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CHAPTER 1
INTRODUCTION

Cardiovascular disease remains the leading cause of mortality and morbidity in
industrialised countries. The thrombotic complications of atherosclerosis, such
as acute coronary events and ischemic stroke, can be fatal. Patients who
survive such events have a far greater risk of future cardiovascular events. This
huge medical need cries out for improved novel anticoagulants, antiplatelet
agents/drugs, and profibrinolytic agents. These agents must successfully
respond to the medical need by providing safe, effective, and easily administered
treatments that have little, if any, drug and food interactions and that require

minimal monitoring (Hirsh, 2003).

From early on, the discovery of new drugs involved a trail-and-error approach
using naturally derived materials and substances. The first half of the twentieth
century witnessed systematic pharmacological evaluations of both natural and
synthetic compounds. With the exponential development of molecular biology on
the one hand, and computer technology on the other, from 1980 onwards drug
discovery has seen many changes. Cloning of genes has led to the development
of methodologies for specific receptor-directed and enzyme-directed drug
discoveries. Advances in recombinant DNA and transgenic technologies have

enabled the production of endogenous biomolecules as new drugs (Kaul, 1998).

Over the last couple of decades haemostasis and thrombosis research has
emerged as an interdisciplinary field that draws on biochemistry, physiology,
structural biology, clinical chemistry, cell biology, molecular genetics,
recombinant DNA technology and biochemical engineering to unravel the
complex processes involved in maintaining the delicate haemostatic balance.

The evolution of molecular biology techniques in particular has taken place at a



staggering pace and the introduction of powerful new methodologies has

revolutionised haemostasis research.

The past century has witnessed a breathtaking array of discoveries in the
biological sciences, in particular in the general area of molecular biology. The
concepts of genetic engineering and recombinant DNA are often erroneously
viewed as a relatively new field of scientific pursuit, but in fact the techniques that
are in use today ae the result of a series of landmark discoveries that were

made over a period spanning more than 125 years.

Mullis introduced the polymerase chain reaction (PCR), a novel method of
amplifying large amounts of a specific DNA fragment starting with very small
amounts of source DNA, in the late 1980s (Mullis & Faloona, 1987). PCR has
revolutionized modern biology and has widespread applications in the areas of
forensics, diagnostics, and gene expression analysis. The 15-year Human
Genome Project formally began in 1990 (Watson, 1990), and today the scientific
world is reaping the benefits, drawing on information stored in huge databases,
most of which are accessible by the public. Many genes of particular interest
have already been discovered in recent years due to the rapid progress in
genomic sequencing and cDNA library characterisation. The challenge facing
this enormous amount of genomic information is to now elucidate the cellular
localizations and biological functions of the predicted proteins and to identify

those that can serve as targets for therapeutic intervention.

In the 1980s, combinatorial mutations and display of peptide or small protein
libraries became important tools for production of molecules on filamentous
bacteriophage mutated tips. Phage display technology is a powerful in vitro
selection technique, in which a peptide or protein is genetically fused to a coat
protein of a bacteriophage (Smith, 1985). The phage display approach is based
on key developments in molecular biology. It combines (i) the ability to

functionally express gene fragments in E. coli (Skerra & Pluckthun, 1988), (ii)



molecular techniques such as PCR technology to create very large peptide or
antibody gene repertoires (Orlandi et al., 1989), and (iii) the ability to express

protein fragments on the surface of bacteriophages (McCafferty et al., 1990).

The expression of recombinant proteins is an important step toward elucidating
many genes discovered through genomic sequencing projects and also for
validating gene targets. Both prokaryotic and eukaryotic heterologous
expression systems are employed for the production of recombinant proteins
because of the convenience of manipulation of these systems, and their ability to
achieve levels of production many times higher than the native source of the
protein. Today, the field of heterologous expression is in a mature phase, with

most of the progress being incremental rather than ground breaking.

The biotechnology revolution of the 1980s brought along the ability to extract
DNA encoding anticoagulant proteins isolated from various haematophagous
(blood-feeding) animals and insects, and to use this DNA to transfect cells that
produce the target protein in large quantities (Hirsh & Weitz, 1999). Indeed, the
screening of expression libraries from haematophagous animals has a revived
role in the exploration of genomic data for the development of novel
anticoagulants and haemostatic regulators (Urata et al., 2003).

The evolutionary success of haematophagous animals depends on their ability to
maintain blood in a fluid state during acquisition and storage in the gut cannel
during digestion. To this end, they secrete compounds that block the
haemostasis of the host to prevent blood from clotting (Basanova et al., 2002).
Haematophagous animals and their mechanisms to interfere with the
constituents of the coagulation cascade have been studied since the end of the
nineteenth century (Dodt et al., 1996). Anticoagulant activity in the salivary
glands of haematophagous insects was demonstrated in 1914 using simple
coagulation tests (Cornwall & Patton, 1914). Antihaemostatic compounds

isolated from these animals include inhibitors of vascular-platelet haemostasis,



inhibitors of the activation of intrinsic mechanisms of blood coagulation and
proteins of the prothrombinase complex, and regulators of fibrin formation,
including inhibitors of thrombin and FXllla, fibrinolytic enzymes and activators of
fibrinolysis (Arocha-Pinango et al., 1999) In recent years much interest has
arisen in these substances for their potential clinical use in treating
thromboembolic diseases. Numerous antihaemostatic proteins have been
purified, their cDNAs cloned, and the protein expressed in heterologous systems

for subsequent analyses (Ribeiro, 1995).

In this study, the use of molecular biology techniques in the quest to better
understand and control the intricate processes of thrombosis, and search for
novel antithrombotic compounds, was demonstrated. In the first section, a cDNA
library was constructed from the haematophagous louse fly Hippobosca rufipes,
and phage display technology was employed to select for possible antithrombotic
agents specifically directed against thrombin. Different single phage colonies
were picked, grown, and their ability to bind to and inhibit thrombin was tested.
In the second section, a recombinant peptide was constructed by cloning the
second CUB-domain of the human metalloprotease ADAMTS-13 into an
Escherichia coli expression vector. The recombinant CUB2-domain was
expressed, isolated and purified to serve as an important tool in the further
analysis of the ADAMTS-13. Biotechnology tools such as molecular cloning,
nucleic acid hybridisation, gel electrophoresis, restriction enzyme digestion, PCR,
biotinylation, ELISA €nzyme-linked immunoabsorbent assay), biopanning, etc.

were used.

Harnessing the many tools and techniques produced by the ongoing
biotechnology explosion, allows the researcher to apply a wealth of new
information to both hereditary and acquired haemostatic and thrombotic
diseases, and to increase understanding of the biochemical processes involved

in these disorders.



CHAPTER 2
LITERATURE REVIEW

The main focus of this dissertation is the implementation of molecular biology
methods in the interdisciplinary field of haemostasis research. Employing the
techniques of cDNA library construction, phage display and protein expression in
thrombosis research, in particular, will be examined in detail. The literature
review will thus commence by reviewing the aforementioned techniques, and end

with a brief introduction to thrombosis and antithrombotics.

2.1 cDNA LIBRARIES

2.1.1 Introduction to cDNA libraries

In any attempt to study the gene function of an organism, the incorporation of a
cDNA-based approach is unavoidable. Indeed, one of the fundamental tools of
molecular biology is the enzymatic conversion of poly(A)" messenger RNA
(mRNA) to double stranded (ds) DNA, and the insertion of this DNA into both

prokaryotic and eukaryotic vectors (Kimmel & Berger, 1987).

Complementary DNA (cDNA) is the reverse transcriptase product of mRNA and
represents the coding sequence of all transcribed genes at the time of mRNA
isolation (Kimmel & Berger, 1987). In order to isolate and study a particular
eukaryotic gene, transcribed at a certain time or under certain conditions, a
cDNA clone is usually isolated. The general method involves the construction of
a cDNA library representing the mRNA population using poly(A)" RNA, extracted
from the appropriate tissue or cell type, followed by the identification of the cDNA
clone of interest. The cDNA clone is selected from the library by screening with
synthetic oligonucleotide probes, cDNA probes representing differentially
expressed mRNAs, or antibody probes (Huynh et al., 1988). Many techniques

for the construction of ds cDNA from mRNA are available, some of which are so



advanced that it is possible to construct a cDNA library from a single cell
(Sambrook & Russell, 2001).

The structural features of mMRNA play an important, and often limiting, role in
transcribing ds cDNA. A common feature of all eukaryotic mRNAs is the
presence of a cap structure at the 5’-end (Furuichi & Miura, 1975) and a poly(A)
stretch at the 3’-end (Darnell et al., 1971). The cap is a 5'-terminal 7-methylated
GTP, attached to the first nucleotide of the mRNA through two pyrophosphates,
which is added early during transcription of RNA polymerase Il genes in the
nucleus (Furuichi & Miura, 1975). The cap is required for several steps of mMRNA
biogenesis which include protecting the mRNA against 5’-exonucleases,
stimulating translation, stimulating precursor mRNA splicing, enhancing
nucleocytoplasmic transport, and facilitating 3’-end processing (Sonenberg,
1988).

2.1.2 cDNA library synthesis

Gubler and Hoffman developed the original method for generating cDNA libraries
by combining classical first-strand synthesis with RNase H DNA polymerase |
mediated second-strand synthesis. This allows the conversion of first-strand to
second-strand ds cDNA by RNA-primed nick-translation without significant loss

of sequence information (Gubler & Hoffman, 1983).

Various modifications followed over the years to improve the method’s versatility
(Rutledge et al., 1988), but the procedure to synthesise cDNA has not been
extensively changed, with the possible exception of the construction of uniform-
abundance (normalised) cDNA libraries (Patanjali et al.,, 1991). A flowchart
illustrating processes involved in the preparing and screening of a cDNA library is

given in figure 2.1.

RNA-dependent DNA polymerase reverse transcriptases use poly(A)" RNA or

MRNA as template to synthesise the first-strand of cDNA. Different forms of



reverse transcriptases are commercially available including avian

reverse

transcriptase, purified from particles of an avian leukaemia virus (ALV), and

murine reverse transcriptase, derived from the Moloney strain of murine

leukaemia virus (Mo-MLV) (Gerard, 1998).

Cells or tissue containing gene or protein of interest

Il

Isolate RNA
Prepare mRNA. polv(A)* RNA. or other specific

Il

Synthesise firststrand cDNA

Il

Synthesise double-stranded cDNA

Il

Methylate the cDNA (if necessary)

Il

Attach linkers or adaptors to the cDNA

Prepare cDNAlibrary

Prepare bacteriophage
| or nlasmid vector

Il

Screen library for desired clones

+

Validate the identity of the clones

Figure 2.1. Preparation and screening of a cDNA library (Sambrook & Russell, 2001)

A major obstacle in cDNA synthesis is the strong secondary structure of mRNA,

which cause the reverse transcriptase to stop the synthesis, and subsequently to
be released from the hybrid mRNA/incomplete cDNA. Both denaturing the

sample before the cDNA synthesis reaction, and increased temperature reaction

have been employed to overcome problems associated with the secondary

structure of mRNA. However, attempts to overcome the problem by heat



destabilisation, or treatment of mMRNA with methylmercury hydroxide were not
always successful, especially to obtain full length cDNA from very long

transcripts (Carninci et al., 1996).

In addition, all reverse transcriptases have high error rates of polymerisation,
causing the enzyme to stumble. Therefore, even in the absence of RNA
secondary structures and RNase H activity, the synthesis of full-length from long
MRNA transcripts still remain a challenge (Gerard, 1998). In an attempt to
overcome these limitations, a recent study demonstrated the advantages of
coupling a 3®5 exonuclease function during reverse transcription. The
incorporation of a proofreading activity, when used in conjunction with denaturant
buffers and RNase H-deficient reverse transcriptases, was shown to successfully
generate full-length cDNAs (Hawkins et al., 2003).

A wide range of technical and theoretical advances over the last couple of
decades has enabled cDNA libraries to be constructed from small quantities of
MRNA. A variety of reliable methods have been developed to identify cDNA
clones corresponding to extremely rare species of mMRNA (Sambrook & Russell,
2001). Methods exist to generate and amplify cDNA libraries, and amplify genes
and single RNA transcripts from a single cell without cloning (Jena et al., 1996).
When isolating RNA or mRNA from a small number, or even individual cells,
certain techniques and precautions can be taken to establish cDNA libraries of
useful size. These include extracting RNA immediately from freshly harvested
material and using a scaled—down version of standard RNA isolation protocols
(Brady et al., 1990), using total RNA rather than poly(A)" mMRNA as template for
first-strand cDNA synthesis (Lambert & Williamson, 1993), using a single buffer
for synthesis of first-strand and second-strand cDNA, and addition of linkers
(Brady et al., 1990), and amplifying either first-strand or double-strand cDNA by
PCR (McCarrey & Williams, 1994).



The primers for first-strand cDNA synthesis can be specifically designed to
hybridise to a particular target gene, or they can bind generally to all mRNAs.
Different primers used for first-strand cDNA synthesis include oligo(dT) primers,
primer-adaptors, plasmid-linked primers, and random hexamer primers (Kimmel
& Berger, 1987). Oligo(dT) primers are 12-18 nucleotides in length, bind to the
endogenous poly(A) tails at the 3’-terminus of eukaryotic cellular mRNAs, and
are often used as a universal primer for conventional first-strand cDNA synthesis
(Resuehr & Spiess, 2003). Primer-adaptors contain a homopolymeric oligo(dT)
tail at the 3'-terminus to prime first-strand synthesis, and an additional restriction
site at the 5-terminus. This allows the DNA to be ligated to a vector before
second-strand synthesis, or alternatively enables a second primer-adaptor to

prime the synthesis of second-strand cDNA (Coleclough & Erlitz, 1985).

Okayama and Berg developed a method in which priming of first-strand synthesis
is carried out by a oligo(dT) tail that is covalently attached to a plasmid
(Okayama & Berg, 1983). Libraries mnstructed using the original lengthy and
demanding protocol are generally moderate in complexity and have a high
proportion of full-length cDNAs. The classical method has been simplified over
the years, for example by the introduction of a short synthetic oligonucleotide as
a second-strand adaptor (Boel et al., 1991). These newer procedures, that also
use asymmetrically tailed plasmid to prime synthesis of first-strand cDNA, are
much simpler and yield libraries of higher complexity (Spickofsky & Margolskee,
1991).

Random hexanucleotides, which are capable of priming cDNA synthesis at
numerous points along the length of the RNA template, generate fragmentary
copies of the entire population of RNA molecules. A benefit of using random
hexamer primers is that they are capable of avoiding possible secondary mRNA
structures such as loops and stems (Hawkins et al., 2003). These secondary

structures of mMRNA can often cause difficulties for the reverse transcriptase,



causing the enzyme to stall and end its synthesis well ahead of the 5-end
(Brooks et al., 1995).

Rapid amplification of cDNA ends (RACE) has been developed as a cloning
strategy to overcome many of the difficulties encountered in obtaining full-length
cDNA clones of low-abundance mRNAs. In essence, cDNAs are generated by
using PCR to amplify copies of the region between a single point in the transcript
and the 3’- or 5’-end. The minimum information required for this amplification is a
single short stretch of sequence within the mRNA to be cloned (Frohman et al.,
1988). If the use of random primers is not successful, alternative methods, such
as 5’-RACE and 3'-RACE, may be used to generate cDNA clones containing 5'-
and 3'- terminal regions of mMRNAs (Schaefer, 1995).

Replacement synthesis of second-strand cDNA was introduced by Okayama and
Berg and modified by Gubler and Hoffman. The primers for second-strand
synthesis are created by RNase H, which introduces nicks into the RNA moiety
of the cDNA/mMRNA hybrids. E. coli DNA polymerase | then extends the 3'-
hydroxyl termini of these RNA primers, using the first-strand cDNA as a template,
and replacing the remaining segments of mMRNA in the cDNA/mRNA hybrid with
the newly synthesised second-strand cDNA (Okayama & Berg, 1982; Gubler &
Hoffman, 1983). Residual nicks in the DNA/DNA hybrid are then repaired by E.
coli ligase, and frequently T4 DNA polymerase or a thermostable polymerase
such as Pfu is added to polish the frayed termini of the completed double-
stranded DNAs (Gerard & D’Alessio, 1933).

An alternative method for the synthesis of second-strand cDNA involves
combination of the switch mechanism at the 5-end of RNA templates (SMART)
with reverse transcription, followed by PCR. A comparative study, however
found that conventional second-strand cDNA synthesis is the better method for

amplification of limited amounts of RNA (Wang et al., 2003).

10



After cDNA library synthesis, most cDNAs were originally cloned by adding
complementary homopolymeric tails to the ds cDNA and to a plasmid vector.
The vector and the cDNA were then joined by hydrogen bonding between the
complementary homopolymers to form open circular hybrid molecules capable of
transforming E. coli (Peacock et al., 1981). Although this strategy was used with
success for many years, homopolymeric tailing has now fallen into disuse.
Today the cloning of cDNA into a vector is facilitated by the addition of various
tails, linkers, or adaptor sequences to the ends of cDNAs. In addition to
equipping the termini of cDNA for cloning, linkers can also serve as binding sites
for PCR primers, for use in the construction of large cDNA libraries from very
small amounts of cDNA, where a PCR step is added (McCarrey & Williams,
1994).

The development of efficient ways to synthesise cDNA and the growing
availability of linkers, adaptors, methylases, and packaging strategies, has made
it possible to use bacteriophage lambda () as a cloning vector, benefiting from
the high efficiency and reproducibility of in vitro packaging of bacteriophage |
DNA into infectious particles. The resulting libraries are often large enough to be
screened directly without amplification. Alternatively, they may be amplified,
stored indefinitely without loss of viability, and screened with either nucleic acid
probes, antibodies, or other ligands, depending on the particular vector (Niwa et
al., 2000).

Intracellular expression technology is often coupled with filter screening, which
presents several problems: (i) the number of clones that can be screened is
limited by the number of plagues or colonies that can be fitted on each filter,
which makes it difficult or impossible to completely survey very large libraries; (ii)
large amounts of screening reagents are required; and (iii) hydrophobic peptides
which tend to aggregate will form inclusion bodies and will not be available for
ligate recognition (Santi et al., 2000). However, with the advent of phage display

technology, affinity selectable biological repertoires have become the preferred

11



system to identify proteins and ligands (Dunn, 1996). This will be discussed in

detail in section 2.2.5, in the literature review of phage display technology.

The selection of cDNA repertoires displayed on the surfaces of phages allow the
rapid isolation of interacting partners overcoming slower screening procedures,
and have the advantage that the conditions for selection can be completely
controlled. Interacting molecules with either modest or high affinities can be
recovered, which has been reported to span a greater range than that which can
be obtained with simple filter screening (Hufton et al., 1999). Despite initial
difficulties in displaying cDNA libraries on filamentous phages, such as the
presence of stop codons in full-length cDNA, and problems with direct fusion to
the C-terminus of coat proteins, methods have been developed to display
oligo(dT)-primed cDNA libraries successfully (Crameri & Walter, 1999).

2.1.3 Full-length cDNA libraries

Since full-length cDNAs carry complete protein coding sequences and UTRs,
they are indispensable for the identification of genes and for the determination of
primary protein structure. In particular, full-length cDNAs represent a valuable

resource for functional gene studies (Draper et al., 2002).

Several efforts for large-scale sequencing of cDNA libraries are in progress, in
which most data are generated by single-pass sequencing of randomly selected
cDNA clones through expressed-sequence-tag (EST) projects (Adams et al.,
1991). The EST data collection is enormous, and ESTs are used in many
genetic studies and gene mapping projects. ESTs are also used in genomic
sequencing projects to identify splicing sites and overlapped transcription units.
However, the usefulness of EST clones are limited, because many EST clones
lack the complete sequences of mMRNAs, they cannot be used to reveal the
primary structures of entire genes and encoded proteins. An alternative to gene
discovery strategies based on ESTs followed by cloning of individual full-length

cDNAs, is to construct full-length-cDNA libraries and to sequence the libraries.
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These full-length clones not only serve as a resource for functional analysis but
also give valuable information such as transcriptional start sites (Suzuki et al.,
2002).

Traditionally, generating full-length cDNA libraries presented two major technical
problems. The first is reduced efficiency, mainly due to the limited processivity of
reverse transcriptase and the stalling induced by the secondary structure of
MRNAs. The second limitation is the lack of an efficient technique for selecting
only full-length cDNA. Usually, due to the reduced representation of full-length
clones, several rounds of screening are needed to select the cDNAs carrying the

complete sequence (Carninci et al., 1996).

In addition, when a full-length clone is not obtained, a researcher must obtain the
5’-end of the message by further screening a random primed library or using
methods such as primer extension (Thompson et al., 1979) or RACE (Frohman
et al., 1988). Neither of these methods provides a full-length message that is
useful for further research and these screening procedures are often inefficient,
costly, and time consuming (Sugahara et al.,, 2001). Several methods for
producing libraries that are enriched for full-length clones have been reported.
These methods, employing the cap structure to select full-length cDNAs, are
oligo-capping (Maruyama & Sugano, 1994), Capfinder-SMART technology (Zhu
et al., 2001), CAPture (Edery et al., 1995) and CAP trapper (Carninci et al.,
1996). Figure 2.2 illustrates oligo-capping, CAPture and biotinylated CAP
trapper.

In oligo-capping, bacterial alkaline phosphatase (BAP) is used to remove
phosphates from the 5-ends of uncapped RNA molecules leaving a hydroxyl
group in their place, while the cap structure on full length RNAs is unaffected.
Tobacco acid pyrophosphatase (TAP) is then used to remove the cap, leaving a
single phosphate in its place. An oligoribonucleotide is then ligated to the RNA

molecules using RNA ligase. Because this enzyme requires a 3’-hydroxyl
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acceptor and a 5’-phosphate donor for substrate ligation it will not add the
oligonucleotide to the partially degraded RNAs that lack a 5’-phosphate. Once
the oligoribonucleotide mMRNA has been established, a primer homologous to it
can then be used to create full-length enriched libraries, or 5-end enriched
libraries through PCR amplification (Maruyama and Sugano, 1994).

With the original oligo-capping method, it was, however, not possible to construct
a high-quality full-length cDNA library using small amounts of mRNA as starting
material. Consequently, an improved oligo-capping method was developed
using total RNA instead of mMRNA as starting material. The large reservoir of
RNA seems to act as a carrier and protects the smaller amount of mMRNA from
degradation. The remaining mRNA can be purified from the total RNA, directly
used as a template for first-strand cDNA synthesis, and amplified by PCR (Oh et
al., 2003).

The use of PCR amplification to obtain a reasonable number of clones nay,
however, lead to selective amplification of some populations of clones, resulting
in a strongly biased library in which rare or long cDNAs can be lost. To eliminate

such drawbacks, the method has been modified by omitting the use of PCR
(Kato et al., 1994).

The CAPture (cap retention) procedure uses an affinity selection scheme which
allows mRNAs to be purified via the 5’-cap structure. After RNase A treatment of
the first-strand cDNA/MRNA hybrid, only the full-length cDNAs are selected by
the cap-binding protein, since RNase A does not remove the RNA near the cap
structure if it is protected by a full-length first-strand cDNA. CAPture can be used
to enrich for clones containing the authentic mRNA 5’-end, as well as to facilitate

identification of sites of transcription initiation (Edery et al., 1995).
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Figure 2.2. Full-length cDNA cloning methods (Bashiardes & Lovett, 2000)
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The CAP trapper strategy is similar to CAPture in that it targets the retention of
the 5'-termini of the mMRNA/cDNA hybrid, and enables full-length cDNA to be
enriched (Bashiardes & Lovett, 2000). In this method the cap structure is
chemically labelled with a biotin group, and by using streptavidin coated
magnetic beads, only the full-length first-strand cDNA/mMRNA hybrids are
selectively recovered after RNase | treatment. CAP trapper allows the
preparation of high-content full-length cDNA libraries, even from relatively small
guantities of tissues or early embryos, with no bias in representation since no

PCR amplification step has been introduced (Carninci et al., 1996).

A potential disadvantage of the original biotinylated CAP trapper protocol was the
exposure of MRNA to chemical and enzymatic attacks during biotinylation of the
cap structure, before first-strand cDNA synthesis and selection of full-length
cDNA by biotinylated cap (Carninci et al., 1996). Consequently, the protocol for
cap structure biotinylation and capture of full-length cDNA was improved to allow
long cDNAs to be cloned more efficiently. By performing biotinylation on the
MRNA/cDNA hybrid produced by the first-strand cDNA synthesis reaction, the
MRNA remains protected from chemical and enzymatic degradation, making it
possible to select full-length cDNAs of longer average size (Carninci et al., 1997).
To improve complexity even more, most CAP trapper libraries use size-
fractionation or normalisation/subtraction (Carninci et al., 2000). On average,
CAP trapper cDNA libraries show 2 or 3-fold higher gene discovery than both
oligo-capping and Capfinder libraries (Sugahara et al., 2001).

