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Zusammenfassung

In den vergangenen Jahrzehnten fanden mehr als 30 Immunglobuline (IgGs) und
deren Derivate Anwendung in der klinischen Praxis. Trotz des großen Erfolgs solcher
Antikörper-basierter Medikamente traten auch einige Limitationen auf. Gerüstproteine
stellen eine Alternative zu herkömmlichen Antikörpern dar. Sie weisen meist eine
hohe

thermodynamische

Stabilität

auf

und

bestehen

aus

einer

einzelnen

Polypeptidkette ohne Disulfidbrücken. Universelle Bindestellen können wie beim
humanen Fibronectin III und bei Anticalinen in flexiblen Loop-Regionen erzeugt
werden oder auf rigiden Sekundärstrukturelementen, wie im Fall der Affibodies,
DARPine und Affiline. In der vorliegenden Arbeit wurde eine Protein-Bibliothek auf
Basis

des

γB-Kristallins,

humanen

unter

Randomisierung

von

8

oberflächenexponierten Aminosäuren auf einem β-Faltblatt der N-terminalen Domäne
des Proteins, hergestellt. Ein kürzlich entwickeltes Screening-System, das T7-basierte
Phagen-Display, wurde zur Durchmusterung der Bibliothek auf potentielle Binder
angewandt.

Dabei

erfolgt

die

Assemblierung

der

Protein-präsentierenden

Phagenpartikel ohne einen Transportschritt über die Zellmembran hinweg bereits im
Cytoplasma von E. coli.

G-Protein

gekoppelte

Rezeptoren

(GPCRs)

bilden

nur

schwerlich

für

Strukturuntersuchungen geeignete, geordnete Kristallstrukturen aus. Kleine, gut
lösliche Bindeproteine könnten sie in einer bestimmten Konformation fixieren und so
den Anteil an hydrophilen Resten auf der Proteinoberfläche erhöhen. Als Zielmolekül
wurde in dieser Arbeit der Parathormon-Rezeptor Typ 1 (PTH1R), ein Vertreter der
Klasse–B-GPCRs, ausgewählt. Nach vier Selektionsrunden konnte eine bindende
hγBC-Variante (namentlich 2G4) wiederholt isoliert werden. Sie bindet die
N-terminale

extrazelluläre

Domäne

des

PTH1R

(nPTH1R)

mit

niedriger

mikromolarer Affinität in einem stöchiometrischen Verhältnis von 1:1. Es konnte
gezeigt werden, dass zwei Phenylalanine an den randomisierten Positionen 2 und 17
I

den größten Anteil an der Bindung zum Zielmolekül aufweisen, wobei auch die sieben
angrenzenden Positionen I3, C18, E36, A38, G40, E61 und Y62 zur Bindung
beitragen. Die Bindung von 2G4 an nPTH1R kann zudem nicht durch PTH
kompetiert werden, was für unterschiedliche, nicht überlappende Bindungstellen
beider

Bindungspartner

spricht.

Es

konnte

auch

keine

nPTH1R-Konformationsänderung durch die Bindung von 2G4 beobachtet werden,
welche sich positiv oder negativ auf die PTH/nPTH1R-Interaktion auswirken würde.

Mögliche Anwendungen dieses vielversprechenden Binders liegen zum einen im
Einsatz

für

Ko-Kristallisationsexperimente,

Affinitätschromatographie

zur

Gewinnung

zum

anderen

homogener,

in

der

funktionaler

Rezeptorpräparationen.

II

Summary

In the past decades, more than 30 immunoglobulins (IgGs) and their derivatives have
been applied for clinical treatment of various indications. Despite of the great success
on antibody drug development, certain limitations have appeared. Scaffolds, as
alternatives to antibodies, are mostly single-chain proteins with high thermodynamic
stability and devoid of disulfide bonds. A universal binding site can be generated in
flexible loops, as for human fibronectin III and anticalins, or on a rigid secondary
structure, as in the cases of Affibodies, DARPins, and Affilins. In this thesis, a naїve
scaffold library, based on human γB crystallin (hγBC), was constructed with eight
randomized positions on the surface-exposed β-sheet of the N-terminal domain. A
recently developed screening method, T7 phage display technique, was chosen for the
so-called biopanning process, allowing the assembly of phage-scaffold complexes
directly in the cytoplasm of E. coli cells without transportation across the cell
membrane.

G-protein-coupled receptors (GPCRs) are quite difficult to crystallize in a highly
ordered state for structural studies. Small and highly soluble binding proteins could
help to lock them in a specific conformation and increase the hydrophilic percentage
of the protein surface. Within this work the parathyroid hormone 1 receptor (PTH1R),
a class B GPCR, was chosen as a target molecule. Four rounds of a biopanning
process were performed and one hγBC binding variant, called 2G4, was repeatedly
isolated. It binds the N-terminal extracellular domain of PTH1R (nPTH1R) with low
micromolar affinity in a 1:1 stochiometry. Two phenylalanines on randomization
positions 2 and 17 were found to contribute the most to the binding interaction and the
surrounding seven substitution sites I3, C18, E36, A38, G40, E61 and Y62 also
participate in the binding event. There is no competition binding of 2G4 and PTH to
nPTH1R via identical or overlapping binding sites, nor does 2G4 binding induce a
conformational switch in nPTH1R that would interfere either positively or negatively
III

with PTH binding.

The promising binder could have several potential applications, such as in
co-crystallization experiments or in affinity chromatography to increase the
homogeneity of functional receptor.
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Abbreviations:
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amino acid
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1 Introduction

1 Introduction

1.1

Antibodies

Antibodies, also termed as immunoglobulins, are Y-shaped glycoproteins produced by B
lymphocytes of vertebrates.

Their function is to recognize foreign targets, called

antigens, and to initiate the immune response in several ways, such as by the prevention
of pathogens from damaging cells, by the stimulation of macrophages and by the
activation of complement pathway or effector cells.

Initially, antibodies were identified by their electrical charge in the electrophoresis
experiments to compare serum of hyperimmunized and unimmunized rabbits, by Tiselius
and Kabat in 1939. Later on, Edelman and Porter elucidated the chemical structure of
antibodies by chemical solvents and protein-degrading enzymes, respectively, and shared
the 1972 Nobel Prize in Medicine. Specific antibodies were further successfully
produced by injection of antigen into a mammal, such as mouse, rat, rabbit and so on.
Such antibodies produced by different B lymphocytes and then isolated from the
mammal serum, are termed as polyclonal antibodies. By contrast, monoclonal
antibodies (mABs) were derived from a single cell line by hybridoma technique and
bind to the same epitope in monovalent affinity. When antibodies were developed for
therapeutic administration in humans, heterogeneity of antibodies between different
mammalian species may trigger immune response. In 1986, humanized antiobodies were
reported about inserting the CDR coding segments from a mouse into a human antibody
construct (Jones et al., 1986). Later in 1991, phage display technology was firstly
described for selection of human antibody Fab fragment against tetanus toxin (Barbas et
al., 1991).

Structurally, antibodies consist of two identical heavy chains and two identical light
chains, linked by disulfide bonds (Fig. 1.1). The types of heavy chain determine the class
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of antibody: IgA, IgD, IgE, IgM and IgG, for mammalian and another major serum
antibody IgY found in birds and yolk. All isotypes of antibodies can be produced by
mature B cells in a secreted form. Structurally, light chain contains two domains, the
variable domain (VL) and constant domain (CL), while heavy chain comprises one
variable domain (VH) and three constant domains (CH1- CH3) with a hinge region for
subtype IgA, IgD, IgG or four constant domains (CH1- CH4) for IgE and IgM. With
proteolysis by papain in the presence of the reducing agent cysteine, antibodies can be
digested into Fab- and Fc-fragment. Fab-fragment consists of the whole light chain, the
variable domain and the first constant domain of the heavy chain. Rest parts of the heavy
chain make the Fc-fragment, which mediates different physiological effects including
lysis of cells and so on by binding to Fc receptor and other immune molecules. The
variable domain (Fv), is responsible for antigen binding, especially three variable loops of
β-sheets on each chain, referred as complementarity determining regions (CDR). These
six CDRs upbuild the antigen binding site, termed as paratope. The amino acid residues
of the CDRs determine the shape and ionic properties of the antigen-binding site,
therefore, the binding affinity and target specificity is defined by the CDRs.

In the past decades, more than 30 recombinant or humanized immunoglobulins (IgGs)
and their derivatives have been approved for clinic uses (Beck et al., 2008; Reichert,
2010), to treat diseases suffered by large numbers of patients, like cancer and
inflammatory diseases, but also for more specialized indications owing to special
regulatory procedures required for rare medical therapies (orphan diseases, Beck, 2010).
First-generation approved antibodies came to the market for clinically validated targets
in the late 1990s. These antibodies include rituximab (Genentech/Roche/Biogen Idec)
against CD20, infliximab (Remicade; Centocor/Merck) against tumour necrosis factor α
(TNFα), trastuzumab (Herceptin; Genentech/Roche) against human epidermal growth
factor receptor 2 (HER2, also known as ERBB2) and cetuximab (Erbitux; ImClone
Systems) against epidermal growth factor receptor (EGFR, Aggarwal, 2009). The
following second- and third- generation antibodies were designed with improved
variable domains to decrease immunogenicity, and/or targeting different epitopes,
2
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and/or triggering other mechanisms of action, and/or in alternative antibody formats
(such as conjugating the Fab domain to polyethylene glycol and Fc-fusion proteins,
Storey, 2010; Strohl, 2009; Oflazoglu and Audoly, 2010). Beside medical applications,
antibodies were also commonly used to identify proteins in enzyme-linked
immunosorbent assay (ELISA), western blot, and immunofluorescence techniques.

Fig. 1.1: 3D structure of IgG-molecule. Antibodies comprise two heavy chains (shown in blue) and two
light chains (shown in yellow). They are linked by disulfide bonds (shown in orange atoms). The
glycosylation (shown in green) locates in the heavy chain. The figure was built by Pymol software (PDB
entry 1hzh).

Although antibodies have made so many successful stories, certain limitations are also
quite apparent, such as, their large size, complicated composition by four polypeptide
chains, glycosylation of the heavy chains, and disulphide bonds. Hence, full size
antibodies need to be produced in eukaryotic cell lines, whose optimization and
fermentation is relative cost-intensive. During clinical treatment, the large size of intact
antibody is also not suitable for the deeper tumor penetration. Besides, inappropriate
activation of Fc receptor could cause massive cytokine release and related toxic effects.
In imaging applications, a long serum half-life of intact antibody often results in poor
contrast (Holliger and Hudson, 2005). Furthermore, application of antibodies often
leads to a complicated patent situation.
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Small versions of antibodies can be obtained through proteolysis (with enzymes papain
and pepsin) and later genetically engineered into either monovalent (Fab, scFv, single
variable VH and VL domains) or bivalent fragments (diabodies, minibodies, etc.,
Holliger and Hudson, 2005). They can be produced in microbial hosts, but their stability
still depend on intradomain disulfide bonds (Wörn and Plückthun, 2001), which form
only in periplasm with oxidizing environment. In addition, some antibody fragments are
easily aggregated, especially when fused to added domains in the aim of higher
therapeutic efficacy, detection or immobilization.

1.2

Artificial binding proteins

The demand to improve on all these drawbacks and maintain binders with high affinity
and specificity to target encourages the development of scaffolds for alternative binding
protein, with a universal binding surface. These scaffold proteins usually smaller than
20 kDa, compared with the sizes of monoclonal antibodies 150 kDa, or antibody
fragments of 25-50 kDa.

The term “scaffold” describes a stable polypeptidic framework with a high tolerance for
modifications such as multiple insertions, deletions or substitutions. So far,
approximately 50 proteins have been designed for scaffolds (Skerra, 2007). These
proteins demonstrate benefits, like single chain, small size, high stability without
disulfide bonds, allowing cost-efficient production in bacteria cells and ease of
modification.

Artificial binding proteins have been applied in therapy, diagnostics and research. Due
to their small size, most scaffolds will probably exhibit good tissue penetration but short
serum half-lives. In December 2009, the first scaffold-derived drug was approved by the
FDA (Beck, 2010). Ecallantide, a Kunitz domain-based scaffold, targets human plasma
kallikrein, was applied for the treatment of attacks of hereditary angioedema (Hughes,
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2009; Zuraw et al., 2010). Ecallantide can compensate the shortage of the natural
kallikrein inhibitor C1 and the traditional therapy with C1 extracted from human plasma
maybe later substituted. To date, more than 10 scaffolds have already entered clinical
trials, of which 6 are in Phase II trials, such as TRU-015, based on a small modular
immunopharmaceutical (SMIP) scaffold, against target CD20 for treatment of
non-Hodgkin lymphoma (NHL), and Dom-0200/Art621, based on antibody domain,
targeting TNF for rheumatoid arthritis and psoriasis disease and so on (Beck, 2010).

In diagnostics, the high specificity and affinity of scaffold-antigen interactions have led
to applications in sandwich enzyme-linked immosorbent assay, flow cytometry, and
immunohistochemistry.

Non-Ig binding proteins are particularly suitable for in vivo

imaging since their smaller size benefits in better tissue penetration, lack of Fc-mediated
non-specific adhesion and, most importantly, much faster excretion via the kidney,
which leads to increased target/blood ratios and thus better contrast of tumor staining.
For example, the Affibody ABY-025, which specifically binds to human epidermal
growth factor receptor 2 (HER2), has already been utilized for in vivo diagnostics
(Gebauer and Skerra, 2009).

Scaffolds can also facilitate to co-crystallize with proteins, which per se do not yield
crystals that diffract well due to the high intrinsic flexibility, often seen in kinases or
only a small portion of hydrophilic segment for crystal contacts, like membrane proteins.
Specific binders could help to restrict the protein in a homogeneous conformation or
increase the hydrophilic area of protein surface for crystal contacts. Full-size antibodies
are not suitable for such functions, since their large structures comprise multi domains
connected by flexible hinges. In contrast, both Fab and Fv fragments, have been
successfully applied in membrane protein crystallography (Iwata et al., 1995; Dutzler et
al., 2003), however, fermentation are required to produce sufficient amount for
crystallization. Alternative scaffolds Protein Z (Affibody) and DARPins have already
been co-crystallized with macromolecular targets (Högbom et al, 2003; Binz et al.,
2004; Kohl et al., 2005).
5
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Scaffolds can also serve in immunoaffinity chromatography, since they can be easily
produced in a large quantity at low cost and their robust structure can accommodate
simple elution of the purified protein by pH-shift, and followed by harsh cleaning in
place (e.g., 1M NaOH for several hours).

Until now, numerous scaffolds were designed according to diverse potential
applications. They differ in size, topology, mode of interaction and applicability. For
example, human fibronectin III has an antibody-like β-sandwich structure (94 residues,
Fig 2A) with CDR-like exposed loops as binding site, but in contrast to antibodies, it
doesn’t rely on disulfide bonds (Koide and Koide, 2007). Another example
demonstrating flexible loop-mediated interaction is anticalin, which is derived from the
lipocalin, an eight-stranded β-barrel proteins (ca. 180 residues). The binding area was
generated on four variable loops at the open end (Skerra, 2008).

The mechanism of protein interaction through flexible loops has been described by the
induced-fit model (Jimenez et al., 2003). In this enthalpically driven process, the
fixation of variable loops leads to an unfavorable entropic effect. In contrast, binding
sites based on a rigid secondary structure have the advantage in decreasing entropic loss.
Affibodies (58 residues, Fig 2B), based on the Z-domain of staphylococcal protein A,
consist of three α-helices. A binding site was generated by 13 substitutions on two of its
α-helices (Nygren, 2008). Designed ankyrin repeat domains (DARPins, 166 residues)
provide a rigid interface on repeated β-turns and α-helices structure (Binz et al., 2004).
In the case of Affilins, based on the human ubiquitin, amino acid residues on the β-sheet
were randomized to construct a de novo binding area (Fiedler et al., 2004; Hoffmann
2012, Fig 2C).
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A

B

C

Fig. 1.2: Artificial paratopes designed on the scaffold structures. A. 26 amino acid positions
randomized on the loop region of human fibronectin III to form a CDR-like binding site. B. 13 random
mutagenesis on the surface of an α-helical bundle protein, Affibody. C. 8 randomization sites on the
surface-exposed β-sheet of ubiquitin (Hoffmann et al., 2012). The figures were built by Pymol software
(PDB entry 1fna, 1q2n, 1ubi).

1.3

Human γB crystallin as scaffold

In our studies, human γB crystallin (Fig. 1.3) was utilized as alternative binding
molecule. It consists of 176 amino acid residues, ca 21 kDa. γB crystallin is a
best-known member of βγ-crystallin family, with a role in preserving lens transparency.
γ-crystallins are specifically expressed in eye lens fibre cells of vertebrates and mainly
found in relative dehydrated core regions, where the refractive index is high
(Kumaraswamy et al., 1996). They are the last crystallins to be synthesized during fibre
cell differentiation, following first the α-crystallins and then the β-crystallins
(Bloemendal et al., 2004). Point mutations to surface residues of γ-crystallin can cause
human congenital cataracts, probably by way of reducing the protein solubility.
Deamidation of human γ-crystallins is also related to increasing aggregation of
crystallins and aging (Kumaraswamy et al., 1996).

There are seven subtypes of γ-crystallin in mammalian lenses, A-F and S. γB crystallin
is composed of two highly symmetrical domains, each comprising two anti-parallel
7
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β-sheets (Fig 3, Jaenicke and Slingsby, 2001). The orientation of both domains is
constricted by interaction of hydrophobic residues in the interface between two domains.
It has no turn over in the whole life time, due to its stability in tertiary structure and
interaction with other cell components. It remains in native state between pH 1-10. In
0.1 M phosphate buffer pH 7, the thermal stability is up to 75 °C (Mayr et al., 1997).
8 M urea alone is not able to denature the protein. The unfolded state can be reached
only by the combination of urea with either high temperature or low pH (Jaenicke,
1994). With the high interior stability, γB crystallin is able to tolerate amino acid
substitutions for further applications, some even in harsh conditions. Besides, wild type
γB crystallin has demonstrated neither binding affinity to any other molecules nor
detectable enzymatic activity of its own (Ebersbach et al., 2007). γB crystallin contains
seven cysteines, but no disulfide bonds, so it could be conveniently prouduced in
cytoplasm of E. coli cells.

Fig. 1.3: Overall X-ray structure of human γB crystallin. The molecule comprises two highly
symmetrical domains and linked by a connecting loop. The two domains interact with each other by
hydrophobic amino acid residues, M43, F56, I81, I132, L145 and V170, high lighted in blue. The figure
was built by Pymol software (PDB entry 2jdf).

The high level of solubility and stability, ease of production and modification makes
γB-crystallin a promising scaffold for the design of a universal binding site.
Randomization positions were selected via computer simulation. Variable amino acid
positions were found by comparing 84 βγ crystallin sequences for homology with the
ENTREZ database. Then surface accessibilities of the selected residues were analyzed
8
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with the Swiss PDB viewer. Finally, eight solvent-accessible amino acid residues on the
first β-sheet of N-terminal domain were chosen for generation of a de novo binding site
(Fig. 1.4): Lys2, Thr4, Tyr6, Ser15, Glu17, Thr19, Arg36, Glu38. The interface area was
calculated to be approximately 560 Å2 (Ebersbach et al., 2007).

Fig. 1.4: de novo binding site on the human γB crystallin molecule. Eight amino acid positions (K2,
T4, Y6, S15, E17, T19, R36, E38) were selected to generate a binding area on the surface-exposed
β-sheet of N-terminal human γB crystallin, shown in orange. The figure was built by Pymol software
(PDB entry 2jdf).

