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ABSTRACT
Monoclonal antibodies (mAbs) are an important tool for both therapeutic and nontherapeutic applications. Their increased demand is due to their ability to recognize
and bind specifically to a wide range of antigens. In addition to full-size antibodies, one
can also utilise smaller antibody fragments, single chain variable region fragments
(scFvs), which like full-size mAbs, are also capable of specific antigen-binding. The
constant and rapidly expanding use of antibodies and their derivatives presents a need
for a fast and effective method of production. Traditionally, antibodies have been
produced using hybridoma technology. They have also been successfully produced in
other expression hosts such as bacteria, yeasts, insect cells and mammalian cell lines.
However, these expression systems come with a few disadvantages, some of which
include high maintenance costs as well as lengthy and laborious production protocols.
This dissertation describes the use of phage display technology to screen for and
identify scFvs that bind to three different test antigens. Phage display library
technology involving the expression and presentation of antibody or antibody
derivatives on the coat surfaces of phage particles. It is considered to be a preferable
alternative to hybridoma technology because it eliminates the requirement for
immunization of animals, making it a more rapid and animal-friendly method for the
production of antibodies compared to that of hybridoma technology.
A naïve mouse scFv phage display library was screened with appropriate antigens to
isolate scFvs which bind to rabbit IgG, human IgG and the Shuni virus (SHUV) N
protein. Isolated scFvs were sequenced, cloned and tested for binding to their cognate
antigens using phage ELISA, phage dot blots and phage western blots. ScFvs
displaying the highest affinities for their respective antigens were selected for cloning
and expression in plants, as this expression system is scalable, cheaper, safe and
facilitates

posttranslational

modifications

to

recombinant

proteins

such

as

glycosylation.
Rabbit IgG and human IgG scFvs were isolated successfully from the mouse scFv
phage library, however, successful binding of the scFvs to the respective antigens by
western blotting and ELISAs was not demonstrated. On further investigation, it
appeared that the protocols were flawed, as the secondary anti-mouse AP conjugate,
iii

used in the western blots and ELISAs was found to cross-react with both rabbit and
human IgG. Since we were not able to pinpoint scFvs with high binding affinity, the
mouse phage display library was screened for scFvs that bound to SHUV N protein
instead. This was more successful in that several scFvs with high binding affinity were
isolated. Three scFvs with the highest binding affinity for the SHUV N protein were
selected and their nucleotide sequences determined. Due to time constraints only 2 of
the identified scFvs were selected for further cloning and expression in plants.
Both scFvs were cloned into the pTRA-HRPB2SEKDEL plant expression vector that
contains the gene sequence for a his6x tag to assist with downstream purification as
well as a horse radish peroxidase (HRP) gene. Cloning scFvs into this vector allows
their fusion to HRP, resulting in the production of potential reagents for use as
secondary antibodies in western blots and ELISAs. The cloned scFvs were expressed
transiently in tobacco plants using Agrobacterium-mediated infiltration.
Plant expression of the HRP-fused scFvs was optimized; both were optimally
expressed at 5 days post infiltration (dpi) when co-expressed with a silencing
suppressor (pBIN-NSs). Extraction of the scFvs from the plants was most effective
when a bicine buffer with a pH of 8.4 was used. Partial purification of the scFvs was
achieved by isoelectric and ammonium sulphate precipitation. Preliminary tests were
done to test functionality of the partially purified scFvs, in which the ability of the scFvs
to recognize and bind to the SHUV N protein in a dot blot was tested. However, both
were found to be non-functional in this regard. Further investigation into the reason for
the demonstration of non-functionality showed that the HRP was being spontaneously
cleaved from the scFv.
This study demonstrates that it is possible to isolate antigen-specific scFvs from a
phage display library. However, their binding capacity needs to be analysed fully prior
to incorporating them into fusion proteins which can be used as potential diagnostic
reagents.
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CHAPTER 1
Literature review

1.1 Antibodies
Antibodies are proteins, also referred to as immunoglobulins, which are produced by
the immune system and have a crucial role in adaptive immunity. They recognize
foreign antigens and neutralize them or facilitate their removal (Almagro, 2004). Their
ability to recognize molecules with high specificity and affinity makes them valuable
for use in molecular biology as diagnostic reagents, vaccines and drugs (Almagro,
2004).

Figure 1: Schematic diagram of an immunoglobulin with its respective domains. The heavy and variable regions are important
for antibody functioning. The constant region is important for interaction with cell surface receptors, while the variable region
contains the antigen binding site which recognizes and binds to specific antigens.

Antibodies consist of four polypeptide chains: two identical heavy chains, which are
~50kDa in size and two identical light chains which are ~25kDa in size, connected by
disulphide bonds. Each chain consists of a constant and variable region. The heavy
chain is encoded by variable (VH) and constant (CH) heavy gene regions, while the
light chain is encoded by the variable (VL) and constant (CL) light gene regions (Weisser
and Hall, 2009).
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The arrangement of the linked polypeptide chains gives them their characteristic ‘Y’
shape. The heavy and light chains interact in such a way that they are found at the top
(variable region) and bottom (constant region) parts of the ‘Y’ shape, as seen in figure
1. The interaction between the heavy and light chains forms an antigen-binding site,
known as the paratope, which is located in the variable region (Edgue et al., 2017).
The paratope is required for the binding of the antibody to antigens. It allows the
antibody to recognize and bind to specific regions of the antigen (Kretzschmar and
von Rüden, 2002), known as the epitope of the antigen. This introduces specificity
which means that an antibody will only securely bind to an antigen with its matching
epitope (Ahmad et al., 2012). Binding of the antibodies to antigens, such as foreign
objects is crucial for an immune reaction to be carried out. It allows the antibody to
mark microbes and infected cells for neutralization by the other parts of the immune
system (Edgue et al., 2017).
There are two classes of antibodies; monoclonal and polyclonal antibodies.
Monoclonal antibodies are homogenous and recognize a single epitope, which
reduces their chances of cross-reacting with non-target antigens. Polyclonal
antibodies, on the other hand, are heterogenous and recognize multiple epitopes
(Lipman et al., 2005). Polyclonal antibodies are fast to produce, require less technical
skill and are less expensive to make than monoclonal antibodies. However, the
homogeneity and specificity of monoclonal antibodies make them more advantageous
(Lipman et al., 2005).
Antibodies have been mostly produced in bacteria, yeast, insect cells, mammalian
cells and transgenic animals (Yusibov et al., 2014). These expression systems do not
always meet the requirements needed for the expression of antibodies, such as
providing an environment that allows for correct folding, assembly of multiple
polypeptide chains and their inability to produce authentic glycosylation patterns.
Bacterial systems are simple and ideal for large-scale production of antibodies, but
often come with high capital and maintenance costs. In addition to this, they lack
eukaryote-like chaperones meaning that the more complex proteins do not always fold
correctly (Sánchez et al., 1999).
Yeast systems on the other hand overcome the problems associated with bacterial
systems. They ensure correct protein folding and also facilitate glycosylation.
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However, although this may be the case there are doubts as to whether antibodies
produced by yeast systems are functional (Schillberg et al., 2003).
Most of the commercial monoclonal antibodies that are in current use have been made
by mammalian hybridoma cell lines. Mammalian cell lines carry out authentic posttranslational modifications, but come with a few disadvantages; much like bacterial
systems they have high capital and maintenance costs. Added to this, up scaling of
mammalian cell lines is very limited (Schillberg et al., 2003).
Currently, hybridoma technology which uses mammalian cell lines, is used to generate
monoclonal antibodies against hundreds of commercially available antigens. The
method relies heavily on the immunization of animals; it is based on the fusion of B
lymphocytes, isolated from the spleen of mice immunized with the antigen of interest,
and human myeloma cells, which form hybrid cells called hybridomas (Okamoto et al.,
2004). The hybridomas produce specific antibodies with high binding affinities
(Hoogenboom, 1997) because of the secondary immune response that takes place in
vivo.
Even though hybridoma technology produces highly specific antibodies it requires
knowledge of multiple disciplines and practice of versatile technical skills, such as
animal handling, immunology and other cell based assays for the screening of
hybridomas (Yuan et al., 1997). Another important aspect to hybridoma technology is
the method used to select for the correct monoclonal antibody, which ensures the
isolation of monoclonal antibodies that bind specifically to the target antigen (Story et
al., 2008). Hybridoma technology is a labour intensive process, which requires long
time periods for the generation of monoclonal antibodies. The fact that more than 20%
of the biopharmaceuticals under development are antibodies and antibody derivatives
(Schillberg et al., 2003) indicates their importance and highlights the need for fast and
less laborious methods for antibody production, more especially for monoclonal
antibodies.

1.2 Phage display libraries
Phage display technology can be used to generate a library of phages presenting
potential scFvs on their capsid surface and provides an alternative method to
hybridoma technology (Pansri et al., 2009). Phage display technology involves the
3

expression of peptides, antibodies or antibody fragments, on the surface of
filamentous phage (McCafferty et al., 1990). The proteins are expressed and displayed
as fusion products to one of the phage coat proteins (Pansri et al., 2009). Expression
of the proteins as fusion products requires the DNA sequences of interest to be
inserted into the genome of the filamentous phage.
One of the reasons phage display technology is a convenient and practical method is
attributed to the genotype-phenotype linkage, which allows for the rapid determination
of the amino acid sequence of the specific binding peptide (Okamoto et al., 2004).
The method allows for the isolation of antibodies from a diverse repertoire of antibody
genes (Moon et al., 2011). The resulting antibodies are known to have high affinity
binding sites and their isolation does not depend on utilisation of an animal’s immune
system. This means that highly specific antibodies can be generated in two or three
weeks. Since the method does not require immunization of animals, antibodies to a
wide variety of antigens can be generated, including toxic antigens, self-antigens and
non-immunogenic antigens which usually cannot be used to stimulate the immune
system of animals (Pansri et al., 2009).

1.3 Types of phage libraries
There are three types of phage libraries; naive, immune and synthetic libraries (Azzazy
and Highsmith, 2002). For the purpose of this literature review, the focus will only be
on naïve and immune libraries. The two libraries use variable genes (v-genes)
obtained from animal sources, but differ from each other by the target source of vgenes used. A naïve library uses v-genes from the IgM mRNA of B-cells, from
peripheral blood lymphocytes, bone marrow and spleen cells of unimmunized animals.
Naïve libraries are predominantly used because they allow for the use of a single
library for the isolation of antibodies against different antigens (Carmen and Jermutus,
2002); this shortens the time needed for antibody isolation making it two to six times
faster than the time required to isolate antibodies from an immune library. Naïve
libraries also allow for the isolation of antibodies against non-immunogenic and toxic
antigens, which is usually difficult or impossible with hybridoma technology (Nissim et
al., 1994) and libraries generated from B-cells of immunised animals. Antibodies
4

isolated from naïve libraries tend to have low affinities more especially if the library is
small; to make up for this, larger libraries are usually required for the isolation of
antibodies with high affinities (Neri et al., 1995), which requires more time.
The second type of phage library is an immune library, it is constructed from v-genes
derived from the IgG mRNA of B-cells from immunized animals (Azzazy and
Highsmith, 2002). Immune antibody libraries allow for the enrichment of antigenspecific antibodies, some of which would have undergone affinity maturation by the
immune system (Bazan et al., 2012). An impediment to using immune libraries are the
long time periods required for animal immunization (Azzazy and Highsmith, 2002),
which do not always elicit an immune response especially towards self or toxic
antigens. In addition to this a new antibody library is needed each time a different or
new antigen is used (Sheets et al., 1998). Despite these disadvantages immune
libraries have been used to produce high quality and high affinity antigen-specific
antibodies, which provide good analytical tools (Bazan et al., 2012). Even though
literature states that a new library is needed every time a new antigen is to be used,
some studies have shown that the immune library may contain a significant number of
unimmunized clones and that, if the immune library is large enough it can be used
similarly to a naïve library (Moon et al., 2011).

1.4 Biopanning
The isolation of target-specific antibodies using phage-display technology is based on
affinity selection, commonly known as biopanning. Using this technique the antigen of
interest is immobilized on plastic surfaces, such as immunotubes or enzyme-linked
immunosorbent assay (ELISA) plates (Hammers and Stanley, 2014). Once
immobilized, the antigen is incubated with the antibody displaying phages. The
unbound phages are removed by wash steps, while those that bind to the antigen are
eluted by changing the binding conditions, and are then amplified in Escherichia coli
(E. coli) (figure 2). The selection procedure is repeated a number of times - two to five
cycles - for the enrichment of antigen-specific phages (Hammers and Stanley, 2014).
The final product is a mixture of binding ligands, referred to as “binders”, with different
binding affinities for the antigen of interest. The binders are then screened to select
for antibodies with high binding affinities for the antigen (Azzazy and Highsmith, 2002).
5

Figure 2: Bio-panning of phage display library. The process takes place in four steps: (1) The phage particles are allowed
to bind to the immobilized target antigen, (2) removal of the unbound phage by washing, (3) removal of the bound
phages to recover antigen- specific phage and (4) amplication of the phage particles in E. coli. The process is repeated a
number of times for the enrichment of antigen- specific phages

1.5 Bacteriophages
Bacteriophages, also known as phages, are viruses (strains M13, f1 and fd) that infect
a variety of Gram-negative bacteria (Azzazy and Highsmith, 2002). As depicted in
figure 3, the M13 bacteriophage consists of a circular single stranded DNA (ssDNA)
genome, which is coated by 2700 copies of the pVIII major coat protein. Apart from
the major coat protein, bacteriophages also consist of minor coat proteins that are
found on each end of the phage. One end has five copies each, of the pVII and pIX,
while the other end has five copies each, of the pIII and pVI minor coat proteins (Kehoe
and Kay, 2005).

6

Figure 3: Structural composition of the M13 Bacteriophage. The single- stranded DNA genome coated by the major coat
protein, pVIII. The ends of the virion are capped with minor coat proteins, while the pVI has its carboxy terminus exposed
on the surface of the phage, the other coat proteins expose their amino termini. Various peptides and proteins can be
fused to these termini, allowing them to be displayed on the surface of the phage (Kehoe and Kay, 2005).

The bacteriophages use f pili, found on the surface of the host, as receptors for
infection (Deng and Perham, 2002). Typically, infection begins when the pIII protein
attaches to the F pilus of E. coli. Upon binding to the pilus, the pilus retracts, pulling
the phage closer to the surface of the bacterium. Once contact between the bacterium
and phage has been established, the phage then binds to the E. coli membrane.
Binding then leads to the transfer of the phage genome into the host, followed by the
disassembly of the infecting phage and insertion of its coat proteins into the bacterial
membrane (Kehoe and Kay, 2005).
During infection the phage’s genome is converted to double stranded DNA (dsDNA),
which is said to be the replicative form (RF) of the phage, by bacterial enzymes and
the synthesis of phage proteins begins (Zinder and Horiuchi, 1985). As phage proteins
and ssDNA genomes accumulate within the infected bacterium, phage assembly
begins. The infected cells do not undergo lysis because the phage does not produce
a lytic infection (non-lytic), but instead the infected bacteria produce and secrete phage
particles. The infected host cells continue to grow and divide at half the rate of
uninfected bacteria (Carmen and Jermutus, 2002).
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1.6 Phage display systems
Phagemids are plasmids derived from Ff-phage-derived vectors and are used to
ensure that the fused polypeptide is displayed on the coat protein, (Sidhu et al., 2000).
They are known to carry the replication origin of plasmid, a selective marker and the
intergenic region (IG), which usually contains the packing sequence (Figure 4). The
phagemid also has a gene for the phage coat protein, restriction enzyme recognition
sites and a promoter and a DNA segment encoding a signal peptide. Each of these
components have a pivotal role in phage progeny assembly (Zinder and Horiuchi,
1985).

Figure 4: General components of a phagemid vector used for displaying foreign proteins on the filamentous

bacteriophage.

The replication origin of the plasmid makes it possible for the phagemid to replicate in
the host cells. Replication ensures high copy numbers of the RF phagemid, providing
enough template for the production of the fusion proteins. Following transcription and
translation of the fusion genes, their products are delivered to the inner membrane of
the host cells (Rasched and Oberer, 1986), the leader signal is removed and lastly the
proteins are folded (Qi et al., 2012). Even though the phagemid contains these
components it cannot complete assembly of progeny phage particles independently;
for complete assembly and conversion of the phagemid to filamentous phage particles,
co-infection with helper phage is required (Sidhu et al., 2000).
8

Once co-infected, the Ff phage replicative origin of the plus strand, found in the IG
region of the phagemid is activated (Sidhu et al., 2000). Since the helper phage has
its own origins of replication, it allows the replication proteins to act on the helper
phage, making sure the necessary proteins for phage assembly are made. The
packing sequence, located in the IG region of the phagemid, interacts with the
assembly complex. Mature progeny phages are formed after elongation and
termination, completing the phagemid cycle (Qi et al., 2012).

1.7 Types of phagemids
Depending on the type of coat protein used, phagemids can be divided into: type III,
type VI, type VII, type VIII or type IX (Qi et al., 2012). Type III and type VIII phagemids
are the most commonly used (Gao et al., 1999).
Type III and type VIII differ in the length of foreign peptides displayed, density or the
number of copies, of each foreign protein displayed. Type III phagemids are known to
accommodate larger foreign proteins compared to type VIII (Qi et al., 2012). This is
particularly due to the number of copies of the foreign protein displayed. Type III
phagemids are known to display larger proteins (Bazan et al., 2012).
Some phagemids are made so that they contain a protease cleavage site, which
allows for the preparation of soluble protein; an example of this would be the pSEX
vector that has a trypsin cleavage site inserted between the foreign gene and the coat
gene (Qi et al., 2012). Inclusion of the trypsin cleavage site in the phagemid, allows
for effective removal of the binding phages from the solid phase by incubation with
trypsin, during the bio-panning procedure (Qi et al., 2012).

1.8 Single chain variable region fragments (scFvs)
Antibody molecules contain discrete protein domains that can be separated by
protease digestion or can be produced by recombinant technology to form antigenbinding fragments; these are the fragment antigen binding (Fab) and fragment variable
(Fv) regions (Griffiths and Duncan, 1998). This study will focus mainly on single chain
variable region fragments (scFvs).
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ScFvs can be constructed by linking the variable heavy and light chains of full length
antibodies (Wang et al., 2006). The resulting antibody fragments contain an intact
binding site thus maintaining specificity and functionality. ScFvs are easy to work with
because they can be encoded by a single gene (Sheets et al., 1998) and expressed
as single-function polypeptide chains.

