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Summary

Summary

Plants are an attractive alternative to mammalian and microbial cell culture systems 
as a potential production platform for recombinant proteins. Apart from avoiding 
ethical problems associated with transgenic animals, plant systems have various 
advantages such as low cultivation/production costs, ease of scalability via standard 
agricultural practices, the possibility of using edible plant material expressing 
therapeutics (e.g. vaccines) as food or animal feed, and of using whole plants for 
bioremediation purposes. The use of plants also reduces the risk of product 
contamination by mammalian viruses, blood-borne pathogens, and bacterial toxins.

The primary aim of this thesis was to explore strategies aimed at increasing the 
accumulation and yield of antibody fragments in Nicotiana benthamiana and N. 
tabacum. The antibody fragments of interests included human single-chain variable 
fragments (scFvs) derived from conventional immunoglobulin G (IgG), and heavy- 
chain variable fragments (VHHs or nanobodies) derived from Camelid heavy chain- 
only antibodies (HCAbs). VHHs are especially suitable for many biotechnological 
applications due to their small size, monomeric behaviour, high stability and 
solubility, and their ability to bind epitopes not accessible to conventional antibodies.

We investigated transient expression of scFvs and VHHs in N. benthamiana using 
'deconstructed virus'-based transient expression vectors. Initially, two versions of a 
human anti p-galactosidase scFv and three versions of a camel anti-hen egg white 
lysozyme (HEWL) VHH were expressed. The anti p-galactosidase scFvs include the 
original scFv and a mutant selected to fold correctly and accumulate at a high level 
in the reducing environment of the bacterial cytoplasm. The anti-HEWL nanobodies 
included the original VHH from an immunized library (cAbLys3), a plant codon- 
optimized derivative, and a codon-optimized hybrid nanobody comprising the CDRs 
of cAbLys3 grafted onto an alternative 'universal' VHH framework. Both 6xHis- and 
Strep-tagged derivatives of each scFv and VHH were expressed in different 
subcellular compartments, including the cytoplasm, chloroplast, apoplast and ER 
using different targeting pre-sequences.

We found that antibody fragment tertiary structure had a major impact not only on 
protein accumulation and overall yield, but also on the subcellular compartment in 
which fragment showed the highest accumulation. For example, overall 
accumulation and yield of the mutant anti-p-galactosidase scFv was greater

XV



Summary

compared with its wild-type counterpart. Moreover, the two scFvs accumulated 
most highly in different subcellular compartments; the mutant in the cytoplasm, the 
wild-type when targeted to chloroplasts. For the anti-HEWL nanobodies, intact 
functional protein accumulated at an exceptionally high level (up to 30% total leaf 
protein) when the original VHH framework was replaced with the alternative 
'universal' framework. Fusion of this hybrid VHH with GFP changed the subcellular 
compartment in which it showed the highest accumulation from apoplast to 
cytoplasm. Also, different purification tags affected the accumulation and the 
integrity of the VHHs. On the other hand, when the yield of the plant codon- 
optimized VHH construct was compared with that of the original mammalian codon 
version, no increase in protein accumulation was observed.

Subsequently, it was found that the use of the 'universal' framework increased the 
accumulation of two other nanobodies (anti-PSA and anti-RNase A VHHs), relative 
to their original-framework counterparts. This was observed not only when different 
transient expression vectors were used to direct their expression in planta, but also 
when the constructs were expressed in E. coli. In addition, 6 anti-HEWL nanobody 
chimeras were constructed that contained different combinations of framework 
regions (FRs) from the 'universal' and the native VHH framework. When transiently 
expressed in N. benthamiana, the 6 chimeras showed different levels of 
accumulation and differential susceptibility to proteolytic degradation.

Finally, investigations aimed at achieving stable expression of apoplast-targeted 
anti-HEWL nanobodies (both with the native and the 'universal' FRs) in N. tabacum 
and N. benthamiana are described. Several strategies were evaluated, including the 
use of different promoters (CaMV35S and rbcS promoters), the inclusion of an 
intron in the coding region, and the use of 5' and 3' untranslated region (UTRs) 
from Tobacco Mosaic Virus (TMV) and Cowpea Mosaic Virus (CPMV).
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Chapter 1

Chapter 1. General Introduction

1.1 Antibodies

Antibodies are inrimunoglobulins produced by B lymphocytes of the vertebrate 
immune system. They participate in the recognition and elimination of non-self 
antigens by binding to unique molecular epitopes on antigenic proteins, 
glycoproteins, carbohydrates and lipids. Antigens that have been coated with 
antibodies are marked for destruction by effector cells of the immune system 
(Janeway etal., 2001).

The main antibody isotypes found in mammalian serum are IgG, IgA, IgM, IgD and 
IgE. Of these, IgG is the most common type (Figure 1.1). It consists of two pairs of 
identical polypeptides, the heavy and light chains. Each heavy chain consists of 4 
domains: 3 constant domains (CH) and 1 variable domain (VH). The two heavy 
chains join to form a 'Y' shaped structure stabilized by disulphide bonds in the hinge 
region (Woof and Burton, 2004). The two light chains, each comprising 1 constant 
domain (CL) and 1 variable domain (VL), are connected to the 'arms' of the heavy 
chain by disulphide bonds. The N-terminal ends of the 'arms' of the IgG molecule, 
which contain the variable regions of both the heavy and the light chain, interact 
with antigen epitopes via 3 Complementarity Determining Regions (CDRs), variable 
loops present at the ends of each variable fragment. The variability of IgG is 
achieved through the combination of different VH and VL domains. Therefore, each 
variable region is bivalent and capable of recognizing two different antigen 
molecules.

The ability of antibodies to recognize and bind an extraordinarily diverse array of 
antigens with high specificity and affinity has generated intense interest in 
exploiting them for biotechnological applications based on molecular recognition. As 
a result, major advances in antibody selection, the engineering of smaller antigen 
binding derivatives, and the development of recombinant expression systems have 
been made during the past two decades.
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scFv

Fab

Diabody

Fig ure 1.1 Schematic diagram depicting the structure of conventional IgG along 
with derivatives including scFv, Fab and diabody. Variable heavy 
domains (VFI) are coloured in red, variable light domains (VL) are 
coloured pink while constant domains (CH and CL) are coloured yellow 
(adapted from Flarmsen and De Flaard, 2007). For each of these 
formats, high affinity antigen binding requires both a VFI and a VL 
domain.
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1.2 IgG derivatives and their applications

Although the constant regions of IgG play a role in modulating immune responses, 
they are not required for antigen recognition and can in some instances be 
undesirable. Therefore, smaller derivatives of IgG which retain antigen binding 
specificity have been engineered, firstly by removing the constant domains by 
enzyme-mediated proteolysis, then later through the use of recombinant DNA 
technology. Examples of IgG derivatives include monovalent fragments such as Fab 
(Fragment, antigen binding), single-chain variable fragments (scFv) and single 
variable VFI and VL domains; and bivalent formats such as F(ab')2 fragments, 
diabodies and minibodies, as well as multivalent formats (Flolliger and Fludson, 
2005). Fabs contain the sequences distal to the hinge region while scFvs consist of 
the VFI and VL domains joined by a flexible peptide chain. These derivatives usually 
show improved tissue penetration capabilities while retaining the specific antigen 
binding affinity of the parent IgG (Wu and Senter, 2005)

Antibody fusion proteins can also be generated combining the antibody variable 
domain with other antibodies to generate bispecific molecules (Floffmann et a!., 

2005; Schlereth et a/., 2005) or with proteins such as toxins, biological response 
modifiers or enzymes (Flalin et al., 2002; Bang et al., 2005; Sharma et al., 2005). 
It is therefore not surprising that recombinant antibodies and their derivatives are 
increasingly being developed for use as imaging and diagnostic reagents (Wu and 
Yazaki, 2000; Michalet et al., 2005; Wei et a!., 2008), as therapeutic agents 
(Adams and Weiner, 2005; Wu and Senter, 2005; Reichert and Valge-Archer, 2007), 
and for many other biotechnological applications (Ziegler and Torrance, 2002).
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1.3 Heavy chain-only antibodies (HCAb) in the 

antibody repertoire of Camelids

Almost 18 years ago, Hamers-Casterman et at. (1993) identified a unique class of 
antibodies in the serum of members of the Camelidae family (camel, dromedary, 
llama, alpaca and vicuna). These antibodies, called heavy chain-only antibodies 
(HCAb), lack the light chain normally found in conventional antibodies. They also 
lack the first constant heavy domain (CHI) which normally associates with the light 
chain and to a lesser degree, interacts with the variable heavy (VH) domain (Figure 
1.2). This is due to removal of the CHI coding region caused by a point mutation at 
the 5' end of the CHI hinge region (Nguyen et a!., 1999). Thus HCAbs have lost the 
ability to interact with light chains.

In camels, approximately half of the total IgG repertoire, which has a concentration 
of approximately 5-10 mg/ml in serum, consists of HCAb (Hamers-Casterman et a!., 
1993) while in llamas this number is lower (approximately 25-45%) (van der 
Linden et at., 1999). Approximately 50 - 75% of the IgG repertoire comprises 
conventional IgG, depending on the species. Nine y genes have been identified in 
camels of which five are functional. These five genes code for distinct hinge regions 
and are considered to correspond to distinct subclasses. A similar pattern was also 
found for llamas (De Genst et al., 2006). At the protein level, Hamers-Casterman et 
al. (1993) divided the IgG in camels into three different subclasses based on their 
molecular weight and differential binding to protein A and protein G affinity columns. 
The IgGl fraction consists of conventional antibodies while the IgG2 and IgG3 
fractions contain HCAb which binds to protein A (IgG2) or both protein A and G 
(IgG3).
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Heavy chain IgG

Figure 1.2 Differences between conventional antibodies and HCAbs. Variable heavy 
domains (VH and VHH) are coloured in red, variable light domains (VL) 
are coloured pink while constant domains (CH and CL) are coloured 
yellow (adapted from Harmsen and De Haard, 2007). While high 
affinity antigen binding by conventional IgG requires a VH and a VL 
domain, HCAbs bind antigens via a single VHH domain.
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1.4 Heavy chain-only variable fragment (VHH)

The minimal antigen binding site of a HCAb consists of a single domain variable 
fragment (VHH), also known as a nanobody. Nanobodies have a molecular weight 
of 14-15 kDa and a structure that is highly similar to the human family III VH 
domain (Muyidermans et al., 1994; Nguyen et al., 2000). Similar to VH, nanobodies 
possess four Framework Regions (FRs) that form a (3-barrel core or scaffold as well 
as three Complementarity Determining Regions (CDRs) which are involved in 
antigen recognition and binding (please refer to Section 5.1 for detailed 
explanations of the structure of VHHs). Camel VHHs can be subdivided into 7 
subclasses (VHHl, VHH2 etc) based on the presence/absence, and the position of a 
cysteine residue in CDRl as well as the presence of certain amino acid sequences in 
their framework regions (Nguyen eta/., 1998; Harmsen eta/., 2000; Nguyen eta/., 
2000). VHH2 is the most frequently occurring of the seven VHH subclasses 
accounting for 75% of all isolated VHHs (Nguyen et al., 2000). For llama, different 
subfamily divisions are in place (Harmsen et al., 2000; Achour eta/., 2008).

1.5 Advantages of Camel VHH antibodies

VHHs have several advantages over their conventional VH counterparts (De Genst 
et a/., 2006; Harmsen and De Haard, 2007). Firstly, they are smaller («15 kDa) 
compared to scFvs («30 kDa), Fab fragments («60 kDa) and whole IgG («150 
kDa). This advantage, coupled with an extended and highly flexible CDRS, enables 
VHHs to reach antigenic sites inaccessible to conventional antibodies (Lauwereys et 
a/., 1998; Stijiemans et al., 2004; De Genst et al., 2006). Nanobodies are also 
more soluble due to their hallmark substitutions, as shown by Davies and 
Riechmann (1994), who observed an increase in solubility when these hallmark 
residues were grafted onto conventional VH. Furthermore, hydrophobic patches of 
the VH-VL interface equivalent are shielded by the CDRS. This, together with the 
increased solubility, renders the VHHs more homogeneous and less prone to 
aggregation. Hence, VHH display strict monomeric behaviour unlike VH derivatives 
which tend to aggregate (Ward et al., 1989).

Another important additional advantage of VHHs is the ease with which they can be 
obtained. Genes encoding VHH can be easily obtained from immunized camels (or 
llamas or alpacas) by amplifying the VHH gene repertoire using specific primers.
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cloning the genes into phagemid vectors and selecting antigen-specific VHH via 
phage display technology. VHH libraries from immunized camelids retain full 
functional diversity since they have been matured in vivo against the antigen. In 
contrast, conventional libraries lose their diversity due to reshuffling of the VL and 
VH domains during the construction of the library (De Genst et ai., 2006). Also, 
their single domain nature and small size eases genetic manipulation, and antibody 
diversity can be generated through gene variations instead of through the 
combination of light and heavy chains. It also enables the generation of multivalent 
formats (Figure 1.3) to increase avidity or to produce bispecific antibodies 
(Coppieters eta/., 2006; Roovers eta/., 2007).

VHHs have been found be very stable and can retain their functionality at high 
temperatures (up to 70°C) (Goldman eta/., 2006; Ladenson eta/., 2006), following 
exposure to high temperatures (Perez et a/., 2001), in the presence of denaturants 
such as sodium dodecyl sulphate, urea and guanidine-HCI (Dolk eta/., 2005), and 
even in the protease-rich, pH-extreme environment of the gastrointestinal tract 
(Harmsen et a/., 2006; Harmsen and De Haard, 2007; Winichayakul et a/., 2009). 
Their single domain nature means that they only need to refold in order to 
reacquire functionality.

From an immunotheraputic perspective, VHH exhibit low immunogenicity because 
they share a high degree of sequence similarity with the homologous human VH 
framework (Harmsen and De Haard, 2007). Their small size, enhanced stability and 
strictly monomeric behaviour facilitate efficient penetration of tissues, conferring in 
certain cases the ability to cross the blood-brain barrier (Muruganandam et ai., 

2002). However, their small size also results in rapid renal clearance and, in 
consequence, a reduced half-life in the blood stream measure in hours, unlike 
conventional antibodies which can persist for weeks (Harmsen et ai., 2005). 
Fortunately, this potentially disadvantageous trait can be ameliorated by increasing 
their size by, for example, engineering multivalent formats (Hmila et ai., 2008) or 
by fusing nanobodies to various effector molecules (Cortez-Retamozo et ai., 2004; 
Harmsen etal., 2005).
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Bivalent VHH

VHH (Nanobody®)

Figure 1.3 Derivatives of HCAb inciuding VKH (nanobody), bivalent VHH and 
pentabody. VHH domains are coloured red (adapted from Harmsen 
and De Haard, 2007).
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1.6 Applications of Camel VHH antibodies

Given their unique properties, VHHs have been developed for various 
biotechnological, diagnostic and therapeutical applications, either as single units or 
in bivalent or multivalent formats (Saerens et a/., 2008). For example, they can be 
used as capture agents for immunoaffinity purification (Verheesen et al., 2003). 
Rothbauer et al. (2008) fused an anti-GFP VFIFI to a monovalent matrix which 
allows for fast and efficient isolation of in v/Vo-expressed GFP fusion proteins and 
their interacting factors for biochemical and proteomic analyses. Schornack et al. 

(2009) found that such fusion proteins can also be used in plants to mislocalize or 
'trap' a protein of interest in the plant cytosol, thereby altering its accumulation 
profile, and ultimately the phenotype mediated by the protein of interest.

The small size and highly specific binding of VFIFI also makes them excellent probes 
for recognizing biomarkers in proteomic studies (Saerens et al., 2008). 
Pleschberger et al. (2004) developed a prostate-specific antigen assay by using a 
VFIFI fusion protein to generate a nanopatterned sensing layer to enable the 
detection of prostate-specific antigen by surface plasmon resonance technology. 
Others, such as Omidfar et al. (2004) and Gottlin et al. (2009), explored the use of 
VFIFIs in tumour imaging and diagnostics through the use of a VFIH recognizing 
Epidermal Growth Factor Receptor (EGFR), a protein that is normally overexpressed 
or mutated in a high percentage of cancers.

The fact that VFIFI can be stable even in the most extreme of conditions has not 
been overlooked. Dolk et al. (2005) isolated a VFIFI that binds to a cell wall protein 
of a dandruff-causing fungus even in the presence of shampoo detergents and is 
stable in the presence of high urea concentrations. Ladenson et al. (2006) isolated 
a thermostable, caffeine-specific llama VFIFI which can be used in a biosensor 
application to analyse caffeine content in both hot and cold beverages. Several 
VFIFIs have also been shown, in some instances, to be fully functional in the 
reducing environment of the cytoplasm, thus making them attractive candidates as 
intrabodies or as immunomodulators of enzyme function. Tanaka and Rabbitts 
(2003) isolated a VFIFI against the oncogenic protein RAS and when transfected into 
NIFI3T3 cells, it inhibited mutant RAS-induced oncogenic transformation in the cells. 
Serruys et al. (2009) isolated a VFIFI against the envelope protein of Flepatitis B 
Virus (FIBV) and when expressed and retained in the ER, it reduced the levels of 
secreted Flepatitis B surface antigen particles both in vivo and in vitro. In plants.
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Jobling et at. (2003) demonstrated that VHH can be used for in vivo 

immunomodulation of enzyme activity. In this case, the activity of potato starch 
branching enzyme A (SBEA) was inhibited by the expression of an anti-SBE A VHH 
targeted into tobacco chloroplasts and the level of inhibition was found to be more 
efficient than antisense-RNA technology.

VHHs also have the potential to be used as therapeutics. For example, a camelid 
anti-human lysozyme VHH was found to inhibit the formation of amyloid fibrils by 
human lysozyme (Dumoulin eta!., 2003; Chan et ai., 2008). Baral eta/. (2006) on 
the other hand created a trivalent bispecific conjugate by fusing a VHH targeting 
the conserved cryptic epitopes of African trypanosomes that cause sleeping 
sickness, with human trypanolytic factor Tr-apoL-I which lyses most trypanosomes. 
Treatment with this conjugate cured or alleviated acute and chronic trypanosome 
infections in mice. Other conjugates of VHH with potential medical applications 
include a bivalent molecule consisting of both anti-human and anti-mouse Tumour 
Necrosis Factor (TNF)-a with an anti-TNF VHH domain which was found to be 500 
times more potent than monovalent molecules and the current antibodies used in 
the treatment of rheumatoid arthritis (Coppieters et al., 2006).

Furthermore, Arbabi-Ghahroudi et ai. (1997) isolated VHHs which bind to and 
neutralize toxins from Clostridium tetani. Another group isolated an anti-HIV VHH 
which neutralizes HIV-1 primary isolates of subtype B and C, thus inhibiting HIV-1 
infection (Forsman et al., 2008). VHH has also the potential of being used in 
passive immunotherapy. Pant et al. (2006) expressed a VHH which neutralizes 
diarrhoea-inducing rotavirus on the surface of lactobacilli and it was found that oral 
administration of the lactobacilli shortened the disease duration, severity and viral 
load in mouse. VHH also can be used as a prophylactic against dental caries. Kruger 
et al. (2006) isolated a llama VHH against Streptococcus mutans and its daily 
administration significantly reduced the development of smooth surface cavities.

10
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1.7 The search for a 'universaT VHH framework and 

the 'humanization' of VHH

It has always been the goal of antibody engineering to minimize the size of antigen­
binding molecules. Hence the reduction of multidomain proteins such as monoclonal 
IgG or HCAb to minimal sized fragments that retain sufficiently high antigen 
specificity and affinity such as scFv and VH. Additional desired criteria include 
increased shelf-life and functionality even after exposure to harsh environments 
such as high concentrations of denaturant (e.g. after regeneration of biosensors), 
elevated pH (e.g. in the stomach or in the reducing environment of the cell 
cytoplasm) or elevated temperatures. In the case of nanobodies, Saerens et al. 

(2005) identified a highly stable VHH framework which they propose as a 'universal' 
scaffold onto which novel antigen-binding specificities can be grafted via CDR loop 
exchange (please refer to Section 4.1 for details).

'Humanization' of camelid-specific amino acid sequences in the framework regions 
to their human VH equivalents is a likely required step if camel antibodies are to be 
accepted as human therapeutics. Vincke et al. (2009) assessed the biochemical 
properties of several VHHs after the humanization process. They chose cAbBCIIlO, 
the scaffold Saerens et al. (2005) found to have the greatest potential as a 
universal CDR graft acceptor and cABHuL6, an anti-human lysozyme VHH 
(Dumoulin et a!., 2002). They then demonstrated that conserved VHH residues at 
positions 37 and 47 (Kabat numbering; Kabat et al., 1991) have a major impact on 
the affinity of the VHH for its antigen due to repositioning of the CDR3 loop. 
Surprisingly, humanizing the residues at positions 44 and 45 stabilized the VHH 
without dramatically affecting solubility and antigen affinity. Moreover, the 
substitution of 11 'non-human' residues outside FR2 did not significantly affect the 
antigen-binding capacity of the VHH but caused a decrease in expression, yield and 
stability of the VHH. This is consistent with the finding that some of the substituted 
residues were previously found to affect the stability of llama VHH fragments 
(Tanha et al., 2002). However, humanization of residues 44 and 45 was sufficient 
to compensate for this loss in stability. Furthermore, they successfully grafted the 
CDRs of different VHHs onto the humanized framework of cAbBCIIlO (h- 
NbBCIIlOFGLs) resulting in transfer of the antigen specificity of the loop donor. This 
showed that the scaffold could also be used as a humanized universal framework.

11
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1.8 Production platforms for derivatives 

conventional and Camel antibodies

of

Many different expression systems have been used to produce monoclonal 
antibodies (mAbs) as well as other recombinant proteins used for diagnostic, 
research and therapeutic applications. Single celled prokaryotes and yeast are the 
most commonly used platforms. mAbs, for example, have been produced in 
prokaryotic systems such as Escherichia coli (Martineau et a!., 1998; Muller- 
Schiffmann et ai., 2009). In fact, E. coii is the platform commonly used for the 
production of antibody fragments lacking the Fc region which do not require N- 
glycosylation (Andersen and Reilly, 2004; Arbabi-Ghahroudi et al., 2005). 
Furthermore, mAbs have also been expressed in cell free systems (Hoffmann eta/., 
2004; Galeffi et ai., 2006), in yeasts such as Saccharomyces cerevisiae (Shusta et 

ai., 1998; Miller et ai., 2005) and Pichia pastoris (Shi et ai., 2003; Gurkhan et ai., 

2004).