Complementary DNA library was constructed by introducing randomized mutations at
the codons of the identified residues in primers and followed by ligation of each PCR
fragment. With different mutation strategies, the distribution of amino acid type at the
randomization sites varies. In traditional NNK-motif based method for the first
generation of hγBC library (Ebersbach et al., 2007), 32 codons ending with guanine or
thymidine were utilized for all amino acids. This strategy leads to an unequal
distribution of amino acids, especially an over representation of Arg, Ser and Leu, as
well as to the presence of one stop codon and one cysteine codon. For eight
randomization sites, the theoretical library diversity should be 328=1.1×1012 on DNA
level, and 218=3.8×1010 on protein level. In the trinucleotide based method (Virnekäs et
al., 1994) trinuleotide phosphoramidities which represent directly the amino acids
needed at randomization positions are used in oligonucleotide synthesis and these
condons could be mixed at a desired ratio. The diversity of library on DNA level is
9
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identical to that on protein level. Another advantage of this method is that all stop
condons could be successfully excluded, which occupies 1/32 possibilities in
NNK-based method. In this particular thesis, trinucleotide synthons of all 20 amino
acids except unwanted cysteine were equally mixed and utilized during DNA synthesis.
The theoretical diversity of this cDNA library could reach 198=1.7×1010 individual
variants. Compared to the diversity of NNK-based method (328=1.1×1012), this
trinucleotide based library is easier to be covered during the selection procedure. The
previously constructed hγBC library has already been used for selection against various
target molecules, e.g. the steroid hormones (estradiol with BSA conjugated), Fc
fragment of human immunoglobulin G (IgG-Fc), proform of human nerve growth factor
(proNGF), and human papillomavirus E7 protein (Ebersbach et al., 2007, Mirecka et al.,
2009). Low micro molar binding variants were obtained without great structural
changes and high thermal stability was preserved (Ebersbach et al., 2007).

1.4

T7 phage display

Using the established cDNA library, high affinity binding variants could be isolated
with the help of screening methodology, such as phage display (Smith, 1985), ribosome
display (He and Taussig, 2002), microbial or yeast cell surface display (Lee et al., 2003;
Kondo and Ueda, 2004), mRNA display (Xu et al., 2002). Each has its own advantages
and limitations. Proper display technique could be chosen according to biophysical
characteristics of the target molecule, scaffold properties, library diversity, and potential
applications of selected variants.

In this work, T7 phage display technique was used for selection of hγBC binding
variants against target molecule. T7 is a lytic phage, consisting of a capsid shell, a
head-tail connector, a tail and tail fibers (Fig. 1.5). The capsid shell is composed of 415
copies of capsid protein (gene 10), which forms 60 hexamers on the face and 11
pentamers at the vertices (Rosenberg et al., 1996). Usually there are two forms of capsid
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protein, 10A (344 aa) and 10B (397 aa). 10B is expressed due to a translational
frameshift of 10A at amino acid position 341. This finding initiated the concept that T7
phage capsid could accommodate variation and might display foreign protein on the
surface. Nowadays, utilizing the Novagen’s T7Select® Phage Display System, peptides
or proteins can be displayed on the phage surface by fusion to phage capside protein
10B. Three types of T7Select phage display vectors are provided: high-copy, mid-copy,
and low-copy, with copy number 415, 5-15, 0.1-1 displayed peptides or proteins on each
phage, respectively. Constructed cDNA library is cloned into the T7Select vector, and
assembled into phage by incubation with T7 Packaging Extracts. The phage library is
then amplified in E. coli cells for biopanning. The target molecule is incubated with the
phage library and unbound or weak binding complex could be removed by multiple
washing steps. The binding variants with high affinity are eluted and then analyzed by
sequencing across the cloning region of the phage DNA (Fig. 1.6). The limitation of T7
phage display technique lies on the library diversity directly correlating to the applied
quantity of T7 Packaging Extracts.

Fig. 1.5: Structure of the T7 phage. T7 phage is composed of a capsid shell, a head-tail connector, a tail
and 6 tail fibers. One hexamer capsid unit on the surface of the icosahedral particle (diameter about 55 nm)
is shown by the diffraction pattern from polyheads (Steven et al., 1983). The monomer is colored in gray.
The figure is adapted from Rosenberg et al., 1996.

Compared to filamentous phages, T7 phages assemble in the cytoplasm of E. coli cells
and are released by cell lysis. Therefore, fast-folding scaffold variants don’t need to be
11
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transported across cell membrane to the periplasm for packaging, which is, on the
contrary, indispensable for filamentous phage display (Russel, 1991). Scaffolds are
more directly and efficiently displayed on the phage surface. Besides, T7 phages grow
and replicate faster than filamentous phages, with culture lysis in 2-3 hours after
infection. During the selection procedure, time and effort could be greatly saved.
Furthermore, the T7 phage particle is extremely robust, and very stable to harsh
conditions if required in the biopanning process, which might inactivate other kinds of
phages (Rosenberg et al., 1996). T7 DNA can be easily extracted in a large amount for
either sequence analysis of promising candidates or efficient in vitro packaging (Son et
al., 1988). Unlike classical immunization technology, here described selection in vitro
could be conducted in conditions as the target molecules or further applications require,
e.g. different pH, detergents, reduced or oxidized environment.

Fig. 1.6: Principle of T7-based phage display. T7 phage library is firstly constructed by incubation of
T7 genome inserted with DNA library and phage packaging extracts. The phage library is then incubated
with immobilized target molecule. Unbound phages are removed by washing steps and bound phages
were eluted by proteolytic cleavage. The output phages are further analyzed by hit ELISA and amplified
by re-infection of freshly prepared E. coli cells for the next round of selection.
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1.5

N-terminal domain of parathyroid hormone 1 receptor as target

protein
G-protein-coupled receptors (GPCRs) locate in plasma membrane and play an essential
role in signal transduction across membranes. They can be activated by different ligands:
photons, ions, odorants, amino acids, fatty acids, neurotransmitters, peptides, proteolytic
enzymes.

Phylogenetically, GPCRs can be classified as six major classes, of which

class A is represented by rhodopsin family, the largest group (about 700 members), and
class B receptors, termed as secretin receptor family, activated by endogenous peptide
hormones (Parthier et al., 2009; Attwood and Findlay, 1994). The natural ligands of
class B GPCRs include secretin, parathyroid hormone (PTH), glucagon, the incretins
glucagon-like peptide 1 (GLP-1) and glucose-dependent insulinotropic polypeptide
(GIP), corticotropin-releasing factor (CRF), growth-hormone releasing factor (GRF),
pituitary adenylate cyclase activating polypeptide (PACAP), vasoactive intestinal
peptide (VIP), and calcitonin. Conformational change in the receptor is induced by
ligand binding, activating either cAMP signal pathway or phosphatidylinositol signal
pathway.

More than one third of all current therapeutics are directed at GPCRs (Millar and
Newton, 2010). Although they are highly druggable, only a little was known about their
structure in atomic level. GPCRs contain an extracellular domain, seven transmembrane
helices and an intracellular segment. So far, crystal structures of class A GPCRs in
different conformation state have contributed greatly on understanding activation of
GPCRs. In contrast, no full-length class B GPCRs have been determined to date. Only
the structures of extracellular domain in the presence or absence of ligands have been
solved by X-ray crystallography or nuclear magnetic resonance (NMR) spectroscopy
(Parthier et al., 2009).

Parathyroid hormone 1 receptor (PTH1R) belongs to class B G-protein-coupled receptor
(GPCRs), found highly expressed in bone and kidney (Mannstadt et al., 1999, Fig. 1.7).
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Parathyroid hormone (PTH) is synthesized in parathyroid glands and secreted into the
bloodstream in response to low extracellular calcium or elevated extracellular phosphate.
The major biological function of PTH acts by N-terminal domain direct interaction with
PTH1R. In kidney, PTH enhances calcium reabsorption in the distal convoluted tubule
and reduces phosphate reabsorption primarily by inhibiting the expression amounts of
two sodium-phosphate co-transporters, NPT-2a and NPT-2c, located in the brush border
membrane of the proximal tubules (Murer et al., 2004; Pfister et al., 1998; Segawa et al.,
2002). In bone, PTH can stimulate both osteoblasts for bone formation and also
osteoclasts resulting in greater bone resorption. Continuous exposure to high
concentration of PTH will lead to bone loss, like in hyperparathyroidism, while
intermittent administration of PTH can enhance bone formation and increase bone mass
(Moen and Scott, 2006).

The activated PTH1R initiates intracellular signal pathway

primarily through the α-subunit of the stimulatory G-protein to activate protein kinase A
and augment synthesis of cAMP (Abou-Samra et al., 1992). Other signal processes can
also be triggered, such as through Gqα to activate phospholipase C (Offermanns et al.,
1996) and increase intracellular concentration of inositol trisphosphate and calcium
(Abou-Samra et al., 1992).

Synthetic or recombinant N-terminal fragment PTH 1-34 and full length PTH 1-84 have
already been used for osteoporosis patients for many years to enhance the bone
formation, only by administration of daily injections, but not oral, same as other short
bioactive peptides (Gensure et al., 2005). Due to its peptide character, PTH could be
quickly cleared in the blood (Orwoll et al., 2003). Structure-based design of
non-peptide-analogue will be further investigated in the aim of more efficient therapy
with a longer half-life time, less side effects or conveniently oral administration.
Although PTH1R is of great interest in therapeutic use, their structure in atomic level
still remains unclear, like other family members from class B GPCRs. Structures of
N-terminal extracellular domain of PTH1R with and without ligand PTH have been
already published (Pioszak and Xu, 2008; Pioszak et al., 2010, Fig 1.8). In order to
develop PTH-mimetic drug, structure of full length receptor without ligand and
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conformation changes induced by PTH binding should be further explored.

GPCRs, like other membrane proteins, are quite difficult to crystallize. They have no
bacterial homologs and are difficult to be isolated in a large amount for structure studies.
GPCRs are very flexible since they are required to change conformations during
activation process. Therefore, without bound ligand, they could be either inactive or
fully active, coupled to G proteins (Kenakin, 2001). The well-diffracting crystal
formation has been hindered by this conformation heterogeneity. Besides, different
varieties of detergents are required to maintain and stabilize GPCRs in native structure.
The condition for crystallization must be compatible with the membrane environment
for functional protein (Wiener, 2004). These limitations restrict the development of
research on GPCRs.

Fig. 1.7: Primary amino acid sequence and predicted structure model of opossum PTH1R. The
arrow pointed out the cleavage site of the signal peptide. Gray circles stand for the conserved residues
with the rat secretin receptor. “Y” points out the oretical sites of N-glycosylation. [ ] shows boundaries of
exon 2. The figure is adapted from Vilardaga et al., 2001.
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Different studies have been explored to overcome these problems by locking the
receptor in a specific conformation and increase the structural rigidity. In the case of the
β1 adrenergic receptors (AR), point mutations were introduced to receptor itself and a
stabilized mutant was successfully crystallized (Serrano-Vega et al., 2008; Warne et al.,
2008). The structure of β2 AR was solved by co-crystallized with an antibody fragment
(Rasmussen et al., 2007) or fused with protein T4 lysozyme (Cherezov et al., 2007).
The co-crystallized antibody fragment and T4 lysozyme were used to fix the third
intracellular loop (IC3), which is coupled to G proteins during the activation. The
antibody fragment fixes the β2 AR conformation by binding to the third intracellular
loop, which is coupled to G proteins during the activation, and the T4 lysozyme is fused
to the truncated cytoplasmic ends of helices V and VI. The bound soluble protein
partners could help to reduce the flexibility and increase the homogeneity of GPCRs.
Besides, the class A GPCRs don’t contain a large hydrophilic extracellular domain, only
small loops that connect the large hydrophobic segments inserted in detergents.
Therefore, the crystal contacts of β2 AR structure are totally mediated by the antibody
fragment and T4 lysozyme. Some other membrane proteins have also been successfully
co-crystallized with antibody fragments, such as cytochrome c oxidase (Harrenga et
al., 1999), potassium channel KcsA (Zhou et al., 2001), the ClC chloride channel
(Dutzler et al., 2003).

A

B

Fig. 1.8: 3D structure of N-terminal extracellular domain of PTH1R in the presence (A) and
absence (B) of PTH ligand. A. PTH ligand was shown in red and nPTH1R in grey. The figure was built
by Pymol software (PDB entry 3c4m). B. Without PTH ligand, nPTH1R exists as dimer form. The figure
was adapted from Pioszak et al., 2010.
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In all these studies, antibody fragments have been selected by classical hybridoma
technology. After injection of detergent-solubilized membrane proteins to animals, it
was difficult to monitor their conformation state in a certain time. Hence, binders
towards the epitopes of membrane proteins in native conformation are not easy to be
obtained (Huber et al., 2007). Antibody fragments themselves also have certain
limitations in association with their multi-chain structure and stability based on disulfide
bonds, which lead to difficult and expensive manufacture.

In this thesis, these problems would be overcome by combination of in vitro selection
methodology and conveniently prepared artificial binding proteins. Different from class
A GPCRs, class B family members contain a relative larger extracellular domain, which
has an important role in ligand binding. Besides locking the transmembrane helices,
extrinsic stabilization of the class B GPCR ectodomains is likewise required for
crystallization and structure determination. Therefore, extracellular domain of
parathyroid hormone 1 receptor was chosen as a target molecule to select binding
proteins for fixation and stabilization.

1.6

Aim of the thesis

The limitations of antibodies and their derivatives encourage the development of
alternative protein scaffolds with universal binding surface and subsequent in vitro
selection technologies. The isolated binders with high affinity and stability could be
applied in therapeutic, diagnostic or research fields. Membrane proteins are highly
druggable, but not easy to crystallize, especially like GPCRs. Structurally, they are very
flexible because they are required to change conformations during activation process.
Articificial binding proteins could serve to fix and stabilize the GPCRs in a specific
conformation for structure determination. Therefore, in this thesis, artificial binding
proteins, based on hγBC, would be selected against a target molecule from class B
GPCR, parathyroid hormone 1 receptor (PTH1R). For this purpose, hγBC binding
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variants would be isolated by T7 phage display technique. Binding affinity, as well as
enthalpy, entropy and stochiometry would be further estimated by ELISA, isothermal
titration calorimetry (ITC) and NMR titration. The secondary structure and thermal
stability of isolated variant would be analyzed by CD spectroscopy and Differential
Scanning Fluorimetry (DSF). The structural information on the nature of the physical
interaction of binder and nPTH1R would be analyzed by alanine scanning experiments
and NMR studies, revealing the specific amino acid residues involved in the binding
event. The hereby obtained result could help to establish a new library with perspective
to isolate binders with higher affinity and specificity, which could be utilized in a
variety of fields according to their own properties.
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Materials and methods

2.1

Materials

2.1.1 Chemicals
Adenosine 5'-triphosphoric acid (ATP)

AppliChem (Darmstadt)

Agarose LE

Biozym (Hess. Oldendorf)

Agarose Sieve 3:1

Biozym (Hess. Oldendorf)

Ammonium sulfate

AppliChem (Darmstadt)

L-Arginine

AppliChem (Darmstadt)

Bacto Agar

BD Diagnositics (Heidelberg)

Bacto Soytone

BD Diagnositics (Heidelberg)

Bacto Tryptone

BD Diagnositics (Heidelberg)

Bacto Yeast extract

BD Diagnositics (Heidelberg)

Boric acid

Carl Roth GmbH & Co. (Karlsruhe)

Bovine serum albumin

Sigma (Steinheim)

10 × Bovine serum albumin in PBS

Pierce (Rockford)

Bromphenol blue

AppliChem (Darmstadt)

BugBuster

Novagen (Darmstadt)

Carbenicillin

Carl Roth GmbH & Co. (Karlsruhe)

10 × Casein blocking buffer

Sigma (Steinheim)

Chloramphenicol

Carl Roth GmbH & Co. (Karlsruhe)

Cobalt(II) chloride hexahydrate

AppliChem (Darmstadt)

Coomassie R250

AppliChem (Darmstadt)

Copper(II) dichloride dihydrate

AppliChem (Darmstadt)

Copper (II) sulfate pentahydrate

AppliChem (Darmstadt)

Difco Select Soytone

BD Diagnositics (Heidelberg)

DL-Dithiothreitol

AppliChem (Darmstadt)
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dNTP-Mixture (10 mM every nucleotide)

Fermentas (St. Leon-Rot)

Ethanol purest and technical

Carl Roth GmbH & Co. (Karlsruhe)

Ethidium bromide

Carl Roth GmbH & Co. (Karlsruhe)

Ethylenediamine tetraacetic acid (EDTA)

Carl Roth GmbH & Co. (Karlsruhe)

EZ-Link® Sulfo-NHS-LC-Biotin

Thermo (Waltham, USA)

Glycerol 99.5 %

AppliChem (Darmstadt)

L-Glutathione oxidized

Carl Roth GmbH & Co. (Karlsruhe)

L-Glutathione reduced

AppliChem (Darmstadt)

Guanidine hydrochloride

Carl Roth GmbH & Co. (Karlsruhe)

Hydrochloric acid (37%)

Carl Roth GmbH & Co. (Karlsruhe)

Imidazole

E. Merck KGaA (Darmstadt)

Fe(III)-citrate

Carl Roth GmbH & Co. (Karlsruhe)

Isopropyl β-D-1-thiogalactopyranoside (IPTG) Fermentas (St. Leon-Rot)
Isopropanol

Carl Roth GmbH & Co. (Karlsruhe)

Kanamycin, monosulfate

Carl Roth GmbH & Co. (Karlsruhe)

Lysozyme

AppliChem (Darmstadt)

Magnesium sulfate heptahydrate

AppliChem (Darmstadt)

Manganese(II) chloride tetrahydrate

AppliChem (Darmstadt)

β-Mercaptoethanol

AppliChem (Darmstadt)

2- Morpholinoethanesulfonic acid (MES)

AppliChem (Darmstadt)

Nickel(II) chloride hexahydrate

AppliChem (Darmstadt)

pepton

Carl Roth GmbH & Co. (Karlsruhe)

Phenylmethylsulfonyl fluoride (PMSF)

AppliChem (Darmstadt)

Polyethylene glycol 8000

Carl Roth GmbH & Co. (Karlsruhe)

Silver nitrate

Carl Roth GmbH & Co. (Karlsruhe)

Sodium chloride

AppliChem (Darmstadt) & E. Merck
KGaA (Darmstadt)

Sodium dihydrogen phosphate monohydrate

Carl Roth GmbH & Co. (Karlsruhe)

Sodium dodecyl sulfate (SDS)

AppliChem (Darmstadt)

Di- Sodium hydrogen phosphate

AppliChem (Darmstadt)
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Sodium hydroxide

Carl Roth GmbH & Co. (Karlsruhe)

Sodium molybdate dehydrate

AppliChem (Darmstadt)

Sodium selenite

AppliChem (Darmstadt)

Tetracycline, hydrochloride

Carl Roth GmbH & Co. (Karlsruhe)

3,3',5,5'- Tetramethylbenzidine (TMB-xtra)

Kem-En-Tec

Diagnostics

A/S

(Denmark)
Tris

AppliChem (Darmstadt)

Triton X-100

AppliChem (Darmstadt)

Tween 20

AppliChem (Darmstadt)

Urea

Carl Roth GmbH & Co. (Karlsruhe)

BME Vitamin complex

Sigma (Steinheim)

Zinc sulfate heptahydrate

AppliChem (Darmstadt)

2.1.2 Oligonucleotides
The oligonucleotides (primers, Tab. 2.1) were synthesized in Thermo Fisher Scientific
(Ulm).
Tab. 2.1: Primer list
Primer