Figure 5: Antibody model showing the heavy and light chains linked by disulphide bonds to give a ‘Y’ structure. The variable
regions are found on the upper part of the antibody and contain the antigen binding site, in which the variable regions of the
heavy and light chains are used to form the recombinant scFv protein. The two fragments are linked by a flexible peptide linker.
Adapted from (Ahmad et al., 2012)

1.9 Applications of scFvs
ScFvs contain an antigen-binding site, allowing them to bind to a variety of antigens
such as haptens, proteins and whole pathogens. As a result, scFvs have been used
for a number of applications. They have been used to facilitate unique molecules to
target tissue in cancer treatment, radioimmunoimaging and radioimmunotherapy
(Sánchez et al., 1999).
Similar to full length antibodies (Emanuel et al., 2000), scFvs can be used i as
diagnostic reagents and for treatment purposes (Ahmad et al., 2012). Recombinant
antibody technology in combination with phage display technology provides a useful
alternative for the production of monoclonal and target specific scFvs (Emanuel et al.,
2000). The display of scFv antibodies on filamentous phage provides a method of
isolating highly specific scFvs that avoids animal immunization. The low costs, ease
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of manipulation and engineering the structure of the antibody fragments have made it
a promising technology (Okamoto et al., 2004).

1.10 Plants as expression systems
Research over the years has shown that a wide range of proteins can be efficiently
expressed in plants (Yusibov et al., 2014) – this process is referred to as molecular
farming or biopharming. The reason that expression of recombinant proteins in plants
has been a success is because of the conserved general eukaryotic protein synthesis
pathways between plants and animals (Schillberg et al., 2003), making plants well
suited for the folding and assembly of antibodies and antibody fragments.
Various plants have been used as hosts for the expression of recombinant proteins,
some of which include tobacco, Arabidopsis, cereal crops, legumes and fruit crops
(Schillberg et al., 2003). However, Nicotiana benthamiana has become a model plant
and the most widely used experimental host in plant virology, monoclonal antibody
(mAb) and vaccine production (Goodin et al., 2008). The reason for its wide use is that
it can be infected by a number of diverse plant viruses many of which cannot infect the
other most commonly used model plant, Arabidopsis thaliana. Genetic uniformity has
also contributed to the popular use of N. benthamiana minimizing plant effects on
protein expression, meaning that they can be used across laboratories (Goodin et al.,
2008) with minimal changes in protein expression.
An advantage to using plants for the expression of recombinant proteins is the capital
and running costs, which are much lower (Nandi et al., 2016)

compared to the

expression systems mentioned earlier (Vaquero et al., 1999). This is particularly due
to the fact that plants can be maintained and harvested using traditional unskilled
agricultural practices (Komarova et al., 2010). Lastly plant-based production systems
are highly scalable and safer, as they do not harbour mammalian pathogens (Chen
and Lai, 2015).
The conventional way of producing recombinant proteins in plants has been achieved
by creating stable, transgenic lines of plants. In this method the target transgene is
integrated into the plant genome, followed by the production of the recombinant protein
by the successive generations. However, the formation of stably transformed
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transgenic plants is a time-consuming process, which usually requires long waiting
periods before the expressed protein can be analysed. In contrast to transgenic protein
expression is transient protein expression (Vaquero et al., 1999). Transient expression
allows for quick protein analysis, as expression is only limited to the tissue that has
been infiltrated with the Agrobacterium suspension (Sainsbury et al., 2009). As a
result, protein can be produced in 3 to 7 days, as no chromosomal integration is
required.
Transient expression erases some of the concerns that usually come with transgenic
expression, some of which include the regulatory and public issues associated with
genetically modified organisms (Chen and Lai, 2015), often making transient
expression the preferred method over transgenic expression.
Transient expression can therefore be used as a cheaper, safe and rapid alternative
to transgenic expression. Transient expression of recombinant proteins in plants can
be achieved by agroinfiltration. Agroinfiltration uses Agrobacterium, a plant pathogen
which is adapted for transient expression due to the presence of a naturally occurring
plasmid, referred to as the Ti (tumour-inducing) plasmid. The Ti plasmid is able to
transfer part of the plasmid, the transfer DNA (T-DNA), into plant cells (Kapila et al.,
1997). The virulence (vir) genes carried by the Ti-plasmid are responsible for the
excision and transfer of the T-DNA into the host cells (Gelvin, 2003). The T-DNA is
then integrated into the plant genome along with the gene of interest. The transferred
T-DNA does not integrate into the host chromosome but is instead present in the
nucleus (Kapila et al., 1997), where it is transcribed resulting in the transient
expression of the protein of interest (Tzfira and Citovsky, 2006).
The leaves of plants can be infiltrated by syringe, in which the transgene- carrying
Agrobacterium in the infiltration medium is injected into the leaf using a syringe.
Syringe infiltration has been successfully used to infiltrate entire plants to produce
sufficient amounts of recombinant protein. Although this method provides good yields
of recombinant protein for characterization and functional studies, not all plants can
be infiltrated by syringe infiltration and its scalability is highly limited, which is an
important consideration for commercialization (Chen and Lai, 2015).
Vacuum infiltration has been proven to provide mutually transferable results to that of
syringe infiltration and can be used as an alternative to syringe infiltration. This method
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uses a vacuum chamber that can accommodate more than one plant at a time; in the
chamber the plants are submerged in an Agrobacterium suspension. A pump is then
used to generate a vacuum which exposes the leaves to a negative atmospheric
pressure, drawing air out of the interstitial spaces of the leaves. Once the vacuum is
released the Agrobacteria in the medium enter the intercellular spaces of the leaves.
Studies have been able to show that vacuum infiltration gives the same yields and
temporal expression patterns, for several recombinant proteins, compared to that of
syringe infiltration. This makes it a suitable and often preferred method for plant
infiltration (Rainer et al., 1999).

1.11 Plant-derived antibodies
Plants have been used to produce a number of antibodies and their derivatives
(Yusibov et al., 2016). Even though most of the antibodies produced in plants were
initially produced as a proof-of-concept, some plant-derived antibodies have made it
as far as clinical development. Avicidin and CaroRx are the first antibodies produced
from transgenic plants to have completed phase II clinical trials (Edgue et al., 2017).
Avicidin a full-length antibody which binds to a colorectal cancer marker demonstrated
efficacy in patients with advanced colon and prostate cancers. CaroRX a chimeric IgG/
IgA antibody has been used for dental hygiene as it binds to adhesin SA I/II produced
by Streptococcus mutans - a bacterium responsible for tooth decay in humans.
Another example of a plant derived antibody is that of ZMapp, which is expressed
transiently in plants for the treatment of those infected with Ebola virus. ZMapp, a
cocktail of three monoclonal antibodies, has been approved by the FDA for the
treatment of the Ebola disease (Edgue et al., 2017). Some plant-derived antibodies
have been found to be as functionally active as their mammalian counterparts
(Yusibov et al., 2016), meaning that plant-derived antibodies can be used like any
other antibody available commercially (Edgue et al., 2017)
The production of antibodies in plants addresses some of the challenges associated
with the traditional platforms of antibody-production, such as, safety, scalability and
cost (Edgue et al., 2017). In addition, plant-produced scFvs have been found to bind
antigens and to have (Bruyns et al., 1996) antigen-binding signals that are within the
same range as those of bacterially produced scFvs (Bruyns et al., 1996). The
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increasing use of antibodies and antibody fragments as research tools, for disease
prevention, diagnosis and therapy presents a need for increased production yields
(Wang et al., 2015). Some plant produced scFvs have been found to have yields that
accumulate to 1.3% of total soluble protein (TSP) (Wang et al., 2015). Moreover, yields
of plant produced scFvs can be increased by directing protein synthesis to certain
parts of the plants: the addition of an ER-targeting signal and a KDEL sequence are
known to enhance expression levels (Wang et al., 2015). The above validates even
further, the use of plants as an alternative system for the production of scFvs, and
provides a possible solution to increasing yields.

Project Objectives
The aim of this project was to biopan a naïve mouse phage display library for 3
different scFvs to determine whether this was a feasible method for selecting targeted
antibodies for use as reagents or diagnostics. The 3 different targets selected were
scFvs binding to rabbit IgG, human IgG and Shuni virus (SHUV) N protein.

The project focussed on the following objectives:
a) Biopanning of a naive mouse scFv phage display library to isolate scFvs against
rabbit and human IgG, as well as scFvs against the Shuni N virus protein.
b) Expression and purification of the isolated scFvs in Nicotiana benthamiana.
c) Testing the functionality of the scFvs against their respective antigens.
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Chapter 2
The isolation and selection of single-chain variable region fragments (scFvs)
against rabbit IgG and human IgG

2.1 Introduction
Immunoglobulins (Igs) are glycoproteins known as antibodies, that facilitate a number
of immune responses. They are grouped into five classes based on the sequence of
their heavy chain constant region, which produce IgM, IgD, IgG, IgE and IgA
antibodies (Lipman et al., 2005).
From the above mentioned classes the immunoglobulin G (IgG) fraction of serum is
the most commonly used in laboratories as a general anti-IgG secondary antibody,
because of its broad use in the detection of any IgG primary antibody (Manning et al.,
2012). These antibodies also, usually, have high affinities, which is useful when the
antigen to be detected is rare or present in low abundance (Janeway CA Jr).
The most common sources of antibodies are rabbits, sheep and goats due to their
size, ease of vascular access and nature of their immune response. Of these animals,
rabbits tend to be easy and the least expensive to house, making them the preferred
choice for the production of antibodies, for research purposes (F Manning et al., 2012).
This means that there is a constant need for anti-IgG sera and consequently a constant
need to immunize, bleed and eventually kill animals (Pleiner et al., 2018). Not only is
this costly but it also raises issues about ethics and problems associated with animal
welfare (Pritt and Hammer, 2017) (Pleiner et al., 2018). Furthermore, the use of animal
sera for the isolation of anti-IgG antibodies causes problems like batch to batch
variability. To minimise variability, extensive measures are often required such as
affinity purification and pre-adsorption for the depletion of non-specific and crossreacting antibodies (Pleiner et al., 2018) which are costly and time-consuming.
To add to this, the use of animals for antibody production does not always yield
antibodies with high affinities. This is most likely if the antigen is recognized as a selfantigen because of its highly conserved amino acid sequence (Negi and Braun, 2017).
The resulting antibodies are usually non-specific and have low affinities. This is often
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the case when mice are used for the production of antibodies against human proteins
(Kurosawa et al., 2012). To eliminate the possibility of human proteins being
recognized as self-antigens by the immune systems of mice, evolutionarily distant
animals from humans are needed (Lipman et al., 2005). This is often complicated and
difficult because animals other than rodents are not routinely used for the production
of antibodies and as a result have less established methods for their purification
(Kurosawa et al., 2012).
Currently most of the commercial antibodies used in research come from the use of
mammalian cell lines for hybridoma technology (Schillberg et al., 2003), which requires
the injection of mice with a specific antigen (Pandey, 2010). A drawback to using
mammalian cell lines is the high capital and maintenance costs they come with
(Schillberg et al., 2003). While the production of one MAb, using hybridoma
technology, costs between $8000 and $12000 (Pandey, 2010), up-scaling of
mammalian cell lines is also very limited (Schillberg et al., 2003). This presents a
pressing need for a more cost-effective alternative.
Single chain variable region fragments (scFvs) are similar to full length antibodies in
binding efficiency (Emanuel et al., 2000) and can be used in diagnostics as reagents
and for treatment purposes as therapeutics (Ahmad et al., 2012). The production of
scFvs in plants is a promising alternative to the use of mammalian cells. Not only have
scFvs been successfully synthesized in plants (Fiedler et al., 1997), they can be
expressed as single-function polypeptide chains, as they are encoded by a single gene
(Sheets et al., 1998). Plants offer a number of advantages, such as the fact that they
do not require complex culture media or sterility. Furthermore plants are considered
to be safe for the production of recombinant antibodies because contamination with
mammalian viruses or bacterial endotoxins is impossible (Fiedler et al., 1997)
This chapter describes the panning of a naïve mouse scFv phage display library with
rabbit and human IgG in order to identify and select potential scFvs. ScFvs against
these two different antigens were selected for, using the same naive library.
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2.2 Methods
2.2.1 scFv phage library
The naïve mouse library was previously constructed by Bruna Galvao in the
Biopharming Research Unit (Dept of Molecular and Cell Biology, UCT) as described
below.
Total RNA was extracted from spleens of non-immunized mice by Renate Lamprecht
(BRU, MCB). Total RNA was isolated using the RNAeasy kit (Qiagen) according to the
manufacturer’s instructions and first-strand cDNA was synthesized using the
QuantiTect Reverse Transcription kit (Qiagen) according to the manufacturer's
protocol. The VH and VL genes for the variable regions of the heavy and light chains
were amplified in separate PCR reactions using commercial primers (Progen) and
Phusion high fidelity PCR master mix with HF buffer (NEB, M0531S). The amplification
was carried out as follows: 1 step of denaturation (98°C for 30 s), 35 cycles (93°C, 10
s; 55, 30 s; 72°C, 30 s) and a final step (72°C, 7 min). The PCR products were then
purified using a QIAquick PCR Purification Kit. A second round of PCR was performed
to add specific restriction sites to the purified PCR product, NcoI and HindIII for VH and
NotI and MluI for VL. The amplification was carried out as follows: 1 step of
denaturation (98°C for 30 s), 35 cycles (93°C, 10 s; 60°C, 30 s; 72°C, 1 min) and a
final step (72°C, 7 min).
The amplified scFv products were digested with the appropriate restriction enzymes
and ligated into the similarly digested pSEX81 phagemid vector (Progen) so that the
heavy chain (NcoI and HindIII) was on the 5’ terminus and the light chain (NotI and
MluI) on the 3’ terminus.
2.2.2 Transformation and phage rescue of the pSEX81 library
The phage display library was transformed into chemically-competent Escherichia coli
TG1 cells and plated on 2xTY-amp plates (100 μg/ml ampicillin) containing 4% glucose
and incubated at 37 °C overnight.
The overnight culture was diluted 20x (1/20 dilution) with 2x TY broth substituted with
4% (v/v) glucose and 100ug/ml ampicillin (2x TY A/G). The culture was grown at 37
°C with shaking to a final OD600nm of 0.5. One hundred ml of the culture was
superinfected with 1ml of reconstituted M13KO7ΔPIII Hyperphage (PROGEN
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Biotechnik GmbH, Germany) and grown at 37 °C for 1 hour. Cells were collected by
centrifugation at 3300 x g for 15 minutes at 20 °C (Avanti J-251, Beckman Coulter,
USA). The pellet was resuspended in 2x TY media containing 100ug/ml ampicillin,
50ug/ml kanamycin and 0.1% (v/v) glucose and grown for 16-20 hours at 30 °C with
shaking.
The overnight culture was centrifuged at 3300x g for 10 minutes at 20 °C (Avanti J251, Beckman Coulter, USA) and the supernatant was kept for the subsequent steps.
The supernatant was further centrifuged for 10 minutes at 22095 x g at 20 °C. The
resulting supernatant was collected, and the pH adjusted to 4.2 with HCl according to
the method described by Dong et al., 2003. The supernatant was centrifuged for 10
minutes at 25931 x g at 20 °C to collect the phage particles. Following centrifugation,
the pellet was resuspended in PBS, pH 7.4.

2.2.3 Selection (‘biopanning’) of phage scFvs.
Immunotubes (Nunc) were coated with either rabbit IgG (Sigma-Aldrich, USA) or
human IgG (Sigma-Aldrich, USA) (15 μg/ml) in PBS, pH 7.4 overnight at 4°C. The
tubes were washed three times with PBS and then blocked with PBS supplemented
with 2% (w/v) BSA (BSAPBS) overnight at 4°C. They were washed twice with PBST
[PBS-0.1% (v/v) Tween-20] followed by 3 washes with PBS – this was repeated twice.
Phage particles were pre-incubated with PBS supplemented with 2% (w/v) BSA, 0.1%
(v/v) Tween-20 at room temperature for 30 minutes to remove BSA binders. Preincubated phages were then added to the immunotubes and allowed to bind at room
temperature for 30 minutes with continuous rotation. The immunotubes were then
allowed to stand for 90 minutes at room temperature. Unbound phages were removed
by washing the immunotubes ten times with PBST and ten times with PBS only. The
bound phages were then eluted by incubation with a trypsin solution (1ug/ml in 50mM
Tris pH8, 1mM CaCl2) at room temperature for 30 minutes with gentle agitation. The
eluted phage was used to infect log phase E. coli TG1 cells. A small amount of the
infected bacteria was used to titre the eluted phages by serial dilution. The remainder
was plated on 2xTY-amp/glucose and incubated at 37°C overnight. The following day
the colonies were scraped off the plate and resuspended in 2xTY-amp/glucose and
the process was repeated for two subsequent rounds of selection as described above.
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2.2.4 Screening for binders by phage enzyme-linked immunosorbent assay
(ELISA)
Individual colonies (88 per ELISA), from the TYE plates, were inoculated into 100ul
2xTY A/G in 96-well sterile tissue culture plates (Maxisorp, Nunc. Thermoscientific,
Denmark) and grown by shaking overnight at 37°C. Five µl of the overnight inocula
were transferred to a new plate containing 150ul of 2xTY AG per well and allowed to
grow by shaking for 2.5 hours at 37°C. Fifty ul 2xTY A/G substituted with 2x10 9 PFU
of M13KO7ΔPIII hyperphage (PROGEN Biotechnik GmbH, Germany), was added to
each well. Plates were allowed to stand for 30 minutes at 37°C, after which plates
were centrifuged (Hermle Z306, Lasec) at 600xg for 10 minutes. The pellets were
resuspended in 150ul 2xTY containing 100ug/ml ampicillin and 50ug/ml kanamycin.
Plates were incubated overnight with shaking at 30°C after which they were
centrifuged at 600xg for 10 minutes. One hundred ul of each supernatant containing
phage was pipetted into a new plate which was centrifuged further. Fifty ul of the final
supernatant was kept for the ELISA.
An ELISA was performed by coating 96 well plates with 50ng/ul antigen (rabbit IgG or
human IgG) overnight at 4°C. The plates were blocked with 300ul per well of 3%
BSAPBS for 2 hours at RT. Potential phage binders (soluble scFvs) in the
supernatants were mixed with 50ul 6% BSAPBS and incubated for 1 hour at room
temperature to allow for binding to the antigen-coated wells. Unbound binders were
removed by washing with PBS supplemented with 0.1% Tween 20. For detection of
binders, plates were probed with an anti-Fd phage polyclonal antibody (1:5000)
produced in rabbits or mice (Sigma-Aldrich, USA), depending on whether the antigen
was human or rabbit IgG, respectively, for 1 hour at 37°C with shaking. Plates were
incubated for 1 hour, at 37°C with shaking with an anti-rabbit AP (Sigma-Aldrich, USA)
conjugated antibody (1:5000), followed by the addition of 200ul/well of pNPP substrate
(Sigma-Aldrich, USA) to detect binding. The plate was incubated in the dark for 30
minutes at RT. The absorbance readings of the samples were measured using a multiwell plate reader at 405nm. Plates were washed 3x with PBST in between the
incubation steps.
Rabbit or human IgG binders were expected to bind to the rabbit or human IgG used
as antigen, and when wells were probed with mouse anti-Fd, followed by detection
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with anti-mouse AP conjugate, a signal would be detected. To determine the specificity
of the isolated binders, a PBS control was included, in which the wells of the ELISA
plate were coated with the appropriate antigen (human or rabbit IgG). Coated wells
were then probed with a PBS buffer. Following incubation with both the primary and
secondary antibodies, absorbance readings were measured at 405nm after the
addition of substrate.. The second negative control ( the no-coat control) was used to
test the specificity of the antibodies used. In this case, the wells of the ELISA plate
were not coated with antigen, probed with binders, incubated with both primary and
secondary antibodies, and absorbance readings measured at 405nm after addition of
substrate. (table 1).
Table 1: Negative controls used and contents in each control.
Control

