDS-PAGE was composed of separating gel and stacking gel. APS: ammonium persulfate; TEMED: N,N,N',N'-tetramethy-lethane-1,2-diamine; TEMED is used with APS to catalyze acrylamide polymerization.
Separating gel

Stacking gel

Components (stock)

Final concentration

10 ml

Final concentration

5 ml

Acr/Bis (37.5%)

12%

3.2 ml

5%

0.67 ml

Tris-HCl (1.5 M pH 8.8)

0.75 M

5 ml

----

----

Tris-HCl (0.5 M pH 6.8)

----

----

0.125 M

1.25 ml

SDS (10%)

0.1%

0.1 ml

0.1%

0.05 ml

APS

0.1%

0.1 ml

0.1%

0.05 ml

TEMED

0.5%

0.05 ml

0.5%

0.025 ml

ddH 2 O

1.55 ml

2.955 ml

3.6.4.2 Blue Native PAGE (BN-PAGE)
For the BN-PAGE, the gel was composed of separating gel and stacking gel as described in Table
3.2. The protein was expressed in HEK293S-GNTI- cells which lack N-linked glycans to avoid
smeary bands of proteins on the gel. Samples were loaded into the gel and run 4 h at 4°C and
100V. The BN loading buffer used glycerol prevents protein denaturation and the BN running
buffer containing Coomassie blue G stains the protein directly 69. The gel was destained to reveal
the protein bands after electrophoresis.
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Buffers:


Loading buffer: 5% glycerol and 0.01% Ponceau Red.



Running buffer: the gel running buffer is 50 mM Tricine, 15 mM Bis-Tris and 0.02%
Coomassie blue G with pH 7.0.

Table 3.2 BN gel preparation of separating gel and stacking gel.
BN gel was composed of stacking gel (upper) and separating gel (bottom). The gels were usually polymerized between two glass
plates in a gel caster with a comb inserted in the stacking gel to create the sample wells. After the gel is polymerized, the comb
can be removed and the gel is ready for electrophoresis.
Separating gel (13%)

Stacking gel (4.2%)

30% Acrylamide/Bis Solution (37.5:1)

3.5 ml (13%)

0.7 ml (4.2%)

1 M Bis-Tris (pH 7.0)

0.4 ml (50 mM)

0.25 ml (15 mM)

ddH 2 O

4.0 ml

4.0 ml

APS (10%)

0.1 ml (1.2%)

0.05 ml (1%)

TEMED

0.05 ml (0.6%)

0.05 ml (0.6%)

3.6.5 WB
The WB is a widely used analytical technique to detect specific proteins in a sample of tissue
homogenate or extract. Protein samples (nearly 100 ng) were prepared with loading buffer and
subject to SDS-PAGE. Gel electrophoresis was carried out at 100V for 2.5 h to separate the
denatured protein by polypeptide size. Then, the protein samples were transferred onto a
nitrocellulose membrane (Bio-Rad). The membrane was blocked by 5% (w/v) milk dissolved in
tris buffered saline (TBS) for 1 h to avoid any nonspecific binding of antibodies on the surface of
the membrane. Then, the membrane was incubated for 1 h with a primary antibody which could
specifically bind to the proteins and subsequently with a secondary antibody which binds the
primary antibody (Table 3.3). The membrane was washed with tween tris buffered saline (TTBS)
buffer for 3 times before each antibody incubation and every wash lasted for 10 min to remove
the unbound antibody. Considering the protein samples, we used different primary antibodies,
shown in detail in Table 3.3. All antibodies were dissolved in TBS buffer, stored at 4°C and used
for several times.
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Horseradish peroxidase (HRP) conjugated to the secondary antibody is an enzyme frequently
used as an indicator in WB. A substrate named Super-Signal West Pico Chemiluminescent
Substrate (Thermo Fisher Scientific) reacts with HRP and produces a signal which is detected on
the Medical X-ray film (AGFA) in an electrophoresis systems autoradiography cassette.
Buffers:


TBS buffer: 8.7 g NaCl, 1.21 g Tris, 0.4 ml HCl in 1L ddH 2 O, pH 8.0.



TTBS buffer: 1 ml Tween 20 dissolved in 1L TBS solution.

Table 3.3 WB samples and antibody classification.
There are mainly three different protein samples that have been used. These include rhodopsin and mutants, M3R and mutants
and Tau protein. All the protein samples were incubated with their antibodies correspondingly and finally detected using the
Super-Signal West Pico Chemiluminescent Substrate (Thermo Fisher Scientific).
Samples

rhodopsin and mutants

M3R and mutants

Tau protein

Source and expression

COS-1, HEK293S-GNTI-

COS-1, HEK293S-GNTI-

BL21, COS-1, HEK293S-

cells

cells

GNTI- cells

Rho-1D4 mouse IgG

mAChR M3R rabbit

Tau-5 mouse monoclonal

polyclonal IgG

IgG

Primary antibody

Primary antibody dilution

1:10000

1:1000

1:5000

Secondary antibody

Goat anti-mouse IgG-HRP

Goat anti-rabbit IgG-HRP

Goat anti-mouse IgG-HRP

Secondary antibody

1:5000

1:5000

1:5000

dilution

3.6.6 Arrestin R175E purification by means of Bio-Scale mini profinity cartridges
Arrestin R175E pG58 vector was transformed into E.coli BL21-RP competent cells (as described
in section 3.3.1.3) to obtain a colony to start a mini-culture of 10 ml LB medium containing
ampicillin (100 µg/ml) for an overnight culture until A 600 nm = 4.0. This medium was diluted in
1L LB medium with ampicillin and incubated at 37°C and 230 rpm until A 600 nm reached nearly
0.8, which took 3 - 5 h. 1 ml culture was kept as a control sample and 100 µM of IPTG was
added into the remaining culture to induce protein expression. The culture was incubated
overnight (between 16 and 20 h) at 37°C and 230 rpm.
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The cells were harvested by centrifugation and re-suspended with 40 ml arrestin buffer and lysed
by sonication (HD 2070, sonopulse) for 3 min/time, 7 cycles on ice. Then, the solution was
ultracentrifuged at 35000 rpm for 35 min at 4°C. The supernatant was collected and filtered
through a 0.45 µm filter. A 1 ml column Bio-Scale mini profinity cartridge was used to purify
arrestin. Upon equilibration of the column by using 10 volumes of arrestin buffer, the filtered
sample was loaded by means of a syringe at a flow rate of 3 ml/min. Finally the cartridge was
washed with 40 ml arrestin buffer. The total time for the binding and washing steps ranges
between 30 min to 40 min, a period in which cleavage of arrestin from the prodomain/profinity
eXactTM fusion tag by immobilized S189 subtilisin BPN’ is negligible. Arrestin was released and
eluted from the column bound prodomain/profinity eXactTM fusion tag by initially injecting 3 ml
arrestin elution buffer followed by a 20-30 min incubation at RT, and then an addition of 2 ml
arrestin elution buffer again. Samples of unbound protein, washes and elutions were loaded onto
an SDS-PAGE gel and Coomassie blue staining was used to observe the protein bands (see
section 3.6.4.1).
Buffers:


Arrestin buffer: 10 mM MOPS pH 7.2 containing 50 mM NaCl and 0.1 mM PMSF and
protease inhibitor (filtered before use).



Arrestin elution buffer: Arrestin buffer containing 0.1 M NaF

3.6.7 Arrestin R175E interaction with rhodopsin
In this thesis, two experiments were carried out to determine arrestin binding to rhodopsin. One
is the pulling down assay which is used to detect the interaction between arrestin and rhodopsin
in membranes. Another is the Meta II decay measurement by fluorescence detection to show
arrestin inhibition of retinal release from Meta II.
3.6.7.1 Arrestin R175E binding to light-activated rhodopsin
In the dark state, 1.55 µM purified arrestin was mixed with 1.1 µM Rho in ROS membrane in
800 µl arrestin buffer, and separated into two samples (400 µl/each). One sample named “dark
state” was kept in the dark at RT. Another sample called “light state” was illuminated (> 495 nm)
for 5 min at RT under a light of 150 W. These samples were pelleted by centrifugation in the dark
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at 6000 rpm for 30 min at 4°C. The supernatant was removed, and washed with 500 µl of arrestin
buffer. These washing steps were repeated six times. Finally the pellets from dark state and light
state were solubilized in 20 µl of arrestin buffer and subject to SDS-PAGE (described in section
3.6.4.1).
3.6.7.2 Meta II decay measurement by fluorescence spectroscopy
Purified rhodopsin and arrestin R175E were mixed in arrestin buffer at different ratios, 1:0, 1:2
and 1:4 respectively, and the fluorescence intensity was measured until stabilization. Then, the
sample was illuminated for 30 s and the fluorescence increase was measured as described in
section 3.6.2.1.
3.6.8 M3R and mutants membrane protein preparation
M3R WT and M3R mutants named M3R-N132G, M3R-D518N, M3R-D518K and M3R-K523Q
were separately transfected or cotransfected with tau protein into HEK293S-GNTI- cells and
HEK293T cells. Here, HEK293S-GNTI- cells was used for further detection by WB, and
HEK293T cells were used to detect the protein trafficking by immunocytochemistry. After 48 h
incubation, samples were harvested and re-suspended with 200 µl PBS for each sample. 1 µl
sample was dissolved in 100 µl PBS to detect the amount of cells under A 540

nm

by

spectrophotometry. Absorbance of the samples was adjusted to the same value diluting with PBS.
10 µl 10% DM was added to each sample which was agitated for 1 h at 4°C and then centrifuged
at 6000 rpm for 30 min. The supernatants including proteins were collected and detected by WB.
3.6.9 Immunocytochemistry detection
To detect the interaction between M3R and mutants and tau protein in cells, immunofluorescence
was used by checking different fluorescence signals. The cells were cultured in 6 well plates,
transfected by PEI reagent and incubated for 24 h. The medium was removed and cells were
rinsed twice with PBS. 1 ml 3.7% formaldehyde fixative was added into each well and incubated
at 37°C for 20 min to fix the cells onto the coverslips. Cells were gently washed with TBS 3
times, 5 min per time. To avoid unspecific binding, cells expressing M3R and the mutants were
blocked directly with 5% milk in TBS for 30 min at RT. Cells expressing IC tau protein were
incubated with the permeation buffer, to increase membrane permeability, before blocking.
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Briefly, each well was washed three times with the permeation buffer, for 4 min each, with
agitation. After permeation, cells were washed with TBS 3 times, 5 min per time, and blocked
with 5% milk in TBS for 30 min at RT and agitation.
Cells were incubated for 1h with the corresponding primary antibody. TTBS was used to wash
the cells three times for 5 min each. Then the secondary antibody conjugated to fluorescein was
used for 1 h, followed by three times washing with TTBS for 5 min. Two types of protein
samples have been used in the immunofluorescence experiments and the corresponding
antibodies are listed in Table 3.4. Antibodies were dissolved in TBS buffer. In co-transfection
experiments, primary and secondary antibodies were used for 1 h separately. In our experiments,
tetramethylrhodamine (TRITC) and fluorescein isothiocyanate (FITC) fluorescent dyes were
used for conjugation to the different secondary antibodies for cellular imaging.
Table 3.4 Immunocytochemistry samples and antibody classification.
M3R WT, M3R mutants and tau protein were detected by immunofluorescence. All the samples were incubated with their
corresponding antibodies.
Samples

M3R and mutants

Tau protein

Source and expression

COS-1, HEK293T cells

COS-1, HEK293T cells

Primary antibody

mAChR M3R rabbit polyclonal IgG

Tau-5 mouse monoclonal IgG

Primary antibody dilution

1:1000

1:5000

Secondary antibody

TRITC anti-rabbit IgG

FITC anti-mouse IgG

Secondary antibody dilution

1:200

1:200

Absorption spectrum

550 nm

490 nm - 495 nm

Emission spectrum

620 nm

525 nm - 530 nm

Color on immunofluorescence

Orange fluorescence

Yellow-green fluorescence

After the incubation with antibodies finished, the coverslips were taken out and mounted on a
glass slide with a mounting medium for fluorescence with 4’, 6-diamidino-2-phenylindole
(DAPI) stain (Vector Laboratories, Inc), which stains the nucleus to blue. A fluorescence
microscope was used to detect the fluorescence signals.
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3.6.10 Lowry protein assay
The Lowry protein assay is a biochemical assay for determining the total concentration of
protein in a solution. It is used to detect the protein concentration. Different concentrations of
bovine serum albumin (BSA) were prepared to construct a standard calibration line (Table 3.5).
The protein sample (20 µl) and buffer (blank) (20 µl) were also prepared at the same time.
Table 3.5 Standard BSA samples preparation.
Six different concentrations of BSA samples diluted in water were used as a standard.

BSA1

BSA2

BSA3

BSA4

BSA5

BSA6

Final C BSA

0.9 µg/µl

0.8 µg/µl

0.7 µg/µl

0.6 µg/µl

0.5 µg/µl

0

0.1% BSA (1 µg/µl)

18 µl

16 µl

14 µl

12 µl

10 µl

0 µl

H2O

2 µl

4 µl

6 µl

8 µl

10 µl

20 µl

9.8 ml Lowry solution A and 0.2 ml Lowry solution B were mixed together and 0.9 ml of this
mixture was added to 20 µl of each sample (BSA 1-6, protein sample and blank) and mixed
thoroughly. After 15 min incubation at RT, 0.1 ml 1.0 N Folin and Ciocalteu’s phenol reagent
was added to each sample, subject to vortex and incubated for 5 min at RT. Measurement of A 660
nm

was used to determine protein concentration from the BSA standard concentration line.