Sequence (5’ to 3’)

QZp01

GATAAAACCCATGGAGCCTCCGCC

QZp02

GGCGGAGGCTCCATGGGTTTTATC

QZp03

CCCAAGCTTTTATTAATGGTGATGGTGG

QZp04

GATCGAACCCATGGAGCCTCCGCC

QZp05

GGCGGAGGCTCCATGGGTTCGATCAAG

QZp06

CCCAAGCTTTTATTAATGGTGATGGTGGTGATGGTACAAATCCATGAC
TC

QZp07

TGGCGGAGGCTCCATGGG

LYP013

CCGGAATTCTGAACAAAAACTCATCTCAG

LYP016

ACGCCAGAATGTCGTTCACAG
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pgBTG_FWBsa

CGTTAGGTCTCCCATGGGCAAAATCACCTTTTATGAAG

ChγBC_i-SF_fwd

ACGACCACCGGTCTCGCGTATCGTATGAAAATCTATG

Ci_RV

CGTTAGGTCTCCTCGAGGGATCCATACAGGTC

Co_FW

ACGACCACCGGTCTCGCGTATCGTTATTTCATGAAAATCC

Co_RV

CGTTAGGTCTCCTCGAGGGATCCATACAGATC

2.1.3 DNA vectors
DNA vectors used for cloning and expression are described in Table 2.2.
Tab. 2.2: DNA vector list
DNA vector

Characterization

Source

pET23dKR

Expression vector for hγBC variants, modified

Innoprofile

with kanamycin resistent

binding proteins

Mid-copy phage vector for hγBC library, with

Novagen (United States)

T7Select10-3b

NWG

artificial

carbenicillin resistent

2.1.4 Microorganisms
The Escherichia coli strains are described in Table 2.3.
Tab. 2.3: Overview of E. coli strains
E. coli strain

Genotype

Reference

DH5α

SupE44,ΔlacU169,hsdR17,recA1,

Biodynamic

gyrA96,thi-1,relA1, lacIq
BL21 (DE3)

F- ompT hsdSB(rB-mB-)gal dcm (λcIst857ind1

Studier and Moffatt, 1986

Sam7 nin5 lacUV5-T7 gene1 )
Novablue (DE3)

endA1 hsdR17(rK12– mK12+) supE44 thi-1

Novagen

recA1 gyrA96 relA1 lac (DE3)F'[proA+B+
lacI qZΔM15::Tn10] (TetR)
BLT5403/ BLT5615

T7Select® System
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2.1.5 Culture media and antibiotics
Components of each culture media are described in Table 2.4. The minimal medium I
was used to express

15

N and

13

C/15N labeled proteins and the minimal medium II for

nPTH1R. 13C-glucose, thiamine, antibiotics and other minirals were sterile filtered with
0.22 µm filter and added prior to the inoculation. All the other media were autoclaved at
121 °C for 15 min. For plating, corresponding antibiotic was added when media were
cooled down to about 50 °C (Tab. 2.5).
Tab. 2.4: Culture media components
Media

Components

LB-medium (1l)

10 g Bacto Trypton, 5 g Bacto Yeast Extract, 10 g NaCl

LB-agar (1l)

LB-media with 15 g agar

2YT-medium (1l)

16 g Bacto Trypton, 10 g Bacto Yeast Extract, 5 g NaCl

1× ZY-medium (1l)

10 g Trypton, 5 g Hefeextract

50×M-solution

1.25 M Na2HPO4, 1.25 M KH2PO4, 2.5 M NH4Cl, 0.25 M Na2SO4

50×5052-solution (1l)

25 % glycerin, 25 g glucose, 100 g alpha lactose monohydrat

1000×trace-solution

60 mM HCl, 50 mM FeCl3, 20 mM CaCl2, 10 mM MnCl2, 10 mM ZnSO4,
2 mM CoCl2, 2 mM CuCl2, 2 mM NiCl2, 2 mM Na2MoO4, 2 mM Na2SeO3,
2 mM H3BO3

autoinduction-medium

1× ZY-media, 1×M-solution, 1×5052-solution, 0.2×trace-solution, 2 mM

ZYM-5052

MgSO4

MS medium
dYT medium (1l)

16 g pepton, 10 g yeast extract, 5 g NaCl

5 x M9-solution (1l)

85 g Na2HPO4 ·12H2O, 15 g KH2PO4, 2.5 g NaCl, 5 g 15NH4Cl

TS2-solution

100 mg ZnSO4 · 7H2O, 30 mg MnCl2 · 4H2O, 300 mg H3BO3, 200 mg CoCl2 ·
6H2O, 20 mg NiCl2 · 6H2O, 10 mg CuCl2.2H2O, 900 mg Na2MoO4 · 2H2O, 20
mg Na2SeO3

minimal medium I (1l)

200 ml 5xM9, 2 ml TS2-solution, 1 ml of 1M MgSO4, 1 ml of 100 mM CaCl2,
1 ml of 10 mM Fe(III)-citrate, 20 ml of 10 % 13C-glucose, 5 ml BME Vitmin
complex
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minimal medium II (1l)

2 g Na2MoO4, 2.46 g (NH4)2SO4, 0.5 g NH4Cl, 14.6 g K2HPO4, 3.6 g NaH2PO4,
1 g ammonium hydrogencitrate, 1.2 g MgSO4·7H2O, 5 g glucose, 100 mg
thiamine, 0.74 g CaCl2·2H2O, 0.18 g ZnSO4·7H2O, 0.1 g MnSO4·H2O, 20.1 g
Na2-EDTA, 16.7 g FeCl3·6H2O, 0.1 g CuSO4·5H2O, 0.21 g CoCl2·6H2O

Tab. 2.5: Overview of antibiotics’ concentration
Antibiotic

Stock solution

Concentration in stock

Concentration

solution mg/ml

μg/ml

Carbenicillin

ethanol

100

100

Chloramphenicol

ethanol

30

30

Kanamycin

H2O

50

50

Tetracycline

ethanol

12.5

12.5

in

media

2.1.6 Enzymes
Restriction enzymes
BamHI (10 u/μl)

Fermentas (St. Leon-Rot)

Eco31I (10 u/µl)

Fermentas (St. Leon-Rot)

EcoRI (10 u/μl)

Fermentas (St. Leon-Rot)

HindIII (10 u/μl)

Fermentas (St. Leon-Rot)

NcoI FastDigest®

Fermentas (St. Leon-Rot)

XhoI FastDigest®

Fermentas (St. Leon-Rot)

Polymerases
Taq polymerase (5 u/µl)

Fermentas (St. Leon-Rot)

Pfu polymerase (2.5 u/µl)

Fermentas (St. Leon-Rot)

Phusion polymerase (2 u/µl)

Finnzymes (Espoo, Finland)

Ligase
T4-DNA-Ligase (5 u/µl)

NEB (Ipswich, USA)
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Nuclease
Benzonase (25 U/µl)

E. Merck KGaA (Darmstadt)

DNaseI

AppliChem (Darmstadt)

Immunoconjugates
anti-hγBC-antibody-peroxidase-conjugated

Scil proteins (Halle)

anti-his6tag-antibody-peroxidase-conjugated

Roche (Mannheim)

anti-mouse-antibody-peroxidase-conjugated

Scil proteins (Halle)

Protease
SUMO protease

Eva Bosse-Doenecke (Martin-Luther
university of Halle-Witternberg)

Tobacco etch virus (TEV) protease

Invitrogen (Carlsbad, USA)

Phosphatase
calf intestine alkaline phosphatase (CIAP)

Fermentas (St. Leon-Rot)

2.1.7 Standards and Kits
Standards
Gene Ruler™ 1kb DNA Ladder

Fermentas (St. Leon-Rot)

Gene Ruler™ 100bp DNA Ladder

Fermentas (St. Leon-Rot)

PageRuler™ Unstained Protein Ladder

Fermentas (St. Leon-Rot)

PageRuler™ Prestained Protein Ladder

Fermentas (St. Leon-Rot)

Kits
SV Mini Preps DNA Purification System

Promega (USA)

SV Gel and PCR Clean-up System

Promega (USA)

T7Select® System

Novagen (USA)

2.1.8 Buffers and solutions
All the buffers and solutions were produced with ultra pure filtrated water. Buffers for
the chromatography were sterile filtrated, degassed and precooled at 4°C.
25

2 Materials and methods

MES-buffer

50 mM MES, 50 mM Tris/HCl, 2 % SDS (w/v), 2 mM EDTA,
pH 7.3

TAE-buffer

40 mM Tris/HAc, 2 mM EDTA, pH 8.5

PBS

50 mM NaH2PO4, 150 mM NaCl, pH 7.4

PBST (0.1%)

PBS, 0.1% Tween (v/v)

5 x SDS-Sample buffer pH 6.8, 250 mM Tris/HCl, 5% (w/v) SDS, 50% Glycerol ,
0.005% (w/v) Bromphenol blue
Buffers for the chromatography
Immobilized metal ion affinity chromatography (IMAC)
NPI-20

50 mM NaH2PO4, 150 mM NaCl, 20 mM Imidazol pH 7.4

NPI-35

50 mM NaH2PO4, 500 mM NaCl, 35 mM Imidazol pH 7.4

NPI-500

50 mM NaH2PO4, 150 mM NaCl, 500 mM Imidazol pH 7.4

Size exclusion chromatography (SEC)
PBS-EDTA

50 mM NaH2PO4, 150 mM NaCl, 1 mM EDTA, pH 7.8

Hydrophobic interaction chromatography (HIC)
buffer A

50 mM tris/HCl pH 8.0, 0.8 M L-Arginine, 1 M ammonium
sulfate

buffer B

50 mM tris/HCl pH 8.0, 0.8 M L-Arginine

2.1.9 Other materials
1.5 ml reaction tube Protein LowBind

Eppendorf (Hamburg)

96-well microtiter plate

Nunc (Wiesbaden)

(Medisorp, Maxisorp, Multisorp)
96-well microtiter plate

Greiner Bio-One (Frickenhausen)

(Highbinding, Lowbinding)
96-well microtiter plate streptavidin coated

Thermo (Waltham, USA)

Cellulose nitrate filter (0.45μm)

Sartorius stedim (Göttingen)

Dialysis Cassette

Thermo (Waltham, USA)

3,500 MWCO Slide-A-Lyzer
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Dialysis Units Mini

Thermo (Waltham, USA)

7,000 MWCO Slide-A-Lyzer
Dialysis Membrane 1,000 MWCO

Carl Roth GmbH & Co. (Karlsruhe)

DNA-ExitusPlus

AppliChem (Darmstadt)

Dynabeads® M-280 Streptavidin

Invitrogen (Norway)

Disposal hypodermic needle

Carl Roth GmbH & Co. (Karlsruhe)

Electroporation cuvette (1 mm)

BTX Harvard Apparatus (Holliston,

USA)
Luer-LokTM-Syringe 1/3/5/20 ml

BD PlastipakTM (Heidelberg)

Membranfilter (PES, 0.22 μm and 0.45 μm)

Sartorius (Göttingen)

Membranfilter (0.2 μm)

PALL corperation (Michigan, USA)

NuPAGE. 4-12% Bis-Tris Gel 1,0mm

Invitrogen (Carlsbad, USA)

Parafilm

Pechiney

Plastic

Packaging

(Chicago,USA)
pH indicator sticks

Carl Roth GmbH & Co. (Karlsruhe)

Quartz glass cuvette

Hellma (Jena)

Syringe driven filter units 4 mm, 0.2 µm

Millipore (Darmstadt)

Syringe filter (0.22 µm and 0.45 µm)

TPP (Trasadingen, Switzerland)

Vivaflow 200

Sartorius (Göttingen)

Vivaspin 20 centrifugal concentrator

Sartorius (Göttingen)

MWCO 3 kDa
Vivaspin 4 centrifugal concentrator

Sartorius (Göttingen)

MWCO 5 kDa
Vivaspin 500 centrifugal concentrator

Sartorius (Göttingen)

MWCO 3.5 kDa
Ziptip Pipette Tips

Millipore (Darmstadt)
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2.1.10 Devices and accessories
Absorption spectrophotometer
DU 730 UV-Vis-Spectrometer

Beckman coulter (Krefeld)

Autoclave
Systec V75

Systec (Wettenberg)

Balances
Analytical balance SI-234

Denver Instrument (Bohemia, USA)

Balance SI-2002

Denver Instrument (Bohemia, USA)

Biacore
Biacore T100

GE Healthcare Life Sciences (Freiburg)

CD-Spectrophotometers
Jasco J-815 Spectropolarimeter

Jasco (Groß-Umstadt)

Jasco J-810 Spectropolarimeter

Jasco (Groß-Umstadt)

Centrifuges and rotors
Heraeus Pico 17 centrifuge

Thermo (Waltham, USA)

Allergra X-15R centrifuge

Beckman Coulter GmbH (Krefeld)

Avanti J-26XP

Beckman Coulter (Krefeld)

Rotors: FX 6100

Beckman Coulter GmbH (Krefeld)

SX4750A

Beckman Coulter GmbH (Krefeld)

JA-25.50

Beckman Coulter GmbH (Krefeld)

Chromatography devices
ÄKTAxpress

GE Healthcare Life Sciences (Freiburg)

ÄKTAexplorer

GE Healthcare Life Sciences (Freiburg)

Chromatography columns
Immobilized metal ion affinity chromatography (IMAC)
HisTrap HP 1 ml column

GE Healthcare Life Sciences (Freiburg)

HisTrap HP 5 ml column

GE Healthcare Life Sciences (Freiburg)

Hydrophobic interaction chromatography (HIC)
HiTrap phenyl FF 1 ml column

GE Healthcare Life Sciences (Freiburg)
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Size exclusion chromatography (SEC)
PD-10 Desalting

GE Healthcare Life Sciences (Freiburg)

HiPrep 26/10 Desalting

GE Healthcare Life Sciences (Freiburg)

HiLoad 16/60 Superdex 75 prep grade

GE Healthcare Life Sciences (Freiburg)

Electroporation
Electro Cell Manipulator 630

BTX, Havard Apparatus (USA)

Electroporation cuvetten 1 mm

BTX, Havard Apparatus (USA)

Fermentation
Biostat C-DCU3

B. Braun (Melsungen)

Fluorescence spectrophotometer
Fluorescence spectrophotometer FP-6500

Jasco (Groß-Umstadt)

Gel documentation instrument
Bio-Vision 3000 Vilber

Lourmat (Eberhardzell)

Gelelectrophoresis
EV 261 Electrophoresis

Camlab (Cambridge, UK)

Power Supply Consort
agarose gelelectrophoresis
Owl B1A EasyCast Mini Gel

Thermo Scientific (Langenselbold)

SDS-PAGE gelelectrophoresis
XCell SureLock. Electrophoresis Cell

Invitrogen (Carlsbad, CA)

Homogenizer Gaulin APV
High pressure homogeniser gaulin

APV Homogeniser GmbH (Lübeck)

Incubaters
Heraeus BK 5060 E-S

Heraeus (Hanau)

Shaking incubator Innova 44R

New Brunswick Scientific (Nürtingen)

Isothermal Titration Calorimeter
VP-ITC Isothermal Titration Calorimeter

Microcal LLC (Northampton, USA)

pH meter
inoLab pH720

WTW (Weilheim)

Electrode SenTix 81
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Plate readers
Multimode Detector DTX880

Beckman Coulter (Krefeld)

Multimode Detektor Biomek Paradigm

Beckman Coulter (Krefeld)

Roller
Stuart SRT9

Bibby Scientific (Staffordshire, UK)

Vortex
Vortex Genie 2

Scientific Industries (Bohemia, USA)

Thermocycler und Thermomixer
Tpersonal

Biometra (Göttingen)

LabCycler gradient 96

Sensoquest (Göttingen)

Thermomixer comfort

Eppendorf (Hamburg)

Ultrasonication
VC 750 Vibra Cell

Sonics & Materials (Newton, USA)

6 mm Sonotrode

Zinsser Analytic (Frankfurt/M.)

2.1.11 Softwares
Biacore Control & Evaluation software

GE Healthcare Life Sciences (Freiburg)

BIO-1D 5.1.26

Vilber Lourmat (Eberhardzell)

Clone Manager 9

Scientific & Educational Software
(Cary, USA)

DSF analysis software

Dominik Schneider (Halle)

Origin 7.0

MicroCal (Northampton, USA)

ProtParam

http://www.expasy.org

PyMOL

DeLano Scientific (South San Francicso,
USA)

UNICORN 4.11 Control-Software

GE Healthcare Life Sciences (Freiburg)
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2.2

Methods

2.2.1 Molecular biological methods

2.2.1.1 Plasmid preparation
The plasmid-DNA from E.coli was prepared with SV Mini Preps DNA Purification Kit
(Promega), according to the provided centrifuge protocol. To elute the DNA on the
column 30-50 μl nuclease free water was used.

2.2.1.2 Agarose gel electrophoresis
For separation of nucleotide fragments less than 1 kb, 2% (w/v) Sieve 3:1 agarose gel
was used. For separation of nucleotide fragments more than 1 kb, 1% (w/v) LE agarose
gel was utilized. The separation was conducted at 80 V/14 cm, 80 min with TAE buffer.
Then the gel was stained in fresh 2 μg/ml EtBr solution for 20-30 min.

2.2.1.3 Recovery of DNA from agarose gel
The separated DNA fragment was recovered with SV Gel and PCR clean-up system kit
(Promega) according to the provided centrifuge protocol. The DNA was eluted by
30-50 μl nuclease free water from the binding column.

2.2.1.4 DNA digestion and dephosphorylation
Digestion of DNA fragment and plasmid was performed in a 20 μl system, which
consists of 1 μg plasmid or 100 ng DNA fragment, 2 μl digestion buffer (10 ×), and 1 μl
restriction enzyme. For large scale preparation in the aim of further ligation, the volume
of each component increases proportionately. The reaction was at 37 °C for 1 h and the
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enzymes were inactivated according to the manual. In order to minimize the re-ligation
of digested plasmid, dephosphorylation was performed with 0.2 μl alkaline phosphatase
and 2 μl buffer in a 20 μl reaction system at 37°C for 1 h.
The digested DNA was purified by agarose gelelectrophoresis, followed by SV Gel and
PCR clean-up system kit.

2.2.1.5 Ligation
Digested and purified DNA fragments were ligated with T4 ligase in 4 μl reaction
system. Maximal 40 ng DNA with molar ratio of insert to vector from 1:1 to 3:1 was
incubated with 0.4 μl of 10 × T4 ligase buffer at 16 °C for 16 h and enzyme was
inactivated by 65 °C for 10 min.

2.2.1.6 Polymerase chain reaction (PCR)
PCR is a molecular technique, which is used for amplification of specific regions of a
DNA strand (DNA template), which could be a plasmid, a part of gene, or a non-coding
sequence. In this thesis, Taq and other two kinds of developed high fidelity polymerase,
Pfu, phusion, were usually utilized for DNA fragments amplification. Taking
Taq-polymerase as an example, the cycling starts with an initial denaturation step,
followed by 20-35 cycles of denaturation, annealing and elongation steps. The
annealing temperature mostly relies on the primer sequences. The reaction time is
determined by the length of the template DNA. The elongation rate of Taq-Polymerase
is about 100 bp/s, Pfu-Polymerase 8-16 bp/s and Phusion-Polymerase 33-66 bp/s. The
reaction conditions are variable when using different DNA template and primers. The
PCR product was analyzed with agarose gel electrophoresis.
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PCR program in the case of Taq-Polymerase:
initial denaturation

94°C

5 min

denaturation

94°C

50 sec

annealing

50-68°C

1 min

elongation

72°C

1 min (back to step 2 until 35th cycle)

final elongation

72°C

6 min

PCR program in the case of Phusion-Polymerase:
initial denaturation

98°C

30 sec

denaturation

98°C

10 sec

annealing

50-72°C

10 sec

elongation

72°C

10 sec (back to step 2 until 35th cycle)

final elongation

72°C

5 min

The amplified DNA fragments were purified by agarose gel and recovered by SV Gel
and PCR clean-up system kit.