However, eukaryotic systems such as Chinese Hamster Ovary (CHO) cells, 
baculovirus-infected insect cells, and transgenic plants or plant cell cultures are 
increasingly being used as alternative production platforms because they are 
capable of assembling complex proteins and, moreover, provide post-translational 
modifications like glycosylation (Kamarck, 2006). Various mAbs, including scFvs 
and VHHs, have been produced in eukaryotic systems including insects cells 
(Kretzschmar et ai., 1996; Johansson et ai., 2007), fungi (Joosten et ai., 2005), 
cultured mammalian cells (Cardinale et al., 1998; BazI et ai., 2007; Braren et al., 

2007) and plants (Ma et ai., 1995; Schouten et a/., 1997; Fischer et a/., 1999; 
Ismaili et a/., 2007; Van Droogenbroeck et a/., 2007; Winichayakul et a/., 2009; 
Conrad and Floss, 2010; Conrad eta/., 2011).

1.9 Transgenic plants as an expression platform

Plants have generated great interest as an attractive alternative to mammalian and 
microbial cell culture platform for heterologous protein production (Twyman et a/., 
2003; Bock, 2007). Apart from avoiding the ethical problems associated with 
transgenic animals and the expense of mammalian cell culture systems, factors in 
favour of using plants as a production system include low cultivation/production

12
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costs and the ease of scalability via standard agricultural practices. Other important 
advantages include the greatly reduced risk of product contamination by 
mammalian viruses, blood-borne pathogens, and bacterial toxins, since plants are 
not hosts for the relevant organisms. Furthermore, plants are capable of 
synthesizing correctly folded and assembled multimeric therapeutic proteins of 
mammalian origin. In fact, plants have been found to be more suitable for 
producing properly folded, active recombinant proteins compared to yeast 
{Saccharomyces cerevisiae) or Escherichia coli cells (Popescu et ai., 2007).

In the past, the difference between the N-glycosylation patterns of proteins 
produced by mammalian and plant cells raised the concern that plant-produced 
therapeutics might elicit an undesirable immune response in humans. However, 
Nicotiana benthamiana has been genetically modified to efficiently produce fully 
functional proteins with human-like glycosylation patterns, thus solving a major 
hurdle to using plant systems as a production platform (Strasser ef a/., 2008). 
Furthermore, Vezina eta/. (2009) successfully incorporated a chimeric human pi,4- 
galactosyltransferase into a transient transformation vector and successfully 
produced antibodies with human-like /V-glycans at high levels and in a short time. 
There is also the possibility of directly using edible plant material expressing 
therapeutics (e.g. vaccines and prophylactics) as food or animal feed, hence 
reducing downstream processing procedures (Walmsiey and Arntzen, 2000; Mason 
eta/., 2002). Verma eta/. (2010) bioencapsulated coagulation factor IX in tobacco 
chloroplasts and showed that oral delivery of this protein effectively blocked 
inhibitory antibody formation and ultimately eliminated fatal anaphylactic reactions 
in Haemophilia B mice. Transgenic plants can also be generated for the purpose of 
phytoremediation. In fact, recombinant tobacco plants expressing membrane- 
bound or rhizosecreted antibodies against the environmental pollutant microcystin- 
LR have been produced. Microcystin-LR can either be taken up by the plants and be 
bound to the antibody fused to the plasma membrane (Barbi et ai., 2010) or the 
antibodies can be secreted from the roots to the surrounding environment to bind 
to the pollutant (Drake et ai., 2010).

There are several established protocols for introducing a gene of interest (GDI) into 
plants using either Agrobacterium or biolistic methods and it is possible to introduce 
additional (and multiple) transgenes via sexual crosses (gene stacking; Halpin and 
Boerjan, 2003). Transgenes introduced into plants typically encode proteins 
responsible for either input traits or output traits. Input traits include drought, 
herbicide or insect resistance, designed to improve the agronomic performance of

13
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the plant. Output traits, on the other hand, change the way the plants are 
subsequently used. These include, for example, modification of nutritional value, as 
has been achieved in the case of vitamin-enriched Golden rice (Ye et al., 2000; 
Datta et al., 2003); biofuel production (Andrianov et al., 2010), and the production 
of recombinant therapeutic proteins.

The production of recombinant proteins of diagnostic, therapeutic and 
biotechnological interest has been extensively investigated in transgenic plants. 
These include candidate vaccine antigens (Mason et al., 2002; Streatfield and 
Howard, 2003; Pogrebnyak et al., 2005; Azhakanandam et al., 2007; McCabe et al., 

2008; Peters and Stoger, 2011); proteins providing prophylaxis against 
organophosphorous nerve agents and pesticides (Geyer et a!., 2010) and the 
inhalation of anthrax spores (Wycoff et a!., 2011); biopharmaceuticals such as 
human serum albumin (Fernandez-San et a!., 2003), human growth hormone 
(Staub et a!., 2000), and collagen (Merle et a!., 2002); proteins for industrial uses 
(Somerville and Dario Bonetta, 2001) such as silk-like proteins (Yang et a!., 2005); 
and antibodies. The latter include various antibody formats (please see Ma et a!., 

2003; Schillberg et al., 2003; Ko and Koprowski, 2005; Conrad and Floss, 2010; 
Peters and Stoger, 2011 for reviews ), such as full-length conventional IgG (Hiatt et 

al., 1989; Ma et al., 1994) and sIgA antibodies (Hiatt eta!., 1989; Ma etaL, 1995; 
Voss et a!., 1995), as well as scFvs (Fiedler et a!., 1997; Fischer et a!., 1999; 
Schillberg et a!., 2000; Van Droogenbroeck et al., 2007), Fabs (De Wilde et a!., 

2002), and more recently, VHHs (Ismaili et a!., 2007; Winichayakul et al., 2009). 
However, it should be noted that in stably transformed plants, the expression levels 
achieved for recombinant proteins encoded by nuclear transgenes do not, in 
general, exceed 1-2% total soluble protein (tsp).

1.10 Plant tissue and cell culture

Plant tissue culture is the In vitro multiplication and/or regeneration of plant tissues 
under sterile conditions after the original organisms has been removed. This is 
possible due to the totipotent nature of plant cells which can give rise to a whole 
fertile plant without the loss of genetic information (Razdan, 2003). Through the In 

vitro use of phytohormones, tissue explants can be induced to dedifferentiate, 
forming callus tissues, which continue to propagate in this state. Sometimes, as in
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the case of Agrobacterium-med\ated transformation, the callus tissues can be 
redifferentiated to form whole plants by changing the ratio of the phytohormones 
auxin and cytokinin.
There are several approaches which can be used for in vitro cultivation of plant cells 
and tissues, including the generation and propagation of 'hairy' roots, shooty 
teratomas, immobilized cells and cell suspension cultures (Hellwig eta/., 2004). The 
major focus tends to be on suspension cultures and hairy root cultures because 
they are the most amendable to GMP procedures and can be cultivated easily in 
large-scale bioreactors (Lee et ai., 2004). Plant cell suspension cultures are 
prepared by the agitation of friable callus tissue in shaker flasks or fermenters to 
form single cell and small aggregate suspensions. The resulting cells suspensions 
are grown in liquid culture medium containing the same hormones to promote rapid 
growth and prevent redifferentiation. The most commonly used plants for protein 
production by this route are tobacco, in particular the cell lines referred to as Bright 
Yellow2 (BY2) (e.g. Fischer etai., 1999b; Fujiyama etai., 2007). Soybean (HdhI et 

ai., 1988) and tomato cell cultures (Kwon etai., 2003) have also been investigated. 
Hairy root cultures on the other hand are generated by infection of leaf or shoot 
material with Agrobacterium rhizogenes. This induces the production of genetically 
transformed adventitious roots (so-called 'hairy' roots) which are capable of 
unlimited propagation in hormone-free media without showing any further 
differentiation into shoot/leaf tissues.

Plant cell cultures and hairy root cultures have been applied in many fields ranging 
from molecular biology to crop improvement. They have also been used to produce 
various recombinant proteins including mAbs and antibody fragments (Fischer eta/., 
1999b; Ramirez et ai., 2000; Semenyuk et ai., 2003; Francesca and Lorenza, 
2008), enzymes (Kurata eta/., 1998; Verdelhan Des Molles et ai., 1999; Huang et 
ai., 2002) as well as proteins of therapeutic value such as human interleukin (IL) 
(Magnuson etai., 1998; Kwon etai., 2003b), human ol-antitrypsin (Huang etai., 

2001) and human serum albumin (Sijmons etai., 1990). The recombinant protein 
can be produced in suspension cultures either by using transgenic plants as the 
initial starting material for callus generation, or by transforming wild-type cell 
suspensions with the plasmid harbouring the GOI via Agrobacterium-mediated 

transformation or particle bombardment. Then, the expressed protein can be 
harvested from the culture biomass or culture medium or both.
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1.11 Strategies for gene expression

There are two general strategies for expressing a gene of interest (GOI) in plant 
cells: expression via the production of stable transformants (generally referred to 
as transgenic plants), or transient expression.

A GOI can be stably incorporated into the plant nuclear genome by Agrobacterium- 

mediated delivery of T-DNA (Gelvin, 2003), by biolistics (Sanford, 1988; Sanford et 

al., 1993), by polyethyleneglycol (PEG)-mediated gene transfer (Uchimiya et a/., 
1986), electroporation of protoplasts and intact cells (Fromm et al., 1985; Ldrz et 

al., 1985; De la Pena et al., 1987; Arencibia etal., 1995), or by microinjection (De 
la Pena et a!., 1987). Integration of a GOI, delivered by biolistics or via PEG- 
mediated transfer, into the chloroplast genome typically occurs via homologous 
recombination between sequences flanking the GOI and the corresponding 
endogenous sequences within the chloroplast. Stably transformed plants, 
regenerated from the initially transformed cells, offer the advantage of stable 
expression and inheritance of the GOI. Furthermore, crossing different transgenic 
lines can be employed to combine or stack multiple transgenes in the same plant 
(Halpin, 2005). Stable transformation is further discussed in Section 7.1.

In contrast, in the transient expression strategy the GOI is expressed for only a 
short time period following its introduction into the cell and regeneration of whole 
plants from the initially transformed cells is not pursued (Janssen and Gardner, 
1990; Kapila et al., 1997). In this scenario, the GOI cannot be passed on to the 
next generation. Transient expression methods are, however, easier and less costly 
to use. Moreover, they also have a much faster timeline, measured in days rather 
than months and also circumvent the problem of highly variable expression, 
because expression of the GOI is not dependent on stable incorporation into the 
plant genome.

The simplest strategy for transient expression consists of inserting the GOI, flanked 
by appropriate 5' and 3' regulatory sequences, into the T-DNA of an Agrobacterium 

Ti plasmid (for example Popescu et al., 2007). More sophisticated transient 
expression vectors contain part or the entire genome of a plant RNA virus, such as 
the tobamovirus Turnip Vein Clearing Virus (TVCV) or Tobacco mosaic virus (TMV), 
or alternatively. Potato Virus X (PVX) (Chapman et al., 1992) or Cowpea Mosaic
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Virus (CPMV) (Sainsbury and Lomonossoff, 2008). The earliest viral vectors were 
based on infectious cDNA clones of the wild-type viral genome delivered into the 
plant by mechanical inoculation. The GOI was typically introduced as an additional 
ORF into the viral genome or, alternatively, it replaced a viral gene such as that 
encoding the coat protein (CP) (Scholthof et al., 1993; Scholthof et a!., 1996). 
Expression of the GOI was driven by the addition of an extra viral subgenomic 
promoter (Dawson et a!., 1989; Donson et al., 1991), or the GOI was expressed as 
a translational fusion with the viral coat protein (Werner et al., 2006). These 
various expression strategies are known as the 'full virus' strategy. Disadvantages 
of using this approach, however, include size restrictions on the sequences that can 
be inserted and are compatible with viability of the virus (Avesani et al., 2007), the 
high mutation rate to which the GOI is subjected during the process of viral RNA 
replication, and the tendency of the viral genome to delete the GOI (Dawson et al., 

1989).

The disadvantages of the 'full virus' vector strategy led to the development of novel 
'deconstructed virus' strategies. Here the viral genome is 'deconstructed', leaving 
only those genes required for expression of the GOI and amplification of the 
corresponding mRNA transcript. The missing functions such as those controlling 
initial infection of the host plant and DNA integration are replaced with non-viral 
components. Instead of delivery of the GOI by virus-mediated infection. 
Agrobacterium is used to deliver T-DNA containing the GOI flanked by regulatory 
elements derived from the viral genome. Following T-DNA delivery, the transcribed 
mRNA is able to self-replicate in the cytoplasm due to the presence of the viral 
replicase complex. Therefore, these vectors not only take advantage of the 
presence of the RNA-dependent RNA replication functions of the virus to further 
amplify the initially transcribed mRNA, they also make use of the efficient manner 
with which Agrobacterium transfer T-DNA into the plant host cell nucleus. Examples 
of 'deconstructed virus' vectors include the tobamovirus-based ICON Genetics 
system (Marillonnet etaL, 2004; Gleba eta!., 2007; please refer to Section 3.1 for 
detailed explanation), the TMV RNA-based Overexpression (TRBO) vector (Lindbo, 
2007) and the CPMV RNA2-based pEAQ-HT vector (Sainsbury and Lomonossoff, 
2008; please refer to Section 6.1 for detailed explanations of TRBO and pEAQ-HT 
vectors).
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1.12 Research aims and objectives

As discussed above, plants represent an attractive alternative to mammalian and 
microbial cell culture systems as a potential production platform for recombinant 
proteins, including antibodies.

The aim of the present study is to identify and investigate key factors influencing 
the expression, yield, functionality, stability, and recovery of antibody fragments in 
plants; specifically, murine scFv and camelid VHH (with major emphasis on the 
latter).

The research programme will therefore investigate:

1. Gene-intrinsic factors: i.e. the effects of (i) codon optimization (ii) changes in 
VHH framework regions, and (iii) purification tags.

2. The influence of the subcellular compartment in which the antibodies accumulate 
i.e. cytoplasm, chloroplast, ER, and apoplast.

3. The use of an alternative 'universal' framework regions, derived from cAbBCIIlO 
to increase the yield of VHHs in general; and the effects of individual framework 
region changes on yield.

4. The use of different virus-based transient expression systems, as well as E. coli 

expression system, for expression of VHHs in N. benthamiana.

5. The expression system: high-level transient expression systems vs. expression in 
stable nuclear transformants.

6. Different strategies to improve expression in stable nuclear transformants: i.e. (i) 
the use of different promoters, (ii) the inclusion of an intron, and (iii) the use of 5' 
and 3' untranslated regions (UTRs) from Tobacco Mosaic Virus (TMV) and Cowpea 
Mosaic Virus (CPMV).
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Chapter 2. Materials and Methods

2.1 Expression vector modules

2.1.1 ICON Genetics system provector modules

The tobamovirus-based expression system developed by the biotechnology 
company ICON Genetics (Marillonnet et a!., 2004; Santi et a!., 2006) for transient 
expression of genes of interest (GOIs) comprises 3 separate components: 1) A 5' 
provector module encoding the Turnip vein-clearing virus (TVCV) RNA-dependent 
RNA polymerase gene (RdRP) driven by an Arabidopsis ActinZ promoter, the 
crucifer-infecting strain of Tobacco mosaic virus (Cr-TMV) movement protein gene 
(MP), subcellular targeting signals (for pICH8420 and pICH10530), a 5' splice donor 
site and half intron, and the phage C31 attP recombination site; 2) A 3' provector 
module consisting of an attB site, half intron and 3' splice acceptor site, and a 
Multiple Cloning Site (MCS); 3) An integrase expression vector encoding phage 
PhiC31 integrase fused to a nuclear localizing signal (NLS) and driven by an 
Arabidopsis heat shock protein HspSl.l promoter. The GOI is cloned into the MCS 
of the 3' provector module.

Figure 2.1 shows schematic diagrams of the provector constructs and the functions 
of individual modules are summarized in Table 2.1.
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Chapter 2

2.1.2 The CPMV expression vector, pEAQ-HT

The Cowpea Mosaic Virus (CPMV)-based expression system pEAQ-HT (Sainsbury 
and Lomonossoff, 2008) facilitates transient expression of a GOI. It comprises the 
following components: 1) The 5' untranslated region (UTR) of CPMV RNA-2 with a 
UieiDC mutation to remove an in-frame start codon upstream of the main start 
codon at position 512. This region is known as the hypertranslatable (HT) leader 
(Sainsbury and Lomonossoff, 2008); 2) A multiple cloning site (MCS) with a 6x His 
tag; 3) The 3' UTR of CPMV RNA-2. The whole cassette is driven by a Cauliflower 
Mosaic Virus (CaMV) 35S promoter. In addition, pEAQ-HT contains an expression 
cassette encoding Tomato Bushy Stunt Virus (TBSV) P19 protein, a potent 
suppressor of RNA silencing (Voinnet et at., 2003). The P19 gene is flanked by a 
CaMV35S promoter and CaMV35S terminator. Figure 2.2 shows a schematic 
diagram of the pEAQ-HT vector.

M.3 TRBO expression vectors (pJL-TRBO)

The TMV-based expression system pJL-TRBO (Lindbo, 2007) also facilitates 
transient expression of a GOI. It consists of: 1) A CaMV35S promoter driving 
transcription of the TMV genome region encoding the RdRP and MP. The coat 
protein (CP) gene has been deleted and the CP start codon mutated from ATG to 
AGA; 2) A MCS with sites for the enzymes Pad, AvrII, Notl was inserted at the end 
of the MP; 3) A ribozyme gene and the CaMV 3' polyA signal/transcription 
terminator were placed immediately downstream of the MCS. The key features of 
pJL-TRBO are shown in Figure 2.3.
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Chapter 2

2.2 scFvs and VHHs investigated

Two genes encoding human single chain variable fragment antibodies (scFvs) and 8 
genes encoding camel heavy chain antibody fragments (VHHs) were investigated in 
this study. The antibodies and their respective antigens are detailed in Table 2.2

2.2.1 Design and synthesis of CLDSyn and CBESyn
For CLDSyn and CBESyn, codon optimization was performed using the web-based 
software GENEius Lite (Koehler and Wagner, 2007), using the sequences cAB-Lys3 
(Arbabi-Ghahroudi et a/., 1997) and cAbBCIIlO-L-L-L (Saerens et a!., 2005) as a 
basis for CLDSyn and CBESyn respectively. The codon usage frequencies for N. 
benthamiana were obtained from the Codon Usage Database (Nakamura et al., 
2000). Any undesirable sequences such as rare codons, direct or indirect repeats, 
potential hairpin structures, polyadenylation signals (AATGAA, AATAAA, AATAAT, 
AATATT, AATTAA, GATAAA), destabilizing sequences (ATTTA), and 5' intron splice 
signals (GTAAGT and GTACGT) were also removed. Priority was given to the 
removal of rare unwanted sequences while maintaining codon diversity. 
Furthermore, restriction sites were introduced into the gene sequence (3 for 
CLDSyn and 4 for CBESyn) to facilitate subsequent manipulations. A His-tagged 
version of both genes with an Ncol site at the 5' end and a BamHI site at the 3' end 
were synthesized by Genscript, USA.

2.2.2 Design and synthesis of PSll, CPS^ RN5 and CRN

The sequence of PSll and RN5 are based on cAb-PSAll and cAbRnOS (Saerens et 
al., 2005) respectively. On the other hand, CPS and CRN are based on cAbBCIIlO- 
P-P-P and cAbBCIIlO-R-R-R (Saerens et al., 2005). The genes were optimized as 
per Section 2.2.1 with the codons kept as close as possible to CLSynHS (for PSll 
and RN5) or CBEHS (for CPS and CRN). Codons which are different from CLSynHS 
and CBEHS were replaced with the most frequently used N. benthaminana codons 
obtained from the Codon Usage Database (Nakamura et al., 2000) wherever 
possible without introducing undesirable sequences. An Ncol site was added at the 
5' end while a 6xHis tail and a BamHI site were added at the 3' end. The genes 
were synthesized by Genscript, USA.
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Chapter 2

2.3 Cloning of GOIs into vectors for transient 

expression

2.3.1 PCR amplification of GOIs

The scFvs and VHHs were amplified using the required forward and reverse primers 
(as detailed in Table 2.3). The template was amplified using Pfu or Tag DNA 
polymerase, 0.2 mM each dNTP, 1 pM forward and reverse primer and 10 ng 
template. The PCR conditions included an initial denaturation step (2 minutes at 
90°C), followed by 30 consecutive cycles comprising; denaturation (1 minute at 
90°C), annealing (1 minute at 57°C) and elongation (45 seconds at 72°C); and a 
final elongation (10 minutes at 72°C) step.
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Chapter 2

2.3.2 Cloning of synthetic genes into pICH11599

The synthetic genes CLDSyn, CBESyn, PSA, CPS, RN5 and CRN were designed to 

inciude an Ncol site at the 5' end and a 6xHis-tag foliowed by a BamHI site at the 

3' end. The genes were cioned into the Muitipie Cloning Site of pICH11599 using 

the Ncol and BamHI restriction sites following gel purification of the digested insert. 

To make the corresponding Strep-tagged constructs, the synthetic genes were 

amplified with the forward primer 5'-ATCCATGGACGTTCAGTTG-3' (Ncol site 

underlined) and the reverse primer: 5'-GTAACAGTCTCTTCCGGCGCCGGTTGGT 

CTCATCCTCAATTTGAAAAATGAGGATCCGCA-3' (BamHI site underlined).

2.3.3 Cloning of SEKDEL-tagged genes into pICH11599

Three different versions of SEKDEL-tagged CBESyn were made: 1) CBESyn with a 

3' SEKDEL sequence (CBEKDEL); 2) CBESyn with a 5' 6xHis tag and 3' SEKDEL 

sequence (HSCBEKDEL); 3) CBESyn with a 3' SxHis tag followed by the SEKDEL 

sequence (CBEHSKDEL). Please refer to Figure 4.6 for a schematic diagram of the 

different SEKDEL-tagged constructs.