Purpose

PBS
control

To
determine
specificity of
binders
No
coat To
control
determine
specificity of
antibodies

Human/rabbit Potential
Mouse anti- Anti-mouse AP
IgG
coating human/
Fd antibody antibody
antigen
rabbit IgG
scFv
binders
√

√

√

√

√

√

Raw sample values were normalized by subtracting the no-coat control absorbance
values and A405nm readings were displayed on a bar graph. Binders with
absorbance readings that were double that of the no-coat control, after
normalization, were considered to be high binders.
2.2.5 Phage dot blot
Twenty five randomly selected colonies from the second round of biopanning were
grown in 2X TY A/G media cultures and grown overnight at 37°C with shaking. One
ml of each of the overnight cultures was diluted into 9 ml of 2xTY media (1/10 dilution)
and grown at 37°C with shaking until OD600nm reached 0.5. The cultures were
superinfected with 100µl of M13KO7ΔPIII hyperphage (PROGEN Biotechnik GmbH,
Germany) and allowed to stand at 37°C for 30 minutes. The culture was centrifuged
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at 3300xg for 15 minutes at 20°C (Avanti J-251, Beckman Coulter, USA). The pellet
was re-suspended in 10ml 2xTY media supplemented with 100 µg/ml ampicillin and
50 µg/ml kanamycin and grown overnight with shaking at 30°C. Cultures were then
centrifuged at 3300xg for 10 minutes at 20°C and 1 ml of the supernatants containing
the phages was used for dot blotting.
Twenty two mg/ml of rabbit IgG was spotted onto a small piece (1x1cm) of
nitrocellulose membrane (PALL, life Sciences, Mexico); a different piece was used for
each colony tested. Once the spots had dried, the membranes were blocked with 3%
(w/v) BSA in PBS for 30 minutes at room temperature. The previously purified phage
particles (were added to wells and mixed with 6% (w/v) BSA in PBS. Each membrane
was incubated with the corresponding phage/PBS mixture for 1 h at room temperature.
Membranes were washed three times for 15 minutes each, after each incubation step.
The primary antibody (mouse anti-Fd) was diluted to 1:2000 (Sigma-Aldrich, USA) with
blocking buffer and the membranes incubated with primary antibody for another hour
at 37°C. Following the wash steps the membrane was incubated with the secondary
antibody (anti-mouse AP) diluted to 1:5000 (Sigma-Aldrich) for one hour at 37°C.
Lastly the membranes were washed with PBST and the developing substrate (BCIP)
(KPL, USA) was added and membranes allowed to develop for 1 h, after which the
reaction was stopped by addition of water.

2.2.6 Phage western blotting
Phage rescue was performed as described above in section 2.2.4. Five ml of the
supernatant from phage rescue was mixed with 5ml of 4% BSAPBS/0.2% Tween 20,
to be used for the western blot.
Protein (human IgG or rabbit IgG) (Sigma-Aldrich, USA) samples were boiled at 95°C
in 1.5ml Eppendorf tubes with 1x sample buffer for 15 minutes to denature the protein.
Twenty five ul of the protein samples was loaded onto a 10% polyacrylamide gel and
proteins separated by SDS-PAGE (Laemmli, 1970) at 120V (Bio-Rad PowerPac). The
protein was transferred onto a nitrocellulose membrane (PALL, life Sciences, Mexico)
at 15V for 1 hour and 15 minutes. Following transfer the membrane was placed in
blocking buffer (3%BSAPBS/0.1% Tween 20) overnight at 4°C on an orbital shaker.
The membrane was incubated with phage sample, previously prepared, at room
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temperature for 1 hour. The membrane was washed with blocking buffer 3x for 15
minutes between each incubation step. The membrane was probed with rabbit anti-fd
primary antibody (Sigma- Aldrich, USA) in blocking buffer for 1 hour at 37°C washed
and protein was detected with anti-rabbit AP (Sigma-Aldrich, USA) secondary antibody
in blocking buffer at 37°C for 1 hour. For protein visualization the membrane was
developed with BCIP substrate (KPL, USA).

2.2.7 PCR of binders from the first and second round of biopanning
Colonies were randomly selected from the plates obtained from the first and second
rounds of biopanning. Phagemids were amplified from colonies in reactions containing
Taq DNA polymerase master mix red (Ampliqon, Denmark) and forward pIII and
reverse ColE1 primers (Table 1). The PCR conditions were as follows: Initial
denaturation 95°C for 3 minutes, followed by thirty cycles of denaturation at 95°C for
30 seconds, annealing at 50°C for 30 seconds, elongation at 72°C for two minutes and
a final elongation step was carried out at 72°C for one minute and thirty seconds. The
reaction was repeated for thirty cycles using a 2720 Thermal Cycler (Life
technologies). Amplified samples were separated by electrophoresis on a 0.8% w/v
TBE (89 mM Tris base, 89 mM boric acid and 2 mM EDTA [pH 8]) agarose gel. To
visualize the DNA ethidium bromide at a concentration of 0.5 mg/mL was added and
the gel viewed under short wavelength ultraviolet (UV) illumination (Omega Flour,
Aplegen). O’GeneRuler™1kb DNA ladder #SM1163 (Thermo Fisher Scientific, MA,
USA) was used to determine the DNA fragment sizes.

Table 2: Primers used for amplification of pSEX81 phagemids

Primer

Sequence (5’ to 3’)

Orientation

ColE1

GGAAGAGCGCCCAATACG

forward

pIII

CATTCCACAGACAGCCCTC Reverse
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2.2.8 Adsorption of non-specific antibodies from anti-mouse AP
Human IgG (Sigma- Aldrich, USA product # I8640), (100ug/ml), was bound to
nitrocellulose membrane (PALL, life Sciences, Mexico) and incubated overnight with
shaking at 4 °C.

The membrane was then washed three times for 15 min each with BSA PBST by
shaking at room temperature. Following the wash steps the nitrocellulose membrane
was incubated with the anti- mouse AP (Sigma- Aldrich) conjugated antibody at a
1:5000 dilution for 2 hours after which the antibody was poured off and retained for
use as the secondary antibody for the phage western blot.

2.3 Results
2.3.1.1 Biopanning with rabbit IgG
To isolate phages presenting scFvs on their outer coat which bound to rabbit IgG (from
here on referred to as rabbit IgG binders) from the library, two rounds of biopanning
were carried out in which binders isolated in the first round were carried over to the
second round. In doing this the weaker binders were removed while those binding
strongly to the rabbit IgG were retained. The titration of binders onto selection plates
ensured that colonies were separated thus making it easier to calculate the colony
forming units (CFU) from each round of biopanning. The first and second rounds of
biopanning resulted in 3.3 x 105 CFU and 3.63 x 107 CFU, respectively. Individual
colonies were randomly picked from the 5 titration plates, selecting 10 colonies from
each plate so as to get a true representation of all the binders and these were streaked
onto master plates, this was done for each round of biopanning. Colonies from the
master plates were used for the colony PCR, phage ELISA, phage western blotting
and phage dot blot. Binders were selected from both the first and second round of
biopanning to check the distribution of full and partial length scFvs by colony PCR.
Colonies from the second round of biopanning were selected for the phage ELISA,
phage dot blot and phage western blotting.
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2.3.1.2 Colony PCR of rabbit IgG binders.
An important and valuable feature of phage display libraries is the phenotypegenotype linkage allowing for the determination of the amino acid sequence encoding
the scFv. In addition, the establishment of pSEX81 phagemids in colonies confirmed
that selective binding took place during biopanning. Amplification of 62 selected
colonies, with vector specific pIII and ColE primers confirmed the presence of the
recombinant pSEX81 phagemid in each colony.

A

B

Figure 1:Colony PCR of binders. 0.8% agarose gel of randomly selected colonies from first (A) and second (B) rounds of biopanning.
ColE and pIII primers were used for the amplification of the pSEX81 phagemid. Each lane is representative of a different colony.
Negative control is a no DNA template control, while the positive control contains DNA of a known full length scFv.
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Amplification products separated on an agarose gel are shown in figure 1. Products
varied in size depending on whether partial scFvs (light or heavy chain only) or full
length scFvs were amplified. Forty colonies from the first round (fig 1A) of biopanning
and 22 colonies from the second round (fig 1B) of biopanning were randomly selected.
A band size of ~1000bp represented a full length scFv, and a band size of 750 bp
represented either the heavy or light chains only. In the first round, 6 colonies
contained full length scFvs and 21 in the second round. In the first round 29 out of 40
colonies containing partial scFvs were detected while only 1 partial scFv out of 20
tested was detected after the second round of biopanning. The negative control had
no DNA template and the positive control contained scFv DNA of ~1000bp in length
as expected.

2.3.1.3 Screening for rabbit IgG binders by phage ELISA
Having established by colony PCR that colonies from the library contained potential
scFvs I screened randomly selected colonies for their ability to bind to rabbit IgG
protein by doing phage ELISA. To characterise or verify binding of potential binders to
the specific rabbit IgG antigen a phage ELISA was performed by coating the wells with
rabbit IgG and adding isolated phages from individual clones. This was determined by
the extent of binding of alkaline-phosphatase-labelled secondary antibody which was
determined by the extent of absorbance measured at 405 nm on the addition of the
pNPP substrate. For each ELISA a total of 88 colonies were tested. Absorbance
values were similar to the control readings (0.145), suggesting that selected colonies
did not contain binders of high avidity. A further different 88 colonies were similarly
screened by ELISA. None of the ELISAs had high A405nm readings, with values ranging
from 0.141 to 0.627 before normalisation, and so ELISAs were repeated, selecting
different colonies to those previously selected, so as to increase the chances of finding
high affinity binders. The ELISA that gave the highest readings after normalisation was
used. Figure 2 shows the A405nm readings for 88 of the clones tested, which ranged
from -0.04275 to 0.11025. However, these were as low as the negative control (0.145)
and subtracting the negative control resulted in negative values for 44 of the selected
colonies. Only clone #170 had an absorbance reading greater than 0.1. From the
phage ELISA it seemed like none of the binders bound to the rabbit IgG. As it was
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previously determined that biopanning was successful in yielding clones containing
scFv insert in section 2.3.1.2, minimal binding could have been caused by a number
of reasons such as the quality of the rabbit IgG, the manner in which the rabbit IgG
bound to the ELISA plates causing a change in its structure and thus affecting binding
of the binders. Another possibility could have been that none of the binders recognized
the rabbit IgG. To further investigate the lack of successful binding using ELISA, I
tested binding in phage dot blots and western blots.
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Figure 2: Rabbit IgG binders. Recognition of rabbit IgG by 88 phage clones by ELISA. The bar graph represents normalized A 405nm readings plotted against the clone number. A405nm readings
were normalized to the no antigen control. Wells were coated with rabbit IgG in PBS, pH 7.4, while the no antigen control was coated with PBS only. Following blocking wells were incubated
with the respective clones, probed with anti-M13 (1:1000) and detected with anti- mouse AP (1: 5000).
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2.3.1.4 Screening for rabbit IgG binders by phage dot blots
It is known that during the adsorption of an antigen to the wells of an ELISA plate the
three-dimensional structure of the antigen may be altered, which may affect binding
ability of the antibodies to the antigen (Choe et al., 2016). To determine whether the
lack of detection of binding in the phage ELISA may have been due to this, a phage
dot blot was done on a new set of potential binders in order to increase the chances
of identifying any potential binders within the library. This method relies on the antigen
remaining in its native form. Phage supernatants of 23 new potential binders were
added to nitrocellulose dotted with bound rabbit IgG to determine whether any binding
could be detected by the appearance of dark purple dots after the addition of the
appropriate substrate, signalling binding. Compared to the negative controls (rabbit
IgG incubated with primary and secondary antibodies only and PBS only), all the
binders tested showed purple dots, with those indicated with red arrows (phage clones
47,56 and 61) being darker and qualitatively suggesting binding of higher affinity,
(figure 3). These were subsequently selected and used in a phage western blot.

Figure 3: Screening for rabbit IgG binders. Dot blot showing binding affinities of selected phage clones to rabbit IgG. Rabbit IgG was
spotted onto nitrocellulose membrane and incubated with the respective binders, probed with primary mouse anti-Fd (1: 2000) and
detected with anti-rabbit AP conjugate (1:5000). The first negative control was rabbit IgG incubated with primary and secondary
antibodies, without incubation with binders. Second control is a PBS control. Membranes were developed with BCIP. The red arrows
are binders that gave dark dots and were further used as primary antibodies for the phage western blot in section 2.3.1.5.
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2.3.1.5 Binding to denatured rabbit IgG in phage western blot
It was a consideration that the phage clones may not have bound with high affinity to
rabbit IgG as it could have been denatured when it was used for biopanning. To
determine whether this may have been the case, the three clones (47,56 and 61)
showing an affinity towards rabbit IgG, were selected for testing binding ability to
denatured rabbit IgG on a subsequent phage western blot generated from a
denaturing SDS-polyacrylamide gel. However, none of the 3 selected binders were
able to detect denatured rabbit IgG on the western blot when they were used as a
primary antibody (figure 4). A positive control, which consisted of denatured rabbit IgG
detected with a rabbit AP- conjugated antibody was included. This positive control was
included to indicate the expected band sizes of rabbit IgG antibody. Band sizes of
50kDa (heavy chain) and 25kDa (light chain) were observed for the positive control as
expected. No bands were observed for the phage clones tested indicating that they
did not bind to the denatured rabbit IgG.

A

B

Figure 4: Phage western blot. A) previously selected rabbit IgG binders; 47, 61, 56 used as antibodies, to test their ability to bind to
denatured rabbit IgG. Rabbit IgG, labelled as rIgG, was separated by SDS- PAGE. Incubated with the respective binders, probed with
anti-Fd (1: 2000) and detected with anti-mouse AP conjugate (1:5000). A PBS only lane was included as a control. The negative control
was rabbit IgG incubated with PBS and detected with the same antibodies. B) Positive control: rabbit IgG separated by SDS- PAGE and
detected with anti- rabbit AP (1:5000). Membranes were developed with BCIP.
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2.3.1.6 The effect of testing binding to purified rabbit IgG
It was subsequently reasoned that a possible explanation for the lack of high binders
was thought to be the use of unpurified rabbit serum as the source of rabbit IgG antigen
for biopanning, as opposed to purified commercial rabbit IgG. To test this, I did a phage
ELISA using commercial rabbit IgG (Cat # I5006, Sigma- Aldrich, USA) as the coating
antigen (results not shown); however the negative controls showed unexpected results
in that the anti-mouse AP antibody was found to bind to rabbit IgG. To verify these
results a dot blot was done. Commercial rabbit IgG was dotted on the nitrocellulose
membrane and detected with secondary anti- mouse AP conjugate; a purple dot was
observed after the addition of the BCIP substrate. It was concluded that these results
may have been caused by cross-reactivity between the secondary anti-mouse AP
conjugate and the commercial rabbit IgG. This meant that the commercial rabbit IgG
could not be used as it would give false positive results.
The dot blot in figure 5 confirms cross reaction. When rabbit IgG was dotted on the
nitrocellulose membrane and detected with either the anti-mouse AP conjugate only
(Fig 5B) or detected with both primary and secondary antibodies (Fig 5C) a purple dot
was observed. While there was no purple dot when rabbit IgG was detected with the
primary anti-Fd antibody (Fig 5A) and for the negative control (Fig 5D), which was
PBS incubated with both primary and secondary antibodies. A darker dot was
observed when rabbit IgG was detected with anti-rabbit AP, which served as the
positive control (Fig 5E).

Figure 5 Cross reactivity of commercial rabbit IgG: 2ul of commercial rabbit IgG placed on nitrocellulose membrane and
probed with A) primary mouse produced anti- Fd antibody (1:1000), B) secondary anti- mouse AP antibody (1: 5000), C)
both primary and secondary antibodies and D) 2ul of PBS buffer (negative control) placed on the nitrocellulose membrane
and probed with primary and secondary antibodies. E) positive control, rabbit IgG detected with anti-rabbit AP
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2.3.2 Human IgG
Since the cross-reactivity between the secondary anti-mouse AP conjugate and the
commercial rabbit IgG yielded a flaw in the design for isolating rabbit IgG binders, it
was decided to look at panning the mouse library with human IgG instead.

2.3.2.1 Biopanning with human IgG
The same selection procedure used in section 2.3.1.1 was followed. The CFU was
calculated to be 3x105 and 6x105 CFU for the first and second round, respectively.

