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Abstract

G protein-coupled receptors (GPCRs) are an important class of membrane proteins.
GPCRs are involved in important physiological processes such as homeostasis, in-
flammatory responses and cancer, therefore, they increasingly gained interests from
drug companies. GPCRs are composed of seven transmembrane helices, with the
N-terminus on the extracellular and the C-terminus on the intracellular side. A con-
formational change is induced upon ligand binding resulting in signal transduction
across cell membranes.

So far, little is known about GPCRs and their ligand interaction due to the challenges
in producing functional receptors and their further stabilisations. Even though it is
agreed that dynamics play an important role for the GPCRs and their interactions and
activations upon ligand binding, most of the solved structure are from crystallisation.
However, this technique just shows static conformations. In contrast, Nuclear mag-
netic resonance (NMR) spectroscopy could give complementary insights to crystal-
lography data such as ligand-receptor interactions and its influence on the dynam-
ics of GPCRs. However, for NMR spectroscopy, high amounts of functionally active
receptors are needed, which have to be grown in an expression system suitable to
introduce NMR-active isotopes applicable for multi-dimensional NMR spectroscopy
measurements.

Here, the corticotropin-releasing factor 25 (CRFzBR), a member of the secretin fam-
ily of the GPCR, has been chosen as a model system for NMR spectroscopy mea-

surements due to its role in the stress induced endocrine-responses in the human
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body. However, as discussed above, a prerequisite for NMR spectroscopy is a purifi-
cation protocol that yields a functional receptor in the mg range. Here, a purifica-
tion protocol has been established for the CRF,;R expressed in E.coli. The receptor
has been solubilised from E.coli membranes in a whole cell extraction, either with
the detergents n-dodecyl 5-D-maltopyranoside (DDM)/n-tetradecylphosphocholine
(FC14) or DDM alone. The receptor has been purified further using immobilised
metal ion affinity chromatography (IMAC) in the presence of the detergent DDM.

To separate folded receptor from its unfolded form, a ligand-affinity chromatogra-
phy has been developed. The antagonist of CRF,4R, astressin, which binds to the
N-terminus of the CRF receptors, has been used as the ligand for the affinity chro-
matography. It has been bound to a resin via a biotin-streptavidin interaction. A pro-
tocol for the astressin-affinity chromatography has been established using the extra-
cellular domain (ECD) of the CRF,4R, since its purification protocol is known and its
NMR-derived structure has been published in 2004. The fold of the eluted ECD has
been verified with a [°N, 'H]-HSQC, which is a NMR-based fingerprint of the struc-
ture. Additionally, the ability of the eluted ECD to bind its antagonist astressin has
been confirmed via NMR spectroscopy.

The final purification protocol for the CRF,R yields about 0.5 mg active receptor per
litre of bacteria culture. The activity of the CRF,4R has been verified with a radioactive
ligand binding assay achieving a binding activity of 11 nm.

For NMR spectroscopy measurements, an expression protocol has been established
to express the receptor °N-labelled in minimal media. A NMR spectrum has been
recorded in the detergent FC14.

A purification protocol for a soluble isomer of the CRF,R family (sCRF, R) has also
been developed. The sample has been purified using IMAC and astressin-affinity
chromatography. However, folded and unfolded soluble receptor eluted simultane-
ously from the astressin-affinity column.

A ligand for GPCRs can also be another membrane protein. This is the case for the

GPCR sphingosine-1-phosphate receptor 2 (S1PR2). Its binding partner is the mem-
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brane protein Nogo-A. Nogo-A is found in the myelin sheaths of axons and is re-
sponsible for the inhibition of axons regrowth. The specific segment important for
binding to S1PR2 has been elucidated via biochemical methods. This segment has
been termed Nogo-A-A20. Nogo-A-A20 is an intrinsically disordered part (IDP) of
the Nogo-A. To investigate the interaction between Nogo-A-A20 and the extracellu-
lar loops (ECL) of the S1PR2, first, 3D NMR spectroscopy measurements were per-
formed on the protein for sequential assignment. 75 % of the amino acid residues
were achieved to be assigned. Secondary structure analysis was performed on the
assigned Nogo-A-A20 confirming its intrinsically disordered structure, which is in-
dependent on pH or temperature. The hypothesis that the extracellular loops of the
S1PR2 bind to the Nogo-A-A20 segment could not be confirmed using NMR spec-

troscopy measurements.
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Zusammenfassung

G-Protein-gekoppelte Rezeptoren (englisch: G protein-coupled receptors, GPCRs) bil-
den eine der wichtigsten und mit iiber 1000 Rezeptoren eine der grossten Proteinsu-
perfamilie. GPCRs beeinflussen wichtige physiologische Prozesse, wie zum Beispiel
die Homeostasis, endokrinische Reaktionen induziert durch Entziindingen oder Krebs.
Aus diesem Grund erhalten GPCRs eine hohe Aufmerksamkeit in Arztneimittelfor-
schungen. GPCRs besitzen sieben Transmembranhelices, wobei der N-Terminus im
extracelluldren und der C-Terminus im intracelluldren Bereich einer Zelle liegt. Sobald
ein Ligand an ein GPCR bindet, induziert dieser eine strukturelle Verdnderung im
GPCR, welche schlussendlich eine Signaliibertragung durch die Membrane auslost.
Es ist immer noch sehr wenig iiber GPCRs bekannt und ihre Interaktionen mit Lig-
anden. Dies liegt hauptsdchlich an der Schwierigkeit, funktionelle Rezeptoren her-
zustellen und sie zu stabilisieren. Die meisten Strukturen wurden aus Kristallen, die
in inaktiver Konformation kristallisiert wurden, ermittelt. Doch zeigen diese nur eine
Momentaufnahme von den vielen strukturellen Konformationen eines GPCRs, in einer
zudem noch sehr unnatiirlichen Umgebung. Man ist sich jedoch einig, dass die Dy-
namik der GPCRs fiir deren Aktivierung durch Liganden eine wichtige Rolle spielt.
Kernspinresonanz (englisch nuclear magnetic resonance, NMR) kénnte hier wichtige
Informationen beziiglich der Liganden-Rezeptoren Wechselwirkungen und deren Aus-
wirkung auf die Dynamik der GPCRs liefern. Fiir diese Methode wird allerdings eine
grosse Menge an funktionellen Rezeptor benétigt. Zusidtzlich muss der Rezeptor in

einem Expressionssystem produziert werden, in welchem der Rezeptor mit NMR ak-



tiven Isotopen expremiert werden kann.

Corticotropin Releasing Faktor 23 Rezeptor (CRF,;3R), welches ein Mitglied der Se-
cretin Familie der GPCRs ist, wurde wegen seiner Bedeutung in der durch Stress in-
duzierten endokrinischen Reaktionen fiir diese Arbeit gewdhlt. Wie jedoch erwdhnt
wurde, ist die Etablierung eines Protokolls fiir die Herstellung eines funktionellen
Rezeptors in mg-Bereich Vorraussetzung fiir NMR-basierte strukturelle Studien. Ein
solches Protokoll wurde fiir die Proteinaufreinigung von CRF, 4R in dieser Arbeit etab-
liert. Der Rezeptor wurde dazu mit einer 'whole cell extraction’ aus E.coli-Membranen
solubilisiert. Fiir die Extraktion wurde entweder eine Mischung aus n-Dodecyl-3-
D-maltopyranosid (DDM)/Tetradecylphosphocholin (FC14) Detergenzien oder DDM
alleine verwendet. Anschliessend wurde der Rezeptor in DDM mit einer immobilisier-
ten-Metallionen-Affinitdtschromatographie (IMAC) aufgereinigt. Funktioneller Rezep-
tor wurde vom Nicht-Funktionellen mit einer Ligandenaffinitdtschromatographie ge-
trennt. Fir die Ligandenaffinitdtssdule wurde der Antagonist Astressin verwendet.
Dieser bindet zum N-Terminus des CRF Rezeptors. Astressin wurde mit einer Biotin-
Streptavidin Interaktion ans Resin gebunden.

Das Protokoll fiir die Astressinaffinititschromatographie wurde mit der ersten ex-
trazelluldaren Doméne (ECD) des CRF,4R etabliert. Deren Aufreinigungsprotokoll und
Struktur wurde im Jahr 2004 publiziert. Die richtige Faltung der eluierten ECD wurde
mittels ['°N, 'H]-HSQC NMR Spektroskopiemessung verifiziert, welches ein NMR-
basierter Fingerabdruck von der Struktur darstellt. Zusidtzlich wurde auch mittels
NMR Spektroskopie validiert, ob die eluierte ECD ihren Antagonisten Astressin binden
konnte.

Die Ausbeute der Aufreinigung von CRF,;R betrdgt ungefdhr 0.5 mg pro Liter Bakte-
rienkultur. Die Aktivitdt des Rezeptors wurde mit einem radioaktiven Ligandenbin-
dungstest bestdtigt. Die Bindungsaffinitat betrug 11 nm.

Isotopenmarkierter Rezeptor wurde mit einem neu etablierten Expressionsprotokoll
in Minimalmedium hergestellt. Ein NMR-Spektrum wurde im Detergenz FC14 aufge-

nomimen.
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Ebenfalls wurde ein Protokoll fiir die Aufreinigung eines l6slichen CRF,R Isoforms
(sCRF,_R) etabliert. Dieses Protein wurde gleichfalls mittels einer IMAC und Astressi-
naffinitdtschromatographie aufgereinigt. Jedoch konnte hier der gefaltete nicht vom
entfalteten Rezeptor getrennt werden, da beide gleichzeitig eluiert wurden.

Die Liganden fiir GPCRs konnen sehr verschiedenartig sein, wie zum Beispiel Pho-
tonen, kleine Molekiile, Hormone oder Lipide. Auch ein Membranprotein kann als
Bindungspartner fungieren, wie es fiir den Sphingosine-1-Phosphat-Rezeptor 2 (S1PR2)
der Fall ist. Der Ligand ist das Protein Nogo-A, welches in den lipidreichen Myelin-
membran eines Axons zu finden ist. Nogo-A ist dafiir verantwortlich, dass Nerven-
zellen nicht mehr zusammenwachsen, wenn sie einmal separiert wurden. Das Seg-
ment, welches spezifisch an S1PR2 bindet, wurde mit biochemischen Methoden er-
fasst. Dieses Segment wird Nogo-A-A20 genannt und ist ein intrinsisch ungeord-
neter Teil (IDP) des Nogo-As. In dieser Arbeit wurde isotopenmarkiertes Nogo-A-A20
produziert. Mit diesem wurden mehrere 3D NMR Spektren aufgenommen, um eine
Aminosdurenzuordnung durchzufiihren. 75 % der Aminoséduren konnten zugeordnet
werden. Damit konnte mit der sekundédren Proteinstrukturvorhersage das Nogo-A-
A20 als IDP bestitigt werden, auch bei verschiedenen pHs oder Temperaturen. Es
wurde vermutet, dass die extrazellulire Doménen (englisch extracellular loops, ECL)
vom S1PR2 sich bei der Interaktion mit dem Nogo-A-A20 beteiligen. Daher titrierte
man die ECLs zum markierten Nogo-A-A20 dazu. Die Hypothese, dass die ECLs des
S1PR2 fiir die Bindung an Nogo-A-A20 zustidndig sind, konnte mittels NMR Spek-

troskopie nicht bestéatigt werden.
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Chapter 1

Introduction

This chapter starts with a general overview on G protein-coupled receptor (GPCR)
membrane proteins and their importance for research in medicinal chemistry, fol-
lowing a discussion of the different structural features of the GPCR family and its
classifications. The next chapter emphasis especially on the corticotropin releasing
factor receptor (CRF R) belonging to the GPCR secretin family, and its ligands, the so
far solved structures and its importance in medicinal chemistry.

In addition, the membrane protein Nogo-A is discussed. Its disordered extracellular
segment Nogo-A-A20 binds the GPCR sphingosine 1-phosphate receptor 2 (S1PR2).
The introduction finishes with an overview about membrane proteins in nuclear mag-
netic resonance (NMR) spectroscopy, the importance of detergents and isotope la-

belling and the GPCR studied by NMR spectroscopy so far.

1.1 G Protein-Coupled Receptors

1.1.1 In Medicinal Chemistrty

The G protein-coupled receptors (GPCRs) are an important class of integral mem-

brane proteins, which has about 800 encoded genes in the human genome [1]. They
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control diverse biological functions in mammals such as neural, cardiovascular, im-
mune, and endocrine processes and are thought to be responsible for many patho-
logical diseases including physical and mental disorders such as cancer or depres-
sion [2-5]. Therefore, a lot of effort is put into elucidating the biological and structural
functions of GPCR and to understand how they transduce outer signals across mem-
branes into cells. The investigation of the interactions between GPCRs and ligands
might shed light into their mechanism and how and why dynamics are critical to the
functioning of GPCRs.

However, GPCRs are not only interesting from a structural point of view, but also for
pharmaceutical companies. Depending on the studies, about 25 % to 30 % of the clin-
ically approved drugs on the market target one or several GPCRs [6, 7]. In the studies
only drugs were included, whose molecular target is known in the human body. The
drugs targeting GPCRs can be very diverse and are used to treat e.g. hypertension (an-
giotensin receptor 1), pain and alcoholism and abuse of opioids (opioid receptors),

HIV (chemokine (C-C motif) receptor 5) or osteoporosis (parathyroid receptor) [8].

1.1.2 Sturctural Overview

Despite the importance of GPCRs, very little is known about their structures and their
structure-activity relationship. Only since 2000, crystal structures have been pub-
lished with that of rhodopsin being the first [9]. Since then, structures of 28 different
GPCRs have been published !, most of them being molecularly engineered to be in an
inactive state.

A GPCR is composed of seven a-helical transmembranes (TM) helices linked by in-
tracellular (IC) and extracellular (EC) loops, having the N-terminus on the EC and the
C-terminus on the IC side. The extracellular part of a GPCR modulates the access of
its ligand to the binding site by creating either a rather closed or open structure for

the ligand to penetrate. The transmembrane region is the structural core of a GPCR

http://blanco.biomol.uci.edu/mpstruc/
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to where the ligand binds. The ligand transduces the information to the intracellular

part through via conformational changes in the TM region [10].

Figure 1.1: Snake plot of the sequence of bovine rhodopsin highlighting the seven transmembrane
helices. It shows the disulphide bridge between ECL2 and TM3 (magenta filled boxes), which is con-
served throughout the GPCR family. The blue circle indicate the position of helix 8 in the rhodopsin
sequence. Two cysteines at the C-terminus are attached to the membrane via palmitoylation [10].

intra
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N-terminus

Figure 1.2: Crystal structure of bovine rhodopsin (PDB 1F88). It was the first crystal structure of
a GPCR solved in 2000 [9]. The 7 transmembrane helices including helix 8 are clearly visible in the
structure.

Intertransmembrane contacts, stabilising a GPCR, are mainly found in the central or
cytoplasmic side of the TM bundle. The intracellular part is the interface for the cy-
tosolic signalling. Additionally, the intracellular regions, especially the C-terminus,
can be extensively post-translational modified, which can influence receptor activity
and internalisation. At the extracellular site, a conserved disulphide bond near the
binding regions between ECL2 and TM3 limits the conformational plasticity of the
ECL2 and the conformational change near the disulphide bond upon ligand binding.
At the C-terminus, a short amphipathic helix (helix 8) with a palmitoylation site, is

present, which can be anchored to the membrane of a cell [10] (figure 1.2).
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1.1.3 Signalling

A GPCR transmits stimuli across cell membranes and thus transmits signals from the
extracellular to the intracellular environment of a cell. Its ligands bind from the ex-
tracellular side and convey conformational changes resulting in the activation of the
GPCR. This conformational activation increases the affinity for a heterotrimeric G-
protein, which consists of a «, , and « subunit [11]. Upon binding of a ligand to
its GPCR, a guanosine diphosphate (GDP) is released at the « subunit, which in turn
is replaced by a guanosine triphosphate (GTP). This exchange of GDP to GTP dissoci-
ates the heterotrimeric G-protein into a o subunit and a 5 complex. The dissociation
lasts until the GTP is again hydrolysed to a GDP and thus enabling the reassociation
of the subunits and the inactivation of the GPCR complex [11].

Four different heterotrimeric G-protein families exist (G, Gi, G, G12) based on the
primary sequence similarities of the « subunits [12]. While some GPCRs only bind
specifically to proteins of one G-protein family, others can interact with those of sev-
eral G-protein families [12]. The interactions between a GPCR and several G-proteins
result in a further complexity in the downstream signalling of the GPCRs.

The activated complexes may cause several downstream protein to generate a cellu-
lar response depending on the GPCR-G protein-complex. The activated intracellular
signals can be quite diverse and may include cAMP, cGMP, inositol phosphate, dia-
cylglycerol, arachidonic acid, and cytosolic ions [11]. The downstream signalling may
also activate phosphorylation enzymes, which may phosphorylate the intracellular
domains of the GPCRs. These phosphorylations enable the binding of arrestin pro-
teins. Binding of an arrestin internalises the GPCR and mediates endocytosis [13]. In
the endosomes, the arrestin-GPCR complex is either degraded via lysosomes or recy-
cled and trafficked back to the plasma membrane. However, this complex does not
only interrupt the signalling via internalisation, but it is also able to signal in a G-
protein independent manner suspected to regulate the GPCR trafficking [13].
Activation of a GPCR can be induced by a wide range of ligands, from a single photon

to ions, odorants, amino acids, fatty acids, neurotransmitters, peptides, and to prote-
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olytic enzymes, which are able to cleave receptor fragments generating an activating
ligand [14].

1.1.4 Classification and Residue Nomenclature

Kolakowski divided the family of GPCRs into the well-known A-F classification system
in 1994 including non G protein binding receptors classifying them as O (other) [15].
In 2001, Fredriksson et al. created an additional classification system of known and
predicted GPCRs according to their phylogenetic criteria, termed glutamate, rhodopsin,
adhesion, frizzled/taste2, and secretin family. The glutamate corresponds to the C
family, the rhodopsin to the A, the frizzled/taste2 to the F family. The adhesion and
secretin family belong in the first classification system to the family B [1]. The class D
and E are not found in any vertebrates 2.

To get comprehensive site-defined properties of different GPCRs, Ballesteros and We-
instein [16] developed a common numbering scheme as residue-nomeclature for the
rhodopsin family. The most conserved residue in each TM domain is taken as a ref-
erence residue and the number .50 is assigned to it. This arbitrarily assigned num-
ber is preceded by the TM helix number of the residue. The following and preceding
residues are numbered according to their position to the reference residue [16].
Wootten et al. used the same approach as the Ballesteros &Weinstein numbering
system, but for the secretin family. The numbering for the residue-nomenclature by
Wootten uses the most conserved residue in the secretin family [17] (figure 1.3).

From here on, the receptors belonging to the rihodopsin family are numbered accord-
ing to the Ballesteros & Weinstein residue nomenclature and its absolute numbers are
shown in superscript. All the receptors belonging to the secretin family are numbered
according to the Wootten numbering and its absolute numbering is also shown as

superscript after the residue.

2www.guidetopharmacology.org
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Snake plot of a sequence of a member of the secretin family, the mus musculus CRF,4R,

.

Figure 1.3

including the Wootten numbering scheme. The most conserved residue in a TM is given the number

.50, the preceding amino acid has the number .49 and the following amino acid 0.51. The very first

number is the TM helix number.

extracellular

intracellular
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1.2 Secretin Family: Corticotropin-Releasing Factor Re-

ceptor

The CRF receptor belongs to the family B of the GPCRs according to Kolakowski or
to the secretin family classification according to Fredriksson nomenclature. Only 15
members belong to the GPCR secretin family compared to almost 670 full length re-
ceptors belonging to the rhodopsin family. The secretin family members are:

- calcitonin & calcitonin-like receptors (CALCR, CALCRL),

- glucagone receptor (GCRR),

- gastric inhibitory polypeptide receptor (GIPR),

- glucagon-like peptide receptor (GLP1R, GLP2R),

- growth-hormone-releasing hormone receptor(GHRHR),

- adenylate cyclase activating polypeptide receptor (PAC1/ADCYAP1R1),

- parathyroid hormone receptors (PTHR1, PTHR2),

- secretin receptor (SCTR),

- vasoactive intestinal peptide receptors (VIPR1, VIPR2),

- and corticotropin-releasing factor receptors (CRF, R, CRF,R).

Compared to the rhodopsin family, whose ligands can be as diverse as photons, small
molecules or ions, the ligands targeting the secretin family are all peptides with more
than 27 amino acid residues. They are synthesised and released by endocrine, neu-
rone, or immune cells [18] and all peptides have an important role in central homeo-
static functions [8].

The CRF receptors are encoded by two genes generating CRF,R and CRF,R. A third
CRF receptor has been found, CRF;R, however in only one fish species, [19]. The
member of the secretin family share between 32-67 % sequence identity with the high-
est variation at the N-terminal ECD [8]. Each mRNA has several exon/introns junc-
tions, creating several splice variants, with CRF ;, R, CRF 13 R, CRF ,, R, CRF 55 R, and
CRF ,, R being the physiological relevant membrane receptors in mammalians [20].

There are also soluble receptors as for example the corticotropin-releasing factor-
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binding protein (CRF-BP) [21], which is suggested to play a modulatory role in the
CRF system, and also a splice variant of the CRF;R rendering the receptors soluble,
the soluble corticotropin-releasing factor 2« (sCRF,_R) [22], whose exact role has yet

to be determined in the CRF system.

1.2.1 Ligand and Ligand Binding

The ligands for GPCRs can be divided in different groups according to their influ-
ence on the activation of the receptors. Agonist fully activate the receptors, partial
agonists only induce sub-maximal activation even at saturating concentrations, an-
tagonist have no effect on basal ligand-independent activity, inverse agonists are able
to decrease basal activity [23].

The endogenous agonists of the CRF receptors, the corticotropin-releasing factor (CRF)
and its analogues, the urocortins I-III (Ucn I-11I), are widely found throughout the
human body. While CRF has a high affinity to the CRF,R and thus being called the
endogenous ligand for CRF,R, Ucn II and III are called the endogenous ligands for
CRF,R due to their higher affinity for CRF,R (figure 1.4 and table 1.1).

Figure 1.4: Sequences of the ligands CRE Ucn [, Ucn 11, Ucn 111 and antagonist astressin. All peptides

are amidated at the C-terminus. X stands for D-Phe, B for Nle. The italic residues in the astressin
sequence participate in a lactam bridge.

r/hCRF SEEPPISILI)L TE|sMMNE VimHMESWNE O LIEO OMH SIMINK LMEEIT . . a2
rUcn .DDPPIRSITIBL T F RN T LISNTOSOINERIEQIMATI IEDSV. . . 40
hUcn .DNP SImSI T8 T, T E'jsREp T LESNTOSOINERINEQOININTI TEDSV. . . 40
hUcnII .. IVIRSILB VP T GO T ORBVARAARNE QINT TNER T LARVGHC 41
hUcnIII .. CFTISLEVP TN T MNLIEE N TINKENK N LA QM AANBIH LMAQT . . . 38
Astressin ......0 00 XEIRAE Vil BNV E O LBO EFR A KINMRK LB . ET I . . 30

non conserved
. similar
>50% conserved

>80% conserved

An agonist in the secretin family can be converted into an antagonist by deleting ca.

the first 10 amino acid residues of the N-terminus of an endogenous ligand [24]. This
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implies that the N-terminusis responsible for inducing structural changes to its cor-
responding receptor and thus activating the receptor for signalling. The ligand alone
has already a low a-helical propensity and therefore no well defined structure in an
aqueous environment. However, the binding of the ligand to its receptor induces an
a-helical structure [18]. The truncation of the N-terminus decreases the a-helical
propensity of the ligand. Therefore many antagonists, whose N-terminus has been
truncated, have a lactam bridge to stabilise the «a-helical content and induce an a-
helical structure even in the absence of a receptor. This is the case, for example, for
the antagonist astressin, which has been created by deleting the N-terminus of the
CRF ligand and introducing a lactam bridge between the residues Glu30 and Lys33
(table 1.4).

If the C-terminus of the ligand of the secretin family is truncated, the ligands show
a decreased affinity to the receptors. This indicates that the C-terminus is respon-
sible for the affinity of the ligand to its corresponding receptor [25]. The C-termini
of all endogenous ligands of the secretin family are amidated. If the C-terminus has
no amid group, the ligand loses affinity to the receptors as is shown in a study with
the antagonist astressin [26]. The deamidation of astressin decreased the affinity of
astressin to the receptors about 100 times. The two amide protons of the amideted
C-terminus are found to be important by Grace et al. in the NMR-derived structure
of CRF,4R [27] since they hydrogen bond intramolecular with the carbonyl group of
Glu39 and intermolecular with the hydroxyl group of Tyr115 of the first extracellu-
lar domain (ECD). In the deamidated astressin, the intramolecular hydrogen bond
to Glu39 is disrupted. An irregular helical conformation from Arg35 on is the result,
which rearranges the side chains of the amino acid residues Leu37, Nle38 and Ile41
of astressin differently, which are involved in the regular receptor binding [26]. How-
ever, the equivalent Tyr115 in the ECD of the CRF; R-structure derived from crystalli-
sation is found to form a hydrogen bond to the equivalent Asp65 and Thr69 and thus
an interaction between Tyr115 to Glu39 would disrupt the first mentioned hydrogen
bond [28]. Additionally, the C-terminal amide nitrogen of the ligand binds via in-
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tramolecular hydrogen bond to Met38 and not to Glu39, as found by Grace et al.

Considering that the set of natural ligands for the secretin family is remarkably ho-
mogenous and that the ECDs of the secretin family have a conserved fold despite of
their low homology, a common activation mechanism for the secretin family has been
proposed. This mechanism is a two domain model’, where in the first step the ECD
captures the C-terminus of the ligand [20]. The captured ligand moves its N-terminus
near the TM domain of the receptor. This facilitates an interaction between the re-

ceptor and the N-terminus of the ligand and the receptor is activated [20].