All 3 constructs were amplified by PCR using pUC57-CBESyn as the template and 

PCR conditions as detailed in Section 2.3.1. The respective forward and reverse 

primers used to amplify the inserts are detailed in Table 2.4. For CBEKDEL and 

HSCBEKDEL, the genes were cloned into the MCS of pICH11599 using the Ncol and 

Hindlll sites. For CBEHSKDEL, the PCR product was cioned into the gel-purified 

NcoI-BamHI large vector-containing fragment of pICH11599 CBEKDEL.
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Chapter 2

2.3.4 Cloning of a CBESyn-GFP fusion construct into 

PICH11599

A CBESyn-GFPST fusion construct (Figure 4.13) was created by fusing the synthetic 
gene CBESyn via a free linker (FL) region to a gene coding for Strep-tagged Green 
Fluorescent Protein (GFP). The free linker was added to the 3' end of CBESyn by 
amplifying pUC57 CBESynFIS with the forward primer 5'-ATCCATGGACGTTCAGTTG- 
3' and the reverse primer S'-CAGGTAACAGTCTCTTCCACTAGTGGAGCTGGAG 
CrGAATTCTA-3' (restriction sites Ncol, Spel and EcoRI, respectively, are underlined; 
FL sequences are in italics). The amplified fragment was digested with Ncol and 
EcoRI and cloned into a version of pICH11599 which already contained a gene 
coding for the Strep-tagged GFP cloned into the EcoRI and BamHI sites.

2.3.5 Cloning of GDIs into the pEAQ-HT and pJL-TRBO vectors

CBESyn, PSA and CPS were cloned into pEAQ-FIT (Sainsbury and Lomonossoff, 
2008) and pJL-TRBO (Lindbo, 2007) transient expression vectors. For CBESyn, the 
inserts were amplified using PCR conditions detailed in Section 2.3.1 with pUC19- 
ApoCBE as the template. The vector pUC19-ApoCBE contains the CBESynFIS gene 
with a tobacco calreticulin apoplast-targeting presequence located at the 5' end, 
cloned into pUC19 (please refer to Section 2.4.2 for its construction). The 
respective forward and reverse primers used to amplify the inserts are detailed in 
Table 2.5.

For PSA and CPS, the genes were amplified using pUC57-PSAFIS and pUC57-CPSFIS 
as the templates and the primers detailed in Table 2.5. The amplified fragments 
were then cloned into pUC19 (Yanisch-Perron et al., 1985) using the restriction 
sites Flindlll and EcoRI. The constructs were subsequently digested with Agel and 
Xhol (for cloning into pEAQ-FIT) or Pad and Notl (for cloning into pJL-TRBO). The 
digested fragments were gel-purified and cloned into pEAQ-FIT or pJL-TRBO.
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Chapter 2

2.3.6 Swapping of framework regions between CLDSyn and 
CBESyn

pUC57-CLDSynHS and pUC57-CBESynHS which contain VHH genes with flanking 5' 

Ncol and 3' Hindlll sites were digested with Xmal (internal site) and Hindlll. The 

longer fragments were gel-purified. Both constructs were also used as templates to 

amplify 4 different inserts with either the forward primer CLD-FWC-for (5' 

GCTCCCGGGAAGGAACGAGAGGGTGTTGCTGCA-3') or CBE-FWC-for (5'GCTCCCGGG 

CAAGAACGAGAGGCTGTTGCTG-3') (Smal = Xmal sites underlined) and the reverse 

primer FWC-rev (5'CATCAC CACTGATAAAAGCTTGCA-3'’) (Hindlll site underlined) 

(detailed in Table 2.6). The inserts possess Framework Regions (FR) 2 and 3 of 

either CLDSyn, CBESyn or a combination of both. The digested fragments were 

ligated into the gel-purified pUC CLDSynHS or pUC CBESynHS vectors to create 6 

chimeras which contain different permutations of FRl, FR2 and FR3 from CLDSyn 

and CBESyn (please refer to Section 5.2.5 for a detailed explanation of the 

chimeras).
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Chapter 2

2.4 Cloning of GOls into stable transformation 

vectors

2.4.1 Amplification of GOIs using DNA from leaves infiltrated 

with ICON Genetics transient expression vectors

N. benthamiana leaves were infiltrated with a combination of Agrobacterium strains 

harbouring the ICON Genetics vectors pICH10881, pICH8420 and either 

pICH11599-CLDSyn or pICH11599-CBESyn (please refer to Section 2.5.1 for 

detailed explanation of Agrobacterium transformation). DNA from 7 dpi leaves were 

homogenized in liquid nitrogen and extracted with 1 volume of lysis buffer (O.IM 

Tris-HCI, 50mM EDTA, 50mM NaCI, 2% SDS, 0.75% p-mercaptoethanol) followed 

by phenol/chloroform and RNase treatments. The extracted DNA (100 ng/pl) was 

boiled for 10 minutes, cooled on ice for 5 minutes and used as a template for 

amplification of a Short Fragment (SF) and a Long Fragment (LF) containing either 

CLDSyn or CBESyn (Please refer to Section 7.2.4 for detailed description of the 

components of SF and LF).

The template was amplified using Platinum® Tag DNA polymerase High Fidelity 

(Invitrogen, USA), 2 mM MgS04, 0.2 mM of each dNTP, 1 pM forward and reverse 

primer and 10 ng template. The primers used were the forward primer 

5'CATGGATCCAACTCGAGAAACATGGCTACTCAA-3' (BamHI site underlined, ATG in 

bold) and the reverse primer 5'CATCACCATCATCACCACTGATAACTCGAGCTCATA-3' 

(Sad site underlined; Stop codons in bold) for amplification of SF, while the 

forward primer 5'CATAGATCTGTCGATTCGGTTGCAGCATTT-3' (Bglll site underlined) 

and the reverse primer 5'ATCCTCCCTAACCCCGGGTAGGGGGAGCTCATA-3' (Sad 

site underlined) were used for amplification of LF. The PCR conditions included an 

initial denaturation step (2 minutes at 94°C), followed by 30 consecutive cycles 

comprising: denaturation (30 seconds at 94°C), annealing (30 seconds at 57°C) and 

elongation (1 minute at 68°C); and a final elongation (10 minutes at 68°C) step.

The PCR product was digested with BamHI and Sad for SF fragments or Bglll and 

Sad for LF fragments. The fragments were cloned into pROK-219 (pUC19-based 

vector containing CaMV35S promoter and Nos terminator; Baulcombe eta/., 1986) 

digested with BamHI and Sad. For pROK-219 containing SF inserts, the plasmid
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was digested with Hindlll and EcoRI and the CaMV35S-SF-Nos fragment was 
cloned into the binary vector pBINPLUS/ARS (Belknap et a!., 2008). For pROK-219 
containing LF inserts, the plasmid was digested separately with Hindlll and Kpnl as 
well as Kpnl and EcoRI. A 1.3 kb [CaMV35S-5'LF-partial] fragment (from the 
Hindlll/Kpnl digest) and a 0.9 kb [3'partial LF-Nos] fragment (from the KpnI/EcoRI 
digest) was gel purified and cloned into pBINPLUS/ARS by triple ligation.

2.4.2 Amplification of GOIs using mRNA from leaves 

infiltrated with ICON vectors

N. benthamiana leaves were infiltrated with a combination of Agrobacterium strains 
harbouring the ICON Genetics vectors pICH10881, pICH8420 and pICH11599- 
CBESyn (please refer to Section 2.5.1 for detailed explanation of Agrobacterium 
transformation). Total RNA was isolated from 7dpi leaves by first homogenizing 
samples to a powder in liquid nitrogen and then dispersing the powder in 1 volume 
lysis buffer (O.IM Tris-HCI, 50mM EDTA, 50mM NaCI, 2% SDS, 0.75% p- 
mercaptoethanol). The homogenate was extracted twice with buffer-saturated 
phenol/chloroform and total RNA precipitated by addition of 0.5 volume 8 M LiCI 
followed by incubation at -20°C for 30 min. The recovered RNA pellet was washed 
with 75% ethanol, air-dried and re-suspended in 100 pi sterile water at 0.1 pg/pl. 
Superscript™ II Reverse Transcriptase (Invitrogen, USA) was used to synthesize 
first strand cDNA according to the manufacturer's instructions and the cDNA was 
then amplified with the forward primer 5'CGGGATCCAACATGGCTACTCAACGAAGG- 
3' (BamHI site underlined) and the reverse primer 5'CATCACCATCATCACCACTGAJ 
AActcaaaCTCacaaccacGAATTCATA-3' (Sad and EcoRI sites, respectively, 
underlined; Stop codons in bold) using the conditions detailed in Section 2.3.1. The 
amplified products were digested with BamHI and Sad and cloned into pROK-219 
or pROK-819 (pUC19-based vector with an rbcS promoter (the rbcS gene encodes 
the small subunit of Rubisco) and the Nos terminator). The resulting constructs 
were digested with Hindlll and EcoRI and the released inserts cloned into the 
binary vector pBINPLUS/ARS (Belknap etai., 2008).
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2.5 Plant growth and transformation

2.5.1 Transient transformation

For the ICON Genetics vectors, agroinfiltration was performed as described in 
Marillonnet et at. (2004). Agrobacterium tumefaciens strain GV3101 transformed 
with individual constructs harbouring the GOI was grown overnight in Luria-Bertani 
(LB) broth, 0.02 mM acetosyringone, 0.01 mM MBS and 100 pg/mL Rifampicin at 
28°C. After the removal of the medium by centrifugation at 8,000 rpm, 10 min at 
12°C, the pellet was resuspended in Infection Solution (IS) containing 0.1 mM 
acetosyringone, 0.01 mM MBS, 0.01 mM MgCb and 100 pg/mL Rifampicin. The final 
ODeoo of the bacterial suspensions were adjusted to 0.8 using IS, and equal 
volumes of the three constructs were mixed. Fully expanded leaves of S.S-week-old 
Nicotiana benthamiana plants grown in a greenhouse were infiltrated on the abaxial 
side with 200 - 1000 pi bacterial suspension in IS using a 1 mL syringe (without a 
needle). The plants were then further grown in the greenhouse.

For CPMV and TRBO vectors, agroinfiltration was performed as described above 
with slight modifications. Firstly, CPMV vectors were transformed into 
Agrobacterium tumefaciens strain LBA4404 while TRBO vectors were transformed 
into Agrobacterium tumefaciens strain GV3101. Agrobacterium were grown 
overnight at 28°C in Luria-Bertani (LB) broth, 0.02 mM acetosyringone, 0.01 mM 
MBS, 100 pg/mL Rifampicin with an additional 50 pg/mL Kanamycin as a selection 
agent for GV3101 or Streptomycin for LBA4404. After removal of the medium by 
centrifugation, the final ODeoo of the bacterial suspensions were adjusted to 1.2 for 
CPMV constructs and 1.0 for TRBO constructs using the Infection Solution. Fully 
expanded leaves of 3 - 3.5 week-old N. benthamiana plants grown in a greenhouse 
were infiltrated as described above.

39



Chapter 2

2.5.2 Stable transformation

stable transformation of tobacco (/V. tabacum cv Samsun and N. benthamiana) leaf 
discs was performed as described in Horsch et at. (1985). Briefly, Agrobacterium 
tumefaciens strain GV3101 or LBA4404 transformed with binary vector constructs 
harbouring the GOI was grown for 24 hours at 28°C in 10 mL Luria-Bertani (LB) 
broth with 100 pg/mL antibiotic for Agrobacterium selection (Rifampicin for GVSIOI 
or Streptomycin for LBA4404) and 50 pg/mL antibiotic for plasmid selection 
(Kanamycin for the pBIN2, pBIN8, CPMV and TRBO constructs). After the removal 
of the medium by centrifugation at 4,000 rpm for 10 min at 12°C, the pellet was 
resuspended in 10 mL liquid MS medium (Murashige and Skoog, 1962) 
supplemented with vitamins (Gamborg et al., 1968). Leaf discs (Icm^) of 4 week- 
old N. tabacum cv Samsun or N. benthamiana (approximately 50 discs per 
construct) were immersed in the Agrobacterium suspension for 20 minutes. The 
leaf discs were then incubated abaxial side upwards for 2 days on Shoot Inducing 
Medium (SIM) consisting of MS medium with vitamins, 0.1 pg/mL o- 
Naphthaleneacetic acid (NAA) and 1 pg/mL Benzylaminopurine (BAP) in a tissue 
culture room at 23°C with 16/8 hours light/dark cycle. The leaf discs were then 
transferred to SIM with 500 pg/mL Carbenicillin to kill off the Agrobacterium and 
100 pg/mL Kanamycin to select for transformed cells. Regenerated shoots were 
rooted on MS medium. Rooted plantlets were transferred to soil and allowed to 
grow in the greenhouse.

2.6 Detection of GOI mRNA in tobacco leaves

Total RNA was prepared from transformed N. tabacum cv Samsun or N. 
benthamiana leaves as described above (Section 2.4.2). Denatured total RNA 
samples were resolved in 1% agarose gels containing 2.2 M formaldehyde 
(Sambrook et al., 1989), transferred onto a Biodyne® B Membrane (Pall 
Corporation, USA) by capillary transfer, and GOI-specific mRNAs were detected by 
hybridizing the blots with Digoxigenin (DIG)-labelled DNA probes (Yamaguchi et al., 
1994). Bound hybridization probes were detected using an alkaline phosphatase- 
conjugated anti-DIG antibody followed by addition of the CSPD® light-emitting 
substrate (Applied Biosystems, USA), which was visualized using the LAS-3000 
imaging system (FujiFilm, Japan) or by exposure to X-ray film (FujiFilm, Japan).
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2.7 Detection of protein expression in Tobacco 

leaves
Transformed N. tabacum cv Samsun or N. benthamiana leaves were homogenized 

with liquid nitrogen and the powder extracted with 3 volumes (for every 100 mg) of 

50mM NaH2P04 (pHS.O), 300 mM NaCI, 10 mM Imidazole and IpM PMSF for His- 

tagged proteins or 100 mM Tris (pHS.O), 150 mM NaCI, 1 mM EDTA and 1 pM PMSF 

for Strep-tagged® proteins. Protein concentration was determined via the Bradford 

assay using known concentration of Bovine Serum Albumin (BSA) as standards. 

Approximately 10 pg of total soluble protein extract was denatured in Laemmli 

buffer and resolved by SDS-PAGE (5% stacking gel and 15% running gel). Proteins 

were directly visualized by Coomassie R-250 staining or by Western Blot. 

Estimation of protein concentration on SDS-PAGE gels was performed by comparing 

the relative density of sample protein bands to bands of known concentration in the 

Perfect Protein™ Marker (Novagen, USA) sample, using the image analysis software 

MultiGauge (FujiFilm, Japan).

For Western blot analyses, protein samples were resolved by SDS-PAGE and 

transferred onto a nitrocellulose membrane. The membrane was blocked with PBS 

containing 3% skimmed milk powder. For detection of His-tagged proteins, the 

membrane was incubated overnight with a 1:5,000 dilution of mouse anti-Flis 

primary antibody (Sigma, USA), followed by a 2-hour incubation of 1:10,000 

dilution of goat anti-mouse IgG-FIRP conjugate. For detection of Strep-tagged 

proteins, the membrane was incubated for 1 hour with a 1:5,000 dilution of Strep- 

tactin-FIRP conjugate (Sigma, USA). For detection of Green Fluorescent Protein 

(GFP), the membrane was incubated overnight with a 1:1,000 dilution of rabbit 

anti-GFP primary antibody (Sigma, USA), followed by a 1.5 hour incubation of 

1:75,000 goat anti-rabbit IgG-FIRP conjugate. Detection was performed using the 

ECL system (Pierce, USA) and visualized using LAS-3000 imaging system (FujiFilm, 

Japan) or by exposure on X-ray film (FujiFilm, Japan).

41



Chapter 2

2.8 Protein purification

2.8.1 Purification of His-tagged proteins

Transformed leaves were harvested at 11 days post-infiltration (dpi) for CLDHS, 
CLDSynHS and 7dpi for CBESynHS and ABGHS constructs. They were homogenized 
in liquid nitrogen and the resulting powder extracted with 3 volumes (for every 100 
mg) of extraction buffer (50 mM NaH2P04, pH 8.0, 300 mM NaCI, 10 mM Imidazole 
and 1 pM PMSF). The clarified crude extracts were purified using a Nickel-NTA 
(Qiagen, USA) column made from 50% slurry. The column was washed with 5 
column volumes (CV) of wash buffer (similar to extraction buffer but without PMSF) 
and the bound protein eluted with Elution buffer (50 mM NaH2P04, pH8.0, 300 mM 
NaCI, 250 mM Imidazole). Excess imidazole was dialyzed out of the sample by 
ultrafiltration with a Nanosep® Centrifugal device (Pall, USA) which had a molecular 
weight cutoff of 3 kDa for the Camel VHHs and 10 kDa for the scFvs. The final 
solution which contained 50 mM NaH2P04, pH 8.0 and 300 mM NaCI was adjusted 
to contain 1 pM PMSF, 10% (v/v) glycerol and 0.01% (v/v) Thimerosal.

2.8.2 Purification of Strep-tagged proteins

Transformed leaves were harvested at 11 dpi for CL3ST, CLDST, and 7 dpi for 
163ST and ABGST. They were homogenized in liquid nitrogen and extracted with 3 
volumes (for every lOOmg) of extraction buffer (100 mM Tris pH8.0, 150 mM NaCI, 
1 mM EDTA and 1 pM PMSF). The crude extracts were purified using a Strep- 
Tactin® (IBA, Germany) column made from 50% suspension. The column was 
washed with 2 column volumes (CV) of wash buffer (similar to extraction buffer 
without PMSF), followed by 2 CVs of high salt wash buffer (100 mM Tris pH8.0, 300 
mM NaCI and 1 mM EDTA) and 2 CVs of wash buffer. Bound protein was eluted with 
Elution buffer (100 mM Tris pH8.0, 150 mM NaCI, 1 mM EDTA and 2.5 mM D- 
desthiobiotin). Excess D-desthiobiotin was dialyzed out of the sample by 
ultrafiltration with a Nanosep® Centrifugal device (Pall, USA) which had a molecular 
weight cutoff of 3 kDa. The final solution, containing 100 mM Tris pH8.0, 150 mM 
NaCI and 1 mM EDTA was adjusted to include 1 pM PMSF, 10% (v/v) glycerol and 
0.01% (v/v) Thimerosal.
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2.9 Immunosorbent assays (ELISA)

2.9.1 Direct ELISA for His-tagged proteins

Antigens (P-galactosidase, HEWL, RNase and PSA; all from Sigma, USA), were 

coated onto ELISA plates at a concentration of 20 pg/mL (for p-galactosidase), 5 

pg/mL (for HEWL), 20 mg/mL (for RNase) and 20 pg/mL (for PSA) in 100 mM 

carbonate/bicarbonate buffer (pH 9.6) overnight at 4°C. The plates were then 

washed three times with sterile distilled water. The plates were blocked with PBS 

containing 5% skimmed milk powder or 1% ELISA grade BSA (Sigma, USA) at 25°C 

for 2 hours. After 3 washes with water, the antibody samples (as crude plant 

extracts or pure protein) were incubated at 25°C for 2 hours (for crude extract) or 

at 4°C overnight (for pure protein). AM dilutions were made in blocking solution. The 

plates were washed three times with PBS containing 0.05% (v/v) Tween 20 (PBSt). 

A 1:5000 dilution of HRP-conjugated Ni-NTA (Qiagen, USA) was then added and the 

plates incubated overnight at 4°C. Following washing with PBSt solution, the bound 

HRP-conjugate was detected by addition of Turbo-TMB ELISA reagent (Pierce, USA). 

Plates were incubated at 25°C for 10-30 minutes and the reaction stopped with 2 M 

H2SO4. The absorbance of the resulting yellow-coloured substrate was read at 

450nm.

2.9.2 Direct ELISA assay for Strep-tagged proteins

ELISA plates were coated with antigen, washed, treated with blocking agent, and 

washed again with PBSt as described above. A 1:5000 dilution of HRP-conjugated 

Strep-tactin® (IBA, Germany) was added to the wells overnight. Bound antibodies 

were detected with Turbo-TMB ELISA (Pierce, USA) as described above.
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2.9.3 Measurement of VHH affinity by competitive ELISA

Competitive ELISA as described by (Friguet et al., 1985) was used to determine the 
affinity of the VHHs. ELISA plates were coated with various concentrations of 
antigen (please refer to Section 2.9.1 for concentrations used) in carbonate buffer 
(pH 9.6) overnight at 4°C. The plates were washed with water. VHHs were diluted 
in PBS (pH7.5 containing 1% BSA and 2 mM EDTA) to a concentration of 5x10'^° M. 
The samples were mixed with 1x10'^^ M to 1x10’^ M antigen in PBS (pH7.5) and 
incubated in the wells overnight at 4°C. The plates were washed three times with 
PBS containing 0.05% (v/v) Tween 20 (PBSt). A 1:5000 dilution of HRP-conjugated 
Ni-NTA (Qiagen, USA) was then added and incubated overnight at 4°C. Bound 
antibodies were detected with the Turbo-TMB ELISA reagent (Pierce, USA) as 
described above.

2.9.4 Measurement of the heat stability of VHHs

Heat stability of VHHs was measured as described by Ladenson et al. (2006). 
Briefly, 1 ng/ml dilution of CLDHS or CBESynHS was prepared in PBS containing 
0.05% Tween. The antibody solutions were incubated at temperatures ranging from 
0°C, 25°C, 37°C, 40°C, 50°C, 70°C and 90°C for 20 minutes. They were then re­
equilibrated to room temperature for 5 minutes before the residual antigen binding 
activities were measured by direct ELISA.
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2.10 Bacterial expression of VHHs

2.10.1 Cloning of GOIs into the expression vector pET-22b

CLDSyn, CBESyn, RN5 and CRN were amplified using the forward primer 
5TATCCATGGCCCAGGTTCAGTTGGTT-3' (Ncol site underlined) and the reverse 
primer 5'ACAGTCTCTTCCGGACTCGAGATA-3' (Xhol site underlined). The resulting 
PCR fragment was digested with Ncol and Xhol and was cloned into the multiple 
cloning site (MCS) of pET-22b( + ) (Novagen, USA) using the corresponding 
restriction sites. In pET-22b(+), expression of the GOI is driven by a T7 promoter. 
The expressed protein contains an N-terminal pelB signal sequence which directs it 
to the periplasmic space and a C-terminal 6xHis tag. The vector was transformed 
into E. coli BL21(DE3) competent cells (Novagen, USA).