2.3.2.2 Screening for human IgG binders by phage ELISA
In an effort to identify human IgG binders isolated by panning the mouse library with
human IgG, a phage ELISA was carried out on 88 phages.
When human IgG binders were used to detect human IgG. Wells of the ELISA plate
coated with human IgG and incubated with the anti-Fd antibody, and anti-rabbit AP
conjugate a signal was expected upon the addition of the pNPP substrate. Absorbance
readings at 405nm were expected to be high as an indication of binding. The
unnormalized absorbance readings obtained were higher than 2, however after
subtracting the background noise negative values were obtained. Results are shown
in figure 6. Observation of one of the negative controls - wells coated with human IgG
and detected with the appropriate primary (rabbit anti-Fd) and secondary (goat antirabbit-AP) antibodies without addition of human IgG binders – had high absorbance
readings. Even though most of the values in the graph were negative, 20 of the clones
selected displayed binding and gave positive readings after subtracting the
background noise resulting in values ranging from 0.021 to 0.396. Although from the
raw sample readings it seemed that there was binding of the human IgG binders to
the human IgG it was also clear that there was non-specific binding of either the
primary or secondary antibody to human IgG.
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Figure 6: Phage ELISA for the screening of human IgG binders. Bar graph showing normalized A4005nm readings plotted against the clone number. A total of 88 colonies were screened. A 405nm
readings were normalized by subtracting the background noise from the raw values. Wells were coated with human IgG in PBS, pH 7.4, while the no antigen control was coated with PBS only.
Following blocking wells were incubated with the respective binders, probed with rabbit produced anti-Fd (1: 2000) and detected with anti- rabbit AP. NPP was used for colour development
and absorbance readings measured at A405nm.
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2.3.2.3 Detection of human IgG with rabbit anti- Fd and anti- rabbit AP conjugate.
The possibility of non-specific binding observed in the phage ELISA needed to be
confirmed before I could confidently select the binders that gave positive readings.

A

dot blot was subsequently carried out to determine whether human IgG binders were
truly binding to the human IgG and to pinpoint which of the antibodies was binding
non-specifically to the human IgG. Phage supernatants of 23 new potential binders
were added to nitrocellulose dotted with human IgG. Binding was indicated by purple
dots on the nitrocellulose membrane, when membranes were incubated with the
respective binders, detected with the appropriate antibodies and after the addition of
BCIP. Purple dots were seen for all the samples (clones 145 – 166) in Figure 7, with
varying colour intensities suggesting different affinities for the human IgG antigen.
However, the same negative control which gave high readings in the phage ELISA,
gave a purple dot as well. No binding occurred when PBS was dotted on the
nitrocellulose membrane, detected with a human IgG binder and incubated with the
appropriate antibodies. This confirmed that the false positive result observed in the
previous phage ELISA was indeed caused by non-specific binding of the anti-Fd and
anti-rabbit AP antibody to human IgG, as I had suspected. Despite this, the binders
which showed darker dots, clones 149, 154 and 156 (shown with the red arrows in
figure 7), were selected and used in a phage western blot as primary antibodies to
check if they would still bind to denatured human IgG.

Figure 7: Screening for human IgG binders. Dot blot showing binding affinities of human Ig binders to human IgG when
nitrocellulose membrane was coated with 2ul of human IgG, probed with primary mouse anti-Fd (1: 2000) and detected with
anti-rabbit AP conjugate ( 1:5000). Membranes were developed with BCIP. The red arrows indicate binders that gave dark dots
and were further used as primary antibodies for the phage western blot in section 2.3.2.4
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2.3.2.4 Detection of denatured human IgG with potential human IgG binders
The phage western blot was done to determine if the 3 binders selected in section
2.3.2.3 would bind to denatured human IgG and possibly reduce the chances of
incorrectly selecting binders that were not actually binding to human IgG but were
giving a signal due to non-specific binding in the phage ELISA. The phage western
blot also served to determine whether the primary and secondary antibody would still
be able to recognize and bind to denatured human IgG. Figure 8 shows the detection
of denatured human IgG when membranes were probed with human IgG binders 149,
154 and 156, and detected accordingly. Bands representative of the heavy and light
chains were observed. These were also observed for the negative control, labelled as
hIgG in figure 7- denatured human IgG detected with both primary and secondary
antibodies. When lanes were loaded with PBS and probed with a binder- clone 156 no
bands were detected as expected.

Figure 8 Screening for human IgG binders 149,154 and 156: Phage western blot, showing ability of strong human IgG binders to
bind to denatured human IgG. The nitrocellulose membrane was probed with primary mouse anti-Fd (1: 2000) and detected with
anti-mouse AP conjugate (1:5000). Membranes were developed with BCIP. Negative controls included

Due to the cross reactivity seen in sections 2.3.1 and 2.3.2 and failure to eliminate it,
it was decided that human IgG and rabbit IgG could not be used as antigens for
biopanning, as selection of potential binders would be very difficult to discern and
trying to solve the unexpected problem would be a challenge beyond the aims of the
project.
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2.4 Discussion
The isolation of antibodies and antibody fragments(scFvs) from phage display libraries
could potentially provide an alternative method for the production of antibodies, for
research purposes (Emanuel et al., 2000) .
Anti-rabbit IgG and anti-human IgG antibodies have been used as reagents in
immunoassays (Pleiner et al., 2018). Thus isolating anti-rabbit and anti-human IgG
scFvs from a mouse scFv phage display library may result in the rapid production of
these antibody fragments (Moutel et al., 2016) (Emanuel et al., 2000).
One of the aims for the research described in this chapter was to isolate anti-rabbit
IgG scFvs from a mouse scFv phage display library. When the source of rabbit IgG
used for biopanning was rabbit serum, previously purified in our lab, no high affinity
binders were identified as absorbance readings were similar to background controls
suggesting poor binding affinities, meaning that no or very weak binding between the
rabbit IgG binders and rabbit IgG occurred. This could have been due to the quality or
purity of the rabbit IgG used for biopanning affected by long term storage (BergmannLeitner et al., 2008).
It is known that immunoglobulin purification methods can impact the quality and yield
of antigen-specific antibodies (Gautam and Loh, 2011). Very little information is
available on how the integrity and functional activity of antibodies is affected by various
purification methods (Bergmann-Leitner et al., 2008). However, it is still important to
take these into consideration as some methods are known to have negative effects,
which lead to a decrease in immunoreactivity and distortion of the antibodies involved.
This in turn influences any downstream uses of the purified antibodies (BergmannLeitner et al., 2008).
A study was carried out by Bergmann-Leitner et al (Bergmann-Leitner et al., 2008) to
evaluate immunoglobulin purification methods on the quality of antibodies. The results
showed that when four frequently used Ig purification methods; protein G sepharose,
protein A/G sepharose, polyethylene glycol and caprylic acid- ammonium sulphate
precipitation, were used there were qualitative and quantitative differences between
the methods. Furthermore, the method and length of storage may also affect antibody
quality (Bergmann-Leitner et al., 2008). Incorrect storage for lengthy periods may lead
to protein degradation. The smear seen in the positive control lane of figure 4, may be
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a result of protein degradation and a possible reason for the isolation of low affinity
binders.
To obtain high affinity rabbit IgG binders commercial rabbit IgG was used for
biopanning. Unfortunately, I was not able to identify strong affinity binders due to cross
reactivity between the secondary anti-mouse AP conjugate and rabbit IgG, even
though the antibody was raised against mouse IgG (Figure 5). It is important to note
that the sequences of many mammalian IgGs are highly homologous (Breiteneder and
Mills, 2006) and as a result an antibody against mouse IgG can potentially recognize
IgGs of other mammalian species. Secondly the goat produced anti-mouse AP
antibody was polyclonal and may have recognised rabbit IgG (Lipman et al., 2005)
increasing the potential for recognition of other epitopes such as those of rabbit IgG.
To confirm whether the rabbit IgG on the ELISA plates may be affecting binding, a dot
blot was done. It was reasoned that the use of a phage dot blot (section 2.3.1.6) as a
second method to identify rabbit IgG binders may have been advantageous as this
method relies on maintaining the rabbit IgG in its native form. It was hoped that this
would increase the affinity of the binders for the rabbit IgG. While the phage ELISA
was a more sensitive method for the identification of high affinity rabbit IgG binders, it
is thought that adsorption of the rabbit IgG to the wells of the ELISA plate may have
caused conformational changes resulting in a change in the recognition sites of the
rabbit IgG (Makaraviciute and Ramanaviciene, 2013). This is due to the asymmetrical
structure of antibodies, meaning that their recognition sites can take different positions
in space following immobilization, ultimately leading to hindered interactions
(Makaraviciute and Ramanaviciene, 2013).
In this way I was able to see that there was some affinity for the rabbit IgG by the antirabbit IgG binders, as seen by the light purple dots in figure 3. I selected three of these
binders (clones 47,56 and 61) to be used as detecting antibodies in a phage western
blot. Although these were not able to detect the denatured rabbit IgG it is to be noted
that during biopanning the rabbit IgG was in its native form and thus binders isolated
from the library are most likely to recognize rabbit IgG in the native form only (Moutel
et al., 2016), which makes the phage ELISA a more suitable method for screening.
An important aspect of phage display libraries is determining the amino acid sequence
of the binding scFvs (Okamoto et al., 2004). This was achieved by PCR amplification
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of randomly picked single scFv colonies using the pIII and ColE primers (Okamoto et
al., 2004). This confirmed that phage library transformation and biopanning were a
success as the scFv genes in the phagemid vector were found in the selected colonies
(Sidhu et al., 2000).
Anti-human IgG binders were isolated from the mouse scFv phage display library;
however the identification of high affinity binders was difficult as there was crossreaction between the secondary anti-mouse AP and anti-rabbit AP conjugates. Much
like the cross-reactivity observed in section 2.3.1.1, this could be due to sequence
homology between human IgG, rabbit IgG and mouse IgG (Breiteneder and Mills,
2006). When Lemass et al (Lemass et.al), did a study to validated rabbit anti-IgY and
goat anti-rabbit IgG AP antibodies using a protein array consisting of human proteins.
They found that probing the protein arrays with the rabbit anti-IgY antibody and goat
anti-rabbit IgG AP antibody, in the absence of chicken serum, resulted in non- specific
binding to 61 distinct human proteins. When they investigated sequence similarities
between the human proteins and immunogens used for production of the antibodies,
using BLAST and in silico sequence analysis results revealed that these proteins
belonged to the immunoglobulin class of proteins. With the highest sequence similarity
coming from the Ig heavy variable and constant chains. Meaning that there was
sequence homology between the human immunoglobulin proteins and the
immunogens (Lemass et al., 2017). This possibly explains the cross- reactivity of the
secondary antibodies to both commercial rabbit IgG and human IgG.
To conclude, rabbit IgG and human IgG binders were isolated from the mouse scFv
phage display library. Although no high binders were identified due to difficulties
presented by cross-reactivity of the antibodies to rabbit and human IgG. It was
concluded that the experimental design was flawed as a result of cross-reaction
between control reagents and as a result I did not proceed to determining the nucleic
acid sequences of the selected binders. To eliminate cross-reactivity it was decided
that a plant produced protein would be used for biopanning, as the problem did not lie
with the technique itself as proven by the PCR and phage dot blots.
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Chapter 3
Expression of the Shuni virus (SHUV) N protein in Nicotiana benthamiana and
the isolation of SHUV N scFvs from a naïve mouse phage display library.

3.1 Introduction
The Shuni virus (SHUV) belongs to the Simbu serogroup of the genus
Orthobunyavirus, family Bunyaviridae (van Eeden et al., 2014a). The genome of
viruses of the genus Orthobunyavirus consists of three single-stranded, negativesense RNA segments designated as small (S), medium (M) and the large (L) RNA
segments based on their size. The S RNA segment encodes the nucleocapsid protein
(N) and non-structural protein (NSs), the M RNA segment encodes the two surface
glycoproteins (Gn and Gc) and the other non-structural protein (NSm) and the L RNA
segment encodes the RNA dependent RNA polymerase (L). The Gc protein is the
larger glycoprotein present on the surface of viral particles and is recognized by
neutralizing antibodies (figure 1).

Figure 6 Schematic representation of a generic bunyavirus virus particle. The bunyavirus virion has a diameter of 80 to 120
nm. The three RNA segments (S, M and L) associate with the L polymerase and the N nucleoprotein to form RNP.
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The nucleocapsid (N) protein is said to be a multifunctional protein. It encapsidates
genome and antigenome RNA that forms part of the biologically active structure,
called the viral ribonucleoprotein (Golender et al., 2016),

which then forms the

template for viral transcription and translation. It consists of 233 amino acids and is
highly conserved amongst members of the genus Orthobunyavirus (van Eeden et al.,
2014a). The conserved regions of the N protein are thought to be critical for its
functioning (Eifan and Elliott, 2009).
Viruses from the Simbu group are known to cause abortion, stillbirth and congenital
abnormalities in ruminants during a critical period in pregnancy (Golender et al., 2016)
and for such reasons are of great importance in both public and veterinary health (van
Eeden et al., 2014a). Unfortunately, very little is known about the SHUV.
SHUV was first isolated from a cow in Nigeria, in 1966 (Van Eeden et al., 2014b).
Following its first discovery it was later detected in mosquitoes, healthy cattle and from
a goat (Golender et al., 2016). In South Africa, highly pathogenic strains of SHUV have
been identified in the brains of horses with severe neurological disease which has led
scientists to believe that it may have a role in causing neurological disease.
Although there is very little information about human infection with SHUV, it has been
isolated from a febrile child in Nigeria and antibodies against SHUV have been found
in veterinarians in South Africa (Golender et al., 2016), suggesting a potential zoonotic
problem (Golender et al., 2015).
With the above-mentioned problems and a possible spread of the virus from subSaharan Africa (Golender et al., 2015), diagnosis and understanding its role in causing
neurological diseases is of crucial importance. The presence of the SHUV N protein
in serum is a very suitable indicator of SHUV infection and a diagnostic indirect ELISA
set up to do this is an obvious method for screening sera from potentially infected
individuals for the presence of SHUV N. For such an ELISA to be functional, a SHUV
N-specific binding antibody would be required for detection.
Previously the virus has been detected in sera by nested PCR. The detection of the
SHUV by nested PCR is effective but not a practical method as diagnosis needs to be
confirmed by obtaining the nucleic acid sequences of the amplicons, which in turn
increases the turnaround time for the results (Van Eeden et al., 2014b). For detection
and diagnosis of SHUV, laboratories need a sensitive, rapid and effective method, and
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an ELISA using N-specific antibodies would be a suitable solution for this, as it is for
bunyaviruses such as Crimean-Congo haemorrhagic fever virus (Atkinson et al.,
2016)and Rift Valley fever virus (Mbewana et al., 2018) . A supply of antibodies would
however require the establishment of hybridomas or purification after isolation from
infected animals, both methods of which have high biosafety level requirements and
are costly. A potentially feasible and less costly approach would be to substitute
antibodies with N-specific recombinantly-produced single chain variable fragments
(scFvs).
This section of work focuses on the production of scFvs against the SHUV N protein
in plants, which will be referred to as scFv-N throughout the chapter, and testing of
their functionality in an ELISA using purified plant-produced SHUV N protein as a
coating antigen. Recombinant SHUV N protein produced in plants was used to pan a
naive mouse scFv phage display library, for the isolation of SHUV N-specific binding
scFvs. DNA sequences encoding putative scFvs to the SHUV N protein were cloned
into a plant expression vector, the scFvs were expressed in plants, and purified and
tested for functionality of binding to N protein.
3.2 Methods
3.2.1 The transient expression of the Shuni virus nucleocapsid protein
The SHUV N protein was cloned, expressed in plants and purification optimized
previously by a colleague in the Biopharming Research Unit (Matt Verbeek). Briefly,
the SHUV N gene was cloned into the pEAQ-HT plant expression vector (Sainsbury
et al., 2009) using AgeI and SmaI restriction sites resulting in a HIS6 tag on its 3’
terminus and was named pEAQ-HT C- Term Shuni N. It was further transformed into
Agrobacterium tumefaciens LBA4044 cells.
The construct was inoculated into 10ml LBB broth (0.25% Tryptone, 1.25% yeast
extraxt, 0.5% NaCl, 10mM 2- (N-Morpholino) ethanesulfonic acid [MES], pH 5.6)
supplemented with 30ug/ml kanamycin and 50ug/ml rifampicin. 2mM of magnesium
sulphate (MgSO4) was added to the medium to prevent clumping of the recombinant
A. tumefaciens LBA4044 cells. Cultures were incubated at 27°C, shaking at 200rpm,
overnight. The pre-inoculum was transferred into 50ml of LBB substituted with the
same components as above and grown at 27°C overnight. For large scale infiltration
the pre-inoculum was transferred into 500ml of LBB containing the same antibiotics
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but with 200µM acetosyringone to induce expression of the vir genes. Cultures were
then grown overnight at 27°C. Resuspension media was then used to dilute the
cultures to an optical density at 600nm (OD600) of 0.5. Plant leaves were vacuum
infiltrated with the bacterial suspension using a vacuum pump.
The plants were kept at 22°C, with 16 hrs of light and 8 hrs in the dark for 3 days
before leaves were harvested and protein extracted appropriately.

