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1. Introduction

1.1 Monoclonal antibodies as a biomolecular scaffold

The antibody structure is the best-known example of a protein scaffold used naturally
by the immune system to display well-defined binding motifs for molecular recognition
(Janeway et al., 2001). The binding site of the antibody corresponds to six loops, known
as complementarity-determining regions (CDRs) or hypervariable regions, anchored
and oriented by a conserved framework consisting of light-chain and heavy-chain variable
domains (Fig. 1). The polypeptide segments comprising CDRs show hypervariability
in length, sequence, conformation and relative disposition imparting the unique antigen

specificity to each antibody molecule (Padlan, 1994).

Fab fragment

s4do

Fc fragment

Figure 1. Structural model of the 1IgG molecule (PDB code 11GT). The antibody is composed
of two pairs of identical heavy (blue) and light (violet) chains linked by disulfide bonds (stick
mode, green). Each light chain consists of one variable (V) and one constant (C_) domain,
whereas each heavy chain comprises one variable domain (V4) and three constant domains
(Ch1, Ch2, and Cy3). Functionally, antibody is divided into two antigen-binding fragments
(Fabs) and a constant (Fc) region. The antigen-binding site comprises hypervariable regions
of Vy and V. chains (called complementarity-determining regions - CDRs). Each antibody
domain has a typical immunoglobulin fold composed of two tightly packed antiparallel
B-sheets. The figure was generated using PyMOL (http://pymol.org).
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The ability of the immune system to produce antibodies specific to almost any target has led
to the widespread use of antibodies in biomedical research and diagnostics. More recently,
advances in recombinant technologies have extended the application of antibodies
into human therapy (Lonberg, 2008). Consequently, monoclonal antibodies have become
the most-rapidly growing sector of pharmaceutical biotechnology with over 20 antibody-
based drugs already approved by the U.S. Food and Drug Administration and many other
therapeutic antibodies being currently evaluated in preclinical and advanced clinical studies
(reviewed in Reichert, 2008).

As binding molecules, monoclonal antibodies possess intrinsic strengths such as unlimited
diversity as well as high specificity and affinity for pre-defined targets. With respect
to the therapeutic applications, antibodies offer a wide variety of mechanisms of action
such as target neutralization, ligand and/or receptor binding and antagonism, sensitization
of cells to chemotherapy and induction of antibody-dependent cell-mediated or complement-
dependent cytotoxicity (Carter, 2006). The low immunogenicity of antibody-based drugs
has been achieved primarily by chimerization or humanization and most recently by the use
of fully human monoclonal antibodies (Presta, 2006).

Despite of these attributes, certain limitations of antibodies associated with their large size
and complex structure exist. They include demanding and expensive manufacturing
in mammalian cell culture systems as well as complicated patent situation, which makes
the commercial exploitation of antibody technologies difficult. Furthermore, due to
the dependence of antibody structure on disulfide bonds, the use of therapeutic antibodies
is restricted to extracellular or cell-surface antigens (Carter, 2006). Poor tissue penetration
is another significant obstacle to the development of successful antibody drugs
for immunotherapy of solid tumors (Thurber et al., 2008).

To circumvent problems associated with the large size of immunoglobulins, smaller antibody
formats, such as single-chain variable antibody fragments (scFvs) or domain antibodies,
have been generated (Kipriyanov & Le Gall, 2004; Holliger & Hudson, 2005; Fig. 2).
These antibody fragments can be produced in the periplasm of E. coli, however, many
of them are expressed at low yields, have poor thermodynamic stability and increased
aggregation behavior (Demarest & Glaser, 2008). To improve folding properties
and production yields of recombinant antibody fragments, several engineering approaches
in combination with innovative maturation methods can be employed (Worn & Pluckthun,
2001; Ewert et al., 2003; Honegger, 2008). As an alternative, the favorable features
of antibodies, i.e. tight and specific binding can be transferred to the alternative protein
frameworks with high thermodynamic stability and efficient folding properties (Skerra, 2000;
Binz et al., 2005).
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IgG F(ab), Minibody scFv
Tetrabody Triabody Diabody (scFv), Vv,

o S HIX

Figure 2. Representative antibody formats. For simplicity, all antibody formats are depicted
as being monospecific. The variable domains of heavy (Vy) and light (V) chains are depicted
in green and red, respectively. Constant domains of heavy and light chains are shown
in blue. Glycosylation is shown as a light blue box. Inter-chain disulfide bonds are depicted
as green bars, whereas peptide and chemical linkers are shown as orange lines. Modified
from Carter, 2006.

1.2 Binding molecules derived from non-immunoglobulin scaffolds

1.2.1 Alternative protein scaffolds — general considerations

The novel binding proteins based on alternative scaffolds can be generated using rational
or combinatorial protein engineering methods initially developed for recombinant antibodies
(reviewed in Lutz & Bornscheuer, 2009). In combinatorial engineering approaches, certain
surface-exposed amino acid residues within the underlying scaffold are randomly mutated
to produce a protein library, which can then be used for in vitro selection of variants against
pre-defined targets using well established display techniques such as phage display,
ribosome display, mRNA display or cell surface display (reviewed in Wittrup, 2001; Lipovsek
& Pluckthun, 2004, Paschke, 2006; for detailed description of the phage display technology
see section 1.4).

In general, the concept of an alternative binding protein requires protein architectures
that tolerate a number of amino acid exchanges such as multiple insertions, deletions
and substitutions. The protein scaffold should preferably be of small size and constitute
a single polypeptide chain to facilitate the library construction and cost-effective production
using bacterial or yeast expression systems (Binz et al., 2005). For therapeutic applications,

it is intended to use protein scaffolds that are of human origin in order to reduce
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the probability of immune response (Hey et al., 2005; Skerra, 2007). Alternative scaffolds

that lack disulfide bonds have a potential to be used in intracellular applications providing

a clear advantage over antibody fragments, which typically rely on intra-chain disulfide bonds
for their stability (Cattaneo & Biocca, 1999; Worn et al., 2000).

Throughout the past decade, several classes of proteins have been evaluated as scaffolds

for the generation of alternative binding reagents (summarized in Tab. 1; reviewed in Binz
& Pluckthun, 2005; Hey et al., 2005; Hosse et al., 2006).

Table 1. Examples of validated protein scaffolds of non-immunoglobulin origin used
for development of novel affinity proteins.

Name Protein Origin No. of Binding Application Selected
scaffold residues motif references
Affibody Z-domain of bacterial 58 13 residues Therapy (cancer, (Nord et al.,
Staphylococcal in Alzheimer’s disease)  1997; Wikman
protein A 2 a-helices Chromatography et al., 2004)
Molecular imaging
AdNectin Tenth human 94 2 to 3 loops Therapy (Xu et al.,
fibronectin type (ophthalmology, 2002;
11l domain cancer) Getmanova et
al., 2006)
Affilin yB-crystallin, human 174 8 residues Therapy (cancer, (Fiedler et al.,
ubiquitin 76 in B-sheets ophthalmology, 2006;
inflammation) Ebersbach et
Chromatography al., 2007)
Anticalin Lipocalins human 160 - 180 Up to 24 Therapy (cancer, (Skerra, 2000;
insect residues in cardiovascular Schlehuber &
4 loops diseases) Skerra, 2005)
Avimer A-domains human 43 Mainly Therapy (Silverman et
B-turns (autoimmunity, al., 2005)
inflammation, cancer)
DARPIn Ankyrin repeat  human 33 B-turn, Therapy (antiviral, (Stumpp &
protein 1 a-helix, cancer, intracellular)  Amstutz, 2007,
1 loop Diagnostics Stumpp et al.,
Biotechnology 2008)
Evibody cytotoxic T human 136 loops Therapy (cancer) (Hufton et al.,
lymphocyte- 2000)
associated
antigen 4
(CTLA-4)
Kunitz Kunitz-type human 58 1or2 Therapy (hereditary (Williams &
domain domain inserted angioedema, cystic Baird, 2003;
of trypsin loops fibrosis, cancer) Attucci et al.,
inhibitor 2006)
Microbody Proteins from variety 23-113 B-turn, Therapy (pain (Craik et al.,
the ‘knottin’ of B-sheet treatment , antiviral 2001)
family species and/or loop and antibgcterial
applications)
PDZ Class | PDZ mouse 90 15 residues Western blotting (Reina et al.,
domain domain in a-helix Pull-down 2002)
Chromatography
Peptide Thioredoxin-A  bacterial 108 loop Intracellular (Borghouts et
aptamers and other or other . insertions applications al., 2005)
scaffolds or C-terminal

fusions
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Depending on the engineering strategy, binding proteins based on alternative scaffolds
recognize their pre-defined targets via amino acid residues located within single or multiple
loops. Examples in this respect are engineered Kunitz-type protease inhibitors, binders
based on the tenth fibronectin type Il domain or lipocalins (Fig. 3A, B and C). Other protein
scaffolds recruit surface-exposed side chains of secondary structure elements for binding,
e.g. Z-domain of Protein A from Staphylococcus aureus or ankyrin repeat proteins (Fig. 3D
and E).

A Kunitz-type domain B The tenth fibronectin C Lipocalin
of protease inhibitor type 11l domain

D Z-domain
of Protein A

Ankyrin repeat
protein

Figure 3. Graphical representations of different binding motifs on alternative protein
scaffolds. (A), Kunitz-type domain of protease inhibitor (PDB code 1AAP); (B), the tenth
fibronectin type Il domain (PDB code 1FNA); (C), lipocalin (PDB code 1BBP); (D), Z-domain
of Protein A (PDB code 2SPZ); (E), ankyrin repeat protein (PDB code 1MJ0). Depending
on the scaffold architecture, target interaction is mediated by the surface-exposed amino acid
residues located within single loop (A), multiple loops (B and C) or secondary structure
elements (D and E). The secondary structure of conserved frameworks is depicted in grey,
whereas randomized amino acid residues are highlighted in green. Modified from Hey et al.,
2005.

The alternative scaffolds have already proved to yield functional binders against different
target molecules such as low-molecular-weight compounds, peptides and proteins. It is
noteworthy that these molecules have achieved specificities and affinities comparable to
those of conventional antibodies (Binz et al., 2005; Skerra, 2007). As such, alternative
binding proteins may become invaluable tools to be used in a wide range of biotechnological

and biomedical application areas previously exclusively attributed to antibodies.
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1.2.2 Application of alternative binding molecules

Binding proteins based on alternative scaffolds are currently being evaluated for various
biotechnological applications such as affinity chromatography (Nord et al., 2000; Reina et al.,
2002; Lamla & Erdmann, 2003), protein capture microarrays (Renberg et al., 2005),
molecular imaging (Orlova et al., 2006), co-crystallization (Milovnik et al., 2009) or targeted
drug discovery (reviewed in Binz et al., 2005; Gill & Damle, 2006; for more examples see
Tab. 1). With regard to the human therapy, the development of alternative binding proteins
as potential biopharmaceuticals resulted in some drug candidates (i.e. Kunitz derivatives,
Avimer and AdNectin variants) currently undergoing clinical trials with some more subjected
to preclinical studies (reviewed in Skerra, 2007; Gebauer & Skerra, 2009).

As several alternative scaffolds are devoid of disulfide bonds, they represent a rich source
of affinity reagents suitable for intracellular applications, among which are intracellular target
validation, study of protein function in cells as well as potentially intracellular therapy.
Successful initial examples of alternative binding proteins used intracellularly include variants
based on the fibronectin type Ill domain shown to discriminate between the agonist-
and antagonist-bound form of the estrogen receptor a in the yeast two-hybrid system (Koide
et al., 2002). Next, Junqueira and co-workers reported mutants of the PDZ domain derived
from the serine protease Omi that recognize the C-terminus of the human c-Myc oncoprotein
and induce the cell death in target-positive mammalian cells (Junqueira et al., 2003).
In another approach, variable peptide sequences termed peptide aptamers displayed
on the E. coli thioredoxin A or other scaffold proteins have been shown to inhibit the activity
of several intracellular targets essential in cancer development and progression (Borghouts
et al., 2005). More recent examples of alternative binding proteins generated to bind
intracellular targets include DARPins derived from design ankyrin repeat proteins. High-
affinity binding molecules selected from corresponding DARPIn libraries have been shown
to inhibit intracellular kinase and proteinase in bacteria leading to a phenotype comparable
to the genetic knockout (Amstutz et al., 2005; Kawe et al., 2006).

These results, indicating that binding molecules based on alternative scaffolds retain their
functionality in the intracellular environment, are promising and encourage research

and further development of this approach.

1.3 Affilin — novel binding molecules based on the human yB-crystallin
scaffold
1.3.1 Human yB-crystallin as a molecular scaffold

The human yB-crystallin is a member of a highly homologous family of vertebrate lens

proteins called vy-crystallins (Jaenicke & Slingsby, 2001). Together with B-crystallins,
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these proteins contribute to the refractive index and transparency of the lens structure
(Bloemendal et al., 2004). They are produced at very high concentrations by fiber cells
during lens development, retaining their biological function in the absence of protein turnover
for the lifetime of the organism (Wistow & Piatigorsky, 1988). To fulfill the requirement
of longevity, crystallins must exhibit extraordinary stability and solubility. As an example
of that, the bovine yB-crystallin protein has been shown to preserve its native structure
at pH 1 - 10 and to a temperature of 75°C being also resistant to denaturing agents such as
7 M urea (Rudolph et al., 1990). The recombinant human yB-crystallin shows a high degree
of thermodynamic stability equivalent to that of bovine protein (Ebersbach et al., 2007).
It is noteworthy that the intrinsic stability of the yB-crystallin does not depend on
intramolecular disulfide bonds (Jaenicke, 1994).

Structurally, the human yB-crystallin protein is a monomer composed of 174 amino acids with
the molecular weight of approximately 21 kDa (Rudolph et al., 1990). The molecule
is composed of two highly symmetrical, independent domains with double Greek key fold,
each consisting of about 40 amino acid residues arranged in four antiparallel
B-strands (Fig. 4). The two domains are connected by a short linker and interact through
a hydrophobic interface comprising amino acids Met43, Phe56, 1le81, lle132, Leu145
and Val170 (Bloemendal et al., 2004; Fig. 4). The intramolecular interactions between
domains as well as the all-B secondary structure of the Greek key motif have been shown to

determine the overall stability of the protein (Jaenicke & Slingsby, 2001).

Figure 4. Overall structure model of the human yB-crystallin protein (PDB code 2JDF).
The molecule consists of two independent domains with double Greek key fold (the first
N-terminal Greek key motif composed of B-strands a, b, ¢ and d is shown in red).
Both domains interact through a hydrophobic interface (amino acids Met43, Phe56, lle81,
lle132, Leu145 and Val170; stick mode) and are connected via a short linker peptide.
The figure was generated using PyMOL (http://pymol.org).
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Owing to its favorable biophysical properties, the yB-crystallin protein has been proposed as
a scaffold candidate for the generation of novel affinity reagents named Affilin molecules
(Fiedler & Rudolph, 2001; Ebersbach et al., 2007).

1.3.2 Generation of a human yB-crystallin library and selection of first-generation

Affilin molecules

The technology to use the human yB-crystallin protein as a scaffold for the generation
of alternative binding reagents has been established by Fiedler & Rudolph, 2001. Based on
the structural considerations with respect to the tolerance of amino acid positions to diverse
substitutions as well as their surface accessibility, eight amino acid residues located within
the first, second and fourth B-strand of the N-terminal domain of yB-crystallin, have been
selected for the generation of a universal binding site (Fiedler & Rudolph, 2001).
Their location in the three-dimensional structure model of the human yB-crystallin as well as
the accessible surface area of the binding site are illustrated in Fig. 5. The selected amino
acid codons have been randomized using the de novo gene synthesis with NNK
randomization (N: A, T, G and C; K: T or G nucleotides) which represents 32 codons
and encodes all 20 amino acids and one amber stop codon. The resulting pool
of DNA molecules has been inserted into an appropriate phagemid vector yielding a library
of 4.5 x 10% independent yB-crystallin variants (Fiedler & Rudolph, 2001; Ebersbach et al.,
2007).

Figure 5. Representation of the human yB-crystallin structure with randomized amino acids
and the accessible binding surface area. The eight selected amino acid positions (i.e. Lys2,
Thr4, Tyr6, Ser15, Glu17, Thr19, Arg36, Glu38) located within the N-terminal domain
of human yB-crystallin (shown as cartoon representation) are highlighted in red with their
original side chains. The binding site comprises 6% of the total surface of the protein
(Ebersbach et al., 2007). The figure was generated using PyMOL (http://pymol.org) and PDB
code 2JDF.
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The yB-crystallin library has already been used for the phage display selection of first-
generation Affilin molecules against different targets such as human IgG Fc fragment,
proNGF or steroid hormones estradiol and testosterone (Ebersbach et al, 2007).
The isolated Affilin variants revealed micromolar to nanomolar target affinities and high level
of thermodynamic stability. As shown by crystallographic analysis, the isolated Affilin
molecules preserved the overall structure and domain arrangement of the parental
yB-crystallin scaffold (Ebersbach et al., 2007). The application of Affilin molecules as ligands
for affinity purification has already been demonstrated (Fiedler et al., 2006), whereas other

applications remain to be shown.

1.4 Selection of binding proteins by phage display

The isolation of protein variants exhibiting desired binding properties from large libraries
requires methodologies that allow the evaluation of all members of the repertoire
simultaneously in a biological screening assay. This can be achieved by various in vitro
display technologies such as phage display, ribosome display, mRNA display or cell surface
display (Wittrup, 2001; Lipovsek & Pluckthun, 2004; Paschke, 2006). The concept on which
all display technologies are based requires a physical linkage between the phenotype
(i.e. target-binding behavior) and the encoding genotype.

The display of protein library on filamentous phage is by far the most commonly used
selection technology (reviewed in Hoogenboom & Chames, 2000; Paschke, 2006;
for a general scheme see Fig. 6). The filamentous bacteriophages contain a single-stranded
DNA (ssDNA) genome and are capable of infecting E. coli cells. The phage coat
is composed of five different proteins, ie. plll, pVI, pVIl, pVIIl and pIX. The plll protein,
which is the most commonly used coat protein for display, is located at the tip of the phage
(3 - 5 copies) and is necessary for the phage infectivity (Russel, 1991; Karlsson et al., 2003).
The filamentous phages are produced in bacterial periplasm and subsequently secreted from
infected cells without cell lysis (Clackson & Lowman, 2004).

To generate a phage display library, randomized DNA sequences are inserted into
an appropriate phagemid vector as a C-terminal fusion to the plll protein. The phagemid
encodes also the N-terminal leader sequence to direct plll-fusion proteins into the bacterial
periplasm. In addition to the standard plasmid origin of replication, the phagemid carries
the M13 phage replication origin which allows production of single-stranded phagemid DNA
(Hoogenboom et al., 1991; Viti et al., 2000).

To produce recombinant phage particles, E. coli host cells harboring phagemids are infected
with the helper phage such as M13KO7 in a process called phage rescue (Barbass et al.,
2001).
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Figure 6. Schematic overview of the phage display selection. The DNA library is inserted
between the plll leader sequence and the plll protein (45 kDa) of the filamentous
bacteriophage in the phagemid vector. The phagemid vector contains M13 and E. coli origins
of replication. To produce phage particles E. coli cells harboring phagemids are infected with
a helper phage such as M13KO7. The helper phage provides genes required for replication
of ssDNA and phage assembly. A mutation in the M13KO7 genome reduces replication
and packaging of helper phage DNA and ensures the preferential packaging of phagemid
DNA. During panning procedure, the recombinant phage particles are incubated with
the target molecule immobilized on a solid support. Following washing of unbound phages,
target-specific phages are eluted, re-infected to E. coli and used for additional panning

rounds for further enrichment of target-binding clones.
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Following infection, bacterial cells express phage-encoded structural and nonstructural
proteins required for replication of ssDNA and phage assembly as well as the plll-fusion
protein from the phagemid. Due to the less efficient incorporation of the phagemid-encoded
plll-fusion constructs, the phage particles display an average of less than one copy
of the recombinant plll-fusion protein on their tips in addition to the wild-type plll protein
expressed from the phage genome (Azzazy & Highsmith, 2002; Kramer & Wunderli-
Allenspach, 2003). As the M13KO7 helper phage carries a genetic mutation reducing
the efficiency of replication and packaging of the helper phage genome, the phage particles
produced from this infection preferentially contain the phagemid DNA encoding displayed
fusion construct (Vieira & Messing, 1987). This establishes a linkage between the displayed
protein variant and its gene ensuring that phages produced and released from the same
bacteria are identical (Paschke, 2006).

In a typical selection approach, usually referred to as biopanning, the recombinant phage
particles purified from the culture supernatant are allowed to bind to the target molecule
immobilized on a solid support. In the next step, the non-binding phages are removed
by washing and retained phages are eluted and amplified by reinfection of E. coli cells.
The target-enriched phage population can then be subjected to the next rounds
of biopanning. As a genotype-phenotype coupling occurs within each phage particle, clones
with desired binding properties can be finally identified and individually analyzed (Barbass et
al., 2001).

In addition to the standard procedure described above, several modifications of the selection
strategy are possible (Hoogenboom, 2002; Clackson & Lowman, 2004). They exploit
the extraordinary stability of phage particles against a variety of conditions such as extremes
in pH, treatment with denaturants, nucleases or proteolytic enzymes. This enables
the selection of protein variants with certain desired properties such as stable folding (Forrer
et al.,, 1999; Bai & Feng, 2004), enhanced thermal stability (Chakravarty et al., 2000)
or improved enzyme function (Atwell & Wells, 1999; Heinis et al., 2001).

1.5 Human papillomavirus E7 protein as a model target for the generation

of intracellular Affilin molecules

The human papillomavirus (HPV) E7 protein represents a promising target
for the development of therapeutic strategies against HPV-associated tumors (zur Hausen,
2002). Due to the lack of homology between viral and cellular proteins, the E7 protein
provides also a suitable model system for evaluation of different strategies aiming
at inhibition of intracellular targets (Nauenburg et al., 2001; Kamio et al., 2004; Accardi et al.,
2005).
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1.5.1 Human papillomaviruses and associated diseases

Human papillomaviruses infect the epithelial cells of skin and mucosa. They can cause
a variety of diseases including benign skin and genital warts, cervical epithelial neoplasia
as well as invasive cervical carcinoma (zur Hausen, 2000).

From over 100 different HPV types identified so far, approximately half infect the genital tract.
Based on the association with benign or malignant lesions, these viruses are classified into
low-risk or high-risk groups (de Villiers et al., 2004). From several high-risk HPVs associated
with genital malignancy, the HPV types 16 and 18 account for about 70% of all cervical
cancer cases worldwide (de Villiers et al., 2004; Cogliano et al., 2005). The same high-risk
HPV types also seem to be associated with the etiology of a subset of head and neck
cancers (Gillison & Shah, 2001; Hennessey et al., 2009).

Cervical cancer, being the second most common cause of the cancer mortality among
women worldwide (Parkin et al., 2005), has received much attention over the past decades
as a serious public health problem. Extensive research studies have led to the successful
development of two prophylactic vaccines based on the recombinant virus-like particles
assembled from the L1 major capsid protein of certain HPV types (Harper et al., 2006;
Siddiqui & Perry, 2006). In addition to the prophylactic vaccines, many therapeutic
approaches are under current investigation to treat established HPV infections as well as
HPV-associated tumors (Bernard, 2004; Speck & Tyring, 2006).

1.5.2 Genomic organization of human papillomaviruses

All papillomaviruses share a common genetic structure, which comprises double-stranded
circular DNA of approximately 8000 base pairs (Zheng & Baker, 2006; Fig. 7). The HPV
genome contains eight open-reading frames (ORFs) divided into two functional groups,
i.e. early (E) genes (E1, E2, E4, E5, E6, and E7) and late (L) genes (L1 and L2).

The E1 and E2 ORFs encode proteins that play important roles in the viral genome
replication (Chiang et al., 1992); E2 acts also as the main regulator of the viral gene
transcription (McBride et al., 1991; Demeret et al., 1997). The E4 protein facilitates the virus
assembly and release (Roberts et al., 1994), whereas the E5 protein functions
as an activator of unscheduled proliferation of HPV-infected cells (Fehrmann et al., 2003).
The E6 and E7 proteins cooperate, each with a separate role, to alter the activity of several
cell cycle regulators in order to create an environment favorable for viral replication (reviewed
in zur Hausen, 2000 and Munger et al., 2004). In addition to significant alterations of cell
cycle regulation and apoptosis, expression of these two viral proteins induces phenotypic
changes in host cells such as abnormal centrosome number, aberrant mitotic spindle pole

formation, and genomic instability (Duensing et al., 2000; Duensing & Munger, 2004).
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The L region encodes major (L1) and minor (L2) structural proteins that assemble
pentameric capsomers forming icosahedral capsid around the viral genome (Modis et al.,
2002; Finnen et al., 2003).
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Figure 7. Schematic representation of the HPV-16 DNA genome. The HPV genome
comprises eight ORFs encoding so-called early proteins, i.e. E1, E2 and E4 to E7 as well as
late proteins, i.e. L1 and L2. The long control region (LCR) is a non-coding region that
contains the origin of viral replication, binding sites for the viral-coded E1 and E2 proteins
as well as multiple transcriptional-regulatory motifs (Lewis et al., 1999). Modified from
Munger et al., 2004.

1.5.3 Viral life cycle

A characteristic feature of the papillomavirus life cycle is that it entirely relies on host
enzymes and nucleotide pool for viral replication, except for virus-encoded E1 and E2
proteins, which are necessary for modulation of the viral DNA replication and the regulation
of transcription of early genes (Munger et al., 2004; Zheng & Baker, 2006).

The HPV infects exclusively keratinocytes in the proliferating basal layer of stratified
squamous epithelia, presumably at the sites of injury (zur Hausen, 2000). Following virus
entry, the HPV genome is established in the nucleus of host cells as low copy number
episomes that replicate in the synchrony with cellular DNA replication (Thomas et al., 1999).
During this stage of the viral life cycle, the early viral proteins facilitate stable maintenance
of episomes and contribute to the enhanced proliferation and expansion of HPV-infected
cells within the epithelium (zur Hausen, 2002; Fehrmann & Laimins, 2003). As the epithelial
cells undergo their normal life cycle, some daughter cells become detached from the basal
layer, progress upward in epidermis, exit the cell cycle and undergo terminal differentiation
(Fuchs, 1993). In contrast, the HPV-infected cells, when reaching the suprabasal layer of the
epithelium, undergo differentiation but remain active in the cell cycle (Cheng et al., 1995;

Spitkovsky et al., 1996; Fehrmann & Laimins, 2003). In these terminally differentiated cells
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the productive stage of the HPV life cycle occurs, i.e. the viral genome is amplified to a high
copy number, capsid proteins L1 and L2 are synthesized and the progeny virions
are assembled and subsequently released (Stubenrauch & Laimins, 1999; Longworth &
Laimins, 2004). As carcinogenesis progresses, the HPV genome frequently integrates into
the human genome (el Awady et al., 1987). Following genome integration, the expression

of viral E6 and E7 genes is consistently maintained, whereas other portions of the viral DNA

are often deleted or their expression is disturbed (Romanczuk & Howley, 1992).

1.5.4 Human papillomavirus E7 protein

1.5.4.1 Biological activities and cellular targets of the E7 protein

The human papillomavirus E7 protein has multiple activities that contribute to cellular

transformation and are important during the viral life cycle (reviewed in McLaughlin-Drubin &

Munger, 2009; Tab. 2).

Table 2. Cellular targets of the E7 protein.