Colony PCR
The aim of colony PCR is for screening of bacterial, virus or yeast clones which contain
the inserts in correct size. Selected colonies were picked with sterile toothpicks from an
agar plate. Then the toothpicks with bacterial were put into individual 1.5 ml tubes
containing 10 μl of sterile water respectively. The bacterial were eluted to water after
several seconds of rinse. 1 μl of each bacterial sample was taken out and used as
template for PCR amplification which was then conducted to determine if the colony
contained the DNA fragment of interest.

For the phage colony PCR, single phage plaque was picked and infected 200 μl of BLT
5403 cells (OD600nm=0.5-1), shaking until cell lysis. The phage lysate was obtained by
centrifugation 8,000 × g for 10 min. 2 μl of phage lysate was added to 10 mM EDTA,
pH 8.0, briefly vortexed and heated at 65 °C for 10 min. After cooling down, the sample
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was centrifuged at top speed for 3 min. 1 μl of soluble sample containing phage genome
was used as DNA template in the PCR. The PCR products were evaluated by agarose
gel electrophoresis.

2.2.1.7 Plasmid DNA sequencing
The plasmid DNA sequencing was performed by QIAGEN GmbH (Hilden).

2.2.2 T7 phage display
Among the various selection systems to isolate binding variants against specific target
molecule, phage display and ribosome display are the most commonly utilized
techniques. During these in vitro selection processes, genotype and phenotype of each
variant are connected. In contrast to filamentous phage, the character of T7 phage
assembly in the cytoplasm of E. coli cells makes it highly suitable for displaying
scaffolds, without complicated transportation pathway to the periplasm. The DNA
library was inserted into self-prepared phage vector and phage library was constructed
using T7Select® System kits. In the biopanning process, after incubation with target
molecule, unbound phages were removed and specifically bound phages were eluted by
proteolytic reaction. The output phages were amplified and entered the next cycle of
selection. They were also analyzed for detection of possible binding candidates.

2.2.2.1 T7 phage DNA preparation
Mid-copy vector T7Select 10-3b extraction
50 ml of fresh T7 phage lysate was prepared by infection of T7 phage in BLT5403 cells
at OD600nm=0.5. After centrifugation at 8,000 ×g for 10 min to remove cell debris, the
phages were filtrated with 0.45 μm filtrate membrane. 12.5 ml PEG/NaCl (30%/2.5 M)
was added and incubated at 4 °C for overnight. Phage particles were pelleted by
centrifugation at 11,000 × g for 10 min and then resuspended with 5 ml of 20 mM
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EDTA, pH 8.0. 12.5 μl of protease K (20 μg/μl) was added to an end concentration of
50 ug/ml. Then 125 ul of 20% SDS-solution was added to end concentration 0.5% and
mixed several times. The dissolved phages were heated at 56 °C for 1 h and cooled
down to RT. 5 ml phenol was added and mixed several times, followed by
centrifugation at 3,000g for 5 min. 4 ml of upper solution was taken out and transfered
to a new tube. Then 4 ml chloroform was added, mixed and centrifuged at 3,000 × g for
5 min. 3 ml of upper solution was taken out. 300 μl of 3 M sodium acetate, pH 7.0 and
7.5 ml EtOH was added and stored at 4 °C for 1 h to precipitate the phage DNA,
followed by washing twice with 30 ml 70% EtOH and centrifuged at 7,000 × g for
2 min. The DNA pellet was dried in air until all EtOH was evaporated and then
dissolved in 200 μl TE buffer. The DNA concentration was determined by absorption at
260 nm.

Phage vector arms preparation
For library construction, phage vector arms were prepared in large scale.
T7 phage vector DNA (3085.1 μg/ml)

435 μl

10×Tango buffer

120 μl

EcoRI

15 μl

HindIII

30 μl

total

600 μl

The reaction mixture was distributed to 12 PCR tubes, 50 μl per tube and incubated at
37°C for 2 h, followed by inactivation of enzymes at 80°C for 20 min. 0.3 μl of 1 unit/μl
calf intestine alkaline phosphatase (CIAP) per tube was added and incubated at 37°C for
20 min, followed by inactivation of enzymes at 85°C for 15 min. The digested vector
was loaded on 0.5% LE GP gel and recovered using Promega kit.

Ligation of hγBC DNA library with T7 phage vector arms
The human γB crystallin was chosen as the scaffold for library construction. Eight
solvent-accessible sites on the first β-sheet of N-terminal domain were randomized
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(Ebersbach et al., 2007). All the eight randomization positions were induced by
19-trinucleotide mixer (free of condons for cysteine) in primers. To facilitate efficient
phage elution by TEV protease in following selection and subsequent detection in phage
ELISA, an N-terminal mycut tag and a C-terminal hexa-histidine tag were introduced
(constructed

by

Dr.

Li

Yuan,

Innoprofile,

Martin-Luther

university

of

Halle-Witternberg). The DNA library was amplified by PCR using primers carrying
EcoRI and HindIII enzyme cleavage sites respectively. After digestion and recovery by
agarose gel, the DNA library was inserted into T7 phage vector by T4 ligase.
hγBC DNA library (21.5 ng/μl)

15 μl

T7 phage vector arms (1000 ng/μl)

10 μl

T4 ligase buffer (NEB)

10 μl

T4 ligase (NEB)

10 μl

H2O

55 μl

total

100 μl

The reaction proceeded at 16°C for 16 h, followed by inactivation of enzymes at 65°C
for 10 min.

2.2.2.2 Construction of phage library
90 μl fresh DNA ligation product was mixed with 450 μl phage extract (provided by 3
kits) and incubated at RT for 4 h. The phage packaging was stopped by addition of
4.86 ml of LB media. 10 μl of fresh assembled phage sample was transferred to a new
tube for phage titer and calculation of library diversity. The rest part inoculated 1.6 ml
of BLT5403 cells at OD600nm 0.6 and distributed for 100 μl per well in 96-deep well
plate, shaking at 37°C. The cells were lysed after 2.5 h and further inoculate 40 ml of
BLT5403 cells at OD600nm 0.6, shaking for 1 h at 37°C. The cell debris was removed by
centrifugation at 8,000 × g for 10 min. 5 ml of 80% glycerol was added to the phage
library and stored at -80°C. 48 stochastic variants from phage library were sent to
Qiagen (Hilden, Germany) for sequencing in order to analyze the functionality of the
library.
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2.2.3 Selection of binding variant against nPTH1R
Prior to selection, 1 ml of amplified phage library containing 1.8 × 1010 phage clones
was incubated with 200 µl of M280 streptavidin Dynabeads (Invitrogen), which was
previously blocked by sterile phosphate-buffered saline (PBS) containing 0.1%
Tween-20 (v/v) and 2% BSA (v/v), in two low-binding 1.5 ml tubes (Eppendorf) for 1 h
at RT. Unbound T7 phages were then transferred to new tubes containing biotinylated
N-terminal PTH1R, further incubation at RT with continuously rolling. After 1.5 h, the
phage-protein complex solution was added into 200 µl of new blocked M280
streptavidin Dynabeads and mix for 1 h. Unspecifically bound phages were removed
from beads by washing step with PBST (0.1% Tween-20, v/v), followed by PBS. Bound
phages were eluted by Tev protease cleavage in 300 µl reaction system (15 µl of 20 ×
Tev buffer, 3 µl of 0.1 M DTT, 272 µl H2O, 10 µl Tev protease) for 2 h at RT. 2 µl of
eluted phage sample was used for tittering. The rest immediately infected 100 µl BLT
5615 cells at OD600 0.8 with additional 200 µl M9TB media in a 96-deep well plate. In
addition, the uncleaved bound phages were collected directly by adding 100 µl BLT
5615 cells to M280 streptavidin Dynabeads. Cells were lyzed after 2.5 h and released
phages were mixed and infected 20 ml of BLT 5615 cells for further amplification. The
output phages were collected by centrifugation at 8,000 × g for 10 min, filtrated with
0.45 µm membrane, followed by precipitation with ¼ volume of PEG/NaCl (30%/2.5 M)
solution on ice for overnight and centrifugation at 11,000 × g for 10 min. The
precipitated T7 phages were dissolved in 1 ml of LB media containing 8% glycerol and
stored at -80 °C for the next selection. In this study, all 4 rounds of selection were
carried out with stepwise harsher washing condition and reduced concentration of target
molecule, from 400 nM to 25 nM (shown in Tab. 2.6). The blocking buffer was also
changed from PBST (0.1% Tween-20, v/v)-2% BSA (v/v) in the first two rounds to the
casein blocking buffer (Sigma, Steinheim) in the last two rounds, to increase the
stringency.
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Tab. 2.6: Overview of selection conditions
Panning

Target protein amount

Blocking buffer

Wash condition

8.4 µg biotinylated nPTH1R (400 nM)

PBST(0.1%)BSA(2%)

8x PBST (0.1%)

round
1

2x PBS
2

4.2 µg biotinylated nPTH1R (200 nM)

PBST(0.1%)BSA(2%)

12x PBST(0.1%)
2x PBS

3

2.1 µg biotinylated nPTH1R (100 nM)

casein blocking buffer

15x PBST (0.1%)
3x PBS

4

0.5 µg biotinylated nPTH1R (25 nM)

casein blocking buffer

18x PBST (0.1%)
3x PBS

2.2.4 Cultivation of E. coli cells

2.2.4.1 Transformation of E. coli cells with plasmid DNA
Both chemical transformation and electroporation were utilized for plasmid
transformation into E. coli cells. For the chemical transformation, 2 μl of ligation
product or purified plasmid DNA was added into 100 μl of chemical competent cells
and incubated at 4°C for 30 min followed by hot-shock at 42°C for 90 sec. Then 1 ml of
LB media was added to each sample immediately. The culture was incubated at 37°C
for 1 h with shaking at 140 rpm. 100-1000 μl of the total culture was spread onto a
LB-Agar plate containing corresponding antibiotic for colony titration.

For the electroporation, 20-40 ng of plasmids were added into 100 μl of
electrocompetent BL21 cells, with gently mixing, the cells were incubated on ice for
30 min and then transferred into a pre-chilled electroporation cuvette (1 mm gap). The
electroporator was adjusted to the following parameters:
Voltage:

1800 V

Resistance:

200 Ω

Capacity:

25 μF

After the electroporation, 1 ml of LB media was immediately added into the cuvette.
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The cultures were incubated at 37°C for 1 h with shaking at 140 rpm. 100-1000 μl of the
total culture was spread onto a LB-Agar plate containing corresponding antibiotic for
colony titration.

2.2.4.2 Culturing of E.coli cells and recombinant protein production
Test expression in 2 ml culture scale
2 ml of autoinduction media containing antibiotic was inoculated with expression
E. coli cells and incubated for 16-20 h at 37°C with shaking at 220 rpm. OD600nm was
measured and the cell culture (volume = of 1/OD600nm ml) was centrifuged at 4,500 × g
for 10 min. The cell pellet was dissolved in 100 μl of PBS buffer containing 20 μg of
lysozyme and incubated in the thermomixer with 600 rpm at RT for 20 min. The cells
were then frozen completely in liquid nitrogen and thawed subsequently by incubating
in the waterbath. This process was repeated for 5 times. Then 0.3 μl of benzonase
(25 U/μl) and 0.2 μl of 1 M MgSO4 was added and incubated at RT for 30 min. 6 μl of
disrupted cells were transferred to a new tube as total cell lysate sample. The rest 94 μl
was centrifuged at the top speed for 30 min. The supernatant containing soluble proteins
was transferred to a new tube as soluble fraction. The insoluble pellet was washed by
150 μl of PBS by pipetting gently and centrifuged at top speed for 30 min. The
insoluble fraction was resuspended in 94 μl of 8 M urea, 100 mM Tris pH 8.0, 1 mM
EDTA and incubated in the thermomixer with 1,000 rpm at RT for 10 min. 6 μl of each
sample was mixex with 3 μl of 5 × SDS sample buffer and incubated at 95 °C for
10 min for SDS-PAGE analysis.

Preparative expression of hγBC variant
The gene of the human γB crystallin variant was isolated from T7 genome by PCR and
inserted into pET23d expression vector with modified kanamycin resistant (Dr. Sven
Pfeifer, Martin-Luther university of Halle-Witternberg) by NcoI and XhoI restriction
sites (Fig. 2.1). The expression plasmid was then transformed into BL21(DE3) cells.

39

2 Materials and methods
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Fig. 2.1: Expression plasmid map for hγBC variant 2G4. The gene of hγBC variant 2G4 was inserted
into expression vector pET23d with modified kanamycin resistant by Nco I and Xho I restriction sites. T7
promoter controls the expression of hγBC variant 2G4 with C-terminal hexahistidine tag. T7_S points out
the starting site of T7 transcription and pBR322_ori represents the replication origin.

For large scale production, hγBC variant was expressed in shaking flasks with 20%
volume of culture amout. The autoinduction culture started shaking with OD600nm
around 0.02 by inoculation with fresh prepared cell culture with OD600nm between 0.5-1.
After 20 h incubation at 37°C with shaking at 220 rpm, the cell pellet was harvested by
centrifugation at 4,500 × g for 10 min.

For isotope labeled 2G4 protein production, 5 ml of dYT media was inoculated with cell
glycerol stock and incubated for 8 h at 37°C, 220 rpm. Then 1.5 ml of dYT culture was
used to inoculate 100 ml of M9 media and incubated for o/n. 2 l of M9 media was
inoculated with 100 ml of M9 culture and OD600nm started around 0.2. Cells grow until
OD600nm reaches 1 and induced by IPTG at the end concentration 1 mM. After 6 h
growth, cell pellet was harvested by centrifugation at 7,000 rpm for 10 min.
Cell pellet from 100 ml of culture was resuspended in 10 ml of lysis buffer (50 mM
NaH2PO4, 500 mM NaCl, 10 mM imidazole, 2.5 mM MgSO4) with 1.5 mg lysozyme
per gram of wet cell pellet. Ultrasonication was used to disrupt cells for 5-time pulses of
30 sec, with 30 sec pause in between. Then 2 μl of benzonase and 50 μl of 0.1 M PMSF
was added and incubated for 30 min at RT. The soluble protein fraction was obtained by
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centrifugation at 50,000 × g for 20 min.

Preparative expression of nPTH1R
For insoluble protein nPTH1R prepration, inclusion bodies were extracted from E. coli
cells. 1 g of cell pellet was dissolved in 4 ml of 0.1 M tris/HCl pH 7.0 buffer, 1 mM
EDTA. 2 mg lysozyme per gram cell pellet was added and incubated at RT for
30-40 min. Then end concentration of 3 mM MgCl2 and 10 µg/ml DNase I was added
and further incubated for 30-40 min at 4°C. The cells were disrupted by high-pressure
dispersion at 600 bar. ½ volume of buffer 1.5 M NaCl, 60 mM EDTA, 6%Triton X-100
was added and incubated for 30 min at 4°C. The inclusion bodies were harvested by
centrifugation at 10,000 rpm for 30 min and 3-time wash with 0.1 M tris/HCl pH 7.0
buffer, 20 mM EDTA.

1 g of inclusion bodies was then resuspended in 10 ml of 0.1 M Tris/HCl pH 8.0 buffer,
0.1 M DTT, 6 M guanidine hydrochloride for 2 h at RT and centrifuged at 20,000 rpm
for 10 min to remove the aggregates. Acetate was added into the soluble fraction until
pH value reached 2-3 and the protein sample was filtrated with filter membrane 0.45 µm
befor applied to ÄKTA system.

2.2.5 Protein chemical methods

2.2.5.1 Sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE)
NuPAGE 4 - 12% Bis-Tris Gels with 12 or 17 wells were utilized. The NuPAGE gels
don’t contain SDS. Up to 20 μl of protein sample was mixed with 5 × SDS sample
buffer and heated at 95°C for 10 min. For reduced samples, β-mercaptoethanol was
added to the protein sample with a final concentration of 2% (v/v). The electrophoresis
lasted 45 min at 200 V. The running buffer was NuPAGE MES buffer. The gels were
stained in coomassie solution with shaking for at least 1 h.
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2.2.5.2 Western blot
The WesternBreeze Chomogenic Immunodetection Kit (Invitrogen) was used to detect
proteins immobilized on polyvinylidene difluoride (PVDF) membranes. 5 μl of
prestained protein standard (Invitrogen) was loaded in the NuPAGE 4 - 12% Bis-Tris
Gels. After electrophoresis, proteins were transferred onto a PVDF membrane using
NuPAGE Transfer Buffer. 10 ml of primary antibody solution (diluted with blocking
buffer) was used to detect the bound protein. The secondary antibody and the
chomogenic substrate were respectively provided by the kit: anti-mouse IgG alkaline
phosphatase conjugated, BCIP/NBT substrate for alkaline phosphatase.

2.2.5.3 Protein purification
Immobilized metal ion affinity chromatography (IMAC)
IMAC is used for the purification of fusion proteins containing shorter or longer
polyhistidine tags, such as (His)6 or (His)10. The column, when charged with Ni2+ ions,
selectively retains proteins if complexforming amino acid residues, in particular
histidine, are exposed on the protein surface. The metal Ni2+ is held by chelation with
nitrilotriacetic acid (NTA) covalently attached to a solid support. (His)6 fusion proteins
can be easily eluted with buffers containing imidazole.

Size exclusion chromatography (SEC)
SEC separates molecules according to differences in size as they pass though a
gelfiltration medium packed in a column. The medium is a porous matrix in the form of
spherical particles. The smaller molecules can diffuse into the pores and stay longer in
the medium, while molecules larger than pores directly pass through the column.
Gelfiltration can be used in separating small molecules, such as excess salts or free
labels from large molecules and it is also a simple solution for buffer exchange.
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Hydrophobic interaction chromatography (HIC)
HIC is based upon van der Waals attraction forces between solvent-accessible non-polar
groups (hydrophobic patches) on the surface of biomolecules and the hydrophobic
ligands (alkyl or aryl groups) covalently attached to the gel matrix. HIC is sensitive to
discriminate non-polar groups normally buried in the tertiary structure of proteins with
exposed when the polypeptide chain is incorrectly folded or damaged. Therefore, it can
be used for separating the pure native protein from other forms or detecting protein
conformational changes. Protein binding to HIC adsorbents is promoted by moderately
high concentrations of salts, which can also stabilize the protein structure. Elution is
accomplished by a linear or stepwise decrease in the concentration of salt.

Purification of hγBC variant
After cell disruption, the soluble fraction was loaded onto 5 ml Histrap column in
ÄKTAexplorer system. Unbound proteins were washed away by 20 column volume
(CV) of NPI-20 buffer and further 5 CV of NPI-35 buffer. The bound His-tagged
protein was eluted with 5 CV of NPI-500 buffer and the protein fraction from the
biggest peak was collected in a 5-ml loop automatically with parameters of level and
slope (starting collection at 20 mAU and 10 mAU/min, and ending at 20 mAU and
20 mAU/min respectively).

The collected protein was further loaded onto HiLoad 16/60 Superdex 75 prep grade
column and eluted with 1.3 CV of 1×PBS, 1 mM EDTA. The purity of the protein was
monitored by SDS-PAGE gel.