2.2 PHAGE DISPLAY TECHNOLOGY
2.2.1 Introduction to phage display technology

The ability to display peptides and proteins on the surface of the filamentous
bacteriophage M13 has had a major impact on the fields of immunology, cell
biology and protein engineering. George P. Smith first published the phage
display concept in 1985 (Smith, 1985) as a powerful method for selecting and
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engineering proteins and polypeptides with desired binding specificity. Phage
display constructs of genetically tagged peptides, proteins or protein fragments
allow researchers to convert pools of combinatorial nucleotides, mMRNAs or
fragmented genomes into populations of viruses that contain the nucleotides

coding for the elements that are displayed on their viral surfaces (Benhar, 2001).

Since 1990, the scale and scope of phage display has rapidly evolved and has
become a widely used technology in life sciences. Today, natural and synthetic
peptides, proteins and protein domains, synthetic antibodies, and single-chain Fv
(scFv) and Fab antibody libraries can be displayed. The success of phage
display is due to two main reasons, namely the linkage between genotype and
phenotype allowing screening of large libraries based on the power of affinity
selection, and the possibility to construct large diverse synthetic or natural

combinatorial libraries (Rosander et al., 2002)

The enormous success of M13 phage display has prompted the development of
numerous alternative display systems. These include systems that utilize other
E. coli specific phages, such as lambda ( ) phage (Santini et al., 1998) and T4
phage (Ren and Black, 1998), and also systems that use eukaryotic viruses
(Possee, 1997). In addition, polypeptides have been displayed on the surfaces
of bacteria and yeast (Georgiou et al., 1997). Although these alternative systems
have proven advantageous in special applications, M13 phage display remains
the dominant technology (Sidhu, 2000).

Although originally mainly employed in discovering high-affinity ligands, phage
display technology has in recent years been developed beyond its usage as a
ligand-binding tool, to find application in various aspects of therapeutic and
diagnostic areas. Phage display is playing an increasingly important role in the
functional genomics area, in which ligands or antibody fragments are crucial in

determining the functions of the hundreds and thousands of genome-derived
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proteins and deciphering various therapeutically important pathways (Willats,
2002).

2.2.2 The filamentous phage

The filamentous phage (Inovirus) constitute a large family of bacterial viruses that
infect a variety of Gram-negative bacteria. The best characterised are the very
similar M13, fd and f1 phages, that infect E. coli via F-pili (Russel et al., 1997).
The relative simplicity of these viruses and the ease with which they can be
genetically manipulated have made them fruitful models to study macromolecular

structure and interactions (Sidhu, 2001).

2.2.2.1 Structure

The M13 phage particles are rods about 6-10 nm in diameter and 800-2000 nm
in length. The viral particle consists of a single-stranded (ss), closed circular
DNA core surrounded by a protein coat. Prior to virus assembly, the coat
proteins are fixed in the bacterial membrane by transmembrane domains. During
assembly, viral DNA is extruded through the membrane and concomitantly
enveloped by coat proteins (Russel, 1991). The particle tube formed by several
thousand copies of the major coat protein, protein-8 (g8p, pVIIl) covers the length
of the particle. Four minor coat proteins are present at about 5 copies per
particle. The one end of the particle is capped by protein-7 (g7p, pVIl) and
protein-9 (g9p, pIX), while protein-3 (g3p, plll) and protein-6 (g6p, pVI) cap the
other end (Marvin, 1998). The basic structure of a filamentous phage is

illustrated in figure 2.3.

All five coat proteins contribute to the structural stability of the phage particle, but
g3p plays an additional important role in host cell recognition and infection.
Consequently, g3p is the largest and most complex of the coat proteins and it
contains three distinct domains (Armstrong et al., 1981). The N-terminal domain
initiates translocation of the viral DNA into E. coli during infection, while the

second domain confers host cell recognition by binding to the F-pilus on the E.
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coli surface (Jakes et al., 1988). The Gterminal domain interacts with other
phage coat proteins, and is thus responsible for the integration of g3p into the
phage coat (Rakonjac et al., 1999).
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Figure 2.3. Schematic representation of the Ff phage (Konthur & Walter, 2002)

2.2.2.2 Life cycle

Filamentous phages do not produce a lytic infection in E. coli, but rather induce a
lysogenic state in which the infected bacteria produce and secrete phage
particles without undergoing lysis. Infection is initiated by the attachment of the
phage g3p to the F pilus of a male E. coli (Caro & Schnds, 1972). When the
circular phage ssDNA enters the bacterium, it is converted by the host DNA
replication machinery into the double -stranded plasmid like replicative form (RF).
The RF undergoes rolling circle replication to make ssDNA and also serves as a
template for expression of phage proteins g3p and g8p. Phage progeny are
assembled by packaging of ssDNA into protein coats and extruded through the

bacterial membrane into the medium (Marvin et al., 1994).

Recombinant antibodies, and folded proteins, are typically expressed as g3p (but
occasionally also as g6p) fusion proteins and are displayed at the tip of the M13
phage (Hoogenboom et al., 1991). When screening such a library the displayed

proteins bind to the antigen or ligand. These bound phages can be detected with
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an HRP-labelled antibody that recognises the g8p coat proteins. Since several
thousand copies of g8p exist on the phage surface, it effectively amplifies the
detection signal. On the other hand, peptides may be displayed as fusions to
either g3p or g8p. If peptides were fused to g8p, bound phage can be detected
using monoclonal antibodies that recognise an epitope localised in the N-terminal

portion of g3p (Dente et al., 1994).

2.2.2.3 Phagemid cloning vectors

The two key physical elements of phage display are firstly the libraries of
nucleotide sequences encoding peptides or proteins, and secondly the phage
vehicles on which these sequences are expressed. The simplest way to achieve
the expression of a foreign protein is simply to create a fusion between the
nucleotide sequence to be expressed and a coat protein gene within the viral
genome (Willats, 2002).

Using this direct approach all the copies of the chosen coat protein become
fusion proteins (Winter et al., 1994). This can be advantageous in terms of the
numbers of expressed foreign proteins, but if the functionality of the chosen coat
protein is compromised by the fusion, phage viability may be affected, especially
since no wild-type versions of the coat protein are retained. This can be avoided
if hybrid phages are produced carrying some versions of a given coat protein
which are wild-type and some which are fused to a foreign protein. In some
hybrid phage systems, the gene fusion is an additional element of the phage
genome which ensures that a wild-type copy of the coat protein gene is retained
and phage particles express both wild-type and fusion proteins (Sidhu, 2001).

Alternatively, hybrid phages may be created using a phagemid-based system. A
phagemid vector is a plasmid that carries the origins of replications for both the
M13 phage and E. coli, a leader sequence, appropriate multiple cloning sites,
and an antibiotic-resistance gene (Mead & Kemper, 1988). The phagemid

further contains an additional copy of the one coat protein that will be fused to the
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polypeptide that is to be displayed. Phagemids replicate in E. coli as a double-
stranded plasmid, but co-infection with a helper phage results in the production of
single-stranded phagemid DNA, which is packaged into phage particles. The
helper phage provides all the proteins necessary for phage assembly, including
wild-type copies of all the coat proteins (Bass et al., 1990). The resulting phage
thus contains both the wild-type coat protein from the helper phage and also the
fusion coat protein from the phagemid. As a result, the heterologous protein is
displayed on the phage surface, while the deleterious effects of the fusion are
attenuated by the presence of helper-derived wild-type coat proteins (Sidhu,

2001). The M13 phagemid display vector system is illustrated in Figure 2.4.

Hybrid display systems have enabled the development of many phage display
applications and platforms that were not possible with earlier phage-based
systems. With the phagemid vector system, large proteins can be readily
displayed as N-terminal fusions to g3p or g8p (Bass et al., 1990), and g9p (Gao
et al.,, 1999). In addition, C-terminal display has been achieved with g6p, g3p,
and g8p (Fu & Sidhu, 2000). The phagemid vector system enables coupling of
affinity selection, based on the display repertoires of peptides or antibody
fragments, to the recovery of the packaged gene encoding that peptide or
antibody. Although this system imposes a few limitations such as gene deletion
and plasmid instability, it has been successfully used to isolate antibody
fragments against a wide range of proteins, cell-surface markers, viruses, and
parasites. Phagemid vectors also allow either the conditional display of antibody
on phage, or the secretion of the antibody in the periplasmic space of E. coli in a
form that can be easily detected through the incorporation of peptides tags such

as c-myc and polyhistidine (Sidhu, 2001).
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Figure 2.4. M13 phagemid display vector system (Sidhu, 2000)

A potential disadvantage of hybrid phage systems, however, is that the average
number of displayed fusion proteins is reduced because of competition for
incorporation into the phage particle between wild-type and fusion coat proteins
(Winter et al., 1994). Low valency can be used as a strategy to select for high
avidity binders during biopanning selection. If coat protein functionality is not

completely compromised by fusion to a foreign protein, then valency can be
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increased in phagemid systems by the use of modified helper phage that lack the
gene for the chosen coat protein (Rondot et al., 2001). Moreover, the choice of
coat protein fusion partners has recently been extended through the
development of new mutant variants of coat proteins and even completely
artificial coat proteins (Sidhu, 2001). The number of expressed proteins
therefore depends on the coat protein chosen as a fusion partner, the display
system used (phage or phagemid) and, if a phagemid system is used, the choice
of helper phage. A refinement of some phage display systems is the insertion of
an amber stop codon between the sequences encoding the coat protein and the
displayed foreign protein. This allows a soluble, non-phage bound, version of the
foreign protein to be produced if the phage are propagated in an appropriate non-

suppressing strain of host bacteria (Winter et al., 1994).

2.2.3 Types of phage display systems

Phage display systems can be classified according to the arrangement of the
coat protein genes. Fusion to all five coat proteins has been exploited for phage
display, resulting in monovalent or multivalent display of combinatorial libraries
(Sidhu, 2001). Different types of phage display systems are illustrated in figure
2.5.

In a type 3 vector, there is a single phage chromosome bearing a single gene Il
which accepts foreign DNA inserts and encodes a single type of g3p molecule.
The foreign peptide encoded by the insert is theoretically displayed on all five
g3p molecules on the virion, though in practice normal proteolytic enzymes in the
host bacterium often remove the foreign peptide from some or even most copies
of g3p, especially if the foreign peptide is large. Similarly, type 8 and type 6
vectors display foreign peptides on every copy of g8p and g6p, respectively.
Only short foreign peptides can be displayed on every copy of g8p, and even so,
the peptide comprises a substantial fraction of the virion’s mass and can
dramatically change its physical and biological properties (Kishchenko et al.,
1994).
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Figure 2.5. Types of phage display systems (Smith & Petrenko, 1997)

In a type 88 vector, the phage genome bears two genes VIII, encoding two
different types of g8p molecule, one being ordinarily recombinant and the other
one wild-type. The resulting virion is a mosaic, its coat comprised of both wild-
type and recombinant g8p molecules (the former usually predominating). This
allows hybrid g8p proteins with quite large foreign peptides to be displayed on
the virion surface, even though the hybrid protein by itself cannot support phage
assembly. Similarly, a type 33 vector bears two genes Ill, one of which is
recombinant. A type 8+8 system differs from a type 88 system in that the two
genes VIII are on separate genomes. The wild-type version is on a phage,
usually the helper phage, while the recombinant version is on a phagemid (Smith
& Petrenko, 1997).
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The phagemid carries the origins of replication for E. coli and the filamentous
phage (which is inactive until the cell is infected with the helper phage), the
phage replication protein acts not only on the phage origin on the helper phage
DNA, but also on the phage origin on the phagemid DNA (Fuh & Sidhu, 2000).
Two types of progeny virions are thus secreted, namely particles carrying helper
phage DNA, and particles carrying phagemid DNA. Both these virions, like the
type 88 virions, are mosaics, whose coats are composed of a mixture of
recombinant and wild-type g8p molecules. When a phagemid virion infects a
cell, the cell acquires the antibiotic resistance carried by the phagemid. When a
helper phage virion infects a cell, the cell goes on to produce progeny helper
virions in the normal manner. The resulting progeny virions are not mosaic,
since the helper phage carries only a single gene VIIl. Type 3+3 and 6+6
systems are like type 8+8 systems, except that the phagemid carries an insert-
bearing recombinant gene Il or VI, respectively, rather than gene VIII. The
recombinant g3p encoded by a type 3+3 phagemid is usually missing the N
terminal domain, since cells expressing this domain are resistant to

superinfection by helper phage (Smith & Scott, 1993).

Most phage display vectors are designed to be introduced into E. coli cells as
naked DNA by electroporation (Dower et al., 1988), which is particularly well-
suited to making very large libraries. Special display vectors that can be
packaged in vitro into phage | particles have also been reported (Hogrefe et al.,
1993).

2.2.4 Phage-displayed peptide libraries

2.2.4.1 Random peptide libraries

The construction of combinatorial peptide libraries is an important application of
phage display technology. Peptide libraries displaying many millions of random
peptide sequences on the surface of the filamentous bacteriophages fd and M13
are used to define ligand-binding sites that are difficult to identify by conventional

techniques (Szardenings, 2003).
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Synthetic oligonucleotides with a constant length but with unspecified codons,
randomised  through  site-directed mutagenesis  using  degenerate
oligodeoxynucleotides, are cloned as fusions to one of the M13 phage coat
proteins, where they are expressed as peptide-capsid fusion proteins. Phage-
borne peptides exhibit a wide mimicking potential to linear, conformational, and
nonproteinaceous epitopes (Smith, 1991). These random peptide libraries can
be tested for binding to aarget molecules of interest. The display of random
peptides on filamentous bacteriophage as fusion to either g3p or g8p coat
proteins (Sternberg & Hoess, 1995), has allowed the identifications of peptides
that specifically bind to a variety of targets (Turk & Cantley, 2003). Moreover,
display of small peptides on the surface of phage particles can increase their
immunogenicity and consequently their potential as vaccine candidates (Azzazy
& Highsmith, 2002).

2.2.4.2 Applications for phage-displayed peptide libraries

Phage display of random peptide or gene fragment libraries offer a unique
approach to the elucidation of protein interaction networks and signalling
pathways in the absence of a three dimensional structure (Stephen & Lane,
1992). Many enzymes that act on proteins, recognise their substrates on the
basis of the sequence context surrounding the site of modification. Likewise,
protein-protein interactions are often mediated by modular domains that interact
with short linear stretches of protein sequence, often in the context of post-

translational covalent modifications to the binding partner (Pawson et al., 2002).

As extracellular protein—protein interactions typically involve large contact
surfaces void of significant concavity, conventional small-molecule screening
efforts have largely failed to identify antagonists for these interactions (Cochran,
2000). In contrast, phage-displayed peptide libraries can be used to isolate
peptides that bind with high specificity and affinity to virtually any target, and
have proven remarkably successful in generating both antagonists and agonists

for numerous extracellular targets (Sidhu et al., 2003). This strategy thus offers a
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practical alternative to the laborious individual analysis of impossibly large
numbers of peptides or mutant proteins (Cwirla, et al. 1990). These binding
peptides can then be used as reagents to understand molecular recognition, as
minimised mimics for receptors, or as lead molecules in drug design (Turk &
Cantley, 2003).

Library members are screened with immobilised proteins by alternating rounds of
affinity selection and viral replication, followed by sequence determination of
selected phage particles. Displayed peptide sequences are then compared to
the protein sequence of the binding partner, with the assumption that the
immobilised protein will identify phage particles from the library carrying amino
acid strings with which it normally makes molecular contact (Rodi & Makowski,
1999). In cases where the selected peptides bear obvious resemblance to the
natural peptide ligand, but bind just as tightly to the screening target as the

natural peptide, they are termed mimotopes (Smith & Scott, 1993).

Random peptide libraries have been used successfully in investigating different
types of protein interactions. Peptide sequences identified by phage display
have been shown to act as agonists and antagonists of receptors (Doorbar &
Winter, 1994). Peptides that neutralise immunoglobulins may be employed as
diagnostic reagents or used as therapeutic agents for controlling autoimmune
diseases (Blank et al., 1999). Random peptide libraries have been used for
epitope mapping of monoclonal and polyclonal antibodies, even in cases in which
the antigen is not available or even not yet known (Hill & Stockley, 1996), to elicit
antibodies against the coat proteins of parasites and viruses (Azzazy &
Highsmith, 2002), and to develop substrate phage to define substrate sites for
different enzymes (Matthews & Wells, 1993). Library screenings of phage-
displayed peptides have identified peptide ligands for carbohydrate moieties
(Szardenings, 2003), protein kinase substrates (Dente et al., 1997), cell surface
receptors (Wrighton et al., 1996), receptor ligands (Balass et al., 1997), folded

domains within larger proteins (Zwick et al., 1998), and cultured cells and serum
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samples (Cortese et al., 1996). Peptide mimics of nonpeptide ligands (Devlin et
al., 1990), and peptides that bind small molecules have also been isolated using
this methodology (Rozinov & Nolan, 1998).

Another exciting development has been the use of phage display to select organ
specific peptides in vivo. Following injection of a peptide library into mice, the
organs of interest are harvested and washed, and the eluted phages used in
subsequent rounds of injection and selection (Pasqualini & Ruoslathi, 1996).
Peptides selected in this manner have been successfully used to specifically

deliver drugs to tumour cells (Arap et al., 1998).

2.2.5 Phage display of proteins

Despite the great potential of filamentous phage display, inherent limitations
imposed by the phage assembly mechanism limit the scope of proteins that can
be displayed with this phage class (Dunn, 1996). Display with lytic phage, such
as bacteriophage | , may complement the filamentous phage system, especially
for the functional cloning of intracellular enzymes (O’Neil & Hoess, 1995).
Protein libraries displayed on filamentous M13, however, still leads the way as

prototype for protein display (Forrer et al., 1999).

Certain functional homodimeric or homotrimeric proteins have been successfully
displayed on filamentous phage, where association between the subunits, fused
with the phage g3p product, occurs in the periplasm with at least one of the
subunit fusions incorporated into a phage particle (Clackson & Wells, 1994).
Heterodimers such as Fab antibody fragments can be displayed by coexpressing
both subunits but with only one fused to the appropriate phage protein (Winter et
al., 1994). Hormones (Lowman et al., 1991), protease inhibitors (Roberts et al.,
1992), and DNA binding proteins have successfully been displayed (Soumillion et
al., 1994).
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2.2.5.1 cDNA libraries

Over the past decade, cDNA expression libraries have become a ubiquitous tool
for the identification of genes encoding for ligands to proteins, antibodies and
nucleic acids (Hufton et al., 1999). With the realisation that phage display is a
very powerful protein engineering tool, it was soon anticipated that there would
be applications for cDNA library analysis (Crameri et al., 1994) The main
application of cDNA phage display libraries thus far has been the identification of
natural binders to antibodies derived from patients suffering from allergy,
autoimmune diseases or certain cancers. However, phage displayed cDNA
libraries are also increasingly used for the identification of protein—protein

interaction partners (Crameri & Kodzius, 2001).

While the M13 phage is successful for generating short peptide libraries or
specialised libraries, it is not the ideal presentation vehicle for complex
repertoires from natural sources, such as cDNA libraries (Smith & Petrenko,
1997). This may be due to some peculiar biological features of the phage, such
as the requirement for the fusion products to be secreted prior to phage
assembly. This may introduce a bias during phage production because of
inefficient recombinant protein translocation, which in turn would lead to under-
representation, or even the absence, of many polypeptides in the library (Malik et
al.,, 1996). Expression products of oligo(dT)-primed cDNA libraries have,
however been successfully been fused to the Gterminus of coat protein gé6p
(Jespers et al., 1995) or displayed by using a Jun-Fos leucine zipper system on
g3p (Crameri & Walter, 1999).

All filamentous phage cDNA surface libraries are subject to the same constraints
limiting the transport and secretion of proteins in such phage assembly.
However, despite their limitations, it seems clear that they can nevertheless yield
very useful results. Surface cDNA libraries in one of the existing | display
systems may complement whatever shortcomings exist with corresponding

filamentous phage libraries (Allen et al., 1995). Methods to display cDNA
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libraries as C-terminal fusions utilizing display vectors based on phage | (Santini
et al.,, 1998) and T4 and T7 phages have been developed (Sche et al., 1999).
Although all these systems show considerable promise, no single display format
has proven universally applicable. This is probably because of the fact that only
a subset of eukaryotic proteins can be efficiently expressed in E. coli, and that
only a fraction of these can be efficiently displayed with any given system (Noren
& Noren, 2001).

Efficient screening methods based on selective enrichment of clones expressing
desired gene products, allow the isolation of all ligand-specific clones that are
present in a library (Santi et al., 2000). Manual identification of clones by
restriction analysis and random codon sequencing is unlikely to be successful for
the isolation of gene products derived from rare mRNA species. Combining
cDNA phage display and the power of robotic-based high-throughput screening,
however, allow the rapid handling of large numbers of individual clones. The
strategy is based on a combination of phage display and high-density arrays, and
represents a widely applicable method for rapid high-throughput identification of
all individual cDNAs presented in selectively enriched libraries (Crameri &
Kodzius, 2001).

2.2.5.2 Antibody libraries

The analysis of the potentially hundreds of thousands of different proteins
constituting the proteome requires high numbers of versatile and highly specific
tools such as antibodies for protein detection, indepth expression profiling and
functional studies (Kretzchmar & Von Ruden, 2002). Phage display technology
is well suited for high-throughput generation of antibodies for research purposes

such as massive target identification and validation programs (Holt et al., 2000).
The first monoclonal antibodies were generated from mouse B-cell hybridomas

almost 30 years ago (Kohler & Milstein, 1975), and in 1989 monoclonal

antibodies were isolated from the first combinatorial antibody library expressed
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by phage lambda (Huse et al., 1989). Driven by the success of this initial report,
incorporation of the filamentous phage display method into general practice was
rapid, and over the past decade, phage-displayed antibody fragments have been
the subject of intensive research (Rader & Barbas, 1997). Today, it is possible to
mimic the key features of the in vivo antibody production and antigen-driven
affinity maturation processes, by expressing antibody fragment gene repertoires
on the surface of phages. High affinity antibodies can be made without prior
immunisation, and their binding properties can be further manipulated in vitro

(Hoogenboom et al., 1998).

As a result, antibody phage display is considered a very popular alternative to
hybridoma technology for the production of monoclonal antibodies (Corisdeo &
Wang, 2004). Antibody libraries have become practical tools for drug discovery
and several phage-derived therapeutic monoclonal antibodies have been
developed for a broad range of indications and even more are being tested in
advanced clinical trials. It is estimated that phage display has provided
approximately 30% of all human antibodies currently in clinical development
(Reichert, 2000).

Antibody fragments can be displayed on the surface of phage in different formats
including Fab fragments (Cabilly, 1989), variable region fragments (Fv) (Skerra &
Pluckthun, 1988), single-chain Fv’s (scFv) (McCafferty et al., 1990), Fv’'s with an
engineered intermolecular disulphide bond to stabilise the V-V, pairs (dsFv)
(Brinkmann et al., 1995), and diabody fragments (Holliger et al., 1993).
Filamentous bacteriophage such as M13 are most often used, although T7
bacteriophage has been shown to also allow antibody display (Kretzschmar &
Von Ruden, 2002).

In contrast to classic hybridoma approaches for monoclonal antibody generation,

phage display can produce antibodies against weakly or nonimmunogenic,

conserved proteins (Winter et al., 1994). Three types of libraries are typically
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displayed on phages, namely immune, single pot naive and synthetic antibody
libraries (Hoogenboom et al., 1998). An immune library, constructed from a host
immunised with a target antigen, reflects the diversity and maturation of the host
immune response and favours selection of high-affinity, specific antibodies
(Clackson et al., 1991).

Single pot libraries, also known as naive, nonimmune or universal human
antibody libraries, contain an unbiased repertoire of variable regions from Vy and
V. from cDNA of many antibody genes (Marks et al., 1991). Theoretically, a
universal naive antibody library can be used multiple times for diverse
applications, however, it typically needs to be large (more than 108 clones) to
select high-affinity antibodies (Sheets et al., 1998). Moreover, studies imply that
universal libraries are a richer source of antibodies against cell surface markers
as compared to immune libraries, since in vivo tolerance mechanisms could have
deleted antibody clones reactive against cell surface antigen from the immune

repertoire (Roovers et al., 2001).

Although it is possible to obtain specific antibodies directly from naive phage-
displayed repertoires, another important application for phage display technology
has been the humanization and affinity maturation of antibodies, lacking sufficient
affinity for therapeutic applications (Sidhu, 2000). Affinity maturation essentially
involves the introduction of diversity in the V-genes of the antibody, to create a
secondary library, selection of higher affinity from the low affinity variants, and
screening to discriminate between antibody variants with differences in affinity or
kinetics of binding (Lowman & Wells, 1993).