Cellular target

Reference

Retinoblastoma tumor suppressor protein (pRb)
pRb-related pocket proteins p107 and p130
Cyclin A/ICDK2 and cyclin E/CDK2 complexes
Cyclin-dependent kinase inhibitor p21
Cyclin-dependent kinase inhibitor p27

AP-1 family of transcription factors
Transcriptional coactivator p300

FHL2 transcriptional coactivator

pCAF acetyltransferase

TATA-binding protein (TBP)

Pyruvate kinase type M2

Mi2B (histone deacetylase complex)

S4 subunit of the 26 S proteasome

Human Dnad protein (hTid-1)

p48

Interferon regulatory factor (IRF)-1

Ski interacting protein (Skip)

M phase phosphoprotein 2 (MPP2)

Insulin-like growth factor binding protein 3 (IGFBP-3)
a-glucosidase

TBP-associated factor 110 (TAF11110)
y-tubulin

F-actin

Retinoblastoma protein-associated factor p600
E2F6 transcription factor

Nuclear mitotic apparatus protein 1 (NuMA)

(Dyson et al., 1989; Munger et al., 1989)
(Dyson et al., 1992; Collins et al., 2005)
(He et al., 2003; Nguyen & Munger, 2008)
(Helt et al., 2002)

(Zerfass-Thome et al., 1996)

(Antinore et al., 1996; Nead et al., 1998)
(Bernat et al., 2003)
(Campo-Fernandez et al., 2007)
(Avvakumov et al., 2003)

(Phillips & Vousden, 1997)

(Zwerschke et al., 1999)

(Brehm et al., 1999)

(Berezutskaya & Bagchi, 1997)
(Schilling et al., 1998)

(Barnard & McMillan, 1999)

(Park et al., 2000)

(Prathapam et al., 2001)
(Luscher-Firzlaff et al., 1999)
(Mannhardt et al., 2000)

(Zwerschke et al., 2000)

(Mazzarelli et al., 1995)

(Nguyen et al., 2007)

(Rey et al., 2000)

(Huh et al., 2005)

(McLaughlin-Drubin et al., 2008)
(Nguyen & Munger, 2009)
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The most recognized function of E7 is its ability to bind and alter the biological activity
of the retinoblastoma tumor suppressor protein (pRb) (Dyson et al., 1989; Munger et al.,
1989). The pRb protein represents a structurally and functionally related family of proteins
known as retinoblastoma protein family or pocket protein family, which includes also other
members, i.e. p107 and p130 (Cobrinik, 2005). These proteins control the transition from the
G, to the S phase of the cell cycle, cellular differentiation and apoptosis. Their deregulation
through various mechanisms such as gene alteration or functional inactivation has been
described in the majority of human cancers (Malumbres & Barbacid, 2001).

The pRb protein exerts its growth-suppressive effect through the ability to regulate
the activity of E2F transcription factors (reviewed in Nevins et al.,, 1997). Under normal
conditions, the formation of pRb/E2F complexes actively represses the transcriptional
activities of E2F thereby restricting the S phase entry (Fig. 8A). The phosphorylation of pRb
at the late G, phase catalyzed by cyclin-dependent kinases (CDKs) disrupts the pRb/E2F
complexes and results in the activation of transcription of genes required for DNA synthesis
and S phase entry (Fig. 8B; Frolov & Dyson, 2004).
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Figure 8. The E7 protein encodes the main transforming activity of the human papillomavirus
and regulates various components of the cell cycle. See text for details.

In HPV-infected cells, the binding of E7 to pRb results in the misregulated release of E2F
transcription factors and inappropriate cell cycle progression (Fig. 8C; Munger et al., 2001).

Following destabilization of pRb/E2F complexes, the pRb protein is degraded
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by ubiquitin/proteasome-dependent mechanism (Boyer et al., 1996; Huh et al., 2007).
The aberrant degradation of pRb represents an important mechanism by which human
papillomaviruses achieve and maintain the cellular DNA synthesis in quiescent or terminally
differentiated epithelial cells (McLaughlin-Drubin & Munger, 2009).

In addition to inactivation of pRb, E7 can bind and induce degradation of p107 and p130
pocket proteins (Duensing & Munger, 2004; Collins et al., 2005). E7 can also override
the growth-inhibitory activities of cyclin-dependent kinase inhibitors p21 and p27 (Zerfass-
Thome et al., 1996; Helt et al., 2002; Fig. 8D). The direct association with cyclin A/CDK2
and cyclin E/CDK2 complexes resulting in the activation of CDK2 contributes also
to the growth-promoting activity of E7 (Fig. 8D; He et al., 2003; Nguyen & Munger, 2008).
Other targets (reviewed in Balsitis et al., 2006; McLaughlin-Drubin & Munger, 2009; Tab. 2)
are important for E7 function as well, however their contribution to complex HPV-associated

phenotypes and disease remains to be shown.

1.5.4.2 Biochemical characterization of the E7 protein

HPV-16 E7 is a small, acidic phosphoprotein with a predicted molecular weight of 11 kDa.
The N-terminal conserved region (CR) 1 and CR2 of E7 share sequence homology
with the corresponding regions of the adenovirus E1A protein and related sequences
in the simian virus 40 (SV40) large tumor antigen, including the strictly conserved
LeuXCysXGlu motif which mediates interaction between the viral oncoproteins and the pRb
pocket protein family (Dyson et al., 1989; Munger et al., 1989; Vousden & Jat, 1989; Fig. 9).
The C-terminus of E7 contains a zinc-binding domain composed of two CysXXCys motifs

separated by 29 amino acids (Barbosa et al., 1989; Clemens et al., 1995; Fig. 9).

LeuXCysXGlu CysXXCys CysXXCys
1 22-26 52-55 85-88 98

1 10
HPV-16 E7 MHG———DTPTLHEY————MLDLQPET———TD YEO- LND EDE
HPV-18 E7 MYG---PKATLQDI----VLHLEPQNEIPVDEL H Q-LSD NDE
AdS E1A RQP-——EQPEQRALGPVSMPNLVPEV———ID AGEPP) DEE
T antigen DFGGFWDATEIPTYGTDEWEQWWNAFN-EEN E-MPS ATA

Figure 9. Schematic representation of the HPV-16 E7 protein (amino acids 1 - 98). The CR1
(red) and CR2 (blue) domains share sequence homology with the adenovirus E1A protein
(Ad5 E1A) and SV40 large tumor antigen (T antigen). For comparison, the N-terminal
sequence of the HPV-18 E7 protein is shown. The CR2 domain contains the pRb-binding site
(LeuXCysXGlu) and conserved patch of acidic amino acids. The CR3 domain (green)
contains a zinc-binding motif composed of two CysXXCys repeats. ldentical amino acid
residues are highlighted by red and yellow boxes. Modified from Munger et al., 2004.
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As shown by structure analysis, the CR3 domain of E7 assembles a roughly globular
and obligate dimer, which contains two zinc atoms, each coordinated by four Cys residues
of a subunit (Fig. 10). The monomer exhibits a flattened shape with a f182a1p3a2 topology
(Liu et al., 2006; Ohlenschlager et al., 2006). The formation of an intermolecular two-
stranded antiparallel B-sheet between B2 and B3 strands of opposing subunits as well as
the interaction between the a1 helices of each subunit are responsible for the dimer

formation (Ohlenschlager et al., 2006).

Figure 10. Schematic structure of the HPV-45 E7 CR3 homodimer (amino acids 55 - 106,
PDB code 2F8B). The protomers of the dimer are colored in blue and green;
bound zinc atoms are displayed as red balls and their Cys ligands in a stick mode. Each
subunit of the E7 CR3 dimer is composed of two B-strands (B1 and B2) forming
an antiparallel twisted p-sheet followed by a-helix 1 (a1), B-sheet 3 (f3) and another a-helix
(a2). The interaction between B2 and B3 strands of opposing subunits as well as
the interaction of a1 helices of each subunit contribute to the dimer formation. The N-terminal
CR1 and CR2 domains of E7 are unstructured and flexible in solution (Ohlenschlager et al.,
2006). The figure was generated using PyMOL (http://pymol.org).

Despite of numerous studies demonstrating dimerization as well as oligomerization of E7
(Chinami et al., 1994; Clemens et al., 1995), there is no compelling evidence that the protein
exists as a dimer and/or oligomer in vivo (McLaughlin-Drubin & Munger, 2009).

Although the E7 sequence does not posses a classical basic nuclear localization signal,
the E7 protein has been observed to localize predominantly within the nucleus of cervical
cancer cells (Greenfield et al., 1991; Guccione et al.,, 2002) but also of recombinant
mammalian and yeast cells (Sato et al., 1989; Tommasino et al., 1990). This observation
is supported by multiple nuclear functions of E7 such as association with the members
of the pRb family, transactivation of E2F-regulated genes and interaction with a large number
of nuclear factors, such as the AP-1 family of transcription factors (Antinore et al., 1996)

or the TATA-binding protein (Phillips & Vousden, 1997). In addition, some reports have
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shown that E7 can be detected in the cytoplasm of eukaryotic cells as its interactions with
F-actin (Rey et al., 2000), M2 pyruvate kinase (Zwerschke et al., 1999) or a-glucosidase
(Zwerschke et al., 2000) could be observed.

1.6 Options for delivery of therapeutic proteins into mammalian cells

An efficient technique for delivery of biologically active proteins across the cell membrane
would have potential implications for studies on cellular processes, as well as
for the development of new protein-based drug entities. Thus, over the past two decades
several methods have been tested for their utility for protein transduction. The techniques
initially used for this purpose include microinjection (Rui et al., 2002; Theiss & Meller, 2002),
electroporation (Nolkrantz et al., 2002; Eksioglu-Demiralp et al., 2003) and cationic lipids
(Zelphati et al., 2001; van der Gun et al., 2007). These methods, however, yielded low
transduction efficiencies and caused significant cellular toxicity.

A promising approach to overcome these limitations has emerged with the observation
that certain proteins translocate spontaneously through the plasma membrane when
incubated exogenously with cells (Frankel & Pabo, 1988; Green & Loewenstein, 1988; Joliot
et al., 1991). Subsequently, several highly basic sequences named cell-penetrating peptides
(CPPs) or protein transduction domains (PTDs) responsible for this property have been
identified (reviewed in Gupta et al., 2005; Vives et al., 2008). Well known examples of CPPs
include the penetratin peptide derived from the Antennapedia homeodomain protein
of Drosophila (Derossi et al., 1994), the Tat peptide originated from the human
immunodeficiency virus 1 (HIV-1) transactivator of transcription (Tat) protein (Vives et al.,
1997) and the structural protein VP22 of Herpes simplex virus type 1 (HSV-1) (Elliott &
O'Hare, 1997).

One of the most extensively studied CPPs is the Tat peptide (reviewed in Brooks et al.,
2005). The fragment GRKKRRQRRRPPQ comprising amino acids 49 - 57 of the Tat protein
has been identified as a minimal domain sufficient for membrane translocation (Park et al.,
2002). This cluster of basic amino acid residues corresponds also to the presumed nuclear
localization signal (NLS) of Tat (Ruben et al., 1989; Vives et al., 1997).

The Tat peptide has been shown to mediate transduction of a large variety of chemically
or genetically linked cargoes with no apparent size restriction to this process. Some
examples of entities efficiently delivered by the Tat peptide include antisense
oligonucleotides (Astriab-Fisher et al., 2000), siRNA (Meade & Dowdy, 2007), DNA
(Ignatovich et al., 2003; Rudolph et al., 2003), proteins (Peitz et al., 2002; Wadia & Dowdy,
2005), liposomes (Torchilin et al., 2003), radioactive metal complexes (Polyakov et al., 2000)

and magnetic nanoparticles (Lewin et al., 2000).
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In contrast to previously used techniques, the Tat-mediated protein transduction has been
shown to achieve 100% efficiency in a variety of cells with no apparent cellular toxicity (Barka
et al., 2000; Wadia & Dowdy, 2005). Within the cell, transduced entities have been localized
to the cytoplasm and/or nucleus (reviewed in Gupta et al., 2005; Brooks et al., 2005; Wadia
& Dowdy, 2005).

Despite of numerous studies demonstrating the efficient delivery of various molecules into
cells, the Tat-mediated transduction has become an object of considerable controversy
in the literature. The initial reports on the uptake mechanism of Tat provided an evidence
for the direct penetration across the cell membrane (Vives et al., 1997; Futaki et al., 2001).
The transduction was shown to be effective at both 37°C and 4°C also in the presence
of metabolic inhibitors, indicating an energy-independent fashion of the uptake (Futaki et al.,
2001; Torchilin et al., 2001). Later it was found that, following initial ionic cell-surface
interaction, the Tat peptide is internalized through endocytosis although different endocytic
pathways have been proposed, i.e. caveolar endocytosis (Ferrari et al., 2003; Fittipaldi et al.,
2003), clathrin-mediated endocytosis (Vendeville et al., 2004; Richard et al., 2005)
and macropinocytosis (Nakase et al, 2004; Kaplan et al., 2005). The possibility
of simultaneous employment of multiple endocytic pathways has also been suggested
(Duchardt et al., 2007; Nakase et al., 2008). In addition to the endocytosis-mediated uptake,
the spontaneous translocation of the Tat peptide across the lipid membrane through transient
pores has also been described (Herce & Garcia, 2007).

The controversies regarding the Tat entry have also been associated with overestimation
of the uptake resulting from the inability of experimental procedures to discriminate between
membrane-associated and internalized cargos (reviewed in Brooks et al, 2005).
Even though, several studies have demonstrated specific biological activities of Tat-
conjugated proteins suggesting a functional delivery of intact Tat-constructs into
the cytoplasm and/or nucleus. The examples to illustrate this aspect are observations
of induction of apoptosis following Tat-mediated uptake of the HIV protease-activated
caspase-3 into HIV-positive cells (Vocero-Akbani et al, 1999), antitumor effect
of the adaptor protein phospholipase C-yl inhibitor fused to the Tat peptide in breast cancer
cells (Katterle et al., 2004), inhibition of adversely activated cell apoptosis by the caspase-8
inhibitor FLIP-Tat protein (Krautwald et al., 2004) or stimulation of osteoblast differentiation
by calcineurin Aalpha protein fused to Tat (Dolgilevich et al., 2002). Moreover, the Tat
peptide has been shown to deliver functional proteins in vivo. In a study conducted in mice,
intraperitoneal injection of the pB-galactosidase-Tat fusion protein resulted in its internalization

into various organs, including brain (Schwarze et al., 1999).
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1.7 Aim of the study

Affilin molecules represent a novel class of alternative binding proteins, which exploit side
chains of the rigid pB-sheet structure of the human yB-crystallin for molecular recognition.
As the intrinsic stability of the yB-crystallin does not rely on the presence of disulfide bonds,
this scaffold was considered as an optimal candidate for the generation of intracellular
binding reagents. Thus, the main purpose of this study was to evaluate the applicability
of the yB-crystallin scaffold for intracellular use. As a model intracellular target, the human

papillomavirus E7 protein implicated in the development of cervical cancer was chosen.

In more detail, the specific aims of this thesis were:

1. Preparation of the HPV-16 E7 protein from recombinant E. coli cells as a prerequisite
for the phage display selection of anti-E7 Affilin molecules.

2. Phage display selection of anti-E7 Affilin molecules from a yB-crystallin library,
preparation and characterization of anti-E7 clones.

3. Investigation of the feasibility of the Tat peptide derived from the HIV-1 Tat protein
for intracellular delivery of Affilin molecules.

4. Validation of efficacy and specificity of anti-E7 Affilin molecules in a cellular model
by examination of the effect of their transient expression on the proliferation

and apoptosis of target cells.
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2. Materials and Methods

2.1 Materials

211

Bacterial strains

E. coli strain

Genotype

Source

XL1-Blue recA1, endA1, gyrA96, thi-1, hsdR17, supE44,  Stratagene, La Jolla,
relA1, lac’ [F" proAB, laclgZM15, Tn10, (Tet")] USA

NovaBlue(DE3) endA1, hsdR17, rei2Mk12', SUPE44, thi-1, Novagen, Darmstadt,
recA1, gyrA96, relA1, lac [F' proAB, laclgZM15, Germany
Tn10 (Tet')] (DE3- Aclst857, ind1, Sam7, nin5,
lacUV5-T7 gene 1)

BL21(DE3) B, F', ompT, gal, [dcm], [lon], hsdSB(rB-mB"), Stratagene, La Jolla,

gal\(DE3)

USA

BL21-CodonPlus
(DE3)-RIL

B, F, ompT, hsdS(rs” mg’), dem”, Tet" gal
A(DE3), endA, Hte [argV, ileY, leuW, Cam']

Stratagene, La Jolla,
USA

BL21(DE3)pLysS

B, F', dcm, ompT, hsdS(rs" mg’), gal A(DE3),
[pLysS Cam']

Stratagene, La Jolla,
USA

2.1.2 Eukaryotic cells
Cell line Description Source
NIH/3T3 Mouse Swiss NIH embryo cell line established  LGC Standards,Wesel,
from a NIH Swiss mouse embryo, adherent Germany; ATCC No.
CRL-1658
NIH/3T3-E7 Derivative of the NIH/3T3 cell line, W. Zwerschke,
constitutively expresses the HPV-16 E7 protein  the Medical University
(Edmonds & Vousden, 1989), adherent Innsbruck, Innsbruck,
Austria
Ca Ski Human cervical epidermoid carcinoma, European Collection
contains an integrated human papillomavirus of Cell Cultures,
type 16 genome (HPV-16) in about 600 copies  Wiltshire, UK, ECACC
per cell as well as sequences related No. 87020501
to HPV-18, adherent
C-33 A Human cervical carcinoma, negative for human LGC Standards,
papillomavirus DNA and RNA, adherent Wesel, Germany;
ATCC No. HTB-31
HEK-293 Human kidney cell line transformed with LGC Standards,
adenovirus 5, constitutively expresses the E1A Wesel, Germany;
protein (Graham et al., 1977), adherent ATCC No. CRL-1573
2.1.3 Phage
Phage Characteristics Source

M13KO7 Helper
Phage

M13 derivative which carries Met40lle mutation
in the gene I, the origin of replication from
p15A and the kanamycin resistance gene from
Tn903 (Vieira & Messing, 1987)

Invitrogen, Karlsruhe,
Germany
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2.1.4 \Vectors

Vector

Use/Characteristics

Origin/Reference

pGEM-T Vector
System |

Cloning of PCR products

Promega, Mannheim,
Germany

pCANTAB-CR20

pCANTAB 5 E phagemid vector
harboring a human yB-crystallin library,
used for phage display selection

of Affilin molecules

Scil Proteins GmbH (Fiedler
& Rudolph, 2001)

pET-20b(+) Bacterial expression vector containing Novagen, Darmstadt,
a C-terminal Hise-tag Germany

pcDNA3.1-E7 pcDNAS3.1-based vector encoding Paterson, Y., University
the HPV-16 E7 protein (Chen et al., of Pennsylvania School
2000). Used for PCR amplification of Medicine, Philadelphia,
of the E7 gene USA

pET20-E7 pET-20b(+) derivative encoding HPV-16 This study
E7 protein

pET20-E70pt pET-20b(+) derivative containing This study

optimized HPV-16 E7 sequence

pEGFP-N1 Mammalian expression vector encoding Clontech-Takara Bio
the red-shifted variant of GFP, used for  Europe, Saint-Germain-en-
PCR amplification of the EGFP gene Laye, France
pET20-EGFP pET-20b(+) derivative encoding EGFP  This study
pET20-D1 Constructs based on the modified This study, except for
pET20-D4 pET-20b(+) vector in which the Ndel the modification
pET20-E9* restriction site was mutated to Ncol. of the pET-20b(+) vector
pET20-GBC They encode Affilin variants which was performed by

or yB-crystallin (GBC) C-terminally
fused to the Hisg-tag

H. Ebersbach, Scil Proteins
GmbH

pET20-D1(Ser2,4)

pET20-D1-based construct containing
Affilin D1 with Cys2,4 to Ser2,4
mutations

This study

pET20-nTat-A1*-
EGFP

pET-20b(+) vector encoding the
N-terminal Tat peptide followed by
Affilin SPC-1-A1, EGFP and Hiss-tag

This study; A1* corresponds
to SPC-1-A1 (Ebersbach et
al., 2007)

pET20-KpnHind Modified pET-20b(+) vector with Kpnl This study
and Hindlll restriction sites downstream
of the Hisg-tag

pET20-cTat pET20-KpnHind vector containing Tat This study

peptide sequence cloned into Kpnl
and Hindlll restriction sites

pET20-D1-cTat
pET20-D4-cTat
pET20-E9*-cTat
pET20T-GBC-cTat

Constructs based on pET20-cTat
encoding Affilin molecules

or yB-crystallin (GBC) followed by

the C-terminal Hisg-tag and Tat peptide

This study; E9* corresponds
to SPC-7-E9 (Ebersbach et
al., 2007)

pCMV/myc/nuc Mammalian expression vector Invitrogen, Karlsruhe,
containing a C-terminal nuclear Germany
localization signal from the SV40 large
T antigen and a c-myc epitope tag

pCMV-D1 pCMV/myc/nuc vectors encoding Affilin ~ This study

pCMV-D4 D1, D4 or yB-crystallin (GBC)

pCMV-GBC
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2.1.5 Oligonucleotides

The DNA oligonucleotides were supplied from MWG-Biotech (Ebersberg, Germany).

Sequencing primers were labeled at the 5’ end with infrared dyes (IRDye 700 or IRDye 800).

Oligonucleotide

Sequence (5°— 3’)

Use

Tat-1 GATCCATATGGGCCGCAAAAAACG Annealing of both
CCGCCAGCGCCcGC oligonucleotides encoding

Tat-2 GGATCCATGGCTGCGGCGGGCGG Tat peptide prior to insertion
CGGCGCTGGCGGCG into the pET20-nTat-A1*-

EGFP construct

Tat-3 CGGGTACCGGCCGCAAAAAACGC Annealing of both
CGCCAGCGCCGC oligonucleotides encoding

Tat-4 GGCGCAAGCTTCTGCGGCGGGCG Tat peptide prior to insertion
GCGGCGCTGGCGGCG into the pET20-cTat construct

pET-His-mut1 GAGCACCACCACCACCACCACGG Modification of the pET-20b(+)
CGGTACCAAGCTTTAAGATCCGGC vector by site-directed
TGC mutagenesis (see 2.2.1.10)

pET-His-mut2 GCAGCCGGATCTTAAAGCTTGGTA

CCGCCGTGGTGGTGGTGGTGGTG
CTC

T7_promoter
T7_terminator

TAATACGACTCACTATAGGG
GCTAGTTATTGCTCAGCGG

PCR amplification
of genes from
pET-20b(+)-based vectors

ggbSfil-fwd

hgcXhol-rev

GTTCCTTTCTATGCGGCCCAGCCG
GCCATGGG
GCTTCCTCGAGGTACAAATCCAAT
GAC

PCR ampilification, cloning
of the yB-crystallin library from
pCANTAB-CR20

D1-Cys/Ser-fwd

GATATACCCATGGGCTCTATCTCTT
TCGGTGAAGACCG

PCR amplification, generation
of the D1-Ser2,4 mutant

ggbBstEll-rev CGCAGGAAGTACTGGTGACCCTG
GTAGTTCG
E7-1-fwd GCATATGCATGGAGATACACCTAC PCR amplification of the E7
ATTG gene from the pcDNA3.1-E7
E7-2-rev GCCTCGAGTGGTTTCTGAGAACAG vector. Primers E7-1-fwd
ATGG and E7-2-rev: E7 wild-type;
E7-3-fwd GATATACATATGCACGGAGATACA E7-3-fwd and E7-2-rev:

CCAACATTGCATG optimized E7 gene
PET_Prom_long GCGAAATTAATACGACTCACTATA Sequencing of constructs
GGGAG based on the pET-20b(+)
pET Term GCTAGTTATTGCTCAGCGGTGGC vector
pCantab CCATGATTACGCCAAGCTTTGGAG Sequencing of constructs

CC

based on the pCANTAB
phagemid

2.1.6 Chemicals

All chemicals used in this study were purchased from Carl Roth GmbH & Co (Karlsruhe,

Germany), Sigma-Aldrich Chemie (Minchen, Germany) or Calbiochem (Schwalbach,

Germany) unless stated otherwise.
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2.1.7 Enzymes

Enzyme

Purchased from

Tag DNA polymerase
Shrimp alkaline phosphatase
T4-DNA ligase

Restriction enzymes

Promega, Mannheim, Germany

Benzonase nuclease
Lysozyme from egg white

Merck KGaA, Darmstadt, Germany

Chymotrypsin

Sigma-Aldrich Chemie, Munchen, Germany

0.25% (w/v) Trypsin-EDTA

Invitrogen, Karlsruhe, Germany

2.1.8 Proteins

Protein Source

EGFP-Hiss This study

BSA Carl Roth GmbH & Co (Karlsruhe, Germany)
HSA

Retinoblastoma protein (pRb)

QED Bioscience, San Diego, USA

Immunoglobulin G Fc fragment

R&D Systems, Wiesbaden-Nordenstadt, Germany

Tumor necrosis factor a

ProSpec-Tany TechnoGene, Rehovot, Israel

Amyloglucosidase
Trypsin inhibitor

Sigma-Aldrich Chemie, Miinchen, Germany

Ubiquitin

Scil Proteins, Halle, Germany

Melanoma inhibitory activity protein

Nerve growth factor 3

2.1.9 Antibodies

Antigen Origin Conjugate Use Purchased from
yB-crystallin Mouse, clone - Western blotting Biogenes, Berlin,
98.4.1, MK 1:500 Germany
yB-crystallin ~ Mouse, clone horseradish ~ ELISA 1:1000
98.4.1, MK peroxidase
HIV-1 Tat Mouse - Western blotting Quattromed HTI
1:500 Laborid, Tartu,
Estonia
HPV-16 E7 Mouse - ELISA 1:2000 Biodesign
Western blotting International, Saco,
1:1000 USA
BrdU Rat - Immunofluorescence  Abcam, Cambridge,
1:100 United Kingdom
mouse IgG Donkey Cy3 Immunofluorescence  Dianova, Hamburg,
1:500 Germany
rat IgG Goat Alexa Fluor Immunofluorescence Invitrogen, Karlsruhe,
488 1:500 Germany
mouse IgG Rabbit horseradish ~ ELISA 1:10 000 Sigma-Aldrich
peroxidase Western blotting Chemie, Miinchen,

1:50 000

Germany
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2.1.10 Kits and standards

Kit or standard

Purchased from

1 kbp and 100 bp DNA ladder
Pre-stained Protein Marker, Broad Range

New England Biolabs, Schwalbach,
Germany

LMW-SDS Marker Kit

ECL Western Blotting Detection Reagent
Gel Filtration Calibration Kits (LMW and
HMW)

Amersham Biosciences Europe, Freiburg,
Germany

Bio-Rad Protein Assay Kit

Bio-Rad Laboratories, Minchen, Germany

TMB Plus Substrate Solution

Kem-En-Tec Diagnostic, Copenhagen,
Denmark

Amine Coupling Kit

Biacore International, Uppsala, Sweden

CycleReader Auto DNA Sequencing Kit

Fermentas, St. Leon-Rot, Germany

BugBuster 10x Protein Extraction Reagent

Novagen, Darmstadt, Germany

Quickchange Site-directed Mutagenesis Kit

Stratagene, La Jolla, USA

Ni-NTA Superflow 96 BioRobot Kit
QIAprep Spin Miniprep Kit
QIAGEN Plasmid Maxi Kit
Qiaquick Gel Extraction Kit
MinElute PCR Purification Kit
QIAquick Nucleotide Removal Kit
MinElute Reaction Cleanup Kit
Effectene Transfection Reagent

Qiagen, Hilden, Germany

Prosep-Remtox

Millipore, Schwalbach, Germany

Limulus amebocyte lysate test

Associates of Cape Cod, Falmouth, USA

Cell Line Nucleofector Kit R

Amaxa, Kéln, Germany

In Situ Cell Death Detection Kit Fluorescein

Roche Diagnostics, Mannheim, Germany

2.1.11 Buffers and solutions

Chromatography buffers

Immobilized metal-ion affinity chromatography

NPI-20 50 mM NaH,PQ,4, 300 mM NaCl, 20 mM imidazole, pH 8.0
NPI-500 50 mM NaH,PQO,, 300 mM NaCl, 500 mM imidazole, pH 8.0
Anion-exchange chromatography

Q-1 10 mM HEPES, 50 mM NacCl, 10 yM ZnCl,, pH 7.6

Q-2 10 mM HEPES, 1 M NaCl, 10 yM ZnCl,, pH 7.6

Cation-exchange chromatography
SP-1

10 mM HEPES, 50 mM NaCl, pH 7.4

SP-2 10 mM HEPES, 1 M NaCl, pH 7.4
Size-exclusion chromatography
SE-1 10 mM HEPES, 150 mM NacCl, 10 uM ZnCl,, pH 7.6

Analytical size-exclusion chromatography
ASE-1

100 mM NaH,PO,4, 300 mM NaCl, pH 6.0

Reversed-phase chromatography
RP-1
RP-2

water, 0.1% (v/v) trifluoroacetic acid
acetonitrile, 0.1% (v/v) trifluoroacetic acid
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Other buffers and solutions

PBS 8 mM Na,HPO,, 2 mM KH,PO,, 2.7 mM KCI, 137 mM NaCl, pH 7.3
PBS-T PBS, 0.1% (v/v) Tween 20
HBS 2x 50 mM HEPES, 280 mM NaCl, 10 mM KCI, 12 mM glucose,
1.5 mM Na,HPO,, pH 7.1
TAE 20 mM Tris-HCI, 40 mM acetic acid, 2 mM EDTA, pH 8.5

DNA loading buffer 6x

15% (v/v) Ficoll 400, 30 mM EDTA, 0.06% (w/v) bromophenol blue,
1% (w/v) SDS

TBE 44.5 mM Tris-HCI, 44.5 mM boric acid, 1 mM EDTA, pH 8.3
Annealing buffer 10x 100 mM Tris-HCI, 1 M NaCl, 10 mM EDTA, pH 8.0
Resolving 3 M Tris-HCI, 0.4% (w/v) SDS, pH 8.0

polyacrylamide buffer

Stacking 500 mM Tris-HCI, 0.4% (w/v) SDS, pH 6.8

polyacrylamide buffer

SDS-PAGE loading
buffer 5x

40% (v/v) glycerol, 250 mM Tris-HCI, 0.5% (w/v) SDS, 0.6% (w/v)
bromophenol blue, 5% (v/v) 2-mercaptoethanol, pH 8.0

SDS-PAGE
electrophoresis buffer

50 mM Tris-HCI, 200 mM glycine, 0.1% (w/v) SDS, pH 8.0

Coomassie staining
solution

40% (v/v) ethanol, 10% (v/v) acetic acid, 0.1% (w/v) Coomassie
Brilliant Blue R250

Destaining buffer

10% (v/v) ethanol, 10% (v/v) acetic acid

Western blotting
transfer buffer

20 mM Tris-HCI, 150 mM glycine, 0.05% (w/v) SDS, 20% (v/v)
methanol

Ponceau S solution

0.1% (w/v) Ponceau S, 5% acetic acid

Lysis buffer for
mammalian cells

50 mM Tris-HCI, 2% (w/v) SDS, 10% (v/v) glycerol,
1 mM PMSF, pH 6.8

Mowiol mounting
medium

4.8 g Mowiol 4-88, 12 g glycerol, 12 ml H,O, 24 ml 0.2 M Tris-HCI,
pH 8.5

Biacore running buffer

10 mM HEPES, 150 mM NaCl, 3 mM EDTA, 0.005% (v/v)
Surfactant P20, pH 7.4

2.1.12 Media and antibiotics for cultivation of E. coli

All reagents for preparation of media for cultivation of E. coli were purchased from Becton

Dickinson, Heidelberg, Germany, whereas antibiotics were purchased from Sigma-Aldrich

Chemie, Munchen, Germany.