Buffers:


Lowry solution A (10 ml): 0.1 M NaOH (40 mg) and 0.2 g Na 2 CO 3 dissolved in 10 ml
ddH 2 O



Lowry solution B (10 ml): 0.1 g potassium sodium tartrate tetrahydrate and 50 mg
CuSO 4 dissolved in 10 ml ddH 2 O. CuSO 4 was dissolved first to avoid any aggregation.
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4. RESULTS AND DISCUSSION

69

70

4.1 Increased conformational stability of rhodopsin mutants associated with
RP in phospholipid bicelles

71

72

Rhodopsin WT and two RP mutants, G90V and N55K, were studied for spectroscopic and
functional characterization under artificial membrane DMPC/DHPC bicelles condition. G90V
showed very low thermal stability in the dark state

70,157

. On the other side, N55K, associated

with sector RP, also showed structural instability in the dark and thermal sensitivity 79. Herein,
9-cis-retinal was used as an exogenous retinal analog

69,79,158

, in the regeneration of rhodopsin

and subsequent mutants purification. Considerable efforts have been done to increase the
stability of rhodopsin mutants in the past, such using salts, detergents and phospholipids

91,94,97

.

All the characterized parameters of the rhodopsin WT and G90V, N55K mutants can be
compared in DMPC/DHPC bicelles and DM detergent and can be responsible for inherited
retinal disorders.
4.1.1 Stability of Rho in DMPC/DHPC bicelles
DMPC/DHPC bicelles have been used to increase the thermal stability of purified rhodopsin
obtained from ROS membranes 33,35,94. In this case, ROS rhodopsin, solubilized in DM (Rho DM ),
was used to confirm the effectiveness of DMPC/DHPC bicelles in maintaining protein stability.

Figure 4.1 DMPC/DHPC stabilization of rhodopsin from ROS.
Thermal stability, in the dark, of Rho DM (•) or Rho bicelles (o) at 55°C was characterized as explained in section 3.5.1.
Spectra were recorded and normalized absorption maximum (Amax) were plotted over time per min (see section
3.6.1.2). At the end of the thermal decay, 50 mM hydroxylamine (pH 7.0) was added to confirm complete decay.
Curves were fit to an exponential decay function.

The decay of the visible band (500 nm) was followed for Rho DM and rhodopsin in bicelles
(Rho bicelles ) at 55ºC (Figure 4.1) and the t 1/2 for the processes were determined. t 1/2 for Rho bicelles ,
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at 55ºC (41.2 ± 2.5 min) was about 9 fold larger than t 1/2 for Rho DM (4.7 ± 0.4 min) indicating
that DMPC/DHPC bicelles remarkably increased the thermal stability of rhodopsin in
comparison to the detergent-solubilized samples, in agreement with previous reports 35,70.
4.1.2 UV-Vis spectral characterization of purified WT, G90V, and N55K mutants
WT and G90V, N55K mutants were purified from transfected COS-1 cells and their UV-Vis
spectral properties were compared in either DM buffer (Figure 4.2) or bicelles buffer (Figure 4.3).
A summary of the spectral features of the DM buffer samples, including λ max value of the visible
chromophoric band, molar extinction coefficient (ε) and spectral ratio (A 280 /A λmax ) is shown in
Table 4.1. The band with a maximum at λ 280 nm is related to the total protein and includes the
regenerated protein, misfolded protein and opsin species that may have lost the chromophore
during the purification process

159

. The UV-Vis characterization of WT, N55K and G90V

(regenerated with 9-cis-retinal) in DM detergent and in DMPC/DHPC bicelles was performed
(Figure 4.2 and 4.3). The 9-cis isomer was used because it has been shown to improve
chromophore regeneration of rhodopsin mutants 21. The visible bands of the WT and the mutants
appear blue-shifted, with regard to the 11-cis-retinal containing samples

158

, due to the specific

differential interaction of 9-cis-retinal with the amino acids in the binding pocket. The WT,
G90V and N55K mutants showed visible absorbance bands at 486 nm, 480 nm and 480 nm
respectively.
Table 4.1 Spectroscopic properties of WT and RP mutants with 9-cis-retinal purified in DM buffer.
aMean

values of the visible λ max of WT and RP mutants G90V, N55K in DM buffer. bEach ε value was calculated with the

equation: ε = (A / A Rho )(A 440 Rho / A 440 ) ε Rho , where A is the absorbance at the λ max value, A 440 is the absorbance at 440 nm after
acid denaturation, and the ε Rho is the molar extinction of rhodopsin (43.2×103 M-1cm-1)

70. cThe

A 280 / A max ratio reflects the

extent of chromophore regeneration. All values were determined as averages from 3 independent experiments.
Opsin

aλ

max

bε

(nm)

x 103 (M-1cm-1)

cA

280

/ A λ max

WT

486 ± 3

43.2 ± 0.1

2.4 ± 0.1

G90V

480 ± 3

34.1 ± 0.5

3.0 ± 0.3

N55K

480 ± 2

35.5 ± 0.3

5.1 ± 1.6
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Figure 4.2 UV-Vis characterization of WT, N55K and G90V (regenerated with 9-cis-retinal) in DM buffer.
WT and G90V and N55K mutants were immunopurified in 0.05% DM buffer. The spectra were obtained at 20ºC.
Illumination was carried out for 30 s with a 150 W power source equipped with an optic fiber guide using a > 495
nm cut-off filter. (—) Dark state. (····) photobleached state; inset, difference spectrum (dark-light).
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Figure 4.3 UV-Vis characterization of WT, N55K and G90V in bicelles.
WT, G90V, and N55K were purified and inserted into DMPC/DHPC bicelles. The spectra were measured at 20ºC.
Illumination was carried out with a 150 W power source equipped with an optic fiber guide using a > 495 nm cut-off
filter. (—) Dark state; (····) photobleached state after 30 s illumnation; (---) photobleached state after 60 s
illumination. Inset, difference spectrum (dark-light). Notably, N55K bicelles showed only 20% photobleaching (a),
and illumination for a further 30 s caused further decay of the visible band (b).
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In DM buffer (Figure 4.2, Table 4.1), G90V and N55K mutants showed a higher A 280 /A λmax ratio
than WT, especially N55K, which showed a 2-fold larger ratio than WT. The high A 280 /A λmax
ratio implies lower chromophore regeneration. Besides, N55K showed much lower purification
yield which is nearly 30% of G90V and only 15% of WT during the purification process which
likely indicates some misfolding effect due to the mutation 79.
Upon illumination, G90V DM and N55K DM mutants showed incomplete conversion of the visible
band to the 380 nm absorbing species with ~25% remaining absorbance at this wavelength
indicating partial trapping of a photointermediate with a protonated SB linkage (Figure 4.2) 70,79.
WT and G90V showed similar behavior upon illumination in DM buffer and in bicelles buffer
(Figure 4.2 and 4.3). While N55K bicelles showed an altered photobleaching pattern and double
illumination time which was required to shift most of the visible band to 380 nm compared with
N55K DM (Figure 4.3).
During the purification, the WT and mutants were purified by the process as described in section
3.4.2 by which the proteins were dissolved in DM detergent, or inserted into DMPC/DHPC
bicelles as described in section 3.5.1. Compared with WT DM , the ratio A 280 /A λmax of G90V DM
and N55K DM is 3.0 and 5.1 respectively which approximately is 1.2 and 3.2 fold. This could be
interpreted as N55K DM mutant showing lower chromophore stability during the purification
process than the other proteins (Figure 4.2)

79

. Upon illumination, G90V DM and N55K DM also

showed abnormal photobleaching behavior, with incomplete conversion of the visible band
(Figure 4.2) which is a behavior also seen for other rhodopsin mutants 70,79.
The DM detergent forms micelles to stabilize the protein (see section 1.3.1)

70,106

whereas the

DMPC/DHPC bicelles provide a lipid bilayer mimic membrane for protein stabilization (see
section 1.4.1)

35,121

. The schematic models for these arrangements were shown in Figure 1.9.

Upon purification of WT and mutant rhodopsins in bicelles environment, misfolding cannot be
determined by the ratio A 280 /A λmax due to the high background detected on the spectrum (Figure
4.3). However, the illumination shift at the visible band can be clearly characterized for both WT
and the mutants (Figure 4.3). In bicelles environment, WT bicelles showed nearly complete
illumination and the peak shifted from 486 nm to 380 nm. G90V bicelles depicted G90V DM -like
character, with incomplete but similar photobleaching conversion from 480 nm to 380 nm as in
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DM conditions. N55K bicelles showed an altered illumination pattern. Upon two illumination times,
the N55K bicelles mutant only showed 1/5 photoconversion at the first time (Figure 4.3 N55K line
a) and about 1/2 illumination at the second time (Figure 4.3 N55K line b). The visible band of
N55K bicelles appears to be more stable than N55K DM , indicating that bicelles stabilized its dark
state (Figure 4.3).
4.1.3 WB of WT and G90V and N55K mutants in DM and in bicelles
Purified proteins were electrophoretically characterized by means of WB analysis (Figure 4.4).

Figure 4.4 WB of WT and G90V, N55K in either DM detergent or bicelles conditions.
WT, G90V and N55K mutants were purified from COS-1 cells either in DM buffer or bicelles buffer respectively
(as explained in section 3.6.5). The same amount of protein was loaded onto a SDS-PAGE gel, subject to
electrophoresis and subsequently transferred to a nitrocellulose membrane for detection. Below the main opsin
band (green rectangle), G90V and N55K mutants also showed bands, associated to truncated forms of the protein,
or to non-glycosylated species.

WT bicelles showed more dimer bands and high-mobility species than WT DM which can be
tentatively assigned to oligomeric species of rhodopsin although the contribution of protein
aggregation cannot be ruled out. G90V showed a prominent characteristic 27 kDa lower band
that has been attributed to a truncated form of rhodopsin
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50,51

. This band was detected both in

DM and in bicelles. In the case of N55K mutant, N55K bicelles showed a less intense 27 kDa and
an apparent increase in the high molecular mass species band when compared to the N55K DM
pattern.
Therefore, the electrophoretic analysis of the purified mutant proteins revealed differences in the
intensities of bands that would correspond to dimeric (or higher-order oligomeric) conformations
that appeared to be favored in bicelles. This behavior suggests that the mutants may have increased
susceptibility to protein truncation, associated to a decreased conformational stability during
protein purification, and/or linked to the molecular phenotype underlying the pathological nature
of the mutations.
4.1.4 Characterization of WT, G90V and N55K in DM and in DMPC/DHPC bicelles by
means of thermal stability, chromophore regeneration and Meta II decay assays
4.1.4.1 Thermal stability of WT, G90V and N55K in DM and DMPC/DHPC bicelles
WT, G90V and N55K were eluted in either DM buffer or bicelles buffer and their thermal
stability was determined at 37ºC (Figure 4.5). WT in DM and bicelles showed high thermal
stability which decreased only less than 10% in 2.5 h. G90V bicelles and N55K bicelles showed
enhanced thermal stability when compared to the DM-solubilized samples. Thermal decay
process involves protein conformational changes, retinal isomerization and eventually hydrolysis
of SB and chromophore release 34,94,160. The t 1/2 of G90V bicelles and N55K bicelles suffered a 3 and 4
fold increase respectively when compared to those of the detergent-solubilized samples (Figure
4.5 and Table 4.2A).
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Figure 4.5 Thermal stability of WT, G90V and N55K in both DM and bicelles conditions.
The panel shows the thermal decay process of WT and G90V and N55K mutants in buffer A containing DM
detergent (•) and in the bicelles buffer (o) described in section 3.5.1. The experiments were run at 37°C and
normalized absorbance values at the A max , in the visible region, were plotted over time. The spectra were
recorded every minute. At the end of the thermal decay, 50 mM hydroxylamine (pH 7.0) was added to confirm
the complete decay. Curves were fit to an exponential decay function.
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4.1.4.2 Chromophore regeneration of WT and G90V and N55K mutants in DM and DMPC/DHPC
bicelles
The effect of DMPC/DHPC bicelles on pigment regeneration after photobleaching was analyzed
for the purified proteins. The maximal extent of regeneration and the regeneration rate were the
main factors analyzed (Figure 4.6).

Figure 4.6 Chromophore regeneration of WT and opsin mutant pigments in bicelles.
The chromophore regeneration rates for bleached WT, G90V and N55K mutant were measured in buffer A
containing (•) DM detergent and (o) bicelles buffer. 9-cis-retinal was added to the samples, and regeneration rates
were determined by measuring the absorbance increase at the visible A max after pigment illumination with a cut-off
filter of λ > 495 nm. The experiments were run at RT and normalized absorbance values at the A max , of the visible
band, were plotted over time. The spectra were recorded every minute.

The rate of regeneration was clearly faster in the bicelles system. The 9-cis-retinal regeneration
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extent was similar both for WT DM and WT bicelles . G90V bicelles showed 20% more chromophore
regeneration than G90V DM . In contrast, N55K exhibited a special behavior. Upon the
illumination with 30 s, N55K DM and N55K liposomes only caused 30-40% photoconversion of the
visible absorbance band. After 9-cis-retinal addition, N55K did not show apparent chromophore
regeneration but a decrease on A max suggesting a consistently retinal release possibly due to an
impaired retinal entrance. Even though, DMPC/DHPC bicelles still helped N55K kept 5% more
chromophore in the binding pocket than in DM detergent (Figure 4.6 and Table 4.2B).
4.1.4.3 Meta II decay of WT, and G90V and N55K mutants, in DM and DMPC/DHPC bicelles

Figure 4.7 Meta II decay for WT and G90V, N55K mutants.
WT, G90V and N55K were purified in either DM buffer (panel A) or in bicelles buffer (panel B). The samples were
illuminated for 30 s (λ > 495 nm) after the dark-state fluorescence intensity was stabilized. After Meta II decay and
once the fluorescence intensity reached plateau, 50 mM hydroxylamine, pH 7.0, was added to confirm complete
retinal release.