Ligand CRF;,R [nM] CRF,;R [nM] ECD-CRFy, [nM] ECD-CRF,4R [nM]

r/hCRF 1.0 6.2 NSD 97

hUcn 1 0.4 0.5 150 6.5
hUcn II > 100 0.5 NSD 73
hUcn III > 100 14 NSD > 300
Astressin 2.0 0.62 27 10.7

Table 1.1: Inhibitory binding constant K; for the CRF receptors for different ligands. NSD: no signifi-
cant displacement of the ligand using '?°I-sauvagine as radioligand [29] .

1.2.2 Stuctural overview of CRF receptors

The GPCR secretin family has the well known 7 transmembrane domains, which are
organised in an anti-clockwise fashion, when looking from the extracellular domain
down on the membrane protein [30]. Common for the secretin family is its long N-
terminal extracellular domain (ECD), which consist of about 120 amino acids having
six conserved cysteine residues (Cys, C) involved in three disulphide bridges. Addi-
tionally two conserved Cys residues are present in the ECL1 and ECL2 forming an-
other disulphide bond [12]. The sequence identity between CRF,R and CRF,R is ap-
proximately 70 % with the N-terminus having the highest divergence and the TM re-
gions the least [20].
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Figure 1.5: An example for a secretin family member, the mus musculus CRF,;R. The coloured cys-
teine pairs participate in disulphide bridges. The first extracellular domain (ECD) is indicated.

Extracellular Domain of CRF Receptor 2

The main binding site for the ligands of the secretin family is on the ECD as shown
by site-directed mutagenesis and cross-linking experiments of the secretin family [12,
31-33].
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Due to their importance, various ECDs of the secretin family receptors have been crys-
tallised without [28, 34] or with ligand [28, 35-37] or studied by NMR without [38] or
with ligand [26, 39, 40]. All the structures show a conserved fold, despite their low ho-
mology [24].

The ECDs of the secretin family have 2 central antiparallel g-sheets stabilised by 3
disulphide bridges with the pattern 1-3, 2-5, 4-6; this fold is known as short consensus
repeat (SCR) or sushi domain. For mus musculus CRF,4R, the 2 antiparallel 3-sheets
include the regions 63-64 (51), 70-71 (52), 79-82 (#3), and 99-102 (54), which are sta-
bilised by the three disulphide-bridges Cys45-Cys70, Cys60-Cys103, Cys84-Cys118.
The central core of the fold consists of a possible salt bridge between Asp65-Argl01
sandwiched by the aromatic rings of Trp71 and Trp109 [38]. If the Asp65 is mutated
to an alanine or if Asp65 is mutated to an argenine, while Argl01 is mutated to an
aspartic acid, the canonical disulphide arrangement is lost. Mutating only Argl01 to
alanine retains the disulphide bond arrangements and induces only a small effect on
ligand binding. Mutating Arg101 to alanine disrupts solely the salt bridge, which does
not however interfere with the local geometry and disulphide formation [41].

Asp65 hydrogen bonds with Trp71 and stabilises the ligand-binding loop. This hydro-
gen bond appears to be important for the local arrangement of the J1-sheet and is
responsible for the correct formation of adjacent loops as well as the residues Glu66
and Glu67, which are involved in ligand binding (figure 1.6) [41].

Two disordered loops are found on the ECD, loop 1 consists of the residues 48-58,
which is very flexible and has a high sequence variability in the CRF receptor fam-
ily. Loop 2 consists of the residues 84-98, which has a slow conformational exchange.
Loop 2 is highly conserved in the CRF receptor family and its slow dynamics are sup-
pressed upon antagonist binding. For Pro83 and Pro85, each having two equal in-
tensities indicating a cis/trans isomerisation. Upon ligand binding, the prolines are
pushed into the trans conformation. Additionally, the regions 65-69, 84-95 of loop 2,

and 111-115 undergo conformational changes upon ligand binding [29].
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Figure 1.6: Extracellular domain of CRF,4R showing visibly the short consensus repeat. Pink is
Argl01 and cyan Asp65, which might participate in a salt bridge, green is Trp71 and Trp109, orange
are the cysteines participating in disulphide bridges Cys45-Cys70, Cys60-Cys103, Cys84-Cys118.

The antagonist astressin binds to the ECD via its hydrophobic face of its helix. The
C- and N-terminus of astressin are amphipathic, its hydrophobic residues are on the
concave and the hydrophilic residues on the convex face of the helix [26].The most
crucial hydrophobic interactions are for astressin: Leu37, Nle38, 1le40, Ile41, and for
the ECD: Glu66, 1le67, Cys84, Phe88, Vall13, Tyr115, and Cys118. The amino acid
residues Leu27 and Ala31 of astressin interacts with Ile91 of the ECD and Asn34 of
astressin to Phe88 of the ECD. There is a hydrogen bond between Ile42 of astressin to
Vall13 of the ECD and a hydrophobic interaction of Ile41 of astressin to Tyr115 and
Vall13 of the ECD [26]. The C-terminus of astressin binds between the 2 3-sheets of
the ECD [42].
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Tramsmembrane domain of CRF Receptor

A crystal structure of a human CRF,R has been published in 2013 [43] with the ECD
truncated and lacking the C-terminus including helix 8, and having an insertion of T4
lysozyme into ICL2. Additionally the receptor has been thermostabilised according to
Serrano-Vega et al [44]. With all these modifications the structure is pushed into an
inactive conformation, which however facilitates an easier purification and crystalli-
sation.

The structure of the receptor shows a pronounced V-shape having a large cavity on
the extracellular site. This large cavity is presumed to be the peptide-binding site.
The ECLI1 has a short a-helix parallel to the membrane and the ECL2 is anchored to
the TM3 via a disulphide bond. The TM?7 is kinked and its extracellular end is shifted
away from the axis of the helical bundle by ca. 10 A. The TM?7 is rotated by 25° com-
pared to the dopamine D3 receptor, a member of the rhodopsin family [42]. It is not
clear whether this rotation is induced by the truncation of helix 8 or if this rotation is
also found in the native structure. TM1 is slightly bend and its EC end packed against
TM7 and thus TM1 is also shifted similarly away from the axis as TM7. The kink in
TMY7 is stabilised by hydrogen bonds between the highly conserved Ser!° to Phe”!
and Ser’*”. TMB® is shifted away from TM5 and outwards from the axis. Its cytoplas-
mic end points to TM3. The residues His*° and Glu®°, which have been shown to be
involved in activation of the receptors with biochemical methods [45-47], are in hy-
drogen bond distance in the crystal structure. On the TM4, a highly conserved GWGxP
motif is present in the secretin family. This motif reveals a network of interaction. The

4.50

Trp*®° protrudes to TM2 and TM3 caused by the unwinding nature of Gly*#%. The
hydrogens of the side chain of Trp**® bond to Asn**? and facilitate an edge-to-face
interaction with Trp34¢. The TM4 is bound to TM3 by a hydrogen bond from the side

chain of Tyr338 to the carbonyl of Trp*>°

and by hydrophobic interactions of Gly**° to
Trp346 as well as Pro*5® to Tyr338, It is not immediately clear from the crystal structure

if this highly conserved motif is involved in the function of the receptor.
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Figure 1.7: Crystal structure of CRF,R stabilised with an insertion of T4 lysozyme instead of ICL2
(PDB 4K5Y).

To stabilise the receptor further, an allosteric antagonist binding to the TM region was
added during the purification. The antagonist is highly selective for CRF, R but not for
CRF,R. A high sequence identity is found in the binding cavity of the allosteric antag-
onist comparing the homology of CRF,R to CRF,R. Especially the residues interacting
with the ligand are conserved. Only in the second shell within 5 A of the binding cav-
ity, two residues differ, His**? and Met>*3 in CRF,R correspond to Val**° and Ile>*® in
CRF,R. Mutating the residues of CRF,R to CRF,R, the affinity of the antagonist for
CRF;Ris reduced to that of CRF,R [48].

Another crystal structure of the secretin family, the human glucagon receptor (GCGR),
has been published the same year [49]. The receptor is also thermally stabilised [44],

the ECD and the C-terminus after helix 8 are truncated. Helix 8 is in the crystal struc-
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ture 25° tilted from the membrane axis. Whether this tilt is induced by the crystallisa-
tion or is also found in native structures of the secretin family, is not sure, as helix 8 is
missing in the crystal structure of CRF,R. But there are hydrogen bondings between
Glu406 in helix 8 with Arg®*® and Arg®3? in the crystal structure of GCGR, which are
conserved among the secretin family. Another common motif in the secretin family is
FQG™xxVxxxY"?"CE The Gly’*° induces a bend in the TM helix 7 and is stabilised by

a hydrophobic interaction with Phe*>7.

Figure 1.8: The GWGxP motif with their connections drawn as dotted lines.

GCGR and CRF,R have overall 30 % sequence identity. Both crystal structures have
a pronounced V-shape, one arm consists of TM2-TM5, the other of TM1, TM6, and
TM7. With this shape, a solvent filled cavity is produced, which is accessible from
the extracellular side. When both structures are superimposed, the best agreement
is given for TM1-TM5, with TM4 overlaying imperfectly. Both structures have a com-
mon set of motifs, as for example the before mentioned GWGxP motif, giving a net-
work to link the TM domain 2, TM domain 3 and TM domain 4, the Ser!-*°-Ser*7*/Gly’->
/Phe/Leu’*! motif, which stabilises the kink in the TM7. The extracellular halves of
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TM 6 and TM 7 and the ECL 3 point away from the centre in both structures. On the
intracellular side, His>** and Glu®>*° are conserved.

In the GCGR, Tyr’>’-Tyr%#? hydrogen bond to Glu**° and in the rhodopsin family this
hydrogen bond is linked to activation and interaction to a G-protein. In the CRF,R
structure, the Tyr’*? is mutated to an alanine and shifted into the inactive state giving
a different conformational state. Whether this different conformation is induced by
the mutation or due to the absence of helix 8, is not clear. Arg>*® has a comparable
position in both structures, but in GCGR it makes a salt bridge to Glu406 in helix 8 and
Arg837 [42].

The ligands for CRF receptors have a longer N-terminus than other ligands in the se-
cretin family. The solvent exposed cavity is wider in the crystal structure of CRF,R

than of GCGR, which might accommodate the longer N-terminus of its ligands [42].

Comparison between Rhodopsin and Secretin Family

Despite the vast range of ligands including hormones, neurotransmitters and light,
the conformational changes induced upon activation, due to ligand binding, are highly
conserved in the GPCR rhodopsin family [23], like the (D/E)RY motive in TM3 (known
as ionic lock), WxP in TM6, and NPxxY in TM7 [50]. The family B does not have the
DR(Y) motif nor the ionic lock.

Nevertheless, common motifs are found between the rhodopsin and secretin family,
as for example the disulphide bond between ECL 2 and Cys®*??, and similar regions
of contacts between helices TM1-TM2, TM1-TM7, TM3-TM6, and TM3-TM4 (figure
1.2) [49]. Due to the similar pattern of interactions between the helices, the orien-
tations and positions of the TM helices are conserved. However, the distances be-
tween TM2-TM7 and TM3-TM?7 in the secretin family are the largest observed in the
GPCR family. Their orthosteric pocket is wider and deeper than for any member of

the rhodopsin family [42].

Nevertheless superimposing CRF, R with human dopamine D3 receptor from the rho-
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Interaction secretin [Wollenstein] rhodopsin [Ballesteros & Weinstein]

TM1-TM2 Leu'**-Phe*>” (hydrophobic) Asn!9%-Asp?0 (polar)

TM1-TM7 Ser!*%-Ser”47 (hydrogen bond) -

TM3-TM4 Trp4.50 _Trp3.46 Trp4.50 _Trp3.38

TM3-TM6  Tyr/Phe34*-Leu/Phe®*® (hydrophobic) Ile/Val/Leu®*°-Pheb4
Tur>44-Gly%*° (close contact)

TM3-TM5 Asn>*-Leu®**” (hydrogen bond) -

Table 1.2: Common contacts in secretin and rhodopsin family between helices TM1-TM2, TM1-TM7,
TM3-TM6, and TM3-TM4, but with family specific interaction pattern [49].

dopsin class shows a resemblance in the cytoplasmic region, especially at the cyto-
plasmic halves of TM 3 and TM 5. This similar conformation might be responsible for

binding to the G, protein [43].

1.2.3 Soluble CRF;, receptor

This 143 amino acid residues long, soluble variant of the CRF,, receptor (sCRF,_R)
is produced by a deletion of an exon shortly after the ECD, followed by a frame shift
resulting in a 38 amino acid residues long hydrophilic C-terminus. The sCRF,_R has
been found in the olfactory bulb, the cerebral cortex, and the midbrain region in mice
using a reverse transcription polymerase chain reaction. A synthetic peptide fragment
specifically binding to the unique C-terminus of the sCRF, R shows a close distribu-
tion of sCRF, R and CRF,R in mice brains. The sCRF,_R has a higher affinity for CRF
and Ucn 1 suggesting a modulatory role for the ligands in the CRF family [22].
However, the role of sCRF, R is not conclusive yet. Evans et al showed [51] that sCRF,_ R
is translated but not trafficked for secretion and degraded proteosomically, which is
in disagreement with the study of Chen et al [22]. Evans et al also showed that the
first 16 amino acid residues of the sCRF,_ R have a high propensity to encode a sig-
nal peptide. However, they do not secret the soluble receptor. The same sequence
of amino acid residues is found in the CRF,,R. There, it is not the signal peptide se-

creting CRF,,R but the TM helix 1, which is used as anchor-signal peptide. Therefore,
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the 16 amino acid residues long sequence is called a pseudo-signal peptide. Never-
theless the pseudo signal peptide can be converted to a signal peptide by mutating
Asnl13 to an hydrophobic or positive charged amino acid residue and thus the signal

propensity of the signal peptide can be restored.

1.2.4 In Medicinal Chemistry

The expression levels of the ligands, CRF and urocrotins I-III (Ucn I-III) and of the
corticotropin-releasing factor receptors (CRF Rs) vary in different body parts like the
brain, skin, skeletal muscle, immune system, heart, genitourinary system, and gas-
trointestinal system. While CRF is mainly responsible for the activation of the hy-
pothalamic pituitary adrenal axis (HPA) activated under stress conditions, the Ucns
play an important role in the peripheral stress responses [52].

Whereas CRF,R is found throughout the human brain, such as for example in the
olfactory bulb, the cortex, the septum, the hippocampus, the amygdala, and the cere-
bellum, CRF,R is found in stress-related areas in the human brain as, for example,
in the bed nucleus of the stria terminalis (bond of fibrils between amygdala to sep-
tal nuclei, hypothalamic and thalamic areas; correlates with anxiety in response to
threat monitoring), the medial amygdala (almond shaped nuclei located within me-
dial temporal lobes, part of the limbic system; formation and storage of memories
associated with emotional events as fear stimulations) and the hypothalamus and is
additionally distributed in peripheral tissue as skin, skeletal and smooth and cardiac
muscles [20, 53].

CRF,R initiates endocrine stress responses and mediates anxiety related behaviour
upon activation via stressors [54]. CRF,R knock out mice are hypersensitive to stress
and have significant elevation in anxiogenic-like and depression-like behaviour [55].
Itis hypothesized that CRF,R and CRF,R have complementary roles in controlling the
HPA-axis [56], as CRF, R agonists induce catecholamine secretion in dose-dependent

manner in rat and human adrenal neuroendocrine cells, while activating CRF,R sup-
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presses those secretions. The effects can be blocked via the addition of the corre-
sponding antagonists [57]. Nevertheless the role of CRF,R in stress adaptation is still
discussed controversially. However, CRF,;R has many regional specific effects, as dis-
cussed below.

- CRF,R deficient mice have a reduced intestinal inflammation and a reduced mRNA
expression of potent chemoattractants (agents that induce a leucocyte to migrate to-
wards something). Thus CRF,R mediates intestinal inflammatory responses via re-
lease of pro-inflammatory mediators [58].

- Examination of skeletal muscle of mice showed that in myoblasts solely CRF,R is
expressed, while in myotubes solely CRF,R is expressed. The different expression lev-
els are already seen during myogenic differentiation. The transcription of CRF,R in
myotubes is promoted by physiological stress, such as high fat diet and psychological
stress. Interestingly, only after physiological stress, CRF,;R and leptin (being respon-
sible for the satiety feeling) are increased, while after psychological stress only CRF,5R
levels are increased and leptin levels are decreased in the ventromedial hypothala-
mus [59].

- In contrast, in the cardiac myocytes, mRNA of CRF,;R is decreased under stress and
after injection of lipopolysaccharide. For CRF,R itself, a cardioprotective role is as-
sociated. Activating CRF,4R via the Ucn system by exogenously administrated Ucn I
can increase the cardiac contractility, increase the coronary blood flow, conductance,
cardiac out put and heart rate. Ucn I- III have a protective effect against ischemic and
reperfusion injuries [60].

- CRF,R deficient mice are hypervascularized postnatally. CRF,R activation reduces
vascular endothelial growth factor release from smooth muscle cells, inhibiting smooth
muscle cell proliferation, and capillary tube formation in collagen gel in-vitro. Thus
via CRF,R a tonic inhibition of adult neovasculerisation is induced. It might be a po-
tential target for the modulation of angiogenesis in cancer cells [61].

- The CRF system modulates the feeding in mice [62]. While infusion of CRF,R ag-

onists, Ucn I and astressin; A increased the anorexic effect and induced interocep-
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tive stress, such as conditioned taste aversion and diarrhoea/defecation, the infu-
sion of Ucn Il suppressed feeding via CRF,R-dependent mechanism without inducing
malaise.

- Addiction might be regulated by the CRF receptor system especially in the central
nucleus of amygdala, which encodes the stimulus-reward association [63]. It is widely
accepted that stress situations induce a relapse, seeking addicting substances. CRF
induces long term potentiation of glutamatergic transmission in vitro in the lateral-
to central-amygdala pathway in a dose dependent manner [63]. Wang et al [64] could
show that stress triggered glutamate/dopamine release and cocaine seeking in drug
experienced rats could be blocked by CRF,R, but not CRF, R selective antagonists.

- CRF is expressed more in females than in males in the paraventricular nucleus of
the hypothalamus (PVN), amygdala, and the bed nucleus of the stria terminalis. In-
terestingly, Weathington et al. [56] showed in rats that the expression of CRF,R and
CRF,R changes in a sex and age specific pattern. They measured the receptor binding
in the amygdala in prepuberty and adult rats and showed, that the binding increases
far more for the CRF,R in males than in female and CRF,R increased far more for fe-

male than male rats across the puberty (see fig 6.1).

across puberty CRF,R CRF,R
male female | male female
Basolateral amygdala [} 0 T +
Posteroventral medial amygdala [} 0 T -
Posterodosal medial amygdala - - 1 0
central amygdala - - 0 0

Table 1.3: The changes of age and sex specific binding pattern measured across of prepuberty and
adult rats.
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1.3 NMR Structure of Membrane Proteins

Membrane proteins are often expressed weakly in cells [65]. Depending on the bio-
chemical method used for analysis, the final yield might be too low for measurements,
as it is often the case for nuclear magnetic resonance (NMR) spectroscopy measure-
ments, which demand mg-quantities. Therefore over-expression is a common step to
increase the very low yield. Heterologous expression has been accomplished in many
different host cells such as prokaryotes (E. coli), yeast (P pastors, Saccharomyces cere-
visae), insect cells (Drosphila, Lepidoptera), Bacchulo virus infecting insect cells, and
mammalian cells (CHO, HEK, etc) [65]. After the expression, the membrane proteins
are solubilised with detergents either from folded receptors in the membrane of the
host cell or from refolding of initially inactive forms from inclusion bodies [66]. Purifi-
cations of active GPCRs from inclusion bodies has been very difficult and thus most
purification protocols start with the folded receptor in the membrane using deter-
gents [67]. Often, the protein has a specific tag to enable its purification using the
corresponding affinity columns or a specific ligand affinity column is generated [67].
It is important to assess the activity of the membrane protein via biochemical assays
to ensure its correct fold and native characteristics. Possible biochemical methods
are for example radio active binding assays, where a ligand is radioactive labeled and
added to the receptor. Excess of ligand is washed of, and the bound fraction of the

ligand is measured via its radioactivity counting [68].

1.3.1 Importance of Detergents

Detergents are amphipathic molecules with a polar head group and a hydrophobic
tail. They spontaneously form micelles in an aqueous solution, when a certain thresh-
old of a concentration is exceeded, the critical micelle concentration (cmc). Deter-
gents can be divided into ionic, having a positive or negative charge on the head

group, non-ionic, having a non-charged head group, and zwitterionic detergents, hav-
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ing chemical groups with a positive and a negative charge [69]. There are also bile acid
salts, which are ionic detergents, but have a rigid steroidal group resulting in a polar
and apolar face. The longer the alkyl chain of a detergent the lower the cmc; and the
more double bonds and branch points, the higher the cmc [70].

Generally, zwitterionic detergents tend to deactivate membrane proteins more than
non-ionic detergents [71]. However not only the potency to solubilise the protein is
important, also protein stability is an important factor, as the presence of detergents
might disturb membrane protein structures and ligand binding, as it is the case for
GPCRs [69].

Extraction and purification of GPCRs is still cumbersome because no general purifi-
cation protocol exists. No buffer conditions can be transferred from one to another
membrane protein system and the solubilisation is influenced by various parame-
ters such as buffer composition, initial protein concentration, detergent concentra-
tion, temperature, pH, salt concentration etc. [69]. An additional complication is that
membrane proteins such as GPCRs tend to aggregate even in the presence of deter-
gents [71]. Additionally, the detergent used for purification should be compatible with
the methods chosen for structural studies. Thus either the detergent used for extrac-
tion is already compatible with the structural studies or the detergent has to be ex-

changed during the purification.

Another system recently introduced are nanodiscs, a very promising tool to stabilise
GPCRs and membrane proteins in a lipid mimetic membrane [72-74]. A nanodisc is a
self-assembled phospholipid bilayer encapsulated by two copies of a membrane scaf-
fold protein (MSP) derived from apolipoprotein A-1 scaffold protein [75]. The scaffold
protein has been modified in length by varying the number of helices resulting in dif-
ferent diameters of the nanodisc [76]. The incorporation of membrane proteins into
nanodiscs is not an easy tasks, as the exact lipid:protein ratio has to be found and a
purification protocol needs to be established, where empty nanodiscs can be sepa-
rated from membrane protein containing nanodiscs. So only few GPCR have been

incorporated into nanodiscs so far, as for example the 52-adrenergic receptor, which
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has been shown to still be able to bind its agonist after being incorporated into nan-
odiscs [77]. The parathyroid hormone 1 receptor of the secretin family incorporated
into nanodiscs was used to show that a receptor in nanodiscs is still able to activate
the G-protein [78]. Nanodiscs can also inhabit one or two receptors depending on the

ratio of lipid:protein as was shown with the rhodopsin receptor [79].

1.3.2 Isotope Labelling

To facilitate structural studies of membrane proteins, they are commonly labelled
with NMR-active nuclei such as *C or/and °N or/and *H. As mentioned, different
expression systems are available, but not all are able to produce labelled proteins in
high amounts. E.coli is usually preferred due to its inexpensiveness, ease of cultur-
ing, and flexibility for isotope labelling strategies; its drawbacks are the absence of
post-translational modification and the lack of some eukaryotic membrane compo-
nents such as cholesterol. Another popular expression system is yeast, whose advan-
tages are as well the inexpensiveness, ease of culturing, but additionally having the
advantage of eukaryotic post-translational modifications; the disadvantage is that its
endogenous GPCRs might interfere with the expression and purification [80]; yeast
has quite thick cell walls, which might be hard to destroy, and labelling strategies are
more limited than for E.coli [80]. Baculovirus infected insect cells have more simi-
lar post-translational modification to mammalian cells, thus most of the GPCRs are
expressed active [80]; insect cells have a disadvantage requiring a high amount of
virus titre, the culture is only stable up to 1 month, and its limited labelling strate-
gies [80]. Mammalian cells have the advantages of its native cellular environment
for GPCRs, their correct trafficking and folding and post-translational modification,
therefore most GPCR are expressed in an active conformation [80]; disadvantages are
they are costly, difficult to scale, and their few labelling strategies [80].

Another recently developed strategy for protein expression is the so-called cell-free

expression. As the name indicates, no cells are used in this expression system and
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therefore only the desired protein is expressed. Thus, even highly toxic protein can be
produced. Additionally, it is possible to completely control the labelling. Drawbacks
are a poor scalability, their relatively high expenses and low success rate for GPCRs to
date and limitations in detergents due to interferences with the protein-production-

machinery [80] .

1.3.3 GPCRs studied by NMR

For NMR measurements, quite large amounts of protein are needed (about 0.1 mg to 5 mg
of protein in 100 uL to 300 uL). Therefore an expression system is chosen where high
amount of protein and an ease for labelling is assured [80]. Due to the low success
rate for GPCR in cell free expression, E.coli is very often a preferred labelling sys-
tem [81, 82].

GPCRs are quite large, especially when they are in a detergent buffer, creating a protein-
micelle complex. Due to their increased tumbling times, which is proportional to
the molecular radius and viscosity and temperature, line broadening is inevitable.
This can be overcome by a transverse relaxation optimised spectroscopy (TROSY)-
sequence [83]. This sequence can be used for proteins even exceeding molecular sizes
of 100 kDa [83]. Additionally, perdeuteration can enhance the resolutions of a spec-
trum of large membrane proteins reducing transverse relaxation rates by decreasing
the dipole-dipole relaxation [84]. Conformational-based line broadening might occur
as well due to their inherent flexibility and looser structure in a micelle [84].

The poor chemical shift dispersion of GPCRs renders a structure assignment more dif-
ficult due to the high a-helical content in membrane proteins. Therefore selective la-
belling is a wide spread method to decrease the amount of peaks and spectral crowd-
ing, as was for example applied for a chemokine receptor [85]. Selective labelling was
also used for the g adrenergic receptor, however not for structural assignment but for
dynamical analysis of the receptor via NMR spectroscopy [86].

Sensory rhodopsin Il was measured and its structure determined by liquid NMR spec-
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troscopy [87]. Even though the receptor is composed of 7TM helices, it does not be-
long to the GPCR family as it does not bind to a G-protein but acts as a photoreceptor
converting light into a proton gradient avoiding blue light and thus escaping condi-
tions of oxidative stress [88].