Purification of nPTH1R
The solubilized inclusion bodies of nPTH1R was loaded onto HiPrep 26/10 Desalting
column and eluted with 0.1 M tris/acetate pH 4.0, 1 mM EDTA, 4 M guanidine
hydrochloride. The collected protein fractions were adjusted with NaOH to pH 8.0,
filtrated and applied onto Histrap HP 5 ml column. Unbound protein was washed away
with 2 CV of 0.1 M tris/HCl pH 8.0, 4 M guanidine hydrochloride and further with
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5 CV of 0.1 M tris/acetate pH 6.3, 4 M guanidine hydrochloride. The bound protein was
eluted with 3 CV of 0.1 M tris/acetate pH 4.5, 4 M guanidine hydrochloride.

The purified inclusion bodies were collected and diluted rapidly into refolding buffer
50 mM tris/HCl pH 8.0, 1 M L-Arginine, 1 mM EDTA, 5 mM GSH, 1 mM GSSG. All
4 pulses were performed with 6 h pause in between and the protein end concentration
shouldn’t exceed 0.2 mg/ml, while guanidine hydrochloride concentration in the final
refolding buffer was less than 0.1 M. The refolded protein sample was concentrated
with vivaflow 200 to about 100 ml. Unfolded or misfolded protein was precipitated
slowly in 4 portions with ammonium sulfate to end concentration 1 M. The aggregates
were removed by centrifugation at 30,000 g for 30 min and filtration with 0.45 μm filter
membrane.

Then the protein sample was loaded onto HiTrap phenyl FF 1 ml column with binding
buffer A 50 mM tris/HCl pH 8.0, 0.8 M L-Arginine, 1 M ammonium sulfate and eluted
with buffer B 50 mM tris/HCl pH 8.0, 0.8 M L-Arginine in 3 segment: 10 CV of step
elution with 60% buffer B, 20 CV of gradient elution from 60% to 100% buffer B, and
further 15 CV of 100% buffer B. The protein fractions were pooled and finally polished
by HiLoad 16/60 Superdex 75 prep grade column and eluted with 1.5 CV of 50 mM
tris/HCl pH 8.0 buffer, 300 mM ammonium sulfate. The purity of the protein was
analyzed by SDS-PAGE gel.

2.2.5.4 Biotinylation of nPTH1R
For conveniently immobilization, nPTH1R was chemically biotinylated by EZ-Link®
Sulfo-NHS-LC-Biotin. In PBS pH 7.4, N-terminus of the protein or several primary
amines in the side chain of lysine residues are available for labeling with NHS-activated
biotin reagents. In the reaction, 100 μl of protein sample in PBS was incubated with
Sulfo-NHS-LC-Biotin at 4°C for 2 h, with molar ratio 1:20. The free
Sulfo-NHS-LC-Biotin was removed by dialysis overnight at 4°C. This product was used
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in selection of hγBC variant. In PBS pH 6.5, only N-terminus of the protein can be
biotinylated and the molar ratio of protein to biotin reagent was 1:2 in the reaction. The
mono-biotinylated product was used in the SPR measurement.

2.2.5.5 Protein dialysis and concentration
For buffer change, the protein solution was dialyzed in 3,500 MWCO Slide-A-Lyzer
Dialysis Cassette (0.1-3 ml) or 1,000 MWCO dialysis membrane for larger volume. The
protein dialysis proceeded for 24 h at 4°C with 3-time buffer exchanges. For
concentration of protein solution, Vivaspin 4, 20, 500 (Sartorius Stedim) were utilized
for 4 ml, 20 ml and 500 μl of protein sample, respectively.

2.2.5.6 Protein concentration measurement
The pure protein concentration was measured by DU 730 UV/Vis Spectrophotometer.
The

extinction

coefficient

was

calculated

by

program

Protparam

(http://expasy.org/tools/protparam.html). The spectrum ranged from 220 nm to 330 nm.
The protein concentration was calculated by the optical absorption value at 280 nm
(Equation 1).
A280 = Є280 · c · d

A280

Absorption at 280 nm

Є280

Extinction coefficient of protein at 280 nm in M-1cm-1

c

protein concentration in M

d

path length

(Eq. 1)

The protein concentration in mg/ml was calculated by multiplying molecular weight of
protein in g/mol, which was also from program Protparam.
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2.2.6 Enzyme-Linked Immuno Sorbent Assay (ELISA)
ELISA was used to detect interaction of two binding molecules. 30-500 ng ligand
molecule in 100 μl was immobilized in a 96-well microtiter plate at 4°C for overnight,
in parallel with BSA or lysozyme as negative control. Unbound ligand was washed
away by PBST (0.1% Tween) for 3 times. Then unspecific binding sites were blocked
by 1 × casein blocking buffer (Sigma) with incubation at RT for 1 h. After 3-time wash
with PBST (0.1% Tween), binding protein or phage lysate in series of dilution was
added for 100 μl per well. In competition ELISA, binding protein was mixed with free
ligand as competitor at RT for 1 h before added into microtiter plate. After 1 h
incubation at RT, the plate was washed again by PBST (0.1% Tween) for 3 times and
the binding protein was recognized by antibody with peroxidase conjugated, 100 μl per
well, at RT for 1 h. After 3-time wash with PBST (0.1% Tween), peroxidase substrate
(50 μl TMB or TMBxtra per well) was added and the reaction was stopped by 50 μl per
well of 0.5 M H2SO4. The Absorption at 450 nm was measured by microtiter plate
reader (Beckman Coulter).

For concentration-dependent ELISA, the raw data were fitted in nonlinear regression
function (Equation 2) and for competition ELISA, one-site competition equation
(Equation 3) was used for affinity determination. In the pH-screening experiment, the
raw data were fitted in sigmoid equation (Equation 4) and pKa value was hence
addressed.
y = Bmax × x/(KD + x)

y

binding signal measured in ELISA

Bmax

calculated maximum binding signal

x

protein concentration

KD

calculated apparent dissociation constant

(Eq. 2)
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y = A2 + (A1-A2)/(1 + 10^(x-logx0))

y

binding signal measured in ELISA

A1

calculated maximum binding signal

A2

calculated minimum binding signal

logx0

calculated concentraion at the transition midpoint

x

log concentration of competitor protein

y = y0+a/(1+exp(-(x-x0)/b))

(Eq. 3)

(Eq. 4)

y

binding signal measured in ELISA

y0

calculated minimum binding signal

x

pH

x0

pKa

a

calculated maximum binding signal - calculated minimum binding signal

b

the slope of the curve within pKa.

2.2.7 Mass spectrometry
The chemical modified protein was identified by mass spectrometry. Ionized
components of the protein sample are separated in the electromagnetic fields by their
mass to charge ratio. There are two primary methods for ionization of proteins,
electrospray ionization (ESI) and matrix-assisted laser desorption/ionization (MALDI).
The protein sample was firstly desalted by Ziptip (Millipore) before measurement. In
this work, ESI was used by Dr. Schierhorn in Biochemistry institute at the
Martin-Luther university of Halle-Witternberg.
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2.2.8 Surface plasmon resonance spectroscopy (SPR)
Surface plasmon resonance (SPR) is used to study interaction between molecules, one
of which is immobilized on the sensor surface and the other passes over the surface in
the running buffer. The detected response is proportional to the molecular mass on the
surface. The analysis consists of three steps: immobilizing target molecule on the sensor
chip, followed by monitoring injected binding partner interacting with target and finally
removing bound partner from target. In this thesis, Sensor Chip SA with covalently
attached streptavidin was used for capturing biotinylated target protein nPTH1R. The
functionality of immobilized nPTH1R was verified by interaction with ligand PTH1-84.
Running buffer was 1 × PBS, 1 mM EDTA, pH 7.8. The binding measurement
proceeded at 22°C, with flow rate 30 μl/min. Different concentration of binding variant
PTH ligand was injected and associated with target nPTH1R for 120 sec. Then the
injection stopped and the sensor chip was washed with running buffer for 300 sec. To
remove the binding partner completely, it was further washed with the regeneration
solution 10 mM glycine/HCl pH 2. The activity of immobilized nPTH1R was not
impaired. The binding responses were analyzed by software BIAevaluation (GE
Healthcare Life Sciences).

2.2.9 Isothermal titration calorimetry (ITC)
Isothermal titration calorimetry (ITC) is the only technique that can directly measure the
binding energetics of biological interaction. The Gibbs energy, enthalpy, entropy, and
heat capacity changes associated with binding can be accurately determined by ITC.
The binding analysis of nPTH1R to ligand PTH1-84 or hγBC variant 2G4 was
performed in VP-ITC Isothermal Titration Calorimeter (Microcal LLC, Northampton,
USA). All protein samples were dialyzed against 1 × PBS, 1 mM EDTA, pH 7.8 and
filtrated before measurement. The data was analyzed by Origin 7.0 (MicroCal
Northampton, USA).
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PTH1-84 binding to nPTH1R
At 20°C, 300.2 μM ligand PTH1-84 was titrated into 28.0 μM nPTH1R in 29 injections
with 2 μl for the first injection and 10 μl for the other 28 injections. As reference, the
identical ligand PTH1-84 sample was titrated into1 × PBS, 1 mM EDTA pH 7.8 for
correction of enthalpy simply caused by peptide dilution.

hγBC variant 2G4 binding to nPTH1R
211 μM hγBC variant 2G4 was titrated into 19.7 μM nPTH1R using the same program
as above described in 29 injections at 20°C, in parallel with the reference of the
identical hγBC variant 2G4 sample titrated into buffer.

PTH1-84 binding to hγBC variant 2G4 - nPTH1R complex
158.4 μM hγBC variant 2G4 was incubated with 15.8 μM nPTH1R for 1 h at RT. Then,
171.8 μM PTH1-84 was titrated to the mixed complex as above described in 29
injections at 20°C, in parallel with the reference of the identical PTH sample titrated
into 158.4 μM hγBC variant 2G4.

2.2.10 Differential Scanning Fluorimetry (DSF)
Differential scanning fluorimetry is a rapid and inexpensive method to evaluate protein
themal stability, owing to the small amounts and low concentrations of protein required.
The protein unfolding process is monitored by an increase in the fluorescence of a dye
with affinity for hydrophobic parts of the protein, which are exposed as the protein
unfolds. DSF experiments are typically performed by using a real-time PCR instrument,
in this particular thesis, LightCycler 480 II. The fluorescent dyes for DSF are highly
fluorescent in non-polar environment, like the hydrophobic sites on unfolded proteins,
while the fluorescence is quenched in aqueous solution. 10 µg protein was diluted in
50 µl PBS containing 2× sypro orange dye. Thermal unfolding followed between
20‐90°C with shift of approximately ΔT=1°C/min. The fluorescence intensity is plotted
as a function of temperature which forms a sigmoidal curve that can be described by a
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two-state transition. The inflection point of the transition curve (Tm) is calculated using
Boltzmann equation as above described (Equation 4, Chapter 2.2.6) with following
parameters (Schneider, 2009).

y

fluorescence intensity

y0

minimum intensitiy

x

temperature

x0

Tm

a

calculated maximum binding intensity - calculated minimum binding intensity

b

the slope of the curve within Tm.

2.2.11 Circular Dichroism (CD) spectroscopy
Circular Dichroism (CD) spectroscopy technique is widely used for the evaluation of
the conformation and stability of proteins. Circular dichroism refers to the differential
absorption of left and right circularly polarized light by optically active chiral molecules.
The secondary structure of proteins can be analyzed by CD because the peptide bond is
asymmetric and the amide chromophore of the peptide bond dominates the CD spectra
of proteins at far-UV region. Aromatic residues (tryptophan, tyrosine and phenylalanine)
and cysteine (or disulfide bonds) can exhibit circular dichroism in the near-UV region to
provide information on the tertiary structure. In this thesis, the secondary structures of
single

proteins

and

thermal

stability

were

analyzed

by

Jasco

J-815

CD-Spectropolarimeter (Jasco, Groß-Umstadt).

The secondary structure of isolated hγBC variant was analyzed by far-UV CD spectrum.
10 µM protein sample in cuvette of 0.1 cm pathlength was measured from 200-260 nm
with bandwidth of 1 nm at 20 °C. The signal/noise ratio was improved by 10 spectra
accumulation. The protein sample was prepared in 5 mM NaH2PO4, 15 mM NaCl,
pH 7.8. All the spectra data were corrected by buffer signal and normalized to the the
mean residue molar ellipticity by the Equation 5.
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[θ]mrw = θ × 100 × M / C ×l ×n

[θ]mrw

mean residue molar ellipticity (deg cm2 dmol-1)

θ

measured ellipticity (deg)

l

optical path (cm)

C

concentration (mg/ml)

M

molecular mass of the protein (Da)

n

number of residues in the protein

(Eq. 5)

Temperature induced protein unfolding was monitored by the wavelength 217 nm. 10
μM protein sample in cuvette of 0.1 cm pathlength was measured in the range of
20-82°C, with speed of 1°C/min. The data point at each increment of 0.2°C was
recorded and fit in Boltzmann equation (Equation 2).

2.2.12 NMR spectroscopy
Nuclear magnetic resonance (NMR) spectroscopy is based on research of the magnetic
properties of certain atomic nuclei, such as 1H,

13

C,

15

N, to reveal their chemical

environments. From the past few decades, it became an important technique to study the
structure and dynamics of protein. In this thesis, the interaction of hγBC binding variant
during the titration of target molecule nPTH1R was analyzed using 1H-15N 2D
heteronuclear single quantum correlation (HSQC, Vuister and Bax, 1992; Mori et al.,
1995) and 3D NMR experiments. The experiments were nicely performed by Mohanraj
Gopalswamy from institute of Physics/Biophysics, Martin-Luther university of
Halle-Witternberg. Sequence-specific resonance assignments of

15

N-13C-labeled hγBC

variant were aquired from the 2D HSQC and TROSY (Transverse relaxation optimized
spectroscopy) (Pervushin et al., 1997) based 3D experiments (Kay et al., 1990; Clore
and Gronenborn, 1991; Grzesiek and Bax, 1992; Salzmann et al., 1998) at protein
concentration 780 μM. The specific amino acids involved in the binding interaction
were identified by NMR titration experiment. This experiment was carried out using
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443 μM nPTH1R titrated into 340 μM 15N-labeled hγBC variant 2G4 and pertubration
was monitored by 15N-FHSQC (Mori et al., 1995) or 15N-TROSY-HSQC (Pervushin et
al., 1997). Following the nPTH1R-2G4 complex formation, 1.1 mM PTH ligand was
further titrated to the NMR sample for competition assay. All NMR data were recorded
by Bruker Avance III-Spectrometer 800 MHz at 25°C. The spectra were processed by
NMRPipe (Delaglio et al., 1995) and analyzed using NMRView software (Johnson and
Blevins, 1994). All protein samples were prepared in 50 mM sodium phosphate,
200 mM NaCl, 0.02 % NaN3, 10% D2O and pH 7.8.
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3

Results

3.1

Preparation of target molecule nPTH1R

The N-terminal extracellular domain of parathyroid hormone 1 receptor (nPTH1R) from
the class B G-protein-coupled receptors was chosen as a target protein for selection of
human γB crystallin (hγBC) based binding variants. The preparation of nPTH1R was
based on the established protocol (Grauschopf et al., 2000) and optimized as described
in methods Chapter 2.2.4.2. The functionality of purified nPTH1R was monitored by
ITC with ligand PTH1-84.

3.1.1 Production and purification of target molecule nPTH1R
The gene of nPTH1R was cloned into the vector pET15b and transformed into E. coli
BL21(DE3) strain (Nils Drechsler, Institute of Biochemistry and Biotechnology,
Martin-Luther university of Halle-Witternberg). The cells were grown in minimal salt
media through the process of fermentation. The cultivation temperature was 37 °C. 13 h
after feeding with glucose solution, OD600nm of the cell culture reached 87.2 and the
expression of protein was induced by IPTG at a final concentration of 1 mM for 4 h
until OD600nm reached 100.8. The cells were harvested by centrifugation at 4,500 × g for
10 min. The total wet biomass was 1,240 g. After cell lysis, 31.4 g of inclusion bodies
were extracted from 300 g cell pellet and dissolved in buffer containing 6 M guanidine
hydrochloride and 100 mM DTT. nPTH1R was purified from solubilized inclusion
bodies by IMAC. 2.5 mg/ml eluted protein (17 ml) was refolded by pulse renaturation
in 2 l of buffer with redox shuffling system (50 mM Tris/HCl pH 8.0, 1 M L-Arginine,
1 mM EDTA, 5 mM GSH, 1 mM GSSG). The correctly folded protein was separated
from unfolded and misfolded protein by ammonium sulfate precipitation and
subsequent hydrophobic interaction chromatography (HIC). In the last step, gel
filtration was utilized to polish the protein. The purity of prepared nPTH1R was
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monitored by SDS-PAGE (Fig. 3.1A). In the analytical size exclusion chromatography,
a single sharp peak of monomer nPTH1R was obtained, and no dimer or aggregates
were found (Fig. 3.1B). Electrospray ionization (ESI) mass spectroscopy confirmed the
molecular mass of 21,496 Da for the prepared nPTH1R (data not shown). The yield was
60 μg protein/g wet cell biomass.
A

B

Fig 3.1: A. SDS-PAGE analysis of purified nPTH1R. Protein samples from each purification step were
analyzed by 4-12% gradient gel and subsequently stained by coomassie blue. M stands for fermentas
unstained protein ladder. In the 1st lane, solubilized inclusion bodies of nPTH1R are loaded. The 2nd lane
shows the protein purified by IMAC. Lane 3 contains the protein after pulse-renatuaration and
concentration. nPTH1R purified by ammonium sulfate precipitation is shown in lane 4. Lane 5 and 6
represent the protein purified by HIC and subsequent gelfiltration, respectively.

B. Analytical size

exclusion chromatogram of nPTH1R. 500 μl of 10 μM nPTH1R was loaded onto gel filtration
HiLoad16/60 Superdex 75 prep grade column in running buffer PBS, 1 mM EDTA.
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3.1.2 Functionality test of nPTH1R and biotinylated nPTH1R
The functionality of nPTH1R was analyzed by demonstrating its binding to the ligand
PTH1-84 monitored by ITC. Figure 3.2 shows a typical titration experiment and
evaluated data. The data showed that the binding interaction was exothermal. The
dissociation constant was calculated to be 8.4 μM. The free binding enthalpy ΔGITC, the
apparent binding enthalpy ΔHITC, the apparent binding entropy ΔSITC and the number of
binding site N are listed in Table 3.1.
Tab. 3.1: Thermodynamic parameters of nPTH1R binding to PTH1-84
ΔGITC

-6.85 ± 0.16 kcal/mol

ΔHITC

-10.79 ± 0.16 kcal/mol

ΔSITC

-13.60 cal/mol·K

N

1.16 ± 0.01

KD

8.40 ± 0.39 μM

The apparent binding enthalpy ΔHITC for -10.8 kcal/mol revealed that the binding
reaction is an enthalpy-driven process. The negative change of the apparent binding
entropy ΔSITC indicated that, during the complex formation, the structural conformation
of one or both binding partners has been restricted or water molecules have been
involved in the complex (Grauschopf et al., 2000). The functional part of PTH ligand is
the N-terminal fragment 1-34, which consists of two continuous helices. The
amphipathic α-helix 15-34 docks into an extended hydrophobic groove formed by
nPTH1R during the binding interaction (Pioszak and Xu, 2008). This structural fixation
during binding interaction is assumed to contribute greatly to the negative entropy
change. The number of binding site N not only suggested the 1:1 stoichiometry of
binding partners nPTH1R and ligand PTH1-84, but also comfirmed the functionality of
the refolded nPTH1R, which contained almost no inactive population.