Medium

Composition (1 1)

Luria-Bertani (LB)

10 g tryptone, 5 g yeast extract, 5 g NaCl

LB-agar LB medium, 15 g agar
2xYT 17 g tryptone, 10 g yeast extract, 5 g NaCl
SOC 20 g tryptone, 5 g yeast extract, 0.5 g NaCl, 4 g glucose,

2.5 mM KCI, 10 mM MgSQO,4, 10 mM MgCl,

SOBAG (16 x 16 cm)

20 g tryptone, 5 g yeast extract, 0.5 g NaCl, 20 g glucose,
10 mM MgCl,, 15 g agar, 100 pyg/ml ampicillin

Antibiotics Final concentration
Ampicillin 100 pg/ml
Kanamycin 50 pg/ml
Tetracycline 12.5 pug/ml

Chloramphenicol

30 pg/ml
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2.1.13 Media for mammalian cell culture

All components of mammalian culture media were purchased from PAA Laboratories, Célbe,

Germany.

Cell line

Medium

NIH/3T3, NIH/3T3-E7, HEK-293

DMEM with 4.5 g/l glucose, 2 mM L-glutamine,
10% (v/v) fetal bovine serum (FBS), 100 U/ml
penicillin, 100 ug/ml streptomycin

Ca Ski, C-33 A

RPMI 1640 medium with 2 mM L-glutamine,
1.0 mM sodium pyruvate, 10% (v/v) FBS,
100 U/ml penicillin, 100 pg/ml streptomycin

2.1.14 Chromatography columns

Column

Producer

HiTrap Chelating HP 5 ml
HiTrap SP Sepharose HP 5 ml
HiTrap Q Sepharose HP 5 ml
HiLoad 16/60 Superdex G-75

Amersham Biosciences
Germany

Europe, Freiburg,

TSK-Gel G2000SWXL

Tosoh Bioscience, Stuttgart, Germany

PLRP-S, 250 x 4.6 mm, 5 ym
particle size, 300 A pore size

Polymer Laboratories, Amherst, USA

2.1.15 Laboratory equipment

Equipment

Producer

Ultrasonic homogenizer SONOPULS
2200 equipped with sonotrode MS73

Bandelin Electronic, Berlin, Germany

Sunrise absorbance microplate reader

Tecan, Crailsheim, Germany

Biacore 3000 instrument

Biacore International, Uppsala, Sweden

Li-Cor 4200 DNA sequencer

Li-Cor Bioscience, Bad Homburg, Germany

AKTA Explorer system

Amersham Biosciences Europe, Freiburg,
Germany

Summit HPLC system

Dionex, ldstein, Germany

Nikon Eclipse F600 microscope

Nikon, Disseldorf, Germany

Cary 300 UV-Vis spectrophotometer

Varian, Darmstadt, Germany

T3 thermocycler
UVstar 15 UV transilluminator

Biometra, Gottingen, Germany

Centrifuges Avanti J-20, J-25, J-30i

Beckman Coulter, Krefeld, Germany

ELISA washer Columbus

Tecan Deutschland, Crailsheim, Germany

Mini-Protean 3 electrophoresis apparatus
Trans-Blot SD semi-dry transfer cell

Gel Doc 2000

MicroPulser electroporator for micro-
organisms

Bio-Rad Laboratories, Miinchen, Germany

HERAcell incubator
Flowbox HERAsafe

Heraeus, Hanau, Germany

Nucleofector device

Amaxa, KéIn, Germany
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2.1.16 Miscellaneous

Miscellaneous

Purchased from

Dialysis tubing with MWCO 3000

Spectrum-Laboratories, Rancho Dominguez, USA

X-ray film

Roche Diagnostics, Mannheim, Germany

Protran nitrocellulose transfer
membrane BA 83

Schleicher and Schuell BioScience, Dassel,
Germany

96-well microtiter plate, catalog
number 260836

Nunc, Wiesbaden, Germany

96-well flat-bottom block
24-well deep well culture plates

Qiagen, Hilden, Germany

CMS5 sensor chip

Biacore International, Uppsala, Sweden

Electroporation cuvettes 0.1 cm

Bio-Rad Laboratories, Minchen, Germany

Sterile syringe filters Millex, pore

Millipore, Schwalbach, Germany

size 0.20 or 0.45 pym
MF-Millipore membrane filter
Amicon Ultra-15 centrifugal filter
device with a MWCO of 5000 Da

2.2 Methods

2.21 Molecular biology
2.2.1.1 Plasmid DNA preparation

The preparations of plasmid DNA were performed with the QIAprep Spin Miniprep Kit
(2.1.10) for E. coli XL1-Blue cultures of up to 10 ml and the Plasmid Maxi Kit (2.1.10) for

culture volumes of 100 ml according to the manufacturer’s instructions.

2.2.1.2 Determination of DNA concentration

The concentration and purity of DNA was determined by measuring the absorbance
at 260 and 280 nm in a UV-Vis spectrophotometer. The concentration of DNA (c¢) in ug/ml
was calculated using equation:
Cc=Asx Xfxsc (1)
with Az absorbance at 260 nm, f- dilution factor and sc: standard coefficient
(for dsDNA sc = 50 ug/ml).
Ratio of readings at 260 nm and 280 nm provided an estimate of purity of DNA. Samples
with Aggo/Azgo ratio between 1.8 and 2.0 were regarded as high-quality DNA and used

for sequencing and transfection experiments.

2.2.1.3 Polymerase chain reaction

The DNA amplification was carried out using the polymerase chain reaction (PCR) with pairs

of specific primers (listed in 2.1.5) and a thermostable Taqg DNA polymerase.
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The reaction mix was prepared accordingly:

Component Final volume Final concentration
DNA template variable 250 ng

Taq DNA polymerase 10x reaction buffer 5l 1x

MgCl, solution, 25 mM 3ul 1.5 mM

dNTP, 10 mM each 1l 0.2 mM each dANTP
Upstream primer, 10 uM 1ul 0.5 uM

Downstream primer, 10 yM 1l 0.5uM

Taq DNA polymerase (5 U/ul) 0.25 ul 1.25U
Nuclease-free water to 50 ul

The PCR program included one denaturation step (95°C, 2 min) and 30 repeated cycles
consisting of denaturation (95°C, 30 sec), primer annealing (5°C lower than the melting
temperature of primers, 30 sec) and DNA synthesis (72°C, 1 min/1000 bp) followed by a final
elongation step (72°C, 7 min). The amplified products were purified by the MinElute PCR
Purification Kit or the QIAquick Gel Extraction Kit (2.1.10) following the manufacturer's

instructions.

2.2.1.4 DNA digestion

The DNA digestion with restriction endonucleases was carried out under conditions specified
by the enzyme provider. For analytical purposes, DNA (0.5 pug) was digested
with 1 U of an appropriate enzyme for 90 min in a reaction volume of 20 ul, whereas
the preparative digestion was carried out using 5 ug of DNA and 5 U of appropriate enzyme
in a reaction volume of 50 pl. The DNA fragments were separated by agarose gel

electrophoresis (see 2.2.1.7) and purified using the QIAquick Gel Extraction Kit (2.1.10).

2.21.5 Generation of double-stranded oligonucleotides

In annealing reaction, 100 uM of the top strand and bottom strand oligonucleotides (i.e. Tat-1
and Tat-2 for the generation of the N-terminal Tat construct and Tat-3 and Tat-4 for
the generation of the C-terminal Tat construct; see 2.1.5) were incubated in 1x annealing
buffer (2.1.11) at 95°C for 10 min with subsequent gradual decreasing of the temperature
(5°C/5 min) to 20°C. The annealed oligonucleotides were treated with Tag DNA polymerase
in the presence of dNTPs and appropriate Tag DNA polymerase reaction buffer for 30 min
at 72°C. For generation of the N-terminal Tat construct, the product of fill-in was directly
cloned into pGEM-T vector and the Tat-coding sequence was cut out using the Ndel
and Ncol restriction enzymes and subcloned into precut pET-20b(+) vector. In case of
the C-terminal Tat construct, the product of fill-in was digested with Kpnl and Hindlll

restriction enzymes and cloned into precut pET20-KpnHind vector (see 2.1.4 and 2.2.1.10).
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2.2.1.6 Dephosphorylation of DNA

Shrimp alkaline phosphatase was used to remove the terminal 5-phosphate groups from
the DNA in order to prevent fragments from self-ligating in certain cloning strategies.
Dephosphorylation was carried out at 37°C for 1 h in the restriction enzyme digest using 1 U

of phosphatase per 1 ug of DNA. The enzyme was inactivated by heating at 65°C for 15 min.

2.2.1.7 Agarose gel electrophoresis

The agarose gel electrophoresis was used for analysis and preparation of DNA. The DNA
samples mixed with DNA loading buffer (2.1.11) were loaded on the agarose gel containing
0.8 - 2% (w/v) agarose in the TAE buffer (2.1.11). The 1 kb and 100 bp DNA ladders (2.1.10)
served as standards. Electrophoresis was run at 8 V/cm with TAE as a running buffer.
The gel was stained for 20 min in the ethidium bromide solution (1 pg/ml) and DNA was
visualized using a UV transilluminator. For imaging and documentation, the Gel Doc 2000
system equipped with the Quantity One 1-D Analysis Software (Bio-Rad Laboratories,

Minchen, Germany) was used.

2.2.1.8 DNA gel extraction

The DNA fragments obtained after restriction digestion or PCR were purified by agarose gel
electrophoresis (2.2.1.7) followed by a gel extraction using the QlAquick Gel Extraction Kit

(2.1.10) according to the manufacturer’s instructions.

2.2.1.9 DNA ligation

The ligation reaction containing approximately 50 ng of the linear vector DNA,
3:1 (insert/vector) molar ratio of the insert DNA, 1 pul of the ligation buffer and 0.5 U
of the T4 DNA ligase in 10 pl reaction volume was incubated overnight at 16°C. The reaction
mixture was dialyzed against distiled water on a MF-Millipore membrane filter (2.1.16)
for 1 h and subsequently used for transformation into E. coli XL1-Blue competent cells (see
2.2.2).

For direct cloning of PCR-amplified DNA fragments, pGEMT vector was used (2.1.4),

according to the manufacturer’s protocol.

2.2.1.10 Site-directed mutagenesis

Modification of the pET-20b(+) vector, in which the restriction sites Kpnl and Hindlll were
introduced downstream of the Hise-tag along with the elimination of existing TGA stop codon
and introduction of a new TGA codon downstream of the Hindlll restriction site, was

performed using the QuickChange Site-directed Mutagenesis Kit (2.1.10) with primers
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PET-His-mut1 and pET-His-mut2 (2.1.5) according to the manufacturer’s protocol. Following
digestion of the non-mutated parental DNA template using the enzyme Dpnl, the modified
vector was transformed into E. coli XL1-Blue chemically competent cells and after plasmid

isolation, the introduced mutations were confirmed by sequencing (see 2.2.1.11).

2.2.1.11 DNA sequencing

The DNA sequencing was performed according to the dideoxy chain-termination method
(Sanger et al., 1977; Sambrook & Russell, 2001) using the CycleReader Auto DNA
Sequencing Kit (2.1.10) and IRDye 700- or 800-labeled primers (2.1.5) as described
in the manual of the kit provider. The gel electrophoresis was carried out on a Li-Cor DNA
sequencer with TBE as a running buffer (2.1.11). The sequences were analyzed using

the Li-Cor e-Seq DNA sequencing software (Li-Cor Bioscience, Bad Homburg, Germany).

2.2.2 Transformation of E. coli cells
2.2.2.1 Chemically competent E. coli cells

For preparation of chemically competent E. coli cells, 5 ml of the overnight culture obtained
from a single colony was inoculated in 500 ml of LB medium (2.1.12). The cells were grown
at 37°C with shaking at 220 rpm until the absorbance at 600 nm (ODego) reached ~0.5.
Following centrifugation (4000 x g, 4°C, 10 min), the cell pellet was resuspended
in 300 ml of the ice-cold 0.1 M CaCl, solution and incubated in an ice-water bath for 1 h.
After centrifugation (4000 x g, 4°C, 10 min), the cell pellet was resuspended in 15 ml
of the ice-cold 0.1 M CaCl, solution and 500 ul of dimethylsulfoxide (DMSO) was added.
After incubation for 15 min, DMSO was added for a second time and the cells were frozen
in 200 ul aliquots at -80°C.

Prior transformation, an aliquot of cells was thawed on ice and incubated for 30 min with
~100 ng of plasmid DNA. After heat shock at 42°C for 90 sec, the cells were placed on ice
for 2 min and then transferred to 1 ml of the SOC medium (2.1.12). Following 1 h incubation
at 37°C with shaking at 220 rpm, transformed cells were plated on the LB agar plate

containing appropriate antibiotics and incubated overnight at 37°C.

2.2.2.2 Electrocompetent E. coli cells

For preparation of electrocompetent E. coli cells, 4 ml of the overnight culture obtained from
a single colony was inoculated in 400 ml of LB medium (2.1.12). The cells were grown
at 37°C with shaking at 220 rpm until the ODgy reached ~0.5. The cells were harvested
by centrifugation (4000 x g, 4°C, 10 min) and subsequently washed in 400, 200 and 40 ml
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of the ice-cold 10% (v/v) glycerol. The cell pellet was resuspended in 600 ul of 10% (v/v)
glycerol and 40 pl aliquots were frozen at -80°C.

For transformation of ligated DNA, an aliquot of cells was thawed on ice and 2 pl
of the ligation mixture (2.2.1.9) was added. Thereafter, the mixture was transferred
to the pre-chilled 0.1 cm electroporation cuvette and an electrical pulse of 25 pyF capacitance,
1.7 kV and 200 Q resistance was applied. The cells were resuspended in 1 ml of the SOC
medium (2.1.12) and incubated at 37°C for 1 h with shaking at 220 rpm. The cells were
plated on the LB agar plate containing appropriate antibiotics. The plate was incubated
overnight at 37°C.

2.2.3 Phage display selection of anti-E7 Affilin molecules

Phage rescue

To prepare the phage particles that display the library of yB-crystallin variants, an aliquot
of E. coli XL1-Blue cells containing the phagemid pCANTAB-CR20 (see 2.1.4 and 3.2) was
inoculated in 1 | of 2x YT medium supplemented with 2% (w/v) glucose and ampicillin.
The cells were grown at 37°C with shaking at 220 rpm. When the ODgqo of culture reached
~0.4, the cells were infected with the M13KO7 helper phage at a phage to cell ratio of 20:1.
Following incubation of cells for 1 h with gentle shaking at 50 rpm, the cell suspension was
centrifuged at 1000 x g for 10 min. To produce phage particles, infected cells were
resuspended in a glucose-deficient 2x YT medium containing ampicillin, kanamycin
and 8 mM reduced glutathione and grown overnight at 28°C with shaking at 220 rpm.
The cell suspension was then centrifuged (15 000 x g, 30 min, 4°C) and supernatant
was filtered through a syringe filter with a 0.45 ym pore size. The phage particles were
precipitated from the supernatant by adding 200 ml of PEG/NaCl solution (20% (w/v)
of polyethyleneglycol (PEG 6000), 2.5 M NaCl) and incubation on ice for 1 h. Following
centrifugation (15 000 x g, 30 min, 4°C), the phage pellet was resuspended in 2 ml of PBS.
The infectivity titer of the phage stock was determined by colony count. For this purpose,
the serial dilutions of the phage stock were prepared and used for infection of log-phase
E. coli XL1-Blue cells. Following incubation at 37°C for 30 min, the infected cells were plated
onto the LB agar plates with ampicillin and incubated overnight at 37°C. The plates having
approximately 100 - 500 colonies were selected for colony counting. The number of colonies
multiplied by the reciprocal of the dilution factor for the selected plate provided the phage titer

in colony forming units (cfu) per ml.

Biopanning
Prior to selection, the phage library stock was incubated with 2 ml of 6% (w/v) BSA in PBS

for 30 min at RT. Thereafter, the phages were added into 12 wells of the 96-well microtiter
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plate (100 pl/well) immobilized with the E7 target protein and incubated for 1 h at RT
with gentle rocking. The E7 immobilization was carried out beforehand by incubation
of the E7 protein solution (10 pg/ml, 100 pl/well, overnight, 4°C), blocking of the plate
with 3% (w/v) BSA in PBS (300 pl/well) for 2 h at 37°C and washing with PBS.

In order to remove unbound phage, the plate was washed according to washing conditions
listed in Tab. 3. Phage particles that remained bound were eluted by 100 mM triethylamine,
pH 10.0 (100 pl/well, 10 min, RT). The eluted phages were collected and pH of solution was
neutralized with 0.8 ml of 1M Tris-HCI, pH 7.4. Subsequently, the phage particles were used
for infection of E. coli XL1-Blue cells (20 ml, ODgyp ~0.4). The culture was incubated
for 30 min at 37°C with shaking at 50 rpm.

The plate after elution with triethylamine was washed with PBS and E. coli XL1-Blue cells
(100 pl/well, ODgoy ~0.4) were added to the wells in order to rescue retained phages.
The plate was incubated for 30 min at 37°C with gentle rocking. Infected E. coli cells were
collected from the plate and combined with bacteria obtained from infection with
triethylamine-eluted phage. The cells were pelleted by centrifugation (4500 x g, 15 min),
resuspended in 1 ml of 2x YT medium and plated on SOBAG plates. Following incubation
of plates overnight at 37°C, the cells were scraped using 10 ml of 2x YT medium and frozen
at -80°C in 20% (v/v) glycerol. The bacterial stocks were then used for further selection
rounds by repeating the steps of the phage rescue and biopanning with increased stringency
of washing conditions with every selection round (washing conditions presented
in Tab. 3).

Table 3. Washing conditions in conventional phage display selection.

Round Washing conditions

1 3x PBS, 3x PBS-T

2 5x PBS, 5x PBS-T, 3x 3% (w/v) BSA in PBS (5 min), 1x PBS

3 8x PBS, 8x PBS-T, 3x 3% (w/v) BSA in PBS (5 min), 2x 6% (w/v) skimmed
milk in PBS (5 min), 1x EGFP-Hisg (60 ug/ml) in PBS (5 min), 1x PBS

4 10x PBS, 10x PBS-T, 4x 3% (w/v) BSA in PBS (5 min), 4x 6% (w/v) skimmed
milk in PBS (5 min), 1x EGFP-Hisg (60 pug/ml) in PBS (5 min), 1x E7 in PBS
(10 ug/ml) (1 min), 1x PBS

The number of input phages for each selection round as well as the output of biopanning

were determined by colony count and are presented in Tab. 5 (section 3.2.1.1).

Selection by phage display with proteolysis

In proteolysis-based phage display approach, the pool of phagemids obtained from
the first round of conventional selection was used as an input. Following preparation
of the phage library stock by PEG/NaCl precipitation, the phage particles were incubated
with the chymotrypsin enzyme (10 U/ml) in 50 mM Tris-HCI buffer, pH 7.4 containing
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100 mM NaCl and 2 mM CaCl, for 10 min at RT. The chymotrypsin stock (400 U/ml)
was prepared immediately before use in cold 1 mM HCI. After incubation, the enzyme
was inhibited by addition of phenylmethansulfonylfluorid (PMSF) to the final concentration
of 1 mM. The phages were incubated with 6% (w/v) BSA in PBS for 30 min
at RT and subjected to the biopanning as described previously. The washing of unbound
phages was carried out as described in Tab. 4. The phage infectivity after chymotrypsin
treatment was monitored by colony count. The number of phages used in each selection

round as well as the output of biopanning are presented in Tab. 8 (section 3.2.2.1).

Table 4. Washing conditions in proteolysis-based phage display selection.

Round Washing conditions
1 3x PBS, 3 x PBS-T, 3x 3% (w/v) BSA (5 min), 1x PBS
2 5x PBS, 5x PBS-T, 2x 3% (w/v) BSA in PBS (5 min), 1x 6% (w/v) skimmed

milk in PBS (5 min), 2x EGFP-Hiss (60 ug/ml) in PBS (5 min), 1x PBS

Analysis of individual clones

For analysis of individual clones, the DNA pool encoding E7-enriched clones after indicated
selection round was subcloned from the phagemid pCANTAB-CR20 into pET-20b(+) vector
using primers ggbSfil-fwd and hgcXhol-rev (2.1.5). In each case, 96 individual clones were
picked and the proteins were expressed using E. coli NovaBlue(DE3) cells in 24-well format.
For preparation of overnight cultures, single colonies were inoculated in 1 ml of 2x YT
medium containing ampicillin in the 96-well flat-bottom blocks and incubated overnight
at 37°C with shaking at 220 rpm. The overnight cultures (100 pl/well) were inoculated in 4 ml
of 2x YT medium in the 24-well deep well culture plates and incubated at 37°C
with shaking at 220 rpm until ODgg reached 0.5 - 0.8. The protein expression was induced
with isopropyl B-D-1-thiogalactopyranoside (IPTG) at a final concentration of 1 mM
and the cultures were grown overnight at 28°C. The cells were harvested by centrifugation
(5 min, 1500 x g) and lysed using BugBuster 10x Protein Extraction Reagent according
to the manufacturer's recommendations. Protein purification under native conditions from
crude cell lysates was carried out using the Ni-NTA Superflow 96 BioRobot Kit (2.1.10)
on the vacuum manifold as described in the manual of the kit provider.

The protein samples were analyzed by reducing SDS-polyacrylamide gel electrophoresis
(SDS-PAGE) (see 2.2.6.2). The purified proteins were also screened for E7 binding
by enzyme-linked immunosorbent assay (ELISA) in a 96-well format (see 2.2.6.4).

The DNA sequences of positive clones were verified as described in 2.2.1.11.
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2.2.4 Protein expression using recombinant E. coli

Small-scale protein expression

Small-scale expression trials were performed to identify the optimal conditions for soluble
and high-level expression of each recombinant protein. For this purpose, various E. coli
expression strains (2.1.1) were transformed with corresponding plasmids (2.1.4)
and overnight cultures were prepared from a single transformed colony. Next day,
the cultures were diluted 1:50 in 20 ml of medium (LB or 2x YT) containing appropriate
antibiotics. The cultures were grown at 37°C with shaking at 220 rpm until ODggo values from
0.6 to 1.4 were reached. The protein expression was induced with IPTG at a final
concentration ranging from 0.1 to 1 mM. The cultures were further grown at temperatures
from 25°C to 37°C for 1 to 16 h. The cells were harvested by centrifugation
(5 min, 1500 x g) and suspended in BugBuster 10x Protein Extraction Reagent. The clarified
extracts were used for protein purification under native conditions using the Ni-NTA
Superflow 96 BioRobot Kit (2.1.10) on the vacuum manifold according to the manufacturer’s
recommendations.

The samples collected before induction, at hourly intervals after induction of protein
expression, crude cell lysates and samples after purification were analyzed by reducing
SDS-PAGE (see 2.2.6.2). The purified proteins were also analyzed for target binding
in an ELISA (see 2.2.6.4).

Large-scale protein expression

For large scale expression of HPV-16 E7 protein, the overnight culture was prepared from
the freshly transformed E. coli BL21(DE3)pLysS cells harboring pET20-E7 or pET20-E7opt
vectors. Expression was carried out in 1.5 | of 2x YT medium containing ampicillin
and chloramphenicol. Following induction of expression at ODgg ~0.6 by addition of IPTG
to a final concentration of 1 mM and supplementation of the medium with zinc using ZnCl,
to a final concentration of 10 uM, the cells were grown for additional 4 h at 30°C. The cell
suspension was centrifuged at 6000 x g for 30 min at 4°C and the cell pellet was stored
at -20°C until used for protein purification (see 2.2.5).

Affilin variants, wild-type yB-crystallin, EGFP-Hiss and Tat-fusions thereof were expressed
from the corresponding pET-20b(+)-derived vectors (see 2.1.4). For expression of Affilin
variants containing amber stop codons, E. coli NovaBlue(DE3) cells were used. In other
cases E. coli CodonPlus(DE3)-RIL strain was used. The overnight cultures obtained from
a single colony were diluted 1:50 in 1.5 | of 2x YT medium containing ampicillin and grown
at 37°C with shaking at 220 rpm. The induction of expression with IPTG at a final
concentration of 1 mM was performed when ODgqyo of cultures reached ~0.6 for all proteins

and ~1.3 for D1-Tat. The cultures were grown at the temperature of 30°C for all proteins,
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and 25°C for D1-Tat variant. Following induction period (6 h for all proteins and 16 h
for D1-Tat protein), the cell pellets were collected by centrifugation (6000 x g, 30 min, 4°C)

and stored at -20°C until used for protein purification (see 2.2.5).

2.2.5 Protein purification and chromatographic analysis

Protein purification

For protein purification, frozen bacterial cell pellets were thawed on ice for 30 min
and resuspended in 30 ml of NPI-20 buffer (2.1.11) containing 1 mM PMSF. The cells were
lysed by addition of lysozyme to a final concentration of 0.5 mg/ml. Following incubation
of the bacterial cell suspension on ice for 30 min, the DNA was degraded by addition
of benzonase nuclease (2.1.7) at a concentration of 25U/ml in the presence
of 10 mM MgCl,. Sonication was done using the ultrasonic homogenizer SONOPULS 2200
equipped with the sonotrode MS73 (five cycles, 25% of sonication power for 15 sec
with 1 min delay between pulses). Following centrifugation (30 000 x g, 30 min, 4°C),
the soluble protein fraction was applied onto a HiTrap Chelating HP 5 ml immobilized metal-
ion affinity chromatography (IMAC) column charged with Ni** and equilibrated with the buffer
NPI-20 (2.1.11). The proteins were eluted with a linear imidazole gradient of 15 column
volumes from 20 to 500 mM using buffer NPI-500 (2.1.11).

For purification of the E7 protein, the pooled protein fractions from IMAC column were
dialyzed overnight at 4°C in dialysis tubing (MWCO 3000) against buffer Q-1 (2.1.11).
Thereafter, the protein sample was loaded onto a HiTrap Q Sepharose HP 5 ml anion-
exchange chromatography column. The E7 protein was eluted with a linear NaCl gradient
of 20 column volumes from 300 mM to 1 M using buffer Q-2 (2.1.11). The peak fractions
containing E7 were pooled and subsequently dialyzed overnight at 4°C against buffer Q-1.
The protein was concentrated to approximately 1 mg/ml using an Amicon Ultra-15 centrifugal
filter device (MWCO 5000) and applied onto a HiLoad 16/60 Superdex G-75 size-exclusion
chromatography column. The E7 protein was eluted from the column in the SE-1 buffer
(2.1.11). The column was calibrated with proteins from Gel Filtration LMW and HMW
Calibration Kits, i.e. ribonuclease A (13.7 kDa), ovalbumin (43 kDa), aldolase (158 kDa)
and thyroglobulin (669 kDa).