2.10.2 Bacterial growth and induction of protein expression

E. coli BL21(DES) was grown at 37°C in Luria-Bertani (LB) medium containing 100 
pg/mL Carbenicillin to an ODeoo of 0.6-1.0. Protein expression was induced by 
adding isopropyl-D-thiogalactopyranoside (IPTG) to a final concentration of 0.5 mM 
and analyzed by SDS-PAGE. 2mL samples were collected before the addition of 
IPTG and at 1, 2 and 3 hours after protein induction. The cells were harvested by 
centrifugation at 8,000rpm for 3 minutes. Whole cell extracts were prepared by 
boiling cells in lOOpL Laemmli buffer for 10 minutes.
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Chapter 3. Expression of human scFvs and
Camel VHHs in Nicotiana 
benthamiana

3.1 Introduction

Transient expression, the expression of a gene of interest (GOI) over a short time 
span (Janssen and Gardner, 1990; Kapila eta/., 1997), is an increasingly important 
strategy for recombinant protein production in plant cells. Although recently there 
has been some success in using vectors based on Bean Yellow Dwarf Virus (BeYDV), 
which has a single stranded DNA genome, in the production of vaccine antigens and 
monoclonal antibodies (Huang eta!., 2009; Huang eta/., 2010; Chen et al., 2011), 
the most efficient transient expression systems, to date, employ vectors based on 
sequences derived from plant RNA virus genomes.

The transient expression system developed by ICON Genetics uses Agrobacterium 
to deliver DNA-based copies of a 'deconstructed' tobamovirus genome containing a 
GOI, into plant cells (Marillonnet et a/., 2004; Gleba et al., 2007). Tobamoviruses 
(e.g. tobacco mosaic virus (TMV), Crucifer-infecting TMV (Cr-TMV) and turnip vein 
clearing virus (TVCV)) are a group of closely related rod-shaped viruses that 
possess a single-stranded plus-sense RNA genome (for detailed description, see 
Creager eta/., 1999; Scholthof, 2004). The genome comprises three ORFs encoding 
four proteins: an RNA-dependent RNA polymerase (RdRP), a Methyltransferase/RNA 
helicase (MT-Hel), a movement protein (MP) and a coat protein (CP). The RdRP and 
the MT-Hel form the large and small subunit of the replicase complex, respectively. 
This directs RNA replication using positive strand RNA as the template.

The ICON expression system consists of a pair of separate 5' and 3' pro-vector 
modules flanked by left and right T-DNA border sequences. The GOI is cloned into 
the 3' provector which also contains the 3' nontranslated region (3' NTR) from the 
genome of Cr-TMV. The larger 5' pro-vector module contains approximately two- 
thirds of the genome of TVCV (as cDNA) including the regions coding for the viral 
RdRP and the MP gene, which have been placed under the transcriptional control of 
an Arabidopsis ActinZ promoter. Different versions of the 5' pro-vector module are
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available which encode an N-terminal targeting pre-sequence that directs 
accumulation of the GOI protein in the apoplast or the chloroplast; when targeting 
pre-sequences are absent, the encoded protein accumulates in the cytoplasm. 
When delivered into cells via Agrobacterium, the 5' and 3' provector modules are 
ligated together in the nucleus by site-specific recombination, mediated by the 
phage C31 integrase encoded on a third provector module. Initial transcription of 
the recombined (or reconstituted) viral genome by host RNA polymerase II gives 
rise to RNA transcripts, containing the ORF of the GOI that replicate in the 
cytoplasm (cytoplasmic RNA replicons). Because these RNA replicons lack the viral 
coat protein gene, which is essential for long-range systemic movement, and for 
virus particle formation, the replicons are non-infectious and do not spread 
efficiently between cells. However, the lack of spread is compensated for by the 
high efficiency with which Agrobacterium, when infiltrated into leaves at a suitable 
titre, delivers the vector modules to adjacent leaf cells (almost 100% efficiency).

Exceptionally high yields of recombinant proteins can be obtained using the ICON 
system, typically exceeding 30% tsp depending on the protein in question, in a 
short amount of time, and it can even be scaled up using an automated vacuum 
infiltration procedure (Gleba et ai., 2007). The ICON expression system has been 
successfully used to produce candidate vaccine antigens (Santi et ai., 2006; 
Dorokhov et ai., 2007; Huang et ai., 2008; Webster et ai., 2009; Kalthoff et ai., 

2010), monoclonal antibodies (Lai et ai., 2010), various pharmaceutical proteins 
like human growth hormone (Gils et ai., 2005) and even multimeric proteins by the 
co-infection of two non-competing viral vectors (Giritch eta!., 2006). More recently, 
non-competing vectors have been used to produce full idiotype (Id)-containing IgGs 
of 20 non-Hodgkin's lymphoma patients at levels between 0.5 and 4.8 mg/g fresh 
weight in a short amount of time. Moreover, these IgGs were shown to confer 
protection on vaccinated mice in tumour challenge studies, compared with 
hybridoma-produced IgGs (Bendandi etai., 2010).

In this chapter, we describe our initial investigations into the influence that gene- 
intrinsic factors (in particular the addition of different purification tags), and the 
subcellular compartment in which the recombinant protein accumulates, have on 
overall expression, yield, functionality, stability, and recovery of antibody fragments 
in plants. Two types of antibody fragment, scFv and VHH (or nanobody), were 
expressed in Nicotiana benthamiana using the ICON Genetics expression system.
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3.2 Results

3.2.1 Cloning and expression of scFv and VHH constructs

Two related human single chain variable fragments (scFv) and two Camel single­
domain variable fragments (VHH) were initially chosen for expression via the 
deconstructed TMV vector system described by Marrillonet et al. (2004) in order to 
investigate the feasibility of expressing scFv and VHH at high levels in N. 
benthamiana leaves. The human scFvs recognize the antigen (3-galactosidase. 
However, one of them was a mutant selected for efficient expression and 
functionality in the reducing cytoplasm of E. coli (163-R4; renamed ABG) while the 
other was the original wild-type clone (renamed 163) (Martineau et al., 1998). The 
two Camel VHHs were cAb-Lys3 (renamed CL3) which recognizes hen egg-white 
lysozyme (HEWL) and cAb-TT2 (renamed TT2) which recognizes tetanus toxoid 
from Clostridium tetani (Arbabi-Ghahroudi et al., 1997). These particular antibody 
fragment genes were chosen because the structure, properties and expression 
levels of the encoded proteins in E. coli were well documented.

Sequences encoding a 6xHis tag (HS), Haemaglutinin tag (HA) or Strep tag (ST) 
were added to the 3' end of the scFv and VHH open reading frame (ORF) by PCR. 
scFv and VHH transgenes without 3' tags were also made (please refer to Table 3.1 
for a list of scFvs and VHHs that were initially expressed). The constructs were then 
cloned into the 3' provector pICH11599 (Marillonnet et al., 2004) and transformed 
into Agrobacterium. Expression of a gene of interest (GOI) in this system (the ICON 
expression system) requires two additional Agrobacterium strains which are co­
infiltrated with the strain containing the 3' provector: one contains a 5' provector 
module (i.e. either pICH10570 or pICH10570 or pICH10530); the second contains 
the phiC31 integrase gene.

When expressed in planta, the integrase protein joins the 3' provector module 
containing the GOI to a 5' module (which encodes TMV replication functions), via 
site-specific recombination (between the provector attB/attP sites) (Figure 3.3b). 
This result in reassembly of the TMV genome at the DNA level, which following 
transcription then behaves as a runaway RNA replicon and, in most cases, results in 
high-level expression of the GOI-encoded protein.
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The expression system provides a choice of 3 different 5' pro-vector modules as a 
partner for the single 3' provector module (which contains the GOI) (Figure 2.1). 
Each of the 5' provectors encodes TMV replication functions. However, they differ 
with respect to the presence/absence of cleavable protein targeting signals that will 
ultimately be fused to the N-terminus of the protein encoded by the GOI (see Table 
2.1). Importantly, in the case of proteins targeted to the chloroplast or the apoplast, 
the mature proteins will have significantly different N-termini as illustrated in Figure 
3.1.

3.2.2 Accumulation of scFvs and VHHs in different cellular 

compartments

For the scFvs, it was found that relatively high amounts of the ABG protein
accumulated in the cytoplasm regardless of the presence or absence of a C-
terminal tag, while lower amounts were detected when the protein was targeted 
into chloroplasts. Moreover, the addition of a 6xHis or a Strep tag did not affect 
protein accumulation or change the ABG expression profile (Table 3.1 and Figure 
3.2; ABGHS and ABGST. Data for ABG without a tag or with a HA tag are not 
shown). In contrast, the pattern of accumulation for 163, the original wild-type 
version of the scFv, was strikingly different from that of ABG. High-level
accumulation of Strep-tagged 163 was observed only when it was targeted to the 
chloroplast; accumulation in the cytoplasm was much lower (Figure 3.2; 163ST). 
No accumulation of a 6xHis-tagged version of 163 was observed. Furthermore for 
both ABG and 163, no protein was detected when they were targeted to the 
apoplast.

For the VHHs, it was found that the Strep-tagged version of CL3 (CL3ST)
accumulated highly when targeted to the apoplast, but no protein was detected by 
Western blot in the cytoplasm or when it was targeted to the chloroplast (Figure 3.2; 
CL3ST). A similar pattern of accumulation was observed for HA-tagged CL3 (data 
not shown). However, when a C-terminal His tag was added to CL3 (CL3HS), no 
protein was detected in any cell compartment (data not shown). In addition, no 
expression of TT2 was detected in any cell compartment irrespective of the 
presence or absence of the various C-terminal tags.

49



Chapter 3

GOI cloned Intron Nco I
into Ncol site --------
of 3’ module ... gt^cATG jnn nnn nnn nnn.
ofplCH11599

After
Recombination 
with 5' module 
and intron 
splicing

(With pICH10570, Cytosol)

..........  CyS^lci Gly Thv hdct.. (with plCmOSSOChloroplast targeting)

... Alq^Glu Val Gly Thr Met.. (WUh pICH8420 Apoplast targeting)

Figure 3.1 Predicted N-terminal amino acid sequences of proteins encoded by a 
GOI when expressed in the cytoplasm or targeted to different cellular 
compartments. In this example, the GOI was cloned into the 3' module 
vector pICH11599. Top line: the nucleotide sequence of the region 
encompassing the intron, the splice acceptor site (gt), the Nco I 
cloning site (encircled) and the reading frame of the GOI (in relation to 
Nco I). The bottom lines show the expected N-terminal amino acid 
sequence of the protein encoded by the GOI when expressed in the 
cytoplasm (using the 5' module of the vector pICH10570), or targeted 
to the chloroplast (with pICH10530), or the apoplast (with pICH8420). 
Vertical arrows indicate the expected pre-protein cleavage site; the 
grey boxes highlight the residual amino acids of the signal sequence at 
the N-terminus of the GOI protein.

50



Chapter 3

Table 3,1 List of the scFvs (163 and ABG) and Camel VHHs (CL3 and TT2) initially 
investigated, with and without different purification tags.

Antibodies

163 ABG CL3 TT2

No tag + +
6x His tag + -
Haemaglutanin 
(HA) tag + +

Strep tag + + +

+ represents successful attempts at detecting soluble protein by Western Blot, 
represents unsuccessful attempts at obtaining soluble protein.
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Figure 3.2. (a) The accumulation of CL3ST, 163ST, ABGST and ABGHS in the 
cytoplasm (Cy), apoplast (Ap) and Chloroplast (Ch) at 7 days post- 
infiltration (dpi) as detected by Western Blot. Approximately 30 pg of 
total soluble protein was loaded in each lane for 163ST, ABGST and 
CL3ST, while 50 pg was loaded for ABGHS. (b) PAGE gel showing 
ABG (no tag; lane 1) purified using ammonium sulphate precipitation. 
M, Perfect Protein™ Markers. The black arrow head indicates the scFv 
(approx. 26kDa). PAGE gel and western blots is representative of the 
three experiments conducted.
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3.2.3 Northern blot analyses of mRNA accumulation

Our failure to detect the 6xHis-tagged version of scFv 163 and either the original or 
tagged versions of the VHH TT2 in any cell compartment by SDS-PAGE and Western 
blot analysis prompted an investigation of their expression at the mRNA level. Total 
RNA was extracted from 7 dpi leaves of plants infiltrated with the various constructs 
targeting the GOI protein to different cellular compartments, blotted and probed 
with a gene-specific DIG-labelled probe. The Northern blot showed that mRNA for 
all constructs containing the GOI accumulated to a high level (please refer to Figure 
3.3a for TT2ST and 163HS mRNA expression). The upper band of approximately 6 
kb corresponds to the mature primary transcript (i.e. after intron splicing) produced 
by the recombined 5' and 3' provector modules (Figure 3.3b). The lower bands of 
about 3kb and 1.2kb correspond to the mRNAs produced by RdRP-mediated 
transcription from the subgenomic promoters located near the 3' end of the RdRP 
gene and the 3' end of the 30 kDa Movement Protein (MP), respectively (Figure 
3.3c). The molecular weight differences between the three mRNAs for a given GOI 
reflect the presence/absence of additional sequences encoding subcellular targeting 
signals.
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Figure 3.3 (a) Detection of mRNA transcripts in plants infiltrated with the TT2ST or 
163HS constructs which encode either a cytoplasmically-expressed 
antibody fragment (Cy), or variants targeted to the apoplast (Ap) or 
the chloroplast (Ch). Total RNA was isolated from 7dpi infiltrated plants 
and analyzed by Northern blot using TT2ST or 163HS gene-specific 
probes. Approximately 10 pg of total RNA was loaded onto each lane. 
Arrows correspond to mRNA containing the primary transcript (top 
arrow) and RdRP-transcribed mRNA driven by different subgenomic 
promoters (b) Diagram depicting the ICON expression system showing 
the assembly and processing of the 5' and 3' provector modules in 

planta. A white block arrow indicates the mature spliced primary 
transcript. SD, splice donor site; SA, splice acceptor site (Adapted from 
Marillonnet et a!., 2004). (c) Diagram depicting the position of 
subgenomic promoters (indicated by thin stemmed arrows) in the TMV 
expression vector (adapted from Lindbo, 2007).
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3.2.4 Design of the CL3 variant CLD

When the Nco I site in the expression vector pICH 11599 is used as the insertion 
site for a GOI, and the ATG within Nco I (ccATGg) is used as the translation 
initiation codon, the identity of the second amino acid is constrained by the fact 
that the second codon must begin with G. This limits the choice to either Alanine 
(A), Aspartic acid (D), Glutamic acid (E), Valine (V) or Glycine (G). In the case of 
CL3, on the basis that the N-terminal first four amino acids of most Camel VHHs 
correspond to Q (Glutamine), V, Q, L (Leucine) (please refer to Saerens eta/., 2005 
for amino acid comparison of several Camel VHH), the codon GCC (encoding 
Alanine) was chosen for the constrained second position, thus giving an N-terminal 
sequence (after Met): A, Q, V, Q, L.

However, we also designed a CL3 variant, CLD, in which the N-terminal first 4 
amino acids (after Met) were D, V, Q, L to better match the N-terminus of the 
original cAb-Lys3 clone (Arbabi-Ghahroudi eta/., 1997). Surprisingly, in contrast to 
CL3-HS which did not accumulate in any cellular compartment, CLD-HS 
accumulated at a low level when targeted to the apoplast (please refer to Figure 
4.4a for CLDHS).

We therefore used CLD (specifically CLDHS) in subsequent detailed studies to 
investigate the effects of codon optimization as well as amino acid changes in the 
framework regions, on the yield of VHHs in planta (Chapter 4).
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3.2.5 Purification and characterization of scFvs and VHHs

Leaves expressing chloroplast-targeted 163ST or cytoplasmically-expressed ABGST 
and ABGHS were harvested at 7 dpi and the expressed antibodies affinity-purified 
using either a Strep-Tactin column (for the Strep-tagged proteins) or a Nickel-NTA 
column (for the His-tagged proteins) (Figure 3.4). Approximately 0.3 mg 
protein/gram fresh leaf tissue was obtained for both the Strep-tagged and His- 
tagged ABG (Table 3.2). However, the yield was much lower for 163ST (about 0.06 
mg/g fresh weight).

A yield of 0.03 mg/g fresh weight was obtained for apoplast-targeted CL3ST 
harvested at 11dpi. An extra band of slightly higher molecular weight was also 
visible on the PAGE gel (Figure 3.4; CL3ST crude extract) which may correspond to 
protein that is incorrectly folded. Another possibility is the incomplete cleavage of 
the apoplast targeting presequence as reported by Santi et at. (2006). Similar 
bands were also observed in the PAGE gels of both CLDHS and CLDST (please refer 
to Chapter 4).

The specificities of the purified antibodies were determined by direct ELISA using 
HRP-conjugated Ni-NTA to detect the His-tags or HRP-conjugated Strep-Tactin to 
detect the Strep tags. It was found that all the antibodies bound with high 
specificity to their respective antigens (Figure 3.5). Thus ABGHS, ABGST and 163ST 
bound to p-galactosidase and not to HEWL, while CL3ST bound to HEWL, and not p- 
galactosidase.
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Figure 3.4 PAGE gel showing the crude extract (C) and eluted fraction (E) of 
163ST, ABGST, CL3ST and ABGHS. Approximately 3 g infiltrated leaf 
material was harvested per construct and 30 pL of each fraction was 
loaded per lane. M, Perfect Protein™ Markers. The white, black and 
grey arrow heads indicate, respectively, the large RUBISCO subunit 
(54kDa), the scFvs (approx. 26kDa) and the VHH (approx. 16kDa). 
PAGE gel is representative of the three experiments conducted.
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Table 3.2 Table showing the compartment with the highest accumulation and the 

mean yield after purification (±SD; as determined by Bradford Assay) 

for ABGHS, 163ST, ABGST, CL3ST and CLDST. Data collected from three 

leaf samples from three independent experiments (total sample size=9).

Antibodies Compartment with 
highest 

accumulation

Yield after 
purification^ 
(mg/g fresh 

weight)
ABGHS Cytoplasm 0.28±0.05
163ST Chloroplast 0.02±0.01
ABGST Cytoplasm 0.20±0.06
CL3ST Apoplast 0.03±0.02
CLDST Apoplast 0.05±0.03

^Protein concentration determined using Bradford assay
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□ ^galactosidase 

■ HEWL

ABGST 163ST CL3ST

Antibodies

ABGHS

Figure 3.5 Antigen recognition specificity of the scFvs and Camel VHHs as 
determined by ELISA. Each anti-p-galactosidase scFv (ABGST, 163ST 
and ABGHS) recognized only p-galactosidase ( ■ ) while the anti- 
HEWL VHH (CLDST) recognized only HEWL ( ■ ). Each data point 
represents the mean of three experiments. Bars indicate 2 standard 
deviations.
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3.2.6 Expression of the human anti-|3-galactosidase scFv 
ABGST over time at the protein and mRNA level

Accumulation of ABGST in the cytoplasm over time was investigated at the protein 
and mRNA level. Leaves were infiltrated with the construct and harvested at 
different time points. For investigation of mRNA expression levels over time, leaves 
from 0, 3, 4, 5, 7, 9 and 11 dpi were used. Total RNA was extracted from the leaf 
material and mRNA was detected by Northern blot using gene-specific probes. 
Three main bands were detected on the blot: a band of approximately 6 kb 
corresponding to the provector primary transcript, and two lower bands of about 3 
kb and 1.2 kb corresponding to the subgenomic mRNAs (please refer to Figure 
3.3c). Detectable amounts of ABGST mRNA were present at 3 dpi which peaked at 
4-5 dpi (Figure 3.6). Then, the mRNA level as well as the quality of the total RNA 
obtained, decreased with time as the leaf turned progressively more necrotic.

For investigation of protein expression, leaves corresponding to 0, 2, 5, 7, 9, 11, 13 
and 15 dpi were used. Total soluble protein was extracted from the leaf material 
and was fractionated by PAGE. Detectable amounts of the ABGST protein can be 
seen on Coomassie blue-stained gels as early as 5 dpi (Figure 3.7). It continued to 
accumulate until 7 dpi where the levels stayed the same (or increased slightly, if 
the decrease in RUBISCO and other plant proteins is taken into account) up to 15 
dpi. Interestingly, the level of ABGST in the plant stayed constant even though the 
leaves turned more and more necrotic as indicated by the decreasing amounts of 
RUBISCO large subunit (53 kDa). This suggests that either the plant redirected 
most of its translational machinery to producing ABGST, or that ABGST can 
withstand proteolysis better than other plant proteins.
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Figure 3.6 The accumulation of mRNA transcripts in plants infiltrated with a 
construct directing ABGST expression in the cytoplasm at 0, 3, 4, 5, 
7, 9, and 11 dpi compared with non-infiltrated leaves (WT). 
Approximately 10 pg of total RNA per lane was loaded. The indicated 
upper band of approximately 6kb corresponds to the provector 
primary transcript. The two lower bands of about 3 kb and 1.2 kb 
correspond to the subgenomic mRNAs. Ethidium bromide stained gels 
of the total RNA were used as loading controls (upper panel).
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Fig ure 3.7 Coomassie blue-stained gel showing accumulation of ABGST in the 
cytoplasm at 0, 2, 5, 7, 9, 11, 13, and 15 dpi compared with 
uninfiltrated leaves (WT). Approximately 30 pg of total soluble protein 
was loaded in each lane along with Perfect Protein™ Markers (M). The 
white and black arrow heads indicate, respectively, the large and small 
RUBISCO subunit (54 kDa and 14kDa, respectively) and ABGST 
(approx. 26 kDa). PAGE gel is representative of the three experiments 
conducted.
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3.3 Discussion

3.3.1 Comparison of yields obtained by the ICON system to 

alternative expression systems in plants and other 

production platforms

In plants, scFvs have been expressed in different organs such as leaves (Ram eta/., 
2002; Vaquero eta/., 2002), tubers (Artsaenko eta/., 1998) and seed endosperm 
(Van Droogenbroeck et a/., 2007; Rademacher eta/., 2008). In general, the yields 
of scFvs expressed to date have been disappointingly low. For example, Vaquero et 
a/. (2002) reported 5 mg/kg fresh weight for an anti-human carcinoembryonic 
antigen scFv in N. tabacum, while Ram et at. (2002) reported 0.031% TSP for an 
anti-Hepatitis B surface antigen scFv in N. tabacum. Remarkably, however. Van 
Droogenbroeck et al. (2007) reported yields of up to 36% TSP for an scFv-Fc fusion 
protein in Arabidopsis seeds, the highest reported to date.