55

3 Results

Fig 3.2: isothermal titration calorimetry analysis of binding interaction between nPTH1R and
PTH1-84. At 20°C, 300.2 μM ligand PTH1-84 was titrated into 28.0 μM nPTH1R in 29 injections with
2 μl for the first injection and 10 μl for the other 28 injections. Protein and ligand were both prepared in
PBS, 1 mM EDTA, pH 7.8. Top: baseline subtracted raw data of heat energy. Bottom: peak-integrated
and concentration-normalized enthalpy change plotted against nPTH1R/PTH1-84 ratio. The experimental
data were fit to a 1:1 binding model in the solid line.

For convenient immobilization in the subsequent selection process, the target molecule
nPTH1R was chemically biotinylated. The functionality of biotinylated nPTH1R was
further confirmed by ELISA and surface plasmon resonance (SPR). In streptavidin
coated

96-well

plate,

biotinylated

nPTH1R

could

be

recognized

by

anti-nPTH1R-antibody in a concentration-dependent manner (data not shown). In the
SPR measurement (Fig. 3.3), biotinylated nPTH1R was immobilized on the streptavidin
(SA) chip and 0-20 µM PTH1-84 was injected. The real-time sensorgram demonstrated
that PTH1-84 could bind biotinylated nPTH1R on the chip in a fast association, as well
as fast dissociation process. The interaction occured in a concentration-dependent
manner. The dissociation constant was determined to be 6.8 µM, in agreement with the
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result of the ITC measurement (Fig. 3.2). Therefore, it can be concluded that
biotinylated nPTH1R is still functional.
A

B

Fig. 3.3: Binding of biotinylated nPTH1R to PTH1-84 monitored by surface plasmon resonance
(SPR) measurement. 105.7 response unit (RU) of biotinylated nPTH1R was immobilized on the
streptavidin chip and 0-20 μM of PTH ligand 1-84 was injected at a flow-rate of 30 µl/min. The protein
sample was prepared in running buffer PBS, 1 mM EDTA, pH 7.8. The real-time response signals are
shown in Figure A. The response units at the steady-state are plotted against PTH1-84 concentration and
fitted to 1:1 binding curve in Figure B. The KD was calculated to be 6.77 ± 0.5 μM.

3.2

Phage library construction and selection against nPTH1R

To select binding proteins against target molecule nPTH1R, a cDNA library containing
hγBC variants with eight randomization sites on the surface-exposed β-sheet of the
N-terminal domain was constructed by a trinucleotide-based strategy (Fig. 1.3,
described in detail in Chapter 1.3, Dr. Li Yuan, Innoprofile, Martin-Luther university of
Halle-Witternberg). For the selection process the T7 phage display technique was
chosen from variety of selection methods. During T7 phage assembly, fast folding
scaffold variants don’t need to be transported across the cell membrane into the
periplasm for packaging as it would be the case of M13 phage display. They can be
directly and efficiently displayed on the phage surface upon cytosolic phage assembly.
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3.2.1 T7 phage library construction
322.5 ng of hγBC cDNA library, which contained thereotically 32 copies of each DNA
variant, was inserted into 10 μg of self prepared mid-copy T7 phage vector. Using T7
phage extract provided from three T7Select® System kits, a phage library containing
total quantity of 1.6 x 108 packaged primary phage clones was obtained, a library
diversity similar to that previously described for T7 phage system (Dai et al., 2008). To
determine the functional portion of the library encoding the human γB crystallin
variants, DNA sequences of 48 primary phage clones were analyzed. The sequencing
result showed that 54% of total hγBC variants were correct in sequence and probably
displayed on the T7 phage surface. Another T7 phage library displaying hγBC variants
with identical randomization sites constructed by traditional NNK strategy
demonstrated only 46% functionality (Dr. Li Yuan, Innoprofile, Martin-Luther
university of Halle-Witternberg). From this result, it is clear that the library
functionality depends more on the quality of synthesized oligonucleotides in the PCR
reaction than the type of randomization strategy. Commercial oligonucleotides with
randomization positions contain a heterogenous mixture of variable molecules with
single nucleotide insertion or deletion, which can not be completely removed after
synthesis. Several such oligonucleotides used for library construction lead to great
influence on the final functionality. Under this condition, the trinucleotide-based library
still surpasses the NNK-based library. Since E. coli BLT5403 used for T7 phage
amplification does not suppress termination by the amber codon, the present
trinucleotide-based strategy introducing no stop codon can enhance the functionality of
the phage library. Besides, amino acid residues could be more equally distributed in the
trinucleotide-based strategy and unwanted cysteine was successfully excluded.

The original phage library was amplified in fresh BLT5403 cells and reached 2.6× 1010
plaque forming units (pfu) per ml. About 100 copies of each phage variant were present
in 1 ml of phage library lysate that was used as input phages during the selection.
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3.2.2 hγBC binder selection against biotinylated nPTH1R
In order to select hγBC variants that bind specifically to nPTH1R the hγBC library was
subjected to four rounds of selection by mixing the phage library and biotinylated
nPTH1R. The binding complexes were captured by M280 streptavidin Dynabeads. This
selection-in-solution method ensures that all the epitopes on target molecule nPTH1R
are accessible for binding variants.
Tab 3.2: Overview of the panning procedure in the selection process
Panning

Target protein

round

biotinylated nPTH1R

1

8.4 µg (400 nM)

Wash condition

8 x PBST (0.1%)

Input phage

1.8x 10

10

Output

Ratio

phage

output : input

6.3x 10

5

3.5x10

-5

2 x PBS
2

4.2 µg (200 nM)

12xPBST(0.1%)

2.2x 10

10

5.7x10

5

2.6x10

-5

2 x PBS
3

2.1 µg (100 nM)

15x PBST (0.1%)

1.6x 10

10

2.1x10

3

1.3x10

-7

3 x PBS
4

0.5 µg (25 nM)

18x PBST (0.1%)

1.1x 10

10

3x10

4

2.7x10

-6

3 x PBS

To obtain highly specific binders with great affinity, the selection stringency was
enhanced by reducing target molecule concentration and increasing washing steps from
round to round. The amount of input and output phage during each round of the
selection are listed in Table 3.2. Comparing the ratio of output and input phages from
the first to the last round, no obvious enrichment was detected, probably due to the
greatly reduced target protein concentration in the last two rounds and even harsher
washing conditions.
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A

B

Fig. 3.4: phage ELISA with 48 output phage clones randomly picked from 1st and 2nd round of
selection (A), 3rd and 4th round (B). 300 ng nPTH1R or lysozyme per well was immobilized in 96-well
MediSorp plate (Nunc). 250 μl of freshly prepared phage clone lysate per well were added with end
concentration 0.1% of tween-20. The unbound phages were removed by 3-time wash with PBST(0.1%)
and bound phages were detected by an anti-γB crystallin antibody with horseradish peroxidase conjugated.
The dark red bars correspond to the binding signal of phage clone to lysozyme and blue bars to target
molecule nPTH1R. The phage clones displaying functional hγBC variants with correct sequences are
marked with “●” and the variants with frameshift in DNA sequences marked with “●”.

Subsequently, 48 phage clones obtained from each round were screened against the
target molecule nPTH1R by ELISA, with lysozyme as a negative control (Fig. 3.4). The
variants, whose binding signals to nPTH1R were higher than 0.5, were chosen to be
analyzed further by phage clone PCR and sequencing. The results showed that three
variant sequences contained frameshift, marked with light red point and all the other
variant sequences were correct, marked with black point. Three variants 2G4, 2H5, 2H9
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with highst binding level from the 4th round of the selection (Fig. 3.4B) shared the
identical sequence (Fig. 3.5, K2F, T4K, Y6H, E17F, T19V, R36E, E38A). All the other
positive variant sequences are shown in the section appendix Fig 7.2.

Fig. 3.5: The sequence comparison of selected hγBC variant repeatedly obtained in the 4th round
with wt hγBC. The randomization sites are marked with “●”.

Fig. 3.6: Specificity ELISA with selected T7 phage clones displaying functional hγBC variants.
Negative target controls were lysozyme, human serum and the N-terminal domain of the pituitary
adenylate cyclase-activating polypeptide receptor (nPAC1R) - another class B GPCR ectodomain. S and
wt stand for phages displaying S-tag peptide and wild type human γB crystallin, respectively, which were
used as negative phage controls. The ELISA process was the same as described above.

All these positive variants were analyzed in the second round of screening with other
negative control target molecules: human serum and the N-terminal domain of the
pituitary adenylate cyclase-activating polypeptide receptor (nPAC1R) - another class B
GPCR ectodomain (Fig. 3.6). In this specificity ELISA, the hγBC variant 2G4 stands
out, showing obvious strong binding signal to target nPTH1R, while exhibiting very low
levels of unspecific interaction with the other negative control proteins. In another set of
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controls, T7 phages displaying S-tag peptide or wild type human γB crystallin showed
no detectable binding to all the targets, as expected (Fig. 3.6). This promising candidate
2G4 (Fig. 3.7) was therefore chosen for purification and further characterization.

Fig. 3.7: Mutation sites of three selected identical hγBC variants. Seven mutation sites on the
surface-exposed β-sheet of human γB crystalline are shown in blue, K2F, T4K, Y6H, E17F, T19V, R36E,
E38A. The side chains of these seven wild type amino acids were highlighted in sticks (PDB entry 2jdf).

3.3

Expression and purification of the selected binding variant 2G4

After subcloning the gene into pET23d vector, non-labeled hγBC variant 2G4 protein
was produced recombinantly in E. coli BL21(DE3) cells in 2 l scale of auto-induction
media in shaking flask at 37°C. After 20 h, OD600nm of cell culture reached 10-14 and
the wet cell biomass 7-12 g/l culture. Isotope labeled 2G4 variant was produced in 2 l
scale of M9 media. Protein expression was induced by IPTG at a final concentration of
1 mM when OD600nm reached 0.8-1. After 6 h, the cells for single labeled
protein were harvested at OD600nm 10-14 and double labeled

13

13

C-2G4

C, 15N-2G4 protein at

OD600nm 2-3. hγBC variant 2G4 was approximately 30% soluble expressed, as shown in
Fig. 3.8B. Following cell disruption, hγBC variant 2G4 was purified by immobilized
metal-affinity chromatography (IMAC), followed by subsequent gel filtration (Fig.
3.8A). The chromatogram demonstrated a single sharp peak under the detection of
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280 nm wavelength. No aggregates or oligomeres were found during the purification.
The hγBC variant 2G4 was eluted at approximately 86 ml, in agreement with monomer
wild type hγBC. According to different cell media, approximately 17-40 mg of 2G4
protein per liter culture was obtained, with more than 95% purity, as monitored by
SDS-PAGE (Fig. 3.8B).
A

B

Fig. 3.8: A. Size exclusion chromatogram of hγBC variant 2G4. After purification by IMAC, hγBC
variant 2G4 was loaded onto gel filtration HiLoad16/60 Superdex 75 prep grade column in running buffer
PBS, 1 mM EDTA. B. SDS-PAGE analysis of purified hγBC variant 2G4. Protein samples from each
purification step were analyzed by 4-12% gradient gel and subsequently stained by coomassie blue. M
stands for fermentas unstained protein ladder. In the 1st lane, total cell lysate was loaded. The 2nd lane
shows the soluble protein fraction after cell disruption. Lane 3 contains hγBC variant 2G4 purified by
IMAC and gel filtration.
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3.4

In vitro characteristics of 2G4

3.4.1 Biophysical characterization
A scaffold protein is required to be highly stable to accommodate amino acid mutations
in the randomization sites. Due to the substitution of seven residues on the
surface-exposed β-sheet of the scaffold molecule hγBC, the overall structure and
stability of isolated variant 2G4 as well as wild type hγBC was investigated by far-UV
CD spectroscopy (Fig. 3.9). Both proteins showed a negative minimum at 217 nm and a
shoulder at 205 nm, the amplitude of the signal of variant 2G4, however, was
approximately 20% less compared to that of wild type hγBC. This result suggested that
2G4 variant may be slightly less structured, in comparison with wild type hγBC.
However, the spectra difference in this wavelength region could also be induced by
changes of aromatic amino acids or their microenvironments.

Fig. 3.9: Secondary structure analysis of hγBC variants. Far-UV CD spectra of wild type hγBC (red
line) and 2G4 hγBC variant (black line) were recorded from 260 nm to 200 nm. The protein samples were
prepared in 5 mM NaH2PO4, 15 mM NaCl pH 7.8.
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3.4.2 Thermal stability
To estimate whether the seven amino acid substitutions affect the structured stability of
the protein, thermal induced denaturation of 2G4 as well as wild type hγBC was
analyzed by two different methods, differential scanning fluorimetry (DSF) and CD
spectroscopy. In the DSF measurements, the transition midpoint was calculated to be
61.93 ± 0.07 °C for the variant 2G4 and 70.92 ± 0.19 °C for wild type hγBC,
respectively (Fig. 3.10A). This result was further verified by CD spectroscopy revealing
Tm = 59.95 ± 0.06 °C for 2G4 and 72.79 ± 0.08 °C for wild type hγBC (Fig. 3.10B). The
temperature induced unfolding was not reversible and aggregation was observed for
both wild type and 2G4 hγBC at high temperature.
A

B

Fig. 3.10: Thermal stability of 2G4 hγBC variant and wild type hγBC analyzed by DSF (A) and CD
spectroscopy (B). A. In the DSF measurements, 9.5 µM protein was prepared in 50 µl PBS containing 2×
sypro red dye (diluted from 5000× commercial stock solution). Thermal induced unfolding was followed
from 20 to 90°C with a heating rate of approximately ΔT=1°C/min. All data were corrected by the buffer
signal. B. 10 μM protein in 5 mM NaH2PO4, 15 mM NaCl, pH 7.8 was used for CD spectroscopy
experiments. Thermal induced unfolding was monitored from 20 to 82°C at 217 nm with a heating rate of
ΔT=1°C/min.

3.4.3 Binding ability of 2G4 to full length PTH1R
Concentration-dependent ELISA was also performed to evaluate the binding ability of
hγBC variant 2G4 to full length PTH1R (Fig. 3.11). In this particular ELISA, 0-2 μg per
well of full length PTH1R freshly reconstituted in proteoliposome were immobilized in
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a 96-well plate. 5 μM hγBC variant 2G4 and wild type hγBC were applied for
recognition, separately. It is obvious, that variant 2G4 could bind full length PTH1R in a
concentration-dependent manner. Compared to wild type human γB crystallin,
apparently 2G4 showed unspecific binding to the plate, causing a relative high
background signal. Due to the limited preparation of PTH1R, binding saturation could
not be achieved for accurate affinity determination.

Fig. 3.11: Binding ability test of hγBC variant to full length PTH1R. 0-2 µg of PTH1R, freshly
reconsitituted in proteoliposome, were immobilized on a micro titer plate, using identical quantity of pure
empty proteoliposome as negative control. 5 µM of hγBC variant 2G4 and wild type human γB crystallin
were added, respectively. Bound molecules were detected by anti-hγBC-Ab with POD conjugated.

3.4.4 Characterization of the interaction of 2G4 and nPTH1R - binding affinity
The affinity of variant 2G4 to the target protein nPTH1R was analyzed by
concentration-dependent ELISA (Fig. 3.12A) and competition ELISA (Fig. 3.12B). In
concentration-dependent ELISA, the raw data were fitted nonlinearly to a 1:1 binding
mode (Equation 2) revealing an apparent dissociation constant (KD) of 0.69 µM. This
result was further verified by the competition ELISA, in which the data were fitted to a
one-site competition equation (Equation 3) and KD was calculated to be 1.35 µM. With
these two methods, a low micromolar binding affinity was determined for hγBC variant
2G4 to nPTH1R.
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Isothermal titration calorimetry (ITC) was also utilized to evaluate the binding affinity
of isolated hγBC variant 2G4 to nPTH1R (Fig. 3.13). The data showed that the binding
interaction was exothermal and the dissociation constant was calculated to be 20.9 μM.
The free binding enthalpy ΔGITC, the apparent binding enthalpy ΔHITC, the apparent
binding entropy ΔSITC and the number of binding site N are listed in Table 3.3.
A

Fig.

B

3.12:

Binding

affinity

of

hγBC

variant

2G4

to

nPTH1R

determined

by

A)

concentration-dependent ELISA and B) competitive ELISA. A. 0-14 µM of purified variant 2G4 were
added to 30 ng/well target protein nPTH1R coated on ELISA plate wells. The amount of bound hγBC
variant was detected by an anti-hγBC-Ab with POD conjugated. Fitting the raw data to a one-binding-site
model, the KD value was calculated to be 0.69 ± 0.05 µM. B. 100 nM of purified variant 2G4 was
incubated with 0-10 µM of competitor nPTH1R for 1 h at RT and then added to 100 ng/well of nPTH1R
coated wells. The amount of hγBC variant was detected by anti-hγBC-Ab with POD conjugated. Fitting
the raw data to a one-competition-site model, the KD value was calculated to be 1.35 ± 0.33 µM.

The apparent binding enthalpy ΔHITC of -4.3 kcal/mol and the apparent binding entropy
ΔSITC of 6.8 cal/mol·K revealed that the binding reaction between hγBC variant 2G4
and nPTH1R is driven by both enthalpy and entropy changing process. The number of
binding site N revealed the 1:1 stoichiometry of binding partners nPTH1R and hγBC
variant 2G4.
Tab. 3.3: Thermodynamic parameters of nPTH1R binding to hγBC variant 2G4
ΔGITC

-6.28 ± 0.50 kcal/mol

ΔHITC

-4.28 ± 0.50 kcal/mol

ΔSITC

6.83 cal/mol·K

N

1.01± 0.08

KD

20.92 ± 2.48 μM
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Fig 3.13: Binding interaction of hγBC variant 2G4 to nPTH1R analyzed by isothermal titration
calorimetry (ITC). At 20°C, 211 μM hγBC variant 2G4 was titrated into 19.7 μM nPTH1R in 29
injections with 2 μl for the first injection and 10 μl for the other 28 injections. nPTH1R and hγBC variant
2G4 were prepared in PBS, 1 mM EDTA pH 7.8. Top: baseline subtracted raw data of heat energy.
Bottom: peak-integrated and concentration-normalized enthalpy change plotted against nPTH1R/2G4
ratio. The experimental data were fit to a 1:1 binding model in the solid line.

3.4.5 Characterization of the interaction of 2G4 and nPTH1R – competition with
PTH
The natural ligand of PTH1R is PTH. Binding of PTH to its receptor controls the Ca2+
homeostasis in the organism. Artificial binding protein interacting with PTHR, such as
2G4, might be of therapeutic interest if it influences the interaction of PTH1R with its
ligand, thus conveying an agonistic or antagonistic activity. Whether or not 2G4
interferes with the binding of PTH to PTH1R was analyzed by isothermal titration
calorimetry. Three experiments were conducted: (i) ligand PTH 1-84 titrated to nPTH1R
(shown above in Fig. 3.2); (ii) ligand PTH 1-84 titrated to the complex of nPTH1R and
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hγBC variant 2G4 (molar ratio 1:10, Fig 3.14, over 99% of nPTH1R was occupied by
hγBC variant 2G4); (iii) hγBC variant 2G4 titrated to nPTH1R (shown above in
Fig 3.13). All three results demonstrated typical titration data. It is clear that all three
binding reactions were exothermal. The dissociation constant, the free binding enthalpy
ΔGITC, the apparent binding enthalpy ΔHITC, the apparent binding entropy ΔSITC and the
number of binding site N are listed in Table 3.4.