For purification of Affilin-Tat variants and yB-crystallin-Tat, the pooled protein fractions from
IMAC column were dialyzed against buffer SP-1 (2.1.11) and applied to a HiTrap SP HP 1 ml
cation-exchange chromatography column. Protein elution was accomplished by linear NaCl
gradient (20 column volumes) using SP-2 buffer (2.1.11). The collected protein fractions
were dialyzed overnight at 4°C against buffer SP-1.

The protein samples were stored at 4°C for short-term use or at -80°C for prolonged storage.

To prevent the formation of nonnative disulfide bonds in Affilin variants, B-mercaptoethanol
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at a final concentration of 5 mM was added to all buffers used for purification and protein
storage.

All purification steps were controlled by the AKTA Explorer system and carried out at RT.
The protein elution was monitored by measuring the absorbance at 280 nm and additionally
at 230 nm for the E7 protein.

To eliminate the endotoxin contamination from protein samples, the Affilin-Tat preparations
used for cell culture studies were incubated with Prosep-Remtox beads according to
manufacturer’s instructions. Following removal of Prosep-Remtox beads, the level of
endotoxins in protein samples was estimated by the Limulus amebocyte lysate test (2.1.10)

as recommended by the manufacturer.

Analytical high-performance liquid chromatography

For size-exclusion high-performance liquid chromatography (HPLC) analysis, protein
samples (approximately 10 ug) were injected onto a TSKGel SWy 2000 column.
The chromatography was run in ASE-1 buffer (2.1.11) at a flow rate of 1 ml/min.
The calibration of the column was performed with proteins from the Gel Filtration LMW
Calibration Kit, i.e. ribonuclease A (13.7 kDa), carbonic anhydrase (29 kDa), ovalbumin
(43 kDa) and conalbumin (75 kDa).

For reversed-phase HPLC analysis, the protein samples (approximately 20 ug) were injected
on a PLRP-S column equilibrated with the RP-1 buffer (2.1.11). The protein was eluted
using a linear gradient from 30% to 60% of buffer RP-2 (2.1.11) over a period of 30 min
at a flow rate of 1 ml/min.

The HPLC was controlled by a Dionex Summit HPLC system and carried out at 25°C. During

protein analysis, the absorbance at 280 nm was detected.

2.2.6 Protein characterization
2.2.6.1 Quantification of protein concentration

Ultraviolet/Visible (UV/Vis) Spectroscopy
The concentration of proteins purified from large-scale expression experiments
was determined by measuring the absorbance at 280 nm. The concentration was calculated
using equation derived from the Beer-Lambert law (Pace et al., 1995):
A=excxl (2)
with A: absorption, & molar extinction coefficient, c: molar concentration and /: cell
path length
The molar extinction coefficient was calculated using ProtParam tool available

at http://www.expasy.org.



Materials and Methods 38

Bradford Assay

In other cases, the protein concentration was determined by method developed by Bradford
(Bradford, 1976) wusing the Bio-Rad Protein Assay Kit (2.1.10) according
to the manufacturer's recommendations. As a protein standard, BSA at a concentration

of 0.2 to 0.9 mg/ml was used.

2.2.6.2 SDS-PAGE

The SDS-PAGE was performed according to Laemmli (Laemmli, 1970) in 15 % SDS-
polyacrylamide gels. Protein samples were mixed with the SDS-PAGE loading buffer
(2.1.11), incubated at the temperature of 95°C for 5 min and loaded on the gel assembled
in a Mini-Protean 3 electrophoresis apparatus. Electrophoresis was run at 200 V for 45 min
in the SDS-PAGE electrophoresis buffer (2.1.11). The LMW-SDS Marker Kit (2.1.10) served
as a molecular weight standard. The gels were either stained in the Coomassie staining
solution (2.1.11) followed by incubation in destaining solution (2.1.11) or blotted onto

nitrocellulose transfer membrane (see 2.2.6.3).

2.2.6.3 Western blotting

For Western blotting, proteins resolved on the polyacrylamide gel were transferred onto
the Protran nitrocellulose transfer membrane in a semi-dry blotting apparatus (0.8 mA
per cm? of the gel, 2 h) with Western blotting transfer buffer (2.1.11). Protein transfer was
confirmed by staining of the membrane with Ponceau S solution (2.1.11). The membrane
was rinsed with water and blocked in 5% (w/v) skimmed milk in PBS-T for 1 h at RT.
Subsequently, the membrane was incubated with appropriate primary antibody (see 2.1.9)
overnight at 4°C or for 2 h at RT. After washing three times for 10 min with PBS-T,
the membrane was incubated with an anti-mouse IgG horseradish peroxidase-conjugated
antibody (2.1.9) for 1 h at RT. Finally, the membrane was washed three times with PBS-T
for 15 min followed by one brief wash with PBS. Detection of protein bands was performed
using the ECL Western Blotting Detection Reagent (2.1.10) as recommended

by the manufacturer.

2.2.6.4 ELISA

The ELISA was performed for determination of apparent dissociation constants of E7-pRb
and Affilin-E7 interactions as well as for screening of anti-E7 Affilin molecules after phage
display selection (2.2.3). In each case, the target and control proteins (2 pg/ml,
100 pl/well) were immobilized on the 96-well microtiter plate overnight at 4°C. The plate was
washed three times with 400 pl of PBS-T, blocked with 3% (w/v) BSA in PBS-T (37°C, 2 h)
and subsequently washed with PBS-T.
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For affinity determination, sequentially diluted purified protein fractions were applied to
the wells at concentrations indicated in the corresponding figures. For specificity analysis
of D1-Tat and D4-Tat Affilin variants, the amount of 300 nM of each protein was used
in the assay. In case of screening of anti-E7 clones, the volume of 100 pl of each purified
protein variant was applied to the wells with immobilized target protein.
In each case, the proteins were incubated for 1 h at 37°C and thereafter the wells were
washed three times with PBS-T. Bound proteins were detected with specific antibodies.
For detection of E7, an anti-HPV-16 E7 antibody was used followed by a secondary
detection step with an anti-mouse IgG horseradish peroxidase-conjugated antibody (2.1.9).
Affilin variants were detected with horseradish peroxidase-conjugated anti-yB-crystallin
antibody (2.1.9). All antibodies were incubated for 1 h at 37°C. After washing with PBS-T
for three times and once with PBS, the ELISA was developed using the TMB Plus substrate
solution (50 pl/well). The reaction was stopped by addition of 0.2 M H,SO, (50 pl/well)
and absorbance was measured at 450 nm (A4s0) with 620 nm as a reference using a Sunrise
absorbance microplate reader. The measured A5 values were considered as a direct
reflection of the amount of protein of interest bound to the immobilized target molecule.
For determination of apparent dissociation constant (Ky), the A4so values were plotted against
the protein concentration using SigmaPlot 2000 software. The Ky values were calculated
using equation derived from the law of mass action (Raghava & Agrewala, 1994; Voss &
Skerra, 1997):

A = (Amax X C)/ (Ka * C) 3)

with A: measured absorbance at 450 nm after reference subtraction, A... signal

for saturated binding, c: protein concentration, K. apparent dissociation constant.

2.2.6.5 Surface plasmon resonance

The surface plasmon resonance (SPR) analysis of protein-protein interactions was
performed on a Biacore 3000 instrument. The target proteins were covalently linked
to the dextran matrix of a CM5 sensor chip using the Amine Coupling Kit (2.1.10) according
to instructions of the manufacturer. The pRb protein was immobilized to ~3600 resonance
units (RU) by injection of 35 ul of pRb solution (10 pg/ml, dialyzed overnight against
50 mM MES buffer, pH 6.0). To immobilize E7, the protein was dialyzed overnight against
100 mM sodium acetate buffer, pH 4.3 and 35 pl of the 50 ug/ml solution was injected
resulting in an immobilization level of ~5800 RU. To correct for non-specific binding and bulk
refractive-index change, a blank flow-cell channel activated with NHS/EDC and blocked with
ethanolamine was used as a negative control. All steps of the immobilization procedure were

performed at a flow rate of 5 pl/min.
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To analyze the E7-pRb interaction, the E7 protein was diluted in the Biacore running buffer
(2.1.11) in a concentration series from 900 to 225 nM in twofold dilution steps. For analysis
of Affilin binding to E7, Affilin molecules were applied in a series of twofold dilutions ranging
from 600 to 37 nM for D1-Tat and 1.4 uM to 87 nM for D4-Tat. The binding interactions were
measured at 25°C at a flow rate of 30 yl/min. Regeneration of the matrix was performed with
stripping solution (1 M KCI) applied for 30 sec at a flow rate of 30 pl/min.

The sensorgrams subtracted from a blank flow-cell channel were analyzed using

the BlAevaluation 3.1 software (Biacore International, Uppsala, Sweden).

2.2.7 Cell biology
2.2.7.1 Mammalian cell propagation

The mammalian cells (see 2.1.2) were grown as monolayers in culture media (2.1.13)
in a 37°C incubator with 5% CO,. Upon reaching 70-90% confluence, the cells were washed
with PBS and detached from the culture dish surface by a 0.25% (w/v) trypsin-EDTA solution
(2.1.7). Following incubation at 37°C (approximately 5 - 10 min), the cells were resuspended

in a fresh culture medium and dispensed into new culture flasks or wells.

2.2.7.2 Tat-mediated internalization of Affilin molecules into mammalian cells

For investigation of Tat-mediated Affilin internalization, the NIH/3T3 or NIH/3T3-E7 cells were
plated at a density of 4 x 10° cells/well in 6-well cell culture plates (for Western blotting) and
6 x 10* cells/well in 24-well cell culture plates containing glass coverslips (for immuno-
fluorescence microscopy). Next day, the culture medium was replaced with a fresh medium
containing Affilin-Tat fusion proteins at a final concentration of 0.01 - 10 yM. After incubation
for indicated time intervals (see 3.3.4), the cells were washed five times with PBS to remove
extracellular protein. Immunofluorescence analysis was performed as described in 2.2.7.4.
For Western blot analysis, the cells were lysed using lysis buffer (2.1.11), centrifuged
at 13 000 x g for 10 min at RT and for each sample an equal amount of cell lysate (20 pl)
was mixed with the SDS-PAGE loading buffer (2.1.11) and applied onto a 15% SDS-
polyacrylamide gel. Western blotting with an anti-yB-crystallin antibody was performed
as described in 2.2.6.3.

For determination of intracellular protein stability, the cells were plated at 2 x 10° cells/well
in 6-well plates. Next day, the cells were treated with the E9*-Tat protein at a final
concentration of 1 pyM for 3 h, washed 5 times with fresh culture medium to remove
extracellular protein and incubated for indicated time intervals (see 3.3.4). The total cell
lysates were prepared as described previously and equal amounts of cell lysates (20 ul)

for each sample were analyzed by Western blotting (2.2.6.3).
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When indicated, the cells following incubation with Affilin-Tat fusion proteins were washed
three times with PBS, incubated with 0.25% (w/v) trypsin-EDTA for 10 min at 37°C, replated
at the same cell density and allowed to attach to the culture dish surface for approximately
3 h before analysis. Western blotting and immunofluorescence studies were performed

as described above.

2.2.7.3 Transfection of mammalian cells

The calcium phosphate method (Graham & van der Eb, 1973; Wigler et al., 1977) was used
to transfect NIH/3T3-E7, C-33 A and HEK-293 cell lines for transient expression of Affilin
molecules and yB-crystallin from corresponding mammalian expression vectors (2.1.4).
Briefly, the cells were plated the day before transfection in 24-well cell culture plates
containing glass coverslips at a density resulting in 50-70% confluent monolayers.
Three hours prior to transfection, the culture medium was replaced with a fresh medium.
For each well, the DNA-calcium phosphate co-precipitates were prepared by mixing
2 ug of the vector DNA with CaCl, at a final concentration of 125 mM in 1x HBS buffer
(2.1.11) in a volume of 40 ul. The precipitates were allowed to form for 20 min at RT
and subsequently added to the cell culture medium (40 pl/well). The cells were exposed
to the precipitates for 6 h and thereafter the glycerol shock was performed. For this purpose,
the cells were treated with 15% (v/v) glycerol in 1x HBS buffer for 2 min. After removal
of the glycerol by adding fresh medium, aspiration of the mixture and replacement with
a fresh medium, transfected cells were incubated under standard culture conditions
for specified time prior to analysis.

Transient transfection of Ca Ski cells with vectors encoding Affilin molecules and yB-crystallin
(2.1.4) was performed using Effectene transfection reagent with 1:25 ratio of DNA
to Effectene reagent according to the manufacturer's instructions. Due to observed
cytotoxicity, the Effectene-DNA complexes were removed from the cells after 6 h
of the incubation time.

Transfection of NIH/3T3 cells was carried out using Nucleofector Il device according to
the manufacturer's recommendations. For each sample, the amount of 1 x 10° cells was
resuspended in the Cell Line Nucleofector Kit R solution (2.1.10) and the cells were
transfected with 3 ug of the plasmid DNA (2.1.4) using program U-30.

In each case, the efficiency of transfection was verified by immunofluorescence staining

with an anti-yB-crystallin antibody (see 2.2.7.4).

2.2.7.4 Immunofluorescence microscopy

Cells grown on glass coverslips were washed with PBS and fixed with either 100% methanol
(10 min, -20°C) or 4% (w/v) paraformaldehyde (PFA) in PBS (20 min, RT).
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The methanol-fixed cells were re-hydrated with PBS (10 min, RT). The cellular membranes
were permeabilized with 0.5% (v/v) Triton X-100 in PBS (10 min, RT). The non-specific
binding sites were blocked with 3% (w/v) skimmed milk in PBS (30 min, RT). For staining
of Affilin molecules or wild-type yB-crystallin, the cells were probed with an anti-yB-crystallin
antibody (2.1.9) for 1 h at 37°C followed by staining with Cy3-conjugated anti-mouse IgG
antibody (2.1.9) for 1 h at RT. The counter staining was performed by incubation of cells
with 4',6-diamidino-2-phenylindole (DAPI) at a final concentration of 1 ug/ml (10 min, RT).
The coverslips were mounted on microscope slides using the Mowiol mounting medium
(2.1.11). Images were taken with a Nikon Eclipse F600 microscope equipped with a CCD

camera and Lucia GF software (Nikon, Disseldorf, Germany).

2.2.7.5 Bromodeoxyuridine incorporation assay

For analysis of cellular proliferation, the transfected cells were incubated with BrdU at a final
concentration of 10 uM for the last 4 h (NIH/3T3, NIH/3T3-E7, HEK-293) and 10 h (Ca Ski,
C-33 A) of the 48 h post-transfection period. Thereafter, the cells were washed three times
with PBS, fixed with 4% (w/v) PFA in PBS and labeled with an anti-human-yB-crystallin
antibody as described previously (2.2.7.4). Following post-fixation with 4% (w/v) PFA in PBS
for 20 min at RT, the DNA was denatured with 4 M HCI for 10 min. The cells were
subsequently washed three times for 10 min using PBS containing 1% (w/v) BSA
and 0.1% (v/v) Triton X-100. BrdU was detected by an anti-BrdU antibody (2.1.9) incubated
for 8 h at RT followed by staining with an Alexa Fluor 488-conjugated anti-rat 1IgG antibody
(2.1.9) for 1 h at RT. The cellular DNA was stained with DAPI as described in 2.2.7 .4.

For each independent experiment conducted in triplicate, at least 500 cells expressing
indicated Affilin molecules or yB-crystallin were analyzed and the number of BrdU-positive
cells among them was counted. Statistical analysis was carried out using the Student’s t-test
with SigmaStat statistical software. The probability (P) values are given in the corresponding
figures. Images were taken with a Nikon Eclipse F600 microscope equipped with a CCD

camera and Lucia GF software (Nikon, Disseldorf, Germany).

2.2.7.6 Analysis of apoptosis

Apoptosis was detected at 72 h post-transfection with the In Situ Cell Death Detection Kit
Fluorescein (2.1.10) following the manufacturer's instructions. Images were taken with
a Nikon Eclipse F600 microscope equipped with a CCD camera and Lucia GF software

(Nikon, Dusseldorf, Germany).
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3. Results

3.1 Recombinant production of the HPV-16 E7 protein

In order to achieve an efficient selection of binding molecules by phage display, target
protein is required in a sufficient quantity and quality. The following section describes
expression of the HPV-16 E7 protein using recombinant E. coli cells as well as

its purification and biophysical characterization.

3.1.1 Cloning, expression and purification of the HPV-16 E7 protein

The gene encoding the HPV-16 E7 protein was amplified from a pcDNA3.1-E7 vector (2.1.4)
by PCR and cloned into the bacterial expression vector pET-20b(+) carrying the C-terminal
Hise-tag. The resulting plasmid is referred to as pET-20-E7.

In small-scale expression experiments using different E. coli strains (i.e. BL21(DE3),
BL21-CodonPlus(DE3)-RIL, or BL21(DE3)pLysS) carrying the pET-20-E7 vector as well as
various growth conditions, the E7 protein was found to be expressed at a very low level,
detectable only after Western blot analysis with a corresponding anti-E7 antibody (data not
shown).

The analysis of the E7 gene revealed that the His2 and Gly3 triplets form an alternative ATG
start codon (Fig. 11). It was hypothesized that recombinant E. coli cells could use this codon
for the initiation of the translation machinery resulting in the expression of a short peptide

and premature termination of translation.

1 25 50
E7 ATGCAGGAGATACACCACATTGCATGAATATATGTTAGATTTGCAACC
M H G D T P T L HE Y ML DL Q
M E I H L H C M N I C STOP
E7opt ATGCABGGAGATACACCHACATTGCATGAATATATGTTAGATTTGCAACC

Figure 11. Optimization of the E7 gene. The DNA sequence of the E7 gene was obtained
from the GenBank database (accession no. AF486352) and confirmed by sequencing.
The ATG start codon of the E7 gene and an alternative ATG codon are underlined.
The amino acid sequence of the HPV-16 E7 protein (positions 1 to 15) and the incorrect
product of the alternative translation initiation are indicated by single-letter amino acid code.
Mutations introduced into the E7 gene are highlighted in red in both unmodified
and optimized (E7opt) E7 gene.

To eliminate the possibility of the alternative translation initiation, the introduction of a silent
mutation to the codon for His2 was proposed (Fig. 11). In an attempt to further optimize

the E7 gene, the ProteoExpert web-based service (www.proteoexpert.com) was used.
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The ProteoExpert was originally designed by Roche Applied Sciences in order to optimize
the expression templates for protein synthesis in the cell-free Rapid Translation System.
In this program, the sequence mutations in the first codons of the translated region that
are expected to result in a substantial increase in the protein yield are identified according to
an algorithm based on the theoretical analysis of over 700 mRNA sequences
and experimental data obtained by expressing the corresponding proteins.

As an output of the calculation, the ProteoExpert bioinformatics service provided 10 variants
of the E7-coding sequence (Fig. 12). The silent mutation in the His2 codon was proposed
for six sequence variants. As the silent mutation in the codon for Pro6 occurred in seven
proposed sequences, this codon was also selected for E7 gene optimization.

The optimized E7-coding sequence (referred to as E7opt) containing two silent mutations
in His2 and Pro6 codons was generated by PCR. The DNA sequence of the E7opt gene

was verified by sequencing (2.2.1.11).

1 20
E7 wild-type ATGCATGGAGATACACCTACA
E7-1 arccaf§ccacaTacaccllaca
E7-2 arccaflcGaGaTacaccTaca
E7-3 aTccaflceacaflacaccllaca
E7-4 ATGCATGGAGATACACCHACH
E7-5 ATGCATGGAGATACACCHACA
E7-6 aTccaflceacaTacficcllaca
E7-7 ATGCATGGAGATACACCHACH
E7-8 ATGCATGGAGATACACCTACH
E7-9 aTccaflceacaflacaccTaca
E7-10 aTccaflceacaTacaccllacll

Figure 12. Sequence variants of the E7 gene provided by the ProteoExpert web-based
service application (www.proteoexpert.com). Mutated bases are highlighted in red.

Following small-scale expression test, a significant increase of the expression level was
observed for the optimized E7 construct (data not shown). In order to establish optimal
expression and growth conditions, several parameters such as composition of the culture
medium, cell density at the induction time, IPTG concentration, expression temperature
and duration of the induction were evaluated for their influence on the soluble protein yield
(data not shown). Finally, the E7 protein was produced by induction of E. coli
BL21(DE3)pLysS cells harboring the pET-20-E70opt vector at ODgyp ~0.6 with 1 mM IPTG
followed by expression at 30°C for 4 h. The cell extracts from expression cultures were
examined by SDS-PAGE under reducing conditions. As shown in Fig. 13 (lanes 3, 4 and 5),
the recombinant E7 protein accounted for approximately 30% of the total protein with almost

equal distribution between soluble and insoluble fractions.
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The E7 protein from the soluble fraction was first purified using immobilized metal-ion affinity
chromatography (IMAC) under native conditions. This step was followed by separation
on anion-exchange and size-exclusion chromatography columns. From this procedure,
the amount of approximately 30 mg of the E7 protein was obtained per 1 | of shake flask
bacterial culture.

Based on the SDS-PAGE analysis under reducing conditions, the purity of the protein
preparation was estimated to be greater than 90% (Fig. 13, lane 8, arrow). An additional
band at ~28 kDa seen in the purified protein fraction possibly represented the E7 dimer
resistant to the conditions of SDS-PAGE. This band was detected by corresponding anti-E7

antibody in Western blot analysis (shown in section 3.1.2.1).
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Figure 13. Analysis of the recombinant production of the HPV-16 E7 protein by reducing
SDS-PAGE. The protein samples were resolved in a 15% polyacrylamide gel and stained
with Coomassie Brilliant Blue. Lane 1, low molecular weight protein markers (kDa); lane 2,
cell extract from non-induced culture; lane 3, cell extract from induced culture; lane 4,
insoluble protein fraction; lane 5, soluble protein fraction; lane 6, peak fraction after IMAC;
lane 7, peak fraction after anion-exchange chromatography; lane 8, peak fraction after size-
exclusion chromatography.

The molecular weight of the E7-Hisg fusion protein deduced from its amino acid sequence
is ~12 kDa. As shown in Fig. 13, the recombinant HPV-16 E7 protein migrated to a position
corresponding to a molecular mass of ~16 kDa.

Such unusual electrophoretic behavior has already been observed for chemically
synthesized E7 (Rawls et al., 1990) as well as for E7 protein expressed in E. coli (Moro &
Hernandez, 1996), yeast (Tommasino et al., 1990), baculovirus (Stacey et al., 1993), cervical
cancer cells (Smotkin & Wettstein, 1986) and cell-free system (Roggenbuck et al., 1991).
The aberrant electrophoretic migration of E7 on polyacrylamide gels has been attributed
to the high content of acidic amino acid residues (Armstrong & Roman, 1993).

This phenomenon has also been ascribed to the high stability of the E7 protein structure
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which is expected to be resistant to the combined effects of high temperature and SDS (Heck
et al., 1992; Alonso et al., 2002).

In size-exclusion chromatography on a HiLoad 16/60 Superdex G-75 column, the E7 protein
eluted as one major peak at a volume corresponding to protein species with a molecular
weight of approximately 700 kDa (Fig. 14). Considering the molecular weight of the E7-Hisg

monomer (~12 kDa), this indicated that the E7 protein existed as a soluble higher-order

oligomer.
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Figure 14. Elution profile of the E7 protein from a HiLoad 16/60 Superdex G 75 size-
exclusion chromatography column. The E7 protein was eluted from the column in the SE-1
buffer (2.1.11). The column was calibrated using ribonuclease A (13.7 kDa), ovalbumin
(43 kDa), aldolase (158 kDa) and thyroglobulin (669 kDa). Arrows indicate the void (Vo)
and total (Vi) column volume as well as the elution volumes of molecular mass standards
(molecular mass in kDa given above the arrow).

This result is consistent with previous studies, in which the recombinant E7 protein was
observed to form dimers, tetramers and oligomers (Chinami et al., 1994; Clements et al.,
2000; Alonso et al., 2004).

The mechanism of E7 oligomerization has not been fully disclosed yet. The E7 dimer
formation has been proposed to occur through the intermolecular interaction between
a unique zinc-binding fold of two E7 monomers (Mclintyre et al., 1993; Ohlenschlager et al.,
2006). The coordinated zinc ions are not directly involved in the E7 dimer formation, though
they are essential for this process by the means of maintaining the folded state of the zinc-
binding CR3 domain (Ohlenschlager et al., 2006). However, as described by Alonso et al.,
the E7 oligomers have been observed to assemble in the absence of zinc ions. As a non-
specific chelating agent (EDTA) was used in this study, the authors suggested that other
metals than zinc may be involved in the E7 oligomer assembly (Alonso et al., 2004).

In the present study, zinc was added to the buffers used for E7 purification and metal
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chelators were omitted from these buffers. Nevertheless, as the mechanism of E7
oligomerization is not fully defined, these measures were insufficient to prevent the formation

of E7 oligomers.

3.1.2 Biophysical characterization of the HPV-16 E7 protein
3.1.2.1 Western blot analysis

The Western blot analysis of protein samples from expression and purification of the E7
protein with an anti-E7 antibody demonstrated multiple reactive bands: one predominant
band at ~16 kDa corresponding to the E7 monomer (Fig. 15, arrow) and two additional bands
at ~28 and 40 kDa. These bands may represent various oligomeric assemblies of the E7

protein persistent under conditions of the reducing SDS-PAGE and Western blotting.
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Figure 15. Western blot analysis of recombinant HPV-16 E7 protein. Lane 1, cell extract
from non-induced culture; lane 2, cell extract from induced culture; lane 3, insoluble protein
fraction; lane 4, soluble protein fraction; lane 5, peak fraction after IMAC; lane 6, peak
fraction after anion-exchange chromatography; lane 7, peak fraction after size-exclusion
chromatography.

3.1.2.2 Binding of the HPV-16 E7 protein to pRb

The binding of the recombinant E7 protein to the full-length retinoblastoma protein
was investigated by concentration-dependent enzyme-linked immunosorbent assay (ELISA)
and surface plasmon resonance (SPR).

In ELISA experiment, the recombinant pRb protein was directly coated onto the wells
of a 96-well microtiter plate and sequentially diluted E7 protein bound to it was detected
by an anti-E7 antibody and an anti-mouse IgG horseradish peroxidase-conjugated antibody

in a chromogenic reaction.
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As shown in Fig. 16, the E7 protein was capable of pRb binding in a dose dependent fashion
with saturation at the E7 protein concentration of approximately 300 nM. Using nonlinear
regression analysis (2.2.6.4), the apparent dissociation constant (Ky) value of the E7-pRb

interaction was determined as approximately 20 nM.
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Figure 16. Determination of the apparent dissociation constant (K4) of the E7-pRb binding
using ELISA. The pRb (target) and BSA (control) were immobilized on wells of the microtiter
plate and purified E7 protein was applied in a dilution series. Bound E7 protein was detected
by an anti-E7 antibody and an anti-mouse IgG horseradish peroxidase-conjugated antibody
in a chromogenic reaction. The absorbance was measured at 450 nm (Ays0) with 620 nm
as a reference. The curve represents the nonlinear fit of the data to equation 3 (2.2.6.4).
The calculated Ky was ~20 nM.

The SPR analysis of the E7-pRb interaction was performed on a Biacore 3000 instrument.
The Biacore technology utilizes the SPR optical phenomenon for monitoring
the macromolecular interactions between injected analyte and immobilized biomolecule
in real time. During the measurements, changes in the refractive index at the surface
of a sensor chip are detected (Jason-Moller et al., 2006; Piliarik et al., 2009).

In the set-up employed in this study, the recombinant pRb protein was covalently
immobilized onto a CM5 sensor chip by amine coupling (2.2.6.5) to approximately 3600
resonance units (RU).