Solid state NMR seems to be the preferable technique to measure GPCRs due to its
feasibility to measure samples even with slow tumbling rates. In 2012, a three-dimen-
sional structure has been reported by Park et al. of a chemokine receptor by solid-state
NMR. Not only a fully *C-, 1°N-labelled receptor was expressed, but also a selectively
13C-, ’N-Phe labelled receptor to facilitate assignment [85]. The human cannabinoid
type 2 receptor NMR spectrum was predicted by computational analysis and then
measured by solid state NMR spectroscopy [89].

Another approach to study GPCR by NMR is to fragment GPCRs thus cutting down
the size of a GPCR instead of expressing and measuring a whole GPCR. As was already
mentioned, structural analysis by NMR spectroscopy was done for the N-terminal do-
main of secretin family members [38]. There is also a structural study performed by
NMR spectroscopy on the helix 8 of a human 52 adrenergic receptor showing that he-
lix 8 is random coiled in a water solution and only forms a « helix if a-helical inducing
agents are added as for example detergents or DMSO [90]. A fragment consisting of
the TM helix 7 and the helix 8 was studied by NMR as well [91], showing that there are
distinct interactions between the fragment and membrane protein lipid molecules,
indicating that the fragment itself might alter the membrane structure and dynamic.
The ICL 3 is also a fragment highly investigated because of its importance of bind-
ing to G proteins [92, 93]. Even though this approach sheds light into the structure
of those fragments, the fragment might behave differently in the presence of the full
receptor.

One important tool of NMR spectroscopy is to study dynamics. A *C-methionine
labelled 52-adrenergic receptor was expressed and measured with liquid NMR. The
receptor was studied under different conditions, such as without ligand, with inverse

agonist, agonist, and a G-protein mimicking nano body showing different conforma-
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tional states for each additive. This suggest a conformational heterogeneity, which
is not reported in crystal structures [86]. Another study was performed to elucidate
the activation of rhodopsin receptor by light induction with solid state NMR. The in-
fluence of the ligand rhodopsin isomerisation on the rhodopsin receptor was investi-

gated and how specific residues shifted upon isomerisation [94].

1.4 Nogo-A-A20

1.4.1 Physiological Role

The Nogo membrane protein belongs to the reticulon protein family because of its
C-terminal 200 amino acid residues long sequence, which is jointly responsible for
the membrane curvature [95]. Nogo has three isoforms: A, B and C [96]. Nogo-A
is found in the endoplasmatic reticulum and on the cell surface of myelin sheaths.
It hinders regeneration of neuronal tissues after a central nerve system injury as a
growth inhibitory molecule [97]. The dissected neuronal axons are inhibited to re-
grow and reconnect. Blocking Nogo-A enhances regeneration of axonal extension in
vivo [97,98]. The exact physiological role of Nogo-A has not been studied extensively
yet. One hypothesis proposes that Nogo-A might prevent abnormal sprouting of ax-
ons and regulate dynamics of the synapsis during learning processes [98].

Nogo-A is the largest protein in the family with 1192 amino acid residues [95]. It has
two major binding sites, one is the extracellular 66 amino acid residuers long loop
at the C-terminal region called Nogo-66 and a segment in the middle of the Nogo-A
protein called Nogo-A-A20. It is not uncommon for a protein to have two active sites
within a sequence as for example the proteins neurotrophic factors or netrin are also
known for having two binding sites [99].

Nogo-66 binds to the Nogo receptor 1 and its complexation blocks neurite extension.
Nogo-A-A20 binds to the GPCR sphingosine 1-phosphate receptor 2 (S1PR2) [100]
and neurite growth inhibition has been found for Nogo-A-A20 just as for Nogo-66.
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The two active sites may contribute to acute and chronic impairment of axonal plas-
ticity [101].

S1PR2 might bind via its ECLs to the structurally disordered segment Nogo-A-AZ20.
The residues participating in the interaction between Nogo-A-A20 and S1PR2 and
whether the structurally disordered Nogo-A-A20 establishes a well-ordered structure

upon binding are unknown yet.

1.4.2 Intrinsically Disordered Protein and NMR spectroscopy

Intrinsically or natively disordered proteins (IDPs) are either entire proteins or regions
in proteins, which do not adopt a well-defined three dimensional structure. In con-
trast, there are numerous folded proteins or enzymes, which need to have precisely
positioned functional groups for stabilisation or to carry out their functions. Never-
theless, IDPs are important in cellular functions and altered expression might result
in many diseases such as cancer or Alzheimer [102]. The advantages of lacking a well-
defined structure might provide a larger interaction surface than in folded proteins.
Also having a higher conformational flexibility might give IDPs the chance to sample
vast and heterogeneous conformations enabling to bind several binding partners at
the same time. Short linear peptide motifs could facilitate interactions with many dif-
ferent proteins [103].

Upon ligand binding, many IDPs tend to fold as for example the already discussed
CRF ligand [26]. Due to the folding, they often interact with relatively high specificity
and low affinity [103]. Therefore, signalling proteins are often enriched with intrinsi-
cally disordered regions, as was proposed for the IC loops of the GPCRs [104].

X-ray crystallography is one of the most utilised tools in structural biology but not
useful for examining the dynamical changes in IDPs. NMR spectroscopy on the other
hand, is a powerful tool to investigate structural and dynamical features in proteins
and especially in the flexible IDPs [105]. But it is important to keep the environmental

parameters constant as IDPs are highly pH and temperature sensitive [106].
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1.5 Motivation for Dissertation

Most of the crystallised GPCR are heavily engineered. They are, for example, ther-
mally stabilised or a T4 lysozyme is included in the receptors or bind specific camelid
antibody fragments (nanobodies). It is also common to use high affinity and very
low-off-rate synthetic antagonists and to cleave off the C- or N-termini. All of these
techniques are non-natural forced stabilisation of the GPCRs. Furthermore, crystal
structures only show a snapshot of a certain conformational state and provide only
a static view of a highly dynamic protein. Although these structures give a basic un-
derstanding of the structure-function relationship, they do not show any dynamical
features, which might be important for ligand binding or affinity and conformational
change upon ligand binding. NMR spectroscopy could be used as a complementary
technique to x-ray crystallography, as with NMR it is possible to study dynamical fea-
tures in a protein.

However, to be able to study a membrane protein by NMR spectroscopy, expression
and purification must be optimised in order to obtain high yields of protein. Addi-
tionally, it must be expressed in a medium, where it can be labelled to ensure its fea-
sibility for NMR measurements. This is still a challenging task, as GPCRs are known
for giving very low yields (< 1 mgL~! expression culture). Also choosing an ideal de-
tergent for extraction, which does not unfold the protein, cannot be underestimated.
Additionally, a purification tool has to be chosen for separating folded from unfolded
receptor.

As a GPCR, the CRF,4R is chosen, because of its relevance in physiology and its promis-
ing assistance in drug development if structural or dynamical features are known.
Thus a purification protocol is attempted to obtain a functionally active CRF,zR with
a native sequence and if possible measuring NMR spectroscopy experiments. Addi-
tional information of the sCRF, R might be valuable to understand its role in the CRF
system and thus a purification protocol is established and NMR spectroscopy mea-

surements attempted.
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The Nogo-A-A20 segment is an interesting system for NMR spectroscopy, as IDPs are
disordered and thus hardly feasible to crystallise. IDPs normally give high yields (>
20mg L' bacteria culture) and are readily labelled in E.coli. Of interest is the in-
teraction of Nogo-A-A20 to its binding partner SIPR2. Thus a labelling protocol is
attempted to establish followed by NMR spectroscopy experiments, first for the as-
signment of Nogo-A-A20 and then for investigating of possible ligand-protein inter-

actions.






Chapter 2

Expression and Purification of CRF

Receptor Isoforms

2.1 soluble CRF,, Receptor

In 2004, Chen et al. found a soluble splice variant of the corticotropin-releasing fac-
tor receptor in mice (sCRF,_ R) [22]. This splice variant was expressed primarily in
the olfactory bulb, cortex, and midbrain region, having a distribution close to that of
CRF,R. The splice variant originated by the deletion of exon 6 from the gene encod-
ing CRF,, receptor. This created a frame shift of the following amino acid residues,
which resulted in a unique hydrophilic C-terminus (figure 2.1). The first extracellu-
lar domain (ECD) of sCRF,_R is the same as in CRF, R with the first 19 amino acid
residues belonging to a pseudo-signal peptide. The pseudo-signal peptide has a high
propensity to be a signal peptide on the basis of its sequence; however, these amino
acid residues are unable to mediate secretion at the Golgi apparatus into or out of
the membrane in the early biogenesis [107]. Additionally the pseudo-signal peptide
is not removed after secretion, as it is usually the case for signal peptides; thus it
was defined as pseudo-signal peptide. Instead, it is the first transmembrane domain

that acts as an anchor-signal for CRF,,R and guides the receptor towards the secre-

33
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tory pathway, which is typical for G-protein coupled receptors (GPCRs) [107]. Since
sCRF,_ R has no transmembrane region, it is efficiently translated but not trafficked
to the secretory pathway and neither secreted [51], resulting in proteosomal degra-
dation. Interestingly, mutating the Asn13 residue in the pseudo-signal sequence to a
hydrophobic or positively charged amino acid, it rescued the signal peptide propen-
sity of sCRF, R [51,107]. Thus in certain cases, the pseudo-signal peptide might serve
again as a conventional signal peptide [107].

For this study, a fusion protein that lacks the peudo-signal peptide was expressed in

E.coli and purified from the soluble cell lysate.

2.1.1 Expression and Purification

sCRF, R has six cysteine residues (Cys or C) forming at least two disulphide bonds.
An oxidising environment is needed in order to form disulphide bridges. However,
the cytoplasm of E.coli, where proteins are expressed, has a reducing environment.
A thioredoxin-tag, which can catalyse disulphide bond formation even in a reducing
environment, was therefore utilised in our fusion construct [108]. This was achieved
using a plasmid (pET 32a) that includes a thioredoxin-tag and a Hiss-tag at the N-
terminus (figure 2.1). The thioredoxin- and Hisg-tag are removed from the expressed
fusion protein via a thrombin cleavage site.

Additionally, the reducing environment in the cytoplasm can be altered by mutat-
ing the thioredoxin (trxB) and glutaredoxin (gor) pathways that normally ensure the
negative potential [109, 110]. The commercially available Origami™ (DE3) E.coli cell
strains have a mutation in the cytoplasmic reductases (frxB and gor) that ensures the
alteration of the reducing environment. Thus this cell strain was appropriate for ex-

pressing sCRF, R.
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HLTDDSFDTD VLKADGAILV DFWAEWCGPC KMIAPILDEI ADEYQGKLTV AKLNIDQNPG

TAPKYGIRGI PTLLLFKNGE VAATKVGALS KGQLKEFLDA NLAGSGSGHM HHHHHHSSGL
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QIGTCWPQSA PGALVERPCP EYFNGIKYNT TRNAYRECLE NGTWASRVNY SHCEPILDDK
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Figure 2.1: Amino acid sequence of the fusion protein of sCRF,,R. The underlined amino acid
residues belong to the sCRF, R sequence, the bold amino acid residues belong to the thioredoxin-tag,
and the amino acid residues in italics belong to either the Hisg-tag or the S-tag. The scissors indicate
the site at which thrombin cleaves the N-terminal Hisg-tag, between the Pro-Arg and Gly-Ser residues.
Additionally, the double underlined amino acid residues indicate the hydrophilic C-terminus unique
for sCRF, R formed after exon 6 deletion in the gene encoding CRF, , receptor [22].
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Figure 2.2: Western blot of the expression test of sCRF, R fusion protein in Terrific Broth. An anti-
Hisg-tag antibody was used for illumination. The cells were grown at 37°. Upon obtaining an optical
density of 0.7 at 590 nm, the bacteria culture was transferred either to 18° or kept at 37°. After induction
with either 0.5 mM or 1.0 mM IPTG, samples were taken at different time points, either after 4 h or over
night expression (o.n. ca 16 h). The band at 33 kDa represents sCRF, R (theoretical molecular weight is
29.9kDa).
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Figure 2.3: ANuPAGE® 4 % to 12 % Bis-Tris gel of sSCRF,,, R purification. Lane 1 is the entiry cell lysate;
lane 2 represents the insoluble fraction and lane 3 is the soluble fraction; lane 4 is the flow through of
Ni-NTA resin; lanes 5 to 7 correspond to the wash of the Ni-NTA resin with different imidazole concen-
trations; lane 8 and 9 are the elution of the Ni-NTA resin with 500 mM imidazole. In the elution of the
Ni-NTA resin are high molecular species present, which might be multimers of sCRF,_R. For instance,
the band at 65kDa could be a dimer of sCRF, R.

An expression test was performed on the fusion construct using different tempera-
tures during induction and different isopropyl g-D-1-thiogalactopyranoside (IPTG)
concentrations. Samples were taken at different time points (figure 2.2). The fusion
construct was expressed in Terrific Broth. The band at 33 kDa represented the fusion
protein, which theoretical molecular weight was 29.9kDa. The maximal intensity of
this band, in absence of high molecular weight species, was obtained from samples
that were either expressed for 4h and induced with 0.5 mMm IPTG at 37° or over-night
induced with 0.5 mM IPTG at 18°.

To obtain isotopically labelled sCRF, R for nuclear magnetic resonance (NMR) spec-
troscopy measurements, the Terrific Broth medium was replaced by minimal medium
with NMR active isotopically labelling reagents, as for example 3C-D-glucose and/or
PN-ammonium chloride. The cells were expressed over night at 20° induced with
0.5 mM IPTG. The temperature was slightly increased as in minimal media the expres-
sion yield is lower. Additionally, the media was supplied with Hutner’s salts as trace

metal supply [111].
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Figure 2.4: A NuPAGE® 4 % to 12 % Bis-Tris gel of sCRF,,R upon thrombin cleavage and further pu-
rification by nickel affinity chromatography. Lane 1 shows the elution of the fusion protein of the first
Ni-NTA resin; lane 2 is the thrombin cleaved fusion protein. The band at 20 kDa represents sCRF, R
(theoretical molecular weight 16.7 kDa) and the band at 12 kDa represents the thioredoxin-tag (theoret-
ical molecular weight is 13.2kDa); lane 3 is the flow through of the second Ni-NTA resin; lane 4 and 5
are the wash of Ni-NTA resin with 10 mM imidazole, lane 6 and 7 is the wash with 30 mM imidazole, lane
8 and 9 with 50 mM imidazole, and lane 10 with 100 mM imidazole; lane 11 is the elution with 500 mm
imidazole. It is visible, that sCRF, R still elutes at 100 mm imidazole.

After expression, the bacteria were centrifuged and the resulting pellet was either
shock frozen with liquid nitrogen and stored at —80° or immediately used for purifi-
cation.

The cells were resuspended, later lysed by a Microfluidizer and loaded on Ni-NTA
resin. For nickel affinity chromatography, the resin was equilibrated in 50 mm Tris,
500mM NaCl, 10 mm imidazole at pH 8. The bound fusion protein was eluted with
500 mm imidazole (figure 2.3). The elution from Ni-NTA resin had some minor impu-
rities at lower molecular weight and some major impurities at high molecular weight.
The latter might be multimers of sCRF, R, as their molecular weights are multiples of
that of a monomer of sCRF, R (33kDa).

Subsequently, the fusion protein was cleaved with the human thrombin enzyme over-
night at ca. 22°C. The cleaved fusion protein was loaded again on a Ni-NTA resin to
bind the cleaved thioredoxin-tag including the Hisg-tag and collect the sCRF, R in the

flow through and wash. Surprisingly, even the cleaved sCRF, R had a certain affinity
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to Ni-NTA resin since the flow through did not contain it and 30 mM to 100 mM imi-
dazole is needed to fully elute sCRF, R (figure 2.4). This unusual behaviour could
arise from the three consecutive histidines in the C-terminal tail of sCRF,_ R (figure
2.1), as those might have a certain affinity for the Ni-NTA resin. Thus separating the
thioredoxin-tag from the cleaved sCRF,_R is not feasible by nickel affinity chromatog-
raphy.

Thus size exclusion chromatography (SEC) was performed with sCRF, R using a Su-
perdex 200 10/300 GL column. This column has a separating range for protein with
molecular weights between 10 kDa to 600 kDa. The size exclusion chromatogram showed
two monodispers but overlapping peaks at 14.5 mL, with a shoulder at 13.5 mL, and at
16 mL, with a small shoulder at 17.5 mL, implying that a wide range of different molec-

ular weight species were present after thrombin cleavage.
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Figure 2.5: Size exclusion chromatogram of Superdex 200 elution profile of cleaved sCRF,,R. Two
major overlapping peaks were obtained at around 14.5 mL and 16 mL including shoulders.
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Figure 2.6: A NuPAGE® 4 % to 12 % Bis-Tris gel of fractions of sCRF,,R after size exclusion chro-

matography. Left: with g-Mercaptoethanol in the loading buffer for SDS gel; right: without 3-
mercaptoethanol in the loading buffer.
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Figure 2.7: Size exclusion chromatogram of a Superdex 75 high load chromatography of cleaved
sCRF, R. The sample was directly loaded on the size exclusion after thrombin cleavage. Multimer and

dimer eluted at around 50 mL and 58 mL, the monomer at around 69 mL, the thioredoxin-tag at around
85mL.
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Loading the fractions on a NuPAGE® 4 % to 12 % Bis-Tris gel in presence of a reducing
agent in the loading buffer indicated a poor separation from high molecular weight
species and sCRF,_ R monomer. Omitting the reducing agent f-mercapthoethanol in
the loading buffer for the Bis-Tris gel, showed that the high molecular weight species
in the SEC profile are multimers of sCRF,_ R, probably due to the formation of inter-
molecular disulphide bridges (figure 2.6). The monomeric species of sCRF, R was
found in the peak eluted at around 16 mL, the higher molecular weight species were
found at 14.5mL and 13.5mL. However, adding a reducing agent during the purifi-
cation is not feasible due to the presence of disulphide bridges within the sCRF,_ R
protein, which would get reduced, too.

Using a Superdex 75 10/300 GL column instead of a Superdex 200 10/300 GL improved
the separation (figure 2.7) as this column is able to separate proteins in the molecular
range of 3kDa to 70 kDa. The multimer and dimer eluted at around 50 mL and 58 mL,
respectively, the monomer at around 69 mL, and the thioredoxin-tag at around 85 mL.
Thus, the monomer was separated from the bulk of proteins of E.coli and from high
molecular weight species with a Superdex 75. However, still some inhomogeneities
might have been present in the monomer fraction due to conformers that might have
different disulphide bridge connections, which is often the case for disulphide bridged
proteins [37, 112]. The monomeric fraction from Superdex 75 was loaded on a re-
verse phase HPLC C4 column. An acetonitrile gradient was used for the elution of
sCRF,_ R similar to the established reverse phase HPLC purification for the ECD of
CRF,4R by Perrin et al. [112]. The chromatogram of sCRF,, R shows many overlapping
peaks having similar retention times indicating that different conformers of sCRF,_ R

are present (figure 2.8).
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Figure 2.8: Reversed-phase HPLC chromatogram of sCRF, R running a gradient with acetonitrile.

The elution profile of sCRF, R shows many overlapping peaks indicating that different conformers are
present.

In order to verify the folding of the protein, NMR spectroscopy measurements were
performed. Since [*°N, 'H]-HSQC spectra are published for the folded and unfolded
ECD of CRF,4R [38] and due to the sequence similarity of the ECD of CRF,;R and
sCRF, R and their similar fold, as is found for all receptors belonging to the secretin
family, similar spectra are expected for sCRF,,R and the ECD of CRF,4R.

When the ECD of CRF,;R was unfolded, the tryptophan peaks were found at a chem-
ical shift of 10 ppm, when the protein was proper folded, they appeared at around 11
ppm [38].

Thus similar measurements were performed with °N-labelled sCRF, R, either after
SEC with Superdex 75 or after reverse phase HPLC purification. Measuring the la-
belled protein after Superdex 75 showed mainly an unfolded species indicated by the

shift of tryptophans (figure 2.9).
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Figure 2.9: ['°N, 'H]-spectra of sCRF,_R. Top: ['°N, 'H]-TROSY spectrum of 100 um sCRF,, R purified
only on SEC with Superdex 75 recorded at pH 4.93; bottom: orange spectrum is a ['°N, 'H]-HSQC of
200 uM sCRF,_ R purified with HPLC and blue spectrum is a ['°N, 'H]-HSQC of a 15 um correctly folded
ECD of CRF,4R at pH 6.5. Good indication of correctly folded ECD is the shift of the tryptophans in the
region of 10-11 ppm. If the tryptophans are around 11 ppm and not 10 ppm, the ECD is folded. The
same is expected for sCRF, R due to its sequence similarity. sCRF, R after SEC just showed unfolded
receptor, but some higher amount of folded species after HPLC. All spectra were recorded at 25° on a
600 MHz NMR spectrometer.
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The sample measured after HPLC already consisted of a higher concentration of folded
species. This is probably due to the separation of some unfolded from the folded
species. However, still some unfolded sCRF, R was present in the sample, which
might result from the overlapping peaks in the HPLC chromatogram. Unfortunately,
changing HPLC conditions, such as gradient or elution time, did not improve the res-
olution further. // It was therefore clear that it was not possible to obtain properly
folded samples with standard chromatographic techniques. Thus alternative strate-
gies such as specific ligand-affinity chromatography should be used. This method
might help isolate folded sCRF, R from the unfolded species as the folded protein
should bind to the ligand attached to a resin, while the unfolded protein should be
found in the flow through (see chapter 3: 'Ligand Affinity Chromatography’).

2.2 CRF;; Receptor

Even though G protein-coupled receptors (GPCRs) are an important membrane pro-
tein class and they are often targeted for new drug developments [6, 8, 113], few re-
ceptors of this class can be expressed and purified in quantities high enough for bio-
chemical analysis. Many GPCRs are expressed in rather low yields (< 1 mg per of litre
culture [114]). Not only the expression system itself seems to be a challenge, but also
many GPCRs are known for being hard to extract in a stable way. Finding a good deter-
gent for extracting and purifying them is therefore demanding and time consuming.
The E.coli expression system was chosen for the production of the corticotropin-
releasing factor receptor 23 (CRF,3R) due to its ease of handling and its non-post-
translational modification giving uniform non-glycosylated samples. It is also possi-
ble to isotopically label the protein in E.coli, which is crucial for heteronuclear NMR
spectroscopy measurements.

The expression protocol for CRF,4R by Japelli et al. [115] was taken as starting point
in this thesis for establishing an expression and purification protocol for an uniformly

folded sample that could be applied to the production of isotopically labelled protein.
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The established expression protocol by Jappelli et al. is shortly summarised:

E.coli bacteria were grown carrying the (pelB-)CRF,;R plasmid in Terrific Broth (TB)
medium up to an ODggo of 0.9 and expressed at 18 °C with 1 mm IPTG for approxi-
mately 24 h. The centrifuged cells were resuspended in 50 mm Tris, 300 mm NaCl with
lysozyme and protease inhibitor tablets (Complete EDTA-free protease inhibitor (PI)
cocktail tablets from Roche Diagnostics). The cells were then stirred for 30 min at 4 °C.
The lysate was passed twice through a microfluidizer, and centrifuged for 15 min at 10
krpm. The supernatant was centrifuged again for 1.5h at 40 krpm. The resulting pel-
let was resuspended in 50 mM Tris, 300 mM NaCl, 25 % glycerol and stirred over night
at 4°C. The next day, an extraction trial was performed with different detergents. The
highest yields were obtained for FC14. However,it was considered that FC14 might be
a very harsh detergent for purification and a different detergent or a detergent mix-
tures might be a better solution for the purification of CRF,4R.

Jappelli et al extracted the CRF,4R just in detergents without adding any cholesterol.
However, cholesterol was shown to bind to GPCRs and render them more stable re-
sulting in higher yields at the end of a purification [116-119]. Cholesterol can change
physical properties of membranes as for example curvature, lipid order, and mem-
brane fluidity and it is present at high concentrations in eukaryotic cellular mem-
branes [120]. Therefore, in this thesis, cholesterol was added in every purification

step as soon as a detergent was used.

So far, many published crystal structures of GPCRs are obtained from biological en-
gineered receptors [9, 43, 49]. One technique is for example the thermostabilisation
of the receptors with either systematic scanning mutagenesis, [44, 121, 122] or ran-
dom mutagenesis as used in evolution-biased strategies [123]. These point mutations
serve to lock the receptor in a certain conformational state [121]. This procedure,
normally done on detergent-solubilised receptors, renders the GPCRs easier to purify
and crystallise due to their higher stability [124]. The CRF; receptor was also ther-

mostabilised for its crystallisation [43].
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Therefore, some point mutations were considered to be introduced into the CRF,;R
in this thesis. However, the CRF; receptor was engineered into an inactive state and
since the aim of this thesis is to purify CRF,;R in an active state, not all point mutated
residues can be introduced into the CRFMR. To maintain an active conformation,
only one or two point mutations should be introduced to render the receptor easier
to purify. This is possible since the inactivation of a GPCR is not obtained just by one
point mutation but just increases the propensity for an inactive state, however does
not lock it there.

Taking the expression protocol of Jappelli et al as starting point, each step was exam-
ined to increase the yield of the protocol. Additionally, a purification protocol was

attempted to yield an active CRF,4R in mg-quantities.

2.2.1 Expression

Three constructs of CRF,4R fusion proteins were tested for their yield of expression.
Two were designed by Jappelli et al. Both fusion proteins had a Hisg-tag at the C-
terminus and a small linker to connect it to the C-terminus of CRF,;R. At the N-
terminus, one construct contained a pelB-signal peptide sequence from E.carotovora
[125], whereas the other did not (figure 2.10). This signal peptide sequence should
ensure the secretion via the Sec-dependent pathway [126]. The pelB-CRF,4R fusion
protein expressed in lower yields than the no signal peptide CRF,4R, which is consis-
tent to the observation of Jappelli et al [115].

The third fusion protein of CRF,;R had a Mistic-sequence at the N-terminus. The
Mistic (Membrane-Intergrating Sequence for Translation of Integral membrane pro-
tein Constructs) is a membrane protein from Bacillus subtilis [127]. Mistic can au-
tonomously translocate itself into membranes skipping the rate determining step of
the cellular translocon machinery. The usefulness of the Mistic-sequence has been
shown in a prove of principle by Roosild et al in 2005 [127] improving considerably

the yields of membrane proteins. Additionally, they proved that the C-terminal part
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of Mistic is exposed to the periplasm in E.coli. Thus attaching the Mistic-sequence to

the N-terminus of a protein ensures its translocation to the periplasm.