An important advance has been the engineering of recombinant antibody forms
including the development of high-quality libraries with completely synthetic
complement-determining regions (CDR3 regions) (Knappik et al., 2000).
Synthetic antibodies are built by in vitro assembly of V-gene segments and D/J

segments. V-genes may be assembled by introducing a predetermined level of
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randomisation of CDR regions into germline V-gene fragments (Barbas et al.,
1992).

Large antibody libraries can be screened with speed and flexibility, and the
recombinant antibodies can then be expressed in bacterial or mammalian culture
system (Li & Aitken, 2004). The selection of antibodies by phage display relies
on several factors: (i) the ability to isolate or synthesize antibody gene pools to
construct large, highly diverse libraries; (ii) the possibility to express functional
antibody fragments in the periplasmic space of E. coli (Skera & Plickthun, 1988);
and (iii) the efficient coupling of expression and display of the antibody protein
with the antibody’s genetic information being packaged in the very same E. coli
bacteriophage (McCafferty et al., 1990).

2.2.5.3 Applications of phage-displayed proteins

Phage display intrinsically selects reasonably thermodynamically stable and
folded members from a protein library, provided, of course, that such members
exist in the library, because of the interdependence of functional display and
affinity selection (Ruan et al., 1998). A new selection concept for the isolation of
proteins with increased stability links the protease resistance of folded species
directly to infectivity. This method has the great advantage that it is broadly
applicable to all polypeptides without the need for a binding ligand, yet at the

price of not maintaining the selection pressure for function (Sieber et al., 1998).

2.2.5.3.1 Engineering proteins

Once a population of protein ligands has been isolated, further layers of
modification and selection can be applied in order to enhance or manipulate
binding properties or affinities. Several groups have used phage display to
engineer zinc-finger domains with designed DNA-binding specificities that can be
used to control gene expression (Wolfe et al., 1999). In another application, SH3
domains with improved or altered binding properties were selected, thus

demonstrating that phage display can be used to engineer signalling protein

33



interaction domains (Hiipakka et al., 1999). In addition, complex signalling
pathways can be simplified by using phage display and rational design to
generate receptor-selective variants of a pleiotropic factor to elucidate the

specific role of each receptor (Li et al., 2000).

Techniques for the identification and enrichment of proteins with enzymatic
activity have been developed (Pedersen et al., 1998). The main value of this
strategy appears to lie in the identification of novel protein catalysts from
repertoires on phages, such as, for example, the selection of a specific enzyme
out of a cDNA library or a catalytic antibody out of an appropriate antibody
library. In this case, the proximity of the substrate and catalyst on the phage
particle has the potential advantage that poor catalysts are also selectable
(Forrer et al., 1999).

The strategy of directing a population of proteins towards specific properties by
creating random sequence variation is known as directed evolution. In contrast
to rational approaches for manipulating the properties of proteins, directed
evolution has the advantage that proteins can be manipulated without the need
for a prior knowledge of molecular structure, or of the details of molecular action.
Through the use of directed evolution it has been possible to identify stronger
binding ligands to receptors, and to produce novel enzyme inhibitors and DNA

binding proteins (Lowman & Wells, 1993).

The products of convergent evolution experiments can be a fruitful source of
variants upon which further diversity can be imposed. Using the sequences
encoding isolated peptides as a starting point, a second combinatorial library
may be generated that is varied around selected sequences. The starting point
for directed evolution can also be a protein of which the function is already known
and characterised. A number of strategies are employed to introduce limited
variation, including error prone PCR, the amplification of phage populations in

mutator strains of host bacteria and DNA and family shuffling (Willats, 2002).



2.2.5.3.2 Substrate binding phage display

Phage display is highly useful not only for the selection and evolution of
enzymes, but also for the selection and evolution of polypeptide substrates
(Forrer et al., 1999). Substrate phage display, an adaptation of phage display,
was first described by Matthews and Wells, and became a prototype approach
for identifying novel substrates for proteases. A library of fusion proteins is
constructed containing the N-terminal domain used to bind to an affinity support,
followed by a randomized protease substrate sequence and the C-terminal
domain of M13 g3p. Each fusion protein is displayed as a single copy on
filamentous phagemid particles (substrate phage) (Matthews & Wells, 1993).
Phages are then bound to an affinity support and treated with the protease of
interest. Phages that display good protease substrates are released, whereas
phage with substrates that resists proteolysis remain bound. This approach is
valuable in identifying novel substrates or optimizing existing ones (Ohkubo et
al., 1999).

In a more general way, the product-containing phages may be bound, for
example, by an antibody, similar to the catELISA approach, in which the
occurrence of an enzymatic reaction is detected by an antibody specific for the
product (Tawfik et al., 1993). In a similar fashion, bacteriophage | can be used
for the display of random polypeptide fragments derived from a biotin-accepting
protein domain. Phages displaying a functional domain, which can be
biotinylated in the cytoplasm of E. coli, are identified after affinity selection with
avidin, demonstrating that it is feasible to select for the occurrence of an

enzymatic reaction by product binding (Stolz et al., 1998).

2.2.6 Screening phage-displayed libraries

Once a phage display library has been constructed, the library must be screened
in such a way that the original very high diversity of the library is reduced to a
manageable number of clones which can then be analysed in detail. Most

screening procedures are based on affinity selection and involve the following
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fundamental steps: (i) the library is amplified and phage particles produced; (ii)

phage particles are exposed to a target for which a binding protein is sought; (iii)

non-binding phages are removed by washing; and (iv) binding phages are eluted,

infected into host bacteria and thereby amplified (Willats, 2002).

illustrates the general selection procedure for phage-displayed libraries.

N SEE

Library clonlng

immobilization

Washlng

Target and propagation

Elutlon

Phage
propagation

@ccoococes

0
o]
o]
o]
]
o]
[ ]
@]

ooeCooeO® 0
Oo0ee 000 @0
200C@0O0O® 00D
Oe0OeO00O0O0O0O®
0000C00@0 00
O 00ee o000
oo0eooDo0 @
e0eODORD 00D

thng \\\\\__h_____#,///y
individual clones

ELISA

Figure 2.6. Screening phage-displayed libraries (Konthur & Walter, 2002)

Figure 2.6

Phage display allows the in vitro selection of specific peptides by enrichment of binding
phages during cycles of biopanning and propagation. This enables the rapid isolation of

desired molecules from hugely diverse libraries.
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Although libraries with very high diversities are available, some expressed
sequences are incompatible with phage propagation, whilst others are highly
susceptible to proteolysis during propagation. These factors impose constraints
on effective diversity and it is therefore desirable to start with a library that is as
diverse as possible (Rodi et al., 2002). The possibility that some expressed
sequences may be somewhat deleterious to phage propagation can be militated
to some extent by including a growth step in each panning round that creates
less competitive growth conditions, for example by growing on solid media rather

than exclusively in liquid culture (McGregor, 1996).

Crucial to the success of a panning experiment is the complexity of the library.
The more sequences contained within the library, the more likely that a sequence
that binds to the target is present. Library size is effectively limited by the volume
requirements and solubility of M13 phage, as well as the logistics of large-scale
ligation and transformation of combinatorial libraries (Rodi et al., 2002). A
practical upper limit for the number of phages to work with in a panning
experiment is in the order of 10 (Smith & Scott, 1993).

Electroporation of a library of random DNA sequences in E. coli needs to be
carried out under conditions where the cells are in excess, to prevent multiple
sequences from being taken up by a single cell (Dower et al., 1988). This
effectively limits the complexity of the primary unamplified library to 10°-10%°
electroporated clones. The use of 10 amplified phages in a panning
experiment thus corresponds to 10-100 copies of each sequence present in the
primary library. Library complexities in the order of 10° can be easily achieved if
both the ligation and the electroporation steps are as efficient as possible
(Gaskin et al., 2001). For a typical cloning experiment, a single clone of the right
identity is often sufficient. For cloning combinatorial peptide libraries, however,
the equivalent of a billion clones are needed, necessitating careful optimization of

ligation and transformation conditions (Noren & Noren, 2001).
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One of the strengths of phage display is that screening protocols can readily be
tailored to the particular requirements of many different target molecules. The
selection of ligand-binding phage particles has most often been achieved by
screening of the library using antibody bound to a solid phase. Two approaches
are commonly used. Either the antibody is attached directly b the surface of
microtitre plates (Heiskanen et al., 1999) or polystyrene beads (Keller et al.,
1993), or the antibody is first biotynylated and then immobilised on streptavidin-
coated plates (Parmley & Smith, 1988). More recently, library screening has
been successfully achieved by binding antibody to a BlAcore sensor chip
(Malmborg et al.,, 1996). After immobilisation of the antibody, the library is
reacted with bound immunoglobulin. The unbound phages are then removed
and the bound phages eluted at low pH. The eluted phages are amplified in
bacterial cells prior to subsequent rounds of biopanning (Parmley & Smith, 1988).
Thus, by successive binding and elution, preparations of phages are selectively
enriched and amplified by repeated rounds of biopanning. After three to four
rounds of this process, the majority of clones bind to the selecting antibody (Scott
& Smith, 1990).

However, these procedures tend to select mainly medium to low affinity-binding
clones (Cwirla et al.,, 1990). A modified screening procedure established
polystyrene beads as the optimum surface for the immobilisation of antibody
during the biopanning process. Together with a stepwise decrease in the pH of
the elution buffer in the final round of biopanning, this method results n the
elimination of non-binding clones and an increase in the efficiency in isolating
high affinity binding clones (D’Mello & Howard, 2001).

More innovative screening methods have also been employed including panning
against whole fixed or living cells, tissue sections or even within living animals
(Watters et al.,, 1997). Screens may also be designed such that specific
complexes can be selected, for example, infectivity screening is based on

phages bearing truncated, nonrrinfective fusion coat proteins. Infectivity is
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restored only if a complex is formed with a binding partner that has the capacity

to restore infective functionality to the truncated coat protein (Willats, 2002).

The basic purpose of washing is to remove non-binding phages from the
selection process so that binding phages are selectively enriched. Most phage
display libraries of whatever sort are likely to contain clones with a spectrum of
avidities for any particular target. Some may be strong binders with low
specificities, others the reverse. If washing is too stringent then highly specific,
but weak binders may be lost. If washing is not stringent enough then
populations of selected clones may be dominated by strong binders with low
specificity. In practice this balance is achieved by adjusting washing times,
detergent concentrations and using regimes in which washing stringencies are
progressively increased. A number of treatments can be used to elute bound
phages from targets. Dramatically lowering or increasing the pH is often
employed, or reducing agents may be used to disrupt disulphide-based links
between supports and targets. A more subtle approach using enzymatic
cleavage may be employed where there are concerns about the effects on phage
integrity of harsh elution conditions (Rader & Barbas, 1997). Enzyme cleavage
sites can be incorporated into the fusion protein, for example a trypsin cleavage
site can be inserted between M13 g3p and the displayed fusion protein (Willats,
2002).

Following elution of bound phages, it is essential to then amplify the recovered
phage population before the next round of biopanning, and indeed virtually all
protocols include this step. However, this methodology may be worth careful
examination since some reports indicate that directly using eluted phages without
amplification may reduce background problems and help reduce the number of
non-specific phages that are inevitably carried through the panning process
(McGregor, 1996). The rational is that during amplification, phages with inferior
avidities for the target but better growth characteristics may be preferentially

amplified. This has some important practical implications. The in vivo
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amplification steps are the most time consuming part of phage display library
screening, and if they could be avoided the time required for each screen would
therefore be greatly reduced (Rader & Barbas, 1997). Moreover, without the in
vivo steps it is much easier to envisage how the whole screening process could

eventually be completely automated (Rhyner et al., 2002).

2.2.7 Recentinnovations in phage display technology

2.2.7.1 Selectively infective phage (SIP)

The development of selectively infective phage (SIP) technology has provided a
novel method for the in vivo selection of interacting protein-ligand pairs (Krebber
et al., 1995). It consists of two components, namely a phage particle made
noninfective by replacing its g3p N-terminal domains with ligand-binding proteins,
and an adapter molecule in which the ligand is linked to the N-terminal domains
of g3p which are missing from the phage particle (Gramatikoff et al., 1994).
Infectivity is restored when the displayed protein binds to the ligand and thereby
attaches the missing N-terminal domains of g3p to the phage particle. Phage
propagation is thus strictly dependent on the protein-ligand interaction (Krebber
etal., 1997).

Advantages of SIP technology include low background and elimination of the
need for inefficient physical separation of the specific binders from the non-
specific binders. SIP is a one-step procedure that appears to be very efficient
and rapid in selecting for high affinity ligands (Azzazy & Highsmith, 2002). In
addition, this strategy can possibly be extended to eukaryotic systems, where it
might be used to design a vector for gene therapy, in which a virus is only
infective in the presence of an exogenously added adapter protein (Krebber et
al., 1997).

SIP technology has already been modified in the development of SIP/polyphage

system, where the two interacting partners are encoded on two different vectors

which are co-packaged into phage particles. The system involves a combination
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of the SIP technology, to select protein interactions, with the use of polyphages
to shuffle and Ilink the genetic information contained in two libraries.
SIP/polyphage combines several advantageous features to make it a promising

candidate system for high throughput interaction screening (Rudert et al., 1998).

2.2.7.2 Landscape phage libraries

Landscape libraries are peptide libraries displayed on modified phage known as
landscape phage. In these phage amino acids 2 to 4 on every wild-type g8p
major capsid protein is replaced with random octamers (Petrenko et al., 1996).
The phage-peptide structures may have emergent properties that are mainly
dependent on the introduced variable peptide and its immediate surroundings on
the phage surface. Further, if the foreign peptide is displayed on every subunit of
g8p, additional properties may arise owing to the global architecture of the entire

phage surface landscape (Petrenko & Smith, 2000).

Landscape phages were shown to serve as substitutes for antibodies against
various soluble and cell-displayed antigens and receptors (Petrenko & Smith,
2000). The foreign random peptides spliced into the phage scaffold can be
likened to antigen-binding regions of antibodies. They are highly variable and,
because they are forced to lie up against the virus body, they are usually
constrained by interactions with neighbouring wild-type residues to form a
defined organic landscape (Kishchenko et al., 1994). A landscape phage thus
captures much of the essential features of the antibody molecule (Petrenko &
Vodyanoy, 2003).

The randomised amino acids that form the active site of a landscape phage
comprise up to 25% by weight of the particle and up to 50% of its surface area,
which is an extraordinarily high fraction compared to natural proteins, including
antibodies. In many applications, the extreme multivalency of landscape phage,
that is the thousands of binding sites per particle, may be a great advantage

(Petrenko et al., 1996). The phage structure is extraordinarily robust, being
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resistant to heat (Holliger et al., 1999), many organic solvents (Olofsson et al.,
2001), up to 6M urea, acid, alkali and other stresses. Moreover, purified phage
can be stored indefinitely at moderate temperatures without losing infectivity and
probe-binding activity making them ideal antibody substitutes in various
diagnostic assays (Petrenko & Vodyanoy, 2003).

An extension of the landscape library, is the development of the alpha (a)
landscape library, in which biological selection helps to generate a great variety
of conformationally biased a-helical ligands (Petrenko et al., 2002). In this
system, the randomised amino acids lie within the a-helical portion of g8p rather
than at the N-terminus and are thus conformationally homogenous (Bianchi et al.,
1995). Strong biological censoring during phage growth probably prevents the
appearance of amino acids which disturb the a-helical architecture of the major
coat protein. Phage-borne a-helical peptides have a very rigid structure and
cannot be used with sure success for the selection of ligands for any receptors
and antibodies. However, if selected they provide precise information about the
structure of the ligand, including its conformation, and give a clue for the design
of lead compounds for this receptor. Moreover, the alpha library can be used as
partner in combination with other landscape libraries, for the generation of
mosaic phage libraries which have a very high diversity of antigen-binding sites,
limited only by the volume of infected bacteria (10 clones being a realistic

number), and thus substituting the use antibodies (Petrenko et al., 2002).

2.2.7.3 Ribosome display

Ribosome display was developed to overcome two major limiting steps in
construction a very large phage display library, namely transformation efficiency,
and the use of mutator strains to induce diversity in the library members (Hanes
& Pluckthun, 1997). This in vitro technology aims for simultaneous selection and
evolution of proteins from diverse libraries without any bacterial transformation.
In ribosome display, DNA which encodes a protein library is first transcribed to

MRNA that is then purified and used for in vitro translation. In vitro translation of
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MRNA is designed to prevent dissociation of mRNA, ribosomes, and the
translated peptide. Such mRNA-ribosome-peptide complexes are then used for
affinity selection on an immobilized target where only the complexes that do not
encode a binding polypeptide, and specifically recognises the target antigen, are
removed by washing. The mRNA, that encodes a polypeptide cognate for the
target is then dissociated from the ribosomal complexes and reverse transcribed
into cDNA. The prepared cDNA is then amplified by PCR and used for the next
cycle of enrichment and PCR or analysed by sequencing (Hanes & Plickthun,
1999).

Because no transformation is necessary, large libraries can be constructed and
used for selection. Additionally, library diversification is suitably introduced either
before starting or in between cycles of ribosome display via DNA shuffling
(Stemmer, 1994) or error-prone PCR (Cadwell & Joyce, 1994). Ribosome
display has been applied with success to both peptides (Mattheakis et al., 1994)
and folded proteins (Hanes & Pluckthun, 1997).

2.2.8 Applications of phage display in haemostasis

Over the past two decades, phage display technology has continually evolved
and expanded giving rise to many possibilities in biotechnology and biomedical
research. A great many publications employing phage display in the fields of
thrombosis and haemostasis appear yearly, confirming that this technology is a
key research tool in these fields (Arza & Félez, 1998). Phage libraries have been
used successfully to identify ligands of receptors, to define enzyme substrates, to
increase anticoagulant activities (Yang et al., 2002), and to select high affinity

proteinase inhibitors (Tanaka et al., 1999).

Phage display has been used with success in the following areas: (i) targeted
therapeutics, (i) in vivo phage display, (iii) genetic characterisation of
alloantibodies and autoantibody inhibitors, (iv) epitope mapping, (v) receptor

agonists and antagonist interactions, and (vi) the modulation of functional
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pathways (Mullaney & Pallavicini, 2001). A very brief overview and selected

examples of these applications will be given.

Arguably, the most important application of phage display is the display of
antibody chains and their selection. Antibody phage display has been applied
extensively to develop antibody reagents for subpopulation discrimination and to
probe the immune response (DallAqua & Carter, 1998). The first haematological
applications of phage display were in the generation of antibodies against ABO,
Rh, and Kell red blood cell antigens for agglutination and immunohistochemistry
assays (Marks et al., 1993). These studies established the suitability of the
technology in generating antibodies against red blood cells (Siegel & Silberstein,
1994), platelets (Lang et al., 1996), and several clotting factors (Suggett, et al.,
2000).

A successful therapeutic antibody is nonimmunogenic and has the ability to
recognise a cell-surface molecule specific for the disease state. It further has a
direct toxic effect or localises delivery of therapy to the targeted cell. Phage-
displayed antibodies using human immunoglobulin genes are ideally suited to
rapidly generate candidate therapeutic antibodies (Sheets et al., 1998). Short
lead-generation times and the ability to further optimise these lead candidates,
contributes to the possibility of generating high potency therapeutics through
phage display. Moreover, the time-consuming process of chimerisation or
humanisation required for traditional commercial therapeutic monoclonal

antibodies is avoided when using phage antibodies (Osbourn et al., 2003).

Phage-displayed scFv libraries for anti-cancer antibody therapy are typically
selected against tumour cell-surface molecules and then conjugated with a drug
or toxin. scFwtargeted immunoliposomes couple the ability of the scFv to
preferentially target a tumour cell with an encapsulated gene or
chemotherapeutic agent with cellular internalisation (Nielsen & Marks, 2000).

Cell surface-binding scFv with inherent internalisation capabilities may localise



the targeting chemotherapy drug closer to its mechanism of action. While the
emphasis of most scFv targeting approaches has been directed toward cancer
therapy, antibody-based targeting is also pursued for anti-inflammatory diseases
(Bendas et al., 1998) and for site-selected delivery in the cardiovascular system
(Spragg et al., 1997).

Although in vitro assays are typically employed for peptide and antibody phage
selection, in vivo phage display makes it possible to select and identify peptides
that interact with tissues and cells in their native three-dimensional
microenvironment. Peptides were identified that mediate selective localisation of
phages to brain and kidney blood vessels with a selectivity higher than 13-fold for
these organs. Based on one of the brain-binding phage sequences, a soluble
peptide was synthesised which specifically inhibited the localisation of
homologous phages into the brain. When coated onto glutaraldehyde-fixed red
blood cells, the peptide induced selective localisation of intravenously injected

cells into the brain (Pasqualini & Ruoslahti, 1996).

Characterisation of self-antigens is essential for understanding the
immunopathological mechanisms in autoimmunity, which may in turn lead to the
development of effective therapies and novel diagnostic assays for autoimmune
disease. Phage-displayed antibodies are used to investigate the immune
response of patients with autoimmune thrombocytopenic purpura and
haemophilia. DNA sequence analysis of phage antibodies facilitates
identification of target antigens and may increase understanding of the
autoimmune disease process (Osbourn et al., 2003). In addition, antibody phage
libraries also lend insight into the genetic basis of the alloimmune response and

complexity of the humeral response (Mullaney & Pallavicini, 2001).
Autoantibodies directed against platelet membrane proteins are found in the

serum of patients with chronic immune thrombocytopenic purpura. Peptides

selected from a phage-displayed library of random linear hexapeptides against
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these autoantibodies were shown to share sequence homologies with known
autoantigens, GPIIb/llla and GPIb (Bowditch et al., 1996). Identification of
specific peptides that react with polyclonal antiserum can suggest autoantibody
targets (Arza & Félez, 1998).

In response to haemophilia A treatment with factor VIII concentrates, patients
often develop antibodies against the A2, A3, and C2 epitopes of factor MII.
Antibodies directed against the C2 domain of factor VIII (anti-C2 antibodies) were
isolated from the phage-displayed immunoglobulin repertoire of a patient with
acquired haemophilia. Clones from a large fragment library were selected with a
overlapping minimal amino acid region corresponding to the C2 domain (Van den
Brink et al., 2000a). The next study also used phage-displayed haemophilia
patient antibodies, but this time isolated and defined the primary structure of anti-
A2 antibodies. In addition, the study also suggested a previously undescribed
epitope for anti-factor VIII antibodies located in the A2 domain (Van den Brink et
al., 2000b).

The use of peptide decoys may be a promising new approach for the
neutralisation of pathologic antibodies. A random phage-displayed peptide
library of surrogate epitopes was constructed to disrupt the interaction between
the C2 domain of factor VIII and anti-C2 antibodies. Peptide decoys that mimic
factor VIII epitopes, and interfere with the recognition of factor VIII by anti-factor

VIII antibodies, were selected and characterised (Villard et al., 2003).

Peptide, gene fragments and cDNA epitope libraries are applied to study several
protein-protein interactions, to map epitopes and determine antibody-combining
sites in haematology. The localisation of these binding regions has the potential
to improve targeted therapeutics and vaccines by selection or development of
small-molecule drugs (Mullaney & Pallavicini, 2001). The identification of
functional groups presented by their side chains can provide the information

needed for the design of nonproteinaceous ligands, such as the rigid organic
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molecules engineered for binding platelet glycoprotein lib/llla (McDowell et al.,
1994).

Numerous groups have constructed epitope libraries by either biological (Cwirla
et al.,, 1990) or chemical means (Houghten et al., 1991). These libraries have
proven to be useful for the rapid identification of epitopes to monoclonal
antibodies, and have been used with success to identify peptide sequences that

bind to a variety of protein targets (Hill & Stockley, 1996).

Phage display is used in current pharmacological in the search for agonists or
antagonists of natural ligand-receptor interactions. Drug screening is an area for
developmental application of phage display because small molecule libraries can
be used to displace phage peptides bound to receptor, which may lead to

identification of improved clinical lead compounds (Sidhu, 2000).

Monoclonal antibodies may be employed not only for mapping antibody
recognising determinants, but also for screening epitope libraries to identify
peptides that inhibit a receptor-ligand interaction. This was illustrated in a study
that used an antibody, that neutralises the vVWF-GPIb interaction, to successfully
screen and identify peptides from a large epitope library that inhibit this receptor-
ligand interaction. Synthetic peptides derived from the displayed sequences not
only inhibited antibody binding to vVWF, but also inhibited ristocetin-induced vVWF
binding to the GPIb receptor (South et al., 1995).