Two independent experiments for serial E7 concentrations ranging from 250 to 900 nM
applied over the same regenerated surface were performed. The sensorgrams subtracted
from a blank flow-cell channel (Fig. 17) were analyzed using the BlAevaluation 3.1 software.
During the measurements, a reduction of the ligand binding activity visible as both
a decrease of the signal at the same analyte concentration after every cycle (see Fig. 17)
and as a negative base-line drift was observed. Although different regeneration conditions
were tested, it was not possible to regenerate the pRb binding surface without loss
of the ligand binding activity. The loss of pRb binding activity precluded the calculation

of the apparent dissociation constant from the equilibrium titration measurements.
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The evaluation of the surface plasmon resonance data revealed that the interpretation
according to the 1:1 Langmuir model (A + B — AB with A: analyte, defined as a molecule
in solution and B: immobilized ligand), bivalent analyte model (A + B «— AB; second step:
AB + B «— ABB) or heterogeneous analyte model (A1 + B < A1B; A2 + B «— A2B) was not
applicable. In addition to the instability of the pRb protein, the complex interaction between
pRb and the oligomeric E7 protein may cause difficulties with the SPR data evaluation.
In general, the investigation of binding between the multivalent protein and the ligand
immobilized on a biosensor chip is difficult due to the nonconformity of the data
with the model on which the quantitative analysis is based (Kalinin et al., 1995; Nieba et al.,
1996). To avoid the influence of the analyte multivalency on the SPR measurements,
the multivalent molecule should be immobilized on the biosensor chip. However, due to
limited availability and instability, the pRb protein could not be used as an analyte in this
study. Thus, the evaluation of kinetics and affinity of the E7-pRb interaction based on SPR
data could not be accomplished. Nevertheless, the response curves recorded during SPR
measurements (Fig. 17) showed that recombinant E7 protein is able to bind to immobilized
pRb.
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Figure 17. Surface plasmon resonance analysis of the binding of E7 to the pRb protein
immobilized on a CM5 biosensor chip. The concentrations of E7 protein used were: 900 nM,
450 nM and 225 nM. Two injections were performed for each protein concentration.
The binding analysis was performed at a flow rate of 30 pl/min.

Taken together, the E7 protein was prepared from the recombinant E. coli cells in a purity
sufficient for performing the selection of anti-E7 Affilin molecules (for phage display selection
a protein purity of >90% is usually required; Fung, 2004). The biological activity
of the recombinant E7 protein was shown by its ability to bind to pRb in ELISA and SPR

experiment.
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3.2 Phage display selection of anti-E7 Affilin molecules from a yB-crystallin

library

The yB-crystallin library used in this study for the selection of anti-E7 Affilin clones was
provided by Scil Proteins GmbH (Fiedler & Rudolph, 2001; Ebersbach et al., 2007).
The library is composed of randomized vyB-crystallin sequences cloned upstream
of the gene Ill in the pCANTAB 5 E phagemid vector. A schematic representation
of the recombinant pCANTAB-CR20 construct is shown in Fig. 18.

Sfil Notl

Figure 18. Schematic representation of the phagemid pCANTAB-CR20. The yB-crystallin
genetic library was inserted between the plll leader and the gene encoding the plll protein
using Sfil and Notl restriction sites. The recombinant pPCANTAB-CR20 vector contains also
the lac promoter/operator element (lacP), a peptide tag (E-tag) followed by the amber
translational stop codon which permits the expression of the library members as a fusion
with plll in the amber suppressor host strain. In addition, the vector carries the M13
and bacterial origins of replication (M13 and ColE1, respectively) and the antibiotic
resistance marker (the gene for B-lactamase providing resistance to ampicillin).

The phage display selection of anti-E7 Affilin molecules from the corresponding library

is presented in the following sections.

3.2.1 Conventional phage display selection of anti-E7 Affilin molecules
3.2.1.1 Affinity selection

The phage particles displaying the members of a yB-crystallin library were propagated

and precipitated according to the protocol described in the Materials and Methods (2.2.3).
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For selection of anti-E7 Affilin molecules, the phage particles were incubated with
recombinant HPV-16 E7 protein immobilized on the surface of a 96-well microtiter plate.
The unspecific phages were washed out by several washing steps (see 2.2.3). Bound
phages were eluted by incubation with triethylamine at pH 10.0. Following neutralization
of the eluent, phage particles were used to infect E. coli XL1-Blue cells. Phages that retained
after the triethylamine elution were allowed to directly infect E. coli XL1-Blue cells and were
subsequently combined with triethylamine-eluted phages. Following amplification of target-
enriched phage particles, further rounds of selection were performed. With each round,
the stringency of selection was increased by additional washing steps (for details see 2.2.3).
As the recombinant E7 protein carries a Hisg-tag, incubation with a non-related Hisg-tagged
protein (EGFP-Hise) was included in the washing protocol in order to exclude potential
Hise-tag-binding Affilin variants.

The phage titers from each selection round are summarized in Tab. 5. The enrichment
of binding clones was achieved up to the third selection round, since the amount of phages
recovered in the fourth round was lower in comparison to the previous rounds. Thus, the pool
of Affilin variants from the third selection round was used for screening of individual anti-E7

clones.

Table 5. Output of different biopanning rounds in cfu/ml.

Selection round Input phage, cfu/ml Amount of eluted phage particles, cfu/ml
1 101° 1x10°
2 10" 3x10°
3 102 4x10°
4 10" 1x 10°

3.2.1.2 Analysis of individual clones by ELISA

To eliminate any dependence of the target binding on the plll-fusion format, the DNA pool
encoding selected E7 binders from the third biopanning round was amplified by PCR from
the pCANTAB-CR20 phagemid and subcloned into the cytoplasmic expression vector
pET-20b(+) carrying the C-terminal Hisg-tag. To identify specific anti-E7 Affilin molecules,
96 randomly picked clones were pre-screened with regard to their target binding
and specificity by ELISA. For this purpose, the proteins were expressed in E. coli
NovaBlue(DE3) cells in 24-well deep well culture plates and purified under native conditions
using IMAC in a microtiter plate format. The purified proteins were probed for binding
to the immobilized E7 target protein and BSA as a control.

From 96 individual Affilin variants, 32 clones gave significant signals with A4so >0.5 (Fig. 19)

and showed specific binding to the E7 target protein as compared to the binding to BSA
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(ratio: E7/BSA binding >5). Only a small number of clones showed unspecific binding
to the E7 protein (ratio: E7/BSA binding <1).
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Figure 19. Identification of E7-specific Affilin variants in the ELISA screening. The 96
randomly picked clones from the third round of biopanning against E7 protein
were expressed and purified as described in 2.2.3. The proteins were applied to the wells
of a microtiter plate coated with recombinant E7 target protein or BSA. Bound Affilin
molecules were detected by an anti-yB-crystallin antibody conjugated to horseradish
peroxidase in a chromogenic reaction. The absorption values at 450 nm are shown.

Based on the ELISA screening, 20 clones showing the highest signal were subjected to DNA

sequencing.

3.2.1.3 Sequence analysis of individual clones

The DNA sequences of 20 clones showing the highest signal in the ELISA screening were
determined as described in 2.2.1.11 (Tab. 6 presents the deduced amino acid sequences
at corresponding randomized positions).

The sequence analysis showed that 13 of 20 constructs were correct at the DNA level
(i.e. no frameshift, no TAA or TGA stop codons and correct framework residue codons).
Of them, seven clones displayed identical amino acid sequences (i.e. clones A2, A5, D6,
E10, E12, F9 and G2) with two clones encoded by identical DNA. In addition, two other



Results 53

clones (i.e. D5 and C3) shared a high sequence similarity with seven identical clones as only
one (for D5 variant) and two (for C3 variant) amino acid positions were exchanged.

The selection of variants with shared sequences usually suggests the identification
of a consensus binding motif characterized by a high target affinity (Barbass et al., 2001).
This remained to be verified by determination of dissociation constants of Affilin clones with
identical amino acid sequences (see 3.2.1.4).

Most of analyzed variants contained the amber stop codon, which was regarded as GIn due
to amber suppression in the E. coli host strain used for the propagation of the library
and preparation of recombinant clones. The parental wild-type yB-crystallin sequence was
not found among the sequenced clones, only the Arg36 residue was not substituted
in case of seven clones with identical amino acid sequences (i.e. clones A2, A5, D6, E10,
E12, F9 and G2) and clone A1.

Table 6. Affilin clones selected after the third round of phage display selection against the E7
protein (deduced amino acid sequences at randomized positions are shown). Yellow boxes
highlight hydrophobic amino acid residues (hydropathy index value >0 on the Kyte-Doolittle
scale, Kyte & Doolittle, 1982). Basic residues are highlighted in blue and acidic residues
in red. The TAG codon was considered as GIn (referred to as GIn*) due to its suppression
in supE E. coli strain. The variants with identical amino acid sequence are highlighted
in green.

Randomized position

Protein 2 4 6 19
yB-crystallin Thr Tyr Arg

A1 Ser Val Ala Arg
A2 Ala Cys Ser Lys Arg
A5 Ala Cys Ser Lys - Arg

c3 Ala Cys Ser Lys
D1 Cys Cys Gly Arg Arg Lys
D4 Phe Met Thr Arg | Gly NS
D5 Ala Cys Ser Lys
D6 Ala Cys Ser Lys Arg
E10 Ala Cys Ser Lys Arg
E12 Ala Cys Ser Lys Arg

F9 Ala Cys Ser Lys Arg
G2 Ala Cys Ser Lys Arg

H12 Ala Val Gly

When compared to the wild-type yB-crystallin protein, selected Affilin molecules revealed
the presence of several hydrophobic amino acid substitutions, which could mediate
the binding to the target protein via hydrophobic interactions. They occurred mainly
at positions 2, 4 and 19. In addition, several clones revealed the enrichment of basic amino
acid substitutions (expected content of both Arg and Lys residues calculated from the genetic
NNK code used for the library construction was one per eight randomized positions),

particularly Affilin variants D1 and D4, in which three out of eight amino acids were
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substituted for Lys and Arg residues. The variants with identical amino acid sequence
contained two basic substitutions within randomized region.

The seven remaining clones from 20 analyzed were not functional at the DNA level. They
carried insertions or deletions at the randomized positions 36 and 38 resulting in either
+1 or -1 frameshifts followed by non-suppressed stop codons (TGA or TAA in the E. coli
XL1-Blue strain used). The variants encoded by these sequences were probably
not functionally displayed on the phage particles, since they were not in frame with the plll
phage coat protein. However, as the truncated sequences contained Cys residues
(i.e. Cys18, 22 and 32 present in the yB-crystallin scaffold), these peptides could be
displayed on the phage particles upon forming of disulfide bonds with the plll protein
(McLafferty et al., 1993; Paschke, 2006). Such clones might have been enriched during
selection due to enhanced growth rates of E. coli cells expressing only short peptide
sequences in contrast to bacteria producing the full-length plll-fusion constructs (Carcamo et
al., 1998; Azzazy & Highsmith, 2002).

The SDS-PAGE analysis of purified protein fractions obtained from clones encoded
by frameshifted sequences revealed that the full-length proteins were not produced (data not
shown). Thus, the positive signals of frameshifted clones in the ELISA screening could derive
from truncated polypeptides encoded by these sequences and recognized by an anti-yB-
crystallin antibody used in this assay.

The clones with correct DNA sequence were further analyzed regarding their binding
affinities. From seven clones with identical amino acid sequence, the clone A5 was chosen

as a representative.

3.2.1.4 Affinity determination

To evaluate the binding affinity of anti-E7 Affilin molecules, the concentration-dependent
ELISA experiment was performed. To obtain proteins with higher purity and quantity,
the expression of Affilin molecules was scaled up to 1.5 | and carried out in shake flasks.
The proteins were purified from the soluble fraction by IMAC on a HiTrap Chelating HP
column to > 90% purity. The yield of protein preparation for individual clones under non-
optimized conditions varied between 0.6 to 18 mg per 1 | of culture, depending on
the expression level and the protein solubility.

To determine binding affinities, protein samples were allowed to bind to the immobilized
recombinant HPV-16 E7 protein in the ELISA (2.2.6.4). The specificity was analyzed
by comparing the binding of Affilin molecules to the E7 target protein with the binding to BSA.
The apparent dissociation constants were determined by nonlinear regression analysis

of the binding data according to equation 3 (2.2.6.4).
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The Affilin variants D1 and D4 showed the highest affinities with K4 values calculated to be
~80 nM and ~260 nM, respectively (the curves representing the nonlinear regression fit are
shown in Fig. 20). The remaining variants achieved binding affinities in the micromolar range
(Tab. 7). All variants showed specific binding to the E7 target protein as compared
to the binding to BSA (for D1 and D4 shown in Fig. 20).
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Figure 20. Determination of the apparent dissociation constant (K;) of Affilin-E7 binding
using ELISA, exemplified for D1 (A) and D4 (B) variants. The HPV-16 E7 (target)
and BSA (control) were immobilized on wells of the microtiter plate and purified Affilin
molecules were applied in a dilution series. Bound Affilin molecules were detected
by an anti-yB-crystallin antibody conjugated to horseradish peroxidase in a chromogenic
reaction. The curves represent the nonlinear fit of the data to equation 3 (2.2.6.4).
The calculated K, values were ~80 nM and ~260 nM for D1 and D4, respectively.

Surprisingly, the clone A5 which was used as a representative of seven clones carrying
identical amino acid substitutions did not show a high affinity toward the E7 target protein
(K4 was determined as ~5 pM). This finding indicated that the sequence pattern enriched

during phage display did not constitute the consensus motif mediating high-affinity E7
binding.

Table 7. The binding affinity data obtained from an ELISA for Affilin molecules selected
against E7 protein in the conventional phage display selection.

Affilin Kq
A1 2.1 UM
A5 5.0 UM
c3 14 uM
D1 80 nM
D4 260 nM
D5 1.2 pM

H12 3.1 uM
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3.2.1.5 Effect of the Cys to Ser exchange on the affinity of Affilin D1

The Affilin variant D1 showing the highest affinity toward E7 protein contained two Cys
residues at randomized position 2 and 4, in addition to seven free Cys residues present
in the yB-crystallin scaffold. As Cys residues are considered to be non-favorable amino acid
substitutions due to the high reactivity of their thiol side chains at physiological conditions,
both Cys residues within randomized region of the D1 variant were replaced
with structurally similar Ser residues. For this purpose, the D1-coding sequence was
amplified by PCR with primers D1-Cys/Ser-fwd and ggbBstEll-rev (see 2.1.5 and 2.2.1.2).
The introduced mutations were confirmed by sequencing (2.2.1.11) and the D1-Ser2,4
protein was prepared according to the procedure described previously.

The comparison of apparent Ky values obtained from the ELISA experiment (Fig. 21)
revealed a tenfold lower binding affinity of the D1-Ser2,4 mutant (Ky ~870 nM)

as compared to the native D1 variant (Kq ~80 nM).
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Figure 21. Evaluation of the affinity of D1-Ser2,4 mutant to the E7 protein using ELISA.
The wells of the microtiter plate were immobilized with HPV-16 E7 (target) and BSA (control)
and the purified D1-Ser2,4 mutant was applied in a dilution series. Bound Affilin was
detected by an anti-yB-crystallin antibody conjugated to horseradish peroxidase
in a chromogenic reaction. The curve represents the nonlinear fit of the data to equation 3
(2.2.6.4). The calculated K4 was ~870 nM.

Although Cys and Ser residues are structurally similar, they differ in polarity - the thiol group
of Cys is relatively non-polar compared to the hydroxyl side chain of the Ser residue (Nagano
et al., 1999). Thus, by replacing the Cys residues with Ser residues, not only the reactive
thiol groups were eliminated but also the hydrophobicity of the the binding region was
decreased. This suggests an importance of the hydrophobicity of amino acid residues
occurring at the randomized positions for the recognition of the target molecule. Based on

these results, the native D1 variant was used in further experiments.
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In conclusion, using the conventional phage display approach it was possible to select
two Affilin variants, namely D1 and D4, which specifically bound to the E7 target protein
with affinities in the nanomolar range. Nevertheless, a number of isolated clones
that revealed high signal in the ELISA screening did not exhibit a significant affinity to the E7
protein. Moreover, several clones obtained from this selection approach were encoded
by non-functional sequences carrying undesired insertions or substitutions at the randomized
positions.

As described in the literature, the phage display selection of recombinant libraries often
suffers from enrichment of non-specific and/or low-affinity clones (Fischer et al., 1994;
Paschke & Hohne, 2005). In an attempt to eliminate irrelevant clones and to isolate variants

with higher affinity to E7, the alternative phage display selection was carried out.

3.2.2 Selection of Affilin molecules against the HPV-16 E7 protein by phage display

with proteolysis

In the alternative phage display approach, the library displaying yB-crystallin variants was
first exposed to chymotrypsin before phage particles were subjected to biopanning (2.2.3).
The entire concept to use proteases in phage display selection is based on the assumption
that unfolded proteins are more sensitive to proteolytic degradation (Imoto et al., 1986).
Provided that the filamentous bacteriophage retains the infectivity upon exposure
to the site-specific proteases such as trypsin, chymotrypsin or GIuC (Sieber et al., 1998),
the misfolded variants displayed on the surface of phage particles, which contribute
to the non-stoichiometric and/or non-specific binding, should be removed by protease
digestion (Pedersen et al., 2002; Bai & Feng, 2004). The disulfide-constrained peptides
encoded by frameshifted sequences were also expected to be eliminated by protease

treatment.

3.2.2.1 Affinity selection

For selection of anti-E7 Affilin molecules via the proteolysis-based phage display approach,
the pool of phage particles from the first round of selection described in 3.2.1 was used
as an input. Following incubation of phage particles with chymotrypsin and chymotrypsin
inhibition, the biopanning against E7 target protein was performed as described previously
with exception of modified washing conditions used to remove non-binding phages (listed in
2.2.3). As calculated from the titration experiments, the phage infectivity after chymotrypsin
treatment was decreased by a factor of 10. For selection, approximately 10" phage particles
were used (Tab. 8).

In this approach, the amount of phage particles eluted after every selection round was lower

in comparison to the conventional phage display selection (compare Tab. 5 and 8).
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The biopanning was stopped after two cycles, since no evidence of further phage enrichment

was observed. The specific clones were subjected to analysis.

Table 8. Output of different biopanning rounds in cfu/ml.

Selection round Input phage, cfu/ml  Amount of eluted phage particles, cfu/ml
1 (described in 3.2.1.1) 1010 1x10°
2 10" 4x10*
3 10" 5x10°

3.2.2.2 Analysis of individual clones by ELISA

Following two selection rounds with chymotrypsin treatment, the DNA pool encoding
selected Affilin variants was subcloned into the pET-20b(+) vector and 96 randomly selected
individual clones were pre-screened in ELISA as described for the conventional phage

display approach (3.2.1.2). The A4so values are shown in Fig. 22.
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Figure 22. |dentification of E7-specific Affilin variants obtained from the proteolysis-based
phage display approach in the ELISA screening. The 96 randomly picked clones from the
third round of biopanning against E7 protein were expressed and purified as described in
2.2.3. The proteins were applied to the wells of a microtiter plate coated with recombinant E7
target protein or BSA. Bound Affilin molecules were detected by an anti-yB-crystallin antibody
conjugated to horseradish peroxidase in a chromogenic reaction. The absorption values
at 450 nm are shown.
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From analyzed clones, 26 showed strong signal (Ass0 >0.5) and revealed specific binding
to the E7 target protein (ratio: E7/BSA binding >5). Only a small number of clones were
unspecific (i.e. E7/BSA binding ratio: <1). Based on the ELISA signals, 22 clones were

submitted for sequencing.

3.2.2.3 Sequence analysis of individual clones

The sequence analysis of 22 ELISA-positive clones revealed 19 clones carrying codon
replacements in the anticipated positions. These sequences were clearly different from
the wild-type yB-crystallin scaffold with only few amino acid positions, particularly Arg36,

remaining conserved (Tab. 9).

Table 9. Affilin clones selected after two rounds of proteolysis-based phage display approach
against the HPV-16 E7 protein (deduced amino acid sequences at randomized positions
are shown). Yellow boxes highlight hydrophobic amino acid residues (hydropathy index
value >0 on the Kyte-Doolittle scale, Kyte & Doolittle, 1982). Basic residues are highlighted
in blue and acidic residues in red. The TAG codon was considered as GIn (referred to
as GIn*) due to its suppression in supE E. coli strain. The variants with identical amino acid
sequence are highlighted in green.

Randomized position

Protein 2 4
yB-crystallin

Adp
A5p
A10p
B8p
B11p
B12p
C1p
Cép
C7p
D4p
Edp Arg Lys Arg Lys

F3p Lys Arg

F5p Arg
G2p Cys Tyr His
G5p Ala Ala
G6p Leu Ala
G7p Cys Tyr
H4p Leu Phe
H5p Gly Met

The variants obtained from the proteolysis-based phage display selection exhibited
preferences for certain amino acid substitutions similar to that observed for clones obtained
from conventional phage display approach (for comparison see Tab. 6 and 9).

The hydrophobic amino acid residues occurred frequently and were found at positions 2, 4
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and 6. Moreover, seven clones of 19 contained higher than expected content of basic
exchanges, i.e. more than one Arg or Lys residue as calculated from the genetic NNK code
used for the library design. The amber stop codon encoding the Gin residue in the supE
E. coli strain was found in some clones. Two clones, i.e. B12p and C6p were identical at both
DNA and protein level.

Of 22 analyzed clones, only three variants were not functional at the DNA level (i.e. clones
A2p, C2p and H6p) having insertion or deletion of one nucleotide within the randomized NNK
triplets. The truncated variants encoded by non-functional sequences could be displayed
on the surface of phage particles by disulfide-mediated cross-linking with the plll phage
protein (McLafferty et al., 1993; Paschke, 2006). The reduction of the number of aberrant
clones achieved following this selection approach may indicate that these variants were

indeed removed from the library pool by the means of chymotrypsin cleavage.

3.2.2.4 Affinity determination

Prior to affinity determination, Affilin variants obtained from proteolysis-based phage display
selection were expressed and purified as described previously (3.2.1.2). From two variants
with identical amino acid sequence (i.e. B12p and C6p) only variant B12p was produced.
It was possible to obtain approximately 0.4 to 16 mg of protein from 1 | of shake flask culture
for individual clones under non-optimized conditions.

Following determination of the apparent Ky values from a concentration-dependent ELISA,
one clone named G6p was identified to bind the E7 protein with the highest affinity (i.e.

calculated Ky value was ~520 nM; Fig. 23).

G6p
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Figure 23. Determination of the apparent dissociation constant (Ky) of Affilin-E7 binding
using ELISA, exemplified for G6p variant selected by proteolysis-based phage display
approach. The wells of the microtiter plate were immobilized with HPV-16 E7 (target) and
BSA (control) and purified G6p was applied in a dilution series. Bound Affilin variant was
detected by an anti-yB-crystallin antibody conjugated to horseradish peroxidase
in a chromogenic reaction. The curve represents the nonlinear fit of the data to equation 3
(2.2.6.4). The calculated Ky was ~520 nM.
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The B12p clone representing two identical clones bound the E7 protein with micromolar
affinity (Kq ~6.6 uM). Clones A4p, E4p, G5p and H4p revealed affinities in the low micromolar
range (Tab. 10).

Table 10. The binding affinity data obtained for anti-E7 Affilin clones selected by proteolysis-
based phage display approach. n.d., not determined.

Affilin Ky
Adp 2.3 UM
B12p 6.6 uM
E4p 5.5 uM
G5p 1.1 uM
G6p 520 nM
H4p 2.6 uM
A5p, A10p, B8p, B11p, C1p, C6p,
C7p, D4p, F3p, F5p, G2p, G7p, H5p n.d.

The remaining clones bound to E7 in a concentration-dependent manner; however,
as the binding curves did not reach equilibrium under protein concentrations applied
in the assay, the apparent K, values for these variants could not be determined. All analyzed
variants were specific as only background signals were obtained for binding of these clones
to BSA (for the G6p variant shown in Fig. 23).

In conclusion, both phage display approaches were successful yielding Affilin molecules
that specifically bound the E7 target protein. The conventional phage display selection
allowed identification of variants with the highest affinity (~80 nM and ~260 nM Ky values
were achieved for D1 and D4 variants, respectively). When proteolysis was included
in the phage display protocol, the number of background clones encoded by frameshifted
sequences was decreased as only three such variants were encountered among 22
analyzed clones. Both approaches led to the selection of Affilin variants exhibiting similar
preferences for amino acid substitutions, in which the hydrophobic amino acids occurred
frequently at certain positions and basic Arg and Lys residues were enriched in some clones.
Consequently, the variants D1 and D4 showing the highest affinity to the E7 protein

were chosen as primary candidates for further experiments.

3.3 Investigation of the Tat-mediated delivery of Affilin molecules

In recent years, cell-penetrating peptides (CPPs) have been widely used as a tool
for intracellular delivery of different cargoes (reviewed in Gupta et al., 2005; Wagstaff & Jans,
2006 and Foged & Nielsen, 2008). One of the most extensively studied CPPs is Tat derived
from the HIV-1 Tat protein (Lindsay, 2002; Vives et al., 2008). The Tat-conjugated cargos

were reported to translocate across the plasma membrane irrespective of the cell type (Joliot
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& Prochiantz, 2004) and to localize to the cytoplasm and/or nucleus of cells (Schwarze et al.,
2000). For this reason, Tat-mediated transduction appeared to be a well-suited approach
for the intracellular delivery of Affilin molecules. To address this issue, fusion constructs
comprising Affilin and Tat peptide were engineered, characterized and tested for their ability
to be taken up by mammalian cells.

As the investigation of Tat-mediated Affilin delivery was partially performed before the final
selection of anti-E7 Affilin molecules, the non-related Affilin variants SPC-1-A1
and SPC-7-E9 referred to as A1* and E9*, respectively, were used in some experiments.
The generation of Affilin A1* and E9* has been described by Ebersbach et al., 2007.

3.3.1 Generation of Affilin-Tat fusion proteins

As the N-terminal domain of Affilin molecules contains a universal binding site,
the Tat peptide had to be fused to the C-terminus in order to preserve the binding properties
of Affilin molecules. In addition, a Hise-tag was required to enable convenient purification
of Affilin variants by IMAC. To assemble Tat and Hise-tag at the C-terminus of Affilin
molecules, the pET-20b(+) vector was modified in that two additional restriction sites were
introduced downstream of the Hisg-tag (see 2.1.4). The annealed oligonucleotides encoding
the Tat peptide (amino acids GRKKRRQRRRPPQ corresponding to the positions 48 - 60
of the HIV-1 Tat protein) were inserted into the modified pET-20b(+) vector along with
the genes encoding Affilin molecules D1 or D4. As the wild-type yB-crystallin protein was
used in all experiments as a control, a fusion construct encoding yB-crystallin, C-terminal

Hise-tag and Tat peptide was generated as well.

3.3.2 Expression and purification of Affilin-Tat fusion proteins and yB-crystallin-Tat

The analysis of expression of Affilin variants D1 and D4 with or without Tat peptide in E. coli
expression system under standard growth conditions revealed a high expression level
that was, however, associated with the formation of insoluble protein aggregates, commonly
referred to as inclusion bodies (Baneyx & Mujacic, 2004).

To obtain the native (i.e. correctly folded), and hence active form of the protein from inclusion
bodies, solubilization followed by refolding can be carried out (Mayer & Buchner, 2004).
Alternatively, to increase the fraction of soluble protein in bacterial lysates, strategies
involving optimization of expression conditions can be employed (Sorensen & Mortensen,
2005). As soluble expression enables cost-efficient and easy production of proteins,
the approach based on determination of optimum conditions for increased levels of soluble

Affilin-Tat fusion proteins in recombinant E. coli cells was chosen in this study.
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3.3.2.1 Optimization of the bacterial expression of Affilin-Tat fusion proteins

Due to the presence of several codons within the framework region of Affilin molecules that
are rarely used by the E. coli host, the BL21-CodonPlus(DE3)-RIL strain which overcomes
the codon bias problem was used for the expression of Affilin molecules.

To optimize the soluble expression of Affilin D1-Tat and D4-Tat, several growth
and expression parameters were tested. In each case, the amount of soluble protein
as well as the E7-binding activity of purified proteins were determined. First, the reduction
of the growth temperature after induction was evaluated as a well known technique to limit
the in vivo aggregation of recombinant proteins (Schein, 1991). It was found that
the temperature shift to 25°C following induction increased the amount of soluble D1-Tat
protein, whereas the temperature of 30°C was found to be optimal for the D4-Tat variant
(data not shown).

The effect of the IPTG concentration on the soluble expression of Affilin-Tat molecules was
also examined by using varied IPTG concentrations ranging from 0.1 to 1 mM. The reduction
of the IPTG concentration below 1 mM resulted in a drop of the expression level of both
Affilin variants (data not shown). However, as an increased amount of soluble protein was
not achieved under these expression conditions, the concentration of 1 mM of IPTG was
chosen for further experiments.