10 20 30

MKYLLPTAAA GLLLLAAQPA MA MVAQPGQAPQ DQPLWTLLEQ YCHRTTIGNF

40 50 60 70 80 90

SGPYTYCNTT LDQIGTCWPQ SAPGALVERP CPEYFNGIKY NTTRNAYREC LENGTWASRV

100 110 120 130 140 150

NYSHCEPILD DKQRKYDLHY RIALIVNYLG HCVSVVALVA AFLLFLVLRS IRCLRNVIHW

160 170 180 190 200 210

NLITTFILRN IAWFLLQLID HEVHEGNEVW CRCITTIFNY FVVTNFFWMF VEGCYLHTAI

220 230 240 250 260 270

VMTYSTEHLR KWLFLFIGWC [PCPIIIAWA VGKLYYENEQ CWFGKEAGDL VDYIYQGPVM

280 290 300 310 320 330

LVLLINFVFL FNIVRILMTK LRASTTSETI QYRKAVKATL VLLPLLGITY MLFFVNPGED

to Ala, A
340 350 360 370 380 390

\
DLSQIVFIYF NSFLQSFQGF FVSVFYCFFN GEVRAALRKR WHRWQDHHAL RVPVARAMSI

400 410 420

PTSPTRISFH SIKQTAAVNS SSVDKLAAAL EHHHHHH

Figure 2.10: Amino acid sequence of the fusion protein encoded by the (pelB-)CRF, 3R plasmid. The
underlined residues belong to the CRF,4R sequence, the bold residues belong to the prokaryotic signal
peptide pelB-tag, which is present in the pelB-CRF,4R fusion protein and not in the CRF,4R fusion
protein. The amino acid residues in italics belong to the Hisg-tag. The letter in grey shows the point
mutation introduced to (pelB)-CRF, sR.

The Mistic-sequence was also attached to the N-terminus of the CRF,;R. Roosild et
al. expressed the receptor and purified it with a nickel affinity column in the detergent
LDAO. The Mistic-tag was removed later via thrombin cleavage.

Expressing and purifying the Mistic-CRF,;R in FC14 resulted in an increased yield by
a factor of 3 to 4 compared to the no signal peptide construct of CRF,;R (data not

shown). Therefore, Mistic-CRF,;R was used for further expression and purification.
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MKHHHHHHHH GGLVGGGSHG MFVTFFEKHH RKWDILLEKS TGVMEAMKVT
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10
LNTIKQILS ISVSEEGEKE GSGSGHMHHH HHHSSGGSST SLYKKAGSLV PR GSGSQPGQAP

20 30 40 50 60 70

QDQPLWTLLE QYCHRTTIGN FSGPYTYCNT TLDQIGTCWP QSAPGALVER PCPEYFNGIK

80 90 100 110 120 130

YNTTRNARE CLENGTWSR VNYSHCEIL DDKQRKYDLH YRIALIVNYL GHCVSVVALV

140 150 160 170 180 190
AAFLLFLVLR SIRCLRNVIH WNLITTFILR NIAWFLLQLI DHEVHEGNEV WCRCITTIFN

200 210 220 230 240 250
YFVVTNFFWM FVEGCYLHTA IVMTYSTEHL RKWLFLFIGW CIPCPINIAW AVGKLYYENE

260 270 280 290 300 310
QCWFGKEAGD LVDYIYQGPV MLVLLINFVF LENIVRILMT KLRASTTSET IQYRKAVKAT

to Ala, A
360 Stop Codon

320 330 340 350 370
LVLLPLLGIT YMLFFVNPGE DDLSQIVFIY FNSFLQSFQG FFVSVFYCFF NGEVRAALRK

Stop Codon

380 390 400
RWHRWQDHNA LRVPVARAMS IPTSPTRISF HSIKQTAAV

Figure 2.11: Amino acid sequence of the fusion protein encoded by the Mistic-CRF,zR plasmid.
Compared to the (pelB-)CRF, 4R construct, Mistic-CRF, 4R has a Mistic-sequence at the N-terminus in-
dicated by bold and two His-tags indicated by letters in italics. The scissor show the thrombin cleavage
site, between the Pro-Arg and Gly-Ser residues. The letters in grey show the point mutation introduced
to Mistic-CRF,4R.

Additional to the OverExpress™ C43(DE3) and Rosetta 2 (CE3) cell strains examined
by Jappelli et al, Origami™B(DE3), BL21 Star ™ (DE3) co-expressed with DsbC, SHuffle®T7
and OverExpress™ C41(DE3) cells were tested. Origami™B(DE3) was chosen, as it
has point mutations in his genome to decrease the reducing environment of E.coli in
cytoplasm to facilitate easier disulphide bond formations. Additionally, CRF,;R was
co-expressed with DsbC isomerase in BL21 Star ™ as this protein is able to reshuffle

disulphide bridges. The SHuffle®T7 strain has a mutation in its genome to express
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DsbC automatically in the cytoplasm. The OverExpress™ C41(DE3) strain was cho-
sen due to their larger membranes which may increase the membrane protein con-
centration. BL21 Star ™(DE3) cells were used as a control. After induction at 18 °C
and over night expression, samples were taken and a Western blot was performed.
The CRF,;R was detected with an anti-Hiss-tag antibody (figure 2.12).

BL21 Star "™ (DE3) was the only cell strain giving CRF, ;R in high yields, as indicated by
a band on a NuPAGE® 12 % Bis-Tris gel at the molecular weight expected for Mistic-
CRF,;R W375Stop. CRF,4R co-expressed with DsbC gave a weaker band at a lower
molecular weight than when CRF,;R was expressed alone. It was not investigated if
the lower band was CRF,;R. On the basis of this test, BL21 Star ™ (DE3) cells were

used for further expression.

M st EaaS 1. Origami™ B(DE3)
2.BL21 Star™ (DE3) co-expressed with DsbC
il 3.BL21 Star™ (DE3)
w— 4. SHuffle® T7
49 kDaw== - 5. OverExpress™ C41(DE3)
38 kDa «=

Figure 2.12: Western blot of an expression trail with different cell strains using the plasmid Mistic-
CRF,;R W357Stop. The primary antibody was specific for Hisg-tag.

Expression Medium

Besides the TB medium, which was utilised by Jappelli et al, an auto induction medium
was examined as alternative expression system [128]. This is an expression system,
where no induction with IPTG is needed due to the addition of glucose and lactose.
As long as glucose is present in the medium, the cells use glucose as a carbon source
instead of lactose; therefore, no expression is induced by lactose. However, when the
glucose is depleted, the cells start to produce the desired protein [128]. This expres-

sion system had been shown to work for some GPCR proteins fused N-terminally with
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the Mistic-sequence yielding mg-quantities [129]. However, in our case, even though
different time points and temperatures were investigated for the auto-induction for
the expression of the Mistic-CRF,4R, no condition yielded higher amounts of CRF,sR
than for the established TB-medium (data not shown). Thus, TB medium was used

for expressing unlabelled CRF,4R as described by Jappelli et al [115].

2.2.2 Preparation of the Membrane for Extraction

There are different methods to extract membrane proteins. Either the membrane
protein fraction is separated from the soluble protein fraction and subsequently the
membrane proteins are extracted from the host membrane [43] or the membrane pro-
teins are extracted from the whole cell lysate [67].

Before the extraction of CRF,4R from the membrane protein fraction, the E.coli lysate
was centrifuged twice, first to remove the inclusion bodies and cell debris and then
to separate the membrane fraction from the soluble one. The former one was resus-
pended over night and subsequently extracted with a detergent. The Mistic-tag was
then cleaved off with thrombin.

Purification of the protein from the whole cell extraction was faster compared to the
one from membrane fraction. E.coli cells were lysed and the membrane protein was
then immediately extracted. Since GPCRs are known to be unstable, a fast purifica-
tion protocol is preferred.

No difference in the purity of CRF,;R was observed when comparing the membrane
protein fraction and the whole cell extraction (data not shown). Thus the whole cell

extraction was preferred due to its shortening of time for the purification.

2.2.3 Cell Disruption

To disrupt E.coli cells, the cell lysate was passed twice through a microfluidizer before

the extraction with detergents. Microfluidizers use high shearing forces to break the
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cells. Due to heat development, the system should be cooled with ice water.

A Western blot of a purification of Mistic-CRF,4R, using a microfluidizer for cell dis-
ruption, exhibited several bands in the nickel-affinity chromatography elution. For
the illumination of the band, an anti-Hiss-tag antibody was used. The bands col-
lapsed to one band upon thrombin cleavage corresponding to the His-tagged Mistic.
Thus, it was assumed that the bands, found in the nickel-affinity elution on the West-
ern blot, correspond to Mistic-CRF,;R and might represent differently truncated re-
ceptors. The truncation of the receptor was thought to be induced by the shearing
forces of the microfluidizer. Thus a bounce homogeniser was used for lysing instead
of the microfluidizer. However, the yield of purified Mistic-CRF,;R was reduced, when
the bounce homogeniser was used, probably due to decreased efficiency of cell dis-

ruption (data not shown).

MRS RGN 1. Lysate
2. Supernatant

P 3. Ni-NTA flow through
P - 4. Ni-NTA wash
49kDa o 2 5. Ni-NTA Elution
38 kDa Mistic-CRFR; q 6. Ni-NTA Elution
it pe- | 7.Thrombin cleavage
28 kDa-
-
14 kDaam Mistic - .

Figure 2.13: Western blot of a purification of Mistic-CRF,4R using a microfluidizer to disrupt E.coli
cells. Lane 1 is the lysate of the purification; lane 2 is the supernatant of a centrifugation after the
membrane proteins have been solubilised with the detergent FC14; lane 3 is the flow through of a
nickel affinity chromatography; lane 4 is the wash of the nickel-resin; lane 5 and 6 are the elution of the
affinity chromatography with 500 mM imidazole; lane 7 is the elution cleaved with human thrombin.
The elution after the affinity chromatography has several bands, which all collapse to one band upon
thrombin cleavage, corresponding to the His-tagged Mistic.

However, when a Western blot was performed with different dilution ratio between a
receptor sample and a SDS-loading buffer, the amount of bands varied as well. When
the E.coli lysate, containing the receptor, was diluted 1:1 with loading buffer, again

several bands were visible in the Western blot, using an anti-Hise-tag antibody for
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analysis. When the cell lysate was diluted 1:9 with loading buffer, only one strong
band remained.

The different bands found after Ni-elution might not have been only truncated, but
also not well solubilised receptors. Thus, microfluidizer was used again as a cell dis-
rupter, just at a lower pressure, e.g. 25 PSI instead of 40 PSI, to decrease the shear

forces generated on the receptor.

M| 1 2 1.Dilution 1:9
- 2. Dilution 1:1
49 KDa g
38kDa __ WP
28 kDa e '
-

Figure 2.14: Western blot of lysed E.coli cells with different dilution ratios. While the 1:1 dilution of
the lysate with loading buffer contained several bands illuminated with an anit-Hisg-tag antibody, the
bands collapsed to one band, when the lysate was diluted 1:9 with loading buffer.

2.2.4 Extraction

Due to the fact that Jappelli et al. used the membrane fraction for extraction, a deter-
gent trial examination was performed with different detergents using the whole cell
extraction method (figures in "Extraction, Mistic-CRF,;R’). Since the detergent FC14
at 0.5 % concentration gave the highest yield in the extraction protocol of Jappelli et

al, FC14 was taken as a control to estimate the efficiency of other detergents.



52 Chapter 2. Expression and Purification of CRF Receptor Isoforms

Mistic-CRF,; Receptor

Different detergents were investigated, some being mild, as for example DDM or FC12,
and some being harsher but more suitable for NMR spectroscopy measurements due
to their small-micelle sizes, as for example LMPG or FC14.

It is not possible to extract Mistic-CRF,;R in higher yields with 1 % DDM compared to
0.5 % FC14 (figure 2.15), even after 2.5 h.

The same applies to 0.5 % LDAO (figure 2.16). Only after 24 h, a band appeared at
around 20kDa. However, its molecular weight is too small to be the 68.5kDa fusion
protein. In figure 2.16, the intensities of the visualised bands for the FC14 extraction
varied with time, probably due to pipetting mistakes. Nevertheless, it was assumed
that after 3 h, no more receptor was extracted.

Additionally, LMPG and DMPC, either alone or in combination with FC14, were in-
vestigated (figure 2.17). 0.5 % LMPG was able to extract the same amount of fusion
protein after 8h as FC14. Also the mixture between FC14 and LMPG was capable to
extract the fusion protein in higher amounts.

In contrast, other detergents such as FC12 and DHPC?7 did not extract the fusion pro-
tein (figure 2.18).

M1 2 3 4 5 6 1.30min,DDM

2.30 min, FC14

we 3.60 min, DDM

62 kDa 4.60 min, FC14
49 kDa- - 9. h, DDM
6.2.5h,FC14

Figure 2.15: Western blot of a whole cell extraction of Mistic-CRF, ;R with 0.5 % FC14 and 1 % DDM
using an anti-Hise-tag antibody. After 2.5h of extraction, only FC14 was able to extract Mistic-CRF,zR
in high yields.

Different mixtures of FC14 and DDM were examined, too (figure 2.19). Remarkably, a
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mixture of 0.25 % FC14 and 0.25 % DDM extracted CRF,4R as well as FC14 alone.
Interestingly, detergents that were able to extract CRF,4R using the membrane protein
fraction (even though at low yields) such as FC12, DDM, and LDAO [115] were not

capable anymore to extract the receptor using the whole cell extraction method.

RGO 0™ 1. 3 h, LDAO
2.3h,FC14
o kDa: ' 3.5hLDAO
o e = W W oshes
38 kDo 5.7 h, LDAO
B 6.7 h, FC14
7.11h, LDAO
-  8.11hFC14
14 kDaas 9.24h, LDAO
10.24 h, FC14
-

Figure 2.16: Western blot of a whole cell extraction of Mistic-CRF, ;R with 0.5 % LDAO and 0.5 % FC14
using an anti-Hise-tag antibody. LDAO was not able to extract Mistic-CRF,4R, only a band at around
20kDa after 24 h appeared. FC14 was able to extract Mistic-CRF,4R; the fluctuations of the intensity of
the bands are probably due to pipetting mistakes.
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Figure 2.17: Western blot of whole cell extraction of Mistic-CRF, ;R with different concentrations of
FC14, LMPG, DMPC using an anti-Hiss-tag antibody. No differences are visible between 4h and 8h
using FC14. For LMPG alone and in mixture with FC14, higher yields of extraction resulted after 8h
than after 4 h. Mixture of LMPG and DMPC or of all three detergents gave smaller yields of extraction.
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Figure 2.18: Western blot of whole cell extraction of Mistic-CRF, ;R with 1 % FC12 or 0.5 % FC14 or
1% DHPC7 using an anti-Hisg-tag antibody. Only FC14 extracted the receptor.
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Figure 2.19: Western blot of whole cell extraction of Mistic-CRF,;R with different ratios between
FC14 and DDM using an anti-Hisg-tag antibody. The highest yields were obtained for 0.25 % FC14 and
0.25 % DDM after 4 h.

Summarised, the highest yield for the extraction of Mistic-CRF, ;R was with the deter-
gents FC14 or LMPG or a mixture of FC14 and DDM (figure 2.1).

To compare the yields and feasibility of purification, Mistic-CRF, ;R was extracted and
further purified in the presence of these three detergents. In each buffer, cholesterol
hemisuccinate (CHS) was added. When the receptor was extracted with FC14, the
protein was purified with FC14; when it was extracted with FC14/DDM mixture, it
was purified with DDM; when it was extracted with LMPG, it was further purified with
LMPG (table 2.2). The yield after the Ni-NTA column was ca. 5mgL~! of culture for
FC14, ca. 3mgL~! for DDM/FC14, and ca. 1.5 mg L~ for LMPG.

The fusion protein was cleaved over night with human thrombin protease at 22 °C and
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Detergent Detergent concentration [%] Extraction efficiency
FC14/CHS 0.5/0.06 +++
DDM/CHS 1.0/0.12 -
FC14/DDM/CHS 0.05/0.5/0.06 +
FC14/DDM/CHS 0.15/0.4/0.06 +
FC14/DDM/CHS 0.25/0.25/0.06 +++
FC14/DDM/CHS 0.4/0.15/0.06 ++
FC14/DDM/CHS 0.5/0.05/0.06 +++
LMPG 0.5 +++
FC14/LMPG/CHS 0.25/0.25/0.03 ++
FC14/LMPG/CHS 0.1/0.4/0.012 +
LMPG/ DMPC 0.4/0.1 +
FC14/LMPG/DMPC/CHS 0.1/0.4/0.1/0.012 +
DHPC 1.0 -
FC12 1.0 -
LDAO 0.5 -

Table 2.1: Detergents and their efficiency to extract CRF, 3R compared to 0.5 % FC14 with a whole cell
extraction.

the next day loaded on a SEC Superdex 200 column (figure 2.20). For each sample,
several elution peaks were observed. This indicated that several species were present
in each sample and not only a single one, which is preferred for biochemical analy-
sis. Surprisingly, the peaks of each sample purified with different detergents eluted at
different retention times. This most probably resulted from the fact that each deter-
gent has a different micelle size, each being built from a distinct number of detergent

molecules.

Concentration of Detergent for Extraction Concentration of Detergent for Purification

0.5% FC14/0.06 % CHS 0.01 % FC14/0.0012 % CHS

0.25 % FC14/0.25 % DDM/0.06 % CHS 0.025 % DDM/0.003 % CHS
0.5 % LMPG/0.06 % CHS 0.025 % LMPG/0.003 % CHS

1% DDM/0.12 % CHS 0.025 % DDM/0.003 % CHS

Table 2.2: Concentrations of detergents used for purification of CRFy4R.

In order to asses the different activities of CRF,;R extracted in the three detergents,
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a radioactive ligand binding assay was executed by Dr. Marilyn Perrin at the Clay-
ton Foundation laboratory for Peptide Biology (Salk Institute, San Diego, USA) (figure
2.21). The antagonist [125-I-DTyr1]-astressin was used as radioactive ligand. Since
the ligand might also bind unspecifically to the laboratory tools used for these mea-
surements, the obtained result is a combination of specific and unspecific binding
of the radioactive ligand. The specific binding can be calculated by subtracting the
unspecific binding from the total binding. The unspecific binding can be measured
by adding high amounts of non-labelled ligand to the sample with radioactive ligand,
displacing the radioactive ligand from the specific binding. In this experiment, 500 nMm
not-labelled astressin was used for displacement.

The results indicate that the DDM/FC14 extracted and DDM purified protein gives
the highest extent of specific binding in the activity assay. The signal for the FC14 ex-
tracted and purified CRF, ;R was slightly lower than for the one, which was DDM/FC14
extracted. Replacing the detergent to LMPG, decreased the signal the most. However,
high amount of unspecific binding is detected in this case. Thus the most active re-
ceptor is obtained by extracting with DDM/FC14 and purifying in DDM.

When the protein samples were remeasured after one week, the signal for CRF,;R
purified with DDM was reduced slightly, while the signal for FC14 purified sample
decreased about one third (data not shown). Therefore DDM was preferred for the
purification and storage of the receptor.

Additionally, the activity of the different peaks obtained on the SEC with the Superdex
200 of the DDM purified CRF,;R were assessed by Dr. Perrin (figure 2.20). The peak

eluted as first near the void volume gave the highest signal (data not shown).
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Figure 2.20: Size exclusion chromagroam of Superdex 200 of cleaved Mistic-CRF,4R extracted and
purified with different detergents. The chromatogram line assigned as DDM/FC14 was extracted with
0.25 % FC14/0.25 % DDM and purified with 0.025 % DDM. The line of FC14 was extracted with 0.5 %

FC14 and purified with 0.01 % FC14. The line of LMPG was extracted with 0.5 % LMPG and purified
with 0.05 % LMPG.
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Figure 2.21: Radioactive ligand binding assay of purified samples using different detergents during
extraction and purification. CRF, sRwas extracted with either DDM/FC14, FC14 alone or LMPG alone
and purified with DDM, FC14 or LMPG, respectively. The antagonists [125-1-DTyr1]-astressin was used
as radioactive ligand. The specific binding was determined by subtracting the signal of the radioactive
ligand in the presence of astressin (500 nM astressin) from the signal of the radioactive labelled ligand
alone (0nm). CRF,4R extracted with DDM/FC14 and purified with DDM resulted to have the highest
activity.

Mistic-CRF,; Receptor Mutants

We considered to introduce in the CRF,4zR sequence thermostabilising point muta-
tions, which were used for the crystallisation of CRF,R [43]. Those mutations ren-
dered the CRF,R more stable and thus facilitated its purification and crystallisation.
Hence, they might also stabilise CRF,;R and ease its purification. The point muta-
tions of CRF,R were compared to the polar residues found to be important for ligand-
biased signalling in the secretin family [17]. Mutating the polar residues may lock the
receptor into a specific conformational state resulting in a biased signalling. Thus the
point mutation Y357A7-57 was chosen.

Additionally, a stop codon at the position 386 of the sequence (L386Stop) was intro-
duced to CRF,4R, as was for CRF,R. Hollenstein et al. reported an increase of expres-

sion for the CRF; receptor, when the C-terminus was cleaved off [43].
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The introduction of the Y357A mutation resulted in a higher yield of CRF,4R extracted
with DDM, when compared to the wild type (figure 2.22 and 2.23). The highest yield
of CRF, ;R Y357A7*" extraction was achieved with 1% DDM after 3.5h. Introducing a
stop codon at 1386 also increased slightly the extraction yield compared to the native

receptor, however, not as much as the point mutation Y357A.

Mai=or 3s &4 S 36 8 1.0.25 % DDM/ 0.25 % FC14, Mistic-CRFR
L . 2.0.25% DDM/0.25 % FC14, Mistic-CRFRY357A

98 kDAWD o - e

62 kDa — 3.0.25 % DDM/ 0.25 % FC14, Mistic-CRFR L3865top
49 KDa =- W e e o WSS = 4 55 9, DDM/ 0.25 % FC14, Mistic-CRFR Y357A, L386Stop
- 5.2 % DDM, Mistic-CRFR
= 6. 2 % DDM, Mistic-CRFR Y357A
7.2 % DDM, Mistic-CRFR L3865top
= 8.2 % DDM, Mistic-CRFR Y357A, L3865top

Figure 2.22: Western Blot of whole cell extraction of different mutants of Mistic-CRF, ;R with either
0.25 % FC14/ 0.25 % DDM or 2 % DDM using an anti-Hisg-tag antibody. Interestingly, different extrac-
tion yields were obtained for different mutants of Mistic-CRF,4R. 2 % DDM gave about the same yield
for the mutants as with 0.25 % FC14/0.25 % DDM.

M1 2 8 4 586 8 9 10 11 12 1.2h, 1% DDM, Mistic-CRFRY357A
2.2 h, 1.5 % DDM, Mistic-CRFRY357A
3.2 h,2 % DDM, Mistic-CRFRY357A

98 kDag - " 4.2h, 1% DDM, Mistic-CRFR L386Stop
62 kDa— . . = 5.2h,1.5% DDM, Mistic-CRFR L3865top
49 kDa-—

6.2 h, 2 % DDM, Mistic-CRFR L3865top
— 7.3.5h, 1 % DDM, Mistic-CRFRY357A
= 8.3.5h, 1.5 % DDM, Mistic-CRFR Y357A
. 9.3.5 h, 2% DDM, Mistic-CRFRY357A
10.3.5 h, 1 %, DDM, Mistic-CRFR L386Stop
e 11.3.5 h, 1.5 % DDM, Mistic-CRFR L386S5top
12.3.5 h, 2 % DDM, Mistic-CRFR L386S5top

Figure 2.23: Western Blot of whole cell extraction of different mutants of Mistic-CRF, 4R with differ-
ent concentrations of DDM using an anti-Hisg-tag antibody. Different yields were obtained for differ-
ent mutants. The highest yields were obtained for Mistic-CRF,;RY357A with 1 % DDM after extracting
for3.5h.

To investigate the yields and activities of the different mutants, CRF,;R and CRF,;R

Y357A7>7 were purified and examined with a radioactive ligand binding assay. Wild
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type CRF,;R was extracted with DDM/FC14 as control, CRF,;R Y357A was extracted
with either DDM/FC14 or DDM alone (table 2.2). All extracted proteins were further
purified with 0.025 % DDM/0.003 % CHS. The mutant gave about 30 % higher yield
than the wild type. If the higher yield resulted from a higher rate of expression, or a

stabilisation of the receptor, was not investigated.

250000 -prR CRFRY357A CRFRY357A CRFRY357A
DDM/FC14 DDM/FC14  DDM  DDM/FC14
BT BT B1 B2
200000
£ l
S 150000 1
100000
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Figure 2.24: Radioactive ligand binding assay of purified CRF,;R and CRF,;R Y357A"" using dif-
ferent detergents during extraction and purification. CRF,4R was extracted with DDM/FC14, CRF,5R
Y357A7>7 with either DDM/FC14 or DDM. The extracted fusion proteins were all further purified with
DDM. The final samples were either in the buffer B1(50 mm TRIS, 500 mM NaCl, 20 % glycerol, 0.025 %
DDM/0.003 % CHS) or in the buffer B2 (15 mm TRIS, 150 mM NaCl, 20 % glycerol, 0.025 % DDM/0.003 %
CHS). The antagonists [125-1-DTyr1]-astressin was used as radioactive ligand. The specific binding is
the subtraction of the signal of the radioactive labelled antagonists in the presence of astressin (500 nM
astressin) from the signal of the radioactive labelled antagonist alone (0 nM).

The activities of the differently purified proteins were examined by Dr. Perrin. For the
radioactive ligand binding assay, antagonists [125-1-DTyr1]-astressin was used. Spe-

cific binding was obtained by subtracting the unspecific binding (the displacement
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of labelled from non-labelled astressin) from the specific and unspecific binding (the
labelled radioactive ligand binding alone) (figure 2.24).