3.2.2 SHUV N extraction and purification
Plant leaves were homogenized in 1X PBS (137mM NaCl, 1.8mM KH2PO4, 10mM
Na2HPO4, 2.7mM KCl, pH 7.4) at a 1:2 ratio (weight: volume) using a homogenizer.
Plant homogenate was filtered through two layers of Miracloth™. The filtrate was
partially purified by ammonium sulphate precipitation. The SHUV N protein was
precipitated at a 30-50% salt saturation. Briefly the ammonium sulphate precipitation
calculator, http://www.encorbio.com/protocols/AM-SO4.htm, was used to calculate
the amount of ammonium sulphate needed. Ammonium sulphate was added to the
samples while stirring at 4°C. Samples were then left to mix for an hour with stirring at
4°C. To collect the protein, samples were centrifuged at 25931 x g, for 20 minutes at
4°C. The pellet was re-suspended in 1x High salt PBS (0.5M NaCl, 1.8mM KH2PO4,
10mM Na2HPO4, 2.7mM KCl, pH 7.4) and dialysed overnight in the same buffer at
4°C.
The dialysed plant extract was further purified by nickel affinity chromatography using
an ÄKTA explorer (GE Healthcare Life Sciences, Little Chalfont, Buckinghamshire,
UK). A Histrap HP column (GE Healthcare Life Sciences, 5 mL bed volume) was
equilibrated with equilibration buffer (0.5M NaCl, 0.5M NaCl, 1.8mM KH 2PO4, 10mM
Na2HPO4, 2.7mM KCl, pH 7.4). Plant extract was then loaded on to the column and
the column was washed with 60ml of equilibration buffer at a flow rate of 5ml/min.
Bound Shuni N protein was eluted from the column with an elution buffer containing
0.5M imidazole, 0.5M NaCl, 1.8mM KH2PO4, 10mM Na2HPO4, 2.7mM KCl, pH 7.4;
Five ml fractions were analysed to determine where the SHUV N protein was eluted.
This was done by a dot blot and western blotting. Fractions which appeared to have
the highest protein content on the western blot were separated by SDS-PAGE and
analysed for the presence of any other contaminating bands by Coomassie stain.
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3.2.3 SDS-PAGE gels and western blots
For SDS-PAGE gel analysis proteins were denatured with 5X loading dye containing
β-mercaptoethanol at 95°C for 10 minutes. Equal volumes of protein were loaded on
to 12.5% SDS-polyacrylamide gels. Proteins were then separated using the MiniPROTEAN® Tetra SDS-PAGE system (Bio-Rad, CA, United States of America) at
120V. To determine the sizes of the protein bands the Colour Protein Standard Broad
Range Ladder #P7712S (New England Biolabs, USA) was used as a molecular weight
marker.
For Coomassie stained gels, SDS-PAGE gels were stained with Coomassie Brilliant
Blue R250 (Merck, Darmstadt, Germany) for an hour at 37°C, after which gels were
destained overnight with destain solution at room temperature.
For western blot analysis, SDS-PAGE gels and nitrocellulose membranes were preequilibrated with transfer buffer for 5 minutes. Proteins were then transferred onto the
nitrocellulose membrane using the Trans-blot®SD semi-dry transfer cell (Bio-Rad, CA,
USA) for 1 hour. Following the transfer of the proteins onto the membrane, membranes
were blocked with blocking buffer (5 % non-fat dairy milk and 1 x PBST (137 mM NaCl,
1.8 mM KH2PO4, 10 mM Na2HPO4, 2.7 mM KCl, pH 7.4 and 0.1% Tween-20) for 30
minutes shaking at RT. Membranes were probed and detected with the appropriate
primary and secondary antibodies shown in table 1. The membranes were left in the
primary antibody overnight at 4°C. Membranes were washed 3 times with blocking
buffer for 15 minutes each before detection and then incubated with the secondary
antibody at 37°C for 1 hour and rinsed with PBST 3 times for 15 minutes each. For
colour development membranes were incubated with BCIP.
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Table 1: Primary and secondary antibodies used for western blot analysis.
Primary

Produced Monoclonal/polyclonal Dilution Secondary

antibody

in

antibody

AntiMouse
Histidine
(SigmaAldrich,USA)

Polyclonal

1:2000

Anti-Fd
Rabbit
phage
(SigmaAldrich,USA)

Polyclonal

1:2000

Anti-HRP
mouse
(abcam, Ab
2110-100)

Polyclonal

1:5000

Goat
antimouse IgG
AP 1:5000.
(SigmaAldrich,USA)
Goat
antirabbit
AP,
1:5000.
(SigmaAldrich,
USA)
Goat
antimouse IgG
AP1:5000.
(SigmaAldrich,USA)

3.2.4 Transformation and phage rescue of the pSEX81 library
The library used in the previous section was transformed as described in section 2.2.2.
3.2.5 Selection (‘biopanning’) of phage scFvs binding to SHUV N binders
For the selection of phage scFvs the procedure from section 2.2.3 was followed. The
immunotubes (Nunc) were coated with 15µg/ml of plant produced SHUV N protein.
3.2.6 Screening for binders by phage ELISA
To screen for binders, 96 well plates were coated with 100ng/well of plant produced
SHUV N protein and a procedure similar to that described in section 2.2.4 was
followed. The primary and secondary antibodies used were rabbit produced anti-Fd
phage polyclonal antibody (1:5000) (Sigma-Aldrich, USA) and anti-rabbit AP (SigmaAldrich, USA) conjugated antibody (1:5000), respectively. Negative controls were
included in which wells were either coated with the SHUV N protein or PBS. Wells with
the SHUV N protein only were incubated with both primary and secondary antibodies.
The wells with PBS only were incubated with a randomly selected SHUV N binder
followed by detection with both the primary and secondary antibodies.
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3.2.7 PCR of putative binders
Binders with high A405nm readings were selected and the respective colonies were
amplified using the same primers and conditions described in section 2.2.7.
3.2.8 DNA extraction of putative SHUV N binders
Colonies of the selected binders were grown in 2xTY broth substituted with 4% (v/v)
glucose and 100ug/ml ampicillin (2x TY A/G). The culture was grown at 37 °C,
overnight with shaking. Plasmid extraction was done using the QIAprep® Spin
Miniprep kit (Qiagen), following the manufacturer’s instructions.
3.2.9 Nucleotide sequencing of binders 152,168 and 179
To further confirm the presence of the phagemid vector and obtain the amino acid
sequences of the scFvs, 100ng/µl of plasmid DNA of each of the selected binders was
sequenced (Magrogen, Netherlands) using both the ColE and pIII primers. The
sequences were then analysed using CLC Workbench 6.0 (QIAGEN, Bioinformatics).

3.2.10 Subcloning of scFv-N 168 and 179 into pTRA-HRPB2HISSEKDEL
Primers were designed for amplification of the scFvs from the pSEX81 vector. Primers
(Inqaba Biotec) were designed to have a NcoI restriction site at the 5’ end and a NotI
restriction site at the 3’ end of the sequences (table 2). The same R anti-SHUV 168
reverse primer was used as the reverse primer for the scFv-N 179 reaction.
Table 2: primers for amplification of anti-SHUV scFvs from pSEX81 phagemid vector.
Primer

Sequence ( 5’ to 3’)

Orientation

R anti-SHUV 168

TGGATCCAGCGGCCGCGGATACA

Reverse

F anti-SHUV 168

TCAGCCGGCCATGGCCGGAGGTG Forward

F anti-SHUV 179

TCAGCCGGCCATGGCCCTAGTGC

Forward

Reaction mixtures were prepared as follows: 1ng plasmid DNA was used for each of
the binders, 200 μM dNTPs, 0.5 μM of each primer, 2 mM Mg2+, 1 x Accuzyme buffer
and 1.25 units (U) AccuzymeTM DNA Polymerase (Bioline, Meridian Bioscience Inc.,
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USA). The PCR conditions were as follows: initial denaturation 95°C for 5 minutes,
followed by thirty cycles of denaturation at 95°C for 30 seconds, annealing at 60°C for
30 seconds, elongation at 72°C for 2 minutes and a final elongation step was carried
at 72°C for 5 minutes. The reaction was repeated for thirty cycles using a 2720
Thermal Cycler (Life technologies). Once the PCR was completed samples were
separated by electrophoresis at 100V on a 0.8% w/v TBE (89 mM Tris base, 89 mM
boric acid and 2 mM EDTA [pH 8]) agarose gel with 0.5mg/ml ethidium bromide.
O’GeneRuler™1kb DNA ladder #SM1163 (Thermo Fisher Scientific, MA, USA) was
used to determine the band sizes.
DNA was extracted from the agarose gel using the QIAquick® Gel Extraction kit
(Qiagen, USA) following the manufacturer’s instructions. Purified PCR fragments and
the plasmid vector, pTRA-HRPB2HISSEKDEL, were digested with NotI and NcoI for
1 hour and 30 minutes in a 37°C water bath. Digested DNA was electrophoresed and
purified as above. The digested vector and amplified scFv fragments were ligated
overnight at 4°C with T4 DNA ligase to yield constructs pTRA-HRP168 and pTRAHRP179.
Recombinant clones were transformed into DH5-α chemically competent E. coli cells
(E. cloni™, Lucigen) (Sambrook et al. 1989). Transformed cells were plated on LB
media plates supplemented with ampicillin (100 μg/mL) O/N at 37 °C. Positive clones
were selected by colony PCR using vector-specific pTRA primers (table 3) using the
following conditions: initial denaturation at 95 ⁰C for 3 minutes, cycling denaturation at
95 ⁰C for 30 seconds, annealing at 52 ⁰C for 30 seconds, extension at 72 ⁰C for 2
minutes, and a final extension step at 72⁰C for 90 seconds. The reaction was repeated
for 30 cycles.
Successful recombinants were grown overnight and stored at -80°C in 50 % glycerol.
Table 3: pTRA vector primers
Primer

Sequence (5’ to 3’)

Orientation

pTRA forward

CATTTCATTTGGAGAGGACACG

Forward

pTRA reverse

GAACTACTCACACATTATTCTGG Reverse
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3.2.11 Electroporation of Agrobacterium tumefaciens GV3101::pMP90RK
Chemically electrocompetent A. tumefaciens GV3101::pMP90RK cells were
electroporated with the pTRA-HRP168 and pTRA-HRP179. 100µl of cells and 100ng
of recombinant plasmid DNA were transferred into a chilled 0.1 cm electroporation
cuvette (Bio-Rad). Electroporation was performed as described by Maclean et al
(Maclean et al., 2007). Cells were grown on LBB media supplemented with kanamycin,
rifampicin and carbenicillin for selection, at 27 °C for 2 days. Positive clones were
screened by PCR using pTRA forward and reverse primers (table 3), following the
same conditions described in section 3.2.10.

3.2.12 Small-scale Agrobacterium infiltration
For small scale infiltration the pTRA-HRP168, pTRA-HRP179 and pTRAkc-ERH
(negative control) constructs were inoculated into 10ml LBB broth (0.25% tryptone,
1.25% yeast extract, 0.5% NaCl, 10mM 2- (N-Morpholino) ethanesulfonic acid [MES],
pH 5.6) supplemented with 30ug/ml kanamycin, 50ug/ml carbenicillin and rifampicin.
Cultures were incubated at 27°C, shaking at 200rpm, overnight. The pre-inoculum was
transferred into 50ml of LBB substituted with the same components as above and
grown at 27°C overnight. Overnight cultures were diluted with resuspension media to
obtain OD600nm of 0.25, 0.5 and 1 for each of the constructs. Bacterial suspension was
infiltrated, with a vacuum pump, into the abaxial side of the leaves. A different plant
was used for each construct at each OD600nm. Plants were then kept at 22°C with 16h
of light and 8h of darkness and for time trial studies leaves were harvested on days
4,5 and 7 post infiltration.
For large scale infiltration the 50ml pre-inoculum was transferred into 500ml of LBB
containing the same antibiotics but with 200µM acetosyringone to induce expression
of the vir genes. Cultures were then grown overnight at 27°C. Resuspension medium
was then used to dilute cultures harbouring pTRA-HRP168 and pTRAkc-ERH to an
OD600 of 0.25 and pTRA-HRP179 to an OD600 of 0.5..
For co-expression with the silencing suppressor construct pBIN-NSs LBA4404, the
cultures were grown in LBB supplemented with 30ug/ml kanamycin and 50ug/ml
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rifampicin, 2mM of magnesium sulphate (MgSO4). The bacterial suspension was
prepared to an OD600 of 0.25.
3.2.13 Time trial studies
For time trial studies plant leaves infiltrated with the appropriate constructs were
harvested 4, 5 and 7 days post infiltration (dpi). For protein extraction a PBS, pH 7.4
buffer or bicine (50mM bicine, 20mM NaCl, pH 8.4) buffer were used at a (1:2) plant
mass: buffer volume. A mortar and pestle was used to grind the plant tissue followed
by shaking at 4°C for 30 minutes. Samples were centrifuged in a benchtop centrifuge
for 10 minutes at 13000rpm and the supernatant was collected into new tubes for
protein analysis.
3.2.14 Large-scale infiltration and purification
Once the optimal OD600 and day of harvest post infiltration giving the highest protein
expression were confirmed, 30 plants were infiltrated for each construct as described
in section 3.2.1 Plant material was homogenized with a homogenizer and the plant
extract was shaken at 4°C for 2 hours. The plant extract was filtered through 2 layers
of Miracloth™ and centrifuged at 13000rpm for 20 minutes at 4°C.
The supernatant was collected into a clean bottle and treated with 3M hydrochloric
acid (HCl) to drop the pH to 4.4 and allowed to shake for 1 hour at 4°C. The protein
sample was then treated with ammonium sulphate to achieve 80% saturation. The
amount of ammonium sulphate added to the sample was calculated using the encore
ammonium sulphate calculator, http://www.encorbio.com/protocols/AM-SO4.htm,.
The protein sample was further mixed for 1 hour with shaking at 4°C. The pellet was
collected by centrifugation at 25931 x g for 20 minutes at 4°C. The pellet was
resuspended in bicine buffer pH 8.5 and dialysed overnight in bicine buffer at 4°C, to
remove the ammonium sulphate.
3.2.15 Concentration of scFv-N 168 and scFv-N 179
Purified scFv-N 168 and scFv-N 179 were concentrated by using Amicon® Ultra- 15
centrifugal filter devices. Tubes were centrifuged for 30 minutes at 5000xg. Protein
was collected in a sterile falcon tube and stored at 4°C.
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3.2.16 Testing functionality of scFv-N 168 and scFv-N 179
To test if scFv 168 and 179 were able to bind to SHUV N protein, a dot blot was
performed. Plant produced SHUV N protein was placed onto a nitrocellulose
membrane. Membranes were blocked with 3%BSAPBS for 30 minutes at RT with
shaking. For detection membranes were then incubated with either scFv-N 168 or
scFv-N 179 for 1 hour at RT with shaking. For colour development TMB (KPL, USA)
substrate was added and membranes were monitored for colour development.
For the positive control, membranes were probed with an anti-HIS antibody and
detected with anti-mouse AP antibody. Membranes were developed with BCIP.
3.3 Results
3.3.1 Plant expression and purification of the SHUV N virus protein
The presence of the SHUV N protein in crude extract from leaves of 30 plants infiltrated
with the pEAQ-HT C- Term Shuni N construct and harvested at 5dpi was confirmed
by western blotting, as seen in the 30-50% ammonium sulphate lane in figure 1. When
membranes were probed with the anti-HIS antibody and detected with anti-mouse APconjugated secondary antibody, the histidine tagged SHUV N protein was visualised
as a faint band at 25kDa which is the expected size. In samples which were further
purified by ammonium sulphate precipitation, no bands were seen in the 0-30%
ammonium sulphate fraction and supernatant as expected from results previously
carried out in the BRU laboratory. However, a 25kDa protein band was detected in the
pellet of the 30-50% precipitated sample. E. coli produced SHUV N protein used as
the positive control was seen as a band at ~27kDa.
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Figure 1: Partial purification of plant produced SHUV N protein: Ammonium sulphate fractions were collected, dialysed
and protein separated on a 12.5% SDS-PAGE gel. Plant extract was treated with 0-30% ammonium sulphate, followed
by 30-50% ammonium sulphate. Supernatants of the different ammonium sulphate precipitate fractions and the final
supernatant (supern.) were visualized. Leaves of plants infiltrated with the pEAQ-HT vector only were used as the
negative control and were treated like the samples, which is labelled as -ve. The positive control was E.coli produced
SHUV N protein. The western blot was probed with mouse produced anti-HIS primary antibody (1:2000) and detected
with an anti-mouse AP conjugate antibody (1:5000). Membranes were developed with BCIP

To further purify and concentrate the SHUV N protein it was affinity purified on a nickel
column. While the polyhistidine tag of the SHUV N protein bound to the column nontagged contaminating plant proteins were removed from the column during the wash
steps. Elution of the SHUV N protein from the column was achieved by the addition of
imidazole at increasing concentrations, depicted by the gradient in figure 2. The
imidazole outcompeted the SHUV N protein resulting in its elution in fractions 17 to
30.

10%

80%
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80%

100%

Figure 2: His column purification of the SHUV N protein. SHUV N protein fractions eluted from the His column, separated
on a 12.5% SDS-PAGE gel and transferred onto a nitrocellulose membrane. Western blots were probed with mouse antiHIS antibody (1:2000) and detected with anti-mouse AP antibody (1:5000). Membranes were developed with BCIP.

The SHUV N protein fractions eluted from the nickel affinity column were analysed on
a western blot using an anti-HIS antibody. No bands were detected in the first two
fractions collected, lanes 15 and 16 of figure 2. The expected band size was ~25kDa;
this band was seen in lanes 17-32, with increasing band intensity from lanes 19-25.
The SHUV N protein was eluted from the column when the imidazole concentration
was increased from 10-80%. Lanes 20-25 had the darkest bands and because of this
it was assumed that they had the highest protein content. These fractions were further
analysed by Coomassie staining of gels to check for the presence of any
contaminating bands before proceeding to biopanning.

Figure 3: Coomassie stain of SHUV N protein: Fractions 20-25 separated on a 12.5% SDS-PAGE gel. The red arrows indicate the
monomer and dimer of the SHUV N protein.
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When the SDS-polyacrylamide gel was stained with Coomassie blue, proteins present
in the fraction were stained resulting in the appearance of blue bands at the
appropriate sizes. Fractions 20-25, as seen in figure 3, contained the purified SHUV
N protein (~25kDa). No other contaminating bands were present in the protein
fractions which meant that quantification of the SHUV N protein in each fraction could
be calculated using densitometry. The SHUV N protein dimerized to give protein bands
of ~47kDa (figure 3). Both the monomer and dimer in each fraction were quantified
and the SHUV N protein concentration was calculated to be ~8.166 µg/ml for each
fraction.
3.3.2 Biopanning
For the isolation of SHUV N binders from the naïve mouse library, two rounds of biopanning were done, similar to that described in section 2.3.1.1. The first and second
rounds of bio-panning yielded phage titres of 1.6x104 CFU and 3.2x105 CFU,
respectively. Colonies from the second round of bio-panning were picked from the
master plate and were used for the phage ELISA to verify their ability to bind to SHUV
N protein.
3.3.3 Screening for binders by phage ELISA
SHUV N binders were screened by a phage ELISA to determine their ability to bind to
the SHUV N protein, a total of 88 colonies were screened in each ELISA. Phage
ELISAs were repeatedly carried out on colonies until clones with a high affinity for the
SHUV N protein were identified; these were clones which gave high absorbance
readings after normalization. When binders were used as a primary antibody they were
expected to bind to SHUV N coated wells. After incubation with the appropriate
antibodies (table 1), binders were expected to give absorbance readings at A 405nm
upon the addition of the pNPP substrate, while those that had a higher affinity for the
SHUV N protein, were expected to give higher absorbance readings. However, figure
4, which displays A405nm readings after normalisation shows that only a few binders
had high readings and these were clones 152, 168 and 179, indicated with the red
stars, which had A405nm readings of 0.501, 0.574 and 0.601, respectively. Although
these values were not as high as I had expected them to be, due to time constraints
of the project these clones were selected for further studies, and their nucleotide
sequences determined
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Figure 4 SHUV N binders. The bar graph represents normalized A405nm readings plotted against the clone number. A405nm readings were normalized to the no antigen control. Wells were coated with the
SHUV N protein in HS- PBS, pH 7.4, while the no antigen control was coated with PBS only. Following blocking wells were incubated with the respective clones, probed with anti-M13 (1:1000) and detected
with anti- rabbit AP (1: 5000).