To determine the optimum cell density for the induction of protein expression, the IPTG
at 1 mM final concentration was added to cultures at densities associated with the mid-log
phase (i.e. ODgyp ~0.6) or the late-log phase (i.e. ODgy ~1.3) for both Affilin variants.
In general, the induction of protein expression during the mid-log phase is recommended
(Berrow et al., 2006). Surprisingly, induction of D1-Tat expression at the late exponential
phase of growth was beneficial for soluble expression of this variant (data not shown).
The same effect was not observed for D4-Tat variant and, consequently, this protein was
expressed following induction at the mid-log phase.

Finally, the post-induction time was determined in the time course analysis of soluble
expression. It was found that the highest productivity of soluble and active proteins was
achieved after 16 and 4 h of expression for D1-Tat and D4-Tat variants, respectively
(data not shown).

The yB-crystallin-Tat control protein was expressed in E. coli BL21-CodonPlus(DE3)-RIL
strain under following cultivation conditions: induction at ODggy ~0.6 with 1 mM IPTG and 8 h
incubation time at 30°C prior to cell harvesting.

Following optimization of expression conditions, Affilin-Tat fusion proteins as well as

the yB-crystallin-Tat were subjected to protein purification.
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3.3.2.2 Purification of Tat-fused Affilin variants and yB-crystallin-Tat

As the proteins to be used in cell culture experiments require high purity, an additional
chromatographic step was included in the protocol for purification of Affilin variants D1, D4
and the wild-type yB-crystallin fused to the Tat peptide. Following the initial IMAC step,
the protein fractions were purified on a HiTrap SP HP cation-exchange chromatography
column.

The samples from various stages of protein expression and purification were evaluated
by SDS-PAGE under reducing conditions (Fig. 24A, B and C).

The purified protein preparations contained single protein bands with a molecular weight
of ~24 kDa, consistent with the predicted molecular weight of the yB-crystallin-Tat fusion
protein (Fig. 24, arrows). As estimated by SDS-PAGE, the protein preparation had a purity

of more than 95%.
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Figure 24. SDS-PAGE illustrating the purification of D1-Tat (A), D4-Tat (B) and yB-crystallin-
Tat (C). The proteins were resolved in a 15% reducing SDS-polyacrylamide gel and stained
with Coomassie Brilliant Blue. Lane 1, low molecular weight protein marker (kDa); lane 2, cell
extract from a non-induced culture; lane 3, cell extract from an induced culture; lane 4,
insoluble protein fraction; lane 5, soluble protein fraction; lane 6, peak fraction after IMAC;
lane 7, peak fraction after cation-exchange chromatography.



Results 65

The protein purity determined by high-performance liquid chromatography on a PLRP-S

reversed-phase column was in the range of 96 - 98% (for D4-Tat exemplified in Fig. 25).

mAU
80 |
90%
60 -
=
c
g 40
< 60%
//
20 1 //
//
RP-2 so%/j ‘
0 10 15 20 25 30 35 40 45
Volume ml

Figure 25. Reversed-phase separation used to assess the protein purity, exemplified
for D4-Tat. The protein samples were injected on a PLRP-S column at a flow rate
of 1 ml/min. As eluents, buffers RP-1 and RP-2 were used (2.1.11). The protein was eluted
by a linear gradient from 30% to 60% of RP-2 in 30 min. The protein purity of D4-Tat defined
as the amount of protein of interest compared to the sum of impurities was determined
to be 98%.

Analytical size-exclusion chromatography on a TSK-Gel G2000SWy, column indicated
that the anti-E7 Affilin-Tat variants as well as the wild-type yB-crystallin-Tat were monomeric

as only single peaks at the size expected for the monomer were observed (Fig. 26).
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Figure 26. Representative elution profiles of D1-Tat, D4-Tat and yB-crystallin-Tat from

a TSKGel SWy, 2000 analytical size-exclusion chromatography column. The chromatography

was run in the ASE-1 buffer (2.1.11) at a flow rate of 1 ml/min. The arrows indicate

the elution volumes of molecular mass standards (molecular mass in kDa given above

the arrow).



Results 66

Following optimization of the expression conditions, the yield of protein preparation obtained
from 1 | of shake flask culture increased 13-fold (from 0.6 to 8 mg) and 3-fold (from
5 to 15 mqg) for D1-Tat and D4-Tat, respectively. For the yB-crystallin-Tat fusion protein,
a significantly higher amount of purified protein was obtained (65 mg per 1 | of shake flask
culture) suggesting that the introduced mutations might influence the in vivo protein folding
in E. coli and, consequently, the final protein yield of Affilin molecules.

Lipopolysaccharides, being frequent contaminations of protein preparations obtained from
E. coli cells, act as endotoxins by means of affecting the growth and function of mammalian
cells in culture (Wille et al., 1992; Han et al., 1994). In order to minimize the endotoxin
contamination, the protein samples after purification were incubated with Prosep-Remtox
glass beads (2.2.5). As analyzed by Limulus amebocyte lysate assay (2.2.5), the level
of endotoxins in Affilin samples was below 50 endotoxin units (EU) per mg of protein
preparation (1 EU corresponds to ~0.1 ng of endotoxin, Petsch & Anspach, 2000). Since
the endotoxin content of less than 200 EU/ml has been shown to have no effect
on the growth of several mammalian cell lines (Epstein et al., 1990), it can be concluded

that the endotoxin contamination of Affilin samples was below the limit of concern.

3.3.3 Characterization of Tat-fused Affilin variants and yB-crystallin-Tat
3.3.3.1 Western blot analysis

To verify the presence of the Tat peptide in fusion constructs, Western blot analysis
was performed with an anti-HIV-1 Tat antibody (2.1.9).

Specific signals were obtained corresponding to a molecular weight of ~24 kDa indicating
the presence of the Tat peptide in fusion constructs (Fig. 27, lanes 4, 5, 6, arrow). The Affilin

variants lacking Tat peptide did not react with an anti-Tat antibody (Fig. 27, lanes 1, 2, 3).
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Figure 27. Western blot analysis of purified Affilin-Tat fusion proteins. Protein samples (5 pg)
were transferred to a nitrocellulose membrane and probed with an anti-Tat antibody.
Immuno-reactive bands were visualized using ECL detection. Lane 1, D1; lane 2, D4; lane 3,
yB-crystallin; lane 4, D1-Tat; lane 5, D4-Tat; lane 6, yB-crystallin-Tat.
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3.3.3.2 Effect of the Tat peptide on the affinity of Affilin variants

To assess the influence of the C-terminal Tat peptide on the affinity of Affilin molecules
D1 and D4, a concentration-dependent ELISA was performed. In this experiment,
the apparent K4 values were determined as ~70 nM and ~270 nM for D1-Tat and D4-Tat,
respectively (Fig. 28A and B). As the apparent Ky values for non-fused D1 and D4 Affilin
molecules were in the same range (i.e. ~80 nM and ~260 nM for D1 and D4, respectively),
it can be concluded that the C-terminal fusion comprising Hisg-tag and Tat peptide
had no effect on the in vitro binding affinity of Affilin molecules. The specificity of Affilin-Tat
fusion proteins was also retained, as both molecules did not bind to BSA (Fig. 28A and B).
As expected, the wild-type yB-crystallin protein analyzed in a control experiment showed
no binding to the E7 target protein and BSA (Fig. 28C).
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Figure 28. Evaluation of the target affinity of D1-Tat (A) and D4-Tat (B) as well as specificity
of the yB-crystallin scaffold (C) by ELISA. The wells of the microtiter plate were immobilized
with HPV-16 E7 (target) and BSA (control) and purified Affilin variants and yB-crystallin fused
to the Tat peptide were applied in a dilution series. Proteins were detected
by an anti-yB-crystallin antibody conjugated to horseradish peroxidase in a chromogenic
reaction. The curves represent the nonlinear fit of the data to equation 3 (2.2.6.4).
The calculated K4 values were ~70 nM and ~270 nM for D1-Tat and D4-Tat, respectively.
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3.3.3.3 Binding characteristics of Affilin molecules investigated by surface plasmon
resonance

To characterize the binding kinetics of Affilin-E7 interaction, surface plasmon resonance
measurements were performed. In these experiments, the E7 protein was covalently linked
to a CM5 biosensor chip using amine coupling (2.2.6.5). The achieved level of the ligand
immobilization was approximately 5800 RU.

Purified Affilin variants were applied at several concentrations ranging from 37 to 600 nM
for D1-Tat and 87 nM to 1.4 uM for D4-Tat. The response curves (Fig. 29A and B)
were globally fitted to the 1:1 Langmuir binding model using the BlAevaluation 3.1 software.
According to this model, the binding sites of the E7 oligomer should behave as separate
binding sites upon immobilization on the surface of the CM5 biosensor chip.
As the experimental data did not fit to the model, the binding kinetics and affinities of Affilin-

E7 interaction could not be determined by this approach.
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Figure 29. Surface plasmon resonance analysis of Affilin-E7 binding. Affilin molecules were
applied at concentrations between 37 to 600 nM for D1-Tat (A) and 87 nM to 1.4 uM
for D4-Tat (B) to a flow cell with immobilized E7. The binding analysis was performed
at a flow rate of 30 pl/min. The sensorgrams were normalized by the resonance
of the channel without E7 protein.
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In addition to the kinetic analysis of sensorgrams, affinities can be derived from the analysis
of the equilibrium binding experiment, in which the signal responses at the equilibrium
for several analyte concentrations are used for calculations. As seen in Fig. 29,
the sensorgrams in association phase for several Affilin concentrations showed a relatively
steep slope, which did not reach a plateau. The lack of equilibrium state during
the association phase precluded the calculation of Affilin-E7 affinities based on equilibrium
measurements.

The oligomeric nature of the E7 protein, which probably leads to the heterogeneity
of the binding sites on the surface of the biosensor, was considered as a major problem
precluding the evaluation of the binding data. In case of a heterogeneous ligand, the binding
phase seen on sensorgram reflects the sum of separate binding processes between
the analyte and diverse binding sites, which exhibit different rate constants. In order to
eliminate the heterogeneity of the E7 protein in SPR measurements, the E7 protein should
be prepared in the monomeric form. However, the studies on bacterially expressed HPV-16
E7 show that this protein exists predominantly as a dimer or oligomer in solution depending
on the purification procedure (Mcintyre et al., 1993; Chinami et al., 1994; Alonso et al.,
2004). As demonstrated by sedimentation equilibrium experiments, the E7 protein reaches
a monomer-dimer equilibrium with an apparent dissociation constant of approximately 1 yM
(Clements et al., 2000).

Although the complex nature of the Affilin-E7 interaction obstructed the calculation of kinetic
parameters, the sensorgrams presented in Fig. 29 demonstrated the binding of Affilin

molecules to the E7 protein immobilized on a CM5 biosensor chip.

3.3.3.4 Evaluation of the specificity of Affilin variants

The binding specificity of anti-E7 Affilin molecules was demonstrated previously by using
BSA as a control protein in ELISA experiments. To evaluate the specificity further, several
unrelated proteins, i.e. amyloglucosidase, trypsin inhibitor, BSA, HSA, tumor necrosis
factor a, Fc fragment of the human IgG, melanoma inhibitory activity protein, nerve growth
factor, ubiquitin and lysozyme were included in the experiment. These proteins were chosen
to span a range of isoelectric point (pl) values from 3.6 (amyloglucosidase) to 11 (lysozyme).
The binding data revealed that both Affilin molecules bound specifically to the E7 protein
as no significant signal could be detected for other proteins tested, even those exhibiting
an acidic pl similar to E7 (Fig. 30).

As expected, the wild-type yB-crystallin protein evaluated under identical experimental

conditions failed to bind any of the tested proteins (Fig. 30).
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Figure 30. Specificity analysis of Affilin molecules and the wild-type yB-crystallin.
The proteins E7, amyloglucosidase (AM), trypsin inhibitor (TI), BSA, HSA, tumor necrosis
factor o (TNFa), I9G Fc (IgG), melanoma inhibitory activity protein (MIA), nerve growth factor
(NGF), ubiquitin (Ubi) and lysozyme (Lys) were immobilized on the wells of a microtiter plate.
The Affilin molecules added at a concentration of 300 nM were detected
by an anti-yB-crystallin antibody conjugated to horseradish peroxidase. The absorption
values at 450 nm as the mean values of samples tested in triplicate are shown.

Following characterization of Affilin molecules fused to the Tat peptide, the proteins were

tested for their ability to be taken up by mammalian cells.

3.3.4 Analysis of the cellular uptake of Affilin-Tat fusion proteins

To assess the efficiency of Tat-mediated transduction, Western blot analysis of total cell
extracts and microscopic observations of cells incubated with Affilin-Tat fusion proteins were

carried out.

3.3.4.1 Western blot analysis of the Tat-mediated uptake

The Western blot analysis of Tat-mediated uptake of Affilin molecules was performed before
the final selection of anti-E7 Affilin clones using the unrelated E9* variant (Ebersbach et al.,
2007). For the purpose of this study, the construct comprising E9* and the C-terminal Tat
peptide was generated. The protein was expressed in E. coli BL21-CodonPlus(DE3)-RIL
cells and purified under native conditions as described for other Affilin-Tat fusion proteins.
The E9*-Hisg control protein lacking the Tat peptide was prepared in the same manner.

The Western blot experiments presented in this section included the measurement of time
and concentration dependence of protein uptake as well as the analysis of stability
of the Affilin-Tat protein within cells. In these experiments, the NIH/3T3 mouse fibroblast cell

line was used (2.1.2).
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For concentration-dependent assessment, the NIH/3T3 cells were incubated with the E9*-Tat
fusion protein at a concentration ranging from 0.01 to 1 uM. Following a 3 h incubation time,
the cells were extensively washed with PBS to remove surface-bound proteins. The total cell
lysates were prepared and subjected to Western blotting with an anti-yB-crystallin antibody
(2.1.9).

The Western blot analysis revealed protein bands with predicted size (molecular weight
of E9*-Tat ~24 kDa) suggesting an occurrence of the protein internalization (Fig. 31A).
At a protein concentration of 0.01 uM, the E9*-Tat protein was not detected in the cell lysate.
For higher protein concentrations, i.e. 0.1 yM and 1 uM, the level of protein in cell lysates

increased suggesting a concentration-dependent manner of the uptake.
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Figure 31. Western blot analysis of Tat-mediated protein uptake into the NIH/3T3 cells.
(A), The E9*-Tat protein was added to the cells for 3 h at a concentration of 0.01 to 1 yM
(indicated above the figure). (B), The E9*-Tat protein (1 uM) was added to the cells
for 10 min to 6 h (incubation time indicated above the figure). (C), The E9* control protein
(1 uM) was added for 1 h and 6 h to the cells whereas the E9*-Tat protein (1 uM) was added
for 1 h (protein incubation time indicated above the figure). Following extensive washing,
the cells were harvested for preparation of total cell lysates. Protein transduction was
analyzed by Western blotting with an anti-yB-crystallin antibody and ECL reagent.

To study the time course of Affilin-Tat internalization, the NIH/3T3 cells were incubated
with the E9*-Tat protein at a final concentration of 1 uM for 10 min to 6 h. Following extensive
washing and preparation of total cell lysates at indicated time points, the level of internalized
protein was determined by Western blotting with an anti-yB-crystallin antibody.
The intracellular Affilin-Tat fusion protein was detected already after 10 min of protein

incubation time suggesting that Tat-mediated transduction is a very rapid process (Fig. 31B).
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As the intensity of protein bands visually increased upon protein incubation time, it was
assumed that the transduction process was time-dependent (Fig. 31B).

In a control experiment, the NIH/3T3 cells were incubated with the E9* variant without Tat
peptide at a 1 yM concentration for 1 h and 6 h and the experiment was performed
as described above. As shown in Fig. 31C, the control protein was not detected in protein
lysates. The lack of protein internalization in case of the Affilin variant without Tat peptide
implied the necessity of the Tat peptide for protein transduction.

To further evaluate Tat-mediated protein delivery, the stability of the E9*-Tat protein within
cells was examined. For this purpose, the NIH/3T3 cells were incubated with E9*-Tat
at a final concentration of 1 uM for 6 h. The excess of protein was washed out and the cells
were incubated in a fresh medium under standard culture conditions for additional 2 to 48 h.
The cell extracts were prepared at indicated time points for Western blot analysis.

As shown in Fig. 32, the transduced E9*-Tat protein appeared to be degraded
in a time-dependent manner. However, the internalized protein was detected within NIH/3T3
cells even for up to 48 h (longer incubation time was not tested) demonstrating
a remarkable stability of the internalized protein. This result had an implication for further
studies, raising the possibility of investigation of intracellular activity of Affilin molecules

for at least up to 48 h following internalization.
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Figure 32. Western blot analysis of Tat-mediated protein uptake. The NIH/3T3 cells were
pretreated with 1 yM of the E9*-Tat protein for 6 h, extensively washed and incubated
in a fresh culture medium for further 2 - 48 h. The total cell lysates were prepared at several
time points (indicated above the figure) and the E9*-Tat protein was detected by Western
blotting with an anti-yB-crystallin antibody and ECL reagent.

3.3.4.2 Microscopic examination of the Tat-mediated internalization

The green fluorescent protein (GFP) is a useful tool for monitoring cellular processes in living
cells using optical microscopy (Yuste, 2005). In an attempt to enable direct visualization

of internalized Affilin-Tat protein in live cells, a fusion construct comprising the N-terminal
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Tat peptide followed by an Affilin coupled C-terminally to the enhanced GFP protein (EGFP)
(Yang et al., 1996) through a peptide linker (Gly,Ser), and Hisg-tag was generated. In this
experiment the unrelated Affilin A1* was tested (Ebersbach et al., 2007).

The Tat-A1*-EGFP-Hisg fusion protein as well as the control EGFP-Hisg protein without Tat
peptide were expressed using E. coli BL21(DE3) cells. In contrast to the wild-type
EGFP-Hisg protein, the fusion construct containing Affilin A1* was mostly insoluble. The use
of different expression conditions (i.e. IPTG concentration, induction duration, culture
temperature) did not improve the level of soluble expression (data not shown).
The attempts to purify the fusion protein from the soluble fraction yielded a very low protein
amount, which was not sufficient for performing the fluorescence microscopic experiments.
Thus, due to the problems with obtaining sufficient quantities of protein, an approach based
on the use of GFP for detection of Affilin molecules in living cells was discontinued.
As an alternative, the indirect immunofluorescence approach was used for determination
of the intracellular localization of Tat-fused Affilin molecules. In these experiments,
anti-E7 Affilin variants D1-Tat, D4-Tat and yB-crystallin-Tat were evaluated. The E9*-Hisg
protein lacking Tat peptide was used as a control.

The protein uptake was investigated using a recombinant NIH/3T3 cell line,
which constitutively expresses the HPV-16 E7 protein (referred to as NIH/3T3-E7; 2.1.2).
The proteins were added directly to the medium of NIH/3T3-E7 cells at various
concentrations ranging from 0.1 to 10 yM and incubated for 1 h under standard culture
conditions. The incubation step was followed by extensive washing of cells with PBS in order
to remove membrane-bound proteins. The cells were fixed with methanol and subjected
to immunostaining with anti-Tat or anti-yB-crystallin antibodies. Representative pictures
of cells incubated with 1 uyM of indicated Affilin-Tat complexes stained with
an anti-yB-crystallin antibody are shown in Fig. 33.

Both Affilin molecules as well as the wild-type yB-crystallin localized exclusively
to the nucleus of NIH/3T3-E7 cells. The same staining pattern was obtained regardless
of the antibody used for detection of fusion constructs. The intracellular Affilin molecules
as well as yB-crystallin fused to the Tat peptide could be detected already at a 0.1 uyM protein
concentration although low fluoresce intensity of the staining was observed (data not shown).
The protein uptake appeared to be time-dependent as increased fluorescence intensity
for longer protein incubation time was observed (data not shown).

In control experiments with the E9*-Hisg protein lacking the Tat peptide, the cells showed
no intracellular fluorescence signal indicating that the protein without the carrier peptide was

not able to cross the cell membrane and thus was not present within cells (Fig. 33).
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D1-Tat D4-Tat yB-crystallin-Tat

Figure 33. Immunofluorescence analysis of Tat-mediated uptake. The NIH/3T3-E7 cells
were incubated for 1 h with D1, D4, and yB-crystallin recombinant proteins fused C-terminally
to the Tat peptide at a final concentration of 1 uM. As a control, the E9*-Hisg protein lacking
the Tat peptide was used under identical experimental conditions. Following fixation with
methanol, the cells were stained with an anti-yB-crystallin antibody (red). The cell nuclei were
contrastained with DAPI (blue). The scale bar represents 50 ym.
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The results from indirect immunofluorescence studies were consistent with those obtained
from the Western blot analysis. Both techniques suggested effective, concentration-
and time-dependent uptake of Affilin molecules. Based on the immunofluorescence analysis,
the internalized proteins were apparently localized in the nucleus of NIH/3T3-E7 cells.

In contrast to numerous studies demonstrating an efficient uptake of functional proteins
attached to the Tat peptide (Asada et al., 2002; Makino et al., 2004; Wadia et al., 2004),
several reports raised doubts about how, if at all, Tat and other arginine-rich CPPs were able
to deliver these molecules for their intracellular activity. Following the finding that fixation,
commonly used for preparation of cells for fluorescence microscopy or flow cytometry,
caused artifactual redistribution of Tat and other CPPs (Green et al., 2003; Lundberg et al.,
2003; Richard et al.,, 2003), the translocation of Tat has become a topic of an intense
discussion in the literature, with sometimes contradictory conclusions being reported
(reviewed in Brooks et al., 2005 and Gump & Dowdy, 2007).

The highly cationic nature of Tat and other arginine-rich CPPs has been established
as a maijor reason for the apparent localization of Tat in the nucleus of fixed cells (Brooks et
al., 2005; Nakase et al., 2008). Due to the high content of basic residues, the Tat peptide can
strongly bind to the negatively charged plasma membrane and is not removed from
the cell surface by standard washing conditions. Following fixation, the cell surface-adsorbed
peptides as well as peptides present within intracellular vesicles (such as endosomes

or macropinosomes) probably leak into the cytosol. The positively charged Tat peptide
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is then likely to bind to negatively charged structures within the cell such as nucleic acids,
leading to redistribution of Tat during fixation and its apparent accumulation in the nucleus.
Based on these findings, previous experiments showing Affilin-Tat uptake by Western blot
and indirect immunofluorescence approaches had to be reevaluated.

To reduce nonspecific migration of proteins upon fixation, a trypsinization step was included
in the protocol for immunofluorescence analysis. The trypsin treatment, typically used
for detaching the cells from cell culture supports, was expected to remove cell surface-bound
Affilin-Tat proteins by digestion of the Tat peptide. To perform this experiment, NIH/3T3-E7
cells were incubated with proteins D1-Tat, D4-Tat and yB-crystallin-Tat for 3 h, trypsinized,
replated at the same cell density and allowed to attach to coverslips before
immunofluorescence examination. The staining with an anti-yB-crystallin antibody
was carried out using methanol and formaldehyde fixed cells. When trypsin treatment
was included in the protocol, the cells did not show any intracellular immunofluorescence
signal regardless of the fixation technique used (data not shown).

These results indicated that trypsin treatment removed surface-bound Affilin-Tat fusion
proteins, which in previous experiments contributed to the artifactual nuclear staining.
However, based on this examination, the internalization of Affilin-Tat could not be ruled out.
The small amount of internalized protein present in intracellular vesicles is likely to leak into
cytosol during fixation and permeabilization of cell membranes and thus to escape detection
by standard immunofluorescence studies.

To verify the presence of Affilin-Tat fusion proteins in cells, Western blotting according
to the protocol, which included trypsin digestion of cell membrane-adsorbed proteins prior
to analysis, was performed. However, intracellular D1-Tat, D4-Tat and yB-crystallin-Tat
proteins were not detected in cell lysates probed with an anti-yB-crystallin antibody (data not
shown). Again in this case, the possibility that a small fraction of protein was internalized but
its level was too low to be detected by Western blotting could not be excluded. Nevertheless,
such observations rose doubts about whether Affilin-Tat fusion proteins were translocated
into the cytoplasm and directed into the nuclear compartment of cells at all.

Since Affilin-Tat molecules strongly adsorb to the cell membrane and endocytosis is likely
to be the mechanism of Tat-mediated internalization (Brooks et al., 2005), one could assume
that this process took place. However, internalization of the protein into endosomes does not
truly mean the intracellular delivery. The proteins internalized by cells via endocytosis remain
trapped in the endosomal compartments and are targeted to the late endosomes
or lysosomes, where enzymatic degradation and poor cytoplasmic release of intact
molecules are anticipated (Melikov & Chernomordik, 2005; Richard et al., 2005; Vives et al.,
2008). Thus, the efficient delivery of Affilin molecules into target cells via Tat peptide was

considered as rather uncertain. For this reason, further studies on Tat-mediated Affilin
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internalization were discontinued. For investigation of intracellular activities of anti-E7 Affilin
molecules, transient transfection of target cells with corresponding mammalian expression

vectors for expression of Affilin molecules was used.

3.4 Intracellular activity of transiently expressed Affilin molecules

Both, E6 and E7 proteins have the capacity to immortalize primary human keratinocytes
(Munger et al., 1989; Sedman et al., 1991) and are necessary for the malignant
transformation of HPV-positive human cervical cancer cells (von Knebel Doeberitz et al.,
1992; von Knebel Doeberitz et al., 1994). These viral genes also possess proliferation-
stimulating and transforming activity in a number of cell lines such as rodent NIH/3T3
fibroblasts (Yasumoto et al., 1986; Caldeira et al., 2000).

To examine the potential of anti-E7 Affilin molecules to repress the transforming activity
of the E7 protein in the cell, two target cell lines were used, i.e. a recombinant NIH/3T3-E7
cell line positive for HPV-16 E7 protein (Edmonds & Vousden, 1989) and a human cervical
carcinoma Ca Ski cell line which expresses E6 and E7 proteins from an integrated

papillomavirus 16 genome (Yee et al., 1985; Baker et al., 1987).

3.4.1 Transient expression of Affilin molecules in mammalian cells

As E7 is particularly localized to the nucleus of cervical cancer and recombinant cells
(Greenfield et al., 1991; Guccione et al., 2002), Affilin molecules were expressed
from the pCMV/myc/nuc vector carrying the C-terminal nuclear localization signal (NLS)
from the SV40 large T antigen (DPKKKRKV); and a c-myc epitope tag. The basic character
of this fusion tag is similar to that of the Tat peptide. As Affilin variants containing
the Tat peptide retained their in vitro binding properties (3.3.3.2), it was assumed
that the NLS-c-myc-tag should not interfere with the E7-binding activity of Affilin variants
in the cell as well.

To determine whether the expression of yB-crystallin-related proteins in cells may in itself
affect the cell phenotype, the pCMV/myc/nuc construct encoding the wild-type yB-crystallin
protein was also generated and used in all experiments as a control.

To establish the optimum conditions for mammalian expression of Affilin molecules, several
transfection procedures were tested along with the optimization of transfection conditions,
i.e. amount of transfection agent, DNA concentration and exposure time of transfection agent
to cells.

The transfection of the NIH/3T3-E7 cells was achieved by a conventional calcium phosphate
transfection procedure (2.2.7.3) with an efficiency estimated to be ~30%. In case of

transfection of Ca Ski cells, a cytotoxicity problem was encountered when the calcium
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phosphate transfection method or liposome-based transfection reagents were used. In other
studies, Ca Ski cells were frequently transfected with recombinant viruses, based on their
high transfection efficiency and lack of detectable toxicity (Kamio et al., 2004; Wu et al.,
2006; Lagrange et al., 2007). In this study, the Effectene reagent based on the non-liposomal
lipid formulation allowed circumventing this problem (2.2.7.3). However, the transfection
efficiency of Ca Ski cells using this reagent was relatively low, reaching approximately 5%
of all cells. Such transfection efficiency is nevertheless acceptable for performing cell assays
on the single-cell level. In addition, single-cell-based assays are particularly suitable
for comparing cell lines with different transfection efficiencies, as it was encountered
in this study.

The intracellular localization of Affilin variants and the wild-type yB-crystallin protein
in NIH/3T3-E7 and Ca Ski cells was examined by immunostaining using an anti-yB-crystallin
antibody and co-staining of nuclei with DAPI. This confirmed the predominant nuclear
distribution of proteins within cells. Figure 34 in the following section illustrates the typical
expression pattern obtained for Affilin molecules expressed from the pCMV/myc/nuc vector

in both target cell lines.