No difference in ligand binding was observed for the wild type and mutant. Further-
more, no difference was observed between the receptor extracted with the mixture of
the detergents of DDM and FC14 or DDM alone. Additionally, a sample was measured
with only 150 mm NaCl instead of 500 mM NaCl. The decreased salt concentration did
not influence the stability of the receptor, either, as it was the case, for example, for
apelin G protein- coupled receptor ( [130]).
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Figure 2.25: Estimation of inhibitory binding constant of astressin. The different concentrations of
unlabelled astressin in the presence of a constant concentration of radioactive labelled astressin were
plotted against the radioligand binding measured in counts per minute (cpm). Astressin had an affinity
of 35nM to the native CRF,4R and 11 nM the mutant CRF,4R Y357A.

Additionally to the activity test, the inhibitory binding constant K; was measured by
Dr. Perrin. K; was examined for the native and mutated CRF,;R extracted with DDM/
FC14 (figure 2.25). Different concentrations of unlabelled antagonist astressin were
measured in the presence of a constant concentration of radioactive labelled astressin
[68]. The total radioligand binding measured in counts per minute (cpm) were plotted
against the log of the unlabelled astressin concentration. The K; value for the native
CRF,4R was found to be 35nm and 11nM for the mutant CRF,;RY357A7°". Thus the
point mutation Y357A stabilises the receptor as was observed for CRF;R by Hollen-
stein et al. [43].
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2.2.5 Immobilised Metal Ion Affinity Chromatography

To purify a protein with a Hisg-tag, different kinds of resin for affinity chromatogra-
phy can be used. For example a Ni-NTA resin having nickel or a Talon® resin having
cobalt as metal ion. His-tagged proteins should bind with higher specificity but lower
affinity to the cobalt-resin than to the nickel-resin. Therefore the eluted sample from
a cobalt resin should be purer. However, in the case for CRF, sR, the nickel-resin could
be washed with higher imidazole concentration due to its higher affinity to nickel,
giving about equally pure receptor from nickel or cobalt resin (data not shown).

Additionally, batch resin binding was compared to normal gravity flow binding. In
order to decrease the detergent concentration for the affinity binding, the sample was
diluted, which resulted in large volumes. This was difficult to handle in batch mode.
Additionally, higher amounts of resin was used for the batch binding in order to en-
sure a certain density of resin in the solution and thus an efficient binding. However,
higher amount of resin also meant that more impurities could bind to the resin. Using
different incubation times (e.g. 2h, 4h, over night) did not increase the concentration
of eluted receptor. Therefore normal gravity flow binding was preferred with a drop

wise flow of 1.5 h per litre of bacteria culture.

2.2.6 Thrombin Cleavage

Thrombin cleavage trials were performed to investigated conditions for a fully cleaved
fusion protein. Different enzyme to substrate ratios were investigated, as well as dif-
ferent durations of cleavage, different additives (MgCl, or CaCl,) and different deter-
gents.

Full cleavage of the fusion protein at low ratio (1 mg fusion protein to 7 NIH units of
thrombin) was obtained only at 22 °C (figure 2.26). When higher ratios were examined
(e.g. 1:40, 1:60), the cleavage also occured at 4 °C (figure 2.27). Adding CaCl, or MgCl,
during the thrombin cleavage did not improve the efficiency (figure 2.27).

No difference in yields of cleaved receptor was observed in the presence of different
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detergents.
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Figure 2.26: A NuPAGE® 12 % Bis-Tris gel of a thrombin cleavage trial of Mistic-CRF,4R in FC14. The
ratio between human thrombin and receptor was 1:7. Samples were taken at different time points.
They were additionally incubated at different temperatures, 4° or ca. 22°. Many bands disappeared
and appeared during the cleavage. When uncertain, what kind of protein represented a band due to
its unusual molecular weight, a question mark was added. However, the highest amount of cleaved
bands were obtained after an over night cleavage (ca 16 h) at RT. The cleavage trial was performed in
the presence of 0.01 % FC14.
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Figure 2.27: A NuPAGE® 12 % Bis-Tris gel of a thrombin cleavage trial of Mistic-CRF,3R Y357A"%7 in
DDM. Different ratios between the receptor and thrombin were investigated at two temperatures, at
4° and ca 22°, including different additives. The additives did not increase the cleavage. With the ratio
1:40 almost all Mistic-tag was cleaved. Cleavage trail was performed in the presence of 0.025 % DDM.
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2.2.7 Labelling of CRF;; Receptor for NMR Spectroscopy

Expressing CRF,;R in minimal medium for NMR-active isotopic labelling decreased
the yield drastically. Depending on the extracting detergent, the yield of the purified
receptor differed remarkably. For example for the extraction and purification with
DDM, the final yield was about few ng of receptor per litre culture, while for the de-
tergent FC14, few ug receptor per litre of culture were obtained. Therefore alternative
expression conditions were explored.

A common way to increase the yield in minimal medium is to first grow the cells in a
rich medium and, after reaching a certain cell density, transfer them to the minimal
medium. Thus, CRF,;R was grown in TB up to an ODsg of 1, then the bacteria cells
were centrifuged and resuspended in the minimal media. The cells were adapted to
the new medium and induced with IPTG. Unfortunately, this method did not improve
substantially the yield (figure 2.28).

Therefore, expression condition were varied for the minimal medium, as for example
the induction temperature, the IPTG concentration or different durations of expres-
sion. They were analysed by Western blot using an anti-Hisg-tag antibody. The op-
timal condition was an over night expression and induction at 29 °C with 1 mm IPTG
(figure 2.28). However, the resulting sample of CRF,;R did not bind to Ni-NTA resin. A
reason for this could be that the expressed receptor was unfolded or aggregated dur-
ing the expression at higher temperature.

Thus another approach was investigated, namely the addition of Celtone® Base Pow-
der (CBP) to the minimal medium. CBP is an hydrolysed algal powder, which contains
a mixture of amino acids, peptides and vitamins. When added to a minimal medium,
the minimal environment is turned into a rich’ environment for bacterial growth and
protein expression. As labelled CBP can be purchased, it can be also used for labelling

proteins in minimal medium.
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! 3.23°C, MM, 1 mM IPTG, induced at 1.2 ODsoo
4.28°C, TB -> MM, 0.5 mM IPTG, induced at 1.2 ODsgg
—50 kD 5.28°C, MM, 0.5 mM IPTG, induced at 1.2 ODsgo
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Figure 2.28: Western Blot of optimisation trial for a 50 % D,0O minimal media system with different
IPTG concentrations and temperatures using Mistic-CRF,zR. The primary antibody had an anti-Hiss-
tag specificity. The first description is the temperature at which the protein was expressed. The second
description is the media used, where TB -> MM means that the cells were first grown in TB to a certain
ODsgp, centrifuged slowly at room temperature and resuspended in minimal media (MM). The third is
the IPTG concentration and as last the ODsgg at which the system was induced. Apparently, the highest
yield is obtained inducing either at 28 °C or 33 °C using either 0.5 mM or 1 mMm IPTG.
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Figure 2.29: ANuPAGE® 12 % Bis-Tris gel of the purifications after expression in different media as for
example Terrific Broth (TB), minimal media (MM) with 3 g CBP or a ready to use bioexpress cell growth
media (CCM) purchased from Cabridge Isotope Laboratories. Supernatant refers to extracted protein
remained in the supernatant after centrifugation. Flow through is the flow through of the Ni-NTA resin,
which was additionally washed. The protein was eluted from the Ni-NTA resin with a high imidazole
concentration and immediatly desalted using a PD10 column to reduce the amount of imidazole.

Adding this rich medium powder to minimal medium increased the yield of expressed

CRF,4R. In particular the addition of 3 g of CBP per litre of minimal medium restored
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the yield to 0.5 mg per litre of culture, if extracted and purified in DDM, compared to
0.8 mg in TB medium (figure 2.29). Growing and expressing the receptor in a Celtone®
complete medium (CCM), containing CBP readily dissolved, produced only low yields
of CRF,4R (figure 2.29). The reason for this was not investigated.

Therefore, the receptor was expressed in the presence of CBP in minimal medium.

In summary, a new expression protocol was established for the mouse CRF,;R. The
fusion protein Mistic-CRF,;R was expressed instead of the (pelB-)CRF,;R as was used
by Jappelli et al [115], as it gave about 3 times higher yield than the (pelB-)CRF,;R
construct. When the protein was expressed unlabelled, TB was used as expression
medium. When the receptor was labelled, minimal medium supplemented with Cel-
tone® Base Powder gave the highest yield. The receptor was extracted from the whole
cell lysate. DDM/FC14 mixture or DDM alone was used for the extraction of the re-
ceptor giving the highest amount of active receptor. The receptor was purified using
nickel affinity resin containing 0.025 % DDM/ 0.003 % CHS. The receptor was bound to
the resin via gravity flow. The receptor was then desalted and the fusion protein was
cleaved with human thrombin protease over night at 4° at the ratio of 1 mg receptor to

40 NIH unit of human thrombin enzyme.



Chapter 3

Ligand Affinity Chromatography

Affinity chromatography techniques are a common tool for protein purifications [131].
This methodology is based on the specific interactions between either a metal ion to
a specific tag, or an antibody to its antigen. It is also possible to take advantage of the
affinity between a protein and its ligand. Ligand affinity chromatography is used in
purification of proteins similarly to affinity chromatography techniques. The affinity
ligand is immobilized on a solid support as for example a resin packed in a column.
The obtained column can be used for the isolation of the desired and correctly-folded
receptor under native conditions. The retained receptor can be dissociated by chang-
ing the buffer composition or using a competing agent in the mobile phase that dis-
places the receptor from the ligand bound to the resin [132]. Choosing the proper
receptor-ligand interaction is a crucial factor to achieve a pure sample.

The ligand-affinity chromatography has been already adopted for the purification of
GPCRs as a purification tool [67,114, 133-135]. It ensures the selection of the folded
species and its homogeneity for further biochemical analysis.

In this chapter the preparation of an affinity ligand column and its protocol of usage
are described. Astressin was chosen as ligand due to its high affinity to the CRF,;R
and to the first extracellular domain (ECD) of CRFZBR (0.62nM and10.7 nM, respec-
tively) [29]. It is an antagonist for the CRF receptors (see further in chapter 1: 'Intro-

duction, Secretin family: Corticotropin-Releasing Factor Receptor, Ligand and Ligand

67
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Binding’). First the validity of the column is ensured and a purification protocol for
the astressin-affinity column is established by using a well-known system, the ECD of
CRF,4R. Afterwards the binding-, washing-, elution-buffer conditions are transferred
to the purification for sCRF, R and CRF,4R.

3.1 Binding and Elution of the Extracellular Domain of

CRF;; Receptor

The first extracellular domain of the CRF,;R was chosen to set the method. Its purifi-
cation protocol is established [112] and its structure derived from NMR spectroscopy
measurements has been published in complex with and without the antagonist as-
tressin [27, 38]. Grace et al. also showed that the ECD-ligand complex could be dis-
sociated using low pH [38]. This discovery can be used for the dissociation of the
receptor from the ligand-affinity column.

The ECD was expressed and purified as described by Perrin et al. [112]. However,
instead of using S-protein-agarose for affinity, nickel affinity resin was chosen for im-
mobilised metal ion affinity chromatography. As last purification step, reverse phase
HPLC chromatography was used on the ECD of CRF,4R as described in Chapter 7
of this thesis in 'Material and Methods, purification by RP-HPLC". The largest peak
was collected and lyophilised. In order to investigate the proper binding and elu-
tion buffer compositions for the astressin-affinity chromatography, the protein pow-
der was dissolved in the binding buffer shortly before usage.

As a first trial, isocratic elution was investigated. For binding and washing, the buffer
composition was the same as used during the purification of the ECD [112]. Addi-
tional buffers were investigated by slightly changing the pH and the NaCl concentra-
tion (table 3.1). No changes in ECD binding was observed depending on the binding
buffer and therefore, the buffer composition of 10 mm Tris and 50 mM NaCl at pH 8 was

chosen as binding condition.
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For the elution, a buffer was chosen at pH 4 (table 3.1), as a dissociation of the ligand-
ECD complex was observed at this pH in the publication of Grace et al in 2007 [27].
However, the change in pH only did not result in the expected dissociation of the com-
plex. Therefore, different salts and salt concentrations were investigated (table 3.1).
High salt concentration might have an influence in the disruption of the salt bridge in
the structured ECD and thus separating the receptor. However, high salt concentra-
tion did not show the expected result of eluting the protein.

Since not only electrostatic interactions are formed but also hydrophobic interac-
tions between the amphipathic astressin and the hydrophobic residues on the ECD,
DDM or glycerol was added to the elution buffer. Their hydrophobic properties might
mask and thus disrupt the hydrophobic interactions between the ligand and ECD. But

adding them to the elution buffer did not dissociate the complex, either.

Binding Buffer A Elution Buffer B
25 mM Tris, 150 mm NaCl, pH 8 50 mM acetic acid, 150 mm NaCl, pH 4.0
25 mM Tris, 150 mm NaCl, pH 7.4 50 mM acetic acid, 1000 mm NaCl, pH 4.0
10 mMm Tris, 50 mm NaCl, pH 8 50 mM acetic acid, 2000 mm MgCl,, pH 4.0

50 mM acetic acid, 1000 mm KNO;, pH 4.0
50 mMm acetic acid, 50 mm NaCl, 0.5 % DDM, pH 4.0
50 mM acetic acid, 50 mm NaCl, 0.005 % DDM, pH 4.0
50 mM acetic acid, 1 M NaCl, 5 % glycerol, pH 4.0
50 mM acetic acid, 50 mM NaCl, 1 M Gu - HCI, pH 4.0
50 mM acetic acid, 50 mM NaCl, 2M Gu - HCI, pH 4.0
50 mM acetic acid, 4 M Gu - HCI, pH 4.0
50 mM acetic acid, 5M Gu - HCI, pH 4.0
50 mM acetic acid, pH 3.5
50 mM acetic acid, pH 3.0

Table 3.1: Different binding and elution solution compositions tested for the elution of the ECD of the
CRF,4R from the biotinylated astressin ligand affinity column. Varying the pH or NaCl concentration
did not influence the binding to the affinity column and thus 10 mMm Tris, 50 mm NaCl, pH 8 was chosen
as binding buffer. For the elution buffer composition, many different salts and salt concentration were
tested. Elution of the ECD was achieved in 50 mm acetic acid, pH 3.0 or pH 3.5.

In summary, varying the salt, glycerol and DDM concentration and lowering the pH

from 8.0 to 4.0 did not work either as elution buffer. Therefore a chaotropic agent was



70 Chapter 3. Ligand Affinity Chromatography

added to the elution buffer to examine, if it was possible to disrupt the ligand-ECD
complex. The ECD could only be eluted at a concentration of 5 M Gu - HCl. However,
this elution condition is not desired since it might unfold the ECD and eventually the
CRF,4R and it is expected to be a challenge to refold a GPCR from its unfolded state.

In the search of finding an elution buffer, it was noted that washing the column with
water eluted constantly a little amount of ECD. This finding indicated that salt itself
dampened the disruption of the ECD-astressin complex. Consequently, the buffer
composition of 50 mM acetic acid at pH 3.0 or pH 3.5 eluted the ECD. Thus, only the
combination of low pH and the absence of salt could dissociate the ECD from its an-

tagonist.

Buffer B1 Buffer B2 Gradient of buffer B2
50 mM acetic acid, pH 4.0 50 mM acetic acid, pH3.0 0% to 100 % in 30 min
50 mM acetic acid, 50 mm NaCl, pH 3.5 50 mM acetic acid, pH 3.5 50 % to 100 % in 20 min

Table 3.2: The buffer conditions used for washing and elution with a gradient. The one between
50 mMm acetic acid, 50 mm NaCl, pH 3.5 to 50 mMm acetic acid, pH 3.5 from 50 % to 100 % in 20 min separated
impurities from the ECD the best.

As a next step, a gradient elution was examined for the removal of impurities and
not correctly folded ECD from the astressin-affinity column. Based on the obtained
knowledge of the possible elution conditions, gradients for the washing and elution
were created (table 3.2). Separation of the ECD from impurities and from the incor-
rectly folded ECD were obtained with a gradient between the buffers 50 mm acetic
acid, 50 mm NaCl, pH 3.5 to a buffer with 50 mm acetic acid, pH 3.5 (figure 3.1).

To verify that the eluted ECD from the astressin affinity column was correctly folded,
an [N, 'H]-heteronuclear single quantum coherence ([*°N, 'H]-HSQC) spectrum was
recorded and compared to a published one of the ECD, which corresponded to each
other. Also the eluted °N-labelled ECD was measured alone and then with the cyclo(30-
33) a-helical CRF (9.41), an antagonist for the CRF receptors (figure 3.2). Adding the
antagonist to the ECD resulted in clearly visible shifts, which were equivalent to the
published [*°N, 'H]-HSQC with an antagonist [27].

The proton shifts of the tryptophan peaks of the eluted ECD from the astressin-affinity
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column were visible at around 10.8 ppm, indicating that the eluted ECD was folded.
Upon addition of the antagonist the splitting of the tryptophans peaks was observed,
which moved downfield (ca. 10.2 ppm) and upfield (>10.8 ppm) (figure 3.2). This is

consistent with the observation of Grace et al. [27].

100
12.0 D

10.0
8.0
6.0

50

4.0

Absorbance at 280 nm [mAU]

[%)] 7g JO UOLIIRIIUSIUOD)

20

L_ﬂ\/\\,ﬁ_/w/\i 0

0 50 100 150 200 250
Retention Time [min]

Figure 3.1: Elution chromatogram of the ECD-CRF, sR using the astressin affinity column. An elu-
tion gradient was used from 50 mM acetic acid, 50 mm NaCl, pH 3.5 to 50 mM acetic acid, pH 3.5 from
50 % to 100 % in 20 min. The last peak was collected.
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Figure 3.2: 2D [N, 'H]-HSQC NMR spectrum of 40 um ECD of CRF, 4R was measured on a 700 MHz
Bruker NMR spectrometer at 25°C. The ECD was measured in 50 mM acetic acid at pH 6.2. The blue
spectrum is the one of ECD alone, the red spectrum is that of the ECD with the antagonist cyclo(30-33)
a-helical CRF (g_41). In the blue spectrum, the peaks of the tryptophans are found at around 10.8 ppm
indicating a folded ECD. The addition of the antagonist shifted the peaks of the tryptophans as it was
observed by Grace et al upon addition of their antagonist [27].

3.2 Binding and Elution of soluble CRF,, Receptor

The established gradient method of the ECD was then applied to sCRF,_R. The bind-
ing buffer was 10 mM Tris, 50 mM NaCl, pH 8 and washing and elution were performed
with a gradient from 50 mM acetic acid, 50 mM NaCl, pH 3.5 (B1) to 50 mM acetic acid,
pH 3.5 (B2) with B2 going from 50 % to 100 % in 20 min.

A similar elution profile was obtained for sCRF, R as for the ECD of CRF,4R (figure
3.3) with a difference of the elution peak. While the elution peak for the ECD always
consisted of one sharp peak, in the elution profile of sCRF,_R a shoulder is visible (fig-
ure 3.3). The ratio between the first and the second peak depended on the amount of

protein loaded on the astressin-affinity column. If less than 1 mg L~! was loaded, two
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separated peaks were eluted with the first peak being larger than the second peak.
Loading the double amount of sample resulted already in a 1:1 ratio between the first
and second peak (data not shown). When about 10 times the amount was loaded (>

10mgL™1), the elution profile of figure 3.3 was obtained.
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Figure 3.3: Elution chromatogram of sCRF,, R using the astressin-affinity column. As binding buffer,
10mm Tris, 50 mM NaCl, pH 8 is used and the washing and elution is performed with the gradient
method from 50 mMm acetic acid, 50 mM NaCl, pH 3.5 (A) to 50 mM acetic acid, pH 3.5 (B) starting from
from 50 % to 100 % B in 20 min. In contrast to the ECD of the CRF,4R, two peaks were observed labelled
as peak 1 and peak 2.

Comparing the 2D ['°N, 'H]-HSQC spectra of the first and second peak of the astressin-
affinity column of a ®N-labelled sCRF, R, did not show any differences (data not
shown).

If the sCRF, R were folded, a similar [*°N, 'H]-HSQC spectrum would have been ex-
pected as that of the ECD of CRF, 4R due to the sequence similarities between sCRF, R
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and the ECD of CRF,4R (around 60 %), and due to the same short consensus repeat
fold found for all ECDs of the secretin family. In the 2D [°N, 'H]-HSQC of figure 3.4,
one strong peak was found at around 10 ppm and a weaker peak at around 11 ppm
indicating the eluted sCRF,_R had very little folded species.

It was hypothesised that the unfolging of sCRF, R might have occurred during its elu-
tion conditions or that unfolded soluble receptor might elute simultaneously from

the astressin-affinity column as folded sCRF,_R.
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Figure 3.4: 2D ['N, 'H]-HSQC NMR spectrum of 270 um sCRF, R, collected from the first peak, was
measured on a 700 MHz Bruker NMR spectrometer at 25 °C. The sCRF, Rwas measured in 50 mM acetic
acid at pH 6.2. A strong peak was observed at a 'H-shift of 10 ppm and a waker peak at 10.8 ppm
indicating that most of the sCRF, R is unfolded.

However, the eluted ECD of CRF,4;R had no unfolded species, which was verified via
2D [N, 'H]-HSQC spectrum. Therefore the elution buffer was excluded as cause

for the unfolding of sCRF, R. Measuring a ["°N, 'H]-HSQC spectrum of an unfolded
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sCRF, R sample in absence and in presence of astressin, did not result in any chem-
ical shifts changes, which excludes a direct binding between the unfolded soluble re-
ceptor and astressin. However, the unfolded species might not bind directly to as-
tressin, but unspecifically to the folded sCRF,_R or to the resin and thus being eluted

at the same time.

3.3 Binding and Elution of CRF,; Receptor Y357A

For the following experiments, the mutant Y357A was used, as it gave a higher yield
than the native receptor and no differences in binding affinities were found with re-
spect to the native protein (see chapter 2, 'Expression and Purification of CRF Recep-
tor Related Proteins, CRF,4R, Extraction, Mutants’).

The established binding and elution conditions for the astressin-affinity chromatog-
raphy of the ECD had to be adapted to the corticotropin-releasing factor receptor 23
(CRFZBR) Y357A. First of all, 0.025 % DDM/0.003 % CHS was added to all buffers for a
membrane mimicking environment. Second, washing the bound receptor with 50 mm
acetic acid, 50 mm NacCl, pH 3.5 already eluted the receptor in contrast to the ECD of
CRF,4R and sCRF, R. This difference was not due to the presence of DDM since ca.
20 times higher DDM concentration did not dissociate the ECD from the ligand.
Additionally, the elution at pH 3.5 with 50 mm NaCl had a lot of impurities. The bound
impurities might have been alpha helical membrane proteins, which also bound un-
specifically to the hydrophobic properties of astressin [136].

Thus a new washing and elution buffer had to be found. Regarding the washing
buffer, two approaches were investigated: either the purity of the sample was im-
proved before loading it on the astressin-affinity column or the washing buffer had to
be further optimised. To obtain a purer sample of the receptor, the thrombin cleaved
elution of the Ni-NTA column was loaded again on a second nickel affinity column.
While the His-tagged-Mistic and impurities, which bound to the first Ni-NTA column,

should bind again to the Ni-resin, the receptor should be eluted with low imidazole
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concentrations. However, the cleaved Mistic-CRF,;R had a high affinity to the nickel
resin. Therefore high concentrations of imidazole (> 100 mM) were needed to elute the
cleaved Mistic-CRF,;R. Unfortunately, this imidazole concentrations also eluted im-
purities. Thus improving the purity of CRF,;R using a second nickel affinity column

was not feasible.

Buffer B1 Buffer B2 Gradient to buffer B2

10 mM Tris, 150 mm NaCl, pH 8 10 mm Tris, pH 8 0% to 100 % in 10 min

50 mM acetic acid, 150 mm NaCl, pH 4.0 50 mMm acetic acid, 50 mM NaCl, pH 3.5 0% to 100 % in 10 min
10 mM Tris, 150 mm NaCl, pH 8.0 50 mM acetic acid, 50 mMm NaCl, pH4 0% to 100 % in 10 min

50 mM acetic acid, 150 mM NaCl, pH 5.0 50 mM acetic acid, 50mM NaCl, pH4 0% to 100 % in 10 min
10 mM acetic acid, 150 mm NaCl, pH 3.5 10 mM acetic acid, pH 3.5 0% to 100 % in 10 min

Table 3.3: The buffer conditions used for washing and elution with a gradient. The gradient
from10 mm acetic acid, 150 mMm NaCl, pH 3.5 to 10 mM acetic acid, pH 3.5 from 0% to 100 % in 10 min
separated the impurities and eluted receptor the best. 5 % glycerol was added to all buffers.

Therefore, several washing steps were examined on the ligand-affinity column. First,
a washing step at pH 8 with no salt was performed. Salt can increase hydrophobic
interactions and thus omitting it in the washing step, unspecific hydrophobic interac-
tions might be decreased. Surprisingly, having no salt at pH 8 also eluted the receptor.
Increasing the pH for the washing buffer from 3.5 to 4 did not eliminate impurities
either, since the receptor also eluted at pH 4. Thus a gradient between pH 8 and
pH 4 was performed to investigate at which pH the receptor would elute. All peaks
were collected and loaded on a 12 % NUPAGE®-SDS gel to evaluate in which peaks
the eluted CRF,;R was present. The pH was measured from the identified samples.
The CRFZBR eluted at around pH 4.5 when 50 mM NaCl was present (data not shown).
A washing and elution buffer were produced with the obtained knowledge of the be-
haviour of the CRF,;R on the astressin-affinity chromatography. A 50 mm acetic acid
buffer with 150 mm NaCl at pH 5.0 was used as washing buffer. The receptor was
eluted with a gradient from the washing buffer to the elution buffer B2 (50 mm acetic
acid including 50 mm NaCl at pH 4). The gradient was performed from 0 % to 100 %
B2 in 10 min (figure 3.5). 5% glycerol, 0.025 % DDM and 0.003 % CHS were added to

all buffers. However, with this elution conditions, only a broad elution peak was ob-
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Figure 3.5: Elution chromatogram of CRF, 3R Y357A using the astressin-affinity column. As a binding
buffer, 10 mm Tris, 50 mm NaCl, pH 8 is used and the washing and elution is performed with a gradient
from 50 mM acetic acid, 150 mm NaCl, pH 5.0 to 50 mMm acetic acid, 50 mm NaCl, pH 4 from 0 % to 100 %
in 10 min. 5 % glycerol and 0.025 % DDM and 0.003 % CHS were added to each buffer.