52

3.3.4 Amplification of scFv-N 168 and scFv-N 179
Clones 152, 168 and 179 were amplified by pIII and ColE primers to confirm the
presence of the phagemid vector and to determine whether they were comprised of
partial or full length scFvs. As seen in figure 5 they were all found to be full length
scFvs as their band sizes (~1000bp) corresponded to that of the positive control, which
is a known full length anti-AHSV scFv protein with a band size of 1000bp. Analysis of
the nucleic acid sequences of phagemid DNA isolated from the 3 clones confirmed
that the selected binders were full length scFvs as they contained sequences encoding
both heavy and light chain fragments as well as all four of the restriction enzyme sites
used to clone the heavy and light chains into the pSEX81 phagemid vector, see section
2.2.1. However due to time constraints for the project only clones with the highest
absorbance readings, clones 168 and 179, were selected for further cloning into plant
expression vectors.

Figure 5 amplification of clones 152,168 and 179: 1% agarose gel of SHUV N binders amplified with ColE and pIII primers. The e lane served as a negative control in which no DNA template was added to the reaction and the positive control ( +ve lane) was
a known full length, anti- HPV scFv.

3.3.5 Subcloning into plant expression vector pTRA-HRPB2HISSEKDEL
In order to express selected scFvs in plants they needed to be subcloned into a plant
expression vector, pTRA-HRPB2HISSEKDEL. The pTRA-HRPB2HISSEKDEL vector
was selected because it contained the horse radish peroxidase (HRP) gene and fusing
the scFvs to HRP would result in HRP-labelled scFvs, which would allow for detection
of the SHUV N protein upon the addition of the HRP substrate. The primers designed
in section 3.2.10 allowed for the successful cloning of the scFvs into the vector while
keeping everything in frame, thereby ensuring expression of the scFvs in the plants.
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The primers contained NcoI and NotI restriction enzyme sites which allowed for the
amplification of the whole scFv to give a product size of ~783bp and ~738bp for clone
168 and 179, respectively. The bands observed in figure 6 were of the expected sizes
and no bands were observed in the negative control lacking the DNA template, as
expected.

Figure 6 PCR of SHUV N binders: 1% agarose gel of scFv-N 168 and 179 amplified out of the pSEX81 phagemid with gene specific primers
for the addition of NcoI and NotI restriction enzyme sites.

After confirmation that the primers gave the correct band sizes and were not amplifying
other parts of the gene, the PCR products were purified, and further confirmed by PCR
using primers designed in section 3.2.10, and ligated into plant expression vector
pTRA-HRPB2HISSEKDEL.
A

B

Figure 7 pTRA-HRP168 and pTRA-HRP179. 1% agarose gel confirming successful cloning of scFv-N 168 and 179 into
pTRA-HRPB2HIS SEKDEL to give A) pTRA-HRP168 and B) pTRA-HRP179. The presence of the inserts was confirmed using
pTRA primers. The positive control was anti-HPV scFv, while the no template control (NTC) had no DNA template.
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Figures 7A and 7B show successful ligation of clones 168 and 179 into the plant
expression vector yielding constructs pTRA-HRP168 and pTRA-HRP179. The
presence of the genes in the vector was confirmed by the use of pTRA primers which
gave the expected band sizes of ~2034bp and ~1989bp for pTRA-HRP168 and pTRAHRP179, respectively. The negative control, which was an anti-HPV scFv cloned into
the same vector had a band size of ~1500bp and no band was observed for the no
template control. The two constructs were then transformed into Agrobacterium as
described in section 3.2.11.
3.3.6 Small-scale infiltration
To determine whether the scFvs were expressed transiently in N. benthamiana leaves,
small-scale infiltration of cultures harbouring pTRA-HRP168 and pTRA-HRP179 were
carried out. Agrobacterium harbouring pTRAkc-ERH lacking any gene of interest was
simultaneously infiltrated and served as a negative control. One plant was used per
construct and for each of the different ODs tested.

Figure 8: Leaves of plants (5dpi) infiltrated with pTRAkc-ERH, pTRA-HRP 168 and pTRA-HRP 179 at the corresponding ODs.

55

At 5 days post infiltration (dpi) the leaves of infiltrated plants began to show signs of
infection, seen as leaf necrosis in figure 8. Plants infiltrated with each of the constructs
showed necrosis except for the negative control (pTRAkc-ERH) which only showed
necrosis at OD600 = 1. Plants infiltrated with pTRA-HRP179 displayed the most severe
necrosis and the negative control, pTRAkc-ERH displayed the least. Severe leaf
necrosis and chlorosis was observed with increasing OD600; at an OD600 = 1 the leaves
were shrivelled and dry.

3.3.7 Protein extraction
The leaves of infiltrated plants were harvested at 4, 5 and 7 dpi for each of the
constructs tested at the different ODs. Protein was extracted from the leaves with PBS
and samples were analysed by western blotting (figure 9). Expected band sizes for
HRP fused scFv-N 168 and scFv-N 179 were 66 and 68kDa, respectively. Results of
western blots probed with anti-HIS antibody showed bands of ~80kDa and ~70kDa for
scFv-N 168 and scFv-N 179, respectively on days 4 (Figure 9A) and 5 (Figure 9B)
post infiltration, indicated by the red arrows. Although the CLC workbench 6.7.1
software had calculated proteins to be around 66kDa and 68kDa, the difference in size
may have been a result of glycosylation, which is known to take place in the plant
expression system, resulting in proteins running at a higher molecular weight than that
of the calculated MW. Much lower levels of protein expression were observed in
samples from leaves harvested at 4 dpi for both constructs tested. ScFv-N 179 showed
the highest protein levels expressed at OD600 = 1 followed by 0.5. No protein
expression of either of the constructs was observed on the 7th dpi.
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A

B

C

Figure 9 Western blot of scFv-N 168 and 179 electrophoresed on a 10% SDS-PAGE gel. Protein analysis of scFv-N 168 and 179,
as shown by the red arrows, on days A)4, B)5 and C)7 post infiltration at OD 0.25, 0.5 and 1. Membranes were probed with
mouse produced anti-HIS antibody (1:2000) and detected with anti-mouse (1: 5000). The positive control was a known full
length, anti- HPV scFv, fused to a HIS tag.

3.3.8 Protein extraction with bicine buffer
Although expression of the scFvs in plants was confirmed, levels were low and thus
several options were tested in an attempt to increase protein levels. The first was to
try a different extraction buffer, bicine buffer at pH 8.4. The bicine buffer was selected
because it had been shown to increase protein yields from plant leaves in some work
previously carried out in our laboratory.
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B

Figure 10 Western blot of scFv-N 168 and 179: scFvs were electrophoresed on a 10% SDS-PAGE gel. Protein analysis of A) scFvN168 and B) scFv-N 179 extracted with bicine buffer, 5dpi at different ODs. The positive control was an anti-HPV scFv. Membranes
were probed with mouse produced anti-HIS antibody (1:2000) and detected with anti-mouse AP (1: 5000).

Small scale infiltration was repeated; however, leaves of infiltrated plants were only
collected at 5dpi as this was the harvest time at which the highest level of protein
expression was observed in the previous experiment (figure 9b). Harvested leaves
were processed with PBS or bicine buffer for comparison and results of western blots
probed with anti-HIS antibody are shown in figure 10. For scFv-N 168, ~80kDa, there
was a difference in the amount of protein extracted which was detectable in samples
from leaves infiltrated at OD600 = 0.25 and 1. For scFv-N 179 which had a band size
of ~70kDa the protein was extracted more effectively when the bicine buffer was used
at OD600 = 0.5 and 1. While there was no difference at OD600= 0.25. No bands were
seen in the negative control as expected.
3.3.9 Co-expression with silencing suppressor pBIN-NSs
In an attempt to further improve protein expression, constructs were co-infiltrated with
a silencing suppressor as co-expression with these has previously been shown to
improve expression of recombinant proteins in plants. The ODs resulting in the highest
levels of protein expression using the bicine extractions were used for both constructs
(scFv-N - OD600 of 0.25 and scFv-N 179 - OD600 of 0.5); an OD600 of 0.25 was used
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for the negative control. Plants were infiltrated with the constructs on their own or
together with a silencing suppressor for comparison. Leaves were harvested at 4, 5
and 7 dpi, and proteins were extracted with the bicine buffer.

A

B

Figure 11 Western blot of scFv-N 168 and 179: scFvs were electrophoresed on a 10% SDS-PAGE gel. Protein analysis of coexpression of A) scFv-N 168 and B) scFv-N 179 with NSs, extracted with bicine buffer. Membranes were probed with mouse
produced anti-HIS antibody (1:2000) and detected with anti-mouse AP (1: 5000). The positive control was a known full
length, anti-HPV scFv, fused to a HIS tag.

Figure 11 shows the protein expression levels of both scFv-N 168 and scFv-N 179,
with (+) or without (-) the silencing suppressor. For scFv-N 168, no difference was
seen on the 4th dpi (figure 11A) while a distinct difference in protein levels was seen
on day 5. Protein levels were higher when scFv-N 168 was co-expressed with the
silencing suppressor. An increase in protein levels was seen 5dpi for scFv-N 179 when
co-expressed with the silencing suppressor. Protein expression was prolonged as
well, as protein was detected at 7dpi, as seen in figure 11B. It was concluded from
these small-scale results that for large scale expression, constructs would be coinfiltrated with the silencing suppressor.
3.3.10 large scale infiltration and purification
For large-scale infiltration a total of 30 plants were used for each construct to maximise
yields and protein was further purified by pH drop and ammonium sulphate
precipitation. Plants were infiltrated using the parameters determined previously. For
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pTRAHRP168 a bacterial culture of OD600 = 0.25 was used and co-infiltrated with the
silencing suppressor at OD600 = 0.25; for pTAHRP179 an OD600 of 0.5 was used while
the silencing suppressor was co-infiltrated at an OD600 of 0.25. Leaves of infiltrated
plants were harvested at 5dpi and protein was extracted using the bicine buffer. Plant
extracts were purified as described in section 3.2.14 and samples analysed by western
blots probed with anti-HIS (figure 12) and by Coomassie stained gels (figure 13).

A

B

Figure 12 Purification of scFv-N 168: A) western blot of scFv-N 186 after purification, negative (-ve) control:
plant leaves infiltrated with pTRAkc-ERH vector and positive (+ve) control: anti-HPV scFv. Membranes were
probed with anti-HIS antibody (1: 2000), detected with anti- mouse AP antibody (1:5000). B) Coomassie stain of
the crude, negative control and purified scFv-N 168.

Figure 12 shows the western blot and Coomassie stained gel of scFv-N 168 after
dropping the sample pH to 4.4 and a 0-80% ammonium sulphate precipitation step.
Dropping the sample pH and ammonium sulphate precipitation were thought to be
ideal for protein purification as this method is scalable for working with large sample
volumes. The western blot in figure 12A confirms the presence of scFv-N in the crude
fraction (~80kDa). However, no protein bands were observed after scFv-N 168 was
purified with 3M HCl and ammonium sulphate. In addition, no bands were observed in
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the supernatant. The crude fraction on the Coomassie-stained gel in figure 12B had
numerous bands of varying sizes, none of which corresponded to that of scFv-N 168.
Treating the samples with 3M HCl and ammonium sulphate removed some of the
contaminating plant proteins that were previously seen in the crude fraction in figure
12B. Some of these bands were no longer seen in the purified fraction (labelled as pH
drop + 0-80% in figure 12B).

A

B

Figure 13 Purification of scFv-N 179: A) western blot of scFv-N 179 after purification, negative (-ve) control: plant leaves
infiltrated with pTRAkc-ERH vector and positive (+ve) control: anti-HPV scFv. Membranes were probed with anti-HIS antibody
(1: 2000), detected with anti- mouse AP antibody (1:5000). B) Coomassie stain of the crude, negative control and purified
scFv-N 179.

Figure 13 shows the successful purification of scFv-N 179 after dropping the sample
pH to 4.4 the supernatant was subjected to 0-80% ammonium sulphate precipitation
and the pellet resuspended in bicine buffer pH 8.4. Figure 13A confirms this as there
is a ~80kDa band in the crude and purified fractions. The band after purification
appears to be darker than the band in the crude. Although this is not a significant
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difference, figure 13B shows that other plant contaminating proteins were removed
after purification as some of the bands previously observed in the crude fraction were
no longer present in the purified fraction, however no band at ~80kDa was present in
the purified fraction.

3.3.11 Nickel affinity purification
Figure 13 showed partial purification of scFv-N 179 but there were still other plant
proteins present and so the scFvs were further purified using a nickel affinity column
on an Äkta chromatography system. In doing this I hoped to remove the non-HIStagged contaminating proteins from the sample. However, during affinity purification it
was found that the bicine interfered with purification as it bound to the nickel ions on
the nickel ion column and thus competed for binding with the HIS-tagged scFvs. As a
result, the scFvs could not be purified using this method. To concentrate the proteins
Amicon ultra-15 centrifugal filter devices were used. The partially purified and
concentrated scFvs were then tested for their functionality ie ability to bind to SHUV N
protein on a dot blot.

3.3.12 Functionality of scFv-N 168 and scFv-N 179
Functionality of scFv-N 168 and 179 was determined by testing its ability to bind to the
plant produced SHUV N protein using a dot blot. For the dot blot partially purified scFvs
were used as they could not be purified by nickel column affinity. Plant-produced
SHUV N protein dotted on nitrocellulose membranes was probed with either of the
scFvs. After addition of HRP substrate, purple dots were expected as a result of the
HRP-labelled scFvs binding to the SHUV N protein. However, no dots were seen when
either of the labelled scFv-N 168 or scFv-N 179 were used as a detecting antibody.
For the negative controls, bicine buffer dotted on the membrane and probed with scFvN 168 or scFv-N 179 no dots were observed as expected; similar results were
observed when the SHUV N protein was probed with the bicine buffer as expected.
For the positive control (figure 14B), the SHUV N protein was detected with anti-HIS
primary and anti-mouse AP secondary antibodies; purple dots as a result of the antihis antibody binding to the HIS-tagged SHUV N protein were observed as expected.
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A

B

Figure 14 SHUV N dot blot: A) Detection of plant produce SHUV N protein with scFv-N 168 and scFv-N 179. Membranes were probed
with scFv-N 168/179 and developed with TMB substrate. B) Positive control, SHUV N protein placed on the membranes was probed
with anti-HIS antibody(1: 2000), detected with anti-mouse AP antibody (1:5000) and developed with BCIP.

The lack of detection of the scFvs binding to plant-produced SHUV N protein was
speculated to be a result of any of several factors: these were incomplete purification
of the scFvs, low scFv concentrations, inactive HRP or possible cleavage of the HRP
from the scFv resulting in lack of detection of the protein. To examine some of these
speculations I carried out a number of experiments.

3.3.13 Quantitative HRP test
The first test I did was to confirm whether protein samples contained active HRP. To
do this I did a TMB substrate test on all the samples. Upon the addition of the TMB
substrate to a droplet of the samples a colour formation was expected, as it was
assumed that HRP was present in all the samples with an exception to the negative
control and supernatant. Figure 15 coincides with the expected results as an
amber/orange colour was observed when TMB substrate was added to the crude and
purified samples. The negative controls gave a brownish/ green colour while the
supernatant samples had a clear to green colour. Although figure 15 confirmed the
presence of HRP and its activity in the tested samples it did not prove that the HRP
was not cleaved from the scFvs during purification.
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Figure 15 Quantitative HRP test for A) scFv-N 168 and B) scFv-N 179. Colour development was achieved by mixing
samples with the TMB substrate. The negative control was plant extract from plants which were inoculated with plant
expression vector, pTRAKC-ERH

3.3.14 Cleavage of HRP from SHUV N scFvs
The anti-HRP western blot in figure 16 confirmed cleavage of the HRP from the scFvs,
which might have taken place during purification when partially purified scFvs were
separated by SDS-PAGE and transferred onto nitrocellulose membranes. Proteins on
the membrane probed with an anti-HRP antibody and developed with the HRP
substrate were expected to have bands at ~80kDa for scFv-N 168 and ~70kDa for
scFv-N 179, however, bands of varying sizes were observed. In the scFv-N 168 lane
a band was seen at ~44kDa and two faint bands were seen at ~30kDa and ~22kDa.
For scFv-N 179 faint bands were seen at ~70kDa and at ~44kDa; additional bands
were also seen at ~30kDa and ~22kDa. The band at 44kDa was that of HRP as can
be confirmed by the positive control, which was plant produced HRP. The bands seen
at ~30kDa and ~22kDa could potentially be the cleaved scFvs and the faint band at
~70kDa in the scFv-N 179 fraction could be that of the scFv with the HRP fused to it.
From figure 16 it was concluded that the reason why the scFvs could not detect the
SHUV N protein in figure 14 was because of cleavage and low concentrations of the
scFvs, as none of them could be detected on the Coomassie-stained gel.
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Figure 16 Anti-HRP western blot of the negative control, scFv-N 168, scFv-N 179 and positive control samples. Membranes
were probed with mouse produced ant-HRP antibody (1:1000) and detected with anti-mouse AP antibody (1:5000).
Membranes were developed with BCIP. The red arrow shows fused scFv-N 179.