3.4.2 Evaluation of the intracellular activity of Affilin molecules

Numerous studies have demonstrated that E7 inhibition at protein or mRNA level induces
growth arrest (Choo et al., 2000; Accardi et al., 2005) or apoptosis (Nauenburg et al., 2001;
Jiang & Milner, 2002) in cervical cancer cells. Thus, the intracellular interaction of Affilin
molecules with E7 was investigated indirectly by determination of the influence of Affilin

expression on the cell proliferation and apoptosis in target cells.

3.4.2.1 Antiproliferative effect of Affilin molecules

For determination of proliferation rate, the Bromodeoxyuridine incorporation assay was
performed (2.2.7.5). Bromodeoxyuridine (BrdU) is a thymidine analog, which becomes
incorporated into newly synthesized DNA of replicating cells as a substitute for thymidine.
Following pulse-labeling, BrdU is detected immunochemically allowing the assessment
of the population of cells which are actively synthesizing DNA (Gratzner, 1982).

In this study, the double immunofluorescence staining was performed for simultaneous
detection of BrdU and Affilin in cells. For quantitative purposes, the percentages
of BrdU-positive cells were determined at 48 h post-transfection among the population
of transfected cells. For each sample, reproducible results were obtained from three
independent experiments.

When Affilin D1 and D4 were expressed in NIH/3T3-E7 cells, a significant inhibitory activity

on cell proliferation was observed (Fig. 34A). The reduction of the proliferation rate was
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in the range of 52% and 37% for Affilin D1 and D4, respectively, as compared to the cells

expressing the wild-type yB-crystallin scaffold (Fig. 34B).
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Figure 34. Analysis of proliferation of NIH/3T3-E7 (A, B) and Ca Ski (C, D) cells by BrdU
incorporation assay. The cells were transiently transfected with vectors for the expression
of indicated Affilin molecules or yB-crystallin. BrdU incorporation was monitored at 48 h post-
transfection by staining for BrdU (green). Additionally, the cells were stained
for yB-crystallin (red) and nuclei (DAPI; blue). The percentage of BrdU-positive cells was
determined for at least 500 transfected cells counted for each sample. Data were analyzed
using the Student’s f-test where (*) indicates P <0.05 and (**x) indicates P <0.0005
as compared to values obtained for cells expressing yB-crystallin. Error bars indicate
the standard deviation of the mean calculated from the three independent experiments.
The scale bars represent 50 um.
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A similar antiproliferative effect was also observed in Ca Ski cells expressing Affilin D1,
whereas the inhibitory activity of the D4 variant was less evident in this cell line (Fig. 34C).
The growth inhibition rates were 50% and 16% for Affiin D1 and D4, respectively,
as compared to the cells expressing the wild-type yB-crystallin scaffold (Fig. 34D).

To validate the selectivity of Affilin-induced inhibition of proliferation, the effect of expression
of Affilin molecules on the proliferation of cells negative for HPV was examined. The control
cell lines were: wild-type NIH/3T3, human cervical carcinoma C-33 A (Yee et al., 1985)
and human HEK-293 cell line transformed by introduction of adenovirus 5 DNA (Graham et
al., 1977).

The frequency of recombinant expression reached approximately 35%, 30% and 65%
for NIH/3T3, C-33 A and HEK-293 cell lines, respectively. For determination of proliferation
rate, the cells were analyzed under the same experimental conditions as E7-positive cells.
The expression pattern of Affilin molecules and yB-crystallin in the control cell lines was
identical as observed in E7-positive cells (Fig. 35A, C and E). However, the proliferation rate
of control cells was essentially unaffected by intracellular expression of Affilin molecules
(Fig. 35B, D and F). These results indicated that the cell cycle arrest induced by expression
and nuclear targeting of Affilin molecules was restricted exclusively to E7-positive cells.
It is noteworthy that the proliferation of HEK-293 cells expressing Affilin molecules remained
unchanged. This provided an additional evidence of the specificity of Affilin variants, which
did not affect the growth of cells transformed by adenoviral E1A protein sharing certain
functional and sequence similarities with E7 proteins from HPV (Chellappan et al., 1992; Lee
& Cho, 2002).
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Figure 35. Analysis of proliferation of HPV-negative control cell lines, i.e. wild-type NIH/3T3
(A, B), C-33 A (C, D) and HEK-293 (E, F) by BrdU incorporation assay. The cells were
transiently transfected with vectors for the expression of indicated Affilin molecules
or yB-crystallin. BrdU incorporation was monitored at 48 h post-transfection by staining
for BrdU (green). Additionally, the cells were stained for yB-crystallin (red) and nuclei (DAPI;
blue). The percentage of BrdU-positive cells was determined for at least 500 transfected cells
counted for each sample (D, E and F). Data were analyzed using the Student’s f-test where
(*) indicates P <0.05 as compared to values obtained for cells expressing yB-crystallin. Error
bars indicate the standard deviation of the mean calculated from the three independent
experiments. The scale bars represent 50 ym.
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3.4.2.2 Influence of the Affilin expression on the apoptosis of E7-positive cells

To further characterize the effect of Affilin expression on the phenotype of E7-positive cells,
apoptotic cell death was examined by detection of DNA strand breaks of apoptotic cells
in situ (2.2.7.6). The principle of this assay is based on the TUNEL (terminal deoxynucleotidyl
transferase-mediated dUTP nick end labeling) reaction in which DNA strand breaks
are labeled by incorporation of fluorescein-dUTP in an enzymatic reaction catalyzed
by terminal deoxynucleotidyl transferase (TdT) (Gavrieli et al., 1992). The fluorescein-dUTP-
labeled DNA within apoptotic cells can be visualized directly by fluorescence microscopy.

As shown in Fig. 36, the number of apoptotic cells in the NIH/3T3-E7 cell line expressing D1
and D4 variants was slightly higher as compared to the cells expressing the wild-type
yB-crystallin scaffold. The occurrence of apoptosis in Ca Ski cells following transfection

with Affilin D1 and D4 constructs remained unchanged.

A NIH/3T3-E7
D4 vB-crystallin

Ca Ski
D4 vB-crystallin

Figure 36. Examination of apoptosis in NIH/3T3-E7 (A) and Ca Ski (B) cell lines by detection
of fragmented DNA in situ. The cells were transiently transfected with vectors
for the expression of indicated Affilin molecules or yB-crystallin. The labeling of DNA strand
breaks by fluorescein-dUTP (green) was performed at 72 h after transfection and detected
by fluorescence microscopy. The scale bars represent 100 um.

Taken together, these results showed that the transient expression of anti-E7 Affilin
molecules D1 and D4 led to the inhibition of cellular proliferation. As shown in Fig. 34, Affilin
molecules were detected in the nucleus of target cells, which is where E7 protein
is predominantly localized (Greenfield et al., 1991; Guccione et al., 2002). This enables
a direct interaction of Affilin molecules with this target protein leading to an impairment
of the E7 protein function. The cellular effect was specific as it was found only for E7-positive
cells expressing specific anti-E7 Affilin molecules. Thus, this study proves for the first time
the effectiveness of Affilin molecules on a cellular level, thereby establishing the potential

of these molecules for the generation of novel intracellular binding reagents.
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4. Discussion

Binding proteins based on non-antibody scaffolds attract growing interest in both academia
and industry. The principal applicability of this approach has already been demonstrated
in various biotechnological and research areas previously restricted exclusively to antibodies
(reviewed in Binz et al., 2005; Hey et al., 2005; Skerra, 2007). With regard to therapeutic
applications, the concept of an alternative binding protein has already yielded the first drug
candidates currently evaluated in clinical trials with some more undergoing preclinical studies
(Gill & Damle, 2006; Skerra, 2007). As numerous alternative binding proteins are based
on scaffolds that do not require disulfide bonds for stability, they seem to be optimal
for intracellular applications, where single-chain variable antibody fragments show major
limitations.

In this work, Affilin molecules based on the yB-crystallin scaffold were investigated regarding
their potential use in intracellular applications. The intrinsic features of the yB-crystallin
scaffold, i.e. small size, high thermodynamic stability, lack of disulfide bonds and human
origin have been considered advantageous to such type of application.

For evaluation of the intracellular activity of Affilin molecules, the E7 protein encoded

by human papillomavirus type 16 has been chosen as a model target.

4.1 Recombinant production of the E7 protein

As a prerequisite for the effective phage display selection of anti-E7 Affilin molecules,
the HPV-16 E7 protein was produced as a Hisg-tag fusion using recombinant E. coli cells.
The first attempts to express the E7 protein yielded a very low protein amount despite
of optimization of expression parameters and using different E. coli strains. Following DNA
sequence analysis it was found that the His2 and Gly3 codons form an alternative ATG start
codon. It was hypothesized that the presence of an alternative initiation codon
may result in translation of the E7 gene from an incorrect reading frame followed
by expression of a short peptide and premature termination of translation (see Fig. 11).

To exclude the possibility of alternative translation initiation, a silent mutation into the codon
for His2 was introduced. According to the ProteoExpert suggestions (Roche Applied
Sciences; www.proteoexpert.com), the codon for Pro6 was also modified. It should be noted
that the introduced mutations were not advantageous regarding the codon usage
of E. coli. However, using the optimized E7 gene it was possible to achieve a high
expression yield of the E7 protein accounting for approximately 30% of the total protein.

The recombinant production of the E7 protein has been attempted previously using various
expression systems, e.g. E. coli (Pahel et al., 1993), baculovirus (Park et al., 1993)

or yeast (Braspenning et al., 1997). The level of expression of unfused E7 protein in these
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cases was low. Considerably higher expression yields were obtained for E7 N-terminally
fused to various tags e.g., glutathione S-transferase (Fernando et al., 1999), maltose binding
protein (Alonso et al., 2002), ubiquitin (Roth et al., 1992), or chelating peptides (Kasher et al.,
1993). It has also been observed that the E7 protein lacking the N-terminal tag showed
a greatly reduced level of bacterial expression as compared to the N-terminally tagged
variant (Patrick et al., 1992). These data support the hypothesis put forward in this study that
the alternative start codon formed by His2 and Gly3 codons is preferentially used by E. coli
for the initiation of synthesis of the E7 protein.

Following optimization of the E7 gene sequence, the protein was purified from the soluble
fraction using standard chromatographic methods. The vyield of approximately 30 mg
of protein per 1 | of bacterial shake flask culture has been achieved. The E7 protein produced
in other E. coli expression systems was often insoluble and was purified under denaturing
conditions with subsequent refolding (Patrick et al., 1992; Fernando et al., 1999). Thus,
the approach presented here has proved to provide a fast and effective method
for the production of recombinant E7 protein using soluble expression and purification under
native condition.

The purified E7 protein migrated on the reducing SDS-polyacrylamide gel with an apparent
molecular weight of ~16 kDa rather than according to its predicted molecular weight
of ~12 kDa. The chemically synthesized HPV-16 E7 protein (Rawls et al., 1990) as well as
E7 proteins produced in other expression systems have been shown to display an apparent
molecular weight of approximately 16 to 20 kDa (Smotkin & Wettstein, 1986; Stacey et al.,
1993; Fernando et al., 1999). It has been suggested that the abnormal electrophoretic
mobility of E7 on polyacrylamide gels is caused by the high content of acidic residues in this
protein. The regions with a high negative charge are thought to interfere with SDS binding
and thus to influence the protein migration (Armstrong & Roman, 1993). It has also been
proposed that this effect may partially result from the high stability of the E7 structure, which
is expected to be resistant to the combined effects of high temperature and SDS (Heck et al.,
1992; Alonso et al., 2002).

Following analysis of the elution profile from the preparative size-exclusion chromatography
column it was found that the E7 protein existed as an oligomer with a higher apparent
molecular weight estimated to be approximately 700 kDa. This is consistent with previous
studies in which several degrees of E7 oligomerization have been demonstrated (Chinami et
al., 1994; Clemens et al., 1995). The E7 protein has also been reported to self-assemble into
defined spherical oligomers with a molecular mass of ~790 kDa (Alonso et al., 2004) which is
similar to that observed for E7 oligomers obtained in this study.

The mechanism of E7 oligomerization has not been fully elucidated yet. The two CysXXCys

motifs within the C-terminal part of the protein have been proposed to act as a dimerization
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domain by way of bound zinc ions (Barbosa et al., 1989; Clemens et al., 1995). However,
the formation of E7 oligomers from dimeric protein has been reported to require the zinc
removal (Alonso et al, 2004). As a non-specific chelating agent (EDTA) was used
in this study, the authors concluded that other metals may play a role in the oligomer
assembly (Alonso et al., 2004). Resistance of E7 oligomers to the reducing agent
(dithiothreitol) implies that the oligomerization process does not involve intermolecular
disulfide bonding (Chinami et al.,, 1994). Despite of a well-documented property
of the E7 protein to form dimers and oligomers in vitro, the state of E7 in cervical cancer cells
as well as the requirement of dimerization and/or oligomerization for the biological activity
of this protein remain to be shown.

E7 is a multifunctional protein known best for its potential to inactivate the tumor suppressor
pRb. Here, the biological activity of recombinant E7 protein was demonstrated by its ability
to bind to pRb in the ELISA. The calculated apparent dissociation constant of E7-pRb
interaction was ~20 nM which is comparable to that of HPV-16 E7 protein previously reported
by Dong et al., 2001 (K4 ~4.5 nM).

In this study, the binding of E7 to pRb was also demonstrated by surface plasmon resonance
(see Fig. 17). Due to the complexity of the E7-pRb interaction involving so far undefined
molar ratio of the E7 protein as well as the loss of pRb stability during measurements,

the evaluation of kinetics and affinity based on the SPR measurements was not possible.

In summary, this study presents a feasible method for the soluble, cytoplasmic expression
of the E7 protein using recombinant E. coli cells allowing its preparation in a sufficient
quantity and quality for the use in phage display selection of Affilin molecules. As E7 proteins
from different HPV types show high sequence homology (Munger et al., 1991), the procedure

described here may also be applied to the production of other E7 homologs.

4.2 Generation of intracellular Affilin molecules

4.2.1 Phage display selection of Affilin molecules from a yB-crystallin library

Affilin molecules binding E7 were first selected by conventional phage display approach
with the E7 protein directly immobilized on a microtiter plate. Following analysis of 20 ELISA-
positive clones from the round three of biopanning, two variants named D1 and D4
with E7-binding affinities in the nanomolar range (i.e. K4 ~80 nM and ~260 nM, respectively)
were identified. The remaining clones bound the E7 protein with affinities in the micromolar
range. Of them, seven clones sharing identical amino acid sequence, which initially
suggested an enrichment of the high-affinity binding motif, revealed a relatively low affinity

to the E7 protein (K4 ~5 pM). The reason why this sequence dominated the pool of selected
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anti-E7 clones is not clear. One possible explanation is that, due to the presence
of the amber stop codon, the level of expression of these clones was significantly reduced
and bacteria expressing these constructs gained a growth advantage over bacteria
producing high amounts of plll recombinant constructs. Moreover, the lower expression rate
of amber containing clones may lead to the efficient transport of these constructs
to the periplasm and their beneficial packaging. On the other hand, the enrichment
of undesired clones may be associated with the problem of so-called stickiness of the phage
particles (Barbass et al., 2001; Paschke & Hohne, 2005). Such phage particles comprise
protein sequences which do not fold properly in the periplasm and, as a result of a certain-
degree misfolding, attain adhesive properties contributing to the non-stoichiometric
and/or non-specific target binding (Paschke & Hohne, 2005). The enrichment of unstructured
variants with adhesive properties is caused by limitations of the Sec-dependent translocation
pathway utilized in most conventional phage display systems for translocation of plll-fusion
proteins into the bacterial periplasm (Fischer et al., 1994; Rhyner et al., 2002).

The characteristic feature of the Sec-dependent pathway is that it exclusively translocates
unfolded polypeptides in a post-translational manner (Driessen et al., 1998). The proteins
that fold rapidly in the cytoplasm are therefore refractory to the Sec-mediated transport
and are either degraded or, if sufficiently stable, they accumulate in the cytoplasm (Nilsson et
al., 1991; Huber et al., 2005). Thus, the post-translational restriction of the Sec system
eliminates stable and fast-folding proteins from the pool of phage-displayed library members.
In addition, the variants which do not adopt a correctly-folded state in the periplasm, as they
may require a cytoplasmic environment for folding, are attached to the phage particles being
available for selection (Paschke & Hohne, 2005).

As an alternative to the Sec-dependent system, other E. coli translocation pathways can be
utilized for the export of plll-fusion proteins to the periplasm, e.g. the signal recognition
particle pathway (SRP), in which the polypeptides are transported cotranslationally (Nagai et
al., 2003) or the twin-arginine translocation pathway, in which proteins are transported
in a fully folded conformation (Muller, 2005). The phage display systems based on these
alternative translocation pathways have already been shown to improve the display levels
of plll-fusion proteins on the filamentous bacteriophage. In these systems, the significant
enrichment of functional clones has been achieved (Paschke & Hohne, 2005; Steiner et al.,
2008).

An additional problem encountered during the first phage display selection of anti-E7 Affilin
molecules was the enrichment of nonfunctional sequences containing insertions or deletions
in randomized NNK triplets. Such sequence exchanges resulted in frameshifts followed
by one or more non-suppressed stop codons (i.e. TGA or TAA). Affilin molecules encoded

by these nonfunctional sequences were presumably not functionally displayed on the phage
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particles, as they were not in frame with the plll phage coat protein. These variants,
when subcloned into the pET-20b(+) vector and tested for expression in E. coli, were
apparently not produced as full-length proteins. However, as the truncated peptide
sequences contained Cys residues, they could be displayed on the surface of the phage
particles by formation of disulfide bonds with the plll protein (McLafferty et al., 1993;
Paschke, 2006).

The phage particles harboring nonfunctional sequences are enriched during selections
mainly due to enhanced growth rates of bacteria not expressing the full-length plll-fusion
constructs (Carcamo et al., 1998; Azzazy & Highsmith, 2002). For other randomized protein
libraries it has also been observed that nonfunctional clones (which in case of
the yB-crystallin library account for 20% of all library members, Ebersbach et al., 2007)
sometimes dominate the selected pool of binders leading to the background binding
(Carcamo et al., 1998; Azzazy & Highsmith, 2002).

To improve the selection of high-affinity and functional anti-E7 Affilin molecules, an approach
based on proteolytic digestion of phage particles with chymotrypsin was carried out.

In analogy to previous examples in the literature (Pedersen et al., 2002; Bai & Feng, 2004),
it was assumed that, when phage particles are treated with proteases, not-correctly folded
variants which contribute to the non-specific and/or low-affinity binding should be removed
from the library pool as being susceptible to proteolytic digestion. The variants encoded
by frameshifted sequences were also expected to be eliminated by protease cleavage.
Following the proteolysis-based phage display selection, the number of nonfunctional clones
was significantly reduced (only three frameshifted clones occurred between 22 sequenced
clones). Among analyzed clones, one Affilin variant named G6p with nanomolar affinity
(Kg ~520 nM) and five micromolar affinity clones were identified. In contrast to the previous
selection approach, the analyzed clones showed much higher sequence diversity.
Furthermore, a common sequence pattern was identified in both selection experiments,

which is discussed in more detail in the following section.

4.2.2 Sequence analysis of selected Affilin variants

The sequence analysis of Affilin molecules obtained from both phage display approaches
indicated a preference for certain amino acid substitutions (the deduced amino acid
sequences of variants exhibiting the highest affinities are shown in Tab. 11).
The hydrophobic amino acids, which could mediate the binding to the target protein via
hydrophobic interactions, were frequently found within randomized positions. They occurred
more frequently at positions 2 and 4. As compared to the theoretical content of Arg and Lys
residues in the yB-crystallin library (i.e. one basic residue per eight randomized positions),

some variants revealed multiple basic side chain replacements. In case of Affilin D1 and D4
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exhibiting the highest affinity to E7 among all identified Affilin clones, three out of eight amino

acids were substituted for Lys and Arg residues.

Table 11. Deduced amino acid sequence at randomized positions for anti-E7 Affilin variants
with the highest affinity arranged according to K, values. Yellow boxes highlight hydrophobic
amino acid residues (hydropathy index value >0 on the Kyte-Doolittle scale, Kyte & Doolittle,
1982). Basic residues are highlighted in blue and acidic residues in red. The TAG codon was
considered as GIn (referred to as GIn*) due to its suppression in supE E. coli strain.

Randomized position
Protein 2 4 6 15
yB-crystallin ﬂ Thr Tyr
D1 Cys Cys Gly 80 nM
D4 Phe Met Thr 260 nM
G6p Leu Ala Ser 520 nM
G5p Ala Ala Cys 1.1 uM
D5 Ala Cys Ser 1.2 uM
A1 Ser Val Ala 2.1 uM
Adp Cys Ser Ser 2.3 uM
H4p Leu Phe 2.6 uyM
H12 Ala Val 3.1 uM
A5 Ala Cys 5.0 uM
E4p Cys Ala 5.5 uM
B12p Cys Ala 6.6 uM
C3 Ala Cys 14 uM

The examination of the overall electrostatic potential of Affilin D1 and D4 revealed
the presence of basic patches, particularly noticeable on the surface of the D1 variant,

as compared to the surface charge distribution of the yB-crystallin scaffold (Fig. 37).

C
yB-crystallin

Figure 37. Examination of the electrostatic surface potential of Affilin molecules D1 (A),
D4 (B) and yB-crystallin (C). Charged amino acids are indicated in blue (basic: Arg, Lys or
His) or red (acidic: Asp or Glu), and other residues are indicated in grey. Models based on
coordinates and structure factors of human yB-crystallin (PDB code 2JDF) were generated
using PyMOL (http://pymol.org).
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Considering the acidic nature of the HPV-16 E7 protein (theoretical pl is ~4.7), this might
indicate that electrostatic interactions contributed to the Affilin-E7 binding as well. Similarly,
conserved basic residues on the surface of the pRb pocket domain have been reported
to make important contacts with acidic residues on E7 (Dick & Dyson, 2002).

As shown in Tab. 11, several Affilin clones revealed the presence of Cys residues within
randomized positions in addition to seven free Cys residues present in the wild-type
yB-crystallin scaffold. The Cys residues represent a rather non-favorable amino acid
substitution, as they are prone to several modifications such as formation of undesired
intramolecular disulfide bonds or covalent dimerization leading to structural changes
in protein folds, loss of stability and aggregation. It has been suggested that replacement
of free Cys residues can prevent such undesired interactions thereby increasing the stability
of the protein (Amaki et al., 1994; Lett ef al., 1999; Fremaux et al., 2002). In an attempt
to prevent such undesired modification in the D1 variant, two Cys residues at the randomized
positions 2 and 4 were exchanged for the structurally similar Ser residues. However,
the D1-Ser2,4 mutant revealed a tenfold lower binding affinity as compared to the native D1
variant. As Cys and Ser residues differ in the hydrophobicity of their side chains (Nagano et
al., 1999), the Cys removal most probably reduced the binding affinity by the means
of decreased hydrophobicity of the binding site.

4.2.3 Comparison of binding affinities of Affilin molecules and other binding proteins

The binding affinities of anti-E7 Affilin molecules calculated here were comparable to those
of the first-generation Affilin molecules selected against targets such as human IgG Fc,
proNGF or steroid hormones (Ebersbach et al., 2007). These Affilin molecules achieved
dissociation constants in the micromolar to nanomolar range with one variant, namely
SPC-7-E9 (referred in this study to as E9*), exhibiting the affinity in the low nanomolar range
(Kg ~6 nM) (Ebersbach et al., 2007).

Considering the relatively small size of the yB-crystallin library and the fact that Affilin
molecules were selected from a primary screening without further maturation, these
dissociation constants were quite high. Such affinities are comparable to that of murine
monoclonal antibodies generated from a secondary immune response. The dissociation
constants of murine monoclonal antibodies usually vary between 10 and 100 nM (Foote &
Eisen, 1995). The primary screening of phage-displayed recombinant single-chain antibody
fragments typically yields affinities in the micromolar to nanomolar range, which are then
improved by several in vitro affinity maturation approaches (Rajpal et al., 2005; Wark &
Hudson, 2006).

The binding proteins based on alternative scaffolds usually achieve micromolar to nanomolar

affinities (Hosse et al., 2006) with some variants reported to show even picomolar binding
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(Stoop & Craik, 2003). The alternative binding proteins evaluated in intracellular studies
exhibited a broad range of affinities. DARPins derived from designed ankyrin repeat proteins
bound their targets with affinities in the micromolar to sub-nanomolar range (Amstutz et al.,
2005; Amstutz et al., 2006; Kawe et al., 2006). Other intracellular alternative binding proteins
such as monobodies derived from the fibronectin type lll scaffold selected against estrogen
receptor a, showed rather low affinities as examined by p-galactosidase assay in the yeast
two-hybrid system (Koide et al., 2002).

The affinities of Affilin molecules could be improved by optimization of the selection strategy.
Factors that influence the outcome of the phage selection are: concentration of the target
molecule, incubation time of the phage library with the target, temperature, pH, ionic strength
and stringency of washing conditions as well as the elution strategy and the number
of selection cycles (Barbass et al., 2001; Lou et al, 2001). In addition to the selection
on immobilized target, as performed in this study, the selection on a biotinylated target
in solution may permit a more controlled enrichment of binding molecules with higher
affinities (Lou et al., 2001).

It is well recognized that the size of the library determines the affinity of selected binding
molecules - the larger the library, the higher the probability of finding high-affinity binders
(Ling, 2003; Hoogenboom, 2005). In case of antibody fragments, a library of 107 - 108
members typically allows the selection of clones with affinities of up to 10 nM, whereas from
libraries with over 10° members, binders with sub-nanomolar affinities can be selected (Ling,
2003). As the size of the phage display library is limited to ~10° clones by the efficiency
of transfection of DNA into bacteria, fully in vitro selection approaches such as ribosome
display or mRNA display, which do not require transformation of living cells, allow generation
of very large libraries of up to 10" members (Rothe et al., 2006). From such libraries, usually
binders with much higher affinities are generated (Lipovsek & Pluckthun, 2004).
Thus, the generation of a larger yB-crystallin library suitable for alternative in vitro selection
systems would possibly allow selection of binders with higher affinities. Furthermore,
to increase the combinatorial complexity of the library, additional amino acid positions could
possibly be randomized. However, the diversification of a scaffold is only possible to a limited
extent, in that the stability of the scaffold is not altered significantly. Thus, the tolerance
of the yB-crystallin protein architecture for more amino acid exchanges should be tested
beforehand.

Finally, several maturation approaches such as error-prone PCR (Thie et al., 2009), hotspot
randomization (Yau et al., 2005), site-directed mutagenesis (Furukawa et al, 2007)
or mutator strains of E. coli (Coia et al.,, 2001) can be employed for the selection

of molecules with higher binding strength.
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4.2.4 Specificity of Affilin molecules

The target specificity is an important requirement, which needs to be met when binding
reagents are developed for various biotechnological and pharmaceutical applications.

The anti-E7 Affilin molecules generated in this study specifically bound the target and did not
cross-react with other proteins tested in the ELISA. The lack of appreciable association
with proteins of acidic pl similar to E7 (i.e. amyloglucosidase and trypsin inhibitor, pl 3.6
and 4.6, respectively) suggested that electrostatic interactions were specific determinants
of the binding of these Affilin molecules to E7.

To provide further evidence of Affilin specificity, the interaction with proteins sharing
sequence similarities to E7 target protein would be required. Such specificity testing might
include E7 proteins from other HPV types, adenovirus E1A protein or SV40 large tumor
antigen. All these proteins share sequence similarities with HPV-16 E7 such as conserved
LeuXCysXGlu pRb-binding motif followed by a patch of acidic residues (Dahiya et al., 2000;
see Fig. 9). Considering the sequence homology of E7 proteins from different HPV types
(Munger et al., 1991), it would be challenging to attempt the selection of Affilin variants
recognizing certain conserved E7 epitopes. Such E7 binders could be possibly used

for the inhibition of growth of other cells driven by HPV to proliferate.

4.2.5 Recombinant production of Affilin molecules

As a protein scaffold, the yB-crystallin possesses favorable properties such as high solubility
and thermodynamic stability, which is independent from intramolecular disulfide bonds.
These intrinsic properties of yB-crystallin were considered promising for the generation
of novel binding molecules in the first place. Such features usually allow the production
of functional molecules using expression in bacterial cytoplasm, which is cost-effective
and more productive than eukaryotic cell cultures commonly used for antibody production.