Apart from screening with antibodies, epitope libraries can be also selected
against the purified or recombinant receptor protein, and used to identify proteins
and peptides that modulate receptor activity. In addition to their usefulness in the
study of receptor function, biologically active proteins and peptides may also be
used therapeutically (Hartley, 2002). Small cyclic peptides that bound to, and
activated, the erythropoietin receptor were selected against a recombinant

receptor. In vitro and in vivo biological assays suggested that these peptides
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mimicked the functional properties of erythropoietin, even though the amino acid
sequence was unrelated. Determination and analysis of the 3D structure of the
complex between one of the mimetic peptides and the erythropoietin receptor,
revealed the mechanism by which the peptides could induce the erythropoietin
response (Wrighton et al., 1996).

A peptide antagonist of the thrombin receptor was isolated by selecting directly
against platelets. A library displaying peptide sequences based on the tethered
ligand sequence was constructed and selected for binding to platelets. Phage
clones were selected that encoded peptides able to immunoprecipitate the
thrombin receptor and also shared common features with the ligand. These
peptides were then chemically synthesised and studied further (Doorbar &
Winter, 1994).

The purified extracellular domains of the asb; fibronectin receptor and the a,bs
platelet fibrinogen receptor were used to select peptides related to the natural
ligand fibronectin, with recognition RGD motifs (Koivunen et al., 1999). A
constrained peptide library was used to isolate ligands displaying high affinity for
the apbs integrin and preventing platelet aggregation. This was achieved by
flanking a library of hexapeptides with cysteine residues to introduce a degree of
conformational constraint into random peptides (O'Neil et al., 1992). A random
cyclic hexapeptide library was also used to characterise the peptide binding
specificity of the asbj integrin (Koivunen et al., 1994). The selected peptides
were shown to antagonise integrirmediated cell adhesion (Koivunen et al.,
1999).

More recently, monoclonal antibodies specific to the a,bs integrin were selected
from a synthetic human antibody library. The selected antibodies strongly
inhibited the interaction between a b3 and fibrinogen, and also inhibited platelet

aggregation ex vivo. These may be the first human monoclonal antibodies that
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are specific to a;pbs and can potently inhibit platelet aggregation (Chung et al.,
2004).

Monoclonal antibodies directed against platelet membrane receptors are used
extensively in the analysis of receptor structure and function (Mullaney &
Pallavicini, 2001). In a recent study, a library of phage-displayed scFv antibodies
were selected against whole platelets, and different platelet-binding human
monoclonal antibodies were isolated. Such function-modulating antibodies may

be useful in the development of potential antiplatelet drugs (Hagay et al., 2003)

Applications of peptide phage libraries in agonist, antagonist, and allosteric
selection strategies promise to facilitate identification of candidate epitopes
without a prior knowledge of the protein interaction. Random peptide libraries
have proven to be powerful tools for the selection of peptides that mimic linear,
conformational, and even nonproteinaceous epitopes (Lowman, 1997). Peptides
that induce a signalling response can be identified by selecting a random peptide
phage library against purified cells and screening binders for their ability to

influence or induce signalling responses (Brown, 2000).

Phage peptides that modulate enzyme activity involved in coagulation were
obtained by selecting phage-displayed peptide libraries against the tissue factor—
factor Vlla complex. The selected phage peptide acted as a highly specific and
potent noncompetitive inhibitor of factor Vlla activity. Extensive mutational
studies, nuclear magnetic resonance and crystal structure analyses revealed that
this peptide bound to a novel exosite region, distinct from the active site. These
results are of substantial therapeutic relevance, since in past, it has been
extremely difficult to selectively inhibit individual coagulation proteases (Dennis et
al., 2000).

Other phage-derived anticoagulant leads include sequences that disrupt the

binding of von Willebrand factor and collagen (Depraetere et al., 1998). In one
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study, a phage-displayed cDNA library was screened for binding to collagen, and
the encoded collagen-binding protein was recloned and overexpressed in E. coli.
The recombinant protein exhibited binding to collagen in a specific, dose-

dependent and saturable manner (Viaene et al., 2001).

A cyclic thrombin inhibitory peptide, containing the same sequence as that
displayed on the phage surface, was synthesised after peptides from a cyclic
heptapeptide phage display library were selected on their binding characteristics
to a-thrombin. The peptide displayed promising in vitro antithrombotic activity
and was shown to inhibit thrombin by binding to its active site, with an inhibitory
effect on platelet activation and adhesion under certain conditions (Meiring et al.,
2002).

Displaying functionally active proteins and enzymes on phages without the loss
of activity allows the generation and investigation of new protein variants with
increased affinity and specificity (Dunn, 1996). Novel protein-protein interactions
were created by combining phage display and loop grafting. Amino acids in a
surface loop of human tissue-type plasminogen activator (tPa) were replaced
with a recognition region from an antibody specific to ajbs intergrins. The
resultant tPa variant bound apbs, retained full enzymatic activity, and was

stimulated normally by the physiological cofactor fibrin (Smith et al., 1995).

An important prerequisite to the functional display of molecules is their suitability
for either N-terminal or C-terminal extensions, created by fusion with the
bacteriophage coat protein of choice. Hirudin, a potent thrombin inhibitor, was
shown to tolerate no extensions at the Nterminus (Wallace et al., 1989). It
could, however, be C-terminally extended without substantially impairing its
antithrombotic function. The expressed active hirudin can be utilised as a
functional module in the design of multifunctional effector molecules in

thrombolytic therapy (Wirsching et al., 1997).
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2.3 EXPRESSION OF CLONED GENES IN ESCHERICHIA COLI

2.3.1 Introduction to protein expression systems

The biotechnology industry has rapidly expanded in recent years, and as a result
the expression of a spectrum of recombinant proteins in different systems for a
wide variety of purposes has been a major challenge. In some applications, a
large array of proteins are needed in relatively small quantities for screening
applications, whereas in other cases, quantities approaching the metric ton scale
are needed for specific therapeutic applications (Andersen & Krummen, 2002)
The development of efficient methods for obtaining the necessary amounts of
purified material thus serves as a source of significant competitive advantage in

both academic and industrial laboratories (Yokoyama, 2003).

For example, the current postgenomic era is placing much emphasis on the
analyses of protein structure, function and regulation. Structure-function studies
utilise physical techniques such as calorimetry, nuclear magnetic resonance and
X-ray diffraction, and these methods are often limited by the availability of
sufficient amounts of purified protein (Yokoyama, 2003). Moreover, many
proteins of interest are present only in very small quantities in their natural
sources. This necessitates the use of recombinant methods, coupled with
heterologous expression in a foreign host, to provide acceptable quantities of
protein for structure-function studies. These recombinant expression systems
are furthermore invaluable for the production and characterisation of the ever-
increasing number of open-reading frames (ORFs) identified in the ongoing

genome sequencing programs (Kost, 1997).

The expression of cloned genes, however, remains one of the fields in molecular
cloning where success is not guaranteed. Investigators often do everything
perfect, but still see the experiments fail (Sambrook & Russell, 2001). One of the
reasons for this is that still too little is known about the mechanisms of folding of
proteins in different organisms to predict which host-vector system might be best

for a given protein. Moreover, few universal methods are available to increase
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the efficiency of folding or to prevent the aggregation, denaturation, and/or
degradation of foreign proteins expressed in environments that are unnatural for
them. In the absence of a golden set of guiding principles, the expression of
every cDNA or gene presents a unique set of problems which must be solved
empirically (Rai & Padh, 2001).

No single expression system serves as a panacea for the problem of producing
recombinant proteins in the tens to hundreds of milligram amounts typically
required for thorough biophysical studies. Over the last couple of decades, five
major gene expression systems have been developed to a point where they are
successfully reproducible from one laboratory to the other, and where the
necessary compounds are commercially available. The host cells for these
expression systems are the bacteria Escherichia coli and Bacillus subtilis, the
yeast Saccharomyces cerevisiae, cultured insect cells, and cultured animal cells
(Shatzman, 1995).

Expression of cloned genes in bacteria is by far the simplest and most
inexpensive means to produce large amounts of the desired product, and is
consequently widely used both in research for the production of proteins for
structural and/or biochemical studies, and in industry for the production of
pharmaceutical proteins. The short generation times of the bacteria and
efficiency of nutrient conversion to biomass is unequalled by eukaryotic-based
expression systems, with the possible exception of those systems utilising yeasts
(Hodgson, 1993). However, while E. coli remains the organism of choice for the
high-level production of recombinant proteins, genomic information is rapidly
being generated on organisms whose genes are not expressed well in E. coli. It
is thus imperative that alternative host-vector systems are investigated for use in

non-enteric bacteria (Hauser & Zylstra, 2001).
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2.3.2 Protein expression in Escherichia coli

The Gram-negative bacterium Escherichia coli, has been a laboratory workhorse
for many years. Extensive knowledge and practical experience exist with respect
to this organism’s genetics, biochemistry, and physiology (Gold, 1990). Genetic
manipulations are straightforward, cultures grow rapidly and at high density on
inexpensive substrates, and many foreign proteins are well tolerated and may be
expressed at high levels. This, together with the availability of an increasing
large number of cloning vectors and mutant host strains, makes E. coli the

system of first choice for the expression of heterologous proteins (Olins & Lee,
1993).

However, in spite of this extensive knowledge surrounding E. coli, not every gene
can be expressed efficiently in this organism. This may be due to the following
factors: (i) the unique and subtle structural features of the gene sequence; (ii) the
stability and translational efficiency of mRNA; (iii) the ease of protein folding; (iv)
degradation of the protein by the host cell proteases; (v) the major differences in
codon usage between the foreign gene and native E. coli; and (vi) the potential
toxicity of the protein to the host. Fortunately, through thorough research over
the last couple of decades, some empirical rules that can guide the design of
expression systems and limit the unpredictability of this operation in E. coli have

emerged (Hockney, 1994).

The major drawbacks of E. coli as an expression system include the inability to
perform many of the post-translational modifications found in eukaryotic proteins,
the lack of a secretion mechanism for the efficient release of protein into the
culture medium, and the limited ability to facilitate extensive disulphide bond
formation (Makrides, 1996). On the other hand, many eukaryotic proteins retain
their full biological activity in a nonglycosylated form and therefore can be

produced in E. coli (Sarmientos et al., 1989).
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Plasmid transformation of E. coli was first demonstrated by Cohen in the early
1970’s (Cohen et al., 1972), when he applied the observation made by Mandel
that the combination of E. coli and bacteriophage lambda () in a solution of
CaCl, at 0°C produced infection (actually transfection) (Mandel & Higa, 1970).
During the ‘Great Recombination DNA Debate’ which followed in 1975, the idea
that there might be problems in constructing strains of E. coli that would make
proteins to order was hardly questioned. In fact, much of the discussion centred
around the degrees of physical and biological containment that would be required
to protect the world from bacteria that expressed a certain foreign gene
(Hodgson, 1993).

A considerable number of excellent studies have addressed the process of
plasmid transformation, aiming to improve the frequencies of transformation, and
at the same time characterise the parameters involved (Gold, 1990). In the last
decade, much progress has been made in the understanding of protein folding,
protein translocation across biological membranes, and the role of molecular
chaperones in these processes. This improved understanding has led to a
capability to accumulate proteins in a soluble form, secrete proteins from the cell
cytoplasm, accumulate proteins in the cytoplasmic membrane, and direct
proteins to the outer membrane of the cell for surface display (Olson et al., 1998).
Developments in E. coli expression systems include not only vector and strain
developments, and control of transcription and translation, but also metabolic
engineering of the cell’'s central metabolism. Coexpression of protein subunits,
foldases and chaperones, protein folding, location and purification schemes, and
in vitro refolding strategies are now available to aid in the success of an efficient
expression system for active heterologous proteins (Balbas, 2001). In the
section to follow, the components of an expression vector will be discussed in

more detail.



2.3.2.1 Expression vector components

The two major processes involved in the heterologous production of proteins are
the introduction of foreign DNA into the host cells, and the transcription of the
foreign DNA in the chosen expression system. The first step involves the
following considerations: (i) identification and isolation of the DNA to be
introduced; (ii) vector choice and construction of recombinant vector; and (i)
identification of the suitable expression system to receive the rDNA (Marino,
1989).

A well-designed prokaryotic expression vector contains a set of optimally
configured genetic elements that affect both transcriptional and translational
aspects of protein production. The promoter is typically positioned approximately
10 to 100 bp upstream of the ribosome-binding site (RBS) and is under the
control of a regulatory (repressor) gene, which may be present on the vector
itself or integrated in the host chromosome (Hawley & McClure, 1983). The RBS
consists of the Shine-Dalgarno (SD) sequence followed by an AT rich
translational space that has an optimal length of approximately 8 bases. The SD
sequence interacts with the 3’ end of the 16S rRNA during translation initiation.
The transcription terminator serves to stabilise the mRNA and the vector. In
addition, the inclusion of an antibiotic-resistance gene facilitates phenotypic
selection of the vector, and the origin of replication (Ori) determines the vector

copy number (Makrides, 1996).

Multi copy plasmids have been extensively used as vectors for recombinant
protein expression. When the production strategy involves protein secretion, the
translation rate should be fine-tuned in order to avoid protein accumulation in the
cytoplasm (Simmons & Yansura, 1996) and the formation of inclusion bodies
(Swartz, 2001), which can happen if very high copy number systems are used.
Low copy number plasmids have a number of advantages over high copy

number plasmids, such as tight control of gene expression, the ability to replicate
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large pieces of DNA, and low metabolic burden on host strains (Carrier et al.,
1998).

Expression vectors commonly used for overexpression of foreign genes in E. coli
can be categorised according to the type of promoter used. The systems
commonly used are driven by IPTG-inducible, bacteriophage T7, or

bacteriophage lambda p,. promoters (Sambrook & Russell, 2001).

Plasmids carrying isopropyl-b-D-thiogalactoside (IPTG)-inducible promoters,
based on the lac operon, are capable of expressing proteins at levels that exceed
30% of total mass of bacterial protein. These plasmids are well suited for small-
scale laboratory experiments, but the high cost of IPTG prevents their use for
large-scale production of foreign genes (Goldstein & Doi, 1995). Promoters used
in these vectors include the lac promoter (Calos, 1978) and two hybrid promoters
containing elements of the trp and lacUV5 promoters, namely the trp-lac (tac)
promoter (De Boer et al., 1983) and trp-lac (trc) promoter Amann & Brosius,
1985).

Expression systems using the bacteriophage T7 promoter, first developed by
Tabor and Richardson (1985) and Studier and Moffatt (1986), employ
transcription signals derived from the bacteriophage T7 genome. In 1990 Studier
and colleagues developed the popular pET series of expression vectors which
allow regulated expression of foreign genes by bacteriophage T7 polymerase
(Studier et al,. 1990), as illustrated in Figure 2.7.

In recent years, the pET expression system (commercialised by Novagen,
Madison, WI) have gained increasing popularity and is one of the most widely
used systems for the cloning and in vivo expression of recombinant proteins in E.
coli. This is due to the high selectivity of the pET system’s bacteriophage T7
RNA polymerase for its cognate promoter sequences, the high level of activity of

the polymerase and the high translation efficiency mediated by the T7 gene 10
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translation initiation signals. The protein coding sequence of interest is cloned
downstream of the T7 promoter and gene 10 leader sequences, and then
transformed into E. coli strains. In addition to the T7 promoter, the vectors carry
the colicin E1 (colE1l) replicon that confers antibiotic resistance to either
ampicillin or kanamycin (Novagen, 2003).

IPTG Induction
E. coli RNA v T7 RNA
polymerase polymerase

| |
7 1 Target
( nge T7 RNA polymerase arge| gene
I —’ +
|  lac o l % ! |
Wromorer / wmmorer /
()

8

lac
repressor

HOST CELL
for Expression

E. coli genome

Figure 2.7. Control elements of the pET system (Novagen, 2003)

In the pET system, protein expression is achieved either by IPTG induction of a
chromosomally integrated cassette in which the T7 RNA polymerase is
expressed from the lacUV5 promoter, or by infection with the polymerase-
expressing bacteriophage lambda CE6 (Studier & Moffat, 1986). Due to the
specificity of the T7 promoter, basal expression of cloned target genes is
extremely low in strains lacking a source of T7 RNA polymerase. Upon induction

the highly active polymerase essentially out-competes transcription by the host
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RNA polymerase (Studier, 1991). This phenomenon, together with high-
efficiency translation, achieves expression levels in which the target protein may
constitute the majority of the cellular protein, achieved after only a few hours
(Pan & Malcolm, 2000).

In vectors carrying the bacteriophage lambda () p. promoter, the promoter is
regulated by a temperature-sensitive repressor, clts857, which represses p.-
driven transcription at low but not at elevated temperatures. E. coli strains
harbouring the clts857 gene must therefore be used as hosts with vectors
carrying the | p_ promoter. These vectors are particularly useful if the expressed

gene product is toxic to E. coli (Bernard & Helinski, 1979).

2.3.2.1.1 Promoters

The ideal promoter is directed by the following criteria. Firstly, it should be
strong, capable of protein production in excess of 10-30% of the total cellular
protein. Secondly, it should be tightly regulated to exhibit a minimal level of basal
transcription in order to minimise metabolic burdens and toxic effects on the host.
Thirdly, it should be inducible to varying degrees by either a low-cost chemical
inducers or by shifting the growth conditions (Hannig & Makrides, 1998).

However, many promoters are not ideally suited for the large-scale production of
recombinant proteins, and share common problems such as leaky expression
under norrinducing conditions, and the negative effect of induction on the
physiology of the host (Weickert et al., 1996). Leakiness often results in the
overgrowth of plasmid-free cells and/or cells that carry a reduced capacity for
high-level expression, an impediment for high-level protein production (Mertens
et al., 1995a).

There is variety of promoters available for gene expression in E. coli, including

those derived from Gram-positive bacteria and bacteriophages. The most widely

used promoters for large-scale protein production use either chemical inducers or
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thermal induction. Chemically inducible promoters include, amongst others,
those induced by IPTG addition (Goldstein & Doi, 1995); or by arabinose
addition, the araBAD promoter (Guzman et al., 1995). Then there are promoters
induced by phosphate starvation, the phoA promoter (Kikuchi, 1981); or
tryptophan starvation, the trp promoter (Russell & Bennett, 1982). Among the
cold-responsive promoters is the | p. promoter (Bernard and Helinski, 1979); the
tandem pg, pL promoters (Elvin et al., 1990); and the cold shock promoter, cspA
(Vasina & Baneyx, 1996).

Improvements made in promoter control in recent years include the incorporation
of a thermosensitive lac repressor gene, laclts, into expression plasmids to
provide a tightly regulated, low-cost expression system (Adari et al., 1995); the
use of a reversible transcription termination system derived from phage | to
control leaky expression of T7 RNA polymerase (Mertens, et al. 1995a);
expression plasmids with better stability provided by tandem transcription
terminators that prevent read-through transcription into vector sequences
(Mertens et al., 1995b); the development of feed strategies for tight low-cost
control of the trp promoter in large scale fermentations (Yoon et al., 1996); and
the development of thermally regulated, runaway replication plasmids that allow

more efficient repression of the trp promoter (Kidwell et al., 1996).

2.3.2.1.2 Transcriptional terminators

In prokaryotes, two different types of mechanisms effect transcription termination.
Rho-dependent transcription termination depends on the hexameric protein rho,
which causes the release of the nascent RNA transcript from the template. In
contrast, rho-independent termination depends on signals encoded in the
template, specifically, a region of dyad symmetry that encodes a hairpin or stem-
loop structure in the nascent RNA, and a second AT-rich region (Wilson & Von
Hippel, 1995).
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Although often overlooked in the construction of expression plasmids, efficient
transcriptional terminators are indispensable elements of expression vectors,
because they serve several important functions. Transcription through a
promoter may inhibit its function, a phenomenon known as promoter occlusion.
The proper placement of a transcriptional terminator downstream of the coding
sequence, to prevent continued transcription through another promoter, can

prevent this interference (Adhya & Gottesman, 1982).

Similarly, a transcription terminator placed upstream of the promoter minimises
background transcription (Nishihiara et al., 1994). It is also known that
transcription from strong promoters can destabilise plasmids, owing to
overproduction of the ROP protein involved in the control of plasmid copy
number, as a result of transcriptional read-through into the replicating region
(Stueber & Bujard, 1982). In addition, transcription terminators can enhance
MRNA stability and can substantially increase the level of recombinant protein
production (Makrides, 1996).

2.3.2.2 mRNA stability

The process of mRNA degradation provides a major control point of gene
expression in virtually all organisms. The concept of mMRNA and its liability was
established over 40 years ago (Jacob & Monod, 1961), and despite the many
perplexing questions surrounding the mechanisms of mMRNA decay, impressive
progress have been made in understanding this important biological process
(Coburn & Mackie, 1999).

A large multiprotein complex, now called the RNA degrasome, was discovered
during the purification of E. coli RNase E (Carpousis et al., 1994). The major
components of the RNA degrasome include RNase E, polynucleotide
phosphorylase (PNPase) and the DEAD-box RNA helicase, Rh1B (Miczak et al.,
1996). The degradation of mMRNA is mediated by the combined action of the

endonucleases (RNase E, RNase K and RNase Il) and two 3’-5’ exonucleases
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(RNase Il and PNPase) (Coburn & Mackie, 1999). mRNA degradation is not
effected randomly by non-specific endonucleolytic cleavage, since there is no
correlation between mRNA length and half-life (Chen & Belasco, 1990).

Considerable controversy exists over whether RNase E-dependent mRNA decay
proceeds in the 5’-3’ or in the opposite direction. In either case, stable secondary
structures present the 5’ untranslated region (UTR) of certain transcripts, as well
as stem-loop structures in 3’ rho-independent terminators, can both increase
MRNA stability, though fine features modulate their efficiency (Baneyx, 1999).
For example, specific sequences in the 5 UTR of certain mRNAs, such as the
ompA transcript, have been shown to prolong the half-life of several labile
heterologous mMRNAS, as has the addition of a protective hairpin structure at the
5 terminus (Carrier & Keasling, 1999). These results can be compared with
another study in which the C-terminal portion of RNase E was truncated to
inactivate its RNase activity, thereby significantly decreasing total mRNA

degradation (Lopez et al., 1999).

However, none of the stabilising sequences identified to date functions as a
universal stabiliser in heterologous mRNAs, but their integration into otherwise
highly unstable transcripts may be effective (Swartz, 2001).

2.3.2.3 Translation initiation

Various factors affect the initiation of protein synthesis and the mere complexity
of the process allows it to have a huge impact on expression efficiency. For
example, control of initiation was used in a study to slow translation so that the
secretion apparatus was not overwhelmed.  Surprisingly, however, higher
product secretion and accumulation were found to result from less effective

ribosomal binding (Simmons & Yansura, 1996).

Research has shown that the wide range of efficiencies in the translation of

different MRNAs is due to a consensus SD sequence, complementary to the 3’

61



end of 16S rRNA that enhances the formation of the translation initiation complex
of the 30S ribosomal subunit with mRNAs. Proper spacing and sequence before
the initiation codon also play a role, as does a downstream box (DB). The DB
was shown to form a complex with anti-DB in the 16S rRNA to enhance
translation initiation of DB-containing mRNA, in addition to the SD sequence

(Etchegaray & Inouye, 1999).

However, an even more important factor may be possible unique secondary
structures at the 5’ end of each RNA species that block ribosome binding (Carrier
& Keasling, 1999). These secondary structures can be disrupted by RNA
helicases such as RhIB in E. coli (Linder & Daugeron, 2000). Rh1B is a member
of the DEAD-box proteins, a family of putative ATP-dependent RNA binding
helices that have a conserved motif including eight highly conserved motifs
including the amino acids Asp(D)-Glu(E)-Ala(A)-Asp(D) (Schmid & Linder, 1992).

2.3.3 Choice of cellular compartment for protein expression

The decision to target the overexpressed protein to a specific cellular
compartment, that is, to the cytoplasm, periplasm or the culture medium, rests on
balancing the advantages and disadvantages of each compartment. Although for
most applications it is desirable to achieve maximal production within the
cytoplasm. Targeting the protein to extracellular compartments may offer an
interesting alternative, especially when cytoplasmic expression results in toxicity

or improper folding (Baneyx, 1999)

2.3.3.1 Cytoplasmic expression

Overproduction of heterologous proteins in the cytoplasm of E. coli is often
accompanied by their misfolding and segregation into insoluble aggregates
known as inclusion bodies. Several factors contribute to the inability of
overexpressed proteins to fold into their authentic configuration, even in the

presence of molecular chaperones. These include the reducing environment, the
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lack of disulphide bonds and/or the absence of post-translational modifications
(Wilkinson & Harrison, 1991).

In E. coli, two pathways contribute to the reduction of disulphide bonds, namely
the thioredoxin system, which is composed of thioredoxin reductase and
thioredoxin, and the glutaredoxin system, which consists of glutathione
reductase, glutathione and three glutaredoxins (Prinz et al., 1997). Strategies to
generate a less-reducing cytoplasmic environment that facilitates disulphide bond
formation include the use of E. coli strains deficient in thioredoxin reductase
(trxB), which contributes to the sulfydryl-reducing potential (Bessette et al.,
1999).