Tab. 3.4: Summary of thermodynamic parameters of ITC experiments
PTH1-84 binding nPTH1R

PTH1-84 binding nPTH1R-2G4

2G4 binding nPTH1R (iii)

(i)

hγBC complex (ii)

ΔGITC

-6.85 ± 0.16 kcal/mol

-7.65 ± 0.20 kcal/mol

-6.28 ± 0.50 kcal/mol

ΔHITC

-10.79 ± 0.16 kcal/mol

-18.52 ± 0.20 kcal/mol

-4.28 ± 0.50 kcal/mol

ΔSITC

-13.60 cal/mol·K

-31.7 cal/mol·K

6.83 cal/mol·K

N

1.16 ± 0.01

1.12 ± 0.01

1.01± 0.08

KD

8.40 ± 0.39 μM

2.07 ± 0.1 μM

20.92 ± 2.48 μM

Comparing the ΔHITC value between PTH1-84 binding to the single protein nPTH1R
(-10.79 kcal/mol) and the complex of nPTH1R-2G4 (-18.52 kcal/mol), no increase was
found. Supposing that PTH1-84 binds nPTH1R on the identical site as variant 2G4,
variant 2G4 would need to dissociate from nPTH1R before PTH1-84 could bind. The
dissociation enthalpy for 2G4 variant was 4.3 kcal/mol, and association enthalpy for
PTH1-84 was -10.8 kcal/mol (Tab. 3.4). The total enthalpy for this two-step reaction
should be -6.5 kcal/mol, which was obviously in great disagreement with the result from
the respective titration experiment (-18.5 kcal/mol). Binding of PTH to nPTH1R in the
absence and presence of 2G4 led to a very similar free binding enthalpy ΔGITC (Tab.
3.4). Hence, there is no competition binding of 2G4 and PTH to nPTH1R via identical
or overlapping binding sites, nor does 2G4 binding induces a conformational switch in
nPTH1R that would interfere either positively or negatively with PTH binding.
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Fig. 3.14: Competition binding analysis of PTH1-84 and 2G4 hγBC variant to nPTH1R by
isothermal titration calorimetry. 15.8 μM nPTH1R and 158.4 μM 2G4 hγBC variant were mixed at RT
for 1 h. At 20°C, 171.8 μM ligand PTH1-84 was titrated into nPTH1R-2G4 hγBC variant complex in 29
injections with 2 μl for the first injection and 10 μl for the other 28 injections. All three proteins were
prepared in PBS, 1 mM EDTA. In the reference titration experiment, same amount of PTH1-84 was
titrated into 158.4 μM 2G4 hγBC variant. No binding interaction was detected (data not shown). Top:
baseline subtracted raw data of heat energy. Bottom: peak-integrated, and concentration-normalized
enthalpy change plotted against nPTH1R/PTH1-84 ratio. The experimental data were fit to a 1:1 binding
model in the solid line.

3.4.6 Characterization of the interaction of 2G4 and nPTH1R – pH dependent
The binding of 2G4 to nPTH1R was found to be pH-dependent strongly as shown in
Figure 3.15. The interaction was not detectable at pH below 6.8 and it increased in
affinity at pH above 6.8. Fitting the data to sigmoid equation (Chapter 2.2.6,
Equation 4), the pKa value was calculated to be 7.11. At the 6th amino acid position of
hγBC variant 2G4, the original tyrosine residue in wild type hγBC was substituted by
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histidine in 2G4. The imidazole side chain of histidine has a pKa approximately 6.0.
This value could differ in a certain range due to the protein microenvironment
(Grimsley et al., 2009). To evaluate whether this particular histidine plays an important
role during the 2G4-nPTH1R interaction, another hγBC variant based on 2G4, only with
histidine mutated back to original tyrosine, termed as H6Y variant, was prepared. The
protein was expressed in the same pET23dKR vector and BL21 (DE3) cells,
subsequently purified by IMAC and gelfiltration. In the pH screening experiment, H6Y
variant behaved almost identically as 2G4 variant, revealing the pKa of 7.14. This result
clearly showed that this particular histidine at the randomization position of hγBC
variant was not responsible for the gain in affinity at pH above 6.8. There are also no
other histidines surrounding the designed binding site. Hence, it is assumed that the
cause for the pH-dependent manner probably lies on the histidines from the epitope of
nPTH1R.

Fig. 3.15: pH-dependent binding of hγBC variants to nPTH1R. Binding ability of variant 2G4 and
H6Y to nPTH1R was tested in a pH range from 5.72 to 8.28. 1 µM of hγBC variant was applied. Bound
molecules were detected by ELISA using α-hγBC antibody POD conjugated.
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3.5

Structural characterization of 2G4 binding to nPTH1R

3.5.1 Alanine scanning of 2G4
The back mutation of histidine at the 6th position of 2G4 to the original tyrosine of the
wild type sequence did not lead to a change in binding of 2G4 to its target nPTH1R.
This probably indicates that H6 of 2G4 is not involved in the binding site that interacts
with nPTH1R, even though it is part of the randomized surface of the protein. To find
out which specific amino acid was involved in the binding of hγBC variant 2G4 to
nPTH1R, each residue on the designed randomization site was mutated to alanine,
generating variants F2A, K4A, H6A, S15A, F17A, V19A, E36A, A38G, respectively.
The cloning, expression and purification process was the same as above described for
variant H6Y (Chapter 3.4.6). The binding ability of these variants to nPTH1R was
tested in ELISA (Fig. 3.16). The result showed that, compared to 2G4, variant F2A and
F17A lost approximately 90% of binding function. Therefore, it is clear that both
residues F2 and F17 on the hγBC variant 2G4 play the most important role on the
interaction with nPTH1R (Fig. 3.17).

Fig. 3.16: ELISA analysis of variants based on 2G4 in the alanine scanning experiment. 1 µM of
purified hγBC variants were separately added to 100 ng/well target protein nPTH1R coated wells,
lysozyme as negative target control and wild type hγBC as negative binder control. The amount of bound
hγBC variants was detected by an anti-hγBC-Ab with POD conjugated.
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Besides that, variants E36A, A38G, V19A and K4A also presented only around 40% of
binding intensity of 2G4 to nPTH1R, suggesting these four residues E36, A38, V19 and
K4 surrounding F2 and F17 also contribute to the interaction of 2G4 and nPTH1R. The
KD values of these four variants were estimated by concentration-dependent ELISA,
ranging from 5.84 μM to 55.91 μM, listed in Table 3.5. Variants H6A, H6Y, as well as
S15A, exhibited high binding signals to nPTH1R with 0.12 to 0.29 μM affinity,
indicating that H6 and S15 of 2G4 variant are not involved in the interaction.

Fig. 3.17: Demonstrated model of isolated hγBC variant 2G4 constructed by Pymol software. Seven
mutation sites of variant 2G4 were generated based on wild type hγBC structure by pymol. F2 and F17
residues, which play the most important roles in the binding interaction to nPTH1R, are colored in yellow.
E36, A38, V19 and K4 residues, which also contribute to the interaction, are colored in green. S15 and H6
residues are not involved in the binding event and colored in black. The side chains of randomization
residues on variant 2G4 were highlighted in sticks.

In order to ensure that the discovered changes in binding to nPTH1R are not caused by
considerable structure changes of 2G4 induced by the alanine substitutions, the
secondary structure of all these hγBC variants were analyzed by Far-UV CD
spectroscopy (Fig. 3.18). All proteins showed a spectrum very similar to that of 2G4.
This result suggested that hγBC variants based on variant 2G4, generated in alanine
scanning, are correctly folded and demonstrate obvious β-sheet structure. The slight
differences in signal intensities are probably due to the slight changes in structure or
aromatic amino acids and their microenvironments.
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Fig. 3.18: Secondary structure analysis of hγBC variants. Far-UV CD spectra of hγBC variants were
recorded from 260 nm to 200 nm. The protein samples were prepared in 5 mM NaH2PO4, 15 mM NaCl
pH 7.8.

Tab. 3.5: Protein yield and dissociation constant of variants in alanine scanning
Variant

Protein yield per l culture

KD

2G4

41.8 mg

0.69 µM

H6Y

31.6 mg

0.23 µM

H6A

3.9 mg

0.29 µM

S15A

35.2 mg

0.12 µM

E36A

37.6 mg

27.35 µM

A38G

24 mg

17.35 µM

V19A

47.2 mg

55.91 µM

K4A

7.9 mg

5.84 µM

F2A

44 mg

-

F11A

42.4 mg

-

The yield of expression of these hγBC variants of the alanine scanning experiment are
listed in Table 3.5. All the variants can be produced in the same level as variant 2G4, in
the range from 24 to 44 mg per liter auto-induction culture, except variant H6A and
K4A with only 3.9 mg and 7.9 mg respectively. The solubility of these two variants was
analyzed by SDS-PAGE (Fig. 3.19). Compared to other variants S15A, V19A and 2G4,
which could be approximately 30-60% soluble expressed, H6A and K4A only contained
around 10% soluble fraction. This result suggests that, although histidine and lysine on
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the randomization sites don’t contribute much to the binding of 2G4 to nPTH1R, their
function in solubility of the protein ensures 2G4 to be repeatedly selected during the
panning procedure. Summarizing these results, it is assumed that the binding area of
variant 2G4 at least consists of six residues F2, F17, E36, A38, V19 and K4.
S15A V19A K4A
kDaM

t

s

it s i ts

H6A

2G4

i t s it s i

200
85
70
40
30
20

hγBC variants

15
10

Fig. 3.19: SDS-PAGE analysis of hγBC variants solubility. t stands for total cell lysate, s for soluble
fraction and i for insoluble fraction.

3.5.2 NMR studies
The structural information on the nature of the physical interaction of 2G4 and nPTH1R
was analyzed by NMR experiments. The backbone resonances of a 15N-HSQC spectrum
of hγBC variant 2G4 were assigned by using standard 2D and 3D NMR experiements
(Fig. 3.20). In a NMR titration experiment, 443 μM unlabeled nPTH1R was titrated into
340 μM

15

N-labeled hγBC variant 2G4 to reach finally a 1.4-fold molar access. The

interaction was monitored in PBS, 1 mM EDTA, pH 7.8. Perturbation of the back bone
chemical shift or the intensity change upon complex formation was monitored by
15

N-FHSQC or 15N-TROSY-HSQC spectra, shown in Fig. 3.21. Binding of 2G4 to the

large molecule nPTH1R led to line-broadening of many amide resonances which at the
end of the titration disappeared. This phenomenon was probably caused by reaching the
intermediate exchange regime in the complex state, or/and conformation change of the
molecule. Dilution of labeled protein concentration during titration could also lead to
reduced intensity up to a certain level.

75

3 Results

Fig. 3.20. The assigned 2D 15N-HSQC spectrum of hγBC variant 2G4. Spectrum was measured at 25 °C
in 50 mM sodium phosphate, 200 mM NaCl, 0.02 % NaN3, 10% D2O and pH 7.8. Cross-peaks are labeled
with residue numbers.

The plot of normalized NMR intensities of the cross-peaks was used to localize the
residues of 2G4 that are affected upon binding to nPTH1R. Amino acids F2, I3, F17,
C18, E36, A38, G40, E61, Y62, which lost more than 76% signal intensity (plot signal
lower than 0.24, Fig. 3.22A), were identified to be highly involved in the binding
interaction, mapped in Fig. 3.22B. The calculated area of these residues on the surface of
2G4 is approximately 434 Å2, while the originally designed binding area by eight
randomization sites was 560 Å2. According to Houk’s paper describing that binding
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affinity can be predicted by surface area buried upon binding, 90 Å2 per lgKa unit (Houk
et al., 2003), here 434 Å2 binding area of 2G4 to nPTH1R corresponds to a KD of 15 µM,

which is in the similar range as the result from ITC (Tab. 3.3). Among the residues in the
binding region, F2, F17, E36, A38 are the randomized positions, whose interaction to
nPTH1R has also been confirmed by alanine scanning experiment (Fig. 3.17). Two other
randomized residues, H6 and S15, did not show any changes in their backbone NMR
signal, proving that these residues are not involved in binding which is in perfect
agreement with the data of the alanine scanning experiment.
A

B

C
Fig. 3.21: Binding of

15

N-labeled hγBC variant

2G4 to the nPTH1R monitored by

15

N-HSQC

titration experiment. Cross-peaks for the binding
region (normalized NMR intensity lower than 0.24
in Fig. 3.22A) are labeled with residue numbers. A.
15

N-HSQC spectrum was recorded for 15N-labeled

hγBC variant 2G4 before titration of nPTH1R. B.
Comparison of

15

N-HSQC spectra of 2G4 in the

absence (black) and presence of nPTH1R (molar
ratio 2:1, red). C. The comparison of

15

N-HSQC

spectra for the last titration step with 1:1.4 of 2G4 to
nPTH1R stoichiometric ratio colored in red and
single protein 2G4 in black.
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The residues I3, C18, G40, E61 and Y62, whose NMR signals decreased in intensity, are
located in the neighborhood of randomization sites and assumed to help fix the binding
interaction. Simply by this NMR intensity plot, the contribution of individual residues
involved in the interaction could not be differentiated. Labeled variants in alanine
scanning experiment and identical titration experiments are further needed for estimation
of each mutated residues. Fitting the intensity data to 1:1 binding model for each amino
acid involved in the interaction (Fig. 3.23), an average KD of 23.2 µM was obtained.

Normalized NMR intensity at 0.35 ratio

A
0.8

0.6

0.4

0.2

0

2F

8D 16Y 21D 28Y 33N 40G 45Y 51Q 56F 61E 68W 74S 79C 87A 92I 97E 102M107D112V117H122H127L 132I 138N143Q149G154F159A165G173L

Amino acid sequence

B

Fig. 3.22: Binding surface of hγBC variant 2G4 to nPTH1R identified by NMR intensity changes. A.
NMR intensity plot of 15N-2G4 binding to nPTH1R. Intensities were picked form 0.35:1 (nPTH1R:2G4)
complex spectrum of 15N-HSQC titration experiments and normalized against spectrum of free 15N-2G4. B.
Binding region (normalized NMR intensity lower than 0.24 in Fig. 3.22A) mapped in model structure of
hγBC variant 2G4 by Pymol software.

78

3 Results

Ratio of nPTH1R / hgBC
0

0.2

0.4

0.6

0.8

1.0

1.2

Normalized NMR intensity

1

1.4

F17

0.8
0.6
0.4
0.2
0
0

70

140 210 280 350
Volume of nPTH1R [μl]

420

490

Fig. 3.23: Analysis of KD for binding of hγBC variant 2G4 to the nPTH1R by NMR intensity plot.
Upon NMR titration the intensity of the free 15N-2G4 decreases due to complex formation. The normalized
NMR Intensity of the F17 amide cross-peak was plotted against volume of nPTH1R/fraction of nPTH1R to
2G4. All the other residues involved in the interaction were applied in this model and approximately same
KD values were obtained, resulting in the average KD of 23.2 ± 6.3 µM.

Following the titration of non-labeled nPTH1R to

15

N-labeled hγBC variant 2G4,

1.1 mM ligand PTH was titrated into the formed

15

N-labeled hγBC variant

2G4-nPTH1R complex in 4 steps and reached an end concentration of 233 μM PTH,
while the final concentration of nPTH1R was 180 μM and

15

N-labeled hγBC variant

2G4 129 μM. The KD of 2G4 to nPTH1R is approximately 1 μM according to the
ELISA result and PTH to nPTH1R 8 μM, both with 1:1 binding stochiometry. Hence, in
this high protein concentration solution, the occupancy of nPTH1R by both hγBC
variant 2G4 and PTH is over 96%. Supposed that competition occurs between PTH and
hγBC 2G4 binding to nPTH1R, addition of ligand PTH to the complex of

15

N-labeled

hγBC variant 2G4 should at least partly recover the spectrum of 2G4. However,
continued decrease in intensity was observed.

79

3 Results

A

B

C

D

E
Fig. 3.24: Titration of PTH ligand to

15

N-labeled

hγBC variant 2G4 - nPTH1R complex monitored
by

15

N-HSQC. 1.1 mM unlabeled ligand PTH was

titrated into the formed

15

N-labeled hγBC variant

2G4-nPTH1R complex in 4 steps. A.

15

N-labeled

hγBC variant 2G4-nPTH1R complex without PTH
ligand; B. In the first step, 25 μl of PTH ligand was
added; C. In the second step, another 25 μl of PTH
ligand was added; D. In the third step, continuously
another 25 μl of PTH ligand was added; E. In the
forth step, the last 45 μl of PTH ligand was added.
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In Fig. 3.24, from A to E, with titrating PTH ligand to the complex, the intensity of
15

N-labeled hγBC variant 2G4 became slightly weakened simply due to the dilution or

formation of the even larger complex 15N-labeled hγBC variant 2G4 – nPTH1R – PTH.
Therefore, this result indicates that no competition exists between PTH and hγBC
variant 2G4 in binding to nPTH1R. This result is highly consistent with the ITC
measurements (Chapter 3.4.5).
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Discussion

4.1

Preparation of recombinant nPTH1R in E. coli cells

3D structures of GPCRs are still extremely difficult to be determined. Further effort will
be focused on developing strategies and tools to co-crystallize GPCRs with small and
soluble proteins, which can sufficiently mediate crystal contacts. Crystal structures of
full-length class A GPCRs have been well resolved (Palczewski et al., 2000; Cherezov
et al., 2007; Warne et al., 2008; Jaakola et al., 2008) to facilitate the understanding of
GPCR activation, whereas only structures of extracellular domains of class B GPCRs
have been determined so far (Parthier et al., 2009; Grace et al., 2007; Sun et al., 2007;
Parthier et al., 2007; Runge, et al., 2008; Pioszak and Xu, 2008; Pioszak et al., 2008).
Compared with class A GPCRs, class B GPCRs contain a relative larger extracellular
domain, which is stabilized by disulfide bonds. Besides fixation of transmembrane
helices, extrinsic stabilization of the class B GPCR ectodomains is likewise required for
crystallization and structure determination. Human parathyroid hormone 1 receptor, a
class B GPCR, is involved in the metabolic disease osteoporosis, which leads to great
pharmaceutical interest of the molecular structure of the receptor and its ligand-bound
complex. However, until now only a little was known about its structure in atomic level,
like for other family members of class B GPCRs.

N-terminal extracellular domain of PTH1R was chosen as target molecule for selection
of binding proteins in this thesis. Therefore, sufficient amount of highly functional
nPTH1R in homogeneous form is required in the selection process and subsequent
binder characterization. Using fermentation technique with minimal salt media,
nPTH1R was recombinantly produced in E. coli cells with high yield of biomass from
6 l culture. nPTH1R contains 3 disulfide bonds and forms inclusion bodies upon
expression in E. coli cells. After cell lysis, inclusion bodies were isolated and purified
by IMAC. The protein was then refolded by pulse renaturation (Grauschopf et al., 2000)
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with two important parameters to achieve high population of functional protein. The end
concentration of refolded protein and guanidine hydrochloride must not exceed
0.2 mg/ml and 0.1 M, respectively. In the renaturation buffer, reduced and oxidized
glutathione with 5:1 molar ratio as a redox shuffling system helps the formation of
correct disulfide bonds. 1 M L-Arginine serves as a solubilizing agent to enhance
protein folding. This function has already been observed in other refolding protocols,
such as the human tissue-type plasminogen activator (Rudolph et al., 1995), and
antibody Fab fragments (Buchner and Rudolph, 1991).