The analysis of expression of a number of anti-E7 clones using recombinant E. coli cells
revealed a high level of expression but was associated with the formation of inclusion bodies.
However, in each case the yield of soluble expression was sufficient to purify these protein
variants under native conditions. The amount of purified protein obtained from 1 | of shake
flask culture under non-optimized conditions varied for individual clones independently
of the selection approach, reaching typically 0.4 - 18 mg. For the wild-type yB-crystallin
protein, the amount of purified protein was 65 mg per 1 | of culture. This suggests that amino
acid exchanges within the randomized region of Affilin clones influenced the protein folding
and solubility. As Affilin variants contained several hydrophobic substitutions,
their association during folding in the bacterial cytoplasm could possibly prompt these
proteins to form inclusion bodies. Moreover, the oxidative cross-linking of Cys residues might

also have induced the aggregation of some clones during purification procedures. However,
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as mentioned previously, an approach to exchange undesired Cys residues into Ser was not
feasible, as such modification resulted in the reduction of the target-binding affinity (see
3.2.1.5).

Due to demand for increased quantities of Affilin-Tat molecules required for protein delivery
experiments, the E. coli culture conditions for expression of these variants were optimized.
In contrast to generally recommended procedures (Berrow et al., 2006), the induction
of expression of D1-Tat at the late mid-log phase of growth of E. coli host cells was crucial
for improving the level of soluble expression. The D1-Tat protein prepared from such culture
was functionally active as it bound E7 with an average dissociation constant of ~80 nM.
Other examples in the literature show that in some cases induction of protein expression
at the late mid-log phase or even stationary phase of E. coli growth may significantly
enhance the yield of soluble and functional protein expression (Galloway et al., 2003; Ou et
al., 2004). For Affilin variants D1-Tat and D4-Tat, the reduced growth temperature also
contributed to higher amounts of soluble protein in E. coli cell lysates. Following optimization
of expression conditions, the yield of protein preparation from 1 | of shake flask culture
increased 13-fold (from 0.6 to 8 mg) and 3-fold (from 5 to 15 mg) for D1-Tat and D4-Tat,
respectively.

The protein yields of anti-E7 Affilin clones were similar to that obtained for the first-generation
Affilin variants, where the amounts of ~1 to 16 mg of purified protein per 1 | of shake flask
culture were obtained (Ebersbach et al., 2007). Similar levels of recombinant protein
production have been reported for alternative binding proteins based on other scaffolds.
As an example, affibody variants derived from the protein A domain scaffold achieved protein
yields of 3 to 10 mg/l of culture (Nord et al., 1997), whereas 2 to 40 mg/l of culture have been
obtained for variants based on the tenth human fibronectin type Ill domain scaffold (Xu et al.,
2002; Getmanova et al., 2006). The highest level of soluble expression was achieved
by DARPins derived from design ankyrin repeat proteins. It was reported that randomly
chosen library members were expressed at the level of 10 - 30% of total E. coli protein with
up to 200 mg of protein obtained from 1 | of shake flask culture (Kohl et al., 2003).
Considerably smaller yields have been reported for anticalins purified from the E. coli
periplasmic fraction where typically 0.1 to 5 mg of protein was obtained from 1 | of culture
(Beste et al., 1999; Mercader & Skerra, 2002).

In conclusion, these results indicate that the yB-crystallin library allows the selection
of Affilin variants that bind the E7 protein with affinity in the nanomolar range. The production
of specific anti-E7 clones from soluble fraction of E. coli under native condition is feasible.
Based on the biophysical analysis, clones D1 and D4 with the highest affinity to E7 were

selected for further experiments.
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4.3 Tat-mediated delivery of Affilin molecules into mammalian cells

The utility of Tat as an intracellular delivery system for varied cargos such as siRNA, DNA,
peptides, proteins, phage particles, magnetic nanoparticles and liposomes has been
extensively studied during the last two decades (reviewed in Gupta et al., 2005; Wagstaff
& Jans, 2006 and Foged & Nielsen, 2008). In addition to the efficient intracellular trafficking,
several studies have demonstrated biological activities of Tat-conjugated cargos (Lindsay,
2002; Dietz & Bahr, 2004; Wadia & Dowdy, 2005). In each of these studies, the Tat peptide
was chemically linked or genetically fused to the cargo protein and added directly to the cells,
where protein internalization was observed.

Here, due to the attributed potential of the Tat peptide as an effective transduction system,
an attempt to use it for delivery of Affilin molecules into mammalian cells was undertaken.

To enable a direct visualization of internalized Affilin molecules in living cells, the Affilin
variant A1* fused to the Tat peptide, Hise-tag and EGFP was evaluated. However, when
expressed in E. coli cells, the fusion construct was mostly insoluble. Optimization
of expression conditions did not improve the amount of protein in soluble form to the level
required for protein purification under native conditions. Thus, live cell-imaging studies
with Tat-A1*-EGFP-Hisg fusion protein were not possible.

To monitor the Tat-mediated delivery of Affilin molecules into mammalian cells, Western blot
analysis and indirect immunofluorescence microscopy were carried out. The initial data from
these experiments suggested an efficient, concentration- and time-dependent uptake.
The proteins appeared to localize exclusively to the nucleus. Based on these studies it was
concluded that Affilin molecules showed a remarkable intracellular stability as significant
levels of Affilin-Tat protein persisted within cells for up to 48 h. However, these results
required verification as some reports have implied that the cationic nature of the Tat
sequence caused experimental artifacts upon evaluation of Tat uptake using fixed-cell
assays (reviewed in Brooks et al., 2005 and Nakase et al., 2008). It has been found that
the membrane-bound Tat peptide as well as Tat released from cellular vesicles following
fixation redistributed to the cytoplasm and accumulated into the nucleus, probably as a result
of electrostatic interaction with cellular DNA. The standard washing techniques, such as
incubation of cells in PBS, have been shown to be insufficient to remove peptides associated
with cell membranes (Richard et al., 2003; Brooks et al., 2005). Thus, the nonspecific
electrostatic interactions and strong membrane association of Affilin-Tat fusion proteins
influenced the interpretation of Tat-mediated uptake in this study.

To eliminate externally bound Affilin-Tat molecules, cells were treated with trypsin before
final Western blot and immunofluorescence analysis. In contrast to previous experiments,
Affilin molecules were not detected within intracellular compartment of analyzed cells.

Nevertheless, the possibility that a small fraction of Affilin-Tat protein was internalized could
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not be excluded as low amount of protein can escape detection by techniques such as
Western blotting or standard imaging studies (Nakase et al., 2008).

Considering endocytosis as a most likely uptake route of Tat conjugates, internalized
proteins are expected to be retained in endosomes or to be targeted to lysosomes (Fischer
et al., 2004; Richard et al., 2005; Vives et al., 2008). As endosomolysis is a rather infrequent
event and proteins within lysosomes are actively degraded, it is at odds with cytoplasmic
or nuclear accessibility of Tat-conjugated cargos. The amount of transduced protein released
from endosomes can be insufficient to mediate significant biological effects in cells. This has
been observed in a study on Tat-mediated uptake of diphtheria toxin A-fragment in which
no cytotoxicity of this protein was detected (Falnes et al., 2001). Other studies have also
reported ineffective translocation of Tat peptide or Tat conjugated cargos into several cell
lines (Koppelhus et al., 2002; Violini et al., 2002; Kramer & Wunderli-Allenspach, 2003).
The authors concluded that the very low rate of uptake or rapid degradation of Tat-
conjugated proteins in cells might have led to the lack of evidence of Tat-mediated
transduction in these experiments.

As mentioned above, even if efficient cellular uptake can be observed, the delivery of intact
proteins is often compromised by insufficient endosomal escape and lysosomal degradation
of attached proteins (Richard et al., 2005; Vives et al., 2008). Thus, strategies promoting
endosomal escape and preventing cleavage of the cargo in the endosomal/lysosomal
compartments have to be developed. The treatment of cells with lysosomotropic agents such
as chloroquine (Caron et al., 2004) or fusion of Tat to the pH-sensitive fusogenic peptide
of the influenza virus hemagglutinin protein (Wadia et al., 2004) have already been shown
to induce endosome disruption and improve bioavailability of CPP conjugates to the cytosol
and/or nucleus.

Another aspect of the Tat-mediated delivery system that needs to be addressed is a better
understanding of the influence of cargo on the relative uptake efficacy and distribution.
Several reports have suggested that the molecular size, structure and overall
physicochemical properties of molecules attached to the Tat peptide affect the uptake (Yang
et al., 2002; Tunnemann et al., 2006), however, a systematic study testing all these
parameters has not been conducted yet.

As detection of Tat-mediated internalization has already proved to be problematic,
the reliable methods for determination of the uptake, cytoplasmic release and/or nuclear
delivery of Tat and Tat-conjugated cargos should be established. As a method which
eliminates the requirement of fixation, the microscopic observations of living cells incubated
with fluorescently labeled proteins or conjugates with fluorescent proteins such as GFP can
be performed. However, microscopic studies are considered to be insufficient

for investigation of protein internalization as the amount of cargo released into the cytosol
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is often close to background levels (Nakase et al., 2008). A novel approach for real-time
analysis of cellular uptake has been proposed by Jones et al., 2006. In this method, photons
generated by cytosol-released luciferin were used for quantification of uptake and release
in real-time.

Given the difficulties associated with Tat-mediated transduction mentioned above as well as
the lack of cellular specificity, several issues have to be addressed in further studies before
the potential of Tat peptide as a drug delivery system or as a research tool can be fully
realized. These further studies should include a thorough investigation of the transduction

process as well as the influence of all involved parameters.

4.4 Intracellular activity of Affilin molecules

The E6 and E7 proteins are the major transforming factors of human papillomaviruses
(zur Hausen, 2000). Both proteins are consistently expressed in HPV-positive malignant
tumors and are able to immortalize a wide variety of human cell types (McLaughlin-Drubin &
Munger, 2009). These viral genes possess also proliferation-stimulating and transforming
activities in a number of cell lines such as rodent NIH/3T3 fibroblasts (Yasumoto et al., 1986;
Caldeira et al., 2000).

The transforming activity of E6 and E7 is associated with the inhibition and activation
of several cell cycle regulatory proteins (reviewed in Munger et al., 2004). As E7 is a protein
distinct from those expressed in the cell, it provided a suitable model for the evaluation
of the intracellular activity of Affilin molecules.

Numerous studies have demonstrated that E7 inhibition induces cell growth arrest (Choo et
al., 2000; Accardi et al., 2005) or apoptosis (Nauenburg et al., 2001; Jiang & Milner, 2002)
in cervical cancer cells. Thus, the intracellular interaction between Affilin molecules and E7
was in this study indirectly examined by analysis of cell proliferation and apoptosis.
To enable Affilin-E7 interaction in the cell nucleus, Affilin molecules were ftransiently
expressed from an appropriate vector construct containing the signal sequence for nuclear
targeting. In the initial experiments, a model NIH/3T3-E7 mouse cell line, originally
established to provide the experimental system for studies on the transforming potential
of the E7 protein (Zerfass et al., 1995; Schulze et al., 1998), was used. Following transient
expression of Affilin D1 and D4 in NIH/3T3-E7 cells, a significant reduction of the proliferation
rate was observed as compared to the cells expressing the wild-type yB-crystallin scaffold.
To further evaluate the growth-inhibitory effect of Affilin molecules in a cervical cancer cell
model, the Ca Ski cell line was employed. The transformed phenotype of Ca Ski cells
is associated with the consistent expression of both E6 and E7 proteins from the integrated
HPV genome (Yee et al., 1985; Baker et al., 1987). In these cells, the intracellular expression

of anti-E7 Affilin molecules led to the growth inhibition as well. The Affilin variant D1 induced
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growth suppression in the range of 50% in the population of both NIH/3T3-E7 and Ca Ski
cells, whereas Affilin D4 caused less pronounced antiproliferative effect in both investigated
cell lines. Although the reason for this difference was not established in this study,
it is possible that each Affilin variant recognizes a different binding epitope on the surface
of the E7 protein leading to the different degree of target neutralization. The fact that E7
is a multifunctional protein (Munger et al., 2001) supports this hypothesis. To provide
knowledge on the intermolecular contacts occurring between these two Affilin molecules
and the E7 target protein, further mutational and structural studies would be required.
The higher binding affinity of the Affilin D1, although increased only by about fourfold
as compared to D4, could also contribute to the more pronounced antiproliferative effect
observed for this variant.

To validate the specificity of Affilin-mediated inhibition of the E7 protein in cells, the cell lines
negative for HPV, ie. wild-type NIH/3T3, C-33 A and HEK-293 were evaluated under
identical experimental conditions. As an additional control, the wild-type yB-crystallin scaffold
protein was expressed in all investigated cell lines. In the control experiments, no significant
changes in the proliferation rate were observed. This finding indicated that
the antiproliferative effect of Affilin molecules D1 and D4 was specific. The specificity
of target inhibition was also supported by the fact that the expression of Affilin clones did not
affect the growth of HEK-293 cells. The HEK-293 cell line was originally derived from
the human embryonic kidney cells transformed by adenovirus 5 DNA (Graham et al., 1977).
The cells stably express E1A protein sharing some sequence similarities with the E7 protein
from HPV (see Fig. 9; Chellappan et al., 1992; Dahiya et al., 2000).

To further determine the influence of Affilin expression on the phenotype of E7-positive cells,
the apoptotic cell death was examined. Only a slight increase in the number of apoptotic cells
was observed for D1 and D4 variants expressed in NIH/3T3-E7 cells, whereas the level
of apoptosis in Ca Ski cells remained unchanged. This finding showed that the inhibition
of proliferation was a key cellular event induced by expression of anti-E7 Affilin molecules
in target cells. As Affilin molecules appeared in the nucleus, which is where E7 protein is
predominantly localized (Greenfield et al., 1991; Guccione et al., 2002), it can be concluded
that the growth suppression of target cells was a result of Affilin-mediated impairment
of the E7 protein function.

The mechanism by which Affilin molecules achieve their antiproliferative effect was not
elucidated in this study. The cellular model associated with HPV-induced transformation
is characterized by complex cooperative effects caused by expression of both viral proteins,
E6 and E7. Thus, identification of a particular cellular event responsible for induction
of a growth-suppressive phenotype in Affilin-expressing cells is very challenging. One could

speculate that the repression of E7 may restore the growth inhibitory function of the pRb
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protein as well as other negative regulators of the cell cycle such as p21 and p27.
The re-establishment of their function would down-regulate the genes required for transition
from the G4 to the S phase of the cell cycle as well as for the DNA synthesis. Such
hypothesis is supported by the findings of other studies in which the targeting of HPV
transcripts by ribozymes, antisense RNA or siRNA resulted in the growth inhibition of HPV-
infected cells (Tan & Ting, 1995; Alvarez-Salas et al., 2003; Yamato et al., 2008).
Transcriptional suppression of EG/E7 by forced expression of the E2 protein from bovine
papillomavirus 1 (BPV-1) has also led to the significant growth inhibition of virus-related cells
(Moon et al., 2001). As a result of inhibition of EG/E7 expression, increased levels of cellular
proteins such as pRb, p53 and p21 as well as suppression of E2F1 and cyclinE-associated
CDK2 activities have been observed (Tan & Ting, 1995; Moon et al., 2001; Yamato et al.,
2008). In an attempt to inhibit E7 at the protein level, the anti-E7 scFv antibody fragments
selected by phage display have been probed to interfere with the transformed phenotype
of cervical cancer cells (Accardi et al., 2005). The selected scFvs exhibited the anti-
proliferative effect similar to that observed for Affilin molecules. However, these antibody
fragments revealed reduced stability as their expression in bacterial periplasm

as well as in the cytoplasm of mammalian cells was impaired (Accardi et al., 2005).

Taken together, these results prove that Affilin molecules can exert their desired effect
on a cellular level and stress out their potential for further development of intracellular binding

reagents based on the human yB-crystallin scaffold.
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5. Conclusions

The data presented in this thesis show that the yB-crystallin library is applicable
for the selection of Affilin variants with high affinity and specificity against a pre-defined target
using conventional phage display approach. The recombinant expression of anti-E7 Affilin
molecules in E. coli was feasible, thereby offering a cost-effective means of production
of these proteins.

In the intracellular context, selected Affilin molecules were capable of inducing a specific
cellular effect, which can be ascribed to the inhibition of E7 protein function. These findings
encourage further development of the Affilin technology for the generation of new
intracellular binding reagents. As transfer of genetic material into mammalian cells can be
easily achieved in the laboratory via standard transfection methods, such alternative binding
molecules can already be used for intracellular target validation as well as for studies
on protein function and protein-protein interactions in cells. By targeting cellular protein
functions associated with the progression of several human diseases such as cancer or viral
infections, the alternative binding proteins could furthermore be developed for therapeutic
use. It should be noted, however, that the therapeutic application of intracellular binding

reagents requires more efficient, specific and safe methods for their delivery.
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6. Summary

Engineered binding proteins based on nonimmunoglobulin scaffolds represent a rich source
of affinity reagents for potential use as therapeutics, diagnostics and research tools
complementing the repertoire of monoclonal antibodies.

Affilin molecules are novel binding reagents that exploit randomized side chains of the rigid
B-sheet of the human yB-crystallin scaffold for molecular recognition. They bind their pre-
defined targets with high affinity and specificity preserving the structure and thermodynamic

stability of the parental yB-crystallin scaffold.

In the work underlying this thesis, the yB-crystallin scaffold was evaluated in terms
of its suitability for the generation of intracellular Affilin molecules. As a model target,
the human papillomavirus E7 protein implicated in the development of cervical cancer was

used.

For the purpose of the phage display selection of anti-E7 Affilin molecules, the E7 target
protein was prepared as a Hisg-tag fusion using recombinant E. coli cells. Following
optimization of the E7 gene sequence as well as expression parameters, the protein was
purified under native conditions with a high yield. As determined by analytical size-exclusion
chromatography, the protein existed as a soluble higher-order oligomer with a molecular
mass of ~700 kDa. The biological activity of the recombinant E7 protein was demonstrated
by its ability to bind to the retinoblastoma tumor protein (pRb). The apparent dissociation
constant of the E7-pRb interaction was determined by ELISA as ~20 nM.

Using the recombinant E7 protein and a human yB-crystallin library, anti-E7 Affilin molecules
were selected by phage display technique. The first selection approach yielded micromolar
to nanomolar anti-E7 binders, however was associated with enrichment of non-functional
clones. To reduce the number of irrelevant clones and to isolate variants with higher affinity
to E7, an alternative proteolysis-based phage display selection was carried out. Following
this selection, the number of background clones was decreased. The isolated Affilin
molecules specifically bound the E7 protein with affinities in the micromolar to nanomolar
range. Both approaches led to the selection of Affilin variants exhibiting similar sequence
pattern, in which the hydrophobic amino acids were frequently found at certain randomized
positions in addition to basic amino acid residues enriched in case of some clones.
From isolated anti-E7 Affilin variants, two clones named D1 and D4 exhibiting ~80 nM
and ~260 nM apparent dissociation constants, respectively, were selected for further

evaluation.
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To study the internalization of Affilin molecules into mammalian cells, fusion constructs
comprising Affilin molecules and the cell-penetrating Tat peptide derived from the HIV-1 Tat
protein were generated and characterized. The Affilin-Tat fusion proteins maintained
the target-binding affinity and specificity. However, when used in internalization studies using
Western blotting and immunofluorescence microscopy, these proteins revealed only
enhanced cell surface binding properties but no efficient cellular delivery.

In order to evaluate the intracellular activity of Affilin molecules, the anti-E7 Affilin clones
were transiently expressed in E7-positive mammalian cells and the cellular proliferation
and apoptosis were examined. The clones D1 and D4 revealed a significant inhibitory effect
on the proliferation of target cells. The effect was specific as the growth of E7-negative cells
or cells expressing the wild-type yB-crystallin scaffold remained unaffected. The level
of apoptosis in analyzed cells was essentially unchanged implying that the growth
suppression was a key cellular event induced upon expression of specific anti-E7

Affilin molecules.

The results presented in this thesis demonstrate for the first time that Affilin molecules
are able to fulfill their function in the reducing environment of mammalian cells thereby
establishing their potential for the generation of novel intracellular binding reagents.
Such intracellular binding molecules can be potentially applied in research for target

validation and study of protein function in cells as well as in therapy.
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7. Zusammenfassung

Die Nutzung stabiler Proteine als Grundgerist zur Gewinnung kiinstlicher Bindemolekiile
bietet eine ernstzunehmende Alternative fiir die Erweiterung der bisher allein monoklonalen
Antikorpern vorbehaltene Anwendung in Therapie, Diagnostik und Forschung.

Affilin Molekule sind neuartige kunstliche Bindeproteine, die auf Basis des humanen
yB-Kristallins durch zufalligen Aminosaureaustausch an acht Positionen
der B-Faltblattstruktur des Proteins entwickelt wurden. Affilin Molekile binden ihre
entsprechenden Zielmolekile mit hoher Affinitat und Spezifitat, auch unter Erhalt der Struktur

und der thermodynamischen Stabilitat des yB-Kristallin-Wildtyps.

Im Rahmen der vorliegenden Dissertation wurde daher die Eignung der yB-Kristallin-Struktur
fur die Entwicklung von Affilin Molekulen mit der Fahigkeit zur Bindung intrazellularer
Zielmolekule untersucht. Als Modell fur ein solches intrazelluldres Zielmolekul wurde
das human  Papillomavirus E7  Protein, welches bei der Entwicklung

von Gebarmutterhalskrebs eine Rolle spielt, ausgewahit.

Fir die Selektion mittels Phage Display wurde das E7 Protein zunachst als Hisg-Tag
fusioniertes Konstrukt in E. coli Zellen hergestellt. Nach Optimierung sowohl
der Gensequenz des verwendeten Konstruktes als auch der Expressionsparameter konnte
das Protein produziert und unter nativen Bedingungen mit hoher Ausbeute und Reinheit
erhalten werden. Die analytische GroéRenausschluss-Chromatographie zeigte, dass
das Protein als ein I6sliches Oligomer, héherer Ordnung, mit einer molekularen Masse
von ~700 kDa vorlag. Die Funktionalitdt des rekombinanten Proteins E7 wurde durch
Bindung an das Retinoblastom-Protein (pRb) mittels ELISA gezeigt. Die apparente
Dissoziationskonstante der E7-pRb Interaktion betrug dabei ~20 nM.

Unter Verwendung des rekombinanten E7 Proteins wurden anschlielend entsprechende
Affilin Molekule mittels der Phage-Display-Technik aus der yB-Kristallin-Bibliothek isoliert.
In einem ersten Selektionsprozess konnten erfolgreich Affilin Varianten mit apparenten
Dissotiationskonstanten fur die Bindung an E7 im nano- bis mikromolaren Bereich isoliert
werden. Es zeigte sich jedoch, dass zu einem groRen Anteil auch nicht-funktionelle Klone
angereichert wurden. Um die Zahl an irrelevanten Klonen zu verringern und Varianten
mit hdherer Affinitdt zu E7 zu isolieren, wurde eine alternative Proteolyse-basierte Phage-
Display-Selektion durchgefuhrt. Mit Hilfe dieser Selektion wurde die Zahl von
nicht-funktionellen Varianten deutlich verringert. Fir die erhaltenen Klone wurde
eine spezifische Bindung an das E7 Protein mit Dissoziationskonstanten im mikro- bis

nanomolaren Bereich bestimmt. Beide Selektionsexperimente flhrten zu Isolierung
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und ldentifizierung von Affilin Varianten, die dhnliche Sequenzen aufwiesen. Dabei traten
besonders hydrophobe Aminosauren haufig an definierten Positionen auf. Zusatzlich wurden
im Falle einiger Klone auch basische Aminosadurereste in der Primarsequenz erhaltener
Affilin Moleklle angereichert. Von den anti-E7 Affilin Varianten wurden zwei als D1 bzw. D4
bezeichnete Klone mit ~80 nM und ~260 nM Dissoziationskonstanten fir die nachfolgenden
Studien ausgewahlt.

Fir die Untersuchung des zielgerichteten intrazellularen Transports in eukaryontischen
Zellen wurden aus den Affilin Molekilen sowie dem vom HIV-1 abstammenden
zellpenetrierendem Tat-Peptid bestehende Fusionsproteine hergestellt und charakterisiert.
Die Herstellung der Fusionsproteine erfolgte dabei unter Erhalt von Affinitat und Spezifiat
fur E7. Die Auswertung der Lokalisierungsexperimente mittels Western Blot
und Immunofluoreszenzmikroskopie zeigte allerdings, dass fir diese Fusionskonstrukte nur
eine erhdhte Bindung an die Zelloberflache, jedoch keine effiziente Internalisierung
nachgewiesen werden konnte.

Um die intrazellulare Funktion der Affilin Molekile zu analysieren, wurden die E7-
spezifischen Affilin Molekile Klone in eukaryontischen Zellen transient produziert
und die zellulare Proliferation und Apoptose uUberprift. Dabei konnte flir beide Klone
eine signifikante Inhibierung der Proliferation E7-positiver Zellen nachgewiesen werden.
Dieser Effekt war spezifisch, da das Wachstum E7-negativer Zellen bzw. von Zellen,
die den yB-Kristallin-Wildtyp produzierten, nicht beeinflusst wurde. Die apoptotische Aktivitat
in analysierten Zellen war im Wesentlichen unverandert. Dies deutet darauf hin,
dass die Erniedrigung der Proliferation nach intrazellularer Produktion der E7-spezifischen

Affilin Molekile ein zellulares Schlisselereignis war.

Die hier prasentierten Ergebnisse belegen damit erstmalig, dass Affilin Molekile ihre
Funktionalitat und ihre Bindungseigenschaften auch im reduzierenden Medium
des Zellinneren von eukaryontischen Zellen erhalten. Sie sind daher fir die Generierung
neuartiger intrazellular funktioneller Bindeproteine grundsatzlich geeignet.
Diese intrazellularen Bindemolekile haben ein grol3es Potenzial fir die Anwendung sowohl
bei der Untersuchung von Proteinfunktionen in Zellen, der Validierung von intrazellularen

Zielmolekulen als auch bei der Entwicklung neuer Therapieansatze.
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10. Abbreviations

AC,GT Adenine, Cytosine, Guanine, Thymine
2xYT Two times yeast tryptone

Ay Absorption at x nm

bp base pair

BrdU Bromodeoxyuridine

BSA Bovine serum albumin

DMEM Dulbecco/Vogt modified Eagle's minimal essential medium
DMSO Dimethylsulfoxide

DNA Deoxyribonucleic acid

dNTP Deoxynucleotide triphosphate

E. coli Escherichia coli

e.g. exempli gratia (for example)

EDTA Ethylene diamine tetraacetic acid
ELISA Enzyme-linked immunosorbent assay
et al. et alii (and others)

FBS Fetal bovine serum

h hour

HBS HEPES-buffered saline

HEPES 2-{(4-(hydroxyethyl)-1-piperazin}ethansulfonic acid
HIV Human immunodeficiency virus

HPV Human papillomavirus

ie. id est (that is)

IgG Immunoglobulin G

IMAC Immobilized metal-ion affinity chromatography
IPTG Isopropyl B-D-1-thiogalactopyranoside
kDa kilodalton

Kqy Dissociation constant

LB Luria-Bertani

MES 2-(N-morpholino)ethanesulfonic acid
min minute

MWCO molecular weight cut off

NLS Nuclear localization signal

No. Number

ODgoo Optical density at 600 nm

PBS Phosphate buffered saline

PCR Polymerase chain reaction

PDB Protein Data Bank

PMSF Phenylmethansulfonylfluorid

pRb Retinoblastoma tumor suppressor protein
RPMI Roswell Park Memorial Institute medium
RT Room temperature

RU Resonance unit

scFv single chain variable antibody fragment
SDS Sodium dodecyl sulfate

SDS-PAGE SDS-polyacrylamide gel electrophoresis
sec second

siRNA Small interfering ribonucleic acid

SPR Surface plasmon resonance

SVv40 Simian virus 40

TMB 3,3°,5,5 -tetramethylbenzidine

Tris N-[tris-(hydroxymethyl-)]Jaminomethane
viv volume per volume

wiv weight per volume
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Erklarung

Hiermit erklare ich an Eides statt, dass ich mich bisher mit dieser Arbeit weder an der Martin-
Luther-Universitat Halle-Wittenberg, noch an einer anderen Einrichtung um die Erlangung
eines akademischen Grades beworben habe. Ich versichere weiterhin, dass die vorliegende
Arbeit selbststandig und nur unter Benutzung der angegeben Quellen und Hilfsmittel erstellt
wurde. Den benutzten Werken wértlich oder inhaltlich enthommene Stellen sind als solche

gekennzeichnet.

Halle (Saale), 19.11.2009

Ewa Mirecka
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