The expression of VHHs in plants is relatively new. So far, a VHH has been 
expressed to an estimated level of 0.03% TSP in potato chloroplasts (Jobling eta/., 
2003). Stably-transformed tobacco plants expressing a VHH against cancer- 
associated mucin (MUCl) has been reported, but with yields ranging from about 20 
to 100 pg/g leaf tissue (Ismaili et a/., 2007). More recently, Winichayakul et a/. 
(2009) expressed anti-tumour necrosis factor a (TNF-o) VHHs either as monomers 
or as heterodimers in Arabidopsis thaliana. Among the various subcellular 
compartments investigated (cytoplasm, ER, protein storage vacuole and 
chloroplast), it was found that accumulation was the highest in plants transformed 
with tandem VHH constructs directing protein accumulation in the ER, but with a 
yield of 0.1%-0.7% TSP. By using the ICON system, which has previously been 
used to produce proteins with yields from 0.5 to 5 mg/g fresh weight (Gleba et al., 
2007), we obtained up to 0.3 mg/g fresh weight for ABGHS and ABGST, and 
approximately 0.1 mg/g fresh weight for 163ST. For the VHHs, we initially obtained 
a yield of up to 0.05 mg/g fresh weight for the Strep-tagged anti-HEWL VHH. 
Further investigations, described in Chapter 4, revealed that this initial yield could 
be substantially improved upon.

Apart from plants, scFvs have been produced in other expression platforms such as 
E. coli (Martineau et al., 1998; Muller-Schiffmann et al., 2009), Saccharomyces
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cerevisiae (Shusta et al., 1998; Miller et al., 2005), Pichia pastoris (Shi et a!., 2003; 
Gurkhan et a/., 2004), insect cells (Kretzschmar et a/., 1996; Johansson et a/., 
2007), mammalian cells (Cardinale eta/., 1998; Braren eta/., 2007), and cell free 
systems (Hoffmann eta/., 2004; Galeffi eta/., 2006). Miller et a/. (2005) compared 
E. coli, S. cerevisiae and P. pastoris for the production of several human scFv and 
found that E. coli was the most efficient system giving the most consistent yields. 
For example, Yang et al. (2009) reported a yield of 120-500 pg/L for an anti-canola 
stem rot fungus scFv. Martineau eta/., (1998) reported production levels of 0.5 g/L 
for the production of ABG (i.e. the AMEF mutant 163-R4) in E. coli. Camel VHHs 
have also previously been expressed in many platforms including E. coli (Arbabi- 
Ghahroudi et a/., 1997; Rahbarizadeh et al., 2005), yeast (Frenken et al., 2000; 
Rahbarizadeh et al., 2006), and filamentous fungi (Joosten et al., 2005). When 
comparing the ICON system with other platforms, it was found that the yields were 
higher than in E. coli, the best VHH production platform (Saerens et al., 2005 had 
obtained yields of 5 mg/L for CLDHS and 4.5 mg/L for CBESynHS).

Comparatively, more time was required to obtain the recombinant protein from the 
Agro-infiltrated plants (7-11 days for the ICON system) compared with 2-3 days 
required in the case of E. coli. However, plants have the advantage of possessing a 
eukaryotic post-translational modification system which is similar but not identical 
to that found In animal cells. However, N. benthamiana plants with human-like N- 
glycosylation patterns have recently been produced using antisense technology to 
downregulate expression of key enzymes of the glycosylation pathway (Strasser et 
al., 2008) and this human-like glycosylation pattern can also be obtained using 
transient expression vectors (Vezina et al., 2009). Moreover, proteins that are 
highly expressed in E. coli often precipitate or aggregate in insoluble Inclusion 
bodies which require refolding (Makrides, 1996; Misawa and Kumagai, 1999). Plant- 
based platforms have other advantages over the E. coli and other production 
platforms. For example, plants are considerably cheaper and less difficult to 
maintain than insect cells or mammalian cell platforms because they do not require 
the use of bioreactors or complex growth media. It is, therefore, possible to rapidly 
scale up production. In the case of the ICON platform, existing technologies can be 
used to automate the process (Gleba et al., 2007). There is also a lower risk of 
contamination with human pathogens since plants are not their native hosts, and 
also the possibility of delivering a therapeutic antibody directly, without purification, 
by simply consuming raw plant material expressing the antibody (Twyman et al., 
2003; Bock, 2007).
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3.3.2 The effect of protein targeting to various cellular 

compartments on yield

The ICON system gives a choice of three alternative 5' provector modules, with 
different targeting presequences, that direct the accumulation of expressed proteins 
in different subcellular compartments. Different targeting presequences have been 
found to affect protein stability and, subsequently, overall protein accumulation in 
plants (Schillberg et at., 1999; Ram et a!., 2002). This is due to differences in the 
microenvironments of the different subcellular compartments. Compartments differ 
not only in respect of their redox status (the cytoplasm and chloroplast are 
reducing environments, while the endoplasmic reticulum (ER) and apoplast are 
oxidizing), but also in relation to the spectrum of resident proteolytic activities. In 
addition, recombinant proteins that have been targeted through the secretory 
system (en route to the apoplast), or retained in the ER, may undergo glycosylation, 
which can significantly affect (negatively or positively) protein functionality and 
stability (Vierstra, 1996; Gomord eta!., 2004).

Of the two anti |3-galactosidase scFvs investigated, 163 showed the highest level of 
accumulation in chloroplasts, while ABG accumulated most highly in the cytoplasm. 
The existing literature indicates that the secretory pathway is particulariy suitable 
for the folding and assembly of scFvs and other antibody formats both in stably- 
and transiently-transformed plants (Ram eta/., 2002; Sainsbury et at., 2008). The 
particular suitability of the secretory system is largely due to the oxidizing 
environment of the ER which facilitates inter- and intramolecular disulphide bond 
formation and hence correct folding; the comparatively lower level of proteolytic 
activity; and the presence of molecular chaperones which are critical for correct 
folding, assembly and post-translational processing of antibodies (Ma eta/., 2003). 
However, there are some instances where an scFv has been successfully expressed 
in chloroplasts (Daniell eta/., 2005) or expressed in the cytoplasm (Schouten eta/., 
1997; Zimmermann et a/., 1998; Schouten et a/., 2002). It was, therefore, not 
surprising that ABG, which was selected specifically for its ability to fold correctly in 
the reducing cytoplasm of E. coli (Martineau et a/., 1998), accumulated at a high 
level in the plant cell cytoplasm; whereas 163, the cysteine-containing original from 
which it was derived, did not.

The apoplast was found to the best place among the three compartments 
investigated for high-level accumulation of the anti-HEWL VHH CL3. Previous
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reports have shown that when expressed via the ICON system, human growth 
hormone (Gils et al., 2005) and Yersinia pestis antigens (Santi et ai., 2006) also 
accumulate highly in the apoplast compared with other subcellular compartments. A 
VHH has also been targeted to the chloroplast for the immunomodulation of starch 
content (Jobling et ai., 2003), and expressed in the cytoplasm (Ismaili etai., 2007) 
and the ER (Winichayakul et ai., 2009), although at a very low (barely detectable) 
level.

3.3.3 The effect of C-terminal purification tags on yield

The various scFvs and VHHs were expressed with different purification tags and it 
was found that for certain proteins, such as 163 and CL3, the addition of a tag 
affected protein accumulation while for others, such as ABG, it did not. On the other 
hand, no soluble protein was obtained when TT2 was expressed either without a tag 
or with a 6xHis, Hemaglutinnin (HA) or Strep tag. This was in contrast to the results 
of Arbabi-Ghahroudi et ai. (1997) who obtained soluble TT2 when the protein was 
targeted to the periplasmic space in E. coli. We speculate that the inability to obtain 
soluble protein in the case of TT2, 163HS and CL3HS might be attributable to post- 
translational processing and/or degradation since Northern blots showed significant 
levels of TT2 mRNA in infiltrated leaves.

Furthermore, when we compared the expression levels of the His-tagged and the 
Strep-tagged versions of the VHHs, the differential influence of the tags was 
evident, especially between CLDHS and CLDST. Menassa et al. (2003) reported a 
protective effect of the C-terminal His-tag on human interleukin-10 produced in 
plants. Also, the position of the His-tag can affect the binding properties of an scFv 
(Goel et ai., 2000), and one might speculate that the position of a tag can also 
affect the yield. This might explain the difference in yield, both between the His- 
tagged and the Strep-tagged scFvs and VHHs.
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Chapter 4.Investigations of codon optimization 

and framework changes on VHH 

accumulation in plants

4.1 Introduction

Hamers-Casterman et al. (1993) identified a unique class of antibodies in the serum 
of members of the Camelidae family, the heavy chain-only antibodies (HCAbs). 
These antibodies lacked the light chain as well as the first constant heavy domain 
(CHI) normally found in conventional antibodies. The minimal antigen binding sites 
of the HCAb consists of a single domain variable fragment (VHH), also known as a 
nanobody. Nanobodies have a molecular weight of 14-15 kDa and a structure that 
is highly similar to the human VH-III domain (Muyidermans et al., 1994; Nguyen et 

al., 2000). Like VH, they possess four Framework Regions (FRs) that form a (3- 
barrel core or scaffold as well as three Complementarity Determining Regions 
(CDRs) which are involved in antigen recognition and binding.

Since their discovery, nanobodies have been investigated extensively for use in 
various biotechnologicai and immunotherapeutic applications (as elaborated in 
Section 1.6). It was hypothesized that the range of potential applications might be 
extended if VHHs directed against a wide variety of antigens contained identical, 
highly stable scaffold (framework) regions. Such a 'universal' scaffold might, for 
example, promote their use as probes for biosensors and microarrays because it 
would facilitate standardization of probe-labelling protocols, immobilization of VHHs 
on microarray chips and other applications. A 'universal' scaffold might also enable 
the construction of a synthetic library made purely by randomization of the codons 
encoding the CDRs, which could then be used to retrieve VHHs against a wide 
variety of antigens. It might also facilitate construction of more stable VHH 
derivatives against a given antigen by means of a CDR grafting approach.

For these reasons, attempts have been made to identify a 'universal' framework 
that can reliably yield stable, high affinity VHHs that are capable of being expressed 
at a high level. This strategy proved successful with conventional VHs (Gonzales et 

al., 2005; Hwang et al., 2005), but since the CDRs of VHH do not obey the 
canonical loop structures, and there is some ambiguity regarding the key elements
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that preserve loop architecture (they might, for example, also be located in the 
framework regions which were not included in the grafting experiments), such an 
approach has generated mixed results. Saerens et al. (2005) grafted the CDRs of 
several different VHH that bound with high affinity to their antigens onto a 
candidate universal, stable scaffold. The CDR donor VHHs included anti-HEWL, anti­
human lysozyme, anti-p-lactamase, anti-prostate specific antigen and several 
others. The study found that the framework of cAbBCIIlO, an anti p-lactamase VHH 
(Conrath et al., 2001), was potentially useful as a universal acceptor of CDRs 
grafted from different VHHs. cAbBCIIlO is highly stable, has good expression levels 
in E. coll and is able to function in the absence of the disulphide bond found in the 
framework region of most VHHs which is thought to be a major cause of variability 
in intracellular expression levels. The grafting of CDR loops from VHHs of the same 
subclass (VHH2) into cAbBCIIlO resulted in functional chimeras with increased 
thermodynamic stability, while grafting CDR loops from VHHs of a different subclass 
reduced the antigen-binding specificity and affinity.

In Chapter 3, it was shown that two anti p-galactosidase scFvs, differing only in the 
presence or absence of intramolecular disulphide bonds, accumulated in different 
cellular compartments and had strikingly different yields. This prompted us to ask 
whether changing the framework of a VHH (and ultimately its tertiary structure) 
might also have a significant impact on overall expression levels and yield in plants. 
To this end, transgenes encoding 6xHis and Strep-tagged derivatives of the anti- 
HEWL nanobody cAb-Lys3, in its original unmodified form (Arbabi-Ghahroudi etal., 

1997), and a variant in which the CDRs of cAb-Lys3 were grafted onto the 
'universal' cAbBCIIlO framework (Saerens et a!., 2005) were constructed and 
transiently expressed in N. benthamiana using the ICON system.

We also wanted to investigate whether codon optimization might improve VHH 
expression in plants. Modification of the nucleotide sequence of a GOI so that it 
more closely matches the codon usage pattern of the host organism, and removal 
of potentially disruptive c/s-elements, has been shown to increase the yield of 
recombinant proteins in plants (Kirby and Kavanagh, 2002; Geyer et al., 2007; Li 
et al., 2007) and other organisms (Yadava and Ockenhouse, 2003; Burgess-Brown 
et al., 2008). Therefore, plant-codon optimized versions of the original cAb-Lys3 
and its framework-changed derivative were constructed.
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4.2 Results

4.2.1 Design of modified anti-HEWL VHH constructs

Three different versions of Camel VHHs recognizing HEWL were constructed to 
investigate the effects of codon optimization and the influence of different 
framework regions on VHH production in plants. The three versions were: (i) CLD, a 
derivative of CL3 (i.e. original camel cAb-Lys3; Arbabi-Ghahroudi et al., 1997) 
which contains aspartic acid (D) instead of glutamine (Q) at position 2 (ii) CLDSyn, 
a codon-optimized version of CLD; and (iii) CBESyn, a codon-optimized version of 
cAbBCIIlO-L-L-L, a VHH with the complementarity determining regions (CDRs) of 
CL3, but the framework regions of cAbBCIIlO, an anti-p-lactamase VHH proposed 
as a 'universal' framework for VHH engineering (Saerens et al., 2005). Each VHH 
was expressed with a C-terminal 6x His-tag (HS).

We hypothesized that if the plant codon-optimized versions of the camel VHHs 
produced higher antibody yields in planta than the original versions, then the 
increase in yield might be due to codon-optimization, which has been shown, in 
certain cases, to increase recombinant protein production in plants (Geyer et al., 

2007; Li et al., 2007). However, if only the version with an altered framework 
showed a yield increase, this would indicate that the framework regions are more 
important determinants of VHH yield in plant expression systems.

The codon optimization of CLD and CBESyn for plant expression was performed as 
described in Section 2.2.1. The aim was to adjust the pattern of codon usage in the 
original CLD to that more closely matching the codon usage frequencies of N. 

benthamiana, while avoiding undesirable sequences such as rare codons, direct or 
indirect repeats, potential hairpin structures, polyadenylation signals (Mogen et al., 

1992; Li and Hunt, 1995), destabilizing sequences, and 5' intron splice signals 
(Brown et al., 2002; Simpson et a!., 2004). Priority was given to the removal of 
rare unwanted sequences while maintaining codon diversity since Li et al. (2007) 
had found that constructs with diverse codons usage (but no rare codons) 
expressed better than constructs with amino acids coded only with the most 
frequently used codon. Approximately 23% of the nucleotide sequence was altered 
in CLDSyn compared to the original CLD (Figure 4.1) to give a more even GC 
distribution and the total GC content was slightly reduced from 56.81% to 48.72% 
(Figure 4.2). The sequence of CBESyn on the other hand was similar to CLDSyn
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except for the 10 amino acid (30 nucleotides) differences in total found in the first 3 
framework regions. The 4'^'^ framework region was entirely conserved (Figure 4.3).
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CLDHS ATGGACGTGCAGCTGCAGGCGTCTGGAGGAGGCTCGGTGCAGGCTGGAGGGTCT 
CLDSynHS ATGGACGTTCAGTTGCAAGCATCTGGTGGAGGAAGTGTGCAAGCTGGAGGGAGC

MDVQLQASGGG3VQAG G__S__

CLDHS CTGAGACTCTCCTGTGCAGCCTCTGGATACACCATCGGTCCCTACTGTATGGGG 
CLDSynHS TTAAGGCTCTCATGCGCTGCATCAGGCTACACAATTGGTCCCTATTGCATGGGC

L R L__3 C AA3GYT1GPY CMQ

CLDHS TGGTTCCGCCAGGCCCCAGGGAAGGAGCGTGAGGGGGTCGCAGCAATTAATATG 
CLDSynHS TGGTTTCGTCAAGCTCCCGGGAAGGAACGAGAGGGTGTTGCTGCAATCAATATG

W r R Q A _ P QKERE GVAAINM

CLDHS GGTGGTGGTATCACCTACTACGCCAACTCCGTGAAGGGCCGATTCACCATCTCC 
CLDSynHS GGAGGTGGTATCACGTACTATGCGGATTCTGTCAAAGGGAGATTCACCATTTCT

GGGITYYADSVKGRFTIS

CLDHS CAAGACAACGCCAAGAACACGGTGTATCTGCTCATGAACAGCCTAGAACCTGAG 
CLDSynHS CAAGACAATGCCAAGAATACAGTGTATCTACTTATGAACAGTCTGGAACCGGAA

QDWAKMTVYLLMNSLBPE

CLDHS GACACGGCCATCTATTACTGTGCGGCAGATTCGACCATCTACGCTAGTTATTAT 
CLDSynHS GATACTGCAATATACTACTGCGCAGCTGATAGCACCATATATGCCTCCTACTAT

DTAIYYCAADSTIYA3YY

CLDHS GAATGTGGTCACGGTCTTTCCACGGGAGGATATGGGTATGACTCCTGGGGCCAG 
CLDSynHS GAGTGTGGTCATGGCCTTTCGACTGGAGGCTATGGGTATGACTCATGGGGACAA 

KCQ H QL3TGGYQYD SWGQ

CLDHS GGGACCCAGGTCACCGTCTCCTCAGGCCATCACCATCACCATCACTAA 
CLDSynHS GGTACTCAGGTAACAGTCTCTTCCGGACATCACCATCATCACCACTGATAA

Q T Q V T V S___ 3 G H__H__H _ H H H *___

Figure 4,1 Comparison of the nucleotide sequences of the original His-tagged CLD 
(CLDHS) and codon-optimized version (CLDSynHS). Nucleotide 
changes are shown in grey.
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CLDHS
Total GC content; 56.81%

CLDSynHS

Total GC content: 48.72%

Figure 4.2 A comparison of the GC content of His-tagged CLD (CLDHS) and 
CLDSyn (CLDSynHS). The graphs show the GC content of each gene 
expressed as a moving average with a stepping value of 1 and moving 
window of 30 codons. Total GC content for each gene was displayed on 
top of the graph.

I---- Framework 1--------I •-CDR-Hl—|—Framework 2-|---CDR-H2-
CLD DVQLQASGGGSVQAGGSLRLSCAAS GYTIGPYCMG WFRQAPGKEREGVA AINMGGGITY
CBE DVQLVESGGGSVQAGGSLRLSCTAS GYTIGPYCMG WFRQAPGQEREAVA AINMGGGITY

------ I-----------Framework 3----------|---------- CDR-H3----
CLD YADSVKG RFTISQDNAKNTVYLLMNSLEPEDTAIYYCAA DSTIYASYYECGHGLSTGGYG 
CBE YADSVKG RFTISRDNAKNTVTLQMNNLKPEDTAIYYCAA DSTIYASYYECGHGLSTGGYG

-- I Framework 4 I
CLD YDS WGQGTQVTVSS
CBE YDS WGQGTQVTVSS

Figure 4.3 Comparison of the amino acid sequences of CLD and CBE (Saerens et 

al., 2005) (excluding the C-terminal tag). CLD and CBE differ at 10 
positions located in Framework regions 1-3. Framework region 4 is 
identical.
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4.2.2 Expression and purification of modified anti-HEWL VHHs

The His-tagged (HS) and Strep-tagged (ST) version of the three modified anti- 
HEWL VHH constructs were cloned into the 3' provector pICH11599 (Santi et al., 
2006). The constructs were delivered into N. benthamiana along with the other 
required provectors via Agrobacterium infiltration. It was found that both the His- 
tagged and the Strep-tagged version of each VHH accumulated highly when 
targeted to the apoplast compared to relatively low accumulation in the cytoplasm 
and the chloroplast (Figure 4.4a and b).

Furthermore, when comparing the expression levels of His-tagged VHHs against the 
Strep-tagged versions, His-tagged proteins (Figure 4.4a) generally had higher 
yields than the Strep-tagged VHHs (Figure 4.4b). It has to be noted that there was 
some batch-to-batch variation (and in some instances, leaf to leaf variation) which 
might be attributable to environmental conditions. The data also showed that 
CBESynHS has a higher yield (up to 0.4 mg/g fresh weight) compared to CLDHS 
and CLDSynHS (about 0.2 mg/g fresh weight). On the other hand, there was little 
difference between the original and the codon-optimized CLD but surprisingly, 
CLDSynHS showed less consistent yields compared to CLDHS (Figure 4.5a). The 
difference in expression levels was even more evident in the Strep-tagged proteins 
(Figure 4.4b and 4.5b) where CLDST were barely detectable on a PAGE gel and 
while CLDSynST has slightly better yield, the expression of CBESynST was the 
highest among the three (about 0.2 mg/g fresh weight). Furthermore, for both His- 
tagged and Strep-tagged CLD and CLDSyn, there was a fainter band just below the 
band with the correct molecular weight in the PAGE gel which may represent a 
degradation product.

Camel VHHs were recently reported to accumulate highly in the ER compared to the 
cytoplasm, chloroplast and plant storage vacuole (Winichayakul et al., 2009). To 
investigate the accumulation of VHHs in the ER, 3 different constructs encoding 
SEKDEL-tagged CBESyn were made: 1) CBESyn with 3' SEKDEL sequence 
(CBESynKDEL); 2) CBESyn with a 5' 6xHis tag and 3' SEKDEL sequence 
(HSCBESynKDEL); 3) CBESyn with a 3' 6xHis tag followed by the SEKDEL sequence 
(CBESynHSKDEL) (Figure 4.6). The 6xHis tag was placed either at the 5' end of the 
GDI or in between the GDI and the -SEKDEL tag so as not to interfere with the 
functionality of the ER retention signal. The constructs were cloned into pICH11599 
and delivered via Agrobacterium into N. benthamiana plants along with the relevant
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vectors to add a 5' apoplast targeting presequence to the encoded protein 
(pICH8420 and pICH10881). Additionally, CBESyn without the 6xHis tag was 
targeted to the apoplast as a comparison. The apoplast targeting presequence 
together with the -KDEL retention signal (Gomord et a!., 1997) was expected to 
result in protein accumulation in the ER.

It was found that up to approximately 0.2 mg/g fresh weight of VHH was produced, 
with the VHHs containing 6xHis tags (HSCBESynKDEL and CBESynHSKDEL) 
accumulating at much higher levels when compared to the CBESynKDEL, the 
construct without the purification tag (Figure 4.7). The yield was also slightly lower 
when compared to CBESynHS targeted to the apoplast (Table 4.1). There were also 
fainter bands just below the band with the correct molecular weight in the PAGE gel 
for -SEKDEL tagged VHHs, which may represent degradation products. 
Furthermore, when the VHH targeted to the apoplast (CBESyn) was compared with 
that targeted to the ER (CBESynKDEL), it was found that former accumulated more 
highly than the latter (Figure 4.7). Because targeting of VHHs for accumulation in 
the ER (i) resulted in bands of lower than expected molecular weight and (ii) did 
not result in increased VHH accumulation relative to CBESyn, we did not investigate 
the -SEKDEL-tagged VHHs further.