3.4 Discussion
For the isolation of antibodies or antibody fragments from a phage display library it is
a requirement that the antigen used for panning be highly pure (Griffiths and Duncan,
1998) so as to avoid the isolation and enrichment of non-target scFvs (Griffiths and
Duncan, 1998). Figure 1 shows the successful expression of the SHUV N protein in
tobacco plants. The crude and 0-30% ammonium sulphate precipitation fractions
contained faint bands corresponding to that of the SHUV N protein (~25kDa).
Partial purification of the SHUV N protein was achieved by a 30-50% salt saturation.
Increasing the salt concentration of the protein sample caused a reduction in protein
solubility causing the SHUV N protein to salt out. Additionally the ammonium sulphate
caused the protein to assume its native confirmation (Wingfield, 2001). This can be
confirmed by the appearance of a darker band at ~25kDa as the salt concentration is
increased from 30% to 50%. The absence of the SHUV N protein in the supernatant
confirms successful isolation of the SHUV N protein from all the other plant proteins.
Fusing the SHUV N protein to a polyhistidine tag allowed for downstream purification
by nickel affinity chromatography. The 30-50% fraction was thus further purified, in
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which the SHUV N protein bound to the nickel resin and non-bound proteins were
washed through the column (Bornhorst and Falke, 2000). The addition of imidazole to
the elution buffer assisted in the elution of the bound SHUV N protein. An increase in
the SHUV N protein concentration can be seen in figure 2 as the band at ~25kDa
becomes darker in each successive lane with the addition of elution buffer. Once all
the SHUV N protein was eluted off the column a decrease in band intensity was seen
from lanes 27 to 32. It was assumed that the lanes with the darker bands had the
highest protein concentration and were analysed on Coomassie-stained gels.
Figure 3 confirms successful purification of the SHUV N protein as no other
contaminating bands were seen except a band with a higher MW of ~47kDa, which is
thought to be the dimer of the SHUV N protein. This band was also seen in some of
the lanes in figure 2, which was indicated by the red arrows. It is known that the N
protein of the Bunyamwera virus forms multimers in infected cells (Eifan and Elliott,
2009) in which head-to-head and head-to-tail interactions occur. Thus, the larger band,
which appears to be double the size of the SHUV N protein in figure 3 could be that of
the dimer. However, this would have to be sequenced to confirm its identity.
When the plant produced SHUV N protein was used to pan the naïve mouse scFv
library, three binders were identified by a phage ELISA: clones 152, 168 and 179.
Although, these binders had A405nm values below 1 (figure 4), they were selected
because they were the highest of those measured. The main reason for the isolation
of low affinity binders could be because of the use of a naïve library. Naïve libraries
are made from the V-genes of the IgM mRNA of B-cells of unimmunized animals
(Hoogenboom et al., 1998) and as a result naïve phage display libraries consist of IgM
antibodies which can bind to a variety of antigens (Hoogenboom et al., 1998). This
means that they can be used for the isolation of antibodies against different antigens
- one of the advantages of using a naïve library. However, the downside to using
unimmunized animals for the source of V-genes is that the V-genes have not
undergone somatic hypermutation. This process is important as it introduces diversity
and improves complementarity between the antibody and antigen (Sidhu et al., 2000).
For such reasons antibodies and antibody fragments isolated from naïve libraries often
display low affinities for the target antigen. This may explain why no high affinity
binders were isolated and why none of the binders selected had A405nm readings higher
than 1.
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Clones 152, 168 and 179 were amplified using pIII and ColE primers to confirm the
presence of the phagemid vector and to identify if they were full or partial scFvs.
Results in figure 6 show that all three of the binders with the highest A405nm readings
were full length scFvs. Nucleotide analysis further confirmed that SHUV N binders
were full length scFvs as they contained both the light and heavy chains. However due
to time constraints only two of the clones were selected to be cloned into the plant
expression vector. These were selected based on their absorbance readings and
these were clones 168 and 179
Clones 168 and 179 were subcloned into the pTRA-HRPB2HISSEKDEL vector
backbone such that final constructs consisted of an endoplasmic reticulum (ER)
targeting signal and the horseradish peroxidase (HRP) gene on the 5’ terminus of the
scFv gene as well as a polyhistidine tag and ER retention (SEKDEL) signal sequence
located on the 3’ terminus. The ER targeting signal directs the protein to the ER to
ensure proper folding and glycosylation of the recombinant proteins as this organelle
provides the optimal oxidizing environment required by both the scFvs and the HRP
(Ferrara et al., 2011). Fusing the scFvs to HRP, which is a reporter enzyme was
carried out to allow for a one-step detection method when using the scFvs as a
detecting antibody. This meant that the use of a secondary antibody in an ELISA could
be eliminated, as colour development would be achieved by the addition of the TMB
substrate.
The use of 2 different extraction buffers (bicine and PBS) allowed me to identify the
most effective buffer for maximising scFv yields. The use of bicine resulted in
increased levels of extracted protein from the leaves of infiltrated plants. One of the
factors is thought to be that of the use of bicine, which is assumed to function like other
amino acids when used as additives (Tsumoto et al., 2004). An example of a more
commonly used amino acid is arginine. Arginine has been known to influence a variety
of effects on proteins, such as their solubility, stability, denaturation and their
interactions with other molecules and structures (Bondos and Bicknell, 2003). Despite
the mode of mechanism not being clear, it has been shown that arginine increases
the yield of folded proteins by suppressing protein aggregation rather than enhancing
refolding (Tsumoto et al., 2004). Similarly, the bicine used in the extraction buffer could
be serving the same purpose as arginine and thus preventing aggregation of the
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scFvs. This would allow them to assume a structure that exposes the histidine tag and
as a result allow for detection with the anti-his antibody.
The second factor that may have resulted in the bicine buffer being a more effective
extraction buffer could be the pH it was used at. It is important to note that pH has an
influence on protein solubility and that different proteins are soluble at different pH
values. While proteins are soluble when the buffer being used has a pH lower or higher
than the isoelectric point (pI) of the protein, it is worthy to note that when the pH of the
buffer is equal to the pI, proteins tend to aggregate (Abdalla et al., 2016). For this
reason, it is usually ideal to select a pH value that is further away from the pI to
increase protein solubility. In the experiments carried out, the bicine buffer had a pH
value of 8.4, while that of the PBS was 7.4. The CLC workbench 6.7.1 software was
used to calculate the isoelectric points of scFv-N 168 and scFv-N 179, which were
found to be 6.58 and 6.93, respectively. It is clear that the pH of the PBS buffer was
closer to the pI values of both scFvs. The pH of the bicine buffer was higher than the
pI values for both scFvs. It is possible that PBS enhanced protein aggregation making
the histidine tag less accessible, causing the appearance of faint bands. Bicine on the
other hand prevented the formation of aggregates, allowing protein detection and thus
resulted in the increased band intensity as shown in figure 10.
When plants were infiltrated with pTRAHRP168 or pTRAHRP179 and co-infiltrated
with the silencing suppressor (pBIN-NSs), there was increased protein expression for
both scFv-N 168 and scFv-N 179. These observations are consistent with those
observed in a study done by Takeda and colleagues (Takeda et al., 2002). According
to the study, co-expression with the NSs silencing suppressor gene of the Tomato
spotted wilt virus (TSWV) results in RNA silencing suppressor activity. The NSs is
thought to inhibit silencing by interfering with the steps that generate the dsRNA. As a
result the plants are not able to silence the post translational activities of the
Agrobacterium allowing for the expression of viral proteins and expression of the scFvs
(Tzfira and Citovsky, 2006).
Once optimal parameters were determined for scFv production in plants I proceeded
to large scale infiltration, in which 30 plants were used for each construct. Purification
of the scFvs was carried out by lowering the pH of the plant extract to 4.4 to precipitate
contaminating plant proteins - a process known as isoelectric precipitation - followed
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by ammonium sulphate precipitation. Protein purification by isoelectric precipitation
has been previously demonstrated by Zhang and colleagues (Zhang et al., 2005). The
study revealed that when HCl was used tobacco protein solubility reached a minimum
at pH 4, where 60% of the tobacco plant proteins were precipitated. This method
exploits the pI of the proteins (Zhang et al., 2005, Abdalla et al., 2016). Thus, by
adjusting the pH of the plant extract I was able to remove some of the contaminating
plant proteins as they precipitated out leaving the scFvs in the supernatant.
While isoelectric precipitation seemed to be the best method of purification for scFv-N
179, the opposite was observed for scFv-N 168. ScFv-N 168 was detected in the crude
plant extract ie before purification, however no scFv-N 168 was detected after
purification. Even though titration with HCl has been shown to be effective in the early
stages of the protein purification process, it does expose proteins to harsh conditions.
This leads to the loss of activity due to denaturation especially if the target protein is
precipitated (Zhang et al., 2005). This may account for the loss of scFv-N 168 during
purification: since its pI was closer to pH 4.4 it may have co-precipitated with the plant
proteins.
The bicine buffer was found to be the best buffer for protein extraction and was used
as the buffer of choice throughout the purification process. However, it was later found
that bicine binds to the nickel column, because of these findings the scFvs could not
be purified further and concentrated. The scFvs were concentrated by the Amicon®
Ultra-15 centrifugal filter devices, prior to testing their functionality. The purpose of
using the Amicon ultra-15 centrifugal filters was to concentrate the scFvs so as to be
able to determine functionality rapidly, as a result of restricted time. However for future
experiments the Amicon ultra-15 centrifugal filters can be used to exchange the bicine
buffer for a more suitable buffer, which would allow for purification using the nickel
column.
When scFv-N 168 or scFv-N 179 was used as the detecting antibody in a dot blot,
figure 14, in which the ability of the scFv to bind to the plant produced SHUV N protein
was tested, the scFvs were found to be non-functional in a dot blot as they could not
detect the SHUV N protein. The reason behind these findings could be because a
naïve library was used as mentioned above and because the scFvs isolated in the
beginning did not have high affinities for the SHUV N protein to start with. Furthermore,
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the size of the library may have had an impact on the quality of the isolated scFvs thus
affecting its binding ability. It is said that for the selection of a variety of high affinity
scFvs a large library is required (Okamoto et al., 2004)
Another possible reason for the lack of functionality detected could be the cleavage of
the HRP from the scFvs, resulting in ‘free’ HRP thus affecting detection. Horseradish
peroxidase catalyses the oxidation of certain substances in the presence of hydrogen
peroxide to form a colour product (Veitch, 2004). To detect the presence of HRP a
TMB substrate test was done. The presence of HRP in the protein samples was
confirmed by the formation of an orange/amber colour when a mixture of the TMB
peroxidase substrate and TMB peroxidase B was added to the different protein
samples. However, this test only confirmed the presence of HRP and did not indicate
whether the HRP was still fused to the scFvs. For this reason, an anti-HRP western
blot was done.
The anti-HRP western blot of the partially purified and concentrated protein samples
showed the possible cleavage of the scFvs as bands of ~22kDa, ~32kDa and ~44kDa
in size were observed. The bands of ~32kDa could be those of the unfused scFvs and
the bands of ~44kDa could be cleaved HRP. HRP is known to have glycosylation sites
and sometimes for functionality of proteins, glycosylation is required. In this regard
both HRP and the scFv were expected to be glycosylated. The different band sizes
could also potentially be an indication of the different levels of glycosylation. These
results have been visualised in previous work (Huddy et al., 2018), where the multiple
bands of different sizes were thought to be a result of incomplete stages of
glycosylation. The band in the negative control was suspected to be HRP as it
corresponds to the band size of HRP and because plants are known to produce their
own HRP. However, the presence of this band in the SHUV N 168 fraction means that
further experiments would have to be carried out to confirm this. Infiltration of leaves
using a different vector and leaf samples from non-infiltrated plants would have to be
tested for the presence or absence of this band. In this fraction, other faint bands of
~22kDa and ~32kDa in size were also detected. In the scFv-N 179 fraction a faint band
of ~70kDa was detected, which could have been that of the recombinant scFv-N 179.
Bands similar in size to those observed in scFv-N 168 were also detected in this
fraction. Apart from the reasons provided above as to why the scFvs could not detect
the plant produced SHUV N protein, another reason could be the cleavage of the HRP
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from the scFvs. For proper function of the scFvs it is a requirement that the HRP be
fused to the scFvs as it is responsible for undergoing a change in absorbance reading
or colour after addition of enzyme substrate.
Cleavage of the HRP from the scFvs could be a result of steric hindrance. HRP is an
enzyme that contains 8 N-glycosylation sites (Spadiut and Herwig, 2013) and since
plant cells are known to carry out glycosylation, some of these sites may be
glycosylated during recombinant protein expression. Glycosylation of HRP may cause
it to have a range of molecular weights, ranging from 34-44kDa (Spadiut and Herwig,
2013), as seen in the positive control lane of figure 16. With the above in mind it is
likely that when the two proteins (scFv and HRP) fold there is steric hindrance causing
the two proteins to pull away from each other, resulting in the larger and bulkier HRP
to break off, leading to its cleavage. Secondly the length and composition of linker
sequences are known to have an effect on the stability, proteolytic resistance and
solubility of proteins. Linker sequences usually contain flexible residues so that the
proteins fused by the linker are free to move relative to one another (Robinson and
Sauer, 1998). The plant expression vector, pTRA-HRPB2HISSEKDEL, in which the
scFv genes were cloned into, lacked a linker sequence between the scFv and the His 6
tag. The lack of a linker sequence could have possibly reduced flexibility of the proteins
during folding, restricting movement and eventual cleavage of the recombinant scFvs.
A possible solution to this would be to add a linker sequence between the 3’ terminus
of the scFv gene and 5’ terminus of the His6 tag.
When the amino acid sequences of clones 168 and 179 were analysed on exPASypeptide cutter, https://web.expasy.org/peptide_cutter/ to assess for potential protein
cleavage sites, they were both found to contain protein cleavage sites for: Proteinase
K, Thermolysin and NTCB (2-nitro-5-thiocyanobenzoic acid). Therefore, a possible
solution to protein cleavage would be to include a protease inhibitor in the extraction
buffer to try and prevent cleavage.
Lastly, since no bands of the recombinant scFvs were detected in the purified lanes of
the Coomassie stain in figures 12 and 13, additionally in figure 16 only a faint band
was detected. It could be argued that there was insufficient recombinant protein in
these fractions for the level of detection of the SHUV N protein and thus higher
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concentrations are needed. Further work will have to be done to improve the yields of
the recombinant proteins in order to determine this.

Chapter 4: General conclusions
The aim of this project was to use a naïve mouse scFv phage display library to isolate
scFvs that bind to specific antigens with a view to cloning their encoding sequences in
a plant expression vector, expressing them in plants, and harvesting, purifying and
testing them for functionality with a view to utilising them as diagnostics. Initially, rabbit
and human IgG target antigens were selected, as these have the potential to be
valuable reagents. However, although I was successful in isolating the desired scFvs
albeit of low affinity, I was not able to show their functionality in a dot blot and ELISA
This was due to a flaw in the experimental design. The selection of a different kind of
scFv ie that binding to the Shuni virus (SHUV) N protein, proved more successful, in
that binders were not only isolated, but their encoding sequences were able to be
cloned into plant expression vectors and expressed in plants. However, the
functionality of this scFv in dotblot was also not shown. . It is crucial to note that prior
knowledge is needed to determine the success of isolated scFvs and their
functionality, some of which I overlooked. This includes the use of a naïve or immune
library as discussed in chapter 1; using a naive library in our case was ideal as I had
3 different antigens to work with and thus eliminating the need to use 3 different phage
display libraries. However; in doing this I reduced our chances of isolating high affinity
scFvs in all 3 cases and a potential solution to this problem would be to use an immune
library instead. Recent studies have shown that immune libraries may contain a
significant number of unimmunized clones and that a sufficiently large immune library
can be utilized similarly to a naïve library (Bazan et al., 2012) (Moon et al., 2011),
utilising an immune library would increase the likelihood of generating high affinity
scFvs.
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Knowledge of the method of antigen presentation during biopanning also contributes
to the success of phage display libraries. Direct immobilization of the antigen on plastic
surfaces, such as immobilizing the antigen on immunotubes, is the mostly commonly
used method for antigen presentation. This comes with a few disadvantages, because
not only does it require purified protein but also affects the isolated antibodies, as they
may fail to bind to the native protein antigen, because during direct immobilization the
antigen may undergo conformational changes. These conformational changes may
then lead to distortion or denaturation of the antigen. The selection of antibodies
against denatured antigen results in the accumulation of phages displaying antibodies
with high affinity for the denatured antigen but low affinity for the native antigen in its
proper conformation. For such reasons using labelled antigens would be a good
alternative to explore (Griffiths and Duncan, 1998) as the tag would be used to
immobilize the antigen instead of direct immobilization.
Lastly, the method used for screening contributes to the kind of scFvs isolated during
biopanning. In this project I used Phage ELISAs, phage dot blots and phage western
blots to screen for potential scFvs, but I unexpectedly encountered cross reactivity
with the secondary antibodies used during the selection of scFvs against rabbit and
human IgG. Thus the use of a biosensor, which uses a flow system to monitor specific
interactions of phage encoded molecules with the target, and their binding affinities by
measuring the dissociation rate (Pande et al., 2010) would be a good alternative. This
would be more practical as no antibodies are required for such, thus eliminating any
chances of obtaining false positives due to cross reactivity, during the screening
process. Secondly biosensors are fully automated, which introduces accuracy and
making the screening of multiple clones much easier.
Phage display technology is a complex procedure which requires multiple rounds for
the enrichment of high affinity scFvs. Due to such reason identifying which variables
to adjust, to improve the affinities of the isolated scFvs, each time, proved to be a
challenge. The parameters mentioned above are those worth studying, even though
there are many more that could be studied, like the phagemid used, number of rounds
for biopanning, biopanning temperature and the method of elution during biopanning.
I was successful in expressing 2 scFv binders targeting SHUV N protein in plants:
these were scFv-N 168 and scFv-N 179. Increased protein expression was observed
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when scFv-N 168 and scFv-N 179 were co-expressed with the silencing suppressor,
pBIN-NSs. Extraction and purification of these scFvs came as a challenge because a
bicine buffer was required for extraction. With experience I found that bicine was an
expensive additive and would not be feasible for large scale production, as the same
buffer would be needed for further downstream purification. To add to this the bicine
interfered with the nickel column during purification meaning that I could not further
purify the scFvs following partial purification. Possibly affecting their ability to bind to
the target antigen as they were not purified completely, a different and practical
extraction buffer therefore still needs to be investigated. Purification of the scFvs by
isoelectric precipitation only worked for scFv-N 179 and not for scFv-N 168. Using
ammonium sulphate precipitation for partial purification of scFv-N 168 could possibly
be the better option as it is less harsh compared to HCl used.
The scFvs were cloned into the pTRA-HRPB2SEKEDEL for two main reasons, the
first being that the vector contained a his6x tag which would be used for downstream
purification allowing us to concentrate the scFvs, however this was difficult because
the bicine bound to the nickel column. The second reason I used the vector was to
fuse the scFvs to HRP, to be able to use the scFvs as detecting antibodies, allowing
for a one step detection system as detection would only require the HRP substrate
and no secondary antibody. It is therefore important that the HRP remains fused to the
scFvs during the purification process. Further into the project I discovered that there
was cleavage of the scFvs possibly explaining why detection of the SHUV N protein
with scFv-N 168 and scFv-N 179 could not be achieved. Adding a protease inhibitor
to avoid cleavage could be investigated.
Despite the challenges encountered I was successful in isolating and transiently
expressing SHUV N scFvs in tobacco plants. In conclusion, this project shows that the
panning of a phage display library is a potential source of scFvs for target antigens.
However, to isolate functional scFvs with high binding affinities further work, such as
improving the quality of the library and optimization of biopanning, needs to be done.
Phage display libraries, with time, may possibly replace hybridoma technology,
providing an animal-free protocol for the production of antibodies.