A traditional approach to reduce protein aggregation and aid the formation of the
native three-dimensional protein structure is through fermentation engineering,
most commonly by reducing the cultivation temperature. The realisation that in
vivo protein folding is assisted by molecular chaperones by foldases, which
accelerate rate-limiting steps along the folding pathway, has provided powerful
new tools to combat the problem of inclusion body formation (Richardson et al.,
1998). Although the production of several monomeric and multimeric proteins
may be increased with overexpression of one or more chaperone or foldase with
the protein of interest, the success of this strategy appears to be protein specific
(Wall & Pluckthun, 1995).

2.3.3.2 Periplasmic expression

Targeting proteins to the periplasm has both advantages and disadvantages. A
major drawback of periplasmic expression is that the space is limited, and
consequently vyields of recombinant proteins generally never match those
obtained upon cytosolic expression. However, in the case of proteins that bear
multiple disulphide bonds of nonlinear connectivities in their natural

conformations and that are resilient to renaturation of inclusion body material,
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expression in the periplasmic space may offer the method of choice (Missiakas &
Raina, 1997).

The periplasm affords ease and cost-effectiveness for target protein purification
from a significantly smaller pool of bacterial proteins than compared with the
cytoplasm. In addition, the oxidizing environment of the periplasm facilitates
proper protein folding, and the in vivo cleaving of the signal peptide during
translocation to the periplasm is more likely to yield the authentic N-terminus of
the target protein (Makrides, 1996). Signal peptides of prokaryotic and
eukaryotic origin have been utilised successfully for this purpose, but the
presence of a signal peptide does not always ensure efficient protein
translocation through the inner membrane because several structural features

are involved in membrane transport (Andrews et al., 1996).

Several strategies for improved translocation of proteins to the periplasm have
been reported. These include the supply of components involved in protein
transport and processing for example the overproduction of the signal peptidase |
(van Dijl et al., 1991), the manipulation of the b-lactamase gene to reduce
protein-expression levels in order to prevent the overloading of the translocation
machinery (Mertens et al., 1995b), and the coproduction of several proteins such
as prlF, prlA4 and secE genes that participate in membrane-transport processes
(Makrides, 1996).

Another challenge is to minimise the protein degradation in the periplasm. It has
been hypothesized that the misfolding and degradation of proteins results from
their inefficient chaperoning to the translocase, either because they fold (or
misfold) too rapidly in the cytoplasm, or because the necessary chaperones
become limiting (Bergés et al.,, 1996). A systematic search for periplasmic
factors improving phage display (Bothmann & Pluckthun, 1998) led to the
identification of Skp/OmpH, a protein previously implicated in the folding of outer

membrane proteins (Missiakas et al., 1996). In contrast to specialized



periplasmic chaperones, Skp appears to be a broad substrate range chaperone,
and its overexpression improves folding of a number of aggregation-prone single-

chain antibody fragments (Bothmann & Pluckthun, 1998).

Attempts to co-overproduce the molecular chaperones, SecB, DnaK-DnaJ and
GroEL/ES, have met with variable success, and improved secretion depends
heavily on the signalsequence-mature protein combination. This suggests that
the signal sequence influences secondary and tertiary structure formation in the
mature region of secretory proteins, which in turn affects chaperone recognition.
It may therefore be necessary to try several signal sequences and/or
overproduce different chaperones to optimize the translocation of any given

heterologous protein (Bergeés et al., 1996).

2.3.3.3 Extracellular secretion

A system that targets synthesised proteins for secretion to the culture medium
presents significant advantages. Purification of the protein of interest is
simplified, the culture medium provides a larger space for accumulation of the
protein, and release of the protein will not result in cell death or lysis, as often
occurs in high-level cytoplasmic production of recombinant proteins (Hsiung et
al., 1989). Unfortunately, E. coli normally secretes very few proteins and the
manipulation of the various transport pathways to facilitate secretion of foreign

proteins is a formidable task (Blight et al., 1994).

Proteins that are targeted for secretion into the extracellular medium have to
cross the two membranes of the cellular envelope, the cytoplasmic and outer
membranes. Passage through these membranes is a highly discriminating
process that allows the export of only a selected number of proteins. A set of
complex biochemical pathways govern the translocation of proteins through the
membranes has evolved for this purpose, making manipulated secretion of a
recombinant protein a challenge that often requires extensive effort (Sandkvist &
Bagdasarian, 1996).
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In general, methods for protein secretion into the culture medium fall into two
categories, namely the utilization of existing pathways for secreted proteins, and
the use of signal sequences, fusion partners and permeabilising agents that
effect protein secretion as a result of selective and limited permeability of the
outer membrane (Stader & Silhavy, 1990). The first approach offers the
advantage of specific secretion of the protein of interest and hence minimum
contamination by nontarget proteins. Perhaps the best known example is the
hemolysin gene, which has been used for construction of secreted hybrid
proteins (Blight et al., 1994).

The second approach relies on the induction of limited leakage of the outer
membrane to cause protein secretion (Obukowicz et al., 1988). One such a
system uses the bacteriocin release protein (BRP) in the release of recombinant
proteins. BRP is a small lipoprotein which is produced as a precursor with signal
peptide and is secreted across the cytoplasmic membrane, where it is N-
acetylated and inserted into the outer membrane. In the outer membrane, BRP
can activate the detergent-resistant phospholipase A, resulting in the formation of
permeable zones in the cell envelope, through which the target protein can pass
and be released into the culture medium (Fu et al., 2003). Controlled expression
of BRP has been used for the release of seweral heterologous proteins from E.
coli (Hsiung et al., 1989).

In addition, indirect methods leading to an increase in the concentration of
chromosomal heat shock-proteins have proven beneficial to the folding and
secretion of certain overexpressed proteins. These methods include growing the
cells at high temperatures (Goloubinoff et al., 1989), mutations in negative
regulators of the heatshock response (Yura et al., 1993), and co-overexpression
of plasmid-encoded s*2 (Thomas & Baneyx, 1996).

An interesting alternative for secretion is the use of bacterial L-forms (mutants

devoid of outer membrane and murein sacculus) in order to get products that
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normally are targeted to the periplasm directly into the medium (Gumpert &
Hoischen, 1998). In this system, polypeptides fused to a normal Sec-recognised
amino-terminal signal sequence cross the cytoplasmic membrane via the Sec
machinery and arrive in the extracellular space because of the absence of
periplasm. Interestingly, correct folding of the proteins released into the medium
takes place, probably because periplasmic enzymes such as DsdA are also

released into the medium (Cornelis, 2000).

2.3.4 Host design considerations

The complete sequence of the E. coli chromosome and a variety of genetic tools
now allow almost any modification of this host organism. For example, a method
has been developed that allows the precise insertion of DNA into the
chromosome without leaving a drug resistance or other marker (Bass et al.,
1996). An exciting application is the possibility of modifying the production cell
for more efficient metabolism, for stabilising of the protein product, and for more

efficient protein folding (Swartz, 2001).

2.3.4.1 Fusion proteins

Several sophisticated strategies have been developed to optimise the expression
of heterologous genes that involve fusing the gene of interest downstream of a
second gene to produce a fusion protein displaying the combined properties of
the original gene products. Fusion can take place on either or both sides of the
target gene depending on the specific application, but the majority of the
described fusion protein systems place the protein of interest at the C-terminal of

a well characterised fusion partner (LaVallie & McCoy, 1995).

Gene fusions are a long-accepted way of optimising expression in E. coli.
Translation fusions were among the earliest methods used to obtain high-level
expression in E. coli. These fusions were often of limited utility as the resulting
gene products were not authentic. Fortunately, translational fusion technology

has evolved to allow the production of high levels of fusion gene products which
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can rapidly be converted to nonfusion authentic proteins through the use of
specific proteases that remove the fusion partner (Olins, 1996). The many
different applications for this generation of fusion partners include facilitated
purification of the target gene, means to decrease proteolysis of the target
protein, display of proteins on surfaces of bacterial cells and phages,
construction of reporter molecules for the monitoring of gene expression and
protein localisation, and lengthening of the circulation half-life of protein
therapeutics (Nilsson et al., 1997). However, as pioneered in the early 1980's,
the most frequent application of gene fusions has been for the purpose of affinity
purification of recombinant proteins. Fusion proteins can often be purified to near
homogeneity from crude biological mixtures by a single, fusion-partner-specific,

affinity chromatography step (Uhlén et al., 1983).

The four main gene fusion expression systems used in E. coli are based on
fusions to Staphylococcus protein A (Nilsson & Abrahmsén, 1990); Schistosoma
japonicum glutathione-S-transferase (GST) which allows affinity purification by
binding to glutathione (Smith & Johnson, 1988); E. coli maltose-binding protein
which allows affinity purification by binding to amylose (DiGuan et al., 1988); and
E. coli thioredoxin which enhances solubility and allows affinity purification by
binding to phenylarsine oxide (LaVallie et al., 1993). These four systems have
been the most successful in producing correctly folded and soluble heterologous
proteins in the bacterial cytoplasm. The reasons for this success are probably
due to the physical properties of these fusion partners allowing them to act as
covalently linked chaperones and enhance the folding of the fused protein
(LaVvallie & McCoy, 1995).

If a fusion partner possess no property that can be exploited for purification or
detection (such as GST which binds to glutathione), a peptide or polypeptide tag
can be added. Probably the most commonly used are the polyhistidine (Hisg) tag
which allows affinity purification by binding to immobilized cobalt or nickel (Crowe

et al., 1994), and the FLAG (AspTyrLysAspsLys) tag which is an epitope for a
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monoclonal antibody and facilitates detection and affinity purification (Hopp et al.,
1988).

The introduction of a recognition sequence for a chemical agent or a protease
between the fusion partner and the target protein allows for site-specific cleavage
of the fusion protein to remove the affinity fusion partner (Nilsson et al., 1997)
Protease-recognition sequences have been engineered downstream of the
fusion partner in many commercially available expression systems. Examples
are thrombin, factor Xa, enterokinase, subtilisin, and viral proteases. However,
cleavage is not always complete, and the proteases may cleave within the fused
protein (Chong et al., 1997).

Expressing proteins as fusions to ubiquitin offers the advantage of an often
dramatic increase in yield, and the ability to produce any desired amino-terminal
residue upon ubiquitin cleavage. The remarkable increase in protein yield is
probably due to protection of the target protein from proteolysis, improved
folding, and efficient mMRNA translation (Butt et al., 1989). Ubiquitin or the
ubiquitin metabolic pathway is absent in prokaryotic organisms. To remove the
ubiquitin moiety from fusion proteins, the ubiquitinspecific protease Ubp2
(ubiquitin-carboxy-terminal hydrolase) is coexpressed in E. coli, thus effecting the

cotranslational cleavage of ubiquitin from the fusion protein (Baker, 1996).

One drawback of fusion protein expression is the covalent linkage of the two
proteins, where the presence of the fusion partner may interfere with subsequent
uses of the protein. The conditions for purification differ from system to system,
and the environment tolerated by the target protein is an important factor for
deciding which affinity fusion partner to choose. In addition, other factors
including protein localization, costs of the affinity matrix and buffers, and the
possibilities of removing the fusion partner by site-specific cleavage should also

be considered (Nilsson et al., 1997).
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2.3.4.2 Molecular chaperones

It is well established that the efficient posttranslational folding of proteins, the
assembly of polypeptides into oligomeric structures, and the localization of
proteins are mediated by a universally conserved class of proteins termed
molecular chaperones. Many chaperones are also stress or heat-shock proteins,
whose rate of synthesis accelerates under various protein-damaging conditions
(Clarke, 1996).

The major chaperone systems present in the cytoplasm of E. coli are the DnaK-
DnaJ-GrpE and GroEL-GroES folding machines (Hartl, 1996). The co-
overexpression of components of either set of the major chaperones can
significantly improve the solubility and/or secretion of many structurally and
functionally unrelated recombinant polypeptides (Wall & Plickthun, 1995). The
demonstration that efficient production and assembly of prokaryotic ribulose
bisphosphate carboxylase in E. coli required both GroES and GroEL proteins, led
to an increasing interest in the use of molecular chaperones for high-level
expression (Goloubinoff et al., 1989). Since then a number of studies
reinvestigated this approach with respect to the folding of various other proteins.
Interestingly, this chaperone-mediated improvement in folding ultimately led to a
smaller increase in yield than engineering of the protein for better folding
(Caspers et al., 1994). Interestingly, cosecretion of ATP-independent
chaperones (DnaJ) together with the use of low-molecular-size medium additives
to the culture medium, can further dramatically increase the yield of native
eukaryotic proteins with complex disulphide patterns in the periplasm of E. coli
(Schaffner et al., 2001).

Three bacterial chaperones are thought to participate in the folding of newly
translated polypeptides in the cytosol, namely trigger factor (TF), DnaK/DnaJ and
the chaperonin GroEL/ES. Studies have shown that TF appears to be the first
player in the folding of nascent chains, recognizing relatively short hydrophobic

stretches and protecting them from aggregation. DnaK/DnaJ can then bind to
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longer chains and allow larger polypeptides to fold (Albanese & Frydman, 2002).
Disassociation of DnaK and DnaJ from the polypeptide is facilitated by protein
GrpE, which triggers nucleotide exchange. TF and DnaK/DnalJ seem to have
particularly overlapping functions, and mutants that are defective in the
chaperone functions of both proteins exhibit a synthetic lethal phenotype.
Finally, GroEL/ES functions post-translationally to assist folding of a subset of

cytosolic proteins (Hartl & Hayer-Hartl, 2002).

While direct co-overexpression of components of the DnaK-DnaJ-GrpE and
GroEL-GroES molecular chaperone machines clearly can improve the proper
folding or secretion of a number of recombinant proteins in E. coli, chaperone
overproduction remains ineffective in other cases (Georgiou & Valax, 1996).
Possible explanations for this phenomenon include the following: (i) an incorrect
choice of the overproduced chaperone(s); (i) a need for additional cofactors
which may not have been identified to date; or (iii) a requirement for the
cooperative or network action of several chaperones systems (Thomas &
Baneyx, 1997).

2.3.4.3 Codon usage

All species display a bias in the nonrandom usage of the 61 available amino
acid codons. In each cell, the tRNA population closely reflects the codon bias of
the mMRNA population (lkemura, 1981). Cloned heterologous genes often differ
markedly in codon bias, and even in the crude relative amino acid content of their

encoded proteins, from that of their host (Kane, 1995).

Within codon families, E. coli shuns certain codons such as AGG/AGA/CGA
(arginine), AUA (isoleucine), CUA (leucine), and CCC (proline) that mammalian
genes use more lavishly. Therefore, the high-level expression of a heterologous
gene may place demands on the host protein synthesis apparatus that are not
matched to its normal tRNA population (Kurland & Gallant, 1996). This may lead

to translational errors as a result of ribosomal stalling at a position requiring
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incorporation of amino acids coupled to minor tRNAs, or even at sites requiring
major tRNAs, but which are depleted because of overutilisation of a particular
amino acid. The mistranslational events related to rare tRNAs are observed as
codon misreadings and as processing errors, which manifests themselves as

amino acid substitutions or frameshift events (McNulty et al., 2003).

Rare codons often are often grouped together in clusters. One such a subset of
codons, namely AGG/AGA, AUG, CUA, CGA and CCC, was shown to reduce
both the quantity and quality of the synthesised protein. It appears that these
clusters cause most of the translational errors, although simply the presence of a
large number of these codons may introduce translational errors as well (Kane,
1995). Furthermore, it appears that the presence of rare codons near the 5’ end
of a transcript affects translational efficiency, and the GC content of the 5’ coding
region of certain genes appears to influence expression (PedersenlLane et al.,
1997).

Two alternative strategies have been developed to minimise the effects of
preferential codon usage in E. coli. The first relies on genetically altering rare
codons in the target gene, without modifying the encoded protein product, in
order to reflect the specific codon bias of the host (Pedersen-Lane et al., 1997).
In the second strategy, the intracellular tRNA pool is expanded by coexpressing
genes that encode rare tRNAs such as the argU (dnaY) gene that encodes the
minor tRNAAYASEIAGA (Andrews et al., 1996). However, results from several
studies employing this approach have been inconsistent, and unambiguous
guidelines have not been established to correlate codon usage and translation of
a transcript (Makrides, 1996).

Expression trails of wild-type rare codon genes in various modified E. coli strains
are the recommended first choice, while a fusion gene approach is a
considerable robust alternative preventing problems encountered by rare codon

or specific RNA secondary structure formation. The costly and tedious synthesis
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of synthetic genes appears to be the least desirable alternative for production of

heterologous proteins (Wu et al., 2004).

2.3.4.4 Stress response

The production of foreign proteins in E. coli is a challenging, complex and
dynamic process. The accumulation of misfolded proteins, often due to the
overexpression of heterologous genes, results in a rapid stress response. A key
feature of this response is increased protease activity (Harcum & Bentley, 1993).
In addition, the strong competitive effect of product synthesis on the synthesis of
the housekeeping host proteins leads to malfunction of the protein synthetic
machinery, increased plasmid instability, (Gill et al., 2000), and a change in the
central carbon and energy metabolism resulting in growth inhibition and acetate
formation (Jurgen et al., 2000).

This response is generally referred to as the metabolic burden associated with
the production of nonessential proteins (Glick, 1995). @ The phenotypic
characteristics of this response are similar to the responses E. coli have
developed to heat shock and amino acid limitation (Andersson et al., 1996).
Interestingly, the stress response of E. coli includes an increase in genetic
variation (transposition events) which is presumed to provide the host with a tool
for adaptation to environmental changes, a feature not desired when maintaining

reproducibility among repeated fermentations (Taddei et al., 1997).

In response to heterologous protein overproduction, a variety of regulatory
pathways are effected, each of which contributes to the reduced cell growth rate.
These include the SOS (Lee et al., 2002), stationary phase, and heat-shock
responses (Dong et al., 1995); the bacteriophage | life cycle (Glick, 1995); and
transcription from a transposition-related gene (Taddei et al., 1997). It is further
suggested that E. coli cells communicate the burden associated with
overexpressing genes through cell-cell communications or quorum sensing

(DeLisa et al., 2001). A tremendous overlap between the recombinant protein-
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induced response and other characterized responses thus clearly exists (Gill et
al., 2000).

2.3.5 Refolding recombinant proteins

Overexpression of recombinant proteins in bacteria, and other host systems such
as yeast or higher eukaryotes, often leads to the accumulation of the protein
product in inactive insoluble deposits inside the cell. These inclusion body (IB)
aggregates comprise of dense, amorphous protein deposits that can be found
both in the cytoplasmic and periplasmic space of bacteria (Gribskov & Burgess,
1983).

Inclusion bodies are formed because the expression of recombinant proteins in
E. coli entail the creation of an unnatural situation where folding intermediates
are present at very high concentrations, which results in a greater £ndency to
aggregate. Many overexpressed proteins exist in their natural environments only
in low amounts, and thus little evolutionary pressure may have existed to
optimise their sequences for efficient folding. Moreover, recombinant proteins
are often expressed at levels that are orders of magnitude higher than their
normal expression levels (Wall & Plickthun, 1995). There is thus no direct
correlation between the propensity of a certain protein to aggregate and its
intrinsic properties such as molecular weight, hydrophobicity and folding
pathways. Only in the case of disulphide bonded proteins can IB formation be
anticipated if the protein is produced in the bacterial cytosol, as formation of
disulphide bonds does usually not occur in this reducing cellular compartment
(Lilie et al., 1998).

Faced with the prospect of producing an insoluble and inactive protein,
researchers usually attempt to improve solubility by manipulating the parameters
known to influence inclusion body formation. These include the transcription rate
of the gene of interest, the growth temperature, the composition and pH of the

culture medium, and the cellular localization of the overexpressed protein
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(Hockney, 1994). Alterations in the intracellular concentration of folding
modulators can also have a significant impact on the folding of many
recombinant gene products, and researchers will often coexpress the protein of
interest with chaperones and foldases, or use solubilising fusion partners (Wall &
Pluckthun, 1995).

Importantly, the expression of heterologous proteins in inclusion bodies form has
certain advantages. Large amounts of highly enriched proteins can be
expressed as IBs, and trapped in insoluble aggregates, these proteins are for the
most part protected from proteolytic degradation by host cell enzymes. If the
protein of interest is toxic or lethal to the host cell, then IB expression may be the
best available production method. The IBs can readily be separated from the
soluble proteins of the host cells by differential centrifugation, filtration or size-
exclusion chromatography, which also provide a useful concentration and
purification step. Furthermore, expression of the target protein as IBs can be
directly observed by phase contrast microscopy avoiding the need for initial
identification by electrophoresis after cell disruption (Carrié & Villaverde, 2002).
The challenge is to take advantage of the high-expression levels of IB proteins by
being able to convert inactive and misfolded IB proteins into soluble bioactive
products (Misawa & Kumagai, 1999).

The general strategy used to recover active protein involves the following steps:
() inclusion body isolation and washing; (ii) solubilisation of the aggregated
protein, which causes denaturation; and finally (iii) refolding of the solubilised
protein. While the efficiency of the first two steps can be relatively high, folding
yields may be limited by the production of inactive misfolded species as well as

aggregates (Mukhopadhyay, 1997).
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2.3.5.1 Inclusion body isolation, purification and solubilisation
Methods for preparing denatured protein involve isolation of the inclusion bodies
with some removal of contaminants, followed by solubilisation using concentrated

chemical denaturants (Tsumoto et al., 2003).

Cells containing IBs are typically disrupted by high-pressure homogenization or a
combination of mechanical and chemical methods. Occasionally a lytic enzyme,
such as lysozyme, may be added before cell disruption to increase efficiency and
reduce power requirements. The resulting suspension is then treated by either
differential lowspeed centrifugation or filtration to separate the dense IBs from
the lighter celF-membrane components and soluble contaminants (Georgiou &
Valax, 1999). Washing steps are performed with buffers containing EDTA, and
either low concentrations of chaotropic agents such as urea or guanidinium
chloride (GdmCI), or detergents such as Triton X-100 (Cardamone et al., 1995),
sodium deoxycholate or octylglucoside (Burgess, 1996).

This washing step is designed to remove contaminants such as membrane-
associated proteins that are released upon cell breakage, and other proteins that
have adsorbed onto the hydrophobic IBs during processing and could affect
protein refolding yield. Alternatively, sucrose gradient centrifugation may be
performed to purify IBs and separate then from other cellular components. After
washing, IBs are solubilised using a variety of strong denaturants and/or
detergents (Middelberg, 2002). The most commonly used solubilising agents are
denaturants such as urea, GAmCI (Misawa & Kumagai, 1999), and thiocyanate
salts. Using these denaturants, solubilisation is accomplished by the complete
disruption of the protein structure (unfolding) or by the disruption of inter-
molecular interactions with partial unfolding of the protein (De Bernardez Clark,
2001).

Detergents commonly used to solubilise I1Bs are sodium dodecyl sulfate (SDS)

(Patra et al,. 2000), ncetyl trimethylammonium bromide (CTAB) (Cardamone et
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al., 1995), sarkosyl (Burgess, 1996), and sodium n-laurosyl sarcosine (Kurucz et
al., 1995). Detergents offer the advantage that the solubilised protein may
already display biological activity, thus avoiding the need for a refolding step. If
this is the case, it is important to remove contaminating membrane-associated
proteases in the IB washing step to avoid proteolytic degradation of the
solubilised IB protein (Georgiou & Valax, 1999). One drawback of the use of
detergents as solubilising agents is that they may interfere with downstream
chromatographic steps, and therefore it essential to remove all solubilising
detergents (Middelberg, 2002).

A key to the solubilisation process is the addition of a reducing agent to maintain
cysteine residues in the reduced state and thus prevent non-native intra- and
inter-disulphide bond formation in highly concentrated protein solutions at
alkaline pH. Typically used reducing agents are dithiothreitol (DTT),
dithioerythritol (DTE), and b-mercaptoethanol. These reducing agents are added
in slight excess to ensure complete reduction of all cysteine residues (Lilie et al.,
1998). Temperatures above 30°C are typically used to facilitate the solubilisation
process. A chelating agent such as EDTA can be included in the solubilisation
buffer to scavenge metal ions, which could cause unwanted oxidation reactions.
Solubilisation can also be accomplished by the addition of acids such as 70%
formic acid (De Bernardez Clark, 1998).

2.3.5.2 Renaturation and refolding of the solubilised protein

After the inclusion bodies have been solubilised, renaturation and refolding is
then accomplished by the removal of excess denaturants by either one of three
methods. These are dilution, a buffer-exchange step (such as dialysis,
diafiltration, gel-filtration chromatography), or immobilisation onto a solid support
(Tsumoto et al., 2003).