Instead, leaves expressing CLDHS, CLDSynHS and CBESynHS were harvested at 
the time when VHH accumulation was the highest (11 dpi for CLDHS and CLDSynHS; 
7dpi for CBESynHS), and the corresponding VHHs purified using Nickel-NTA 
columns (Figure 4.8). Yields of up to about 0.1 mg/g fresh weight were obtained for 
CLDHS and CLDSynHS (Table 4.1); while for CBESynHS there was a slight increase 
to about 0.22 mg/g fresh weight.
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4.2.3 Expression of anti-HEWL VHH constructs over time

The accumuiation of 6xHis- and Strep-tagged version of CLDSyn and CBESyn over 
time was also investigated by infiltrating leaves with the VHH constructs and 
harvesting the leaves from 0-15 dpi on alternate days. For both VHHs, detectable 
amounts of protein could be seen on a Coomassie-stained gel and by Western blot 
at 3 dpi (Figure 4.9). They continued to accumulate until 7-9 dpi for CBESynHS 
(Figure 4.9b) and 9-11 dpi for CBESynST (Figure 4.9d), while for CLDHS and CLDST 
the highest protein accumulation occurred somewhat later at 11-13 dpi (Figure 4.9a 
and c; CLDSyn showed a similar expression pattern; data not shown). After that, 
the levels dropped slightly even when the loss of the Rubisco subunits was taken 
into account. The last time point taken was at 15 dpi and after that time point, the 
leaves were too necrotic.

From the PAGE and Western blot analyses, the difference in protein accumulation 
between CLD and CBESyn was even more evident. Furthermore, the previously 
mentioned lower molecular weight band just below the band of the correct size can 
also be seen in CLDHS and CLDST (Figure 4.9a and c). Interestingly, the increase in 
VHH correlates with a decrease in the Rubisco large (54 kDa) and small (14 kDa) 
subunits which coincides with the progressive necroticity of the infiltrated areas 
over time. This phenomenon has been observed elsewhere (Gils eta/., 2005) and is 
probably due to the overwhelming amount of mRNA transcripts produced by the 
viral expression system causing the plant to redirect its translational machinery to 
produce mostly VHH, which likely results in depletion of essential endogenous 
proteins (enzymes) and, in consequence, disruption of primary metabolism.
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Figure 4.4 Accumulation of anti-HEWL antibodies targeted to different cellular 
compartments.

(a) PAGE gel (top) and Western blot (bottom) showing accumulation of the three
different His-tagged anti-HEWL camel VHHs at 7 dpi in the cytoplasm (Cy), 
and when targeted to the apoplast (Ap) or chloroplast (Ch), compared 
with leaves transformed with the empty vector (C). 10 pg of total soluble 
protein was loaded in each lane. M, Perfect Protein™ Markers. White 
arrow heads indicate the large and small RUBISCO subunits (54 kDa and 
14 kDa, respectively). The VHH is indicated by a black arrow head 
(approx. 16kDa). Gels and blots is representative of the three 
experiments conducted.

(b) PAGE gel showing accumulation of the three different Strep-tagged anti-HEWL
camel VHHs at 9 dpi in the cytoplasm (Cy), and when targeted to the 
apoplast (Ap) or chloroplast (Ch). Other details as in (a).
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Figure 4.5 PAGE gel showing VHH abundance in 3 randomly sampled leaves 
infiltrated with the three different His-tagged (HS) (a), and Strep- 
tagged (ST) (b) anti-HEWL constructs. Leaves were chosen randomly 
from 3 different plants and harvested at 7 dpi. 10 pg of total soluble 
protein was loaded in each lane. M, Perfect Protein™ Markers (M). 
White arrow heads indicate the large and small RUBISCO subunits 
(54 kDa and 14 kDa, respectively). The VHH is indicated by a black 
arrow head (approx. 16 kDa). PAGE gels Is representative of the 
three experiments conducted.
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Figure 4.6 Schematic representation of the different SEKDEL-tagged CBESyn 

constructs. From top to bottom: CBESynKDEL, HSCBESynKDEL and 

CBESynHSKDEL.
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Figure 4.7 Accumulation of anti-HEWL antibodies targeted to the ER. 6xHis 
purification tags were located either at the 5' end of GOI or between 
GOI and the -KDEL retention signal.

PAGE gel (top) and Western blot (bottom) showing accumulation of anti-HEWL 
camel VHHs in 3 different N. benthamiana leaves at 7 dpi in endoplasmic 
reticulum (ER). Leaves were infiltrated with either a CBESynKDEL 
construct with a 5' His-tag (Lanes 4-6) or a His-tag located between 
CBESyn and the -KDEL retention signal (Lanes 7-9). Lanes 1, 2 and 3 
showed protein expression profile of leaves transformed with CBESyn, 
CLDSyn and CBESynKDEL respectively. CBESyn and CLDSyn were 
targeted to the apoplast and did not have any purification tags attached 
to the GOI. CBESynKDEL possessed the -SEKDEL retention signal but did 
not possess any purification tags. 10 pg of total soluble protein was 
loaded in each lane. M, Perfect Protein™ Markers. White arrow heads 
indicate the large and small RUBISCO subunits (54 kDa and 14 kDa, 
respectively). The VHH is indicated by a black arrow head (approx. 
16kDa). The Western blot was probed with 1:5,000 mouse anti-His 
primary antibody followed by 1:10,000 HRP coupled anti-mouse IgG. 
PAGE gel and western blot is representative of the three experiments 
conducted.
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Figure 4.8 Purification and yield of His-tagged CLD, CLDSyn and CBESyn. PAGE 
gels showing the different fractions during the purification of (a) 
CLDHS, (b) CLDSynHS and (c) CBESynHS. Approximately 2-2.5 g of 
infiltrated leaf material was harvested per construct. 10 pL of each 
fraction was loaded (except for CBESynHS E2 where 5 pL was loaded). 
C, Crude extract; F, Flowthrough; W, Wash; E, Elution. M, Perfect 
Protein™ Markers. White arrow heads indicate the large and small 
RUBISCO subunits (54 kDa and 14 kDa, respectively). The VHH is 
indicated by a black arrow head (approx. 16 kDa). PAGE gels is 
representative of the three experiments conducted.
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Table 4.1 Table showing for each construct, the compartment with the highest 
accumulation, the mean estimated yield before purification (±SD; 
obtained using density analysis) and the mean yield after purification 
(±SD; as determined by Bradford Assay). Data collected from three leaf 
samples from three independent experiments (total sample size=9).

Antibodies Compartment 
with highest 
accumulation

Yield before 
purification* 
(mg/g fresh 

weight)

Yield after 
purification^ 
(mg/g fresh 

weight)
CLDHS Apoplast 0.18±0.04 0.10±0.03
CLDSynHS Apoplast 0.20±0.04 0.13±0.02
CBEHS Apoplast 0.35±0.05 0.22±0.06

Protein concentration estimated by comparing protein bands on PAGE gel 

to Perfect ProteinTM Markers (Novagen, USA) using Multi Guage 

software (FujiFilm, Japan)
^Protein concentration determined using Bradford assay
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Figure 4.9 Accumulation of apoplast-targeted anti-HEWL antibodies over time.
(a and b) PAGE gels (top) and Western blots (bottom) showing accumulation of 

apoplast-targeted His-tagged CLD (a) and CBESyn (b) from 0 to 15 dpi 
at two-day intervals compared to uninfiltrated leaves (WT). 10 pg of 
total soluble protein was loaded in each lane. M, Perfect Protein™ 
Markers. White arrow heads indicate the large and small RUBISCO 
subunits (54 kDa and 14 kDa, respectively). The VHH is indicated by a 
black arrow head (approx. 16 kDa). Gels and blots is representative of 
the three experiments conducted.

(c and d) PAGE gels showing accumulation of apoplast-targeted Strep-tagged CLD 
(c) and CBESyn (d) from 0 to 15 dpi at two day intervals, compared with 
uninfiltrated leaves (WT). 10 pg of total soluble protein was loaded in 
each lane. Other details as in (a).
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4.2.4 Characterisation of anti-HEWL VHHs

The specificities of the purified VHHs were determined by direct ELISA with antigen- 
bound VHH detected using HRP-conjugated Ni-NTA to detect the His-tags. It was 
found that all three VHHs bind to their antigen HEWL and not to other unrelated 
antigens such as the structurally similar o-lactalbumin (Figure 4.10) or p- 
galactosidase (data not shown).

A competitive ELISA protocol, as described by Friguet et al. (1985), was used to 
determine dissociation constants for CLDSynHS and CBESynHS. Briefly, VHHs 
diluted to a concentration predetermined by direct ELISA (about 1 to 5xl0 ®M) were 
incubated with increasing concentration (IxlO'^^M to IxlO ^’M) of antigen (in this 
case HEWL). The mixture was then incubated in wells coated with a fixed amount of 
antigen. Free antibodies not previously bound to the free antigen will bind to the 
antigen coated on the plate and these antibodies were detected using Ni-NTA 
probes bound to HRP that will detect the 6xHis-tag on the antibody. The resulting 
absorbance values (Figure 4.11) were plotted according to Friguet et at. (1985). 
Using this method, the dissociation constants of CLDSynHS and CBESynHS were 
found 4.73±2.4 nM and 46.3±3.3 nM, respectively (based on 3 repeats). Saerens 
et at. (2005) reported an increase in the dissociation constant (Kd) from 7.2 nM for 
cAB-Lys3 (CLD) to 52 nM for cBCIIlO-L-L-L (CBESyn). It has also been shown that 
there were slight conformational changes in the cAb-Lys3 CDRs (particularly CDRl 
and CDR3) when they are placed in the cAbBCIIlO framework (Saerens et al., 

2005). Therefore, the slight decrease in affinity may be due to the variability in the 
length of the CDRs and loop contacts with the framework residues.

The thermal stability of CLDHS and CBESynHS was also investigated. Both VHHs 
were incubated for 20 minutes at different temperatures, re-equilibrated to room 
temperature for 5 minutes and assayed by direct ELISA. It was found that both 
antibodies were functional at temperatures above 50°C (Figure 4.12). Camel 
antibodies have been found to be stable at high temperatures due to their single 
domain nature and their ability to fold efficiently after thermal or chemical 
destabilization (Perez eta/., 2001; Dumoulin eta/., 2002; Ewert eta/., 2002) due 
in part to the increased hydrophiiicity caused by their signature mutations in the 
former VL interface (Davies and Riechmann, 1995; Davies and Riechmann, 1996; 
Conrath et al., 2005) and to the folding of the extended CDR3 against this region 
(Bond et al., 2003). However, our investigations revealed that the antigen-binding
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activity of CBESynHS decreased far more rapidly than that of CLDHS and that most 
of its activity is lost after a 20 min incubation at 90°C (Figure 4.12). This suggests 
that CBESynHS denatures more rapidly than CLDHS although the conformational 
stability of CBESynHS has been reported to be higher than that of CLDHS (Saerens 
et a/., 2005). Remarkably, CLDHS still retained two-thirds of its activity after 
incubation at 90°C. It is interesting to note that although the conformational 
stability of CBESynHS (cBCIIlO-L-L-L) has been reported to be higher than CLDHS 
(cAB-Lys3) (Saerens et a/., 2005); CLDHS is more stable at higher temperatures 
compared to CBESynHS.
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Figure 4.10 Specificity of the anti-HEWL camel antibodies as determined by ELISA.
All three versions of the antibody recognized HEWL ( ■ ) and did not 
bind to the structurally similar but unrelated antigen o-lactalbumin 
( ■ ). Each point represents the mean of three experiments. Bars
indicate 2 standard deviations (SDs). 'Mock' represents a control 
experiment where no nanobody was introduced.
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Figure 4.11 Affinity of His-tagged CLDSyn ( -♦-) and CBESyn ( -B- ) measured 
according to Friguet et al. (1985). VHHs diluted to a concentration 
predetermined by direct ELISA (about 1 to 5xlO ®M) were incubated 
with increasing concentration (IxlO’^^M to IxlO'^M) of antigen (in 
this case HEWL). The mixture was then incubated in wells coated with 
a fixed amount of antigen. Free antibody not previously bound to the 
free antigen will bind to the antigen coated on the plate. The 6xHis- 
tags of these antigen-bound antibodies were detected using an Ni- 
NTA probe bound to HRP. The resulting absorbance values were 
plotted according to Friguet et al. (1985).
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Figure 4.12 Comparison of thermal stability of CLDHS (■♦“) and CBESynHS ("■").
Approximately 0.1 ng/mL of each antibody was incubated at 
increasing temperatures for 20 minutes, reequilibrated to room 
temperature and assayed using ELISA. Each point represents the 
mean of three experiments. Bars indicate 2 standard deviations.
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4.2.5 Cloning and expression of a CBESyn-GFP fusion protein

A fusion protein construct consisting of CBESyn joined to a Strep-tagged Green 
Fluorescent Protein (GFP) via a free linker was made by PCR amplification of the 
individual components and ligating them into pICH11599 (Figure 4.13). This is to 
investigate whether the fusion of CBESyn with another protein, might alter its 
accumulation pattern or improve its stability (particularly at the C-terminal region). 
Following sequence verification, the construct was then infiltrated with appropriate 
5' provector strains into N. benthamiana leaves in order to express the fusion 
protein in the cytoplasm, and to target it to the apoplast and chloroplasts. At 7 dpi, 
strong GFP fluorescence could be seen when leaves were illuminated with a long­
wave UV lamp (Figure 4.14, top row). GFP fluorescence was strongest when the 
CBESyn-GFP fusion protein was expressed in the cytoplasm (a), followed by 
targeting to the chloroplast (c) and the apoplast (b).

At 200 X magnification (Figure 4.14, bottom row), it was found that GFP 
fluorescence was present throughout the cytoplasm of cells expressing the 
cytoplasm-targeted version, but was also found in discrete subcellular foci (as 
indicated by white arrow) which might correspond to sites of protein accumulation 
(Figure 4.14a; bottom row). For the apoplast-targeted fusion, GFP fluorescence was 
distributed throughout the cell but showed specific localization in the apoplastic 
spaces between the cell walls. Strong fluorescence could also be seen in subcellular 
bodies that might correspond to the ER (Figure 4.14b; bottom row). On the other 
hand, fluorescence in the plant infiltrated with the chloroplast-targeted construct 
could be found in small clusters consistent with the spatial distribution of 
chloroplasts (Figure 4.14c; bottom row).
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RB

Figure 4.13 Schematic diagram of the CBESyn-GFP fusion constructs. Anti-HEWL 
VHH CBESyn was joined to Strep-tagged GFP using a free linker 
(GGAGCTGGAGCT).

a

Figure 4.14 Fluorescence of 7 dpi leaves of N. benthamiana accumulating CBESyn- 
GFPST in cytoplasm (a), targeted to the apoplast (b) or chloroplast 
(c). Bottom row of photos shows cells at 200 x magnification. White 
arrows indicate areas of high GFP accumulation which may 
correspond to protein bodies. Scale bar: 10 pm.
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4.2.6 Accumulation of CBESyn-GFPST targeted to different 

cellular compartments

Proteins extracted from 7 dpi leaves expressing CBESyn-GFPST targeted to three 
cellular compartments were analysed by SDS-PAGE and by Western blot. Compared 
with the levels of CBESynST observed previously in Coomassie blue-stained 
polyacrylamide gels (e.g. Figure 4.9d), CBESyn-GFPST accumulated at very much 
lower irrespective of the cellular compartment to which it was targeted (Figure 
4.15a). The levels of CBESyn-GFPST accumulating in the cytoplasm were 
sufficiently high to be detected on Western blots probed with a 1:5,000 dilution of 
the HRP-bound Strep Tactin probe. Surprisingly, however, neither the apoplast- nor 
the chloroplast-targeted fusion proteins were detected by the Strep Tactin probe, 
despite the strong GFP fluorescence observed in leaves expressing both the 
corresponding constructs. However, when the blot was reprobed with a polyclonal 
antibody against GFP, the fusion protein was detected in all three cellular 
compartments, albeit at very different levels. Protein accumulation was strongest 
when the fusion protein was expressed in the cytoplasm (Cy), followed by the 
chloroplast (Ch), consistent with the in vivo levels of green fluorescence previously 
observed. The lack of detection when using the Strep Tactin probe is likely, 
therefore, due to proteolytic removal of part or all of the 8 amino acid C-terminal 
Strep tag.
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Figure 4.15 PAGE gel (a) and Western blot (b and c) of CBESyn-GFPST 
accumulating in cytoplasm (Cy), apoplast (Ap) and chloroplast (Ch) 
at 7 dpi. 10 pg of total soluble protein was loaded in each lane. The 
Western blot was probed with 1:5,000 Streptactin-HRP (b) or 
1:1,000 polyclonal antibody against GFP (c). White arrow heads 
indicate the large and small RUBISCO subunits (54 kDa and 14 kDa, 
respectively). A black arrow head indicates the CBESyn-GFPST 
fusion protein (approx. 43 kDa). PAGE gel and western blots is 
representative of the three experiments conducted.
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4.3 Discussion

4.3.1 Accumulation of the three versions of anti-HEWL VHH 

constructs in N. benthamiana

In this work we have shown, for the first time, that Camelid VHHs, or nanobodies, 
can accumulate to very high levels in plants. By 7-9 dpi, apoplast-targeted 
nanobodies expressed from a deconstructed viral vector and delivered via 
agroinfiltration accumulated at levels that either equalled or greatly exceeded that 
of the similarly-sized Rubisco SSU in total leaf protein extracts. Remarkably, 
between 11 and 15 dpi, the highly expressed His6-tagged VHHs comprised the 
most prominent protein band visible on Coomassie blue-stained gels, corresponding 
to an estimated 10-30% total soluble protein, and giving post-purification yields of 
0.1-0.22 mg/g fresh weight. These values approximate the highest yields so far 
achieved for any antibody format expressed in plants (0.2-0.5 mg/g fresh weight; 
Giritch et at., 2006).

The folding and stability of many different candidate recombinant proteins 
expressed in plants, especially antibodies, has been shown to be affected by the 
subcellular compartment in which they accumulate, which in turn may also affect 
overall yield and functionality (Sharp and Doran, 2001; Doran, 2006). This is likely 
due to compartment-specific differences in redox potential, pH, and the 
presence/absence of specific molecular chaperones and foldases, 
glycosyltransferases and proteolytic enzymes (Doran, 2006; Benchabane et at., 
2008). The oxidizing environment of the secretory pathway, in particular that 
obtaining within the ER, has been shown to promote correct folding and assembly 
of full-sized and smaller antibody derivatives by facilitating the formation of 
essential disulphide bonds (Conrad and Fiedler, 1998; Schillberg et a/., 1999; 
Peeters et al., 2001). Winichayakul eta/. (2009) reported significant accumulation 
of anti-TNF-o nanobodies only when they were targeted for retention within the ER 
in stably transformed Arabidopsis plants. However, we did not observe high-level 
accumulation of anti-HEWL VHHs in agroinfiltrated N. benthamiana leaves when an 
ER-retention signal (KDEL) was added to their C-terminus (Section 4.2.2). Instead, 
with the exception of CBESynST which showed significant accumulation of truncated 
forms in the cytoplasm and chloroplasts in some instances, all of the nanobody 
variants we investigated accumulated at a high level only when targeted to the
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apoplast. The apoplast has also been found to be the compartment of choice for 
high-level accumulation of other recombinant proteins including human growth 
hormone (Gils et at., 2005), Yersinia pestis antigens (Santi et ai., 2006) and 
recombinant bovine aprotinin (Badri et ai., 2009). However, it is also interesting to 
note that the addition of a fusion partner (GFP) to VHH, as in the case of CBESyn- 
GFPST, changed the accumulation pattern in the three compartments: CBESyn- 
GFPST accumulated highly in the cytoplasm instead of the chloroplast and was not 
detected in the apoplast.

In addition, the observation by Menassa et ai. (2003) that human interleukin-10 
accumulated in plants only if the protein contained a C-terminal 6xHis tag, led us to 
investigate whether different purification tags might also influence nanobody 
accumulation. Remarkably, the 6xHis-tagged VHHs accumulated at levels several­
fold higher than the corresponding Strep-tagged versions, suggesting an overall 
stabilizing effect of this tag on nanobody accumulation. The influence of the Strep 
tag was more complex. Its presence at the C-terminus of CBESyn (but not CLD or 
CLDSyn) facilitated accumulation of truncated versions of this VHH in the cytosol 
and in chloroplasts, while the 6xHis tag did not. This suggests that the amino acid 
sequence of the VHH itself and possibly its interaction with the tag may play an 
important role in determining whether a particular tag exerts a stabilizing or 
destabilizing effect on accumulation in different subcellular compartments. However, 
other possibilities, such as degradation and/or cleavage by specific proteases 
cannot be ruled out (Outchkourov et ai., 2003; Faye et ai., 2005; Doran, 2006; 
Benchabane et ai., 2008a). These factors can have a major impact on protein yield 
and might explain the slightly lower molecular weight band observed below the 
correct-sized protein in extracts containing CLDHS, CLDSynHS and CLDSynST.
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4.3.2 The effect of codon optimization/amino acid changes on 

yield

When considering the expression of a GOI in a heterologous organism, intrinsic 
elements in the gene itself need to be taken into account. It is has been well- 
documented for example, that different organisms have their own particular codon 
usage bias (Ikemura, 1985) and that codon usage differences between the host 
organism and the GOI can significantly affect gene expression. In addition, GOI 
that are especially AT-rich may contain cryptic polyadenylation signals and cryptic 
splice donor or acceptor sites, the presence of which may drastically reduce the 
levels of mRNAs containing the original uninterrupted open reading frame. For 
these reasons, modification of the nucleotide sequence of a GOI to improve codon 
usage and remove potentially disruptive c/s-elements can increase the yield of 
recombinant protein in plants (Kirby and Kavanagh, 2002; Geyer et aL, 2007; Li et 
al., 2007) and in other organisms (Yadava and Ockenhouse, 2003; Burgess-Brown 
et a/., 2008). In addition, changing specific amino acid residues can significantly 
affect protein stability (Sawant et al., 2001), how the protein is processed (Hondred 
et a!., 1999), and even influence post-translational targeting of the protein 
(Benchabane etai, 2008b).