Isothermal titration calorimetry confirmed the functionality of nPTH1R by its specific
ligand binding properties. The dissociation constant was determined to be 8.4 μM, in the
same range as previously published (Grauschopf et al., 2000), and 1:1 binding
stoichiometry was obtained. Compared to membrane-bound full-length PTH1R, which
binds PTH with KD in a range from 0.5 to 5 nM (Gardella et al., 1993, Goldman et al.,
1988), decreased affinity was observed for N-terminal extracellular domain alone. It has
already been proved previously, that the extracellular loops and the transmembrane
regions of PTH1R also contribute to the binding interactions with PTH ligand. The
bioactive portion of PTH ligand resides in the first 34 amino acids, which consists of an
N-terminal and a C-terminal alpha-helix. The C-terminal alpha-helix from S17 to V31
forms a hydrophobic surface and binds to the pocket of N-terminal extracellular domain
of the receptor (Pioszak and Xu, 2008). The N-terminal helix of PTH ligand binds
weakly to the extracellular loops and the transmembrane regions of the receptor. It can
induce the conformational changes involved in receptor activation (Dean et al., 2006).
With this explanation, no suspicion should be aroused on the functional state of refolded
nPTH1R. Surface plasmon resonance measurement confirmed that chemically
biotinylated nPTH1R could bind PTH1-84 with 6.8 µM affinity, in good agreement
with the result from the ITC experiment. In summary, nPTH1R extracted from inclusion
bodies of E. coli cells is capable to fold into a homogeneous functional conformation
with correct disulfide bonds. The yield of protein is sufficient for subsequent selection
process and further characterization of possible binding variants.
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4.2

Isolation of human γB crystallin binder against nPTH1R

4.2.1 Construction of T7 phage library
An artificial binding protein against PTH1R, based on human γB crystallin, would be an
interesting candidate for therapeutic or diagnostic applications as well as for basic
research, especially structural analysis by co-crystallization, due to its potential
high-yield production and superior biophysical properties. In order to creat an artificial
binding site on the surface of γB crystalline, eight solvent exposed positions of a β-sheet
of the N-terminal domain were randomized. The calculated potential binding surface is
about 560 Å2. The theoretical library diversity can reach 1.7× 1010. In the first
generation of hγBC binders, different variants have been selected from a M13-phage
display

library

with

a

size

of

4.5×108

clones

against

targets,

such

as

estradiol/testosterone, human IgG-Fc and human proNGF protein (Ebersbach et al.,
2007). The isolated human γB crystallin variants can be conveniently produced in
Escherichia coli, yielding up to 100 mg of purified protein per liter culture by
fermentation. These variants exhibit micro- to nanomolar binding affinity to their
specific targets and high level of stability against high temperature, extreme pH
condition and denaturing agent, e.g. guanidinium hydrochloride. The crystal structure of
the IgG-Fc binding variant SPC-1-G3 reveals that the eight designed randomization
positions can be substituted without great structural changes of the protein backbone
structure.

In this context, the T7-based phage display method was utilized to select human γB
crystallin variants, which specifically bind to the N-terminal extracellular domain of
parathyroid hormone 1 receptor. Compared to traditional filamentous phages, T7 phages
assemble and display the inserted protein variant in the cytoplasm of E. coli cells and
are then released into the media by cell lysis. T7-based phage display technique has not
as well established as filamentous phage display. However, diverse peptides or proteins
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have been reported to be successfully displayed on T7 phages, such as
Streptavidin-binding peptide (10 aa) (Schmidt and Skerra, 1993), RGD peptide (8 aa)
from adenovirus penton protein (Bai et al., 1993), T7 endonuclease (149 aa) (de Massy
et al., 1987) and E. coli β-galactosidase (1015 aa) (Rosenberg et al., 1996). Compared
to M13 libraries, peptide libraries displayed on T7 phages showed fewer amino acid
biases, resulting in enhanced peptide diversity due to different processes of viral
morphogenesis (Krumper et al., 2006). The filamentous phage assembly requires an
additional secretion process. The peptides and proteins, which are not compatible with a
secretory machinary within the bacterial cell membrane, can not be displayed on the
M13 phages. This phenomenon does not occur when using T7 phages.

Besides phage display techniques, ribosome display is also a well developed
methodology for selection of highly specific binders. It has the advantage of less
limitation on cDNA library diversity, in comparison with M13-phage display restricted
by transformation efficiency and T7-phage display by phage extract amount. However,
protein folding in the ribosome display can not be controlled and the stability of ternary
complexes responsible for coupling phenotype and genotype is limited to certain
environments, especially under harsh conditions regarding pH or temperature.

The experiment was started with testing whether human γB crystallin molecules can be
functionally displayed on the T7 phage surface. First-generation human γB crystallin
binder SPC-5 (Ebersbach et al., 2007, provided by Scil proteins) was used to be
displayed on T7 phage surface, in parallel using wild type crystallin as control. Western
blot results proved the successful display of wild type human γB crystallin and binder
SPC-5 on T7 phage surface. Phage ELISA results showed that binder SPC-5 on T7
phage can still efficiently recognize its specific target estradiol, in parallel with low
level of cross reaction to control protein BSA. Wild type human γB crystallin on T7
phage demonstrated no binding activity to both estradiol and BSA (data not shown). The
compatibility of T7 phage system and human γB crystallin protein was hence confirmed.
With commercial T7Select Packaging kits, a phage library with a diversity of total
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1.6 x 108 packaged primary phage clones was constructed in vitro from naїve cDNA
library. This library size was in the same range as the first generation of human γB
crystallin library displayed on filamentous phages (Ebersbach et al., 2007).

4.2.2 Selection of human γB crystallin binder against nPTH1R
During the biopanning process, 1.8 × 1010 phage clones, representing approximately
100 copies of each individual hγBC variant, were utilized in the first round of selection
against biotinylated nPTH1R. Alltogether four rounds of selection were proceeded in
solution by means of incubation of phage library and multi-biotinylated nPTH1R,
followed by capture of binding complex with streptavidin beads. Compared to
traditional selection using N-terminal immobilized target protein on a microtiter plate or
immunotube, this selection-in-solution method provided complete accessibility of all
sites of nPTH1R for binding candidates and reduced the possible accumulation of
variants which bind to the C-terminus of nPTH1R, which are obviously unwanted and
meaningless for further use of these binders in contact of the full length PTH1R.

During the biopanning process, several strategies were carried out to improve the
quality of potential binders. Firstly, before phage library interacting with target
molecule, it was incubated with same amount of streptavidin beads as pre-panning. The
phage clones, which can unspecifically bind the beads probably due to the truncated
hγBC variant on the surface, stayed in the tube and the non-bound phages were then
transferred to the target molecule for complex formation. This step could efficiently
remove part of non-functional phage variants before selection. Secondly, after selection,
the target-bound phages were recovered by both enzymatic proteolysis and in situ
elution. Two combined elution methods ensure the complete recovery of bound phages.
At last, from round to round, the concentration of target molecule was greatly decreased
and washing condition became much harsher, in the aim to obtain binders with high
affinity and specificity.

86

4 Discussion

After four rounds of selection, 48 clones from each round output phages (total 192
clones) were analyzed by ELISA. 17 clones with obvious binding signal to nPTH1R
were sequenced. 9 functional variants were subsequently tested with other negative
control targets for specificity. Finally, one human γB crystallin variant 2G4 with seven
mutation residues on the eight designed positions (K2F, T4K, Y6H, E17F, T19V, R36E,
E38A) was isolated. The phage ELISA results revealed that 2G4 molecule displayed on
T7 phages could strongly bind its target protein nPTH1R in a highly specific manner.

4.3

Charaterization of isolated human γB crystallin variants

4.3.1 Expression and purification of human γB crystallin variants
hγBC variant 2G4 was solubly expressed in E. coli cells and conveniently purified by
IMAC and size exclusion chromatography, with more than 95% purity monitored by
SDS-PAGE analysis. The yield was approximately 40 mg protein per liter culture in
shake flask, which is in the range compared to first generation hγBC binders (Ebersbach
et al., 2007). This high-level yield guarantees its further potential applications in many
fields, like biophysical characterization, NMR studies, and X-ray structure
determination, affinity chromatography, or medical applications.

Variants of 2G4 generated by an alanine scanning of the randomized positions, were
mostly well solubly expressed in E. coli cells, yielding from 24 mg to 47 mg protein per
liter culture in shake flask, except variant H6A and K4A with only 3.9 and 7.9 mg,
respectively. Structurally, the amino acid at the 6th position of human γB crystallin is
covered by the loop nearby and tolerates mainly tyrosine, histidine and tryptophan
during the randomization (Schneider, 2010). Hence this histidine was enriched during
the biopanning procedure, because of its contribution to the protein solubility and
correctly folding, but not the direct binding reaction to nPTH1R. The charged residue
lysine at the 4th position of 2G4 on the solvent-exposed region could probably be
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involved in an electrostatic interaction to promote the protein stability and solubility,
and hereby selected. It also contributes slightly to the interaction to nPTH1R.

4.3.2 Secondary structure analysis and thermal stability test
A major advantage of scaffold proteins, compared with antibodies and their fragments,
is their high level of thermodynamic stability. CD spectroscopy was utilized to analyze
the secondary structure of isolated hγBC variant 2G4, as well as variants generated in
alanine scanning experiments. Since hγBC molecule consists of four anti-parallel
β-sheets and a small portion of α-helix, it shows a very distinguished CD spectrum. All
crystallin variants showed a similar shape of the spectrum compared to that of the wild
type but slightly differed in signal intensity. This revealed that all the hγBC variants
were correctly folded and eight mutation sites didn’t cause dramatic structural changes
of the backbone. The result confirms our concept at the beginning, that the human γB
crystallin with an extraordinary thermodynamic stability is an outstanding scaffold
protein to accept substitutional changes on its surface due to generation of a binding
site.

Two different methods, CD spectroscopy and differential scanning fluorimetry (DSF),
were used to analyze the thermal stability of isolated variant 2G4 and both results
showed the transition midpoint at approximately 60 °C, while the data for
first-generation of hγBC binders ranged from 56 °C to 80 °C (Ebersbach et al., 2007),
and 40-60 °C for antibodies (Orr et al., 2003), and about 72 °C for anticalins
(Schlehuber and Skerra, 2002), 35 °C for affibodies (Wahlberger et al., 2003), and
66-85 °C for ankyrin variants (Binz et al., 2003).

4.3.3 Binding affinity determination of hγBC variant 2G4 to nPTH1R
The dissociation constant of hγBC variant 2G4 to nPTH1R was evaluated by ELISA,
ITC and NMR titration. All these methods revealed a low micromolar binding affinity
88

4 Discussion

between the two proteins. The data in the concentration-dependent ELISA and the
competition ELISA were nicely fit to the corresponding equation, resulting in
approximately 1 μM binding affinity. However, this KD value is 20-fold lower than that
measured by ITC and NMR titration. The ITC data revealed that binding reaction
between hγBC variant 2G4 and nPTH1R was driven by both enthalpy and entropy
changing processes. In the measurement, the heat change during the complex formation
was very weak and the error deviation caused probably by protein concentration
determination or data baseline adjustment was relatively large. For the NMR titration
experiment, KD value was determined by the signal intensity changes, which was caused
by three possible reasons: firstly, the large 2G4-nPTH1R complex formation led to
line-broadening of many amide resonances which at the end disappeared, especially
occurring for the low micromolar affinity complex; secondly, the conformation of the
molecule has changed during the binding interaction. Both explanations testified the
interaction of hγBC variant 2G4 to nPTH1R. The third factor causing the reduced signal
intensity is the dilution of labeled protein while titration of binding partner, which could
be excluded simply by concentration correction. The difference of KD values between
ELISA and ITC, NMR results could also be due to the binding reaction status. In ELISA
experiment, target protein nPTH1R was previously immobilized on the plate and this
fixation probably benefited the accessibility for variant 2G4, while the reaction for these
two binding partners in ITC and NMR experiments were totally in solution.

The association constant between two proteins could also be predicted by surface area
buried upon binding, 90 Å2 per lgKa unit (Houk et al., 2003). 434 Å2 binding area of
2G4 to nPTH1R has been identified by NMR studies, which corresponds to a KD of
15 µM. This calculation method emphasizes the importance of the hydrophobic effect
during binding interaction. The deviations from this simple relationship based on
binding area could be caused by specific hydrogen bonds, electrostatic and van der
Waals interactions. This calculated KD value is in the similar range as the results
obtained from other methods described above.
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Considering this T7 phage library with a relative low diversity (1.6 x 108) and the
primary screening without further maturation, the binding affinity of isolated variant in
a low micromolar range is quite reasonable. The assumed binding area of variant 2G4,
consisting of nine amino acids as above in NMR studies described, is calculated to be
434 Å2 by Pymol software. Further strategies could be focused on generating a T7
phage library with larger repertoire by construction with more phage extract or addition
of randomization sites on the hγBC scaffold to increase the binding surface for higher
affinity and specificity. One successful example for the latter approach is the
ubiquitin-based Affilin® scaffold. Monomeric ubiquitin-based scaffold possessing 7 or
8 randomization sites were selected against the N-terminal domain of the pituitary
adenylate cyclase-activating polypeptide 1 receptor (nPAC1R). Binders with 28-247 μM
affinity were obtained, while dimeric ubiquitin-based scaffold with combined 15
randomization sites could provide a contiguous binding patch larger than 800 Å2 and
binders against nPAC1R were isolated with obviously higher affinity, varying from
8.4 μM up to 35.5 nM (Song, 2012). This result clearly demonstrates the direct
correlation between binding site area and binder affinity.

4.3.4 Binding interaction of hγBC variant 2G4 to target molecule nPTH1R
The binding nature of hγBC variant 2G4 to nPTH1R on the molecular level was
investigated by alanine scanning experiment and NMR studies. Combined both results,
two phenylalanine residues on the mutation sites 2 and 17 were found to contribute the
most to the interaction with nPTH1R and the surrounding substitution positions, as well
as residues in the neighbourhood also participated during the binding event. The eight
mutation sites of the binding surface of variant 2G4 have been transferred to the other
three β-sheets of human γB crystallin which are indeed structurally very similar to the
β-sheet used in the first place. ELISA results showed that these variants could not bind
to the target molecule nPTH1R (data not shown). This phenomenon fits quite well with
our NMR studies. In NMR titration experiments, binding surface of 2G4 was identified,
which was composed of not only randomization positions but also residues in the
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neighbourhood. These residues also contributed to the binding interaction and their
NMR intensities decreased greatly during the complex formation. Therefore, it could be
concluded that the local structural conformation is also very critical for the binding
event and slight changes could lead to the loss of the binding ability.

The binding of hγBC variant 2G4 to nPTH1R was also found to be pH-dependent and
the binding event occurs only above pH 6.8. The pKa value of the histidine side chain
imidazole is in this range and dependent on the surrounding microenvironment. Hence,
histidine is very likely involved in the binding event. One histidine was found at the 6th
position of eight mutation sites of hγBC variant 2G4. When this residue was further
mutated to alanine or tyrosine corresponding to the amino acid of wild type, the binding
intensity still remained in the same level as variant 2G4. Therefore, this particular
histidine was excluded from the hypothesis. Other histidines on the variant 2G4 are
located far away from the generated binding surface. The histidine, which contributes
greatly to the binding event, probably lies on the epitope of nPTH1R molecule. Five
histidines of nPTH1R all reside on the surface-exposed positions, except H140 partially
buried in the loop connecting two beta strands. All of them have the potential to play an
essential role in the binding interaction to the hγBC variant 2G4. Alanine scanning
could be further performed on nPTH1R to find out which one is the specific histidine
involved in the interaction with variant 2G4.

Binding of PTH to nPTH1R is initiated greatly by hydrophobic interactions. Amino acid
residues V21, W23, L24, L28, V31, and F34 form a hydrophobic surface on the helix of
PTH ligand, which inserts into the hydrophobic groove formed by nPTH1R (Pioszak
and Xu, 2008). The binding specificity of PTH to nPTH1R is enhanced by
complementary shapematching between the two molecules and hydrogen bonds at both
ends of the PTH helix. The fixation of unstructual PTH ligand leads to an obviously low
apparent binding entropy (Table 3.1, Chapter 3.1.2), while hγBC variant 2G4 binds
nPTH1R through surface to surface contact, and no secondary structure change of either
2G4 or nPTH1R is involved, confirmed by CD spectroscopy (Fig. 7.3, Appendix).
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Combining the results from competition ITC and NMR studies, hγBC variant 2G4 binds
nPTH1R at a totally different epitope from ligand PTH1-84. No competition between
these two molecules occurs upon interaction with nPTH1R. 2G4 binding to nPTH1R
also doesn’t induce a conformational switch in nPTH1R that would interfere either
positively or negatively with PTH binding. This particular binding property of 2G4
leads to its potential application in structural studies of PTH receptor, but not in
therapeutical field.
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Outlook

In this thesis, artificial binding proteins, based on human γB crystallin, were selected
against a target molecule, N-terminal extracellular domain of parathyroid hormone 1
receptor, a class B GPCR. After four rounds of biopanning process, one hγBC binding
variant, 2G4, was repeatedly isolated. It exhibits specific binding properties to nPTH1R
as well as to the full length PTH1R. The binding with an affinity in a low micromolar
range is not dependent on the presence or absence of the nature ligand PTH of the
receptor. With these characteristics 2G4 might be used in affinity chromatography of
PTH1R in its isolated as well as liganded form. Furthermore, 2G4 might be useful in
Pull-Down experiments of PTH1R and in structural studies of the receptors specifically
in co-crystallization experiments. By comparing the PTH1R structure in the absence
and presence of ligand PTH, the conformational changes of PTH1R triggered by
binding to the ligand PTH could be precisely interpreted, which has great meaning in
new drug discovery.

2G4 does certainly not possess any therapeutic potential. For such an application the
affinity is too low. In the next step, a library based on 2G4 could be generated by using
error-prone PCR, for isolation of binders with higher affinity. One would not expect any
agonistic or antagonistic function of 2G4 since it does not interfere with PTH binding to
the receptor. In order to select a potentially therapeutically interesting binding variant
against PTH1R from the given library, a selection process would be necessary in which
the complex of the receptor (domain) and the ligand PTH is used as target and selection
is performed in competition with receptor and ligand alone.
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Appendix
EcoRI

HindIII
mutagenesis of
selected nucleotide postions

T7 vector left arm mycut-tag

linker

human γB crystalline

6×His-tag T7 vector right arm

Fig. 7.1: Human γB crystallin library constructed in T7 vector. hγBC library with N-terminal
mycut-tag and C-terminal his-tag was inserted into mid-copy T7 vector by EcoRI and HindIII enzyme
cleavage sites.

Fig. 7.2: The sequence comparison of selected positive hγBC variants. The randomization sites are
marked with “●”.

Fig. 7.3: Far-UV CD spectra of free hgBC variant 2G4, nPTHR1R and complex 2G4/nPTH1R.
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10 µM of each single protein and complex (molar ratio 1:1, 1 h incubation at RT before measurement)
were measured by far-UV CD spectroscopy. The measured complex spectrum fit well to a complex
spectrum calculated by addition of two single protein spectra. This shows that during the binding
interaction, no secondary structure changes of both proteins were involved.

Fig. 7.4: Fluorescence emission spectra of free hgBC variant 2G4, nPTH1R and complex
2G4/nPTH1R. 1 µM of each single protein and complex (molar ratio 1:1, 1 h incubation at RT before
measurement) were excited at 280 nm and fluorescence emission spectra from 290 nm to 430 nm
recorded. The measured complex spectrum peak was blue shifted to 332.4 nm and the fluorescence
intensity was quenched, compared to a complex spectrum calculated by addition of two single protein
spectra (emission maximum at 333.8 nm). This indicates that the local environment of fluorophores from
one or both binding partners has been changed during complex formation.
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