Dilution of the solubilised protein directly into an appropriate renaturation buffer is

the most commonly used method in small-scale refolding studies because of its
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simplicity.  The main disadvantages of dilution refolding for commercial
applications are the need for larger vessels and additional concentration steps
after renaturation (Mukhopadhyay, 1997). The key to successful dilution
refolding is to control the rate of the addition of denatured protein to renaturation
buffer and to provide good mixing. An intermediate concentration of denaturants
should be maintained to induce folding while the solubility and flexibility of the
proteins molecules are maintained and aggregation prevented (Tsumoto et al.,
2003). Dilution refolding can also be accomplished in multiple steps, also known
as pulse renaturation, in which aliquots of denatured reduced protein are added
to renaturation buffer at successive time intervals (Lilie et al.,, 1998), or
semicontinuously via fed-batch addition of the denatured reduced protein to
refolding buffer (Katoh & Katoh, 2000).

Buffer exchange to remove high denaturant concentrations can also be
accomplished by diafiltration (Varnerin et al., 1998) and dialysis (West et al.,
1998) wusing ultrafiltration membranes. Renaturation vyields using these
membrane-based methods may be significantly affected by protein binding to the
membranes. Binding can be minimised by using highly hydrophilic materials,
such as cellulose acetate, which are more compatible with unfolded protein
molecules. With typical hydrophobic membrane materials, such as polyether
sulfone, the majority of the denatured proteins bind to the membrane and
significant losses of unfolded protein occur via transmission through the
membrane (West et al.,, 1998). These problems have led to the increased
interest in size-exclusion chromatography (SEC) as an alternative buffer-
exchange method to remove high denaturant concentrations and promote
renaturation. SEC restricts diffusion of various protein forms in the refolding
mixture, thereby facilitating the separation of correctly folded and aggregated
species (Li et al., 2004).

Buffer exchange to remove high denaturant concentrations is also achievable

through reversible adsorption of the denatured proteins onto a solid support.
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Intermolecular interactions leading aggregation are minimised when the refolding
molecules are isolated through binding to the support. Freedom for structure
formation during renaturation is facilitated by binding through fusion partners
such as a His-tag (Rogl et al., 1998) or the cellulose-binding domain
(Berdichevsky et al., 1999), which retain their binding capabilities under
denaturing conditions required for loading the solubilised IB protein onto the
column. In situ purification is achieved by washing the bound protein before
elution (Middelberg, 2002).

2.4 THROMBOSIS AND ANTITHROMBOTICS

The experimental part of this study involves the isolation of a thrombin inhibitor
from a phage displayed cDNA library derived from the haematophagous louse fly
Hippobosca rufipes, and the expression of the second C-terminal CUB domain
from ADAMTS-13. Therefore a brief background, highlighting the role of and

importance these elements, will be given.

2.4.1 The search for antithrombotic agents

The development of a specific inhibitor for a single coagulation factor could
reduce side effects and improve the therapeutic profile. The structure of the
active site in all these proteases is very similar, which makes the development of
a specific small molecule active site inhibitor challenging (Weitz & Hirsh, 2001).
Although relatively nonselective with respect to small chromogenic substrates,
these proteases are highly specific for their natural macromolecular substrates.
In order to achieve this, exosites on these enzymes play an important role in
substrate recognition and catalysis. Blocking such important interactions could
result in the specific inhibition of a single protease in this pathway (Baugh et al.,
2000).

Progress in molecular biology techniques has stimulated interest in the structure

and function of thrombin. It has improved the understanding of the central role of
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thrombin in thrombogenesis, and clarified the molecular events of inhibitor
binding. This development has resulted in the production of recombinant
hirudins and hirudin analogous (Knapp et al., 1992). It has also allowed the
molecular design of synthetic antithrombins, and encouraged the development of
these products for clinical use (Weitz & Hirsh, 2001).

2.4.2 Thrombin and thrombin inhibitors

Thrombin is a multifunctional trypsin-like serine protease that exhibits both pro-
and anti-coagulant activity. The catalytic activity of thrombin is reguated
physiologically by serpins such as antithrombin Ill, heparin cofactor Il, protease
nexin |, and by the general protease scavenger aj-macroglobulin (Tulinsky,
1996). Thrombin activates platelets, promotes its own generation by activating
factors V, VIII, and XI, and converts fibrinogen to fibrin, where it remains
enzymatically active and relatively protected from inactivation by fluid-phase
inhibitors (Weitz et al., 1990).

Thrombin plays a central role in blood coagulation and in the activation of various
cell types including platelets, endothelial cells, fibroblasts, glomerular epithelial
and mesangial cells, and smooth tissue cells (Fenton et al., 1998). So crucial is
the role played by this serine protease that the inappropriate activity of it
ultimately leads to thrombosis, whether through venous thromboembolism,
myocardial infarction or stroke. The number and type of intrinsic and extrinsic
natural mechanisms of targeting thrombin that have evolved, validate thrombin
as an important physiological target, and provide strategies to knock it out
(Huntington & Baglin, 2003).

Inhibitors of thrombin can be classified as either direct or indirect. Indirect
thrombin inhibitors (heparins and vitamin K antagonists) block the generation and
action of thrombin, either by activating naturally occurring thrombin inhibitors, or
by inactivating specific factors in the coagulation system that subsequently

impact on thrombin generation or activity. In contrast, direct thrombin inhibitors
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(hirudin, bivalirudin, argatroban and melagatran) achieve their anticoagulant
effect by directly binding to the thrombin molecule, thereby preventing it from
interacting with its substrates (Agnelli & Sonaglia, 1999).

Protease inhibitors directed mainly at thrombin and factor Xa are found
widespread in the saliva of haematophagous animals. These protease inhibitors
have been used as models to study physiological and pathophysiological
pathways, and develop selective strong anticoagulant inhibitors (Stark & James,
1996). Several studies have been performed by mutating inhibitors (Tanaka et
al.,, 1999) or by designing new molecules based on the three dimensional

structures of classical protease inhibitors (Knapp et al., 1992).

2.4.3 Antihaemostatic compound from haematophagous animals

Antihaemostatic compounds found in haematophagous animals can be divided
into five groups: (i) antithrombotic agents, (ii) inhibitors and activators of the
prothrombinase complex by directly inhibiting factor Xa, (iii) substances that
affect platelet function, (iv) substances that affect the fibrinolytic mechanism, and
(v) a group of miscellaneous agents whose activities are difficult to group

together (Arocha-Pinango et al., 1999).

The most prominent natural anticoagulant is hirudin, a 65 amino acid single-chain
polypeptide with high specificity toward thrombin. Hirudin was isolated from the
salivary glands of the European medicinal leech Hirudo medicinalis for the first
time in the 1950s (Markwardt, 1957). In the years following, the isolation and
purification were refined and the complete amino acid structure was determined
(Markwardt & Walsmann, 1967). Markwardt used hirudin as an antithrombotic
drug in the 1970s, but its evaluation in clinical trails was delayed until large
amounts could be produced using recombinant DNA technology (Stone &
Hofsteenge, 1986). Throughout the years, hirudin has served as a standard for
developing naturally occurring coagulation inhibitors into anticoagulant drugs.

Today the recombinant forms of hirudin, Lepirudin (RefludanO) and Desirudin
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(RevascQ), are FDA-approved anticoagulants which are administered to patients

with heparin-induced thrombocytopenia or thrombosis (Hirsh, 2003).

Other naturally occurring thrombin inhibitors derived from haematophagous

animals are summarised in table 1. In the strategies employed by

haematophagous invertebrates to overcome host haemostatic systems, thrombin

is one of the most important targets (Dodt et al., 1996).

Table 2.1 Thrombin inhibitors derived from haematophagous animals

Inhibitor Organism Species Reference
Hirudin European medical leech  Hirudo medicinalis Stone & Hofsteenge, 1986
Haemadin Indian land-living leech Haemadipas sylvestris Strube et al., 1993
Theromin Rhynchobdellid leech Theromyzon tessulatum Salzet et al., 2000

Dipetalogastin
Dipetalogastin Il
Rhodniin
Triabin
Ornithodorin
Savignin
Americanin
Thrombostasin
Anophelin
Tsetse thrombin
inhibitor (TTI)

Reduviid bug
Reduviid bug
Triatomine bug
Triatomine bug
Soft tick

Soft tick

Lone star tick
Horn fly
Mosquito

Tsetse fly

Dipetalogaster maximus
Dipetalogaster maximus
Rhodnius prolixus
Triamota pallidipennis
Ornithodoros moubata
Ornithodoros savignyi
Amblyomma americanum
Haematobia irritans
Anopheles albimanus
Glossina morsitans

morsitans

Lange et al., 1999

Van de Locht et al., 1995
Friedrich et al., 1993
Noeske-Jungblut et al., 1995
Van de Locht et al., 1996
Mans et al,. 2002

Zhu et al., 1997

Zhang et al., 2002
Valenzuela et al., 1999

Cappello et al., 1996

2.4.4 Platelets, von Wilebrand factor and ADAMTS-13

Platelets carry the burden of initiating primary plug formation through
accumulating and adhering to the site of vessel wall injury, and setting the
complex cascade of blood coagulation into action. However, if something in the
delicate mainte nance of the sequence of events goes array, the potential for the

formation of unwanted aggregates and thrombi, resulting in ischemic occlusion,
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becomes a serious problem. Platelets are thus role players in both physiologic

haemostasis and pathologic thrombosis (Wagner & Burger, 2003).

The glycoprotein von Willebrand factor (VWF) plays a critical role in capturing the
circulating platelets to the site of injury, thereby initiating coagulation and
arresting bleeding. This is mediated by VWF forming a bridge between collagen
and other components in the damaged vessel wall, and the glycoprotein
receptors (Gplb and Gpllb-llla) on the platelets (Ruggeri, 2000). Mature VWF is
generated in the endothelial cells and released as “unusually large” UL-VWF or
alternatively remain attached to the subendothelium as long string-like
aggregates. The larger multimers have an increased thrombotic potential since
they have more available binding sites, and are thus more potent in binding the
platelet glycoproteins. The size of VWF multimers therefore has to be

physiologically regulated to prevent unwanted thrombus generation (Tsai, 1996).

In 1996, the enzyme responsible for the proteolysis of VWF was identified as a
metalloprotease which cleaves the peptide bond between amino acid residues
Tyr842 and Met843 within the A2 domain of VWF (Furlan et al., 1996). Two
groups, independently and simultaneously, succeeded in 2001 in purifying
plasma-derived VWF cleaving protease in quantities sufficient to obtain partial
amino acid sequences (Fujikawa et al.,, 2001; Gerritsen et al., 2001). The
protease was identified as a member of the ADAMTS (a disintegrin-like and
metalloprotease with thrombospondin type-1 motifs) family, and designed the
name ADAMTS-13. It is similar in structure to other ADAMTS proteases, but with
unique features that might suggest distinct modes of ligand binding. ADAMTS-
13 is the only known family member that contains CUB domains, it has a shorter
pro-domain, and it lacks two of the three cysteine residues common to others in
the ADAMTS family (Zheng et al., 2001).

CUB (complement subcomponents CIr/Cls, Uegf, Bmpl) domains are found

widespread in developmentally regulated proteins of higher eukaryotes, were
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they are generally involved in protein-protein and protein-carbohydrate
interactions (Bork & Beckmann, 1993). The physiological relevance of the C-
terminal CUB domains of ADAMTS-13 is, however, still uncertain. Recently it
was found that the CUB domains are not required for vVWF cleavage proteinase
activity measured under static conditions (Soejima et al., 2003), and that certain
mouse strains posses a variant form of murine ADAMTS-13 that lacks the CUB
domains (Banno et al., 2003), supporting the idea that these domains are
dispensable in vivo. Another study hinted at a possible role played by the
domains in the secretion of newly synthesised ADAMTS-13 (Pimanda et al.,
2003). On the other hand, a functional role for the CUB domains have been
suggested by a report that peptides from the CUB domains inhibit VWF cleaving

proteinase activity under flow, but not static, conditions (Bernardo et al., 2003).



CHAPTER 3
MATERIALS AND METHODS

3.1 Construction of cDNA library

3.1.1 Isolation of total RNA from Hippobosca rufipes

Live Hippobosca rufipes specimens were collected from horses from a stable in
South Africa, under the supervision of Prof. S.M. Meiring. Whole specimens
were frozen and stored at -70°C. From the frozen H. rufipes material, 3 ml was
thawed in a sterile 50 ml tube. To this 30 ml TRizoL® reagent (Amersham
Biosciences, Buckinghamshire, UK) was added, and the mixture was thoroughly
homogenised using a Polyton® PT 1200 homogeniser (Kinematica AG, Luzern,
Switzerland). The sample was then incubated for 5 min at room temperature. To
allow the dissociation of nucleoprotein complexes, 6 ml chloroform was added,
the tubes vigorously vortexed for 15 s, and incubated for 3 min at room
temperature. The sample was next centrifuged for at 12000 g for 15 min at 4°C
to separate the different phases of the sample. The aqueous phase was
transferred to a new tube and 15 ml isopropyl alcohol was added to precipitate
the RNA. The sample was incubated for 10 min at room temperature and
centrifuged at 12000 g for 10 min at 4°C. The supernatant was removed and the
pellet washed by adding 30 ml 75 % ethanol, vortexing, and centrifuging at 7500
g for 5 min at 4°C. After decanting the supernatant, the pellet was air-dried for
10 min. The RNA was finally dissolved in 50 ml RNase-free water.

3.1.2 Generation of mMRNA

Poly(A)" mRNA was isolated from total RNA with the DynabeadsO MRNA
Purification kit (Dynal, Oslo, Norway) following the manufacturer’s instructions.
The system is designed for the rapid isolation of highly purified, intact mRNA
from eukaryotic total RNA, with the use of superparamagnetic polymer spheres
called Dynabeads. Efficient mRNA isolation relies upon base-pairing between

the 25-nucleotide long chains of deoxy-thymidylate (dT) residues that are
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covalently coupled to the surface of Dynabeads oligo(dT),s, and the poly(A) at
the 3’-end of the mRNA.

3.1.3 cDNA synthesis

cDNA was synthesised from the mRNA with the cDNA Synthesis Kit (Boehringer
Mannheim Biochemica, Mannheim, Germany) according to the manufacturer’s
instructions. RNA was transcribed into cDNA essentially according to the
Gubler-Hoffmann method (Gubler & Hoffman, 1983). First-strand synthesis
started at the 3’-end of the poly(A)* containing mRNA by using the oligo(dT)
primer, and second-strand synthesis took place using the mRNA/DNA as
substrate. Mild treatment with RNAse H inserted nicks into the RNA, providing
3'OH-primers for DNA polymerase | present in the reaction. The 5® 3’
exonuclease activity of DNA polymerase | removed the primer stretches in the
direction of synthesis, which were then replaced with new nucleotides by the
polymerase activity. T4 DNA polymerase removed any overhanging 3’-ends, to

ensure that the cDNA was blunt-ended for further cloning steps.

The cDNA was precipitated by adding 100 m phenol to 100 m (~4 ng) cDNA,
vortexing, and centrifuging for 1 min at 13000 g. The supernatant was
transferred to a new tube, to which 10 m (1/10 volume) 3 M NaAc and 200 m (2
volume) 100 % ethanol was added. The sample was incubated at -20°C for 30
min, centrifuged for 10 min at 13000 g, and the supernatant discarded. The
pellet was washed by adding 300 m 70 % ethanol and centrifuging at 13000 g for
1 min. The supernatant was discarded and the pellet dried for 2 min in a Savant

SpeedVaco (Thermo Electron Corporation).

To fragment the cDNA and generate compatible 5’ sticky ends, the cDNA was
digested with the Sau3A restriction enzyme (Boehringer Mannheim Biochemica).
The following components were added in a mirocentrifuge tube: 48 m (4 ng)

cDNA, 1 nm Sau3A, and 6 m SuRE/cut® Buffer A (Boehringer Mannheim

Biochemica), to a final volume of 60 ml. After incubation at 37°C for 15 min the
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reaction was returned to ice. A 2 nl aliquot of the digestion reaction was
analysed by gel electrophoresis, using 2 nl XIV molecular weight marker (Roche
Molecular Biochemicals, Mannheim, Germany) as a molecular standard.
Electrophoresis was carried out in TBE electrophoresis buffer on a 0.8 %

agarose gel containing 0.5 nmg/ml ethidium bromide.

3.1.4 Construction of cDNA phage display library

A cDNA phage display library was constructed using the EZnet® phage display
cDNA library construction kit PDL-5001 (Maxim Biotech, San Francisco, USA)
following the manufacturer’s instructions. The multiple cloning site of the pHage
3.2 phagemid vector contains a M13 gene lll leader sequence, which allows the
cDNA/gene Il fusion products to be displayed on the M13 filamentous phage
particle tip. The pHage 3.2 vector was digested with Bglll to generate compatible
sticky-ends. The vector was then dephosphorylated, purified, and precipitated.
The fragmented cDNA inserts was ligated into the vector at a 2:1 ratio, in a 15 ni
ligation reaction consisting of 1 m T4 ligase (Promega, Madison, USA), 1.5 ni
ligation buffer (Promega) and 1.5 ml ATP. The ligation reaction was used to
transform E. coli TG1 cells (K12 ?(lac-proAB) supE thi hsdD5 / F’ traD36 proA'B
lacl? lacZz?M15) by electroporation. The primary library was amplified in a TG1
culture in liquid 2 YT medium before it was superinfected with M13K07 helper
phage (Pharmacia Biotech, New York, USA). The superinfection and packaging
in M13 further amplified the cDNA library.

3.1.5 Direct colony polymerase chain reaction (PCR)

The presence of the cDNA library insert in the phagemid vector was established
by direct colony PCR performed on recombinant TG1 colonies. To select for
ampicillin-resistant transformants, aliquots the transformation reaction were
spread on sterile pre-warmed 2" YT agar plates containing 100 ng/ml ampicillin
(Roche Molecular Biochemicals) and incubated overnight at 37°C. The following

day, 20 single colonies were randomly picked and each was added to 20 nl MQ
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water, vortexed vigorously, incubated for 5 min at 96°C, and then centrifuged for
1 min at 13000 g. To serve as template for the PCR reaction, 10 m supernatant
was added to the amplification reaction containing 0.2 nM of the forward primer
(G3F: 5-ATTCACCTCGAAAGCAAGCTG-3), 0.2 nmM of the reverse primer
(G3R: 5-ACCCTCATAGTTAGCGTAACG-3’), 1.5 units of Taq DNA polymerase,
0.2 mM of each dNTP, 10" Mg-free buffer (1~ final concentration), and 1.5 mM
MgClL. The primers were custom ordered from Roche Molecular Biochemicals,
and Promega supplied all the other reagents. Two negative control reactions
were included, one from which Tag DNA polymerase was omitted, and the other

containing MQ water instead of template.

The PCR amplification was carried out on a Gene Amp PCR System 2400
(Applied Biosystems, CA, USA) under the following conditions: 96°C
denaturation for 2 min, followed by 25 cycles of 94° for 1 min, 57°C for 2 min and
72°C for 3 min. After cycling the reaction was held at 72°C for a further 10 min
and then maintained indefinitely at 4°C. Gel electrophoretic analysis of the PCR

product was performed on a 0.8 % agarose gel as described earlier.

The cDNA library was amplified by inoculating a sample of the same colonies
used for PCR, into 3 ml 2" YT medium supplemented with ampicillin, and
incubating at 37°C with shaking overnight. The next day, the overnight culture
was used to prepare glycerol cell stock by adding 100 m 75 % glycerol to 300 mi

culture, mixing well, and storing at—70°C until further use.

3.2 Selection of thrombin-binding phages

3.2.1 Preparation of TG1 cultures

A primary streak plate of recombinant TG1 cells was created by spreading 5 m
TG1 glycerol cell stock on a sterile pre-warmed 2" YT agar plate containing 100

ng/ml ampicillin and incubating the plate overnight at 37°C. To prepare a
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working stock plate, a single colony was picked from the overnight primary streak
plate and inoculated onto a M9 Minimal agar plate (Sambrook & Russell, 2001),
supplemented with 0.4 % glucose, and 0.01 % thiamine. After overnight
incubation at 37°C, a single colony was picked from the working stock plate,
inoculated into 5 ml 2° YT media containing 50 ng/ml ampicillin, and incubated at
37°C with shaking until the ODggy was between 0.4 and 0.6. This log-phase
liquid culture was then stored at 4°C for up to a week for and used as needed in

the subsequent biopanning experiments.

3.2.2 Biopanning against a-thrombin

Human a-thrombin was a kind gift from Dr. Potzsch, Kerckhoff Klinik (Bud
Nauhem, Germany). The inside of Maxisorb™ immune-tube (Nalge Nunc
International, Roskilde, Denmark) was coated with 1 mg a-thrombin by adding a
solution of thrombin and PBS (1 mg thrombin/1 ml PBS) to the immune-tube, and
rotating the tube for 1 h at room temperature, followed by overnight incubation at
4°C. The following day, the coating solution was discarded and the immune-tube
blocked with 4 % skimmed milk (SM) in a PBS solution, rotated for 2 h at room
temperature, and washed 3 times with PBS, 0.05 % Tween-20. Thereafter
2" 10' phages were added, the tube rotated for 4 h at room temperature. The
non-binding phages removed and kept as the “input” phages. After washing the
tube 4 times with PBS, 0.05% Tween-20, 1 ml pre-chilled log phage TG1 cells
were added, and the tube was incubated at 37°C for 30 min. Following
incubation, these thrombin-binding “output” phages were divided into 10 ni and
500 m aliquots. Dilutions of the 10 n1 aliquot of the “output” phages were made in
2" YT media up to 10, and 100 ni of each dilution was plated out on 2" YT plates
supplemented with 100 ng/ml ampicillin and 1.8 mg/ml glucose, and incubated

overnight at 37°C.

The “output” phages were amplified by adding 500 nl “output” phages to 10 ml

2° YT media containing 100 ng/ml ampicillin and 1.8 mg/ml glucose. Immediately
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thereafter, 5" 10° pfu (300 m) M13K07 helper phages (Pharmacia Biotech) were
added to the “output” phages, followed by incubation at 37°C for 1 h with gentle
agitation. The culture was centrifuged for 10 min at 4000 g and the supernatant
was discarded. The pellet was resuspended in 40 ml 2° YT media containing 100
m protease inhibitor cocktail, 50 ng/ml ampicillin and 50 ng/ml kanamycin, and
incubated at 37°C overnight with shaking. The protease inhibitor cocktail was

used to prevent degradation of the displayed peptides by proteases.

The following day, the cell cultures were centrifuged at 23000 g for 20 min at 4°C
to remove the TG1 E. coli cells. The supernatant was transferred to a new tube,
and the phages in the supernatant were precipitated with the addition of 20%
polyethyleneglycol/sodium chloride (0.03 M PEG, 2.5 M NacCl) for 2 h. Following
centrifugation for 20 min at 23000 g at 4°C, the phage pellet was dissolved in 1
ml PBS to which 20 nl protease cocktail was added. The phage concentration
was determined by measuring the ODgp and calculating the phage concentration
(phages/ml) as follows:
phages/ml = OD2go ~ dilution” constant x 2

where the constant is 2.214” 10 x 2, since the OD2g of 2.214" 10! x 2 phages

is equal to 1.

Each time 2x10' purified phages were used for the next round of selection.

Four rounds of selection were done in total.

3.2.3 Global ELISA

A global enzyme-linked immunoabsorbent assay (ELISA) was performed in
duplicate on the amplified phages from each round of panning. The starting
phage concentration was 5x10° which was then diluted 1:2 to a final

concentration of 7.5x108.

One half (48 wells) of a 96-well Nunc-Immuno™ Maxisorp™ surface plate (Nalge

Nunc International) was coated overnight with 100 ng/ml a-thrombin at 4°C in a
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humidified container. The plate was blocked with a 4 % SM solution for 2 h at
room temperature, and washed 3 times with PBS, 0.1 % Tween-20. From each
panning round, 5x10%° phages were added in a final concentration of 2% SM to
the first well of each column of both the coated and non-coated (control) half of
the ELISA plate, and diluted 7 times 1:2 into the remaining wells of the respective
columns. No phages were added to the last well of each column, which served
as a negative control. After incubation at room temperature for 2 h, the plate was
washed 6 times with PBS, 0.1 % Tween-20. A 1:5000 dilution of a polyclonal
anti-M13 phage horseradish peroxidase (HRP)- conjugated antibody (Amersham
Biosciences) was added, and the plate incubated at room temperature for 1 h.
After 9 wash steps with PBS, 0.1 % Tween-20, 100 m ?rtho-phenylenediamine
dihydrochloride (OPD) (Sigma) and 100 nl peroxidase (H>0O,) were added per
well. After incubation room temperature for 10 min, the reaction was stopped
with the addition of 30 ml 3 M H,SO4, and the absorbance was measured at 490
nm with an EL312e Microplate Bio-Kinetics reader (Bio-Tek Instruments,
Vermont, USA).