Meta II stability was studied by fluorescence spectroscopy, which measures retinal release upon
sample illumination

155

. Overall, the retinal release process was faster in bicelles than in DM
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samples. Under both conditions, t 1/2 values for retinal release followed the order G90V >> WT >
N55K, being G90V the slowest (Figure 4.7 and Table 4.2C). This behavior could be tentatively
associated with the clinical phenotypes caused by these mutations.
In all cases, bicelles have shorten t 1/2 of the retinal release process for WT (25.4%), G90V
(39.8%), and N55K (7.9%) compared with the same process in DM buffer (Figure 4.7 and Table
4.2C). Hydroxylamine was added in order to confirm complete retinal release. No changes were
detected for WT and G90V and N55K mutants in DM buffer (Figure 4.7A), but in bicelles
environment both WT and G90V mutant showed a slight additional increase of Trp fluorescence
emission which suggested additional retinal release from the binding pocket (Figure 4.7B). On
the other hand, after hydroxylamine addition, N55K did not show increase on fluorescence
intensity either in DM or in bicelles. This result was in contrast to that obtained in a previous
study in which hydroxylamine did cause the fluorescence signal increase of N55K dissolved in
PBS (pH 7.4) and containing 0.05% DM, pointing out to a strong effect of buffer in the
spectrofluorimetric measurements

79

. In addition, different fluorescence intensities can be

observed between DM (Figure 4.7A) and bicelles (Figure 4.7B) because of potential contribution
from the DMPC/DHPC bicelles to the fluorescence signal.
Overall, the data from thermal stability, chromophore regeneration and Meta II decay
experiments is summarized in Table 4.2 and further analyzed in Figure 4.8 to determine the
conformational properties of WT, G90V and N55K in both DM and DMPC/DHPC bicelles.
The thermal stability for the mutants at 37ºC was clearly improved in the bicelles system. WT in
DM and in DMPC/DHPC bicelles was stable for hours at 37ºC. On the other hand, a 3-fold of
G90V bicelles and a 4-fold of N55K bicelles increase in the thermal stability were determined compared
with G90V DM and N55K DM respectively, meaning that bicelles provide conformational stability,
and a better environment to protect the SB linkage from hydrolysis (Figure 4.5, 4.8A and Table
4.2A) 160.
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Table 4.2 WT and RP mutants thermal stability (A), chromophore regeneration (B) and Meta II decay (C) in DM and
bicelles.
At

1/2

of WT and G90V and N55K mutants in thermal bleaching experiments, as explained in section 3.6.1.2. Thermal decay

experiments were run at 37°C. At the end of the thermal decay, 50 mM hydroxylamine (pH 7.0) was added to confirm complete
decay. Curves were fit to an exponential decay function. BRegeneration percentage of WT and G90V and N55K mutants. Retinal
was added before illumination and spectra were recorded every min after illuminating the samples for 30 s using a > 495 nm
cut-off filter. These experiments were run at 20ºC. CRetinal release t 1/2 of WT, G90V and N55K mutants. Samples were stabilized
for 10 min in the dark and subsequently illuminated for 30 s using a > 495 nm cut-off filter. Fluorescence increase was measured
until the signal reached a plateau. 50 mM hydroxylamine pH 7.0 was added to confirm complete retinal release. The t 1/2 of the
retinal release was determined from the exponential curves.

`
AThermal

bleaching

BRegeneration

CMeta

II decay

Buffer

WT

G90V

N55K

DM

> 180 min

22.5 ± 3.1 min

30.1 ± 1.7 min

bicelles

> 180 min

64.1 ± 3.7 min

123.5 ± 2.6 min

DM

91.8 ± 3.2%

70.8 ± 3.3%

11.7 ± 1.9%

bicelles

88.9 ± 3.2%

96.2 ± 2.3%

16.9 ± 2.1%

DM

19.3 ± 0.5 min

34.9 ± 1.0 min

10.1 ± 1.5min

bicelles

14.4 ± 1.7 min

21.0 ± 2.6 min

9.3 ± 2.1 min

Chromophore regeneration is an important index of structural preservation for rhodopsin mutants
(Figure 4.6, 4.8B and Table 4.2B). WT in DM and in DMPC/DHPC bicelles presented similar
regeneration of 90% indicating that WT was stable and not significantly affected by the DM or
DMPC/DHPC environment. G90V bicelles showed 96% regeneration with 9-cis-retinal which is
20% more increase than compared to G90V DM with 70% regeneration, suggesting that lipids play
a role in the regeneration process by helping stabilize its optimal ligand-binding conformation
(Figure 4.6, 4.8B and Table 4.2B). In contrast, N55K mutant did not show any chromophore
regeneration. The retinal release trend of N55K, in DM and in DMPC/DHPC bicelles, indicated
that N55K had a low ability to bind 9-cis-retinal. It is likely that the N55K mutation impaired
retinal release by interfering in the retinal release pathway

161

. In spite of this, DMPC/DHPC

bicelles helped N55K in keeping 5% more retinal than in DM detergent (Figure 4.2B).
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Figure 4.8 Characterization of WT and RP mutant phenotypes by means of thermal stability, chromophore
regeneration and Meta II decay assays.
WT, G90V and N55K were purified in DM buffer (black bar) and bicelles buffer (gray bar). A. t 1/2 of WT, G90V
and N55K mutants from thermal bleaching experiments at 37°C; B. Chromophore regeneration percentage of WT,
G90V and N55K mutants; C. t 1/2 of WT, G90V and N55K mutants from the Meta II decay experiments. The
numerical values for the measured times are displayed in Table 4.2. The mean and error bars of three independent
measurements are represented.
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In the Meta II decay experiment (Figure 4.7), the fluorescence of WT and the mutants was
allowed to stabilize in the dark, and increased upon illumination. After the fluorescence signal
reaching a plateau, hydroxylamine was added to confirm complete retinal release. In DM
detergent, there was no fluorescence change upon hydroxylamine addition (Figure 4.7A). On the
other hand, after active Meta II decay, subsequent hydroxylamine addition, in bicelles, resulted
in an additional fluorescence increase for WT bicelles and G90V bicelles . The decreased t 1/2 of Meta II
decay in bicelles meaning Meta II state could stay longer time. The hydroxylamine results
indicated that after Meta II decay there is still some retinal in WT bicelles and G90V bicelles (Figure
4.7B)

31

. On the contrary, N55K bicelles did not show any intensity change upon hydroxylamine

addition. Figure 4.8 showed the decrease of t 1/2 of Meta II in WT bicelles and G90V bicelles,
N55K did not depict obvious differences between DM and bicelles.
4.1.5 Opsin conformational stability after retinal release
WT and G90V and N55K mutants, in DM buffer or bicelles buffer, were analyzed by fluorescence
spectroscopy in order to follow the potential ability of 9-cis-retinal to enter the opsin pocket after
complete Meta II decay. Thus, 2.5 fold exogenous 9-cis-retinal was added, after complete retinal
release (plateau in the fluorescence curve), in order to test whether this ligand could enter the
binding pocket. Upon retinal addition, WT DM showed only a minor reduction of Trp fluorescence
suggesting that the retinal significantly could not enter the binding pocket. A clear decrease in
fluorescence was detected in the case of WT bicelles , indicating that the exogenous chromophore
could enter the binding pocket thus quenching Trp fluorescence. This result indicated that bicelles
help to maintain a stable opsin structure for a long time, after the complete retinal release process,
thus favoring retinal binding to the protein (Figure 4.9). The structurally unstable mutants G90V
and N55K showed a clear distinct behavior. Exogenous addition of 9-cis-retinal resulted in an
important decrease of the fluorescence signal for G90V DM and a further decrease for G90V bicelle s
suggesting that lipids play a role in the regeneration process by stabilizing its optimal
ligand-binding conformation (Figure 4.9). Compared with WT, G90V appears to have a more
open binding pocket that could bind more retinal both in DM and bicelles. However, addition of
9-cis-retinal did not cause any changes of N55K DM or N55K bicelles after complete Meta II decay,
suggesting that the binding pocket of N55K opsin presented an impaired entrance 76. This unique
N55K behavior may provide new clues that would guide us into deciphering the molecular
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mechanism of sector RP. We have previously associated this mechanism to a different response
behavior upon light exposure to this mutant 30.

Figure 4.9 Chromophore 9-cis-retinal entry in photoactivated opsin.
After fluorescence signal reached a plateau, in the Meta II decay experiment, WT, N55K and G90V pigments
purified either in DM buffer (panel A) or bicelles buffer (panel B), retinal was added (2.5 fold of exogenous
retinal to the concentration of pigment) to detect retinal entry into the binding pocket (as described in section
3.6.2.2). WT bicelles and G90V bicelles showed more fluorescence decrease compared to the DM samples, whereas
N55K bicelles did not show any change upon retinal addition in any condition.

Similar results were obtained when the experiments were carried out by using 11-cis-retinal
(Figure 4.10). Upon addition of 11-cis-retinal (Figure 4.10B), WT bicelles and G90V bicelles could
bind more retinal than with 9-cis-retinal addition (Figure 4.9B). In contrast, N55K opsin in
bicelles remained stable both upon 9-cis-retinal and 11-cis-retinal exposure. The Y axis data,
between A and B in Figure 4.9 and 4.10, is different possible due to bicelles contribution in the
background.
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Figure 4.10 Photoactivated visual opsin reconstitution with 11-cis-retinal.
After the fluorescence signal reached a plateau, 11-cis-retinal was added (2.5 fold of exogenous retinal to the
concentration of pigment) and mixed well to determine retinal entrance into the binding pocket. Compared with
DM, WT bicelles and G90V bicelles showed a higher decrease in fluorescence. N55K bicelles did not show any change
upon 11-cis-retinal addition.

In order to analyze accurately the different accessibility of retinal to G90V in DM and bicelles
environment, the post-bleached regenerated sample was illuminated again and only the sample in
bicelles showed a slight increase in fluorescence which was not apparent in the DM sample. This
effect is probably due to hydroxylamine addition that confirmed the entrance of retinal in the
binding pocket of photobleached opsin (Figure 4.11).
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Figure 4.11 Accessibility retinal to the binding site in G90V opsin.
G90V either in buffer A containing DM or in bicelles was illuminated for 30 s using a λ > 495 nm cut-off filter, and
the increase in fluorescence intensity was monitored to detect 9-cis-retinal release. Once the fluorescence was
stable, meaning that Meta II decay was complete, exogenous 9-cis-retinal was added to test retinal binding to
photobleached opsin. Subsequent second illumination and hydroxylamine addition were done as indicated.

4.1.6 Structural analysis of the rhodopsin mutants
Both mutations, N55K and G90V, are facing inside the protein and are involved in helix-helix
interations. Thus, residues at 55 and 90 are not facing the lipid or involved in
monomer-monomer interactions (Figure 4.12). Furthermore, the residues do not appear to
significantly alter their orientation (or interactions) in the activated state of the receptor 12.
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Figure 4.12 Structural model of rhodopsin showing the sites of mutations.
Lys at position 55 (red) and Val at position 90 (yellow) are shown together with other relevant molecules, like
retinal (green), Asp83 (blue) and water (magenta). Although the two mutations are located at the transmembrane
domain of the protein, Lys55 is closer to the cytoplasmic domain where the G-protein activating function of the
receptor takes place, whereas Val90 is closer to the retinal binding site and the intradiscal domain, a region of the
protein that governs its folding and stability. Rhodopsin dark-state crystal structure (PDB id 3C9L) was used and
the image was created using PyMol (Schrodinger, LLC. The PyMOL Molecular Graphics System, Version 1.5).

In the case of N55K, this mutation is located at transmembrane H1 in a region closer to the
cytoplasmic side of the protein where the G-protein activation process takes place. Three highly
conserved residues, throughout the GPCRs superfamily, towards the cytoplasmic side of the
receptor, N55 (98%), D83 (92%) and N302 (77%), define a region with intimate contact between
H1, H2 and H7, which involves also various highly conserved water molecules. In the N55K
substitution, the Lys side-chain would interfere with these contacts and could form a salt bridge
with D83 (Figure 4.12). The G90V mutation affects an amino acid, at transmembrane H2, which
is located towards the intradiscal domain of the protein that plays a structural role in the folding
of the receptor and in the retinal binding process. The reported G90V mutant behavior suggests
an important role for a functional water molecule present in the vicinity of E113 and the SB in
90

the dark-state crystal structure of rhodopsin

21

. This water molecule binds to both the carbonyl

backbone and one of the carboxyl oxygens of E113. The lack of a side-chain at G90 gives an
empty volume that is filled with such a water molecule, whereas the hydrophobic chain in G90V
would either not allow the water molecule to be accommodated or result in a smaller affinity.
The lack of the water molecule would alter the Meta I to Meta II transition energy landscape and
would also decrease dark-state stability 21.
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4.2 DHA liposomes effects on the conformational stability of rhodopsin G90V
and N55K mutants

93
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To stabilize rhodopsin mutants associated with RP disease, G90V and N55K, and to study the
molecular mechanism in more native conditions, DDHA-PC liposomes were used to mimic the
bilayer environment. Here, G90V and N55K mutants, with thermal instability and fast decay
defect, were purified from COS-1 cells by immunoaffinity chromatography with 11-cis-retinal in
DM detergent and reconstituted into DDHA-PC liposomes system. A series of techniques were
used to detect the conformational stability and the DDHA-PC liposomes function for rhodopsin
WT and mutants.
4.2.1 UV-Vis spectrophotometry of immunopurified WT and mutants in DDHA-PC
liposomes
The UV-Vis spectral properties of WT and G90V and N55K mutants in detergent have been well
characterized previously (Figure 4.13)

70,79

. The proteins were removed from DM detergent to

DDHA-PC liposomes (Figure 4.14). The measured spectra showed two main characteristic bands
for all opsins: the λ 280 nm value of the opsin apoprotein band and the λ max value of the visible
chromophoric band

159

. The λ max value of the visible chromophoric band of WT, G90V and

N55K mutant is 499 ± 1 nm, 489 ± 1 nm and 495 ± 2 nm respectively, and it does not change
under DM detergent and DDHA-PC liposomes environment. In DM detergent (Figure 4.13), the
ratio A 28 0 /A max of rhodopsin WT is around 1.9, while the ratio of G90V and N55K were 3.5 and
6.3 respectively which is much higher than WT. The high A 280 /A max ratio is related to the
misfolding, aggregation and regeneration problem of mutants. With the presence of DDHA-PC
liposomes, the ratio A 280 /A max of WT and mutants increased largely compared with the proteins
in DM detergent. The higher A 280 /A max ratio in liposomes is mainly caused by the liposomes
background absorption rather than by an increase on protein misfolding or aggregation (Figure
4.14).
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Figure 4.13 UV-Vis characterization of purified WT and N55K and G90V regenerated with 11-cis-retinal in
DM buffer.
WT, G90V and N55K mutants were expressed in HEK293T cells and were immunopurified in PBS buffer with
0.05% DM. Spectra were recorded at 20ºC. Illumination was carried out for 30 s with a 150 W power source
equipped with an optic fiber guide using a λ > 495 nm cut-off filter. (—) Dark state. (····) photobleached state; inset,
difference spectrum (dark-light).