However, when the sodium chloride concentration was kept constant to 150 mm, the
CRF,4R surprisingly did not elute even at pH 3.5. Only when the salt concentration
was decreased the receptor dissociated from its antagonist (figure 3.6).

Also, if 500 mM NaCl was used in the binding buffer, no receptor was found in the
flow through (FT). But washing the affinity column with 150 mm NaCl at pH 8 (WpHS,
150 mMm NaCl), eluted some receptor, indicating that it was not fully correctly folded.
Washing with a buffer at pH 5 including 150 mm NaCl (WpH5, 150 mM NaCl) did not
elute the receptor. Decreasing the pH further to 3.5 with a gradient eluted impurities
and also some receptor (Wgrad). When the salt concentration was lowered to zero,

the receptor finally eluted completely (figure 3.6).
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A radioactive ligand binding assay was performed on different washing and elution
fractions of the astressin-affinity chromatography by Dr. Marilyn Perrin at the Clay-
ton Foundation laboratory for Peptide Biology (Salk Institute, San Diego, USA) (figure
3.8). Neither of the washing fractions exhibited an activity, only the elution showed
an affinity to astressin in the radioactive ligand binding assay.

Interestingly, before the ligand-affinity column, the CRF,4R is found as a monomer
on a NuPAGE® 4 % to 12 % Bis-Tris gel; however, after using the astressin-affinity chro-
matography, CRF,;R is found as monomer, dimer and probably multimer (figure 3.7).
If it is due to the elution buffer or due to the ligand-affinity column, has not been in-
vestigated yet.

The impurities in the eluted sample could be avoided, if instead of a isocratical elu-
tion, a gradient was chosen between the last washing buffer at pH 3.5 with 150 mm
NaCl to a buffer at pH 3.5 without any salt (figure 3.3).

Summarised, a sample with least amount of impurities was obtained, when the buffer
for the binding was 10 mM Tris, 500 mM NaCl, pH 8. Washing the ligand-affinity column
was performed with 10 mm acetic acid, 150 mm NaCl, pH 3.5. The receptor was eluted
with a gradient between the washing buffer and an elution buffer of 10 mm acetic acid
pH 3.5 without salt in 10min. 5% glycerol and 0.025 % DDM and 0.003 % CHS were
added to all buffers.
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Figure 3.6: Elution chromatogram of CRF,4R Y357A"" using the astressin-affinity chromatography.
The flow through at pH 8, the wash with 150 mm NaCl at pH 8 (W150), the wash with 150 mMm NaCl at pH
5 (WpH5), and the gradient wash from pH 5 to pH 3.5 in 20 min in the presence of 150 mm NaCl were
collected in 15 ml aliquots. The buffer was exchanged from the eluted receptor at pH 3.5 without any
salt to pH 8 with 150 mM NaCl and was immediately stored at 4 °C. 0.025 % DDM/0.003 % CHS and 5 %
glycerol were present in all buffers.
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Figure 3.7: NuPAGE® 4% to 12 % Bis-Tris gel of CRF,4R Y357A7*" of collected fractions from the
astressin-affinity chromatography (AAC).
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Figure 3.8: Radioactive ligand binding assay of the washing and elution fractions of the astressin-
affinity chromatography of CRF,;3R Y357A. The washing step with the buffer 10 mm Tris, 150 mm NaCl
(WpHS, 150 mM NaCl), and the gradient fractions between the first washing buffer and the buffer of
10 mM acetic acid, 150 mm NaCl (Wgrad) and the final eluted fraction were tested. Only the elution ex-
hibited a high ligand affinity, whereas the washes almost none. The antagonists [125-1-DTyr1]-astressin
was used as radioactive ligand. The specific binding is the subtraction of the signal of the radioactive
labelled antagonists in the presence of astressin (500 nM astressin) from the signal of the radioactive
labelled antagonist alone (0 nM).



Chapter 4

NMR of CRF;; Receptor

Compared to the many crystal structures solved for GPCRs so far, very few NMR stud-
ies on GPCR-systems are known. There are two reasons for this, one is the large
amount of protein needed for NMR spectroscopy measurements (ca. 0.1 mgto 5mg
in ca. 100 uL to 300 uL) [80] and the second is that the receptor should be grown in a
expression system, where isotope labelling is feasible. E.coli is preferred, since it is a
well established expression system for uniform or selective labelling of proteins [80].
However, the expression of GPCRs are rather low in E.coli [80]. By far the highest
obtained yield for a GPCR in E.coli has been for a folded triple labelled chemokine
receptor CCR5 (?H, 13C, ®N) with 10 mg L~! of bacteria culture [81].

There are some successful examples of NMR spectroscopy studies on GPCRs, e.g. the
structure determination with liquid state NMR of rhodopsin Il expressed in E.coli [87].
Even if it does not belong to the GPCR family, rhodopsin II is also a challenging sys-
tem exhibiting seven-helical transmembranes as a GPCR. NMR spectroscopy spec-
trum could be measured for the chemokine receptor CCR5 by Wiktor et al. in 2013,
however no structure was reported [81]. Additionally to the liquid state NMR stud-
ies, GPCRs were investigated by solid state NMR, as for example for rhodopsin [94],
cannabinoid type 2 receptor [89] and /52-adrenergic receptor [73,86] including a struc-
ture determination of the chemokine receptor CXCR I in phospholipid bilayers [85].

Despite all the challenges arisen from NMR spectroscopy measurements, they could

81
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provide valuable informations, as for example informations on possible ligand-receptor
interactions. Also, low affinity ligands could be studied with NMR spectroscopy [137]
in contrast to crystallography, where it is a challenge to crystallise a receptor with a
low affinity ligand. It would be possible to assign residues of the receptor participat-

ing in an interactions with a ligand, e.g. with chemical shift perturbations [138].

4.1 NMR Spectra of FC14 purified CRF;; Receptor

The first attempt of NMR measurements on corticotropin-releasing factor receptor
23 (CRF,4R) are shown in this chapter.

As a first trial and before the optimisation of the purification protocol and thus with-
out the usage of the ligand-affinity column, an initial NMR experiment was performed.
The sample was prepared as followed. Mistic-CRF,;R was expressed in minimal medium
in the presence of >'NH,CIL. The receptor was extracted and purified with FC14, as it
gave the highest yields (ca. 1 mgL~" of 1°N-labelled culture). The thrombin cleaved
receptor was concentrated with a 100 kDa molecular weight cut off concentrator. The
final concentration of CRF,;R was 100 uM in the buffer 15 mm Tris - HCI with 50 mM
NaCl and 0.01 % FC14 at the pH 6.85.

A [N, 'H]-HMQC was recorded on a 700 MHz NMR spectrometer at either 22 °C or
37°C (figure 4.1). No obvious differences can be found between the spectra of those
two temperatures, only additional negative peaks were found at ca. 10.5 ppm for the
spectrum at 37 °C.

While the spectra quality must be considered unsatisfactory, the presence of shifted
tryptophan indole peaks (at 10.4 ppm) indicates a to a certain degree folded species

or at least for some segments of the receptor.
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Figure 4.1: [N, ']-HMQC spectra of CRF,4R at different temperatures. Top: Spectrum at 22 °C;
bottom: spectrum at 37 °C. The concentration of the receptor was 100 um at pH 6.85. Both spectra look
similar, beside the bottom spectrum having additional negative peaks at 105 ppm.
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Figure 4.2: ['5N, 'H]-HMQC of CRF,4R overlaid with ['°N, 'H]-HSQC of the ECD of CRF,;R. Orange
spectrum: [°N, 'H]-HMQC of 100 um CRF,4R at 21 °C pH 6.85; blue spectrum: ['°N, 'H]-HSQC of 15 um
ECD of CRF,4R at 25°C at pH 6.5. No peaks of the ECD can be observed in the spectrum of the full
length CRF,4R.

Overlaying the spectrum at 21 °C with a spectrum of the ECD of CRF,4R (figure 4.2),
no peaks of the ECD were observed in the spectrum of the full length CRF,;R. The
peaks of the ECD did neither appear with increasing temperature (figure 4.1). The
reason for the absence of the peaks of the ECD is not clear, but might be attributed to
the fact that most of the receptor is not well folded, since about 60 % of the receptor is
lost during the astressin-affinity chromatography.

Thus another sample was expressed in minimal medium with *N-NH,Cl and celtone
base powder (CBP) and purified with DDM over the astressin-affinity column. Unfor-
tunately, when the receptor was concentrated with a 100 kDa molecular weight cut off

concentrator at pH 6.1, the receptor precipitated.
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Therefore, further investigations are needed to determine the reason of the absence
of peaks of the ECD in the [N, '"H]-HMQC of the CRF,4R.






Chapter 5
Nogo-A-A20

Nogo-A isoform is an important inhibitor for axonial regrowth and reconnection. The
segment Nogo-A-A20, located in the middle of Nogo-A, has been discovered recently
in 2014 to bind to the GPCR sphingosine-1-phosphate receptor 2 (S1PR2) [100]. Block-
ing the Nogo-A-A20 region of the Nogo-A protein or blocking the S2PR1 with an anti-
body prevents the inhibiting characteristic of Nogo-A and thus is a promising method
for reconnecting dissected spinal cords [97]. The exact residues of Nogo-A-A20 bind-
ing to the S1PR2 has not been elucidated yet but it is hypothesised that Nogo-A-A20
might bind to the extracellular loops (ECL) of SIPR2. Nogo-A-A20 consists of about
180 amino acid residues and thus a interaction with the transmembrane was thought
to be rather difficult. Any understanding in the interaction between Nogo-A and
S1PR2 or the structural features of Nogo-A-A20 might help develop specific peptides
binding to the segment Nogo-A-A20.

Analysing the binding between Nogo-A-A20 and the ECL of SIPR2 via NMR was promis-
ing, as an expression protocol in E.coli and its purification was established [139] ren-
dering isotope labelling feasible. To produce labelled Nogo-A-A20, the protein had to
be expressed in minimal medium and an expression and purification protocol had to
be established for labelled Nogo-A-A20.

87
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5.1 Purification
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Figure 5.1: Amino acid sequence of Nogo-A-A20. The underlined amino acid residues belong to
the Nogo-A-A20 sequence, the bold residues belong to the T7-tag, and the residues in italic belong
to the two Hisg-tags. The scissor indicates the site at which thrombin cleaves the N-terminal Hisg-
tag, between the Pro-Arg and Gly-Ser residues. A second cleavage site might be present indicated by an
scissor with a question mark. A proline is missing to generate a native thrombin cleavage site. However
even without a proline, the thrombin could cut at this place, just 20 times slower than if there were a
proline [140].

The published purification from Oertle et al in 2003 [139] was modified to fit the needs
for NMR measurements, such as cleaving off the fusion tag to decrease the number
of amino acid residues to facilitate an easier assignment due to less overlays of peaks
and a size exclusion chromatography (SEC) for an homogeneous sample.

The fusion protein for Nogo-A-A20 consisted of a Hiss-tag and a T7-tag at the N-
terminus and an additional Hisg-tag at the C-terminus (figure 5.1). The two Hisg-tags
enable the purification with nickel affinity chromatography to separate Nogo-A-A20
from impurities. The T7-tag is an epitope tag for detection with T7-tag specific anti-
body and not directly useful for the purification itself.

Expressing Nogo-A-A20 in minimal medium for 8h for labelling purposes resulted
justin a slightly decreased final yield of Nogo-A-A20 compared to the commonly used
media for 4h at 30°. Further, the protein was purified using the buffer composition
20 mm NaH,PO,, 500 mM NaCl, 20 mm imidazole, pH 7.4, just as described by Oertle et
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al. The protein was bound to nickel affinity chromatography and eluted with 500 mm

imidazole (figure 5.2).
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Figure 5.2: A NuPAGE® 4 % to 12 % Bis-Tris gel of the Nogo-A-A20 purification. The supernatant
originated from the centrifugation of the lysate. The supernatant was applied on a Ni-NTA resin giv-
ing the flow through. The resin was washed with 20 mm imidazole and Nogo-A-A20 was eluted with
500 mM imidazole and collected as 1.5 ml aliquots. The uncleaved Nogo-A-A20 has a molecular weight
of 24.2kDa but is found at around 33 kDa on a Bis-Tris gel.

As was observed by Oertle et al, the fusion protein Nogo-A-A20 is found at a higher
molecular weight compared to the estimated molecular weight. Since it was hypoth-
esised that high molecular species of Nogo-A-A20 were responsible for the inhibi-
tion of regrowth of axons, only the aliquots were merged after the Ni-NTA elution,
which contained high molecular weight species. An activity test was performed on
the eluted and buffer exchanged Nogo-A-A20 by Michael Arzt (Group of Prof. Schwab,
Laboratory of Neuronal Regeneration and Repair, University of Zurich), to verify if the

produced protein was active (figure 5.3).
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Figure 5.3: Spreading assay test of A20 measured by Michael Arzt (Group of Prof. Schwab, University
of Zurich). A 2H-, N-labelled Nogo-A-A20 was expressed and purified with Ni-NTA and an activity
test was performed. Right: spreading assay using different concentrations of Nogo-A-A20, the different
cell size of 3T3 fibroblasts due to the inhibition of growth induced by Nogo-A-A20 are visible. Scale bar
corresponds to 50 um; left: graph of cell size vs Nogo-A-A20 concentration was plotted resulting in a
ICs of 37 pmol per well.
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The activity test consisted of a spreading assay, where Nogo-A-A20 was spread on a
hydrophobic surface at different concentrations and mammalian fibroblasts 3T3 were
added. The higher the Nogo-A-A20 concentration, the smaller the fibroblasts should
be, as the Nogo-A-A20 inhibited the spreading of the fibroblasts. The cell sizes of the
fibroblasts were automatically evaluated for each concentration of Nogo-A-A20. The
cell size were plotted against the concentration of Nogo-A-A20 used for the spreading
assay and the ICs, was evaluated. The ICs resulted in 37 pmol per well, as was com-
monly found for Nogo-A-A20 in the group of Prof. Schwab.

After verifying the activity of the labelled Nogo-A-A20, a thrombin cleavage test was
performed. Different temperatures (4 °C, 22°C), different time points and different
ratios between bovine thrombin and Nogo-A-A20 were investigated (figure 5.4). The
ratio of 2 NIH units of bovine thrombin per 1 mg Nogo-A-A20 at 4° for 1 h was suffi-
cient to cleave the fusion protein. To get rid of the bovine thrombin, a benzamidine
sepharose was added, as IDPs are easily prone for degradation with proteases due to
their lack of a structure. Benzamidine resin binds selectively to trypsin or trypsin-like
serine proteases such as thrombin.

After thrombin cleavage, a faint band below the cleaved Nogo-A-A20 was observed,
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which might correspond to the additional cleavage site at Nogo-A-A20, as is indicated
in figure 5.1 by a question mark.

To separate the additional lower band from the cleaved Nogo-A-A20, the cleaved
sample was loaded on a size exclusion chromatography (SEC) with a Superdex 75
preparative grade column. Aliquots of the peaks were collected and analysed by NuPAGE®
4% to 12 % Bis-Tris gel (figure 5.6). The peaks without the lower band were pooled and
shock frozen with liquid nitrogen and stored at —80° until further usage.

Again, an activity assay, consisting of a spreading assay, was performed by Michael
Arzt. The obtained ICs, was around 40 pmol per well (data not shown). Thus, the ac-
tivity of the cleaved Nogo-A-A20 is about the same as of the non-cleaved. However,
the cell sizes did not decreased as much for the cleaved than for the not-cleaved Nogo-

A-A20. The exact meaning of the less-decreased cell sizes is not clear.

M 12 34567891011 12 1.1h4°C0.5U/mg
2.1h, 4°C, 2U/mg
3.1h, RT, 2U/mg
4.2h,4°C,0.5U/mg
5.2h, 4°C, 2U/mg
6.2h, RT, 2U/mg
7.4h,4°C, 0.5U/mg

37kDa 8.4h, 4°C, 2U/mg

25 kDa 9.4h, RT, 2U/mg
10.0.n.,4°C, 0.5U/mg
11.0.n,,4°C, 2U/mg
12.0.n,, RT, 2U/mg

Figure 5.4: NuPAGE® 4 % to 12 % Bis-Tris gel of the thrombin cleavage trial with Nogo-A-A20. Three
different conditions were tested with either 0.5 U thrombin per 1 mg protein at 4° or 2 U thrombin per
1 mgat4° or 2 U thrombin per 1 mg at room temperature (RT, ca. 22.5°). Samples were taken after 1 h, 2h,
4h, and over night (o.n. ca. 16h). The uncleaved species corresponded to the band at around 33 kDa,
cleaved Nogo-A-A20 represented the band at around 30 kDa even though having an effective molecular
weight of 22.3kDa. An additional band appeared with time during thrombin cleavage at around 28 kDa,
which might have been arising from the additional thrombin cleavage site. All Nogo-A-A20 seemed to
be cut after 1 h at 4° and thus this thrombin cleavage conditions were taken for further purifications.
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Figure 5.5: Size exclusion chromatogram of ®N-labelled Nogo-A-A20 after thrombin cleavage on
a Superdex 75 high load. The low-weight impurity after the thrombin cleavage was attempted to re-
move via a size exclusion chromatography. 2mL fractions were collected and loaded on a NUPAGE®
4% to 12 % Bis-Tris gel for analysis.
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Figure 5.6: A NUPAGE® 4 % to 12 % Bis-Tris gel of the fractions of a size exclusion chromatography
using Superdex 75 high load. In the first lane is the thrombin cleaved Nogo-A-A20. The thrombin
cleaved Nogo-A-A20 was flash frozen for the night and thawed again next morning for the size exclu-
sion chromatography. High molecular weight species might have been produced during the freezing
or thawing cycle. The fractions 2 to 8 have been collected, merged and flash frozen to store them at
—80° until they were used for an experiment.
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5.2 Structural Analysis using NMR Spectroscopy

For the structural analysis of Nogo-A-A20, a 13C-, 1°N-labelled sample was prepared.
The triple resonance experiments HNCA, HNCACB and HNN [141] were measured on
a 600 MHz or 700 MHz NMR spectrometer at 6° at pH 7.4. In HNCA, the 'H and °N are
correlated with *C,, [142]. 13C,; and 13C, ;. are visible as both transfers occur due to
similar coupling constants. 13C,; has a stronger intensity than 3C,;.; due to the cho-
sen transfer time. In HNCACB, the 'H and "N are correlated with *C, and *C; [143].
Since the chemical shifts for 1*C, and *C; evolve at the same time, they are found in
one dimension. *C, ;, 3C,,i.1, ¥Cg i, and *Cg, ;.1 are visible in the 3D-spectrum, since
the magnetisation is transferred from the amide nitrogen to 3C, ; and 3C,, ;.; and fur-
ther to *Cgs ; and *Cg, .1, respectively. Thus chemical shifts of the amide proton, the
amide nitrogen, the *C,, and *C; were obtained with HNCA and HNCACB.

Since Nogo-A-A20 is a intrinsically disordered segment of the Nogo-A protein, its
chemical shift dispersions for 'H, *C and N are rather poor [106]. The small dis-
persion renders the assignment rather challenging. Therefore, an HNN spectrum was
additionally recorded, which connects the N; to N;.; and Nj,; [141]. The informations
from the preceding and following chemical shift of an amide nitrogen helped to se-
quentially assign Nogo-A-A20 (figure 5.7).

The amino acid residue assignment was accomplished using the CcpNmr software
[144] (figure 5.8).

Using HNCA, HNCACB and HNN, up to 75 % of the C, and Cs were assigned (figure
5.9). The assignment was challenging due to many prolines (11 %) in the Nogo-A-A20
sequence, which interrupted the sequential assignment. Additionally, the low disper-
sion in the HNCA and HNCACB spectra and sometimes in the HNN spectrum resulted
in a low percentage of assigned C, and Cs. The fast degradation of Nogo-A-A20 was
also a problem due to peaks shifts, which hindered the correlation between different
spectra.

To overcome the discontinuity of the protein assignment due to the prolines, it would
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be possible to record a HCAN spectrum [145]. The magnetisation is transferred from
the H,, to C, and further to N; and N;;. A proline can be connected to its preced-
ing amino acid residue using the HCAN experiment allowing a sequential assignment

through prolines.

Hn Ha (e} Hy H, O Hy a (0]
i-1 i i+1
HNCACB
R R R

g_Tf_\iaC%}Nf_\LCDT_L_ﬁ_g
(R R
i-1 i i+1
HCAN
R R R

HN lLa o 'LN ClLa (IDI HN a o)

Figure 5.7: Magnetisation transfers for HNCA, HNCACB, HNN, HCAN.
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Figure 5.8: Example of a sequential assignment of Nogo-A-A20 of the residues 32GIn to 37Gln.
Right: strips of the HNCACB spectrum with green and orange contours indicating positive and neg-
ative peaks; left: HNN spectrum with red and green contours indicating positive and negative peaks.
HNCACB was recorded at the 600 MHz NMR spectrometer and HNN was recorded at the 700 MHz NMR
spectrometer at 6 °C at a pH of 7.4.

To obtain information on the secondary structure of Nogo-A-A20, secondary chem-
ical shifts AJC, and AdCg, were calculated by subtracting the random coil values of

C, or Cg for intrinsically disordered proteins [146] from the measured C, or Cs (figure

dJOVDONH
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5.10). The random coiled values were calculated with an open access software for the
pH 7.4 at 6 °C provided by the department of biology, University of Copenhagen.
A0C, are positive and AéCs negative for a a-helical structure, while A0C, are negative
and AJ0Cg positive for a g-strands [147]. Nogo-A-A20 has few regions with consecu-
tive residues with low §-values suggesting «a-helical structures (Ser34-1le37, Glu113-
Met115, Phe119-Glu201) and a region with g-sheet (Glu187-Ser189) (figure 5.10). Over-
all, the secondary chemical shifts are randomly distributed with values near random
coil indicating no structural conformation for Nogo-A-A20 [148].

The combined C, and Cs secondary chemical shift with values of + 2 ppm over several
consecutive residues indicate a fully formed secondary structure [149]. If the values
are smaller, they indicate a higher fluctuation in the conformation with a transient
adoption of a conformation [102, 149]. The combined secondary chemical shifts for
Nogo-A-A20 indicate a transient conformation with a propensity for a-helical struc-

ture (figure 5.11).

10 20 30 40

GSHMASMTGG QQMGRGSTGT KIAYETKVDL VOTSEAIQES

50 60 70 80 90 100
LYPTAQLCPS FEEAEATPSP VLPDIVMEAP LNSLLPSAGA SVVQPSVSPL EAPPPVSYDS

110 120 130 140 150 160
IKLEPENPPP YEEAMNVALK ALGTKEGIKE PESFNAAVOQE TEAPYISIAC DLIKETKLST

170 180 190 200
EPSPDFSNYS EIAKFEKSVP EHAELVEDSS PESEPVDLFL EHH HHHH

Figure 5.9: Amino acid residues assigned with HNCA, HNCACB, and HNN. Residues in red are as-
signed, residues in black were not able to be assigned using those three 3D spectra. The underlined
residues belong to the A20 sequence.
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Figure 5.10: ASC, and A§Cs chemical shifts of Nogo-A-A20. §C,, chemical shifts are in red, §C4 are
in blue. Propensities for either a-helical structure or 3 sheet are indicated.
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Figure 5.11: Combined AJC, and AJCps chemical shifts of Nogo-A-A20. Values bigger than + 2 ppm
over several consecutive residues indicating a fully formed structure [149]. Here, all values are smaller

than + 2 ppm.
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5.3 Titration of the Extracellular Loops of S1PR2 to Nogo
A-A20

It was shown that the sphingosine-1-phosphate receptor 2 (S1PR2) binds to the Nogo-
A-A20 segment of the Nogo-A protein [100]. It was hypothesised that the extracellular
loops (ECL) of S1PR2 bind to the 181 amino acid residues long Nogo-A-A20 and not
its transmembrane domaines, since the size of Nogo-A-A20 might be too big to be
diffused into the transmembrane regions.

Published data from Kempf et al. [100] suggest a binding in a few hundred nano mo-
lar range for the ECL 2 (280 nM) and ECL 3 (350 nm), while ECL 1 was in the few micro
molar range (1.7 um). Therefore, ECL 2 and 3 were chosen for ligand titration to Nogo-
A-A20 using NMR spectroscopy.

For this purpose, 6 L of 1°N-labelled Nogo-A-A20 was expressed and purified for the
ECL titration, therefore excluding batch to batch variation. The purified Nogo-A-A20
was aliquoted and stored at —80 °C until usage.

ECL 2 was titrated to a 88 uM Nogo-A-A20 solution in different ratio (A20:ECL2, 1:0.1,
1:0.3, 1:0.6, 1:1, 1:2, 1:3). [*°N, 'H]-HSQCs were measured for each step at 6°C and
pH 7.4 (figure 5.12). Even with an excess of ECL 2, no peak shifts were detected upon
ligand titration (figure 5.13). Upon ligand titration, the peaks of Nogo-A-A20 shift less
than 0.01 ppm, indicating no binding of the ECL 2 in the nano molar range. Since pro-
nounced chemical shifts changes were observed for several peaks upon a decrease of
pH, a pH change might induce binding. However, an alteration of the pH from 7.4 to
6.4 did not result in any peak shifts, either, upon ligand titration (figure 5.14).

The published results of the ligand binding were performed at higher temperature,
therefore it was speculated, whether a temperature increase might induce a binding.
However, even an increase of the temperature from 6 °C up to 37 °C did not cause any
binding (data not shown).

Additionally, the titration of the ECL 3 to the Nogo-A-A20 segment was examined.

However, it was the same case as for the ECL 2, no peak shifts were detected (figure
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5.15).

Since no binding could have been confirmed for the ECL 2 and ECL 3, even though
they were evaluated to have the highest binding constants of the extracellular loops,
the ECL 1 titration was not further investigated.