A significant increase in yield occurred when the first glutamine (Q) of CL3HS (as 
described in Chapter 3) was changed to aspartic acid (D) in CLDHS. Also, the 
change in framework from CLD to CBESyn (10 amino acid differences) resulted in 
an approximately two-fold increase in yield. This might have been due to the 
elimination of protease recognition sites as a consequence of the framework 
alterations. Although the targeting of proteins, especially antibodies, through the 
secretory pathway has been shown to promote protein accumulation, the pathway 
is not protease free. Subtilisin/kexin-like serine and metallo-proteases which 
process pro-proteins are known to be present in the secretory pathway (Viale eta/., 
1999; Raharjo et a/., 2001) and cysteine proteases are known to degrade mis- 
folded proteins (Otsu et a/., 1995) or to mobilize seed storage proteins (Schlereth et 
a/., 2001). Moreover, Delannoy et a/. (2008) reported the presence of aspartic, 
cysteine and serine proteases in leaf intercellular (extracellular) fluid. In the past, it 
has been shown that certain proteins targeted to the plant secretory system can be 
adversely affected by proteases (Stevens eta/., 2000; Sharp and Doran, 2001). For 
example, Outchkourov et a/. (2003) reported that sea anemone equistatin, a
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protease inhibitor, was sequentially degraded when targeted through the secretory 
pathway in potato. Identification of the precise cleavage sites by N-terminal 
sequencing of affinity-purified equistatin degradation products, strongly implicated 
arginine/lysine-specific and Asn-specific cysteine proteases. This kind of analysis 
can facilitate the rational modification of key residues in a candidate recombinant 
protein (via site-directed mutagenesis) in order to minimize proteolytic attack while 
preserving biological activity, and thereby increase protein accumulation and yield.

4.3.3 The effect of framework changes on yield

Among the three versions of anti-HEWL VHH expressed, the apoplast-targeted VHH 
with the alternative framework (CBESynHS) had the highest yield. The enhanced 
accumulation and stability of CBESynHS was therefore likely due to the different 
framework upon which it is based. This framework, derived from cAbBCIIlO 
(Saerens et a!., 2005), differs from that of CLDHS at 10 amino acid positions, and 
was identified in a search for a 'universal' framework suitable for CDR loop-grafting 
applications. The cAbBCIIlO framework was chosen for its high stability, good 
expression level in E. coli, and its ability to retain functionality even when two 
conserved disulphide bond-forming cysteines were removed. Indeed, the chimeric 
nanobody cAbBCIIlO-L-L-L (corresponding in this study to CBESynHS) was shown 
by Saerens et at. (2005) to have an enhanced thermodynamic stability relative to 
the CDR loop donor cAbLysB (in this study, CLDHS), confirming the suitability of the 
cAbBCIIlO scaffold as a CDR loop acceptor, and consistent with its high-level 
accumulation and improved resistance to proteolysis reported here. Although we 
have not yet determined whether the conserved cysteines in CBESynHS are 
necessary for the stability and functionality of the plant-expressed protein, previous 
experiments with scFvs (Chapter 3) showed that an anti (3-galactosidase scFv with 
its cysteine residues eliminated through mutagenesis (for better expression in the 
bacterial cytoplasm) accumulated highly in the plant cytoplasm compared to the 
original version which accumulated highly in the chloroplast. Furthermore, the yield 
of the mutated scFv was several times higher than the original version.

Another possible explanation of why the VHH with the alternative framework had a 
higher yield is that its tertiary structure affects overall protein stability in the cell 
and resistance to protease-mediated degradation, compared to the tertiary 
structure of the native framework construct. He et aL (2011) reviewed 31 
successful examples of human recombinant proteins expressed in the mammary
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glands of transgenic animals with the resultant proteins accumulating in their milk. 
They compared the codon usage of these proteins against codon usage of 
mammary gland-specific genes and genes coding for milk proteins in human, 
mouse and five other livestock animals but found no correlation between the 
expression levels of the human recombinant proteins and the similarities of the 
codon usage patterns. However, when they compared the main protein domains of 
the recombinant proteins against the protein domains of casein, the main 
component of milk proteins, they found significant differences in the yield between 
proteins that share high domain similarities with casein than those that did not, 
even after accounting for other variables such as the type of promoter used and 
whether genomic DNA or cDNA was used (introns can have a major positive 
influence on gene expression levels). They also found that out of the top 13 highly 
accumulated recombinant proteins, 10 shared a similar alpha-beta based major 
domain similar to casein while the other 3 shared common motifs with casein. They 
then went on to propose that the tertiary structure of a recombinant protein adapts 
to the synthesis and secretion process of milk proteins, thus enabling them to be 
highly expressed in the animal mammary gland. Proteins which do not have the 
correct structure may not interact properly with the milk proteins and with the ER 
environment which the milk proteins are targeted to. These protein may then 
aggregate together and may be degraded by the ER-associated degradation 
pathway (ERAD) (Vembar and Brodsky, 2008), ultimately affecting their overall 
yield.
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Chapter 5. Exploring the importance of

Framework Regions for VHH 

accumulation and yield in plants

5.1 Introduction

Like the VH-III antigen-binding domain of conventional human antibodies, the 
Camelid VHH domain possesses 4 framework regions (FRs) that form a core 
scaffold and 3 complementarity-determining regions (CDRs) that are involved in 
antigen recognition and binding (Figure 5.1). Several publications have described 
the crystallographic structure of VHH (Desmyter eta/., 1996; Spinelli eta/., 1996; 
Decanniere et a/., 1999; Spinelli et a/., 2000). The NMR structure of a camelized 
human VH has also been reported (Riechmann, 1996). The crystal structures 
showed that VHH and VH are similar in several respects. Both comprise nine p- 
strands folded into two sheets which are stabilized by a conserved disulphide bond 
(Figure 5.2). However, VHH differs from VH at four highly conserved amino acid 
positions in the FR2 region: F/Y37—i-V, E44-^G, R45^L and G47—(positions 
based on Kabat numbering; Kabat eta/. 1991); substitutions shown as black dots 
in Figure 5.1). Additionally, W103-»R substitutions are found in 10% of VHHs 
(Desmyter eta/., 2001). Also, an Lll^S substitution in FRl was reported in camel 
VHH but is less common in llama VHH (Vu et a/., 1997).

Davies and Riechmann (1994; 1996) grafted the four hallmark hydrophilic residues 
of VHH onto a human VH fragment and found that the 'camelized' human VH 
fragment was more stable and less prone to aggregation than the original VH 
fragment. On the other hand, Conrath et a/. (2005) replaced the hallmark 
substitutions to its counterpart in human VH. This process restores the VL binding 
capabilities of the 'decamelized' VHH and although it still behaves as a monomer, 
the thermodynamic stability and antigen binding affinity was reduced. This is 
because those hallmark amino acid substitutions in the FR2 region render the 
framework region more hydrophilic (Spinelli eta/., 1996). Furthermore, the rotation 
of the adjacent hydrophobic chains to expose the most hydrophilic parts makes the 
VHH even more hydrophilic (Desmyter et a/., 1996).

97



Chapter 5

The largest structural difference between VH and VHH is at the CDR regions. In 
human and mouse VH, these loops are folded in a limited number of canonical 
structures (Chothia and Lesk, 1987; Chothia et at., 1992). In the VHH, many 
deviations from these canonical structures were found and these could not have 
been predicted from their sequence. For example, although the CDRl of an anti- 
carbonic anhydrase VHH forms a type-1 loop (Desmyter et a!., 2001), none of the 
other published crystallography structures has a CDRl adopting the canonical 
structures (Decanniere et al., 1999; Decanniere et a!., 2000; Desmyter et a!., 

2001). Furthermore, the CDR2 of VHH also appears to be more variable than in 
human or mouse (Decanniere et a!., 2000). This is caused by amino acid insertions 
or deletions in or around CDRl and CDR2 which occurs more frequently and this 
widens the possible antigen-binding loop conformations (Decanniere et a!., 2000; 
Harmsen et aL, 2000; Nguyen et aL, 2000).

The most interesting feature is the CDR3 loop on the VHH. These are typically more 
extended than the CDR3 in a conventional VH and are stabilized by a disulphide 
bond with a cysteine in CDRl or FR2 (Muyidermans et a!., 1994). It was found that 
VHH CDR3 is normally turned outwards from the (3-barrel, folding over the region 
that would interact with the VL in conventional VH (Desmyter et a!., 1996; 
Decanniere et a!., 1999; Desmyter et a!., 2001; Desmyter et a!., 2002). This 
increases the potential interaction surface with the antigen (Vu et a!., 1997), 
contributes to the overall domain stability (Bond et a!., 2003) and in the process 
prevents any interaction with a VL domain as the loop covers the hydrophobic 
patches in the FR2 region. Also, the CDR3 loop folds over CDRl and CDR2 and 
provides specificity and high binding affinity to the VHH (Desmyter et a!., 2001). 
Several VHHs have been Isolated that act as potent enzyme inhibitors due to their 
extended CDR3 loops penetrating into the active site cleft. A good example of this 
is provided by cAb-Lys3. The 24 amino acid long CDR3 which extends outwards 
from the antigen-binding site inserts into the hen egg white lysozyme (HEWL) 
active site (Figure 5.3; Desmyter et a!., 1996), mimicking the natural substrate of 
lysozyme and thus inhibiting its enzymatic activity (Transue et al., 1998). Thus the 
extended CDR3 enables VHHs to reach antigenic sites inaccessible to conventional 
antibodies such as enzyme active sites (Lauwereys et al., 1998; De Genst et al., 

2006) and conserved cryptic epitopes (Stijiemans et al., 2004). However, it should 
also be noted that not all VHHs work in this way, as non-inhibiting VHH fragments 
have also been isolated (Lauwereys et al., 1998). Presumably, these VHH would 
interact with other clefts or surfaces of their antigen.
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In Chapter 4, we showed that the use of an alternative 'universal' framework 
increased the yield in planta of an anti-HEWL VHH, in comparison with its original- 
framework counterpart. In this chapter, we investigate whether the use of this 
alternative framework might also increase the yield of other VHHs, relative to their 
original-framework versions. To this end, two VHHs, one recognizing human 
Prostate Specific Antigen (PSA) and the other bovine RNase A, were investigated. 
The yields of codon-optimized versions of these VHHs possessing the 'universal' 
cAbBCIIlO framework were compared to versions with the codon-optimized original 
framework. Furthermore, chimeric anti-HEWL VHHs containing different 
combinations of FRs from cAbBCIIlO and the native VHH were also constructed and 
expressed in N. benthamiana in order to identify which FR or combinations of FRs 
are important for maintaining high protein accumulation and stability in pianta. 
Lastly, the native and alternative framework VHHs were expressed in E. coli to (i) 
investigate whether differences in yield between VHHs with native and alternative 
frameworks were also evident in a prokaryotic expression system; and (ii) to 
compare yields between VHHs expressed in N. benthamiana and in E. coii.
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VH
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CDRl CDR2 CDR3

CDRl CDR2 CDR3

Figure 5.1 Schematic diagram showing the differences between VH and VHH based 
on sequence comparisons of cDNA clones. Both VH and VHH consists of 
4 framework regions (FRs) and 3 CDRs. CDRl and CDR3 are larger in a 
VHH than in a VH, and they are often connected by a disulfide bond 
(thick line). The hallmark amino acid substitutions in FRl and FR2 are 
shown as black dots. The numbering refers to the position of the amino 
acid along the sequence according to the Kabat numbering (Kabat et 

al., 1991; adapted from Muyidermans, 2001).
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Figure 5.2 Ribbon representation of the X-ray structure of the VHH cAb-Lys3 
(below) in complex with its antigen hen egg-white lysozyme (HEWL) 
(top). Lysozyme contains an a-helical domain (blue) and p-sheet 
domain (purple). For cAb-Lys3, the framework consists of a four- 
stranded p-sheet region (dark green) and a 5-stranded p-sheet region 
(site where the VL and VH interact in conventional Ab; light green). 
There are three CDR regions: CDRl (red), CDR2 (orange) and CDR3 
(yellow). The disulphide bond between CDRl and CDR3, and the Glu35 
side chain of lysozyme are represented in ball-and-stick form (from 
Desmyter et a/., 1996).

101



Chapter 5

5.2 Results

5.2.1 Design of anti-PSA and anti-RNase A VHH constructs

In the previous chapter, an increase in the accumulation and yield of an anti-HEWL 
VHH was observed when the original framework (as found in CLDSyn) was replaced 
(in CBESyn) by the alternative 'universal' VHH framework proposed by (Saerens et 

al., 2005). In order to determine whether the framework effect was specific for the 
anti-HEWL antibody, or was more general, four additional VHH transgenes were 
constructed and their expression in planta investigated.

The four constructs were: (i) PSAHS, a plant codon-optimized version of cAb-PSAll 
(Saerens et al., 2005), encoding a camelid VHH fragment recognizing Human 
Prostate Specific Antigen (PSA); (ii) CPSHS, a codon-optimized version of 
cAbBCIIlO-P-P-P, which encodes the CDRs of cAb-PSAll grafted into the 'universal' 
framework of cAbBCIIlO; (iii) RN5HS, a codon-optimized version of cAb-RN05 
(Saerens eta!., 2005), encoding a camelid VHH fragment recognizing Bovine RNase 
A; and (iv) CRNHS, a codon-optimized version of cAbBCIIlO-R-R-R, encoding the 
CDRs of cAbRN05 grafted into the cAbBCIIlO framework. The codon optimization 
procedure for each construct is described in Materials and Methods. The aim was to 
keep the codons for each VHH as close as possible to CBESynHS, the highly 
expressed anti-HEWL VHH containing the cAbBCIIlO framework (Figure 5.3). 
Codons which differed from CBEHS were replaced with the most frequently used N. 

benthaminana codons obtained from the Codon Usage Database (Nakamura et a!., 

2000) without, wherever possible, introducing undesirable sequences such as direct 
or indirect repeats, potential hairpin structures, candidate polyadenylation signals 
(Mogen et a!., 1992; Li and Hunt, 1995), destabilizing sequences, or intron splice 
site signals (Brown et aL, 2002; Simpson et al., 2004).
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I---- Framework 1------- |—CDR-Hl—|—Framework 2-I
PSAHS DVQLVESGGGSVQPGGSLRLSCAAS GYRFSNLAVG WFRQAPGKEREWA 
RN5HS DVQLVESGGGiVQAGGSLRLSCAAS GYTYTYIYMG WFRQAPGKERE@VA 
CLDSynHS DVQLQASGGGSVQAGGSLRLSCAAS GYTIGPYCMG WFRQAPGKERE0VA 
CBESynHS DVQLVESGGGSVQAGGSLRLSCTAS GYTIGPYCMG WFRQAPGGEREAVA

I--- CDR-H2------I---------Framework 3------------|
PSAHS VIFWGGITVYDT*SVKG RFTVSRfiNAIiNTV1{LBMN$LKPEDTAIIYYCAA 
RNSHS AMDSGGGGTIYADSVKG RFTISRDKSKNTVYLQMBGLKPEDTATYYCAA 
CLDSynHS AINMGGGITYYADSVKG RFTISQDNAKNTVYLLMNSLBPEDTAIYYCAA 
CBESynHS AINMGGGITYYADSVKG RFTISRDNAKNTVTLQMNNLKPEDTAIYYCAA

I------ CDR3---------- I----Framework 4----|
PSAHS WIPDTDSRNPSAYR********* wgqgtqvtvssghhhhhh 
RNSHS OGYELRDRTYafi************ WGQGTQVTVSSGHHHHHH 
CLDSynHS DSTIYASYYECGHGLSTGGYGYDS WGQGTQVTVSSGHHHHHH 
CBESynHS DSTIYASYYECGHGLSTGGYGYDS WGQGTQVTVSSGHHHHHH

Figure 5.3 Comparison of the amino acid sequences of His-tagged anti-PSA, anti- 

RNase A and anti-HEWL VHHs. The CDRs of VHHs in the first 3 rows 

are shown in their native framework context i.e. PSAHS (anti-PSA, 
row); RNSHS (anti-RNase A, 2"'^ row); CLDSynHS (anti-HEWL, 3'"'' row). 

CBESynHS (4‘^ row) contains the anti-HEWL CDRs of CLDSynHS in the 

universal framework context. Amino acid changes are shown in grey.
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5.2.2 Expression and purification of anti-PSA and anti-RNase 

A VHHs

The anti-PSA and anti-RNase VHH constructs in their original and 'universal' 
framework contexts were cloned into the 3' provector pICH11599 (Santi et a!., 
2006) and delivered into N. benthamiana leaves with the other required provectors 
via Agrobacterium infiltration. It was found that the anti-PSA VHHs with the original 
and the 'universal' frameworks (labelled PSAHS and CPSHS, respectively) 
accumulated highly in the cytoplasm compared to relatively low accumulation when 
targeted to the apoplast or the chloroplast (Figure 5.4a). In contrast, the anti- 
RNase A VHHs with the original and 'universal' frameworks (labelled RN5HS and 
CRNHS, respectively) accumulated highly when targeted to the apoplast, compared 
to the cytoplasm or chloroplast (Figure 5.4b).

In terms of yield, it was found that PSAHS had an estimated yield of less than 0.01 
mg/g fresh weight while approximately 0.01 mg/g fresh weight was obtained for 
CPSHS. For the anti-RNase A VHH, RN5HS yielded about 0.02 mg/g fresh weight 
while CRNHS had a yield of about 0.05 mg/g fresh weight. Thus the framework- 
changed versions gave higher yields than their original framework counterparts.

7 dpi leaves expressing the anti-PSA and anti-RNase A VHH were harvested and the 
corresponding VHHs purified using Nickel-NTA columns (Figure 5.5). A yield of up to 
0.02 mg/g fresh weight was obtained for RN5HS. The yield increased to 0.05 mg/g 
fresh weight for CRNHS (Table 5.1). Insufficient protein was obtained for 
subsequent biochemical analysis in the case of the anti-PSA VHHs (PSAHS and 
CPSHS) despite efforts to optimize protein purification such as increasing initial leaf 
material to 10 g and increasing the column volume. However, based on the 
intensity of the protein bands on the PAGE gel, the yield of PSAHS was estimated to 
be less than 0.01 mg/g fresh weight while that of CPSHS was estimated to be 
around 0.01 mg/g fresh weight (Table 5.1).
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PSAHS CPSHS CBESynHS
M C CyAp Ch CyApChCy Ap Ch M

15kDa

Figure 5.4 Accumulation of anti-PSA and anti-RNase A camel antibodies in various 
cellular compartments.

(a) PAGE gel (top) and Western blot (bottom) showing accumulation, at 7 dpi, of 
PSAHS, a His-tagged anti-PSA camel VHH with an original framework, and 
CPSHS, a derivative containing the 'universal' framework, in the 
cytoplasm (Cy), and when targeted to the apoplast (Ap) or chloroplasts 
(Ch). The anti-HEWL antibody CBESynHS was used as a positive control. 
20 pg of total soluble protein was loaded in each lane. C, Extract from 
leaves transformed with empty vector. M, Perfect Protein™ Markers. 
White arrow heads indicate the large and small RUBISCO subunits (54 
kDa and 14 kDa, respectively). The VHH Is indicated by a black arrow 
head (approx. 15 - 16 kDa). PAGE gel and western blot is representative 
of the three experiments conducted.
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Figure 5.4 (continued) Accumulation of anti-PSA and anti-RNase A camel
antibodies in different cellular compartments.

(b) PAGE gel (top) and Western blot (bottom) showing accumulation, at 7 dpi, of 
RN5HS, a His-tagged anti-RNase A camel VHH with an original framework, 
and CRNHS, a derivative containing the 'universal' framework, in the 
cytoplasm (Cy), and when targeted to the apoplast (Ap) or chloroplasts 
(Ch). The anti-HEWL antibody CLDSynHS was used as positive control. 
Other details are as in (a). The VHH of interest is approx. 15 - 16 kDa 
(black arrow). PAGE gel and western blot is representative of the three 
experiments conducted.
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Figure 5.5 Purification and yield of His-tagged anti-PSA and anti-RNase A VHH.
PAGE gel showing the purified products of the framework-changed 
anti-PSA VHH (CPSHS; Lane 1) and its original framework counterpart 
(PSAHS; Lane 2), as well as the original framework anti-RNase A VHH 
(RN5HS; Lane 3) and its framework-changed counterpart (CRNHS; 
Lane 4). Approximately 10 g of infiltrated leaf material was harvested 
for the purification of anti-PSA VHHs while 2-2.5 g of infiltrated leaf 
material was used for purification of the anti-RNase A VHHs. 5 pL of 
purified protein was loaded on the gel. The black arrow head indicates 
the VHH of interest (approx. 15kDa). PAGE gel is representative of the 
two experiments conducted.
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Table 5.1 Table showing estimated yields for the anti-PSA and anti-RNase A VHHs, 
the compartment with the highest accumulation, the mean estimated 
yield before purification (±SD; obtained using density analysis) and the 
mean yield after purification (obtained using density analysis for anti- 
PSA VHH and as determined by Bradford Assay for anti-RNase A VHH). 
Data collected from three leaf samples from three independent 
experiments (total sample size=9).

Antibodies Compartment 
with highest 
accumulation

Yield before 
purification* 
(mg/g fresh 

weight)

Yield after 
purification^ 
(mg/g fresh 

weight)
PSAHS Cytoplasm <0.01 <0.01*
CPSHS Cytoplasm «0.01 «0.01*
RN5HS Apoplast 0.02±0.01 «0.02"
CRNHS Apoplast 0.05±0.01 «0.05"

’Protein concentration estimated by comparing protein bands on PAGE gel 

to Perfect ProteinTM Markers (Novagen, USA) using Multi Guage 

software (FujiFilm, Japan)
^Protein concentration determined using Bradford assay
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5.2.3 Expression of anti-PSA and anti-RNase VHH constructs 

over time

The accumulation of the original framework and alternative framework anti-PSA 
and anti-RNase A VHHs over time was also investigated. Leaves at 0, 3, 5, 7, 9 and 
11 dpi were harvested for analysis. It was found that PSAHS accumulated in the 
cytoplasm to levels detectable by PAGE and Western blot at 5 to 9 dpi while in the 
case of CPSHS, detectable amounts of protein could be seen at 5 dpi and the levels 
stayed the same until 11 dpi (Figure 5.6a). On the other hand, RN5HS 
accumulation when targeted to the apoplast was detected on PAGE gels and by 
Western blot in 7 dpi leaves but not in leaves harvested before or after (Figure 
5.6b). The accumulation of CRNHS however started at 5 dpi, continued to 
accumulate until 7-9 dpi, before decreasing after 11 dpi.