74

References
Abdalla, M., Ali Eltayb, W., Samad, A., Shm, E. & Dafaalla, T. I. M. 2016. Important Factors Influencing
Protein Crystallization.
Ahmad, Z. A., Yeap, S. K., Ali, A. M., Ho, W. Y., Alitheen, N. B. & Hamid, M. 2012. scFv antibody:
principles and clinical application. Clin Dev Immunol, 2012, 980250.
Almagro, J. C. 2004. Identification of differences in the specificity‐determining residues of antibodies
that recognize antigens of different size: implications for the rational design of antibody
repertoires. Journal of Molecular Recognition, 17, 132-143.
Atkinson, R., Burt, F., Rybicki, E. P. & Meyers, A. E. 2016. Plant-produced Crimean-Congo
haemorrhagic fever virus nucleoprotein for use in indirect ELISA. Journal of Virological
Methods, 236, 170-177.
Azzazy, H. M. & Highsmith, W. E., Jr. 2002. Phage display technology: clinical applications and recent
innovations. Clin Biochem, 35, 425-45.
Bazan, J., Całkosiński, I. & Gamian, A. 2012. Phage display—A powerful technique for
immunotherapy: 1. Introduction and potential of therapeutic applications. Human Vaccines
& Immunotherapeutics, 8, 1817-1828.
Bergmann-Leitner, E. S., Mease, R. M., Duncan, E. H., Khan, F., Waitumbi, J. & Angov, E. 2008.
Evaluation of immunoglobulin purification methods and their impact on quality and yield of
antigen-specific antibodies. Malaria Journal, 7, 129.
Bondos, S. E. & Bicknell, A. 2003. Detection and prevention of protein aggregation before, during,
and after purification. Analytical Biochemistry, 316, 223-231.
Bornhorst, J. A. & Falke, J. J. 2000. Purification of proteins using polyhistidine affinity tags. Methods
in enzymology, 326, 245-254.
Breiteneder, H. & Mills, C. 2006. Structural bioinformatic approaches to understand cross‐reactivity.
Molecular Nutrition & Food Research, 50, 628-632.
Bruyns, A.-M., Jaeger, G. D., Neve, M. D., Wilde, C. D., Montagu, M. V. & Depicker, A. 1996. Bacterial
and plant‐produced scFv proteins have similar antigen‐binding properties. FEBS Letters, 386,
5-10.
Carmen, S. & Jermutus, L. 2002. Concepts in antibody phage display.
Chen, Q. & Lai, H. 2015. Gene delivery into plant cells for recombinant protein production. Biomed
Res Int, 2015, 932161.
Choe, W., Durgannavar, T. A. & Chung, S. J. 2016. Fc-Binding Ligands of Immunoglobulin G: An
Overview of High Affinity Proteins and Peptides. Materials, 9, 994.
Deng, L.-W. & Perham, R. N. 2002. Delineating the Site of Interaction on the pIII Protein of
Filamentous Bacteriophage fd with the F-pilus of Escherichia coli. Journal of Molecular
Biology, 319, 603-614.

75

Edgue, G., Twyman, R. M., Beiss, V., Fischer, R. & Sack, M. 2017. Antibodies from plants for
bionanomaterials. Wiley Interdisciplinary Reviews: Nanomedicine and Nanobiotechnology.
Eifan, S. A. & Elliott, R. M. 2009. Mutational Analysis of the Bunyamwera Orthobunyavirus
Nucleocapsid Protein Gene. Journal of Virology, 83, 11307-11317.
Emanuel, P. A., Dang, J., Gebhardt, J. S., Aldrich, J., Garber, E. A. E., Kulaga, H., Stopa, P., Valdes, J. J.
& Dion-Schultz, A. 2000. Recombinant antibodies: a new reagent for biological agent
detection. Biosensors and Bioelectronics, 14, 751-759.
F Manning, C., M Bundros, A. & S Trimmer, J. 2012. Benefits and Pitfalls of Secondary Antibodies:
Why Choosing the Right Secondary Is of Primary Importance.
Ferrara, F., Listwan, P., Waldo, G. S. & Bradbury, A. R. M. 2011. Fluorescent Labeling of Antibody
Fragments Using Split GFP. PLOS ONE, 6, e25727.
Fiedler, U., Phillips, J., Artsaenko, O. & Conrad, U. 1997. Optimization of scFv antibody production in
transgenic plants. Immunotechnology, 3, 205-16.
Gao, C., Mao, S., Lo, C. H., Wirsching, P., Lerner, R. A. & Janda, K. D. 1999. Making artificial
antibodies: a format for phage display of combinatorial heterodimeric arrays. Proceedings of
the National Academy of Sciences of the United States of America, 96, 6025-6030.
Gautam, S. & Loh, K. C. 2011. Immunoglobulin-M purification--challenges and perspectives.
Biotechnol Adv, 29, 840-9.
Gelvin, S. B. 2003. Agrobacterium-mediated plant transformation: the biology behind the "genejockeying" tool. Microbiology and molecular biology reviews : MMBR, 67, 16-37.
Golender, N., Brenner, J., Valdman, M., Khinich, E., Bumbarov, V., Panshin, A., Edri, N., Pismanik, S. &
Behar, A. 2015. Malformations Caused by Shuni Virus in Ruminants, Israel, 2014–15.
Golender, N., Wernike, K., Bumbarov, V., Aebischer, A., Panshin, A., Jenckel, M., Khinich, Y. & Beer,
M. 2016. Characterization of Shuni viruses detected in Israel. Virus Genes, 52, 806-813.
Goodin, M. M., Zaitlin, D., Naidu, R. A. & Lommel, S. A. 2008. Nicotiana benthamiana: its history and
future as a model for plant-pathogen interactions. Mol Plant Microbe Interact, 21, 1015-26.
Griffiths, A. D. & Duncan, A. R. 1998. Strategies for selection of antibodies by phage display. Current
Opinion in Biotechnology, 9, 102-108.
Hammers, C. M. & Stanley, J. R. 2014. Antibody Phage Display: Technique and Applications. The
Journal of investigative dermatology, 134, e17-e17.
Hoogenboom, H. R. 1997. Designing and optimizing library selection strategies for generating highaffinity antibodies. Trends Biotechnol, 15.
Hoogenboom, H. R., de Bruine, A. P., Hufton, S. E., Hoet, R. M., Arends, J. W. & Roovers, R. C. 1998.
Antibody phage display technology and its applications. Immunotechnology, 4.
Huddy, S. M., Hitzeroth, I. I., Meyers, A. E., Weber, B. & Rybicki, E. P. 2018. Transient Expression and
Purification of Horseradish Peroxidase C in Nicotiana benthamiana. International journal of
molecular sciences, 19, 115.
Janeway CA Jr, T. P., Walport M, et al. Immunobiology: The Immune System in Health and Disease.
5th edition. New York: Garland Science; 2001. The distribution and functions of
immunoglobulin isotypes. Available from: https://www.ncbi.nlm.nih.gov/books/NBK27162/
Immunobiology: The Immune System in Health and Disease. .
Kapila, J., De Rycke, R., Van Montagu, M. & Angenon, G. 1997. An Agrobacterium-mediated transient
gene expression system for intact leaves. Plant Science, 122, 101-108.
Kehoe, J. W. & Kay, B. K. 2005. Filamentous phage display in the new millennium. Chem Rev, 105,
4056-72.
Komarova, T. V., Baschieri, S., Donini, M., Marusic, C., Benvenuto, E. & Dorokhov, Y. L. 2010.
Transient expression systems for plant-derived biopharmaceuticals. Expert Rev Vaccines, 9,
859-76.
Kretzschmar, T. & von Rüden, T. 2002. Antibody discovery: phage display. Current Opinion in
Biotechnology, 13, 598-602.

76

Kurosawa, N., Yoshioka, M., Fujimoto, R., Yamagishi, F. & Isobe, M. 2012. Rapid production of
antigen-specific monoclonal antibodies from a variety of animals. BMC Biology, 10, 80.
Laemmli, U. K. 1970. Cleavage of Structural Proteins during the Assembly of the Head of
Bacteriophage T4. Nature, 227, 680-685.
Lemass, D., O'Kennedy, R. & Kijanka, G. S. 2017. Referencing cross-reactivity of detection antibodies
for protein array experiments. F1000Research, 5, 73-73.
Lipman, N. S., Jackson, L. R., Trudel, L. J. & Weis-Garcia, F. 2005. Monoclonal Versus Polyclonal
Antibodies: Distinguishing Characteristics, Applications, and Information Resources. ILAR
Journal, 46, 258-268.
Maclean, J., Koekemoer, M., Olivier, A. J., Stewart, D., Hitzeroth, II, Rademacher, T., Fischer, R.,
Williamson, A. L. & Rybicki, E. P. 2007. Optimization of human papillomavirus type 16 (HPV16) L1 expression in plants: comparison of the suitability of different HPV-16 L1 gene
variants and different cell-compartment localization. J Gen Virol, 88, 1460-9.
Makaraviciute, A. & Ramanaviciene, A. 2013. Site-directed antibody immobilization techniques for
immunosensors. Biosensors and Bioelectronics, 50, 460-471.
Manning, C. F., Bundros, A. M. & Trimmer, J. S. 2012. Benefits and Pitfalls of Secondary Antibodies:
Why Choosing the Right Secondary Is of Primary Importance. PLoS ONE, 7, e38313.
Mbewana, S., Meyers, A. E., Weber, B., Mareledwane, V., Ferreira, M. L., Majiwa, P. A. O. & Rybicki,
E. P. 2018. Expression of Rift Valley fever virus N-protein in Nicotiana benthamiana for use as
a diagnostic antigen. BMC biotechnology, 18, 77-77.
McCafferty, J., Griffiths, A. D., Winter, G. & Chiswell, D. J. 1990. Phage antibodies: filamentous phage
displaying antibody variable domains. Nature, 348, 552-4.
Moon, S. A., Ki, M. K., Lee, S., Hong, M.-L., Kim, M., Kim, S., Chung, J., Rhee, S. G. & Shim, H. 2011.
Antibodies against Non-Immunizing Antigens Derived from a Large Immune scFv Library.
Molecules and Cells, 31, 509-513.
Moutel, S., Bery, N., Bernard, V., Keller, L., Lemesre, E., de Marco, A., Ligat, L., Rain, J.-C., Favre, G.,
Olichon, A. & Perez, F. 2016. NaLi-H1: A universal synthetic library of humanized nanobodies
providing highly functional antibodies and intrabodies. eLife, 5, e16228.
Nandi, S., Kwong, A. T., Holtz, B. R., Erwin, R. L., Marcel, S. & McDonald, K. A. 2016. Techno-economic
analysis of a transient plant-based platform for monoclonal antibody production. MAbs, 8,
1456-1466.
Negi, S. S. & Braun, W. 2017. Cross-React: a new structural bioinformatics method for predicting
allergen cross-reactivity. Bioinformatics (Oxford, England), 33, 1014-1020.
Neri, D., Petrul, H. & Roncucci, G. 1995. Engineering recombinant antibodies for immunotherapy.
Cell Biophysics, 27, 47-61.
Nissim, A., Hoogenboom, H. R., Tomlinson, I. M., Flynn, G., Midgley, C., Lane, D. & Winter, G. 1994.
Antibody fragments from a 'single pot' phage display library as immunochemical reagents.
The EMBO Journal, 13, 692-698.
Okamoto, T., Mukai, Y., Yoshioka, Y., Shibata, H., Kawamura, M., Yamamoto, Y., Nakagawa, S.,
Kamada, H., Hayakawa, T. & Mayumi, T. 2004. Optimal construction of non-immune scFv
phage display libraries from mouse bone marrow and spleen established to select specific
scFvs efficiently binding to antigen. Biochem Biophys Res Commun, 323.
Pande, J., Szewczyk, M. M. & Grover, A. K. 2010. Phage display: Concept, innovations, applications
and future. Biotechnology Advances, 28, 849-858.
Pandey, S. 2010. Hybridoma technology for production of monoclonal antibody.
Pansri, P., Jaruseranee, N., Rangnoi, K., Kristensen, P. & Yamabhai, M. 2009. A compact phage
display human scFv library for selection of antibodies to a wide variety of antigens. BMC
Biotechnology, 9, 6.
Pleiner, T., Bates, M. & Görlich, D. 2018. A toolbox of anti-mouse and anti-rabbit IgG secondary
nanobodies. The Journal of cell biology, 217, 1143-1154.

77

Pritt, S. L. & Hammer, R. E. 2017. The Interplay of Ethics, Animal Welfare, and IACUC Oversight on
the Reproducibility of Animal Studies. Comparative medicine, 67, 101-105.
Qi, H., Lu, H., Qiu, H.-J., Petrenko, V. & Liu, A. 2012. Phagemid Vectors for Phage Display: Properties,
Characteristics and Construction. Journal of Molecular Biology, 417, 129-143.
Rainer, F., Carmen, V. M., Markus, S., Jürgen, D., Neil, E. & Ulrich, C. 1999. Towards molecular
farming in the future: transient protein expression in plants. Biotechnology and Applied
Biochemistry, 30, 113-116.
Rasched, I. & Oberer, E. 1986. Ff coliphages: structural and functional relationships. Microbiological
Reviews, 50, 401-427.
Robinson, C. R. & Sauer, R. T. 1998. Optimizing the stability of single-chain proteins by linker length
and composition mutagenesis. Proc Natl Acad Sci U S A, 95, 5929-34.
Sainsbury, F., Thuenemann, E. C. & Lomonossoff, G. P. 2009. pEAQ: versatile expression vectors for
easy and quick transient expression of heterologous proteins in plants. Plant Biotechnol J, 7,
682-93.
Sánchez, L., Ayala, M., Freyre, F., Pedroso, I., Bell, H., Falcón, V. & Gavilondo, J. V. 1999. High
cytoplasmic expression in E. coli, purification, and in vitro refolding of a single chain Fv
antibody fragment against the hepatitis B surface antigen. Journal of Biotechnology, 72, 1320.
Schillberg, S., Fischer, R. & Emans, N. 2003. Molecular farming of recombinant antibodies in plants.
Cell Mol Life Sci, 60, 433-45.
Sheets, M. D., Amersdorfer, P., Finnern, R., Sargent, P., Lindqvist, E., Schier, R., Hemingsen, G.,
Wong, C., Gerhart, J. C. & Marks, J. D. 1998. Efficient construction of a large nonimmune
phage antibody library: The production of high-affinity human single-chain antibodies to
protein antigens. Proceedings of the National Academy of Sciences of the United States of
America, 95, 6157-6162.
Sidhu, S. S., Lowman, H. B., Cunningham, B. C. & Wells, J. A. 2000. [21] Phage display for selection of
novel binding peptides. In: JEREMY THORNER, S. D. E. & JOHN, N. A. (eds.) Methods in
Enzymology. Academic Press.
Spadiut, O. & Herwig, C. 2013. Production and purification of the multifunctional enzyme
horseradish peroxidase. Pharmaceutical bioprocessing, 1, 283-295.
Story, C. M., Papa, E., Hu, C.-C. A., Ronan, J. L., Herlihy, K., Ploegh, H. L. & Love, J. C. 2008. Profiling
antibody responses by multiparametric analysis of primary B cells. Proceedings of the
National Academy of Sciences, 105, 17902-17907.
Takeda, A., Sugiyama, K., Nagano, H., Mori, M., Kaido, M., Mise, K., Tsuda, S. & Okuno, T. 2002.
Identification of a novel RNA silencing suppressor, NSs protein of Tomato spotted wilt virus.
FEBS Letters, 532, 75-79.
Tsumoto, K., Umetsu, M., Kumagai, I., Ejima, D., Philo, J. S. & Arakawa, T. 2004. Role of Arginine in
Protein Refolding, Solubilization, and Purification. Biotechnology Progress, 20, 1301-1308.
Tzfira, T. & Citovsky, V. 2006. Agrobacterium-mediated genetic transformation of plants: biology and
biotechnology. Curr Opin Biotechnol, 17, 147-54.
van Eeden, C., Harders, F., Kortekaas, J., Bossers, A. & Venter, M. 2014a. Genomic and phylogenetic
characterization of Shuni virus. Archives of Virology, 159, 2883-2892.
Van Eeden, C., Zaayman, D. & Venter, M. 2014b. A sensitive nested real-time RT-PCR for the
detection of Shuni virus. Journal of Virological Methods, 195, 100-105.
Vaquero, C., Sack, M., Chandler, J., Drossard, J., Schuster, F., Monecke, M., Schillberg, S. & Fischer, R.
1999. Transient expression of a tumor-specific single-chain fragment and a chimeric
antibody in tobacco leaves. Proceedings of the National Academy of Sciences of the United
States of America, 96, 11128-11133.
Veitch, N. C. 2004. Horseradish peroxidase: a modern view of a classic enzyme. Phytochemistry, 65,
249-259.

78

Wang, S.-H., Zhang, J.-B., Zhang, Z.-P., Zhou, Y.-F., Yang, R.-F., Chen, J., Guo, Y.-C., You, F. & Zhang, X.E. 2006. Construction of Single Chain Variable Fragment (ScFv) and BiscFv-Alkaline
Phosphatase Fusion Protein for Detection of Bacillus Anthracis. Analytical Chemistry, 78,
997-1004.
Wang, X. F., Li, L., Yang, T., Liu, J., Fan, Y., Zhu, X. & Wang, X. Z. 2015. Single-chain variable fragment
(scFv) expression in tobacco plants via agroinoculation. Russian Journal of Plant Physiology,
62, 401-407.
Weisser, N. E. & Hall, J. C. 2009. Applications of single-chain variable fragment antibodies in
therapeutics and diagnostics. Biotechnol Adv, 27, 502-20.
Wingfield, P. 2001. Protein precipitation using ammonium sulfate. Current protocols in protein
science, Appendix 3, Appendix-3F.
Yuan, Q., Clarke, J. R., Zhou, H. R., Linz, J. E., Pestka, J. J. & Hart, L. P. 1997. Molecular cloning,
expression, and characterization of a functional single-chain Fv antibody to the mycotoxin
zearalenone. Appl Environ Microbiol, 63, 263-9.
Yusibov, V., Kushnir, N. & Streatfield, S. J. 2016. Antibody Production in Plants and Green Algae.
Annual Review of Plant Biology, 67, 669-701.
Yusibov, V., Streatfield, S. J. & Kushnir, N. 2014. Clinical development of plant-produced recombinant
pharmaceuticals: Vaccines, antibodies and beyond. Human Vaccines, 7, 313-321.
Zhang, C., Lillie, R., Cotter, J. & Vaughan, D. 2005. Lysozyme purification from tobacco extract by
polyelectrolyte precipitation. Journal of Chromatography A, 1069, 107-112.
Zinder, N. D. & Horiuchi, K. 1985. Multiregulatory element of filamentous bacteriophages.
Microbiological Reviews, 49, 101-106.

79