96

Figure 4.14 UV-Vis characterization of purified WT, N55K and G90V regenerated with 11-cis-retinal in
DDHA-PC liposomes.
WT and G90V and N55K mutants were purified and reconstituted into DDHA-PC liposomes. Spectra were
recorded at 20ºC. Illumination was carried out for 30 s with a 150 W power source equipped with an optic fiber
guide using a λ > 495 nm cut-off filter. (—) Dark state. (····) photobleached state; inset, difference spectrum
(dark-light).
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UV-Vis spectroscopy was used to characterize rhodopsin photobleaching. After 30 s illumination,
photoactived WT and the mutants showed the typical shift of the visible absorbance band to 380
nm (Figure 4.13). WT rhodopsin displayed complete conversion of the visible band to the 380
nm absorbing species. G90V and N55K showed incomplete conversion

70

suggesting formation

of a photointermediate with a protonated SB linkage in the liposomes system

79

. This spectral

characterization of WT, G90V, N55K in DDHA-PC liposomes, in the dark and after, is shown in
Figure 4.14.
4.2.2 Rhodopsin electrophoretic behavior in DDHA-PC liposomes
Rhodopsin oligomerization status can be studied by a number of different biochemical and
biophysical techniques

10,11

. Monomeric rhodopsin has the ability to activate the Gt

22,113,162

.

Rhodopsin was shown to be arranged as dimers in disc membranes by infrared-laser
atomic-force microscopy

163,164

and these dimeric structures were proposed to affect the ligand

binding pharmacology, signal transduction and cellular trafficking

11

. Other oligomeric states,

like tetramers, were detected and presumed to play important functional roles 165.
BN-PAGE was conducted to compare the oligomeric status of rhodopsin in DM detergent and in
DDHA-PC liposomes. WT DM clearly displayed the predominant presence of monomer and dimer
bands. On the contrary, rhodopsin appears to exist in monomeric, dimeric and tetrameric forms in
DDHA-PC liposomes. Liposomes increased the presence of high molecular weight bands
compatible with tetramers (Figure 4.15). The appearance of tetrameric WT rhodopsin in liposomes
may contribute to the increase thermal stability detected in liposomes.
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Figure 4.15 BN-PAGE of WT in PBS with DM and DDHA-PC liposomes.
BN-PAGE was performed to detect the oligomerization state of WT in DM and in DDHA-PC liposomes. Lane 1,
standard protein ladder; lane 2, BSA used as an internal marker; lane 3, WT in DDHA-PC liposomes; Lane 4, WT
in DM. WT was expressed in HEK293S-GNTI- cells and purified in DM and DDHA-PC liposomes. Monomer
(40 kDa) and dimer bands (80 kDa) presented similar band intensity in WT DM and WT liposomes . However
WT liposomes sample showed a more intense band corresponding to the tetramer state (160 kDa) (green box) than
WT DM .

4.2.3 DDHA-PC liposomes increase WT, G90V and N55K thermal stability
G90V and N55K mutants in PBS containing DM or DDHA-PC liposomes were prepared, and
thermal stability was studied at 48ºC 70. The thermal decay process is associated with the protein
irreversible denaturation, breakage of the protonated SB and retinal chromophore isomerization
160,166

.

We have previously reported that DDHA-PC liposomes improve the thermal stability of rhodopsin
dissolved in PBS with DM at 48ºC and 55ºC

97

. Here, at 48ºC, G90V liposomes (2.8 ± 0.2 min)

increased the t 1/2 of thermal stability 4 times more than t 1/2 of G90V DM (0.7 ± 0.1 min),
indicating that the mutant structure was protected by the DDHA-PC liposomes bilayer

160

.

N55K liposomes only showed a slight increase in stability (Figure 4.16). These results confirm that
DDHA-PC liposomes improve the thermal stability of WT and the G90V mutant (Figure 4.16).
The comparison between the G90V and N55K results indicate that the mutants show different
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molecular phenotypes that could be linked to their different clinical phenotypes.
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Figure 4.16 Thermal stability of WT, G90V and N55K mutants in PBS containing DM (•) or liposomes (o)
at 48°C.
WT and G90V and N55K mutants were purified from COS-1 cells and dissolved in PBS containing DM (•) or
liposomes (o), and the thermal stability was determined by UV-Vis spectra (as described on section 3.6.1). All the
data were recorded at 48°C in the dark. Curves were fit to an exponential decay function.

4.2.4 Retinal release kinetics and opsins conformational stability
WT DM or WT liposomes fluorescence spectra in the dark were measured until the fluorescence
100

intensity stabilized. Upon illumination, the fluorescence signal started to increase, due to the
retinal release process (related to the decay of Meta II process). After the complete Meta II decay,
exogenous 11-cis-retinal was added to test whether it could enter the binding pocket. The t 1/2 of
retinal release for WT and G90V and N55K mutants dissolved in PBS containing DM or
DDHA-PC liposomes were determined (Figure 4.17 and Table 4.3).
Table 4.3 t 1/2 for the retinal release and the uptake for WT, G90V and N55K mutants dissolved in PBS buffer containing
DM or DDHA-PC liposomes.
The t 1/2 of retinal release and uptake were determined from the fluorescence curves. The t 1/2 of retinal release clearly decreased
in DDHA-PC liposomes in all cases.

t 1/2 of retinal release (min)

t 1/2 of retinal uptake (min)

Buffer

WT

G90V

N55K

DM

14.3±0.9

23.4±0.3

9.5±0.1

Liposomes

4.4±0.4

15.3±0.3

4.7±0.3

DM

none

1.1±0.1

none

Liposomes

2.4±0.3

16.3±0.3

none

The retinal release process in DDHA-PC liposomes, after illumination, is faster than in DM
detergent. The retinal release t 1/2 of WT decreased from 14.3 min in DM to 4.4 min in liposomes
becoming 10 min shorter. G90V also decreased t 1/2 of retinal release from 23.4 min for G90V DM
to 15.3 min for G90V liposomes . The t 1/2 of N55K retinal release decreased from 9.5 min in DM to
4.7 min in liposomes.
After completely decay of Meta II and additional retinal addition, Trp fluorescence of WT DM
remained unaffected, indicating that the retinal did not reenter the binding pocket. On the other
hand, a decrease in the fluorescence signal for WT liposomes was detected, meaning that the
chromophore was partially able to enter to the protein thus quenching the Trp fluorescence.
Interestingly, both G90V DM and G90V liposomes showed a decrease in Trp fluorescence signal after
exogenous retinal addition, but a larger decrease was observed in the case of G90V liposomes
indicating that G90V liposomes may have more retinal entrance capacity. N55K displayed a
completely different behavior. Exogenously retinal addition did not cause any decrease in the
fluorescence signal either for N55K DM or for N55K liposomes (Figure 4.17). Compared with the WT
structure, G90V may have a more open binding pocket conformation which favor retinal
101

entrance particularly in liposomes.

Figure 4.17 Meta II decay and chromophore uptake kinetics for WT and G90V and N55K mutant in PBS
containing (A) DM or (B) DDHA-PC liposomes.
Purified WT and mutants were allowed to stabilize at 20°C in the dark and subsequently illuminated for 30 s. The
exogenous 11-cis-retinal was added after the fluorescence signal had reached a plateau. All fluorescence spectra
were measured by exciting the samples for 2 s at 295 nm and a bandwidth slit of 0.5 nm.

4.2.5 Gt purification by sucrose density gradient
Gt was purified by a sucrose density gradient and concentrated by dialysis (see section 3.4.4).
SDS-PAGE was carried out to check the Gt protein yield and purity

167

. In Figure 4.18, Gt

samples of 10 µl (lane 1) and 20 µl (lane 2) were loaded onto the SDS-PAGE. Lane 4
corresponded to the total protein at the beginning of the purification process and lane 5 was the
solution used for dialysis. To determine the Gt concentration, lanes 6 to 9 contain different
amounts of BSA: 1 µg, 2 µg, 3 µg and 5 µg. From lane 1 and lane 2, the concentration of Gt was
estimated as 12.8 µM. This concentration was used for the Gt activation assay.
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Figure 4.18 Gt purification and concentration determination by SDS-PAGE.
After Gt purification, Gt sample was loaded onto an SDS-PAGE gel to check its purity and to determine its
concentration. Lanes 1, 10 µl of purified Gt sample; lane 2, 20 µl of purified Gt sample; lane 3, protein ladder; lane
4, total protein in ROS of retina; lane 5, dialysis wash; lane 6, 1 µg of BSA; lane 7, 2 µg of BSA; lane 8, 3 µg of
BSA; lane 9, 5 µg of BSA.

4.2.6 Gt activation assays for WT, and G90V and N55K mutants
Gt activation was determined by calculating the amount of GTPγS35 bound upon WT, G90V and
N55K mutants photoactivation by means of a radioactive binding assay 70,79. Rhodopsin activity
was measured in the dark and illumination state. In DM detergent environment the amount of
GTPγS35 bound to Gt for WT and G90V and N55K was low in the dark and increased after
illumination. On the other hand, WT and G90V and N55K in DDHA-PC liposomes showed
comparatively low Gt activation upon illumination (Figure 4.19).
Rhodopsin reconstituted into liposomes can adopt different orientations, outside-out and
inside-out, in the proteoliposomes. Considering the possible existance of monomer, dimer and
tetramer states of rhodopsin, different permutations are possible with different orientations. The
low Gt activation in liposomes of WT and mutants can be a consequence of a non-productive
orientation of the receptor in the proteoliposomes (Figure 4.19).
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Figure 4.19 Gt activation by WT and G90V and N55K mutants in DM and DDHA-PC liposomes.
In order to test the WT and G90V and N55K mutants functional activity in PBS containing DM detergent (•) and in
DDHA-PC liposomes (o), WT and G90V and N55K mutants were purified and eluted in DM detergent and then
reconstituted into DDHA-PC liposomes separately (as described in section 3.6.3). Then the activity of rhodopsin in
the dark and after illumination was measured by means of a radioactive filter-binding assay. The assay was carried
out in the dark by mixing 10 nM rhodopsin and 500 nM Gt in 25 mM Tris, pH 7.5, 100 mM NaCl, 5 mM
magnesium acetate, 5% glycerol, 2.5 mM DTT and 5 μM [35S]GTPγS. The reaction was started by the addition of
WT or G90V, N55K mutants to the reaction mixture at RT. At different incubation time points, the samples were
filtered to wash off the unbound free [35S]GTPγS. The assay was done in the dark (0 min, 4 min, 8 min) and after
illumination (12 min, 16 min, 20 min, 24 min and 28 min) to determine the amount of bound [35S]GTPγS by Gt.

4.2.7 Gt activation by fluorescence spectroscopy
Fluorescence spectroscopy was also used to detect Gt activation by photoactivated rhodopsin.
The rate of GTPγS uptake by Gα can be followed by monitoring the increase in intrinsic
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fluorescence of a Trp, which is conserved in all G proteins

156

. Initially, excitation and emission

wavelengths were determined by emission and excitation scans (Figure 4.20). The excitation
wavelength was found at λ = 285 nm and the emission wavelength at λ = 338 nm.

Figure 4.20 Excitation and emission spectra were monitored to determine the optimal excitation and
emission wavelengths.
The sample was prepared with WT and Gt (as explained in section 3.6.3.2). Excitation and emission scans were
carried out to determine the excitation and emission wavelengths with maximum intensity. Finally excitation was
determined at λ = 285 nm and the emission wavelength at λ = 338 nm.