The reason for not having any chemical shifts for the Nogo-A-A20 protein upon ligand
titration even though a binding of the ECLs to the protein has been shown, is not clear.
The thrombin cleaved Nogo-A-A20, which was used for the NMR spectroscopy exper-
iments, has been active. Therefore, it might be rather that the extracellular loops were
not structured since the EC-fragments were not in their native environment. How-
ever, it is also possible that the ECLs of the S1PR2 are not the native binding partners
for the Nogo-A-A20 segment.

1R o]

15N Shift

g6 84 82 80 78 P[]
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Figure 5.12: ['*N, 'H]-HSQC of 88 um A20 alone and in the presence of ECL 2 at pH 7.4. Red spectrum:
A20 alone; blue spectrum: Nogo-A-A20 in the presence of ECL 2, with Nogo-A-A20:ECL2=1:3. The
spectrum was recorded on a 700 MHz NMR spectrometer at 6 °C. No peak shifts occurred upon ligand
titration.
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ChemicalShift [ppm]
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Figure 5.13: Weighted chemical shift differences of 'H and '°N nuclei of Nogo-A-A20 alone and upon
ligand titration. The formula for the chemical shift perturbation was /0.5 * [6152 + (0.14 * 6x2)] [138].
The chemical shifts are smaller than 0.01 ppm upon addition of ECL 2.
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Figure 5.14: ['*N, 'H]-HSQC of 88 um Nogo-A-A20 alone and in the presence of ECL 2 at pH 6.40.
Red spectrum: Nogo-A-A20 alone; blue spectrum: Nogo-A-A20 in the presence of ECL 2, with Nogo-
A-A20:ECL2=1:3. The spectrum was recorded on a 600 MHz NMR spectrometer at 6 °C. No peak shifts
occurred upon ligand titration.
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Figure 5.15: ['®N, 'H]-HSQC of 88 um Nogo-A-A20 in the presence of ECL 2 and ECL 3 at pH 6.40.
Red spectrum: A20 with ECL 2; blue spectrum: Nogo-A-A20 in the presence of ECL 3, with Nogo-A-
A20:ECL=1:3. The spectrum was recorded on a 600 MHz NMR spectrometer at 6 °C. No peak shifts

occurred upon ligand titration.






Chapter 6

Material and Methods

6.1 Materials

Tris(hydroxymethyl)aminomethan (Tris) for molecular biology was purchased from
BiosolveBV (Valkenswaard, Netherlands). Sodium chloride (NaCl), glucose, ammo-
nium chloride (NH,Cl), ammonium hydroxide (NaOH) were provided by Merck KGaA
(Darmstadt, Germany). Lysozyme from chicken egg and calcium chloride (CaCl,)
were obtained from Fluka production GmbH (Buchs, Switzerland). Isopropyl 5-D-
1-thiogalactopyranoside (IPTG), phenylmethanesulfonyl fluoride (PMSF) and ampi-
cilin were provided by AppliChem (Darmstadt, Germany). Hydrochloride acid (HCI),
acetic acid, phosphate buffered saline (PBS), sodium phosphate monobase (NaH,PO,),
glycerol, and guanidinium chloride (Gu - HCI) were obtained from Sigma-Aldrich®
(Buchs, Switzerland). Complete EDTA-free protease inhibitor (PI) cocktail tablets were
purchased from Roch Diagnostics GmbH (Mannheim, Germany). Thrombin from hu-
man plasma was obtained either from Sigma-Aldrich® (St. Louis, Missouri, USA) or
Calbiochem® (Merck KGaA, Darmstadt, Germany). n-Dodecyl-3-D-maltopyranoside
(DDM) Anagrade® (HPLC purity, 99.98 %) was obtained either from Anatrace (Maumee,
Ohio, USA) or Avanti® polar lipids, inc (Alabaster, Alabama, USA). Cholesteryl hemisuc-
cinate was provided by Anatrace (Maumee, Ohio, USA). n-Tetradecylphosphocholine

103
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(Fos-choline-14, FC14; HPLC purity, > 99 %) Anagrade®, n-dodecylphosphoscholine
(Fos-choline-12, FC12), 1,2-Dimyristoyl-sn-glycero-3-phosphocholine (DMPG) were
purchased from Affymetrix (Santa Clara, California, USA). 1-Myristoyl-2-hydroxy-sn-
glycero-3-[phospho-rac-(1-glycerol)] sodium salt (LMPG), 1-Myristoyl-2-hydroxy-sn-
glycero-3-phosphocholin (LMPC), and 1,2-diheptanoyl- sn-glycero-3-phosphocholine
(DHPC-7) were purchased from Avanti® polar lipids, inc (Alabaster, Alabama, USA).
Amicon® Ultra-4 centrifugal filter units, Ultracel® - 10K and Ultracel® - 100k were ob-

tained from Merck Millipore Ltd (Tullagreen, Carrigtwohil, Co. Cork, Irland).

6.2 Strains and Plasmids

The DNA coding sequence for sCRF, R (20-143 amino acid residues) was engineered
and cloned into a pET 32a vector (Novagen, Merck KGaA, Darmstadt, Germany) by
GeneArt (Burlingame, California, USA). The sCRF, R vector contained a thioredoxin
sequence at the N-terminus followed by Hiss-tag and a thrombin cleavage site. The
first extracellular domain (ECD) of CRF,;R was kindly received from Dr. Marilyn H.
Perrin from the Salk institute in San Diego, USA. The ECD construct (38-133 amino
acid residues) is similar to the sCRF, R vector, it starts as well with a thioredoxin se-
quence, followed by a Hisg-tag and a thrombin cleavage site and ends with the ECD
sequence. Mistic-CRF,;R (27-430 amino acid residues) was engineered by Gateway®
destination (Invitrogen) technology including a linker consisting of serines and glu-
tamines between the Mistic- and CRF,;R-sequence having a Hisg-tag before and a
Hisg-tag after the Mistic-sequence [127]. pelB—CRFzﬁR and CRFZBR (25-430 amino
acid residues) were kindly received from Dr. Roberto Jappelli from the Salk Institute,
San Diego, USA [115]. Both constructs have a Hisg-tag at the C-terminus. The only
difference is that the pelB-CRF,4R construct has an additional pelB leader sequence
at the N-terminus.

The plasmid for the rat Nogo-A-A20 (544-725 amino acid residues) was cloned in a
pET28 vector containing a Hise-tag and a T7-tag (kindly shared from Prof Martin E.
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Schwab, University of Zurich, Switzerland).

Origami™ B(DE3) (Novagen, Merck KGaA, Darmstadt, Germany), One Shot® BL21
Star™ (DE3) (Invitrogen™ by LifeTechnologies™, LuBioScience GmbH, Lucerne, CH),
OverExpress™ C41(DE3) (Lucigen, Middleton, Wisconsin, USA), SHuffle® T7 (New
England BioLabs® Inc., Bioconcept, Allschwil, Switzerland) E. coli competent cells
were used for protein expression. Point mutated proteins were transformed in either
ultra competent cells XL 10-Gold from Agilent or DH5alpha. Occasionally, the pET
40b vector from Novagen (Merck KGaA, Darmstadt, Germany) was co-transformed
with the CRF,;R-vector.

The ProtParam tool on the ExPASy server was used for calculating the theoretical
molecular weights, the molar extinction coefficients, and the theoretical pI of the fu-

sion proteins [150].

6.3 Point Mutations

Various point mutations were performed on the Mistic-CRF,;R, pelB-CRF,;R, and
CRF,4R expression vectors by PCRs (table 6.1). The PCR reactions were performed
with Phusion® High-Fidelity DNA Polymerase kit from Thermo Scientific (Fischer Scien-
tific-Switzerland, Wohlen, Switzerland) according to the manufacturer’s instructions
together with 0.5 uM of each primer (forward and reverse). Oligonucleotides primers
were purchased from Microsynth AG (Balgach, Switzerland). In the PCR program, the
denaturation of the DNA was performed at 98 °C for 30 s, the annealing at 64 °C for 30,
and the extension at 72 °C for 6 min. The cycle was repeated 35 times. The template
vector was removed by Dpnl endonuclease from New England BioLabs® Inc. (Biocon-

cept, Allschwil, Switzerland). All point mutations were verified by DNA sequencing.
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Mutation Primers
C114S Fw 5’ - TGC GGA GTA TCC GCA GCC TGA GGAATG TG -3’
Rv5’ - CACATT CCT CAG GCT GCG GATACTCCGCA -3
C205A Fw5’ - ATG TTT GTG GAG GGC GCC TAC CTG CACACG GC -3’
Rv5’ - GCC GTG TGC AGG TAG GCG CCCTCCACAAACAT -5’
W375Stop Fw 5’ - CGG TGG CAC CGC TAG CAGGACCACA -3
Rv 5’ - TGT GGT CCT GCT AGC GGT GCCACCG-3’
H244Stop Fw 5’ - CAC CAG CGG CAG CGG CTAGCATCATCATCATCATAG-3’

Rv 5’ - CTA TGA TGA TGA TGA TGC TAG CCG CTG CCG CTG GTG - 3’
Y357A Fwb5’ - GTT TCT TTG TGT CCG TTT TCG CCT GCT TCT TCA ATG GAG AGG - 3’
Rv 5’ - CCT CTC CAT TGA AGA AGC AGG CGA AAA CGG ACA CAAAGAAAC -3’
L368Stop Fw 5’ - GGT GCG CGC GGC CTA GAG AAAGCGGTG G -3
Rv5’ - CCA CCG CTT TCT CTA GGC CGC GCG CACC- 3’

Table 6.1: Primers used for introducing point mutations into the sequences of mistic-CRF, 3R and
(pelB-)CRF,4R. Fw - DNA sequence for the forward primer; Rv - DNA sequence for the reverse primer.

6.4 Protein Electrophoresis

To verify the protein purity across protein purifications, denaturing NuPage® 4 % to 12 %
Bis-Tris Gel and 12 % Bis-Tris Gel (1 mm X 12 or 15 well) were used from Novex® by
Invitrogen™ (LifeTechnologies™, LuBioScience GmbH, Lucerne, Switzerland) with
the SeeBlue®Plus2 Pre-Stained Standard from Invitrogen™ or Precision Plus Protein™
Dual colour Standard from Bio-Rad (Hercules, Ca, USA).

For monitoring protein expression and smaller concentrations of protein during pro-
tein purifications, Western blot analysis was used with either mouse monoclonal to
6X His tag® from abcam (Cambridge, UK) or rabbit polyclonal CRFHR2 antibody (N-
term) from Abgent (San Diego, California, USA) as primary antibodies. A XCell II'™
Blot Module from invitrogen was used according to the manufacturer’s instructions
with a PVDF Transfer Membrane (0.45 um) from Thermo Scientific (Rockford, Illinois,
USA). The protein bands were visualised on Fuji Medical X-ray films from Fujifilm

Corporation (Tokyo, Japan).
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6.5 Expression and Purification of Recombinant Proteins

6.5.1 soluble CRF,, Receptor

Thioredoxin-sCRF, R fusion protein plasmid was transformed in the host E.coli One
Shot® Origami™ B(DE3). Cells were pre-cultured in LB over night at 37 °C, and then
transferred to either Terrific Broth (TB) or M9 minimal medium containing 8 gram D-
glucose and 1 gram NH,Cl per litre. Ampicillin (50 mg1~!), kanamycin (15 mg1~!), and
tetracycline (12.5mg1~!) were added as antibiotics. The cells were grown at 37 °C at 100
rpm until the ODsgo reached 0.7-1.2. The cells were cooled down to either 18° or 20 °C,
induced with 0.5 mMm IPTG, kept overnight (ca. 15h) for protein expression, and har-
vested by centrifugation at 5000 rpm for 15 min at 6 °C (Avanti J-26 XP centrifuge from
Beckman Coulter International S.A., Nyon, Switzerland). The wet pellet of 1 L bacte-
ria culture was resuspended in 100 ml lysis buffer (table 6.2). Additionally 0.5 mgml~*
lysozyme per lysis buffer and 2 PI tablets were added. The lysate was stirred at 4 °C
for 20 min. The cells were further disrupted by passing twice through a 110S microflu-
idizer (Microfluidics, Newton, Massachusetts, USA) at 40 PSI. The suspension was
centrifuged at 40’000 rpm for 30 min at 4°C (Optima L-90K Ultracentrifuge, rotor Ti-
45, Beckman Coulter International, S.A., Nyon, Switzerland) to pellet cellular debris.
The supernatant of the centrifugation was loaded on 5 ml Ni-NTA Agarose from Qiagen®
(Merck KGaA, Darmstadt, Germany) with gravity flow for 2 h. The Ni-NTA was washed
with 30 ml wash buffer and eluted with ca. 7ml elution buffer. The elution buffer
was buffer exchanged with a pre-packed and disposable PD-10 desalting column (GE
Healthcare Life Sciences, Buckinghamshire, UK) to the cleavage buffer. To the de-
salted protein, human thrombin was added with the ratio of 2 NIH unit of thrombin
to ca. 1 mg of sCRF,_R. The cleavage was performed over night at ca. 22 °C.

The cleaved sCRF, R was further purified either by a second Hiss-tag chelating Ni-
NTA affinity to bind the Hisg-tag followed by RP-HPLC (vida infra chapter 'Purifica-
tion by RP-HPLC’) or with the biotinylated-astressin affinity column (vida infra chap-
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ter 'Ligand-Affinity Chromatography’).

Buffer Composition of Buffer
lysis buffer 50 mM Tris, 300 mM NaCl, 10 mm imidazole, pH 8
wash buffer 50 mM Tris, 300 mM NaCl, 50 mm imidazole, pH 8
elution buffer 50 mM Tris, 300 mM NaCl, 500 mM imidazole, pH 8
cleavage buffer 25 mM Tris, 150 mM NaCl, 10 % glycerol, pH 8

Table 6.2: Buffer used for sCRF, R and ECD purification.

6.5.2 Extracellular Domain of CRF;; Receptor

Thioredoxin-ECD fusion protein plasmid was transformed in the host E.coli One Shot®
Origami™ B(DE3). Cells were pre-cultured in LB over night at 37 °C and then trans-
ferred to either Terrific Broth (TB) or M9 minimal medium containing 8 gram D-glucose
and 1 gram NH,Cl per litre. Ampicillin (50 mg1~!), kanamycin (15 mg1~!), and tetracy-
cline (12.5mg1~') were added as antibiotics. The cells were grown at 37 °C at 100 rpm
until the ODsq reached 1.2, cooled down to 20 °C and induced with 0.5 mM IPTG. They
were kept overnight (ca. 15h) for protein expression and harvested by centrifugation
at 5000 rpm for 15 min at 6 °C (Avanti J-26 XP centrifuge from Beckman Coulter Inter-
national S.A., Nyon, Switzerland). The wet pellet of 1L bacteria culture was resus-
pended in 100 ml lysis buffer (table 6.2). Additionally 0.5 mgml~' lysozyme per lysis
buffer and 2 PI tablets were added. The lysate was stirred at 4 °C during 20 min. The
cells further lysed by passing twice through a 110S microfluidizer (Microfluidics, New-
ton, Massachusetts, USA) at 40 PSI. The suspension was centrifuged at 40’000 rpm for
30min at 4°C (Optima L-90K Ultracentrifuge, rotor Ti-45, Beckman Coulter Interna-
tional, S.A., Nyon, Switzerland) to pellet cellular debris and inclusion bodies.

The supernatant of the centrifugation was loaded on 5 ml Ni-NTA Agarose from Qiagen®
(Merck KGaA, Darmstadt, Germany) with gravity flow during 2h. The Ni-NTA was
washed with 30 ml wash buffer and eluted with ca. 7ml elution buffer. The elution

buffer was buffer exchanged with pre-packed and disposable PD-10 desalting column
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(GE Healthcare Life Sciences, Buckinghamshire, UK) to the cleavage buffer. Human
thrombin was added to the desalted protein, with the ratio of 2 NIH unit of thrombin
to ca. 1 mg of ECD. The cleavage was performed over night at ca. 22 °C.

The cleaved ECD was further purified either by a second Hisg-tag chelating Ni-NTA
affinity column to bind the Hisg-tag, while the flow through contained the cleaved
ECD followed by RP-HPLC (vida infra chapter 'Purification by RP-HPLC’) or with the
biotinylated-astressin affinity column (vida infra chapter 'Ligand-Affinity Chromatog-
raphy’).

6.5.3 Purification by RP-HPLC

Prior RP-HPLC, acetonitrile CHROMASOILV® (gradient grade, for HPLC, > 99.9 %),
purchased from Sigma-Aldrich (Buchs, Switzerland), was added up to 10 % (initial
vol.) to the protein solution. The protein solution was acidified by adding 0.1 % Tri-
fluoroacetic acid (TFA), which was obtained from Fisher Scientific AG (Loughbor-
ough, UK). If necessary, conc. HCI was added until a pH of 3 was obtained. The
protein solution was centrifuged (eppendorf Centrifuge 5810 R, Faust Laborbedarf
AG, Schaffhausen, Switzerland) to pellet protein precipitation due to TFA addition.

The supernatant was loaded on a reverse phase (RP)-column from phenomenex®
(Jupiter C4 3004, 25.0 x 10.00 mm, 5 um Brechenbuehler scientific analytical solutions
AG, Zurich, Switzerland). An acetonitrile gradient was used for protein elution (buffer
B 10 % to 50 % in 33 min with a flow rate of 2 ml min—!; buffer A - water with 0.1 % TFA;
buffer B - acetonitrile with 0.1 % TFA). The 1200 HPLC system (Agilent Technologies
(Schweiz) AG, Basel, Switzerland) was equipped with an external manual injector, an
automatic fraction collector, and a diode-array detector. The elution was observed by
UV absorption at wavelengths 220 nm and 280 nm. For the ECD of CRFy4R, the largest
peak at around 32 % of buffer B was collected and lyophilised. For sCRF, R, the peaks
and shoulders were collected separately at around 30 % of buffer B and lyophilised.

The lyophilised protein was kept at —20 °C until usage.
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6.5.4 CRF,; Receptor
Culture Growing

Either Mistic-CRF,;R or CRF,4R plasmid or its mutated plasmid (table 6.1) was trans-
formed into different One Shot® E.coli host cells (BL21 Star™ (DE3), SHuffle® T7,
C41(DE3), or BL21 Star™ (DE3) co-transformed with pET40 vector. Cells were pre-
cultured in LB over night at 37 °C and then transferred to either Terrific Broth (TB) or
M9 minimal medium containing 8 gram D-glucose and 1 gram NH,CI per litre. Hut-
ner’s trace elements (table 6.3) or unlabelled Celtone® base powered obtained from
Cambridge Isotope Laboratories, Inc. (Andover, Massachusetts, USA) were added
to the minimal medium as supplement. Alternatively, the unlabelled ready-to-use
bioexpress® cell growth media (10X) obtained from Cambridge Isotope Laboratories,
Inc. (Andover, Massachusetts, USA) was used. Ampicillin (50 mg 1~ for Mistic-CRF,4R)
or kanamycin (15mg1~! for (pelB-)CRFzﬁR) was added as antibiotics. The cells were
grown at 37°C at 110 rpm until the ODsqy reached 1.0. The cells were transferred to
18 °C and induced with 0.25 mm IPTG (if not specified differently). The cells were kept
20h at 18° for protein expression and then harvested by centrifugation at 5000 rpm
for 15 min at 6 °C (Avanti J-26 XP centrifuge from Beckman Coulter International S.A.,

Nyon, Switzerland).

Chemical amount [g]
ZnS0, * 7H,0 4.4
H,BO, 2.2
MnCl, * 4H,0 1
CoCl, * 6 H,0 0.32
CuCl, * 6 H,0 0.235

(NH,)¢Mo,0,, * 4 H,0 0.22

Table 6.3: Hutner’s trace metals recipe: First dissolve the listed salts above in 80 ml double-distilled
water. Second, dissolve 1 g FeSO, and 10 g EDTA in 80 ml of double-distilled water. Adjusted pH to 5.5
(a golden yellow solution results). Third, combine both solutions and adjust pH to 6.9 using KOH. Final
volume should be 200 ml (solution should become bright green). Store solution at 4 °C. The solution
turns purple with time [111].
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Preparation of Cells and Extraction

If not stated otherwise, all purification steps were performed at 4 °C.

The wet pellet of 1 L bacteria culture was resuspended in 50 ml lysis buffer (table 6.5).
Additionally 0.5 mg ml~! lysozyme per lysis buffer, 0.5 mm PMSE 1 PI tablet, and DNAse
were added. The lysate was stirred at 4°C for 20 min. The cells were further lysed
either by passing twice through a 110S microfluidizer (Microfluidics, Newton, Mas-
sachusetts, USA) at 25 PSI or with a dounce homogeniser (Kontes Glass Co., Vineland,
New Jersey, USA).

The extraction with different detergents (table 6.4) was either performed on the bacte-
ria lysate (whole cell extraction) or on the membrane protein fraction. The membrane
protein fraction was obtained by centrifuging at 10’000 rpm for 30 min at 4 °C (Op-
tima L-90K Ultracentrifuge, rotor Ti-45, Beckman Coulter International, S.A., Nyon,
Switzerland) to pellet cellular debris and inclusion bodies and repeated with the su-
pernatant at 40’000 rpm for 90 min at 4 °C (Optima L-90K Ultracentrifuge, rotor Ti-45)
to pellet the membrane protein fraction. The membrane fraction was then resus-
pended in 50 ml lysis buffer.

The extraction was performed with either the resuspended membrane protein frac-
tion or the bacteria lysate using either FC14/CHS (0.5 %/0.06 %) or DDM/CHS (1.0 %/
0.12 %) or LMPG (0.5 %) or a mixture of FC14/DDM/CHS (0.25 %/0.25 %/0.06 %) at 4 °C
for 3.5h. Afterwards the suspension was centrifuged at 40’000 rpm for 1 h at 4 °C (Op-
tima L-90K Ultracentrifuge, rotor Ti-45) to pellet the non-extracted debris.

Nickel-Binding

The supernatant was diluted with a dilution buffer so that the total detergent concen-
tration was less then 0.25 %. 3 ml Ni-NTA Agarose from Qiagen® (Merck KGaA, Darm-
stadt, Germany) was used for His-tag binding to the immobilised metal ion. Gravity
flow and batch mode were examined for the best binding conditions like tempera-
tures (22 °C or 4 °C) or binding times (1 h, 2h, 4 h, over night). The Ni-NTA was washed
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Detergent Detergent concentration [%]
FC14/CHS 0.5/0.06
DDM/CHS 1.0/0.12
DDM/CHS 1.5/0.18
DDM/CHS 2.0/0.24
FC14/DDM/CHS 0.05/0.5/0.06
FC14/DDM/CHS 0.15/0.4/0.06
FC14/DDM/CHS 0.25/0.25/0.06
FC14/DDM/CHS 0.4/0.15/0.06
FC14/DDM/CHS 0.5/0.05/0.06
LMPG 0.5
FC14/LMPG/CHS 0.25/0.25/0.03
FC14/LMPG/CHS 0.1/0.4/0.012
LMPG/ DMPC 0.4/0.1
FC14/LMPG/DMPC/CHS 0.1/0.4/0.1/0.012
LMPG/LMPC 0.1/0.1
DHPC 1.0
FC12 1.0
LDAO 0.5//

Table 6.4: Detergents and its concentrations used in extraction trials.

with 70 mL binding buffer. The protein was eluted with 30 mL elution buffer.

The elution buffer was buffer exchanged with a pre-packed and disposable PD-10 de-
salting column (GE Healthcare Life Sciences, Buckinghamshire, UK) to the cleavage
buffer.

Thrombin Cleavage of Mistic-CRF,; Receptor

To cleave the Mistic-tag from MisticCRF,;R, human thrombin protease was added at
different ratios (mg of CRFZBR:NIH unit of thrombin, 1:7, 1:20, 1:40, 1:60). Addition-
ally, conditions were investigated for different temperatures (ca. 22.5°C) or 4 °C) and
for different time points (2h, 4 h, 6 h, over night)).

It was investigated if the purity of cleaved Mistic-CRF,4R increased by loading it on a
second Ni-NTA affinity column to bind the His-tagged Mistic, while the flow through
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and the wash (using 15 mM Tris, 150 mM NaCl, 50 mM to 100 mM imidazole pH 8, in-
cluding either FC14/CHS (0.01 %/0.0012 %) or DDM/CHS (0.025 %/0.003 %) or LMPG
(0.05 %)) should contain cleaved Mistic-CRF,4R.
Buffer Composition of Buffer Detergent
lysis buffer 50 mM Tris, 500 mMm NacCl, 50 mM imidazole,
20 % glycerol, pH 8
dilution buffer 50 mm Tris, 500 mm NaCl, 50 mm imidazole, pH 8 -
wash buffer 50 mM Tris, 500 mM NaCl, 50 mM imidazole, either 0.01 % FC14/0.0012 % CHS
10 % glycerol, pH 8 or 0.025 % DDM/ 0.003 % CHS
or 0.05 % LMPG
elution buffer 50 mM Tris, 500 mM NacCl, 500 mM imidazole, either 0.01 % FC14/0.0012 % CHS
10 % glycerol, pH 8 or 0.025 % DDM/ 0.003 % CHS
or 0.05 % LMPG
cleavage buffer 25 mM Tris, 150 mM NaCl, 10 % glycerol, pH 8 either 0.01 % FC14/0.0012 % CHS

or 0.025 % DDM/ 0.003 % CHS
or 0.05 % LMPG

Table 6.5: Buffer used for CRF, 4R purification.

6.5.5 Nogo-A-A20

The T7-Nogo-A-A20 fusion protein plasmid was transformed in the host E.coli One
Shot® BL21 ™ (DE3) and stored in glycerol stock at —80 °C. Some scraps of the glyc-
erol stock were pre-cultured in LB over night at 37°C. The next day, the cells were
transferred to either Terrific Broth (TB) or M9 minimal medium containing 8 gLL~! D-
glucose and 1 gL~! NH,ClI per litre. Kanamycin (15 mgl~!) was added as antibiotics.
The cells were grown at 37 °C at 100 rpm until the ODsg, reached 1.2 and transferred
to 30°C and induced with 1 mMm IPTG. They were kept for 8h for protein expression
and harvested by centrifugation at 5000 rpm for 15 min at 6 °C (Avanti J-26 XP cen-
trifuge from Beckman Coulter International S.A., Nyon, Switzerland). The wet pellet
was stored at —80 °C.