3.2.4 Growing and amplification of single colonies
Single phage colonies from the selection round that contained the highest

concentration of thrombin-binding phages, were selected and amplified.

From the “output” phage colonies grown after the fourth biopanning selection
round on 2" YT/ampicillin/glucose plates, 48 single colonies were selected. The
single colonies were picked and inoculated into 2 ml of a 1:50 diluted pre-culture
(grown overnight in liquid Z YT/ampicillin media), and incubated at 37°C with
shaking overnight. The following day, the overnight cultures were spilt into two,
and one half was centrifuged for 5 min at 13000 g. The supernatant containing
the amplified phages were used in an ELISA to determine which individual
colonies bind to a-thrombin (binding ELISA). Glycerol cell stock was prepared
from the remaining half of the overnight cultures, by adding 100 nm 75 % glycerol

to 300 m culture, mixing well and storing the stock at —70°C for later use.
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3.2.5 Binding ELISA of single colonies

To distinguish between actual a-thrombin binders and non-specific plastic
binders, each colony was assayed in a a-thrombin-coated and a non-coated well.
This binding assay was performed in duplicate. Again 48 wells of a 96-well
Nunc-Immuno™ plate was coated overnight with 100 ng/ml a-thrombin, blocked
and washed as previously described. 100 mi of the supernatant of each round 4
single colony generated by the previous step, was added to a coated and non
coated well of the ELISA plate in a inal concentration of 2 % SM. The plates
were incubated at room temperature for 2 h, detection was performed by the
addition of anti-M13 antibody and visualised as described previously. The
absorbance at 490 nm was measured with the most intense colouration
indicating either the strongest binding phages, or alternatively a high

concentration of weak a-thrombin binding phages.

3.2.6 Dilution ELISA

The single colonies that bound to a-thrombin with the highest affinity were
subsequently amplified from frozen cell stock, and assayed for concentration
dependent binding to a-thrombin in a dilution ELISA. The highest concentration
of phages added was 5x10%°, and phages were diluted 1:2 as in the global
ELISA. Each colony was diluted on coated and noncoated wells to again
distinguish between a-thrombin binding phages and non-specific plastic binding
phages. The assay was performed in duplicate, following the same protocol as

the previously described global ELISA.

3.2.7 Competition ELISA

To investigate the potential of the phage colonies to inhibit thrombin, a
competition assay was performed to determine whether r-hirudin, a known
thrombin inhibitor, was able to prevent the strongest binding single colonies from
binding to a-thrombin. If the phage colonies bound in the hirudin-binding area on
thrombin, they would have a good change of inhibiting thrombin, and this would
be illustrated in the competition assay.
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The recombinant hirudin used was a generous gift from Dr. B. Rosenkranz (HBW
023; Hoeschst AG / Behringwerke AG, Germany). The ELISA plate was coated
with 100 mg/ml a-thrombin as previously described, to which r-hirudin was added
at the highest concentration of 500 ng/ml and serially diluted 1:2. After
incubation at room temperature for 15 min, 5x10*° phages in 2% SM from the
selected single colonies were added, and the plates incubated for 2 h at room
temperature. Detection and visualisation was done as previously described. The

assay was performed in duplicate.

3.2.8 Thrombin time (TT)

The effect the of the strongest binding phage colonies on the thrombin time (TT)
was determined. Normal platelet poor plasma was used. This was prepared by
centrifuging 10 ml citrated blood, of each of the 20 normal volunteers, at 2000 g
for 10 min, and aspirating the plasma. The volunteers must not have used
aspirin for 2 weeks prior to sampling. From each colony, 100 nl rescued phages
were added to platelet poor plasma. Two negative control reactions were
included, in one PBS was added to plasma, and in the other non-binding phages
were added. The thrombin used in the test was Dade Thrombin Clotting Time
Test® (Dade Behring, Marburg, Germany). The TT was determined by
incubating 100 m plasma with 100 ml phages. Next 100 ml Dade thrombin was
added, and the clotting time was measured on the STart®4 coagulation timer

(Diagnostica Stago, Asnieres, France).

3.3 Cloning of the CUB2 domain of ADAMTS-13

3.3.1 Amplification of the CUB2 domain
Plasmid vector containing full length ADAMTS-13 (pNUT-ADAMTS13) was a

kind gift from Dr. J.E. Sadler (Washington School of Medicine, St. Louis, USA),

and served as template for the amplification of the second CUB-domain.
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Primers where designed to allow amplification of the CUB2 insert and
simultaneously add appropriate sites for restriction endonucleases at either ends
of the target sequence. The CUB2Fp’ forward primer contained a restriction site
for EcoR1l (5-GCGGAATTCATGTGACATGCAGCTCTTTGG-3’), while the
CUB2Rp reverse primer (5-ATGCTCGAGGGTTCCTTCCTTTCCCTTCC-3)
contained a Xhol restriction site. Primers were custom made by Invitrogen,

Paisley, UK.

Different reagent concentrations and reaction times and temperatures were
tested but only the optimum conditions will be given in this section. In the 50 ni
amplification reaction, 12 ng template was added to a PCR mixture (all reagents
from Invitrogen) on ice containing 0.3 nM of each primer, 2.5 units of Platinum
Pfx DNA polymerase, 0.3 mM of each dNTP, Pfx amplification buffer and PCRy
enhancer solution (1 final concentration) and 1 mM MgSO,. Two control
reactions were included, one in which Pfx DNA polymerase was omitted, and the
other containing MQ water instead of template. The reactions were subjected to
the following program on a Peltier Thermal Cycler (BIOzymTC, Landgraaf, The
Netherlands): 94°C denaturation for 2 min, followed by 30 cycles of 94°C for 15
s, 57°C for 30 s and 68°C for 1 min. After cycling the reaction was maintained at

25°C and then placed on ice.

Gel electrophoresis was carried out in TBE electrophoresis buffer on a 1 %
agarose gel containing 0.5 ng/ml ethidium bromide, and using 5 m DNA smart
ladder (Eurogentec, Seraing, Belgium) as a molecular standard. The product
was purified with the QIAquick?® Gel Extraction kit (QIAGEN, Hilden, Germany)
according to the manufacturer’'s suggestions. An aliquot of the purified product
was then used for quality analysis on a 1 % agarose gel and the quantity of
product was estimated by DNA smart ladder comparison, according to the

manufacturer’s suggestions.
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3.3.2 Preparation of the CUB2 insert
The purified PCR product (CUB2 insert containing endonuclease restriction sites)

was digested in a 30 m double-digestion reaction containing 22 m of the PCR
product, 3 m 10" NEBuffer2, 1 mg/m BSA, 1 m EcoR1 and 1 n Xhol (all
enzymes and buffers from New England BioLabs, Beverley, USA). After a 3 h
30min incubation at 37°C, the endonucleases were heatinactivated for 20 min at
65°C.

Gel electrophoretic analysis of the insert was performed as described earlier on a
1% agarose gel to asses the size and quality of the insert. The insert was then
purified from the gel with the QIAquickO gel extraction kit following the
manufacturer’s instructions and an aliquot was again visualised on a 1 %

agarose gel to determine the relative quantity of the insert.

3.3.3 Preparation of the pET-26b(+) expression vector

One Shot* TOP10 (F~ mcrA D(mrr-hsdRMS-mcrBC) f 80lacZDM15 DlacX74 deoR
recAl araD139 D(ara-leu)7697 galU galK rpsL (Str?) endA1l nupG) chemically
competent cells from Invitrogen, were transformed with the expression vector
pET-26b(+) from Novagen (Madison, USA), to facilitate the propagation of the

plasmid.

Briefly, a vial of TOP10 cells was thawed on ice to which 2 m vector was added,
and returned to ice for a further 30 min. The cells were heat-shocked at 42°C for
30 s and placed on ice, to which 250 m pre-warmed SOC medium (Invitrogen)
was added. The vial was then incubated horizontally at 37°C for 1 h with

shaking.

To select for kanamycinresistant transformants, 150 m and 100 mi aliquots of the
transformation reaction were spread on pre-warmed sterile LB agar plates
containing 100 ng/ml kanamycin sulfate (Roche Molecular Biochemicals) and

incubated at 37°C overnight. The following day, single colonies where selected
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and inoculated into 3 ml LB medium containing 30 ng/ml kanamycin, and then
incubated overnight at 37°C with shaking. Vector plasmid was isolated with the
QIAprep® Spin Miniprep kit (QIAGEN) following the manufacturer’s protocol for
using a QlAvac® 24 vacuum manifold (QIAGEN). The concentration of the

purified vector was determined spectrophotometrically on a Gene Quant Il
spectrophotometer (Amersham Biosciences).

The vector was prepared for cloning by digesting 3 ng vector with 1 nm each
EcoR1 and Xhol restriction enzymes in a double-digestion reaction containing 3
m 10" NEBuffer2 and 1 mg/ml BSA. After being incubated at 37°C for 3 h 30
min, the enzymes were inactivated by heating the reaction to 65°C for 20 min.
The cut vector was analysed for correct size by gel electrophoresis, purified from
the gel, and the relative concentration was estimated by running an aliquot on a

agarose gel, all as previously described.

3.3.4 Construction of recombinant plasmid
The cut insert was ligated into the prepared vector to create the recombinant

pPpET-CUB2 plasmid. As suggested by the pET system manual, 64 ng vector and
0.2 pmol insert were used in the ligation reactions. The following components
were assembled in a microcentrifuge tube: 6 m prepared CUB2 insert, 4 m
prepared pET-26b(+) vector, 2 m 10" ligase buffer Ligase (Roche Molecular
Biochemicals), 1 m DNA T4 Ligase (Roche Molecular Biochemicals) and MQ
water to a total reaction volume of 20 ml. A control reaction, in which the insert
was omitted, was set up to check for non-recombinant background. Both ligation

reactions were incubated at 16°C for 16 h.
Aliquots of the ligation mixtures were cloned into One Shot® TOP10 chemically

competent cells, following a heat shock transformation protocol as previously

described. Transformation mixture aliquots of 100 ml and 150 ni were plated out
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on freshly prepared sterile LB agar plates containing 50 nm/ml kanamycin, and

plates were incubated overnight at 37°C.

3.3.5 Direct polymerase chain reaction (PCR)

The kanamycinresistant transformants were screened by direct PCR on single
colonies to verify the presence of the recombinant pET-CUB2 plasmid. Random
single colonies were picked and added to the following PCR mixture: 5 pmol
insert-specific primer (2Fp’), 5 pmol vector-specific primer (T7 terminator primer),
1.5 units of Platinum Pfx DNA polymerase, 0.3 mM of each dNTP, Pfx
amplification buffer and PCRx enhancer solution (1" final concentration ), 1 mM
MgSO, and MQ water to a total reaction volume of 20 nl. The reaction was then
denatured for 10 min at 94°C, followed by 25 cycles of 94°C for 15 s, 57°C for 30
s and 68°C for 1 min. After cycling the reaction was maintained at 25°C and then
placed on ice. Two negative control reactions were also included, one omitting
template and the other omitting Pfx DNA polymerase. PCR products were
visualised on a 1 % agarose gel as described earlier, and evaluated for plasmid

presence and size.

3.3.6 Plasmid preparation
Single colonies containing the recombinant pET-CUB2 plasmid were selected

and inoculated in liquid LB medium supplemented with 30 m/ml kanamycin for
overnight growth at 37°C with shaking. A small volume of the overnight culture
was used to prepare glycerol cell stock as previously described. PET-CUB2
plasmid was purified from the remainder of the overnight culture by following the
QIAprepCJ spin miniprep kit protocol for using a vacuum manifold. The DNA

concentration was measured spectophotometrically.

3.3.7 Expression host transformation
An aliquot of purified pET-CUB2 construct was used to transform BL21 Stara

(DE3) One Shof (F~ ompT hsdSg (rsmg) gal dcm rnel31 (DE3)) chemically
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competent cells (Invitrogen) to facilitate high-level expression of the target insert.
A heat shock transformation protocol was followed as described earlier.
Transformation mixture aliquots of 150 m and 100 m were plated out on LB agar
plates containing 50 ni/ml kanamycin and incubated overnight at 37°C to select

for kanamycin-resistant transformants.

To obtain pure single clones, single colonies were picked the following day, again
streaked out on LB agar plates containing 50 m/ml kanamycin and incubated at
37°C overnight. Glycerol cell stocks of the transformants were prepared as

previously described.

The transformants were again screened by direct colony PCR on randomly
selected single colonies to verify the presence and size of the recombinant pET-
CUB2 plasmid in the BL21 cells. Direct colony PCR using the CUB2Fp’ and T7-
terminator primers were carried out as described earlier. PCR products were

visualised by agarose gel electrophoresis as previously described.

3.4 Expression of recombinant peptide

3.4.1 Expression of recombinant CUB2
Expression of the recombinant CUB2 peptide (rCUB2) was induced by the

addition of IPTG (isopropyl-b-D-thiogalactopyranoside) to a culture of BL21 cells
in the exponential growing phase. A single colony was picked from a freshly
streaked plate of BL21 cells (containing recombinant pET-CUB2), and inoculated
into 3 ml LB media supplemented with 30 ni/ml kanamycin and incubated with
shaking overnight at 37°C. The following day, 1 ml of the overnight culture was
inoculated in 100 ml fresh LB media supplemented with 30 m/ml kanamycin and
incubated with shaking at 37°C until the ODgoo reached 0.5-1.0. The optical
density of the culture was determined on a Ultrospec 1000 UV/visible

Spectrophotometer (Amersham Biosciences) as follows. The culture was shaken
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well to ensure a homogeneous suspension, two 100 mi aliquots were removed
and diluted into 500 ml and 1000 ni of the same medium used for growth, to
ensure a ODggo reading of between 0.1 and 0.8. The same medium was also
used to zero the spectrophotometer, the ODgoo Was noted and the average of the

two readings was determined, taking the dilution factor into account.

Prior to induction, cultures were split into two 50 ml flasks, one culture served as
an uninduced control and to the other, ITPG was added to a final concentration
of 1 mM for induction of the lac-promoter. Both continued incubation at 37°C
with shaking for 3 h. After incubation the flasks were placed on ice for 5 min. To
obtain a medium sample and a total cell protein (TCP) sample, the cells were

harvested by centrifugation at 3000 g for 20 min at 4°C and then returned to ice.

Of the supernatant, 1ml was transferred to a microcentrifuge tube and
concentrated by trichloroacetic acid (TCA) precipitation. To the 1 ml medium
fraction, 100 m (1/20 volume) of 100 % TCA (w/v) was added, the sample
vortexed for 1 min and then placed on ice for 15 min. After centrifugation at
13000 g for 10 min, the supernatant was decanted and the pellet washed twice
with 100 nl acetone. This was performed by adding the acetone, mixing, and
then centrifuging for 5 min (13000 g). The acetone was then discarded and the
final pellet dried by spinning briefly in a Savant SpeedVaco. The pellet was

resuspended in 100 m PBS and 100 m reducing SDS sample buffer was added.

The cell pellet was resuspended in 10 ml cold PBS, and sonicated with a Probe
Sonicator (Instruments Scientifiques Analis, Namur, Belgium) for a total of 3 min
(6” 30s, with 30s rest in between) at 18-24 amplitude. Thereafter, 100 m of the
TCP sample was transferred to a microcentrifuge tube to which 100 ni reducing

SDS sample buffer was added. Both samples were vigorously vortexed, boiled
for 5 min and stored at —20°C until SDS-PAGE analysis.
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The medium and TCP samples of the induced culture, and aliquots of the
uninduced cultures were analysed under reducing conditions on a SDS
polyacrylamide gel consisting of a 15 % running gel and a 4 % stacking gel, in
SDS-PAGE electrophoresis buffer. As molecular standard, 5 m Low Molecular
Weight Marker (Amersham Biosciences) was added to 20 ml nonreducing
sample buffer and boiled for 5 min before it was loaded onto the gel. The
proteins were detected with Coomassie Brilliant Blue® (CBB) staining solution
during 15 min, followed by destaining with CBB destaining solution. The gel was
then dried according to the manufacture’s instructions using the DryEase® Mini-

Gel Drying System (Invitrogen).

3.4.2 Localisation of expressed recombinant CUB2
The localisation of the expressed rCUB2 in either the culture medium, or a

cellular compartment of the E. coli host cell, was determined by analysing the
different cellular fractions. Fresh recombinant BL21 cultures were grown, and
protein expression was induced as described earlier. To facilitate localization of
the expressed rCUB2, fractions of the TCP, medium, periplasm, soluble
cytoplasm and insoluble cytoplasm were prepared. After preparation, all fraction
samples were boiled for 5 min and stored at —20°C until SDS-PAGE analysis.

The TCP sample was collected prior to harvesting the cells: 1 ml of well-mixed
culture was removed, centrifuged for 1 min at 13000 g, the supernatant
discarded and the pellet air-dried. The pellet was resuspended in 100 m PBS,
100 m reducing SDS sample buffer added, and the sample was passed several

times through a 27 gauge needle.
The remainder of the culture was harvested by centrifugation at 10000 g for 10

min at 4°C. For the medium sample, 1 ml of the supernatant was removed and

concentrated by TCA precipitation, as already described.
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The periplasmic cell fraction was prepared by dissolving the cell pellet in 30 ml
30 mM Tris-HCI, pH 8.0, 20% sucrose, adding 60 m 0.5M EDTA, pH 8.0, and
stirring slowly at room temperature for 10 min. The cells were collected by
centrifugation for 10 min at 10000 g at 4°C, the supernatant discarded, the pellet
resuspended in 30 ml ice-cold 5 mM MgSQO, and slowly stirred at 4°C for 10 min.
The cells were centrifuged at 4°C for 10 min at 10000 g, after which a 1 ml
aliquot was transferred from the supernatant and concentrated through TCA

precipitation as described for the medium sample.

The cell pellet from the previous step was used for the preparation of the soluble
and insoluble cytoplasmic fractions. The pellet was resuspended in 10 ml ice-
cold 20 mM Tris-HCI, pH 7.5, and the cells lysed by adding 100 m/ml lysozyme
(Roche Molecular Biochemicals) and incubating for 15 min at 30°C. The lysate
was sonicated for a total of 3 min, after which a 1.5 ml aliquot was centrifuged for
10 min at 13000 g. To isolate the soluble cytoplasmic fraction, 100 n of the
supernatant was transferred to a microcentrifuge tube to which 100 m reducing
SDS sample buffer was added. The pellet was kept to prepare the insoluble

cytoplasmic fraction.

Next, the insoluble pellet containing the inclusion bodies was resuspended in 750
m 20 mM Tris-HCI, pH 7.5, centrifuged at 10000 g for 5 min, the supernatant

decanted and the wash step repeated. The final pellet was resuspended in 1.5

ml 1% SDS with heating and vigorous vortexing, after which a 100 m aliquot was

transferred to a microcentrifuge tube as the insoluble cytoplasmic fraction
sample. To the sample 100 n reducing SDS sample buffer was added.

Gel electrophoretic analysis of the different fraction samples were performed in
duplicate on two SDS polyacrylamide gels consisting of a 15 % running gel and a

4 % stacking gel. A 5 i aliquot of Precision Plus Proteir? Standards Dual Color

(Bio-Rad Laboratories, Hercules, USA) was loaded on each gel as a molecular

marker. As a control for the hybridisation, tdomain labelled with His-Tag was

101



used. The this used as control was a kind gift from A. Schoolmeester (IRC,
Kortrijk, Belgium). One gel was stained with CBB staining solution and dried as
described earlier. The other gel was used for Western blot analysis and
transferred to a nitrocellulose membrane (Schleicher & Schuell, Dassel,
Germany). After blocking the membrane with a 5 % skimmed milk powder
solution in TBS, the membrane was incubated with INDIA™ HisProbe-HRP
(Pierce, Rockford, USA) in a dilution of 1:5000 in TBS, 0.05 % Tween-20 (TBST)
during 90 min, followed by 4 wash steps with TBST. The membrane was
developed using the ECL Western blotting detection reagents (Amersham
Biosciences), and ECL Hyperfilm (Amersham Biosciences) according to the

manufacturer’s suggestions.

3.4.3 Optimisation of expression and purification

To optimise expression, the number of bacteria inoculated into the growth
medium, the length of time cells were grown before induction, the density to
which cells were grown after induction, as well as different IPTG concentrations
were monitored and evaluated for the best quality and quantity of rCUB2
expression. The isolation and solubilising of inclusion bodies were optimised by
comparing different methods of mechanical and chemical cell lysis and using
wash buffers and solubilisation buffers of different chemical compositions.
Renaturation and refolding of rCUB2 were evaluated by dialysing the soluble
inclusion bodies against different buffers and for different lengths of time to find
the best method to gradually remove the denaturing agents and detergents.
Optimisation of expression and purification was firstly done on small scale and
then applied to the large scale production of rCUB2.

3.4.4 Large scale production of recombinant CUB2
After optimisation of the expression and purification of the rCUB2 peptide from

inclusion bodies, the large scale production of the recombinant peptide was
addressed. A stab culture, taken from frozen glycerol cell stock, was inoculated

into 2 ml LB medium supplemented with 30 ni/ml kanamycin. After incubation for
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5 h with shaking at 37°C, 500 m culture was transferred to 10 ml fresh LB
medium containing 30 n/ml kanamycin and incubated overnight at 37°C with

shaking.

The following day, 5 ml of the overnight culture was inoculated in 500 ml LB
medium supplemented with 30 m/ml kanamycin, and incubated with shaking at
37°C until the culture reached an ODggo Of between 0.6 and 1.0. The culture was
split into 2° 250 ml just prior to IPTG being added at a final concentration of 1
mM after which incubation continued for 3 h at 37°C with shaking. Again no

IPTG was added to one 250 ml culture to serve as an uninduced control.

Prior to pelleting the cells, a TCP sample was removed as described earlier. The
rest of the culture was harvested by centrifugation at 6500 g for 15 min at 4°C,
and all supernatant discarded. The pellet was resuspended in ice-cold 25 ml
inclusion body (IB) wash buffer (prepared in TBS) containing 200 mM Tris-HCI,
pH 7.5, 10 mM EDTA, and 1 % (v/v) Triton X-100. To efficiently lyse the cells,
lysozyme was added to a final concentration of 100 ni/ml, followed by 15 min
incubation at 30°C, and sonication on ice for a total of 3 min at an amplitude of
24.

The inclusion bodies were collected by centrifuging the lysed cells for 15 min at
6000 g. The pellet was resuspended in 25 ml IB wash buffer, centrifuged at 6000
g for 15 min and the supernantant again discarded.

3.4.5 Peptide purification and refolding from inclusion bodies
The inclusion body pellet was washed in 25 ml 20 mM Tris-HCI, pH7.5, and

centrifuged for 15 min at 6000 g. The supernatant was decanted and the pellet
dissolved in 100 ml IB solubilisation buffer (prepared in TBS) containing 6 M

GdmHCI, 1.5 M urea and a redox system consisting of 0.6 mM reduced

103



glutathione and 0.3 mM oxidized glutathione. To dissolve the inclusion bodies as

best as possible the solution was mixed vigorously at intervals.

The solubilised peptides were then renatured and refolded by stepwise dialysis to
remove the GAmHCI and urea. Dialysis started at 4°C against 10 litre TBS
containing 8 M urea. After 48 h, the concentration of urea was gradually
decreased over the next 48 h (each time using fresh buffer) with final dialysis
against TBS for 12 h at 4°C.

To monitor the efficiency of renaturation and refolding of rCUB2, 1.5 ml samples
were taken after dialysis and centrifuged for 5 min at 13000 g. A 100 ni aliquot of
the supernatant was removed and the rest of the supernatant was discarded.
The pellet was resuspended in 100 m TBS, and 100 mi of this was removed as
pellet sample. Both samples were prepared by adding 100 mi reducing sample
buffer, and boiling for the samples for 5 min before being loaded on two SDS
gels. Dual color protein standard was used as molecular marker, Fhis served as
the HisProbe control. The TCP sample taken from the culture before inclusion
body purification was also loaded onto the gels. Samples were analysed in
duplicate by SDS-PAGE as previously described. Proteins were detected by

both CBB staining and Western blot also as described earlier.
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CHAPTER 4
RESULTS

4.1 CONSTRUCTION OF CDNA PHAGE DISPLAY LIBRARY

4.1.1 cDNA synthesis from Hippobosca rufipes RNA

MRNA was prepared from total RNA isolated from whole Hippobosca rufipes
specimens, and converted into double stranded cDNA. The cDNA was digested
with Sau3A endonuclease to create compatible 5’ extensions of 4 bases in length
to facilitate ligation into the pHage 3.2 phagemid vector, which contains a
restriction site for Bglll. cDNA fragments of approximately 500 bp were created
which was ideal since the vector can tolerate fragments ranging between 500 bp
and 3000 kb. The digestion products were visualised by agarose gel

electrophoresis, which is shown in figure 4.1.