Gt activation was carried out as explained in detail in section 3.6.3.2. Fluorescence spectroscopy
can directly monitor the interaction between rhodopsin and Gt. In the dark state, rhodopsin cannot
activate Gt. Upon illumination, rhodopsin activated Meta II conformation can bind and activate
the Gt protein. The change in Trp fluorescence reflects a conformational change in the α-subunit
and the exchange between GDP inside the pocket and the exogenous GTPγS. In WT DM , a
fluorescence intensity increase was observed due to activation of Gt. However, in WT liposomes , no
increase of fluorescence was observed (Figure 4.21) in agreement with the radioactive assay
results indicating that DDHA-PC liposomes impede somehow the interaction between rhodopsin
and Gt.
Two different methods such as fluorescence spectroscopy and radioactivity filter assay, showed
similar results on WT liposomes confirming that liposomes formation may interfere on Gt activation
possibly due to the different orientation of WT in liposomes 102.
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Figure 4.21 Gt activation of WT in DM and DDHA-PC liposomes followed by fluorescence spectroscopy.
Gt activation of WT in (A) DM detergent and in (B) DDHA-PC liposomes. After the fluorescence intensity
stabilization, GTPγS was added until fluorescence signal stabilization. Then, 1 min illumination was carried out at
25°C. Increase of fluorescence was monitored until a plateau was reached. WT DM showed an increase of Trp
fluorescence intensity whereas no change could be detected in the case of WT liposomes .

4.2.8 Rhodopsin structural consequences of the chemical structure of DHA
The effects observed can be associated with the chemical nature of the DHA lipid. Different from
saturated and monounsaturated hydrocarbon chains, the neutral polyunsaturated DHA has a
unique chemical structure with six cis-locked double bounds. The number of freedom degrees of
DHA chains is substantially lower which could be indicative of rigidity. Polyunsaturated chains
in crystals form highly ordered, elongated structures with angle-iron or helical arrangement of
double bonds. The experimental results clearly indicated that the low order in bilayers with high
DHA content is a direct consequence of high conformational flexibility and of rapid structural
conversions of DHA chains themselves without significant energetic penalty

131

. NMR data

proved that the photointermediate Meta III had stronger contact with DHA compared with dark
rhodopsin, Meta I and Meta II states. DHA enrichment may alter protein function both by a
change of general membrane properties as well as by specific interactions with particular regions
of the protein

131

. DHA interacts with rhodopsin and tends to weaken the interhelical packing.

N55K, mutation in an amino acid located in helix 1, and G90V located in helix 2, are structurally
located near residues 48, 50, 92, 95, 96 which are tightly packed with DHA 130. DHA increased
the thermal stability of WT and G90V but not N55K mutant. In the Meta II decay experiment.
DHA speeded up the retinal release and allowed more retinal uptake by G90V liposomes . On the
other hand, N55K mutant did not uptake retinal upon Meta II decay. DDHA-PC decreased the Gt
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activation of WT and mutants which could be mainly attributed to the receptor orientation in
liposomes 102. Therefore, DDHA-PC lipids could be used in combination with other lipids and/or
preparative protocols in order to achieve artificial membranes that could circumvent the
orientation problem 121,124,168.
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4.3 GPCRs interactions with other proteins
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In this section, the interaction between GPCRs and other proteins was studied to understand
GPCRs structural mechanism. For this purpose, two GPCRs, rhodopsin and M3R were used.
 In the visual system, activated rhodopsin recruits Gt and cellular signal transduction starts.
Among the signals, the activation of rhodopsin kinase that phosphorylates rhodopsin
increases the affinity towards visual arrestin

137

. As a GPCR transducer, arrestin binds

rhodopsin blocking its interaction with Gt leading to desensitization. The binding of arrestin
to rhodopsin also initiates other cellular signaling pathways that are G-protein independent.
Mutant arrestin R175E was expressed and purified from BL21-RP cells. The pull-down
assay and Meta II decay experiments were carried out to study the rhodopsin-arrestin
interaction.
 In the mAChRs family, the M3R mutants could be associated with AD through its
interaction with tau protein. Previous studies also show the EC tau protein interacts with
M3R. The M3R WT and mutants protein and tau protein were co-expressed in mammalian
cells and their interaction was detected by both WB and immunofluorescence in order to
pinpoint the potential M3R-tau interacting sites.
4.3.1 Arrestin R175E mutant purification

Figure 4.22 SDS-PAGE of arrestin R175E purification.
Lane 1, protein marker; lane 2, total BL21-RP cells induced by IPTG; lane 3, cell debris of IPTG induced cells after
sonication; lane 4, soluble protein of IPTG induced cells after sonication; lane 5, column wash; lane 6, elution 1
(E1); lane 7, elution 2 (E2); lane 8, elution 3 (E3); lane 9, total un-induced cells; lane 10, cell debris of un-induced
cells. Purified arrestin can be seen in E1 and E2 (green box).

As described in section 3.6.6, arrestin R175E was overexpressed in E.coli BL21-RP cells by
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ITPG induction 133. Then, R175E mutant arrestin was purified by affinity chromatography using
Bio-scale mini profinity cartridges and detected by SDS-PAGE and Coomassie blue staining.
Figure 4.22 (green box) showed the purified R175E arrestin by means of SDS-PAGE.
In order to determine purified arrestin concentration, BSA dilutions were prepared for a Lowry
protein assay (explained in section 3.6.10) to obtain a protein standard line (Figure 4.23) and the
following equation;
Abs = 3.3 ·ρ
Where Abs corresponds to the absorbance at 600 nm on the UV-Vis scanned and ρ is the protein
concentration (in µg/µl).

Figure 4.23 BSA standard line.
Different BSA concentrations were used to determine an equation to calculate arrestin.

Abs 600

nm

of purified arrestin was measured to be 0.027 Abs and consequently the final

concentration determined from the formula was 0.09 µg/µl. Finally, the molar concentration of
arrestin was calculated by the formula:
𝐂𝐂 =

𝒏𝒏
𝒎𝒎
𝝆𝝆
=
=
𝑽𝑽 𝑴𝑴 ∙ 𝑽𝑽 𝑴𝑴
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Where C is the molar concentration of arrestin; ρ is the protein concentration (0.09 µg/µl); and
M is the molar mass of arrestin (48000 g/mol). Finally the arrestin concentration was determined
to be 1.9 µM.
4.3.2 Pulling down assay between arrestin R175E and rhodopsin in ROS
Pull down assay is an established centrifugation process to exam the light dependent binding to
nonphosphorylated rhodopsin in ROS membranes (explained in section 3.6.7.1). As shown in
Figure 4.24, arrestin R175E remained in the supernatant after incubation with ROS membranes
in the dark (lane 2); arrestin R175E was pulled down by the ROS membrane upon illumination
after centrifugation (lane 3). In previous studies

133

, different stoichiometry of rhodopsin and

arrestin were used. The structural models suggested activated rhodopsin interact with arrestin in
a 2:1 stoichiometry; while 1 activated rhodopsin: 1 arrestin was also suggested by the functional
assay. Docking modes were discussed with arrestin binding to both monomeric and dimeric
rhodopsin 169. The photoactivation density is also associated with the activated rhodopsin-arrestin
binding ratio, with 1:1 at low photoactivation density and 2:1 binding at high photoactivation
density linearly 170,171. Different from the previous results, Figure 4.24 showed that lower arrestin
(green box) was pulled down by ROS. This decreased bound rate were associated with many
factors such as purification, arrestin activity and buffer 133.
Studies on the interaction of rhodopsin with arrestin could provide keen insights into the
rhodopsin conformational changes and the signaling pathways started upon arrestin binding.
Arrestin is composed of two β-strand domains, N and C domains with similar sizes, and is able
to interact with photoactivated rhodopsin

172

. Arrestin first binds to specific phosphorylated

serine and threonine residues located at the C-terminus of light activated rhodopsin, and the
cytoplasmic loops, major sites of G protein interaction, to quench further signaling

133,173

. The

interaction between RP mutatns and arrestin will be deeply studied for the molecular
mechanisms.
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Figure 4.24 Arrestin R175E pull down assay with ROS membrane by SDS-PAGE.
Lane 1, Protein ladder. Lane 2, ROS and arrestin R175E in the dark. Lane 3, ROS and arrestin R175E after
illumination. Lane 4, Arrestin R175E; Lane 5, ROS.

4.3.3 Influence of arrestin binding on rhodopsin Meta II decay
Fluorescence spectroscopy was used to detect the interaction between arrestin R175E and
rhodopsin and its mutants as indicated in section 3.6.7.2. Figure 4.25A shows the retinal release
from rhodopsin at different rhodopsin/arrestin R175E ratios. Rhodopsin and arrestin R175E were
mixed with different stoichiometries, as 1:0 (pink), 1:2 (light blue) and 1:4 (light green) of
rhodopsin: arrestin. After illumination, the fluorescence caused by retinal release increased till to
the plateau on which state opsin was separated from 11-cis-retinal. The pink curve shows the
completely chromophore release from rhodopsin and was used as a control of the total retinal
release. The amount of retinal release in the presence of 2 fold concentration of arrestin R175E
to rhodopsin (light blue) resulted in a decrease of 37% compared with the control (pink). At a 1:4
ratio (light green), the decrease observed was 56%. The reduction of retinal release is represented
in Figure 4.25B. Increase in the arrestin R175E/rhodopsin ratio resulted in increased Meta II
interaction with the arrestin R175E and forming Meta II/arrestin R175E complex that decreased
the retinal release which paralleled with the opsin product. It can be concluded that R175E
stabilized the Meta II state. Previous work has proved that arrestin could also bind to Meta III, a
post Meta II photodecay product, and reverted back to Meta II like species. It was suggested that
arrestin would regulate the level of free retinal in the rod cell controling the formation of
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damaging oxidative retinal adducts under light conditions 139.

Figure 4.25 Arrestin R175E stabilized the Meta II state and inhibited retinal release.
A, the effect of arrestin on retinal release was investigated by fluorescence spectroscopy. Purified rhodopsin was
mixed with arrestin R175E with different stoichiometries 1:0 (pink), 1:2 (light blue) and 1:4 (light green). The
samples were photobleached and the fluorescence increased to plateau. B, the retinal release decreased because of
the increased ratio of arrestin R175E/rhodopsin. With the increased ratio of arrestin R175E/rhodopsin, more Meta II
was combined with arrestin R175E.

The crystal structure of rhodopsin-arrestin complex shows a 1:1 stoichiometry. The binding
activity is lower than that published but is in accordance with the pull down assay result (section
4.3.2).
Rhodopsin signaling involves interacting with Gt, rhodopsin kinase, arrestin and other proteins.
Structural and modeling studies have proved that the competition on the binding surfaces is a
major regulatory mechanism for signal processing

174,175

. Some indirect evidence suggested that

the rhodopsin/arrestin complex may be a pathogenic mechanism for certain types of RP in
human patients. One rhodopsin mutant K296E, associated with ADRP, forms a stable complex
with arrestin that is toxic to mouse rod photoreceptors

176

. The complex of rhodopsin mutant

G90D and visual arrestin could offset the effect of abnormal rhodopsin signaling without light
and retinal isomerization. The subsequent docking of polyphenol antioxidant cyanidin
3-rutinoside with G90V rhodopsin initiates its activation and regeneration to trigger normal
visual transduction cascade to cure night blindness

177

. The interaction between arrestin R175E

and rhodopsin mutants such as G90V, N55K could be studied to further dissect the details of the
molecular mechanisms underlying RP. Figure 4.26 showed rhodopsin interaction with the
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cytoplasmic partners, Gt, arrestin R75E and rhodopsin kinase. Different from the arrestin WT,
arrestin R175E has been shown to bind non-phosphorylated activated rhodopsin. As such, this
R175E arrestin bypasses the need to bind the phosphorylated rhodopsin 139,174,178,179.

Figure 4.26 Rhodopsin interaction with cytoplasmic Gt, arrestin/arrestin R175E and rhodopsin kinase.
The figure illustrates the relative activation and desensitization pathways of vision. Gt and arrestin are the
rhodopsin partners in the signal transmission. Arrestin R175E is used to interact with light activated rhodopsin.

4.3.4 M3R and the mutants expression and purification
M3R WT and M3R mutants (M3R-N132G, M3R-D518N, M3R-D518K and M3R-K523Q) were
first cloned by Dr Laura Iarriccio

149

. DNA agarose gel was run as previously described in

section 3.3.2.2 to check the plasmids state being stored after several years. Figure 4.27 shows a
gel containing the five plasmid vectors.
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Figure 4.27 M3R WT and mutants DNA agarose gel electrophoresis.
Plasmids containing M3R WT and mutants were analyzed by means of agarose gel electrophoresis. Lane 1, DNA
ladder. Lane 2, M3R-N132G. Lane 3, M3R-D518N. Lane 4, M3R-D518K. Lane 5, M3R-K523Q. Lane 6,
M3R-WT plasmid.

Figure 4.28 WB of M3R WT and mutants coexpressed with or without tau.
The different M3R WT and mutants and tau were transfected into HEK293S-GNTI- cells. Lane 1, blank without
plasmid transfection; lane 2, tau transfection; lane 3, M3R WT transfection; lane 4, M3R WT and tau
cotransfection; lane 5, M3R-N132G transfection; lane 6, M3R-D518G transfection; lane 7, M3R-D518K
transfection; lane 8, M3R-K523Q transfection; lane 9, M3R-N132G and tau cotransfection; lane 10, M3R-D518G
and tau cotransfection; lane 11, M3R-D518K and tau cotransfection; lane 12, M3R-K523Q and tau cotransfection.
When M3R mutants were expressed, two bands of M3R mutants proteins were shown. When M3R mutants and tau
were coexpressed in cells, the M3R mutants only showed one main band with higher intensity.