A frozen pellet of 1 L bacteria culture was thawed on ice and resuspended in 50 ml lysis
buffer (20 mm NaH,PO,, 500 mm NaCl, 20 mm imidazole, pH 7.4). 0.5 mg ml~! lysozyme,
0.5 mM PMSE and 1 PI tablets were added. The lysate was stirred at 4 °C for 20 min.
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The cells were further disrupted by passing twice through a 110S microfluidizer (Mi-
crofluidics, Newton, Massachusetts, USA) at 40 PSI. The suspension was centrifuged
at 40’000 rpm for 30 min at 4 °C (Optima L-90K Ultracentrifuge, rotor Ti-45, Beckman
Coulter International, S.A., Nyon, Switzerland) to pellet cellular debris.

The supernatant of the centrifugation was bound to 3 ml Ni-NTA Agarose from Qiagen®
(Merck KGaA, Darmstadt, Germany) via batch mode during 2h at 4°C. The Ni-NTA
was washed with 30ml lysis buffer and eluted with ca. 5ml elution buffer (20 mm
NaH,PO,, 500mM NaCl, 20 mm imidazole, pH 7.4) via gravity flow and collected in
0.5 ml fractions. The fractions were loaded on a denaturing NuPage® 4 % to 12 %. The
aliquots with high molecular weight species were pooled and buffer exchanged with
pre-packed and disposable PD-10 desalting column (GE Healthcare Life Sciences,
Buckinghamshire, UK) to PBS buffer. Bovine thrombin was added with the ratio of 2
NIH unit of thrombin to ca. 1 mg desalted Nogo-A-A20. The cleavage was performed
for 1hat4°C.

The following day, the cleaved fusion protein was purified on a Highload™ 26/60,
Superdex™ 75, (prep grade, GE Healthcare, Uppsala, Sweden).

6.6 Ligand-Affinity Chromatography

The antagonist peptide astressin (biotinylated at the N-terminus, kindly received from
Prof Jean E. E Rivier from the Salk Institute, San Diego, USA) for CRF R was bound to
Streptavidin Sepharose™ high performance from GE Healthcare (Uppsala, Sweden)
via the byotin-streptavidin non-covalent interaction similar to the already published
ligand affinity column by Mesleh et al [151]. Several binding/elution conditions were
tested differing in salt compositions and concentrations including different pHs, until

the feasible conditions were found (see chapter 'Ligand Affinity Chromatography’).
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6.6.1 Bindingand Elution of ECD of CRF,; Receptor and soluble CRF,,

Receptor

The biotinylated-astressin affinity column was washed with binding buffer (10 mm
Tris, 150 mM NacCl, 5 % glycerol, pH 8) prior usage on a FPLC system (Aekta Purifier
from Amersham Pharmacia Biotech Inc, Piscataway, New Jersey, USA) equipped with
an automatic fraction collector (Frac-920) and a UV-detector (UV-900). The thrombin
cleaved ECD of CRF,4R or sCRF, R was applied on the biotinylated-astressin affinity
column using the binding buffer having a flow rate of 1 mlmin~!. Partially unfolded
protein was eluted with the washing buffer (50 mMm acetic acid, 50 mm NaCl, pH 3.5)
until no more protein was eluted, observed at the wavelength 280 nm. The correctly
folded protein was eluted with an elution buffer (10 mm acetic acid, pH 3.5) gradient
(50 % to 100 % buffer B in 15 min with a flow rate of 1 ml min—!; buffer A - washing buffer,
buffer B - elution buffer).

6.6.2 Binding and Elution of CRF,; Receptor

The biotinylated-astressin affinity column was washed with binding buffer (10 mm
Tris, 500 mM NaCl, 5 % glycerol, pH 8) prior usage on a FPLC system (Aekta Purifier)
equipped with an automatic fraction collector (Frac-920) and a UV-detector (UV-900).
CRF,4R was applied on the biotinylated-astressin affinity column using the binding
buffer and a flow rate of 1 mlmin—!. Impurities were eluted with the washing buffer
(10mMm acetic acid, 150 mm NaCl, 5 % glycerol, pH 3.5). The correctly folded protein
was eluted with a gradient to the elution buffer (10 mm acetic acid, 5 % glycerol, pH
3.5) (0% to 100 % buffer B in 20 min with a flow rate of 1 ml min~!; buffer A - washing
buffer, buffer B - elution buffer).
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6.7 NMR Spectroscopy

NMR spectroscopy spectra were measured on either Bruker 700 MHz or 600 MHz spec-
trometer equipped with cryoprobes. The data were processed with TopSpin 3.1 soft-
ware (Bruker BioSpin AG, Faellanden, Switzerland). The CCPN software was used for

assignment [144].

6.7.1 Protein Labelling

For NMR spectroscopy measurements, the proteins were labelled with different iso-
topes (°H, N, 13C). The protein was expressed in M9 minimal medium with max.
4g17t BC-glucose (13C > 99%) and 1gl~! >'N-ammonium chloride (*NH,CI, ®N >
98 %) and deuterated water (D,0, D > 99.8 %), which were purchased from Sigma-
Aldrich.

Same purification protocols were applied as for unlabelled proteins.

6.7.2 NMR Measurements on soluble CRF,, Receptor or ECD of CRF;;

Receptor

sCRF,,R and the ECD of CRF,;R were buffer exchanged into 12 mm Tris - HCI, 50 mm
NaCl, pH 6.1 or 10 mMm acetic acid with 50 mm NaCl at pH 6.0. About 5% deuterated
water (D,0, D > 99.8 %) were added. [°N, 'H]-HSQC were measured at 25°C with
a protein concentration between 100 uM to 300 uM. Eventually, CRF,R antagonists as
astressin or a-helical CRFg_4;, originated from solid phase peptide synthesis and re-

ceived from the Salk Institute, were added.
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6.7.3 NMR Measurements on CRF,; Receptor

['°N, 'H]-HSQC were recorded for CRF, sR on the 700 MHz NMR spectrometer at var-
ious temperatures. The buffer for the measurements contained 15 mm Tris - HCI with
50 mM NaCl and 0.01 % FC14, pH 6.85 at the temperatures 22 °C and 37°C. The con-

centrations of the CRF,;R was ca. 100 pum.

6.7.4 NMR Measurements on Nogo-A-A20

[N, 'H]-HSQC, HNCA, HNCACB and HNN were measured on a 700 MHz NMR spec-
trometer at 6 °C for the amino acid sequence assignment. The Nogo-A-A20 protein
had a concentration of 300 uM, which was in a PBS buffer at pH 7.4.

Nogo-A-A20 had a concentration of 90 uM for the titrations of the extracellular loops
(ECLs) of S1IPR2. [N, 'H]-HSQC were measured on the 600 MHz NMR spectrome-
ter at 6°C. The ECLs were purchased from JPT Peptide Technologies GmbH (Berlin,
Germany) (figure 6.6).

ECL amino acid sequence
1 LSGHVTLSLTPVQW
2  NCLNQLEACSTVLPLYAKHQVL
3

SILLLDSTCPVRACPVLYK

Table 6.6: Amino acid sequences for the different utilised ECLs of SIPR2.






Conclusion and Outlook

A purification protocol for the corticotropin releasing factor 23 receptor (CRF,4R)
has been established in this thesis. A functionally active receptor was purified us-
ing ligand-affinity chromatography, which is a crucial step in the purification. For
this, an antagonist of the CFR receptors, astressin, is used as the ligand and bound
to a resin via a biotin-streptavidin interaction. The functionality of the ligand-affinity
chromatography has been validated using the first extracellular domain (ECD) of the
CRF,;R. Additionally, a new expression protocol has been established for CRF,;R in
an alternative medium, which is capable of isotopically labelling the receptor.

It has been shown in this thesis that the purified CRF,;R is able to bind its antagonist
astressin with high affinity to its N-terminal domain using radioactive-ligand bind-
ing assays. However, it is still not clear, if the transmembrane region of the CRF,;R
is correctly structured. A nucleotide-exchange assay could confirm this by an inter-
action of a G protein to the purified receptor [78, 152, 153]. A non-hydrolysable GTP
analogue, GTP»S, is used in the nucleotide-exchange assay, which is exchanged for a
GDP if the G protein binds to the receptor. Unbound GTP4S can be readily washed
away by filtration [154]. Depending on the labelling of the GTP~S, the quantity of the
bound GTPS can be measured either with fluorescence [155] or radioactivity [156].
This assay would be suitable to assess if the CRF,;R is able to transfer signals upon lig-
and binding and thus, if the transmembrane region of CRF,;R is correctly structured.
Due to the tendency of GPCRs to aggregate even in the presence of detergents [71],

a possibility to stabilise CRF,4;R further would be to insert the receptors into nan-
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odiscs. Nanodiscs are synthetic model membrane systems [75]. They consists of two
membrane scaffolds proteins (MSP) wrapped around a certain number of lipids [157].
Rhodopsin was one of the first GPCR transferred into nanodiscs [79] showing a higher
stability in nanodiscs than in common detergents such as DM [158]. Therefore, it
would be highly desirable to test this approach with CRF,;R as well to ensure higher
stability in solution and thereby allowing more profound investigations using liquid
state NMR spectroscopy studies. Our preliminary results suggest that it is still chal-
lenging to estimate the correct MSP to lipid to GPCR ratio to reconstitute the mem-
brane protein-nanodiscs complex. Additionally, the separation of nanodiscs with and
without receptors can be laborious.

Additional constraints of GPCRs is the spectral crowding, when measuring NMR spec-
troscopy spectra. This can be disadvantageous for interpreting a 420 amino acid
residues long receptor. This might be overcome by selective labelling, where only
a small number of amino acid residues are labelled and thus are NMR detectable
[159-161]. Fewer peaks are observed in the NMR spectra rendering the spectra more
comprehensible. If each of the peaks can be assigned to, for example with mutagen-
esis, further NMR studies can be performed. This has been accomplished, for exam-
ple, for the 2-adrenergic receptor, where different kinds of ligands were added and
its peak shifts were interpreted [73]. A similar study could be realised for the CRF, sR
using a homology model for the CRF,4R, since the crystal structure for the transmem-
brane region of the CRF,; receptor is known.

The slower tumbling time of larger particles is a disadvantage for liquid state NMR
as they cause broadening of the line widths. Therefore solid state NMR spectroscopy
could be recorded on a solid sample using the magic angle spinning (MAS). MAS can
average the anisotropic interactions resulting in sharper line widths [162]. Due to
this, most of the NMR spectroscopy studies on GPCRs were performed with solid state
NMR, such as the first NMR derived structure of the chemokine receptor CXCR1 [85],
and functional studies on the rhodopsin receptor [94]. Thus, ligand-receptor inter-

actions, dynamic pictures of the CRF,4R structures or intermediates of an activated
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receptor could be deduced from NMR spectroscopy.

Another approach would be to label the ligands instead of the receptors. The binding
of aligand to a CRF receptor is assumed to be in two steps, first the C-terminus of the
ligand binds to the extracellular domain (ECD), which then moves the N-terminus of
the ligand to the transmembrane region of the receptor resulting in the activation of
the receptor. The exact amino acid residues of the antagonist astressin or the agonist
a-helical CRF involved in the interactions with the ECD of the CRF receptors have
been extensively studied [27, 39]. Using instead of the ECD the full length receptor,
the amino acid residues of the ligand involved in the transmembrane binding could
be now investigated. Since the C-terminus of the ca. 44 amino acid residue long lig-
ands have to be amidated for high affinity binding, this might not be so trivial.
Besides NMR measurements, other biochemical methods could also be used to in-
vestigate different structural aspects of the CRF,4R, such as mass spectroscopy (MS),
where intact membrane proteins complexes were studied using gas-phase activa-
tion [163]. Dimerisation occurs often in GPCRs, some being induced by ligand bind-
ing [164, 165] and some were dissociated upon ligand binding [166]. Since dimerisa-
tion upon ligand binding were found for the CRF binding protein [167], but non for
the CRF, receptor [168], the influence of the ligand on the CRF,;R might be investi-
gated with native MS. A single band was found at the molecular weight of a monomer
before and high molecular weigh species were found after the ligand-affinity chro-
matography on a denaturing NuPAGE® Bis-Tris gel. If the high molecular weight
species were induced by pH, higher concentrations of receptor or indeed due to its
ligand, could be investigated with native MS. Furthermore, using limited proteolysis,

a possible binding site and affinity for cholesterol in CRF,;R could be probed.

A purification protocol has also been established for a soluble isoform of the CRF,,
receptor (sCRF,_R). Interestingly, when eluted from the astressin-affinity column, a
mixture of folded and unfolded protein was present.

It is suspected that the unfolded sCRF,_ R binds unspecifically to the resin instead to
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the folded sCRF,_R or to astressin. Thus, instead of using a pH gradient for the elu-
tion, a competitive ligand could be added to the elution buffer of the astressin-affinity
chromatography to dissociate the astressin-sCRF, R complex. However, it is also pos-
sible to use a reverse phase HPLC after the astressin-affinity chromatography to sep-
arate folded from unfolded soluble receptor. The structure of the sCRF, R would be
interesting to compare to the structures of the ECD of the CRF,4R and of the CRF;R,
since sCRF, R exhibits a unique hydrophilic C-terminus compared to the other ECDs.

Another part of the thesis is about the intrinsically disordered segment Nogo-A-A20 of
Nogo-A, which has been expressed with isotopes suitable for NMR spectroscopy mea-
surements. Nogo-A-A20 has been purified and several 3D NMR spectra have been
recorded for a sequential amino acid residue assignment. Up to 75 % of the residues
were accomplished to assign. Further, a potential interaction between Nogo-A-A20
and the extracellular loops (ECL) of its natural binding partner, the sphingosine-1-
phosphate receptor 2 (S1PR2), have been investigated. Neither of the ECLs showed a
binding to Nogo-A-A20 upon titration and investigation with NMR spectroscopy.

A second biochemical method could be used to reevaluate, whether the ECLs bind
to the Nogo-A-A20 segment. There is a possibility that the binding was not able to
be detected by NMR spectroscopy measurements. Isothermal titration calorimetry
(ITC) is a widely used technique to measure affinities of ligand binding by measur-
ing the energy release or absorption upon ligand binding. Binding affinities up to a
pmolar range can be investigated using ITC. Thus it could be examined if our obser-
vation of lack of peak shifts were due to a weak binding or no binding at all.

There is also the possibility that the used ECLs are unstructured due to their seg-
mentations and the solid phase synthesise is the reason that no binding is observed.
Therefore binding studies including the full S1PR2 receptor should be favoured.
Additionally, the percentage of assigned amino acid residues could be increased by
additionally measuring e.g. a HCAN spectrum, where the preceding amino acid residue

of a proline could be determined and thus the discontinuity of the sequential assign-
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ment could be overcome due to proline residues.

Summarised, the established purification protocol for CRF receptor isomers together
with the ligand affinity chromatography allows new investigations on the purified re-
ceptors. Especially the functional active CRF,4R, defined by its capability to bind its
ligand, has a great potential for many investigations with numerous techniques and
subsequent experiments, which might provide new insights into the structure and
function of CRF,4R.

For the Nogo-A-A20 segment, it has to be first investigated, which fragments of the
S1PR2 bind to Nogo-A-A20 prior any further experiments.
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Appendix A

Chemical Shifts of Nogo-A-A20

H N HA CA CB

5 Ala - - - 52.82 -
6 Ser 8.06 114.49 - 58.38 -
7 Met - - - 55.61 -
8 Thr - - - 61.98 -
8 Thr 7.96 114.17 - - -
9 Gly 8.26 111.20 3.72 45.40 -
10 Gly 8.13 108.54 - 45.23 -
11 Gln 8.13 119.66 - 55.71 29.07
13 Met - - - 55.50 32.32
14 Gly 8.30 110.09 - 45.32 -
15 Arg 8.10 120.52 - 56.19 30.40
16 Gly 8.35 110.10 - 45.25 -
17 Ser 8.13 115.64 - 58.23 63.69
18 Thr 8.11 115.23 4.12 62.01 69.66
19 Gly 8.22 110.98 3.74 45.23 -
20 Thr 7.87 114.37 - 62.02 69.73
21 Lys 8.21 124.49 - 56.31 32.61
22 Ile 8.00 123.35 - 60.94 38.34
23 Ala 8.13 128.52 4.02 52.02 19.15
24 Tyr 7.93 120.16 4.11 57.84 38.73
25 Glu 8.15 122.51 4.03 56.28 30.21
26 Thr 8.03 116.84 4.03 61.99 69.67
27 Lys 8.24 124.94 3.95 56.10 32.64
28 Val 8.03 122.05 - 62.10 32.62
29 Asp 8.22 124.38 4.30 54.23 40.94
30 Leu 8.02 122.97 4.21 54.92 41.8¢6
31 Val 7.99 122.21 3.76 62.48 32.58
32 Gln 8.33 124.75 4.14 55.62 29.18
33 Thr 8.08 115.86 4.03 61.80 69.82
34 Ser 8.23 117.76 4.16 58.59 63.71
35 Glu 8.28 122.70 3.96 56.73 29.93
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36 Ala 8.04 124.84 - 52.61 18.81
37 Ile 7.95 120.82 - 61.43 38.25
38 Gln 8.24 124.71 - 56.11 29.63
39 Glu 8.24 122.47 3.92 56.78 29.91
40 Ser 8.08 116.33 4.17 58.44 63.58
41 Leu 7.92 123.65 3.99 55.26 42.10
42 Tyr 7.83 120.23 4.25 55.62 37.92
43 Pro - - - 63.26 31.83
44 Thr 8.09 114.89 4.01 61.95 69.80
45 Ala 8.15 126.50 - 52.51 18.97
54 Ala - - - 52.44 19.08
55 Glu 8.16 120.37 3.92 56.24 30.06
56 Ala 8.16 125.70 4.05 52.29 19.02
57 Thr 8.11 117.18 4.27 59.76 69.68
58 Pro - 139.44 4.16 61.23 31.97
59 Ser 8.35 118.45 4.43 56.53 62.99
60 Pro - 137.95 4.16 62.95 31.82
61 Val 8.09 121.64 4.00 62.24 32.24
62 Leu 8.28 128.85 - 52.67 41.32
63 Pro - - - 62.66 31.85
64 Asp 8.17 120.61 - 54.41 40.82
65 Ile 7.90 121.38 - 60.95 38.33
66 Val 8.13 126.14 - 62.35 32.25
67 Met 8.32 125.63 - 55.06 32.47
68 Glu 8.23 123.03 - 56.07 30.23
69 Ala 8.22 127.05 - 50.47 17.75
70 Pro - - - 62.79 32.05
71 Leu 8.23 122.60 - 55.74 41.88
72 Asn 8.28 119.15 - 53.13 38.43
73 Ser 8.03 116.04 - 58.49 63.65
76 Pro - - - 63.20 31.80
77 Ser 8.17 115.91 - 58.22 63.74
78 Ala 8.22 126.17 - 52.76 18.94
79 Gly 8.14 108.07 3.66 45.03 -
80 Ala 7.91 123.48 4.06 52.35 19.12
81 Ser 8.13 115.40 4.19 58.21 63.76
82 Val 7.97 122.29 3.85 62.21 32.40
83 Val 8.10 125.48 3.78 62.17 32.29
84 Gln 8.40 126.58 4.32 53.27 28.42
85 Pro - 136.92 4.17 62.82 31.96
86 Ser 8.29 116.70 4.17 58.22 63.82
87 Val 8.04 121.86 3.82 61.98 32.4¢6
88 Ser 8.31 121.62 - 56.23 63.22
90 Leu - - - - 42.14
91 Glu 8.02 121.67 4.28 55.89 30.24
92 Ala 8.11 126.89 4.29 50.25 17.86
93 Pro - 136.81 - - -
95 Pro - 136.22 4.16 63.29 32.25

96 Val 8.02 120.61 4.12 62.33 32.52
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151 Asp 8.20 122.82 - 54.36 40.66
158 Leu - - - 54.97 42.15
159 Ser 8.21 116.95 3.99 58.23 63.66
160 Thr 7.98 115.54 4.08 61.49 69.56
161 Glu 8.10 124.55 4.31 54.26 29.38
162 Pro - 137.21 4.14 62.55 31.93
163 Ser 8.33 117.89 4.44 56.38 63.32
164 Pro - 137.94 4.07 63.20 31.78
165 Asp 8.06 119.75 4.24 53.86 40.85
166 Phe 8.01 121.52 4.17 57.98 38.88
167 Ser 8.06 117.09 4.03 58.79 63.86
168 Asn 8.04 120.17 4.41 53.18 38.44
169 Tyr 7.88 120.91 4.22 58.56 38.25
170 Ser 7.89 117.25 4.04 58.49 63.74
171 Glu 8.06 122.58 - 56.67 29.88
172 Ile 7.78 121.36 - 61.48 38.12
173 Ala 8.04 127.39 - 52.69 18.74
174 Lys 7.86 120.05 - 56.43 32.59
175 Phe 7.93 120.83 - 57.73 39.35
176 Glu 8.07 122.84 - 56.63 30.16
177 Lys 8.09 122.58 - 56.19 32.75
178 Ser 8.18 117.84 - 58.25 63.69
179 Val 8.04 123.39 4.15 59.74 32.39
180 Pro - 139.43 4.09 63.05 31.89
181 Glu 8.35 121.16 3.86 56.60 29.99
182 His 8.11 119.62 4.35 55.71 30.09
183 Ala 8.10 125.65 4.00 52.30 19.22
184 Glu 8.28 120.42 3.93 56.32 29.90
185 Leu 8.13 123.92 4.30 54.78 41.87
186 Val 8.05 122.89 3.82 62.14 32.48
187 Glu 8.39 125.75 4.00 56.31 30.23
188 Asp 8.29 122.51 4.34 54.21 40.98
189 Ser 8.11 116.72 4.20 58.01 63.82
190 Ser 8.28 119.36 4.47 56.56 63.10
191 Pro - 137.96 4.16 63.13 31.88
192 Glu 8.34 120.72 3.98 56.62 29.92
193 Ser 8.07 116.89 4.16 58.14 63.93
194 Glu 8.20 123.92 4.30 54.32 29.37
195 Pro - 137.67 4.16 62.96 32.19
196 Val 8.08 120.56 3.77 62.10 32.61
197 Asp 8.19 124.07 4.30 54.82 41.01
198 Leu 8.01 123.51 - 55.35 41.71
199 Phe 8.11 119.83 4.20 57.98 38.45
200 Leu 7.66 122.51 - 55.32 41.97
201 Glu 8.05 120.71 - 56.79 29.87
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52 Gln  7.33 117.21 - 4.12 2.14,1.80 - - -
54 Gly - - - 4.37 - - - 3.67
55 Thr  7.80 109.38 - - - - - 3.86
56 Cys  3.33 - - 4.27 1.84,1.59 - - 1.35
57 Trp  7.77 118.32 - 4.48 2.87,2.61 - - 6.92
58 Pro - 113.46 - 4.02 3.88 - - 0.90
59 Gln  7.39 118.38 - 4.332.70,2.54 - - 6.62
60 Ser  8.36 115.87 - 3.95 1.25,1.07 - - -
61 Ala  6.89 120.01 - 4.58 2.68,2.78 - - -
62 Pro - 118.08 - 4.83  3.87 - - 1.04
63 Gly  3.84 120.91 - 4.52 - - - 0.64
64 Ala 1.46 126.88 -  5.06 1.26,1.47 - - 0.58
65 Leu 8.40 122.96 - 4.73 3.36,2.42 - - -
66 Val 8.42 113.86 - 3.98  2.02 - - 2.34
67 Glu 7.80 115.69 - 4.14 2.01 1.10 - 0.34
68 Arg  7.78 107.47 - 4.17 - - - -
69 Pro - 121.24 - 3.71 3.90  8.39 - -0.18
70 Cys 8.30 124.62 - 4.54  2.62 - - -
71 Pro - 167.80 - 4.30 2.06 10.45  6.39 -
72 Glu - - - 4.37 - - - -
73 Tyr  6.63 119.41 - 4.09 1.82,1.71 - - 2.04
74 Phe  5.41 119.99 - 4.84 3.47,3.16 - - -
75 Asn  8.33 124.63 - 3.69  1.00 - - -
76 Gly 2.08 - - - - - - -
77 Ile 7.78 112.66 - 4.00 - - - -
78 Lys  7.60 122.14 - 4,11 1.21 - - -
79 Tyr  8.22 122.09 - 4.52 1.72,1.32 - - 0.69
80 Asn  8.80 129.49 - 4.15  2.60 - - 1.26
81 Thr  8.37 124.61 - 5.16  1.77 - - 1.84
82 Thr  8.36 121.80 - 4.42 - - - 1.08
83 Arg - - - 4.48  2.33 - - -
84 Asn  8.41 119.93 - 3.94  2.70 - - -
85 Ala - - - 4.34 1.81 - - -
86 Tyr  8.41 119.81 - 4.08 1.58 - - 2.04
87 Arg  7.92 117.53 - 4.28 2.81,2.91 - 6.94 -
89 Cys  6.46 110.42 - - 2.71 - - 7.04
90 Leu 7.96 101.32 - 3.94 - - - -
91 Glu  7.51 121.39 - 4.05 1.82 1.30 - 0.44
92 Asn  8.06 125.03 - 4.51 1.64,1.44 - - 1.14
93 Gly 2.56 123.83 - 4.34 - - - 6.70
94 Thr  8.55 120.03 - 5.20 - - - 7.47
95 Trp 8.18 114.50 - 4.05 - - - 1.06
96 Ala  7.98 110.23 - 4.20 - - - 1.10
97 Ser  7.05 119.48 - 4.331.87,1.73 - - 3.09
98 Arg  8.22 116.61 -  5.05 2.06,1.83 - - 6.87
99 val  8.99 120.21 - 4.33 - - - 0.91

100 Asn  7.55 112.57 -  5.82 2.76,2.53 - - -
101 Tyr 1.26 122.33 - 4.250.39,-0.30 -  0.99 6.46
102 Ser  8.60 126.52 - 4.73 1.70,1.84 1.93 - -

6.75:956
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