1 2
—
1. XIV molecular marker
— 2. Fragmented cDNA

500 bp ——> s

Figure 4.1. Restriction endonuclease digestion of cDNA. Digestion of cDNA with
Sau3A generated a smear of cDNA fragments of appproximately 500 bp in size.

4.1.2 Construction of cDNA phage display library
The constructed cDNA phage display library was transformed into E. coli TG1
cells. To determine whether TG1 transformants contained the cDNA library or

empty phagemid vectors, direct colony PCR was performed on 20 randomly
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picked single colonies. Primers were designed to hybridise to gene Ill of the M13
phage and only amplify a fragment of the gene (~ 250 bp). This ensured
amplification of the pHage 3.2 insert, since the multiple cloning site of the
phagemid vector was located just downstream of the gene Il leader sequence on
the vector. Interestingly, all the colonies tested contained a cDNA insert of
approximately 500 bp suggesting that all these phages had the same cDNA
fragment inserted. The cDNA insert was readily separated by gel electrophoresis

from the smaller gene Ill fragment. This is portrayed in figure 4.2.
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Figure 4.2. Direct PCR on randomly picked single TG1 colonies. Of the 20 colonies
tested, 4 colonies contained a cDNA insert of approximately 500 bp in size.

The cDNA library was amplified and used in the biopanning experiments. This

was to establish the presence of a thrombin-binding substance possibly encoded

by these cDNA fragments.

4.2 SELECTION OF THROMBIN-BINDING PHAGES

4.2.1 Biopanning against thrombin

Biopanning was performed against immune-tubes coated with a-thrombin. The
concentration of the amplified phages increased as from the second round of
panning. The concentrations of the amplified phages per ml were 2x10*? for the
first round, 2x10'? for the second round, 3x10'? for the third round, and 3.2x10"?

for the fourth round.
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The global ELISA indicated that the phages of round 4 contained the highest
concentration of thrombin-binders, since the optical density of phages from this
round was the highest. These results are illustrated in figure 4.3. Phages from

round 4 were therefore amplified and used in further binding studies.

Global ELISA
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Figure 4.3. Global ELISA of four biopanning rounds against a-thrombin. The

concentration of the amplified phages increased from the second panning round,
indicating that phages were enriched for binding to thrombin.

With the binding ELISA performed with single colonies, 6 phage colonies
exhibited strong binding to thrombin. These 6 colonies were amplified and a
dilution ELISA assay was performed. Colony 46 bound to thrombin with the
highest affinity, while the OD 490 increased with increasing phage concentrations.
The assay was done in duplicate, but to simplify the graph, the average of the

values obtained are plotted in figure 4.4.
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Dilution ELISA
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Figure 4.4. Dilution ELISA of the six strongest thrombin-binding phage colonies. The
OD.g increased with increasing phage concentrations, indicating stronger binding to
thrombin. Colony 46 bound to thrombin with the highest affinity. The OD,q, of the
uncoated control wells were subtracted from the values of the thrombin-coated wells.
These values were plotted on the graph.

4.2.2 Competition ELISA

A competition ELISA was performed on the 6 selected phage colonies to
determine whether the phages bound in the hirudin-binding area on thrombin,
and whether hirudin was able to prevent the colonies from binding to thrombin.
Only the binding of colony 46 was moderately inhibited by hirudin. Since the
binding of the other colonies was not inhibited, only the results of colony 46 and
48 are plotted. Again the average values of the two experiments are shown in
figure 4.5.
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Competition ELISA
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Figure 4.5. Competition ELISA of colonies 46 and 48 performed in the presence of
different hirudin concentrations.

4.2.3 Thrombin time (TT)

Thrombin times (TT) were performed in the presence of different concentrations
of the 4 colonies that bound strongest to thrombin. In the control reaction, PBS
was added © the plasma. As another negative control, a non-binding phage
colony was added to the plasma. Colonies lengthened the TT concentration
dependently, with colony 46 having a greater effect than the other colonies. This
is the same colony of which the binding was inhibited by hirudin and that also

bound to thrombin with the highest affinity. Results are shown in figure 4.6.
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Figure 4.6. Prolongation of thrombin times. TTs were performed in the presence of
increasing concentrations of the 4 strongest thrombin-binding phage colonies. Colony
46 lengthened the TT by 26 s. The lengthening in TT was calculated by subtracting the
TT value of the control reaction from the TT value of the different colonies.

4.3 CLONING OF THE CUB2 DOMAIN OF ADAMTS-13

4.3.1 Amplification of CUB2

Drawing on published data, primers were designed to specifically amplify the
CUB2 domain. At the same time, the primers added 5’ and 3’ restriction enzyme
sites compatible with sites in the bacteriophage T7 promoter expression plasmid
pPET-26b(+) at either ends of the target sequence. This ensured the production of
a PCR product consisting of the CUB2 domain with EcoR1 and Xhol restriction
sites to assist in further cloning steps. The vector and insert design are
illustrated in figure 4.7.

110



EcoRlI CUB2 ~ 384 bp Xhol

— I

+— CUB2Rp

Xhol
EcoRlI

PET-26b(+)
(5360 bp)

Figure 4.7. Schematic representation of insert and vector design.

Full-length recombinant plasmid DNA (pNUT-ADAMTS13) was used as a
template from which the CUB2 domain was successfully amplified by PCR. In
separate double-digestion reactions, 220 ng CUB2 and 3 ng pET-26b(+) vector
was digested with the restriction endonucleases EcoR1 and Xhol to create the
appropriate cloning sites. After digestion, the cut CUB2 insert and pET-26 vector
were evaluated for size and purity, and the relative concentrations were
estimated through agarose gel electrophoresis. The agarose gel is shown in

figure 4.8.
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Figure 4.8. Restriction endonuclease digestion of vector and insert. Visualisation of
digestion reaction on a agarose gel showing cut and uncut pET-26 vector, and cut and
uncut CUB2 insert.

4.3.2 Transformation of the non-expression host

The recombinant pET-CUB2 plasmid was constructed by ligating 0.198 pmol
prepared CUB2 insert to 64 ng prepared pET-26b(+) expression vector. A non-
expression host (TOP10 E. coli) was transformed with the recombinant pET-
CUB2 plasmid to facilitate the analysis of the construct. A control transformation
was also done using self-ligated pET-26 plasmid. Kanamycin-resistant
transformants were selected by plating aliquots of the transformation reaction on

agar plates containing kanamycin.

Single colonies were observed on plates of the cells transformed with the
recombinant plasmid, but no colonies were visible on the transformation control
plates indicating a successful transformation and an absence of nhon-recombinant
background. To verify the presence of the recombinant pET-CUB2 plasmid, the
transformants were screened by direct colony PCR using an insert-specific
primer (CUB2Fp’) and a vector-specific primer (T7-terminator primer). The PCR
products were evaluated on a 1% agarose gel by electrophoresis. All of the 16
randomly picked colonies tested positive for the presence and correct size
(approximately 600 bp) of the pET-CUB2 plasmid. The agarose electrophoresis

gel is shown in figure 4.9.
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Figure 4.9. Direct PCR on transformed TOP10 colonies. All 16 single colonies tested
positive for the presence, correct size (~600 bp) and orientation of pET-CUB2.
SL = DNA Smart Ladder molecular standard (Eurogentec).

4.3.3 Transformation of the expression host

After positive clones had been identified and the recombinant plasmid verified,
the plasmid was isolated and purified from the non-expression host. The
expression tost (BL21 E. coli) was transformed with the pET-CUB2 construct,
and pure single clones were obtained. Single colonies were again screened by
direct colony PCR and all of the 20 randomly picked transformants tested
positive for insert presence and size. PCR products were visualised on a

agarose gel, which can be seen in a figure 4.10.
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Figure 4.10. Direct PCR on randomly picked BL21 single colonies. All the colonies
tested positive for the correct size (~600 bp) and orientation of the pET-CUB2 construct.
SL = DNA Smart Ladder molecular standard.
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4.4 EXPRESSION OF RECOMBINANT CUB2

4.4.1 Expression of the recombinant peptide

Expression of the recombinant CUB2 peptide was induced by the addition of
IPTG (isopropyl-b-D-thiogalactopyranoside) to a final concentration of 1mM to a
growing recombinant BL21 culture after it had reached the appropriate ODgoo.
Medium and total cell protein (TCP) samples were analysed for the expression of
the recombinant peptide by SDS-PAGE analysis and staining with Coomassie
blue (CBB). Increased protein expression was observed in the TCP sample, with
possible leakage into the medium (Figure 4.11). Even though the protein-band
compared with the size of rCUB2 (~16 kDa or 400 bp), the protein had not yet
been definitively shown to be rCUB2 by the techniques employed thus far. More
sensitive methods needed to be used and moreover, the protein seemingly

expressed in the medium also had to be investigated further.

1 2 3 4
— - — )
S— — e | 1. Induced media sample
s 2. |nduced TCP
@ssss===_| 3. Uninduced media sample
16kDa — ¥ - m— s | 4. Uninduced TCP

Figure 4.11. Induction of protein expression by addition of IPTG. A protein band of the
correct size (~16 kDa) for rCUB2 was observed in the induced samples.

4.4.2 Localisation of expressed peptide

The following step was to determine in which cellular compartment of the host
cell the peptide was being expressed, and identify the expressed protein as
rCUB2. Small scale analysis of TCP and of four sequential cellular fractions
namely medium, periplasm, soluble cytoplasm and insoluble cytoplasm was
carried out. Each fraction was subjected to SDS-PAGE, and both CBB staining

and Western blot analysis. The latter was done to verify the protein expressed
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as rCUB2 by using a HRP-labelled HisProbe to hybridise with the His-Tag
contained in the pET-CUB2 plasmid. The Western blot confirmed the higher
protein levels in the TCP and insoluble cytoplasmic fractions, as seen with CBB
staining, as expressed rCUB2. It further showed that the proteins seen in the
media fraction were bacterial proteins and not rCUB2, and thus there was no
leakage into the medium. Results of the SDS-PAGE analyses can be seen in

figure 4.12.
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Figure 4.12. Expression of recombinant CUB2 in different cellular compartments. rCUB

expression was detected in the TCP and insoluble cytoplasmic fractions. Western blot
analysis showed the that the 16 kDa fragment contains a His-Tag, and thus is rCUB2.

4.4.3 Large scale production and refolding of rCUB2

Once the expression, purification and refolding of rCUB2 was optimised,
production of the peptide was done on large scale. The inclusion bodies were
recovered by centrifugation and washed with inclusion body (IB) wash buffer
containing Triton-X and EDTA and then solubilised in IB solubilisation buffer
containing GdmHCI, urea and a glutathione redox couple. The refolding solution,
however, remained cloudy with visible white aggregates even after numerous
attempts to completely dissolve the inclusion bodies. Refolding was carried out

by stepwise dialysis against TBS containing decreasing concentrations of urea

over period of 96h.
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The efficiency of refolding and renaturing of rCUB2 was assessed by SDS-PAGE
with CBB staining and western blot analysis. After 96h of dialysis rCUB was
detected in both the supernatant and the pellet of a centrifuged sample. The
bacterial proteins contaminating these fractions were successfully removed. This
was established through the SDS-PAGE analyses seen in figure 4.13. The white

aggregates observed previously were still visible in the solution.
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Figure 4.13. Refolding of recombinant CUB2. Inclusion bodies were purified and
contaminating bacterial proteins were removed. rCUB2 was isolated from the inclusion
bodies, solubilised in a IB solubilisation buffer, and refolded through stepwise dialysis.
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CHAPTER 5

DISCUSSION

Advances made in understanding the mechanisms that regulate blood
coagulation have brought about the identification of novel, and potentially more
effective, targets for the pharmacological treatment of thrombosis. The main
driving force behind this is the persistence of thrombosis as a leading cause of
mortality and morbidity, despite current treatments, and the safely limitations of
the antithrombotic agents currently available. This has stimulated the search for
new alternatives based on selective inhibition of serine proteases (Agnelli &
Sonaglia, 1999). The coagulation cascade consists of several highly
homologous serine proteases, their cofactors and inhibitors (Mann, 1999).
Commonly used anticoagulants, such as coumarin and heparin, lack specificity
and have a rather narrow therapeutic window. This may lead to undesirable side
effects such as bleeding (Hirsh, 2003).

A thrombin inhibitor was isolated from the haematophagous louse fly Hippobosca
rufipes.  This study was the first investigation into the antihaemostatic
compounds of H. rufipes, which is a common parasitic insect found on large
mammals throughout Southern Africa. Although H. rufipes are mainly found on
horses and cattle, the insect is known to also feed on humans which suggests

that it may also contain anti-human antithrombotic compounds.

An approach was followed that allowed proteins to be selected based on their
binding capacities to haemostatic agents. Antithrombotic substances are found
not only in the saliva of haematophagous insects, but also throughout the rest of
the digestive system. For instance, the thrombin inhibitor (TTI), originally isolated
from tsetse fly saliva, is also expressed in the gut of the insects following a

bloodmeal (Cappello et al., 1998). Therefore it was decided to isolate total RNA
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from whole H. rufipes specimens, and not just from the salivary glands.

Moreover, this provided a larger amount of starting material.

Antithrombotic agents have been isolated mainly using classical
chromatography-based techniques, but the minute amounts of starting material
has made the use of these techniques an extremely difficult. In an attempt to
circumvent these problems, advantage was taken of a phage display method that
allows the expression of cDNA libraries on phage surfaces. This phage display
method has been used to identify two serine protease inhibitors from a cDNA
library derived from the Ancylostoma caninum canine hookworm (Jespers et al.,
1995), and isolate a collagenbinding protein from a cDNA library of the human

hookworm Necator americanus (Viaene et al., 2001).

Phage display technology creates a physical linkage between a vast library of
random cDNA fragments, and the cDNA encoding each sequence, allowing rapid
identification of ligands for a variety of target molecules. More than 10° different
sequences can screened which gives phage display a major advantage over
other selection methods. A further advantage over other methods for studying
protein-protein interactions, is the fact that it allows proteins to fold correctly on
the phage surface (Azzazy & Highsmith, 2002).

A cDNA library derived from H. rufipes was fused to the gene encoding the
phage coat protein Il of the filamentous M13 phage. Phages rescued from the
cDNA expression library were selected for their binding ability to human a-
thrombin. Thrombin was chosen since this protease plays such a central role in
thrombosis and haemostasis. Other thrombin inhibitors have been isolated from
the haematophagous tsetse fly (Cappello et al., 1996) and the horn fly (Zhang et
al., 2002). In subsequent studies, the libraries might be panned against other
coagulation factors such as factor Xa, fibrinogen, tissue factor, plasminogen, and

collagen to select compounds directed against these coagulation agents.
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Even though only 25 % of the single colonies tested contained in inserted cDNA
library, it was still possible to select phages which bound to a-thrombin. Based
on the number of base pairs, it seemed possible that these colonies contained
the same cDNA library. Four selection rounds for thrombin-binding phages were
done using a technique called biopanning. After the four rounds of enrichment
(biopanning), single colonies were tested for binding to a-thrombin. The six
strongest binding single colonies were identified and amplified for further testing.
One of the six colonies bound strongly and in a dose-dependent manner to
thrombin. The phage clones that bound strongest to thrombin were tested for
binding to thrombin in competition with hirudin. The binding of one clone was
inhibited by hirudin. The colonies were also evaluated for their influence on
thrombin time (TT), and showed a dose-dependent lengthening. The colony
which bound to thrombin with the highest affinity, further also showed the
greatest lengthening of the TT, in a dose-dependent manner. However, these
are still very preliminary results and assays should be more repeated with empty

phages and made more specific to ensure reliable results.

Future steps in the investigation of this thrombin binding compound will include
the sequencing of the cDNA library insert in these thrombin-inhibiting phages,
and the cloning and expression of the inserts in an attempt to isolate and further
characterise the antithrombotic agent. The isolated thrombin inhibitor could then

be evaluated for development as a potential antithrombotic therapeutic.

This agent is clearly still at a very early stage in its development as an
antithrombotic. Therefore it was decided not to continue with the cloning and
expression of this antithrombotic agent in this particular study, but rather to
express a fragment from a known protein to illustrate the expression of proteins
and peptides in a prokaryotic expression system. Even though this was also the
beginning of a much larger project, these experiments were ideal to illustrate the
expression of a recombinant protein. Heterologous protein expression as part of

thrombosis research, was demonstrated by creating a recombinant domain from
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the recently identified metalloprotease ADAMTS-13. This enzyme differs from
the rest of its family members in that it contains two C-terminal CUB domains of
still unknown function.

Investigation into the Gterminal CUB domains of ADAMTS-13 was begun by
generating recombinant CUB2 (rCUB2). The recombinant domain can be used
in future studies to unravel the possible function of the domain as a contributor to
the enzymatic activity of ADAMTS-13, and also be employed in functional studies
as target binding (e.g. VWF and platelets) either in flow cytometry or ELISA
assays. Moreover, it could serve as a valuable tool in monitoring in vitro
proteolytic activity of ADAMTS-13.

rCUB2 was expressed on a large scale using a prokaryotic E. coli expression
system, rather than in a eukaryotic system. This was done because of the
simplicity, ease, speed and cost-effectiveness involved in using an E. coli
expression system, and because of the small size (approximately 400 bp) of
rCUB2. In addition, CUB2 contains only two cysteine residues and no rare

codons that may present a problem in translation by E. coli.

CUB2 was amplified from ADAMTS-13 cDNA and cloned into a pET-26b(+)
expression vector, in a position downstream of a T7 lac operon. The pET-CUB2
construct was then used to transform E. coli TOP10 cells. The rCUB2 peptide
could, however, not be expressed in TOP10 cells, since these cells lack T7
polymerase. Recombinant plasmids were selected, purified and used to
transform BL21 E. coli where rCUB2 expression could be induced through the
addition of IPTG. Expressed recombinant peptides had an estimated molecular
weight of 16 kDa, which is in agreement with the molecular weight of the CUB2
domain of ADAMTS-13 purified from human plasma (Zheng et al., 2001)

Optimisation of expression, isolation and purification of the recombinant peptide

was done once it was established that the recombinant peptide was expressed in
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the insoluble cytoplasmic fraction. This fraction mainly consists of cell debris and
cytoplasmic granules, and inclusion bodies composed of insoluble aggregates of
the expressed protein. The inclusion bodies can quite readily be purified from
most soluble and membrane-bound bacterial proteins, however, the product may
be contaminated at some level with other proteins and nucleic acids. Therefore
several different wash and solubilisation buffers were evaluated to create the
best combination of buffers used for the isolation and sufficient solubilisation of
inclusion bodies. Since rCUB2 contains only two cysteine residues, it was
unlikely that the disulphide bridges would form in an incorrect manner, and
therefore misfolding of the peptide was improbable. After the removal of
contaminants, the inclusion bodies were solubilised using concentrated chemical
denaturants (urea and guanidinium chloride), where after renaturation and
refolding was accomplished by the removal of excess denaturants by buffer-
exchange stepwise dialysis. Refolded rCUB2 was detected by Western blot
analysis with a HisProbe HRP conjugate, since cloning into the expression vector
used allowed the attachment of a Hisxag to the peptide. In this study the
renaturation and refolding of rCUB2 was not presented graphically (as a function

of dialysis time or denaturant concentration) but this may be done in future work.

Since no anti-CUB2 antibodies are available, one manner in which to further
positively identify the expressed peptide as CUB2, would be to sequence the
purified fragment and compare the nucleotide sequence with the published
sequence of ADAMTS-13 (Zheng et al., 2001), which will be the next step in this
project. The rCUB2 produced will then be used to raise polyclonal antibodies
against the CUB2 domain of ADAMTS-13 in a rabbit model. The polyclonal
antisera will be tested against rCUB2 and rADAMTS-13, and a good indication of
the proper folding of rCUB2 would be if all the antibodies are able to recognise
rCUB2 and rADAMTS-13. These anti-CUB2 antibodies can then be employed in
the further study of the CUB domain, and used to develop a method to detect
ADAMTS-13 titers in plasma.

121



In conclusion, these studies demonstrated the use of molecular biology methods,
at different stages of research studies, into the isolation of novel antithrombotics,
and investigation of the functioning of the complex process of thrombosis (of
which much is still not dearly understood). This proved that the understanding
and prevention of cardiovascular and thrombotic diseases, and the generation of
new therapeutic protein products to treat these conditions, benefit tremendously
from the continued development, and advances made in the use of molecular
biology techniques. Without the biotechnological advances of the last couple of
decades, the medical world would still be searching around in the dark, forever

bumping into its own shortcomings and misconceptions.
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CHAPTER 6
ABSTRACT

The need to find new manners in which to combat cardiovascular disease and
associated thrombotic complications, remains a high priority in industrialised
countries. Even in third-world countries the implications and associated risks of
these diseases are being felt more and more. The advent of the biotechnology
era and employment of recombinant DNA techniqgues has brought about
exponential advances in understanding the complex mechanisms of
haemostasis, and is employed to find new ways to combat pathological

thrombotic complications.

The challenge is to harness the many tools and techniques produced by the
ongoing biotechnology explosion, and apply them to elucidate questions still
unanswered and explore areas still unknown. In this study it was illustrated that
modern molecular biology techniques can be applied in many areas of
thrombosis and haemostasis research.

The display of cDNA libraries on the surfaces of filamentous bacteriophages was
used in the search for novel antithrombotic compounds from a haematophagous
insect Hippobosca rufipes. Phages displaying the cDNA libraries were panned
against human a-thrombin and selected according to their binding affinity and
inhibition ability. To illustrate the use of a Escherichia coli expression system, a
domain of a enzyme was cloned, expressed, and the recombinant peptide
isolated and refolded. ADAMTS-13 was recently identified as an important role
player in the realm of von Willebrand factor activity, including primary
haemostasis and pathological disorders. The second carboxy-terminal CUB
domain of ADAMTS-13 was amplified from full-length cDNA, cloned into a
expression vector system, and expressed as insoluble inclusion bodies in the

cytoplasm of E. coli, from where it was isolated and refolded.
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In this study, molecular techniques were used in different phases of research into
the specific activity and interactions of a particular component of the haemostatic

system. This illustrated the marriage of biotechnology with fundamental medical

research in an era of interdisciplinary sciences.
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CHAPTER 7
ABSTRAK

Die voortdurende soeke na nuwe maniere om kardiovaskulére siektes die hoof te
bied geniet hoé prioriteit in eerste-wéreld lande, terwyl die impak van hierdie
siekte toestande meer en meer in die derde-wéreld gevoel word. Die aanvang
en onlangse ontploffing van die biotegnologiese era het die toepassing van
rekombinante DNA beginsels en tegnieke vandag alledaags gemaak. Mediese
biotegnologie het reuse vooruitgang gebring in die diepte waarin die
ingewikkelde wisselwerking van die komptenente betrokke in hemostase

verstaan word, en word uiteindelik ingespan om ongewenste trombose te beveg.

Die uitdaging is daarin geleé om al die nuwe tegnologie en tegnieke wat uit die
biotegnologiese rewlusie voortspring, in te span om onbeantwoorde vrae en
raaisels op te los. Hierdie studie illustreer hoe moderne tegnieke in molekulére
biologie aangewend kan word in verskillende gebiede van hemostase en

trombose navorsing.

Die blootlegging van komplementére DNA (cDNA)-biblioteke op die oppervlakte
van filamenteuse bakteriofage was gebruik in die soeke om nuwe, unieke
antistolmiddels uit die bloedsuiende perde-luisvlieg Hippobosca rufipes te isoleer.
cDNA-blootleggende fage is getoets teen menslike a-trombien en verder
geselekteer op grond van hul affiteits bindings- en inhibisievermoéns. Ten einde
die werking van die Escherichia coli uitdrukkingssiteem te illustreer, is ‘n domein
van ‘n ensiem gekloneer en uitgedruk, en die rekombinante peptied is geisoleer
en hervou. ADAMTS-13 is onlangs aangewys as ‘n belangrike rolspeler in die
bepaling van von Willebrand-faktor aktiwiteit in beide primére hemostase en
siekte toestande. Die tweede CUB domein aan die karboksie-einde van

ADAMTS-13 is vanaf volledige cDNA geamplifiseer, gekloneer in ‘n uitdrukkings-
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vektorsisteem, en uitgedruk in onoplosbare liggaampies in die E. coli sitoplasma,

waarvandaan dit geisoleer en hervou is.

In hierdie studie is molekulére tegnieke ingespan in verskillende
navorsingsfases, in die poging om die spesifieke aktiwiteite en wisselwerkinge
waarby ‘n bepaalde kompenent van die hemostase stelsel betrokke is, beter te
verstaan. Dit dien as voorbeeld van effektiewe samewerking tussen
biotegnologie en basiese mediese navorsing in hierdie opwindende tye van

interdissiplinére wetenskappe.
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