M3R and M3R mutants were coexpressed with tau protein in mammalian cell HEK293S-GNTI-.
The cells were collected as described in section 3.6.8 and the proteins were detected by WB
using M3R ant tau antibodies (Figure 4.28).
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Tau protein exists in mammalian cells as a microtubule associated protein. Tau is not only a
microtubule associated protein but also appears to play a key role in dementia. It has focused on
the role of tau proteins in microtubule dynamics and its dysfunctions

180,181

. Figure 4.28 clearly

showed that tau overexpression changed the conformational status of EC M3R mutants
expressed in HEK293S-GNTI- cells. In the absence of tau cotransfection, the four M3R mutants
displayed different expression levels with two main bands in their electrophoretic pattern. Upon
tau coexpression, however, each M3R mutant showed only a single main band.
4.3.5 Detection of M3R and mutants expression by immunofluorescence
Twelve samples (sample A to L) of M3R WT and mutants were transfected alone or
cotransfected with tau as described in Table 4.4. The double immunofluorescence analysis using
antibodies against tau and M3R were performed as described (in section 3.6.9) to colocalize both
tau and M3R WT and mutants in the cells (Figure 4.29).
Table 4.4 Combination of M3R WT and mutant samples transfected alone or cotransfected with tau that used in the
immunofluorescence assay.
A

B

C

D

E

F

G

H

I

J

K

L

tau

--

tau

--

tau

--

tau

--

Tau

--

tau

--

tau

M3R

--

--

WT

WT

N132G

N132G

D518N

D518N

D518K

D518K

K523Q

K523Q

There is not endogenous M3R expression in HEK293T cells but tau protein, as a soluble
endogenous protein, is expressed in all living cells to stabilize microtubule polymers, suppresses
microtubule dynamics and promote cytoplasmic extension or neuritogenesis 144,181. Figure 4.29A
shows the sample blank without any transfection. Tau was overexpressed in a soluble form in the
cells cytoplasm and showed high FITC fluorescence (Figure 4.29B). Figure 4.29C shows the
result of only M3R WT transfection where M3R WT was overexpressed and located correctly to
the cell membrane. Cotransfection of M3R WT with tau cause mislocation of tau from the
soluble in the cytoplasm to the cell membrane while M3R kept its location on the membrane.
The changes location of tau may be associated to hyperphosphorylation (Figure 4.29D)

147,148

.

Tau hyperphosphorylation can not only cause tau mislocalization but also trigger β-amyloid
aggregation associated with AD 182. M3R mutants N132G and D518N showed a similar behavior:
when the two M3R mutants were coexpressed with tau, N132G and D518N were located in the
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membrane (Figure 4.29E, G), whereas tau mainly changed the location from the cytoplasm to-

Figure 4.29 Immunofluorescence of M3R and mutants coexpressed with/without tau in HEK293T cells.
M3R WT and mutants and tau were transfected into HEK293S-GNTI- cells. Samples from A to L were detected by
immunofluorescence. Tau was detected by the FITC fluorescence; M3R and mutants were detected by the TRITC
fluorescence. M3R WT, N132G and D518N caused tau mislocalization from cytoplasm to the membrane. While
M3R D518K and K523Q mislocalized from membrane to the cytoplasm because of the tau coexpression.

-the membrane (Figure 4.29F, H). Different from M3R WT, N132G and D518N, the M3R
mutants D518K and K523Q changed their locations from the membrane (Figure 4.29I, K) to the
cytoplasm (Figure 4.29J, L) and tau overexpression did not change their location (still in the
cytoplasm).
Overall, M3R WT, N132G and D518N mutants changed the location of tau, from the cytoplasm
to membrane, suggesting that M3R WT, N132G and D518N mutants increase M3R affinity to
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tau (Table 4.5).
Table 4.5 The locations of tau and M3R WT and mutants transfections.
Blue color showed the protein on the membrane. The pink showed the protein in the cytoplasm. Because of the cotransfection of
M3R WT and mutants with tau, the locations of protein changed. M3R WT and N132G and D518N caused the tau location from
cytoplasm to the membrane. While M3R D518K and K523Q located from membrane to the cytoplasm.
Sample

Protein

M3R transfection without tau

M3R cotransfection with tau

WT

Membrane

Membrane

Tau

Cytoplasm

Membrane

N132G

Membrane

Membrane

Tau

Cytoplasm

Membrane

D518N

Membrane

Membrane

Tau

Cytoplasm

Membrane

D518K

Membrane

Cytoplasm

Tau

Cytoplasm

Cytoplasm

K523Q

Membrane

Cytoplasm

Tau

Cytoplasm

Cytoplasm

M3R WT

M3R N132G

M3R D518N

M3R D518K

M3R K523Q

The tau mislocalization also occurred by the decreased affinity between tau and microtubules
which associated with the phosphorylation/ hyper-phosphorylation and resulted the movement of
tau proteins from microtubule to the membrane space

180,183,184

. Compared with the location of

M3R WT under tau presence, M3R D518K and K523Q mutants changed the location from
membrane to the cytosol by the overexpression of tau (Table 4.5). The overexpressed tau could
be hyperphosphorylated and toxic for newborn neurons
membrane vesicles in cells

186

144,185

and result the secretion of tau via

. The EC tau interacts with the cell membrane receptors such as

M1R and M3R receptors and cause toxic to the cells that increase the risk of AD

144

. The tau

phosphorylation and tau mislocalization have been proved as an intermediate signaling
molecules between β-amyloid initiation and eventual synaptic dysfunction early in AD
pathogenesis 140,187,188.
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4.3.6 Physiological analysis of the M3R mutants and AD
M3R-N132G is located in EC2 while M3R-D518G, M3R-D518K and M3R-K523Q are located
in EC6 (Figure 4.30). EC tau could bind with M3R and promote IC calcium changes
was present in tauopathies such as AD

90

which

. These mutants may interact with tau and this

interaction may alter the M3R mutants expression, at least in the HEK293T cells used in these
experiments.
In neurons, the increased phosphorylation of tau destabilized tau-microtubule interactions,
leading to microtubule instability, transport defects along microtubules, and ultimately neuronal
death

189

. The tau and microtubule binding plays essential roles in polarity axon and dentrite

formation of neuronal cells 190.
The axon terminal contains synapses, specialized structures where neurotransmitter chemicals
are released to communicate with target neurons. The results in HE293T cells showed that tau
can not only interact with microtubules but also with M3R WT and the four mutants. The
mutants D518K and K523Q appear to interact with tau by a different mechanism that the other
two mutants and result in different cell location. Different tau-M3R mutant complex
arrangements could be envisaged and this could cause the different protein localization. Tau is
co-transported with microtubule fragments from cell bodies into axons and the M3R-tau
complexes could interfere in this process altering the normal function of neurons.
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Figure 4.30 Structural model of M3R with the sites of mutations.
The N132, D518 and K523 residues (pink) are shown in the figure. These three sites are all located in the EC
loops where the G-protein binding and activation of the receptor take place. M3R crystal structure (PDB ID
4U14) was used and the image was created using PyMol (Schrodinger, LLC. PyMOL Molecular Graphics
System, Version 1.5).
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5. GENERAL DISCUSSION
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Signal transduction is a fundamental biological process to maintain cellular homeostasis and
relevant cellular activity in all organisms. GPCRs, representing the largest and most diverse
membrane proteins family, serve as the communication interface between the external and
internal environments. By responding to a wide spectrum of EC signals such as photons, ions,
small organic molecules and entire proteins, GPCRs undergo conformational changes which
cause the activation of complex cytosolic signaling networks and result in a variety of cellular
responses

5,25

. Thus, GPCRs are responsible for the proper operation of many physiological

processes such as vision, intercellular communication, neuronal transmission, hormonal
signaling, and they are involved in many pathological processes. Mutations in GPCRs, which
represent about 4% of the human genome, are associated with a broad spectrum of diseases of
diverse etiology. Such mutations can alter the process of ligand binding and significantly affect
signaling transduction pathways 5. This can lead to two degenerative diseases such as RP and AD.
Determining the structure-function relationships of GPCRs mutants and understanding the
molecular mechanisms of RP and AD can be of fundamental importance in treating these
conditions and promoting human health.
Rhodopsin, a receptor of Class A GPCRs, is responsible for the vision process. Among the ~700
identified members of Class A, more than twenty receptors have been crystalized and the
structures have been solved at atomic resolution 97. Rhodopsin mutations lead to visual disorders
associated with impaired vision including the retinal degenerative disease RP. The RP condition
refers to a group of heterogeneous inherited disorders associated with degeneration and loss of
photoreceptor retinal cells 5. Here, two artificial membrane systems, DMPC/DHPC bicelles and
DDHA-PC liposomes, were used in an attempt to stabilize rhodopsin mutants and to unravel the
molecular mechanism of RP associated with structural instability. G90V (causing RP) and N55K
(causing sectorial RP) were chosen as model mutations to investigate their molecular properties
in artificial membranes compared to the DM detergent system, which is commonly used. The
advances to underlying the stability and function properties of rhodopsin mutants could provide
novel mechanistic insights that can open novel therapeutic strategies for the treatment of
congenital retinal disorders.
Purified WT rhodopsin, and the G90V and N55K mutants, regenerated with 9-cis-retinal were
purified in both DM detergent 70,79 and DMPC/DHPC bicelles environment. The UV-Vis spectra
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of WT, G90V and N55K in DM detergent was in agreement with previous studies

70,79,94

. The

most interesting result was that N55K bicelles required double illumination time for complete
photoconversion (Figures 4.2 and 4.3). This result showed that the light sensitivity of N55K is
altered especially in the DMPC/DHPC bicelles environment. WB results demonstrated that
DMPC/DHPC bicelles decreased the N55K truncated protein band intensity and increased the
tetramer band which also was observed for the G90V mutant but not for the WT (Figure 4.4).
The increase of tetrameric formation or other oligomerization states caused by bicelles could
affect the conformational stability.
DMPC/DHPC bicelles increased the thermal stability of WT rhodopsin, and the G90V and N55K
mutants to various degrees (Figure 4.5) indicating that bicelles can provide conformational
stability by protecting the SB and preventing protein aggregation at 37ºC 34,94,160. WT in DM and
bicelles showed similar 9-cis-retinal regeneration, at nearly 90%, even though the t 1/2 of the
regeneration process was slightly slowed down in bicelles. The trend of G90V retinal
regeneration was in agreement with WT whereas N55K showed a completely different trend.
G90V bicelles showed 96% retinal regeneration which was 20% higher than in the case of G90V DM .
On the contrary, N55K did not show regeneration but displayed a retinal release at the visible
band under the exogenous retinal. In spite of this abnormal behavior for N55K mutant, bicelles
appeared to slow down the absorbance band decrease suggesting that the protein was stabilized
in some way. The novel retinal regeneration behavior of N55K in bicelles may be associated with
the clinical phenotype of sectorial RP 79,191. Compared with the t 1/2 of retinal release in the Meta
II decay process, the bicelles not only decrased the t 1/2 of retinal regeneration of WT, G90V and
N55K, but also speeded up the retinal release during the Meta II decay process (Figure 4.6 and
4.7). Hydroxylamine addition, after Meta II decay, was used to confirm complete retinal release.
No changes were detected for WT and G90V in DM after hydroxylamine addition, whereas a
novel behavior could be observed in bicelles, WT and G90V showed additional increase of Trp
fluorescence emission indicating that after Meta II decay some retinal was still present in the
binding pocket of WT bicelles and G90V bicelles (Figure 4.7)

31

. On the other hand, N55K did not

show increase in fluorescence intensity either in DM or in bicelles environment. This result was
in contrast with the previous study in which N55K was dissolved in PBS (pH 7.4) containing
0.05% DM

79

. This previous study showed that hydroxylamine did cause an increase in the
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fluorescence signal of N55K highlighting the importance of buffer conditions on the
fluorescence spectroscopic behavior. In addition, different fluorescence intensity was observed
between DM and bicelles likely due to the background fluorescence contribution of the
DMPC/DHPC bicelles (Figure 4.7).
After Meta II decay, 9-cis-retinal was added to test the retinal entrance to the opsin binding
pocket. Bicelles could help stabilizing WT and G90V opsins obtained by Meta II complete decay
(Figure 4.9 and 4.10). The results indicated that the exogenously added retinal chromophore
could enter the binding pocket thus quenching Trp fluorescence, and that bicelles preserved the
opsin stability allowing retinal binding after illumination

70

. N55K opsin did not show any

change either in DM or in bicelles suggesting that the accessibility to the binding pocket of
N55K opsin had been impaired due to the mutation
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which is in agreement with the

regeneration result (Figure 4.9 and 4.10). This unique N55K behavior may provide new clues
that would guide us in deciphering the molecular mechanism of sector RP. Compared to the
occluded structure of N55K, the G90V mutant appears to have a more open structure with a
more accessible binding pocket that could explain its retinal binding capacity both in DM and in
bicelles.
In DDHA-PC liposomes environment, the purified WT rhodopsin, and the G90V and N55K
mutants, regenerated with 11-cis-retinal, were studied the properties compared with those in DM
detergent 70,79. Interestingly, the UV-Vis spectral behavior of WT, G90V and N55K in DDHA-PC
liposomes (Figure 4.14) were similar to that in DMPC/DHPC bicelles which can be correlated
with the bilayer conformation 118,121. WT liposomes also showed presumed tetrameric state character
which was also observed in WT bicelles . Thermal stability at 48ºC in DDHA-PC liposomes
increased for both WT and G90V thus prolonging the t 1/2 of the thermal decay curves (Figure
4.16) 70. Therefore, both bilayer systems of DMPC/DHPC bicelles and DDHA-PC liposomes can
protect the molecular structure of WT and G90V regenerated with 9-cis-retinal as well as with
11-cis-retinal. At 48ºC, DDHA-PC liposomes did not increase the thermal stability of N55K
compared to DM control. At a later stage of the N55K thermal decay process, N55K liposomes
appeared to provide higher stability suggesting that DDHA-PC liposomes efficiently protected
the N55K opsin structure. The temperature used for the thermal stability studies, 37ºC, was
chosen because rhodopsin mutants showed thermal sensitive character which prevents their study
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at higher temperatures.
WT, G90V and N55K revealed faster retinal release kinetics, from Meta II decay assays, in
DDHA-PC liposomes than in DM detergent (Figure 4.17). This performance in liposomes was
consistent with the behavior of WT rhodopsin and the mutants in DMPC/DHPC bicelles. Both
states of DMPC/DHPC bicelles and DDHAPC liposomes accelerated retinal release in
experiments. This performance may be associated with the specific interactions between DHA
and rhodopsin

130,131

. Accordingly, the DDHA-PC liposomes helped WT and G90V opsins,

produced upon Meta II decay, bind more retinal by stabilizing opsin and preserving its correctly
folded (ligand-binding) conformation. Gt activation was carried out in order to detect the
functionality of WT rhodopsin, G90V and N55K mutants (Figure 4.19 and 4.21). DDHA-PC
liposomes decreased the Gt activation capacity of rhodopsin WT, and particularly the mutants
confirming that liposomes formation may interfere with Gt activation possibly due to the
non-productive orientation of rhodopsin reconstituted in liposomes
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. Considering this

drawback in liposomes formation, DDHA-PC lipids can be used to form other artificial
membranes types such as bicelles to circumvent the orientation problem 35,121,168.
The interaction between rhodopsin and visual arrestin R175E was studied by a pulling down
assay (Figure 4.24) and by Meta II decay assay (Figure 4.25) showing that arrestin R175E could
bind with activated rhodopsin (Meta II) and inhibit retinal release. The rhodopsin-arrestin
interaction probably regulates the level of free retinal in the rod cell and control formation of
damaging oxidative retinal adducts under light conditions

139

. It would be interesting to

investigate other specific features of the complex formed between rhodopsin mutants and
arrestin R175E for a deeper knowledge of the RP molecular mechanisms 176,177.
In AD, the accumulation of neurofibrillary tangles and cholinergic deficiency are the two
prominent features

80,84

. The interaction between tau protein composing neurofibrillary tangles

and the M3R WT has been previously described. The study of mutations at the EC domain of the
M3R receptor can provide novel clues on the role of the M3R-tau interaction in the molecular
mechanism causing AD. This study may help in understanding how the interaction between
neurofibrillary tangles associated with tau and mAChRs may contribute to the pathophysiology
and cognitive impairment in AD 80,83,192.
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The WB analysis of M3R WT and M3R mutants coexpressed with tau (Figure 4.28) indicated
that the M3R mutants displayed different expression yields and molecular bands indicating that
the overexpressed tau affected the expression of M3R and mutants. Immunofluorescence
analysis was carried out to obtain more clues on the interaction between tau and M3R mutants
(Figure 4.29), particularly on the trafficking alterations and cell localization of the two
interacting proteins. The coexpression of tau and M3R WT and mutants caused the mislocation
of tau and/or M3R (WT and mutants). The tau mislocalization may be associated to the
phosphorylated/ hyperphosphorylated states by disturbing the homeostasis among microtubule
and tau. This may correspond to a signaling intermediate complex that would trigger β-amyloid
initation and the eventual synaptic dysfunction found early in AD pathogenesis

140,180,182–184,188

.

The M3R mutants mislocalization indicated that the membrane protein trafficking was affected,
directly or indirectly, by tau overexpression in agreement with the known interaction of M3R
with EC tau

144,185,186

. In this thesis, the specific sites N132, D518 and K523 at the EC site of

M3R had important effects on the tau-M3R interaction suggesting that they may be involved in
the physical interacting site.
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6. CONCLUSIONS
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The structural and folding properties of WT rhodopsin, and RP mutants, were analyzed in
artificial DMPC/DHPC bicelles and DDHA-PC liposomes separately, using biochemical and
biophysical approaches.
Properties of WT, and G90V and N55K mutants, regenerated with 9-cis-retinal in
DMPC/DHPC bicelles


DMPC/DHPC bicelles provide an artificial membrane environment for rhodopsin and G90V
and N55K mutants being more stable than the DM environment.



DMPC/DHPC bicelles increase the stability of the sector RP N55K mutant by showing an
obvious light desensitization effect compared with the behavior in DM detergent. The light
desensitization character of N55K in DMPC/DHPC bicelles may be associated with the
peculiar sector RP phenotype.



In DM environment, G90V and N55K mutants show increased opsin truncation which can
be associated with conformational instability. In contrast, electrophoretic analysis reveals
that DMPC/DHPC bicelles would decrease the amount of truncated opsin.



DMPC/DHPC bicelles stabilize the folded opsin conformation and provide higher thermal
stability for WT, G90V and N55K in the dark state at 37ºC. This means the bicelles provide
conformational stability and protect the SB linkage from hydrolysis.



In chromophore regeneration experiments, G90V shows a more stable structure in bicelles
that allows enhanced retinal entry into the binding pocket. On the other hand, N55K does
not have the capability of retinal regeneration under the same experimental conditions.



In the Meta II decay experiment, the retinal release processes of WT rhodopsin, and G90V
and N55K mutants, in DMPC/DHPC bicelles and DDHA-PC liposomes, are faster than in
DM detergent. Hydroxylamine addition, after Meta II complete decay, to WT and G90V in
bicelles could increase fluorescence intensity, suggesting that some retinal was still in the
binding pocket after Meta II decay.
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The WT bicelles and G90V bicelles opsins produced after Meta II decay could bind more
9-cis-retinal and 11-cis-retinal than in DM detergent. This is likely due to the stabilization
effect of the lipid bicelles on the opsin conformation. Contrarily, neither N55K DM nor
N55K bicelles could bind 9-cis-retinal or 11-cis-retinal after complete Meta II decay,
suggesting that the binding pocket of N55K opsin suffered a conformational change
impairing retinal entrance (possibly retaining isomerized retinal within the binding pocket).

Characterization of WT rhodopsin, and the G90V and N55K mutants, regenerated with
11-cis-retinal, in DDHA-PC liposomes


DDHA-PC liposomes are a stable and effective lipid system to preserve WT and mutants
structural features. Rhodopsin in DDHA-PC liposomes apparently shows higher oligomeric
conformational states than in DM detergent.



DDHA-PC liposomes increase WT, G90V thermal stability, at 48ºC, by delaying protein
denaturation and protecting the protonated SB. N55K liposomes does not show an increase in
t 1/2 compared to N55K DM . However, at later stage N55K liposomes appears to be more stable
than N55K DM .



DDHA-PC liposomes could accelerate the retinal release from the binding pocket of WT,
G90V and N55K mutants (upon Meta II state) compared with the samples in DM detergent.



WT opsin, obtained from the Meta II decay, could bind the exogenously retinal in DDHA-PC
liposomes. Both G90V DM and G90V liposomes showed a decrease in the Trp fluorescence
signal after exogenous retinal was added. A deeper decrease signal is detected in
G90V liposomes indicating higher retinal binding capacity in the liposomes condition. On the
contrary, N55K Meta II decay opsin could not incorporate the added retinal neither in DM
nor in DDHA-PC liposomes.



WT, G90V and N55K in DDHA-PC liposomes show low Gt activation possibly due to
different protein orientations in liposomes.

Mechanism of GPCRs interaction with other proteins
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Arrestin R175E not only binds and stabilizes the Meta II state of rhodopsin, but also slows
down the retinal release from the binding pocket of rhodopsin. The interaction between
arrestin R175E and rhodopsin mutants associated with RP can be the objective of future
studies.



Tau protein and M3R WT and mutants are coexpressed in HEK293T cells. M3R WT and
mutants N132G and D518N change the locations of tau from the cytoplasm to the membrane.
M3R mutants D518K and K523Q are mislocalized to the cytoplasm (and not to the
membrane) upon coexpression with tau protein. The location changes observed could be
explained by the specific interactions between tau and M3R mutants. The mutation sites may
contribute to the binding/recognition of tau on M3R and play a role in the pathophysiology
of AD.
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Buffers List
3.3.1.1 Competent cells preparation


100 mM CaCl 2 solution, autoclaved and kept at 4ºC until use.



100 mM CaCl 2 containing 20% of glycerol solution, autoclaved and kept at 4ºC until use.

3.3.1.2 Ultra-competent cells preparation


SOB solution: 0.5% yeast extract, 2% tryptone, 10 mM NaCl, 2.5 mM KCl, 10 mM MgCl 2 ,
10 mM MgSO 4 dissolved in milliQ water. It was autoclaved to sterilize and kept at 4ºC.



TB solution: 10 mM PIPES, 15 mM CaCl 2 and 250 mM KCl. Then dissolved in milliQ
water and adjust pH to 6.7 with KOH or HCl and then add 55 mM MnCl 2 , dissolved in
milliQ water. It was sterilized by filtration with 0.45 µm filter and kept at 4ºC.

3.3.1.3 DNA transformation


2YT medium: 1.6 g Tryptone, 1.0 g Yeast Extract, 0.5 g NaCl, adjust pH to 7.2 in 100 ml
ddH 2 O and autoclaved.



LB medium: 1.0 g Tryptone, 0.5 g Yeast Extract, 0.05 g NaCl, pH 7.2 in 100 ml ddH 2 O and
autoclaved.

3.3.2.1 DNA Maxi-prep purification


Resuspension buffer (R3): 50 mM Tris-HCl, 10 mM EDTA, pH 8.0.



Lysis buffer (L7): 0.2 M NaOH, and 1% (w/v) SDS.



Precipitation buffer (N3): 3.1 M potassium acetate, pH 5.5.



Equilibration buffer (EQ1): 0.1 M sodium acetate with pH 5.0, 0.6 M NaCl, and 0.15% (v/v)
TritonX-100.



Wash buffer (W8): 0.1 M sodium acetate with pH 5.0 and 825 mM NaCl.



Elution buffer (E4): 100 mM Tris-HCl, pH 8.5 and 1.25 M NaCl

3.3.2.2 DNA agarose gel electrophoresis
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TAE buffer (10x): 48.4 g Tris Base, 7.44 g EDTA dissolved in 800 ml ddH 2 O, 11.42 ml
CH 3 COOH was added and homogenized. Add more ddH 2 O to 1 L.



EB buffer: 2 µl EB dissolved in 100 ml 1x TAE buffer.

3.4.1 Coupling 1D4 antibody to sepharose beads


1 mM HCl (pH 2~3): 41.6 µl of 12 M/37% HCl dissolved in 500 ml ddH 2 O, adjust pH 2~3.



Coupling buffer: 0.1 M NaHCO 3 pH 8.3 containing 0.5 M NaCl.



Beads storage buffer: 2 mM Na 2 PO 4 (pH 6.0) with 0.004% (w/v) NaN 3 .

3.4.2 Purification of Rho WT and G90V, N55K mutants from mammalian cells


Solvent buffer (DDHA-PC liposomes study (3.5.2)): 137 mM NaCl, 2.7 mM KCl, 1.5 mM
KH 2 PO 4 , and 8 mM Na 2 HPO 4 , pH 7.4.



Solvent buffer (DMPC/DHPC bicelles study (3.5.2)): solvent buffer was also named as
Bicelles buffer A: 10 mM BTP, 140 mM NaCl, 2 mM MgCl 2 , 2 mM CaCl 2 , pH 6.0.



Washing buffer: solvent buffer with 0.05% (w/v) DM.



Elution buffer: washing buffer with 100 µM 1D4 9-mer peptide.

3.4.4 Extraction of G protein transducin (Gt) from bovine retina


Tris buffer A: 20 mM Tris, pH 7.4, 1 mM CaCl 2 , 2 mM DTT.



Tris buffer C: 10 mM Tris, pH 7.4, 100 mM NaCl, 5 mM MgCl 2 , 2 mM DTT.



Tris buffer D: 10 mM Tris, pH 7.4, 0.1 mM EDTA, 2 mM DTT.



Tris buffer E: 20 mM Tris, pH 7.5, 100 mM NaCl, 50% glycerol, 5 mM DTT and 5 mM
MgCl 2 .



47% sucrose: 117.5 g sucrose in 250 ml Tris buffer A.



30% sucrose: 75 g sucrose in 250 ml Tris buffer A.



25% sucrose: 62.5 g sucrose in 250 ml Tris buffer A.

0.1 mM PMSF was added in all the buffers before used.
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3.5.1 DMPC/DHPC bicelles preparations


Bicelles buffer A: 10 mM BTP, 140 mM NaCl, 2 mM MgCl 2 , 2 mM CaCl 2 , pH 6.0.



Buffer A containing 0.05% (w/v) DM was used as a DM-buffer A control buffer.



Buffer A containing 2% (w/v) DMPC/DHPC bicelles was prepared as the description above.

The bicelles buffer A was used in all the experiments associated with DMPC/DHPC bicelles.
3.5.2 DDHA-PC liposomes preparation and protein insertion


During the DDHA-PC liposomes preparation process, the solvent buffer (see section 3.4.2)
was used and all the experiments involving DDHA-PC liposomes.



DM detergent buffer: solvent buffer containing 0.05% (w/v) DM.



DDHA-PC liposomes buffer: solvent buffer containing 0.375 mM DDHA-PC liposomes
with 0.5 µM WT rhodopsin or mutants, which would be 750:1, as per the above description.

3.6.4.1 SDS-PAGE and Coomassie blue staining


4x protein loading buffer: 0.0625 M Tris, 2% SDS, 10% Glycerol, 0.4 M DTT, 0.1% Blue
Bromophenol dissolved in ddH 2 O.



1x TGS buffer: 3 g Tris, 14.4 g Glycine, 1 g SDS pH 8.3, up to 1 L with ddH 2 O.



Coomassie brilliant blue buffer: 10% (v/v) MetOH, 10% (v/v) AcOH and 0.025% (w/v)
Coomassie-G.



Coomassie destain buffer: 400 ml Methanol, 100 ml Glacial Acetic Acid dissolved in 1 L
ddH 2 O.

3.6.4.2 Blue Native PAGE (BN-PAGE)


Loading buffer: 5% glycerol and 0.01% Ponceau Red.



Running buffer: the gel running buffer is 50 mM Tricine, 15 mM Bis-Tris and 0.02%
Coomassie blue G with pH 7.0.

3.6.5 WB
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TBS buffer: 8.7 g NaCl, 1.21 g Tris, 0.4 ml HCl in 1L ddH 2 O, pH 8.0.



TTBS buffer: 1 ml Tween 20 dissolved in 1L TBS solution.

3.6.6 Arrestin R175E purification by Bio-scale mini profinity cartridges


Arrestin buffer: 10 mM MOPS pH 7.2 containing 50 mM NaCl and 0.1 mM PMSF and
protease inhibitor (filtered before use).



Arrestin elution buffer: Arrestin buffer containing 0.1 M NaF.

3.6.10 Lowry protein assay


Lowry solution A (10 ml): 0.1 M NaOH (40 mg) and 0.2 g Na 2 CO 3 dissolved in 10 ml
ddH 2 O



Lowry solution B (10 ml): 0.1 g potassium sodium tartrate tetrahydrate and 50 mg CuSO 4
dissolved in 10 ml ddH 2 O. CuSO 4 was dissolved first to avoid any aggregation.
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MAPT(Tau) gene sequence
Human MAPT / Tau transcript variant 4 natural ORF mammalian expression plasmid
(HG10058-UT)
Red font is gene. ggtacc is KpnI. tctaga is XbaI. Black letters on blue is stop codon
gacggatcgggagatctcccgatcccctatggtgcactctcagtacaatctgctctgatgccgcatagttaagc
cagtatctgctccctgcttgtgtgttggaggtcgctgagtagtgcgcgagcaaaatttaagctacaacaaggca
aggcttgaccgacaattgcatgaagaatctgcttagggttaggcgttttgcgctgcttcgcgagtacatttata
ttggctcatgtccaatatgaccgccatgttgacattgattattgactagttattaatagtaatcaattacgggg
tcattagttcatagcccatatatggagttccgcgttacataacttacggtaaatggcccgcctggctgaccgcc
caacgacccccgcccattgacgtcaataatgacgtatgttcccatagtaacgccaatagggactttccattgac
gtcaatgggtggagtatttacggtaaactgcccacttggcagtacatcaagtgtatcatatgccaagtccgccc
cctattgacgtcaatgacggtaaatggcccgcctggcattatgcccagtacatgaccttacgggactttcctac
ttggcagtacatctacgtattagtcatcgctattaccatggtgatgcggttttggcagtacaccaatgggcgtg
gatagcggtttgactcacggggatttccaagtctccaccccattgacgtcaatgggagtttgttttggcaccaa
aatcaacgggactttccaaaatgtcgtaataaccccgccccgttgacgcaaatgggcggtaggcgtgtacggtg
ggaggtctatataagcagagctcgtttagtgaaccgtcagatcctcactctcttccgcatcgctgtctgcgagg
gccagctgttgggctcgcggttgaggacaaactcttcgcggtctttccagtactcttggatcggaaacccgtcg
gcctccgaacggtactccgccaccgagggacctgagcgagtccgcatcgaccggatcggaaaacctctcgagaa
aggcgtctaaccagtcacagtcgcaaggtaggctgagcaccgtggcgggcggcagcgggtggcggtcggggttg
tttctggcggaggtgctgctgatgatgtaattaaagtaggcggtcttgagacggcggatggtcgaggtgaggtg
tgggtttagtgaaccgtcagatcctcactctcttccgcatcgctgtctgcgagggccagctgtcaggcttgaga
tccagctgttggggtgagtactccctctcaaaagcgggcattacttctgcgctaagattgtcagtttccaaaaa
cgaggaggatttgatattcacctggcccgatctggccatacacttgagtgacaatgacatccactttgcctttc
tctccacaggtgtccactcccaggtccaagtttaaactttaatacgactcactataggggccgccaccaagctt
ggtacc
ATGGCTGAGCCCCGCCAGGAGTTCGAAGTGATGGAAGATCACGCTGGGACGTACGGGTTGGGGGACAGGAAAGA
TCAGGGGGGCTACACCATGCACCAAGACCAAGAGGGTGACACGGACGCTGGCCTGAAAGCTGAAGAAGCAGGCA
TTGGAGACACCCCCAGCCTGGAAGACGAAGCTGCTGGTCACGTGACCCAAGCTCGCATGGTCAGTAAAAGCAAA
GACGGGACTGGAAGCGATGACAAAAAAGCCAAGGGGGCTGATGGTAAAACGAAGATCGCCACACCGCGGGGAGC
AGCCCCTCCAGGCCAGAAGGGCCAGGCCAACGCCACCAGGATTCCAGCAAAAACCCCGCCCGCTCCAAAGACAC
CACCCAGCTCTGGTGAACCTCCAAAATCAGGGGATCGCAGCGGCTACAGCAGCCCCGGCTCCCCAGGCACTCCC
GGCAGCCGCTCCCGCACCCCGTCCCTTCCAACCCCACCCACCCGGGAGCCCAAGAAGGTGGCAGTGGTCCGTAC
TCCACCCAAGTCGCCGTCTTCCGCCAAGAGCCGCCTGCAGACAGCCCCCGTGCCCATGCCAGACCTGAAGAATG
TCAAGTCCAAGATCGGCTCCACTGAGAACCTGAAGCACCAGCCGGGAGGCGGGAAGGTGCAAATAGTCTACAAA
CCAGTTGACCTGAGCAAGGTGACCTCCAAGTGTGGCTCATTAGGCAACATCCATCATAAACCAGGAGGTGGCCA
GGTGGAAGTAAAATCTGAGAAGCTTGACTTCAAGGACAGAGTCCAGTCGAAGATTGGGTCCCTGGACAATATCA
CCCACGTCCCTGGCGGAGGAAATAAAAAGATTGAAACCCACAAGCTGACCTTCCGCGAGAACGCCAAAGCCAAG
ACAGACCACGGGGCGGAGATCGTGTACAAGTCGCCAGTGGTGTCTGGGGACACGTCTCCACGGCATCTCAGCAA
TGTCTCCTCCACCGGCAGCATCGACATGGTAGACTCGCCCCAGCTCGCCACGCTAGCTGACGAGGTGTCTGCCT
CCCTGGCCAAGCAGGGTTTGTAAactcgagtctagagcggccgccgaattcgggcccgtttaaacccgctgatc
agcctcgactgtgccttctagttgccagccatctgttgtttgcccctcccccgtgccttccttgaccctggaag
gtgccactcccactgtcctttcctaataaaatgaggaaattgcatcgcattgtctgagtaggtgtcattctatt
ctggggggtggggtggggcaggacagcaagggggaggattgggaagacaatagcaggcatgctggggatgcggt
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gggctctatggcttctgaggcggaaagaaccagctggggctctagggggtatccccacgcgccctgtagcggcg
cattaagcgcggcgggtgtggtggttacgcgcagcgtgaccgctacacttgccagcgccctagcgcccgctcct
ttcgctttcttcccttcctttctcgccacgttcgcaggctttccccgtcaagctctaaatcgggggctcccttt
agggttccgatttagtgctttacggcacctcgaccccaaaaaacttgattagggtgatggttcacgtagtgggc
catcgccctgatagacggtttttcgccctttgacgttggagtccacgttctttaatagtggactcttgttccaa
actggaacaacactcaaccctatctcggtctattcttttgatttataagggattttgccgatttcggcctattg
gttaaaaaatgagctgatttaacaaaaatttaacgcgaattaattctgtggaatgtgtgtcagttagggtgtgg
aaagtccccaggctccccagcaggcagaagtatgcaaagcatgcatctcaattagtcagcaaccaggtgtggaa
agtccccaggctccccagcaggcagaagtatgcaaagcatgcatctcaattagtcagcaaccatagtcccgccc
ctaactccgcccatcccgcccctaactccgcccagttccgcccattctccgccccatggctgactaattttttt
tatttatgcagaggccgaggccgcctctgcctctgagctattccagaagtagtgaggaggcttttttggaggcc
taggcttttgcaaaaagctctcgggagcttgtatatccattttcggatctgatcagcacgtgatgaaaaagcct
gaactcaccgcgacgtctgtcgagaagtttctgatcgaaaagttcgacagcgtctccgacctgatgcagctctc
ggagggcgaagaatctcgtgctttcagcttcgatgtaggagggcgtggatatgtcctgcgggtaaatagctgcg
ccgatggtttctacaaagatcgttatgtttatcggcactttgcatcggccgcgctcccgattccggaagtgctt
gacattggggaattcagcgagagcctgacctattgcatctcccgccgtgcacagggtgtcacgttgcaagacct
gcctgaaaccgaactgcccgctgttctgcagccggtcgcggaggccatggatgcgatcgctgcggccgatctta
gccagacgagcgggttcggcccattcggaccgcaaggaatcggtcaatacactacatggcgtgatttcatatgc
gcgattgctgatccccatgtgtatcactggcaaactgtgatggacgacaccgtcagtgcgtccgtcgcgcaggc
tctcgatgagctgatgctttgggccgaggactgccccgaagtccggcacctcgtgcacgcggatttcggctcca
acaatgtcctgacggacaatggccgcataacagcggtcattgactggagcgaggcgatgttcggggattcccaa
tacgaggtcgccaacatcttcttctggaggccgtggttggcttgtatggagcagcagacgcgctacttcgagcg
gaggcatccggagcttgcaggatcgccgcggctccgggcgtatatgctccgcattggtcttgaccaactctatc
agagcttggttgacggcaatttcgatgatgcagcttgggcgcagggtcgatgcgacgcaatcgtccgatccgga
gccgggactgtcgggcgtacacaaatcgcccgcagaagcgcggccgtctggaccgatggctgtgtagaagtact
cgccgatagtggaaaccgacgccccagcactcgtccgagggcaaaggaatagcacgtgctacgagatttcgatt
ccaccgccgccttctatgaaaggttgggcttcggaatcgttttccgggacgctggctggatgatcctccagcgc
ggggatctcatgctggagttcttcgcccaccccaacttgtttattgcagcttataatggttacaaataaagcaa
tagcatcacaaatttcacaaataaagcatttttttcactgcattctagttgtggtttgtccaaactcatcaatg
tatcttatcatgtctgtataccgtcgacctctagctagagcttggcgtaatcatggtcatagctgtttcctgtg
tgaaattgttatccgctcacaattccacacaacatacgagccggaagcataaagtgtaaagcctggggtgccta
atgagtgagctaactcacattaattgcgttgcgctcactgcccgctttccagtcgggaaacctgtcgtgccagc
tgcattaatgaatcggccaacgcgcggggagaggcggtttgcgtattgggcgctcttccgcttcctcgctcact
gactcgctgcgctcggtcgttcggctgcggcgagcggtatcagctcactcaaaggcggtaatacggttatccac
agaatcaggggataacgcaggaaagaacatgtgagcaaaaggccagcaaaaggccaggaaccgtaaaaaggccg
cgttgctggcgtttttccataggctccgcccccctgacgagcatcacaaaaatcgacgctcaagtcagaggtgg
cgaaacccgacaggactataaagataccaggcgtttccccctggaagctccctcgtgcgctctcctgttccgac
cctgccgcttaccggatacctgtccgcctttctcccttcgggaagcgtggcgctttctcatagctcacgctgta
ggtatctcagttcggtgtaggtcgttcgctccaagctgggctgtgtgcacgaaccccccgttcagcccgaccgc
tgcgccttatccggtaactatcgtcttgagtccaacccggtaagacacgacttatcgccactggcagcagccac
tggtaacaggattagcagagcgaggtatgtaggcggtgctacagagttcttgaagtggtggcctaactacggct
acactagaagaacagtatttggtatctgcgctctgctgaagccagttaccttcggaaaaagagttggtagctct
tgatccggcaaacaaaccaccgctggtagcggtggtttttttgtttgcaagcagcagattacgcgcagaaaaaa
aggatctcaagaagatcctttgatcttttctacggggtctgagcgcggaacccctatttgtttatttttctaaa
tacattcaaatatgtatccgctcatgaattaattcttagaaaaactcatcgagcatcaaatgaaactgcaattt
168

attcatatcaggattatcaataccatatttttgaaaaagccgtttctgtaatgaaggagaaaactcaccgaggc
agttccataggatggcaagatcctggtatcggtctgcgattccgactcgtccaacatcaatacaacctattaat
ttcccctcgtcaaaaataaggttatcaagtgagaaatcaccatgagtgacgactgaatccggtgagaatggcaa
aagtttatgcatttctttccagacttgttcaacaggccagccattacgctcgtcatcaaaatcactcgcatcaa
ccaaaccgttattcattcgtgattgcgcctgagcgagacgaaatacgcgatcgctgttaaaaggacaattacaa
acaggaatcgaatgcaaccggcgcaggaacactgccagcgcatcaacaatattttcacctgaatcaggatattc
ttctaatacctggaatgctgttttcccagggatcgcagtggtgagtaaccatgcatcatcaggagtacggataa
aatgcttgatggtcggaagaggcataaattccgtcagccagtttagtctgaccatctcatctgtaacatcattg
gcaacgctacctttgccatgtttcagaaacaactctggcgcatcgggcttcccatacaatcgatagattgtcgc
acctgattgcccgacattatcgcgagcccatttatacccatataaatcagcatccatgttggaatttaatcgcg
gcctagagcaagacgtttcccgttgaatatggctcataacaccccttgtattactgtttatgtaagcagacagt
tttattgttcatgaccaaaatcccttaacgtgagttttcgttccactgagcgtcagaccccgtagaaatccgcg
cacatttccccgaaaagtgccacctgacgtc
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