In the case of both PSAHS and CPSHS, leaves turned progressively more necrotic 
which was reflected in the decreased levels of the Rubisco large and small subunits 
on Coomassie Blue-stained gels. After 13 dpi, the protein extracted from leaves 
was severely degraded. However, the level of necrosis observed in leaves 
expressing RN5HS and CRNHS was less severe, although the level of protein 
accumulation for both these VHHs was higher than for PSAHS and CPSHS. This 
suggests that the anti-PSA VHHs might be more toxic for plant cells than the anti- 
RNase A VHHs.
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Figure 5.6 Accumulation of anti-PSA VHH and apoplast-targeted anti-RNase A VHH 
over time. PAGE gels (top) and Western blot (bottom) showing (a) 
accumulation of the cytoplasmically expressed His-tagged anti-PSA 
VHHs (PDAHS and CPSHS), and (b) the apoplast-targeted anti-RNase A 
VHHs (RN5HS and CRNHS) from 0 to 11 dpi at two-day intervals. 20 
pg of total soluble protein was loaded in each lane. M, Perfect Protein™ 
Markers (M). White arrow heads indicate the large and small RUBISCO 
subunits (54 kDa and 14 kDa, respectively). A black arrow head 
indicates the VHH of interest (approx. 15 to 16 kDa). PAGE gel and 
western blot is representative of the three experiments conducted.
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5.2.4 Characterisation of anti-RNase A VHHs

The specificities of the purified anti-RNase A VHHs were determined by direct ELISA 
with the antigen-bound VHH detected using HRP-conjugated Ni-NTA which detects 
the His-tags. It was found that both VHHs, with the original framework and the 
alternative framework, bound their antigen bovine RNase A, and not other 
unrelated antigens such as HEWL (Figure 5.7). Moreover, the dissociation constant 
(Kd) for RN5HS and CRNHS as determined by competitive ELISA (Friguet et al., 

1985) was 0.4±0.25 nM and 1.56±0.53 nM respectively (based on 3 repeats; 
Figure 5.8). Saerens et al. (2005) reported an increase in the dissociation constant 
(Kd) from 0.46 nM for cAb-RN05 (RN5) to 1.64 nM for cBCIIlO-R-R-R (CRN).

The thermal stability of RN5HS and CRNHS was also investigated. Both VHHs were 
incubated for 20 minutes at different temperatures, re-equilibrated to room 
temperature for 5 minutes and residual binding assayed by direct ELISA. It was 
found that both antibodies retained their functionality at temperatures up to 40°C. 
However, it was found that the activity of CRNHS decreased by 50% at 50°C while 
CRNHS still retained almost all of its activity (Figure 5.9). Saerens et al. (2005) also 
reported that the conformational stability of the original framework RN5HS VHH 
(cAB-RN05) was slightly higher than for CRN (cBCIIlO-R-R-R). After 70°C, no 
activity was detected for both RN5HS and CRNHS.
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Figure 5.7 Specificity of the anti-RNase A camel antibodies as determined by 

ELISA. Both the VHH with the original framework (RN5HS) and the 

alternative framework (CRNHS) recognized RNase A (■) but not the 

unrelated antigen HEWL (■). Each point represents the mean of three 

experiments. Bars indicate 2 standard deviations. 'Mock' represents a 

control experiment where no nanobody was introduced.
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Figure 5.8 Affinity of His-tagged anti-RNase VHH with original framework 

(RN5HS; -♦-) and alternative framework (CRNHS; “■“) measured 

according to Friguet et al. (1985). VHHs diluted to a concentration 
predetermined by direct ELISA (about 1x10 ® M) were incubated with 

increasing concentration (1x10'^^ M to 1x10'^ M) of antigen (in this 

case RNase A). The mixture was then incubated in wells coated with a 

fixed amount of antigen. Free antibodies not previously bound to the 

free antigen will bind to the antigen coated on the plate and these 

antibodies were detected using Ni-NTA probes bound to HRP which 

detects the 6xHis-tag on the VHH. The resulting absorbance values 

were plotted according to Friguet et al. (1985).
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Figure 5.9 Comparison of thermal stability of RN5HS ("♦“) and CRNHS (
Approximately 0.1 ng/mL of each antibody was incubated at increasing 
temperatures for 20 minutes, reequilibrated to room temperature and 
assayed using ELISA. Each point represents the mean of three 
experiments. Bars indicate 2 standard deviations (SDs).
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5.2.5 Construction of chimeric anti-HEWL VHHs containing 

combinations of Framework Regions from CLDSyn and 

CBESyn

Previous sections have shown that VHHs containing the proposed 'universal' 
framework from cAbBCIIlO accumulate to higher levels in planta, compared with 
their original framework counterparts. We therefore set out to determine if specific 
sequences in the cAbBCIIlO framework were responsible for the improvement in 
VHH accumulation or whether other factors influenced yield. This was investigated 
by creating chimeric anti-HEWL VHHs in which framework regions were swapped 
between a VHH with an original framework and the 'universal' cAbBCIIlO 
framework. CLDSyn and CBESyn were chosen for these experiments. They possess 
identical CDRs recognizing HEWL, but CLDSyn contains an original framework while 
CBESyn contains the 'universal' cAbBCIIlO framework. CLDSyn and CBESyn differ, 
therefore, at only 10 amino acid positions: 3 in the first framework (FRl), 2 in the 
second (FR2), and 5 in the third framework (FR3). The fourth framework (FR4) is 
identical for both VHHs (Figure 5.10).

In order to construct the chimeric VHHs, 4 fragments were generated by PCR using 
forward primers containing nucleotides specific to FR2 of either CLDSyn or CBESyn 
(as shown by the region covered by the right-pointing blue or red arrow in Figure 
5.10), a common reverse primer located in the 6XHis-tag region, and either 
CLDSyn or CBESyn as the template. The combinations of forward primers and the 
VHH templates are detailed in Section 2.3.6. The resulting fragments possess FR2 
and FR3 of either CLDSyn, CBESyn or a combination of both (Figure 5.11). The 
digested fragments were ligated into vectors containing the FRl of either CLDSyn 
or CBESyn to create 6 chimeras which contain different permutations of FRl, FR2 
and FR3 (Figure 5.12). The constructs were named DBB, DBD, DDB, BDD, BBD and 
BDB according to the origins of their FRl, FR2 and FR3, respectively, where 'D' 
denotes FRs derived from CLDSyn, and 'B' denotes FRs derived from CBESyn.
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Figure 5.10 Relative positions of the nucleotide differences between the anti-HEWL 
VHHs CLDSyn and CBESyn. Each VHH contains four framework regions 
and three identical CDRs (H1-H3) recognizing HEWL. CLDSyn contains 
the original framework while CBESyn contains the 'universal' 
cABBCIIlO-derived framework. Black dots represent the relative 
positions of codons encoding amino acids that differ between CLDSyn 
and CBESyn. Arrows represent PCR primers (Blue and red for the 
forward primer unique to CLDSyn and CBESyn, respectively; the 
common reverse primer is indicated by a leftward-pointing red arrow) 
Restriction sites used for construction of the chimeras are also shown.
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Xmal

Xmal

Template: CLDSyn 
Forward primer: -•

D2B3

Template: CBESyn 
Forward primer:

Hindlll

Hindlll Xmal

Template: CBESyn 
Forward primer: -»

B2D3

Template: CLDSyn 
Forward primer: ->

Hindlll

Figure 5.11 Combinations of forward primers and VHH templates used to generate 
fragments with different combinations of the FR2 and FR3 regions. The 
resulting fragments were subsequently ligated into vectors containing 
FRl of either CLDSyn or CBESyn using the Xmal and Hindlll restriction 
sites. The constructs were named according to the origins of their FR2 
and FR3, respectively. 'D' denotes FRs originating from CLDSyn (Dark 
green); 'B' denotes FRs originating from CBESyn (Red). The numbers 
denote the specific FR e.g. the fragment D2B3 contains the FR2 region 
of CLDSyn and FR3 region of CBESyn. All fragments contain the CDR2 
and CDR3 regions recognizing HEWL (light green).
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Vector: CLDSyn 
Fragment: B2B3

DBB

Vector: CBESyn 
Fragment: D2D3

BDD

Vector: CLDSyn 
Fragment: D2B3

DBD

Vector: CBESyn 
Fragment: B2D3

BBD

Vector: CLDSyn 
Fragment: B2B3

DDB

Vector: CBESyn 
Fragment: D2B3

BOB

Figure 5.12 Structure of the 6 chimeric VHH genes. The chimeras encode different 

permutations of FRl, FR2 and FR3 from CLDSyn ('D'; Dark green) or 

CBESyn ('B'; Red). The vector contained the FRl region of either 
CLDSyn or CBESyn (3 constructs each) while the fragments contained 

the FR2 and FR3 regions of CLDSyn, CBESyn or a combination of both. 

The constructs were named DBB, DBD, DDB, BDD, BBD and BDB 

according to the origins of their FRl, FR2 and FR3, respectively. (For 

example, DBB has FRl region of CLDSyn as well as the FR2 and FR3 

region of CBESyn). All fragments contain the CDR2 and CDR3 regions 

recognizing HEWL (light green).
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5.2.6 Expression and purification of chimeric anti-HEWL VHHs

Constructs encoding the 6xHis-tagged anti-HEWL VHH chimeras were cloned into 
the 3' provector pICH 11599 and were delivered (with the appropriate 5' provector) 
into N. benthamiana via Agrobacterium infiltration. It was found that all of the 
chimeras accumulated highly when targeted to the apoplast, compared with 
virtually no accumulation in the cytoplasm (Figure 5.13; cytoplasmic accumulation 
data not shown). Compared to a baseline of 0.24 mg/g fresh weight for CLDSyn 
and 0.39 mg/g fresh weight for CBESyn, VHHs that contained FR2 of CBESyn and 
FR3 of CLDSyn (DBD and BBD) had relatively lower yield with BBD having the 
lowest yield of 0.10 mg/g fresh weight followed by 0.20 mg/g fresh weight for DBD 
(Table 5.2). Furthermore, additional bands just below the expected band of the 
correct molecular weight were present in some construts (e.g. DDB). The identities 
of these bands were not clear and may represent a degradation product (Figure 
5.13).

The chimeras were grouped into two clusters where each cluster was made up of 
the parent nanobody (CLDSyn or CBESyn) and the chimeras where the FRl, FR2 or 
FR3 of the parent nanobody was replaced. It was found that when the individual FR 
of CLDSyn were swapped out, there was no significant drop in yield (Table 5.2). No 
significant drop in yields were also observed when FRl was swapped out of CBESyn. 
However, when FR2 was replaced (in the case of BDB), there was a decrease of 
0.15mg/g fresh weight. The most severe drop was when FR3 of CBESyn was 
replaced, with a decrease of 0.29mg/g fresh weight compared to CBESyn (Table 
5.2).

Leaves expressing the 6 chimeras and the parental VHHs (CLDSyn and CBESyn) 
were harvested at 7 dpi and the VHHs purified using Nickel-NTA resin. VHH yields 
obtained after purification ranged from an estimated 0.08 mg/g fresh weight to 
0.12 mg/g fresh weight (Table 5.2 and Figure 5.14). The relatively low recovery of 
the VHHs after purification might be due to the use of a batch purification 
procedure with Nickel-NTA slurry on this occasion, instead of Nickel-NTA columns.
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Figure 5.13 PAGE gel (top) and Western blot (bottom) showing accumulation of 
the six different anti-HEWL camel antibody chimeras DBB, DBD, DDB, 
BDD, BBD and BDB (Lanes 1-6) when targeted to the apoplast at 7 
dpi. C, leaves transformed with empty vector. Lanes 7-8: CLDSyn 
and CBESyn, respectively. 10 pg of total soluble protein was loaded in 
each lane. M, Perfect Protein™ Markers. White arrow heads indicate 
the large and small RUBISCO subunit (54kDa and 14kDa), 
respectively; black arrow head indicates the VHH of interest (approx. 
16kDa). PAGE gel and western blot is representative of the three 
experiments conducted.
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Table 5.2 Table showing, for the 6 chimeric VHHs as well as the parental controls 
CLDSyn and CBESyn, the compartment with the highest accumulation, , 
the mean estimated yield before purification (±SD; obtained using 
density analysis) and the mean yield after purification (±SD; as 
determined by Bradford Assay). Data collected from three leaf samples 
from three independent experiments (total sample size=9).

Antibodies Compartment 
with highest 
accumulation

Yield before 
purification* 
(mg/g fresh 

weight)

Yield after 
purification^ 
(mg/g fresh 

weight)

CLDSyn Apoplast 0.24±0.07 0.13±0.007
BDD Apoplast 0.26±0.07 0.11±0.004
DBD Apoplast 0.22±0.09 0.11±0.004
DDB Apoplast 0.28±0.02 0.12±0.005

CBESyn Apoplast 0.39±0.08 0.20±0.004
DBB Apoplast 0.30±0.11 0.12±0.005
BDB Apoplast 0.24±0.06 0.10±0.007
BBD Apoplast 0.10±0.04 0.07±0.007

‘Protein concentration estimated by comparing protein bands on PAGE gel 

to Perfect ProteinTM Markers (Novagen, USA) using Multi Guage 

software (FujiFilm, Japan)

^Protein concentration determined using Bradford assay

121



Chapter 5

Ml 2 345 6 78 9M

50kDa

25kDa

15kDa

Figure 5.14 Purification and yield of 6 anti-HEWL VHH chimeras. PAGE gels 
showing the purified products of the 6 His-tagged anti-HEWL VHH 
chimera constructs (Lanes 4-9) compared to the mock infiltration 
(Lane 1) as well as positive controls CLDSyn and CBESyn (Lanes 3 
and 4 respectively). Approximately 2.5-3 g of infiltrated leaf 
material was harvested for each construct. 5 pL of purified protein 
was loaded on the gel. The black arrow head indicates the VHH of 
interest (approx. 16kDa). PAGE gel is representative of the two 
experiments conducted.
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5.2.7 Characterization of anti-HEWL chimeric VHHs

The specificities of the purified anti-HEWL chimeric VHHs were determined by direct 
ELISA with antigen-bound VHH detected using HRP-conjugated Ni-NTA to detect the 
His-tags. It was found that all chimeras bound their antigen HEWL and not an 
unrelated but structural similar antigen o-lactalbumin (Figure 5.15). The 
dissociation constant (Kd) was also determined by competitive ELISA (Friguet etal., 

1985; Figure 5.16). It was found that the Kp of the 6 chimeras lay between the Kp 
of CLDSynHS and CBESynHS (Table 5.3), with most of the chimeras having a Kp 

similar to CLDSynHS (approximately 2 nM) except for DDB, which had a Kp of 
20.66 nM.

Furthermore, the thermal stability of all chimeras was investigated. All VHHs were 
incubated for 20 min at different temperatures, re-equilibrated to room 
temperature for 5 min and residual binding activity assayed by direct ELISA. It was 
found that the thermal stability of DBB, DBD, DDB and BBD was similar to 
CLDSynHS and that they retained most of their antigen-binding activities even up 
to 90°C (Figure 5.17). The chimera BDD retained almost all its activity until 70°C. 
At 90°C, half of the antigen-binding capacity of BDD was lost. BDB on the other 
hand was the least stable of the 6 chimeras. It lost its activity far more rapidly 
compared to CLDSynHS and all other chimeras. Although BDB activity was slightly 
higher than that of CBESynHS at 50°C, it had lost almost all its antigen-binding 
capabilities following exposure to 90°C (Figure 5.17).
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Figure 5.15 Specificity of the anti-HEWL camel antibodies chimeras as determined 

by ELISA. All of the chimeric VHHs, along with the positive controls 

CLDSyn and CBESyn recognized HEWL (H ), but not the unrelated 

antigen o-lactalbumin ( ■). Each point represents the mean of three 

independent experiments. Bars indicate 2 standard deviations (SDs). 

'Control' represents a control experiment where no nanobody was 

introduced.
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log [competing antigen]

Figure 5.16 Affinity of the anti-HEWL camei antibodies chimeras measured 
according to Friguet et at. (1985). VHHs diiuted to a concentration 
predetermined by direct ELISA (about 5x10 ® M) were incubated with 
increasing concentration (1x10'^^ M to 1x10 ® M) of the antigen 
HEWL. The mixture was then incubated in wells coated with a fixed 
amount of antigen. Free antibodies not previously bound to the free 
antigen bind to the antigen coated on the plate and these antibodies 
were detected using an Ni-NTA-HRP probe that recognizes the 6xHis 
tag. The resulting absorbance values were plotted according to 
Friguet et al. (1985).
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Table 5.3 Table showing, for the 6 chimeric VHHs as well as the parental controls 

CLDSyn and CBESyn, their respective dissociation constant (Kd) as 

determined by competitive ELISA (Friguet et al., 1985)

Antibodies Dissociation 
Constant Kd 

(nM)

CLDSyn 4.73
BDD 5.00
DBD 4.52
DDB 20.66

CBESyn 46.30
DBB 6.17
BDB 1.42
BBD 2.36
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Incubation temperature (°C)

Figure 5.17 Comparison of thermal stability of the anti-HEWL VHH chimeras.

Approximately 0.1 ng/mL of each antibody was incubated at 

increasing temperature for 20 minutes, re-equilibrated to room 

temperature and assayed using ELISA. Each point represents the 

mean of three independent experiments. Bars indicate 2 standard 

deviations.
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5.2.8 Expression of an anti-HEWL and anti-RNase A VHH in 
Escherichia coli: a comparison

To compare the VHH production levels and pattern between plant and bacterial 
expression systems, two types of VHH, anti-HEWL and anti-RNase A, in their 
original framework (CLDSyn and RN5) as well as in the 'universal' cAbBCIIlO 
framework (CBESyn and CRN), were cloned into the bacterial expression vector 
pET-22b(-i-) and introduced into E. coli. The pET-22( + ) vector possesses an 
upstream pelB secretion signal which targets the VHH to the periplasmic space (Lei 
et al., 1987). Similar vectors encoding the pelB signal, such as pHENl and pHEN6 
have been used by (Arbabi-Ghahroudi et al., 1997; Saerens et al., 2005) for 
routine expression of VHHs in E. coli.

Transgene expression was induced in bacterial cultures that had reached the 
exponential growth phase by addition of isopropyl-p-D-thio-galactoside (IPTG). This 
induces transcription of T7 RNA polymerase which in turn binds to and activates 
transcription from a 17 promoter located upstream of the VHH. Culture samples 
were collected before the addition of IPTG (T=0) as well as 1, 2 and 3 hours after 
induction and whole cell extracts were prepared by boiling cells harvested by 
centrifugation in SDS-PAGE sample buffer for 10 minutes.

It was found that all four VHHs accumulated at a high level. The estimated yield for 
the anti-HEWL nanobodies were approximately 5 mg/L for CLDSynHS and 8.5 mg/L 
for CBESynHS (Table 5.4). However, apart from the expected band with the correct 
molecular weight, an additional band that was about 1 kDa heavier than the 
expected band was also detected on Western blots (Figure 5.18a). CLDSyn and 
CBESyn accumulation was detected at 1 hour after induction, but the levels of 
CLDSyn were substantially greater than that of CBESyn. CLDSyn accumulation 
peaked at 2 hours post-induction with levels dropping slightly at 3 hours. In 
contrast, CBESyn accumulation increased over time, with the highest accumulation 
being detected at 3 hours post-induction (Figure 5.18a).

Accumulation of the anti-RNase A VHHs (RN5 and CRN) was substantially lower 
than observed for the anti-HEWL VHHs. The anti-RNase A VHH with the native 
framework (RN5HS) had a yield of approximately 0.5 mg/L (Table 5.4). On the 
other hand, the levels of the framework-changed version CRNHS were slightly
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higher than that of RN5HS at approximately 1.3 mg/L for CRNHS. For both RN5HS 
and CRNHS, protein accumulation increased over time with the highest 
accumulation detected at 3 hours post-induction (Figure 5.18b). Furthermore, the 
additional band that was about 1 kDa heavier than the expected band as seen in 
the CLDSynHS and CBESynHS blots were also detected on the RN5HS and CRNHS 
blots.
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Fig ure 5.18 Accumulation of anti-HEWL and anti-RNase A VHH in E. coli over time.
PAGE gels (top) and Western blot (bottom) showing accumulation of 
(a) His-tagged anti-HEWL VHH and (b) and anti-RNase VHH from 0 to 
3 hours post induction at hourly intervals. The VHHs were in their 
original framework (CLD and RN5) or in the alternative 'universal' 
cAbBCIIlO framework. 50 pg of total soluble protein was loaded in 
each lane. M, Perfect Protein™ Markers. A black arrow head indicates 
the VHH of interest (approx. 14 to 15kDa).
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Table 5.4 Table showing a comparison of the estimated yield before purification 
(obtained using density analysis) for His-tagged CLDSyn, CBESyn, RN5 
and CRN obtained from the E. coli expression system and from N. 
benthamiana plant infiltrated with the ICON system

Antibodies Yield from E. coli 
expression 

system* 
(mg/L)

Yield from ICON 
expression system* 

(mg/kg fresh 
weight)

CLDSynHS 5.0 200
CBESynHS 8.5 350
RN5HS 0.5 20
CRNHS 1.3 50

Protein concentration estimated by comparing protein 

bands on PAGE gel to Perfect ProteinTM Markers (Novagen, 
USA) using Multi Guage software (FujiFilm, Japan)
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5.3 Discussion

5.3.1 The use of alternative Framework Regions from 

cAbBCIIlO to increase the yield of Camel VHHs in planta

Previous experiments (Chapter 4) showed an increase in VHH accumulation when 
the CDRs of the anti-HEWL VHH were grafted onto the proposed 'universal' FRs of 
cAbBCIIlO (Saerens et at., 2005) compared to when the VHH was expressed with 
its native FRs. To determine whether the effect of the change in FRs was specific to 
anti-HEWLs VHHs or was applicable to plant-expressed VHHs in general, four 
additional VHH transgenes, two anti-PSA VHHs and two anti-RNase A VHHs, were 
constructed. In each pair, one codon-optimized VHH possessed the original native 
FRs while in the other these were replaced with the FRs of cAbBCIIlO. It was found 
that, for the two pairs of VHHs, the framework-changed versions gave a higher 
yield compared to their native framework counterparts. Furthermore, this yield 
difference between the VHHs with the native and 'universal' framework was also 
observed when the anti-HEWL and anti-RNase A VHHs were expressed in E. coli.

In the previous chapter, it was shown that the enhanced accumulation and stability 
of the framework-changed VHH was likely due to the different FRs which it 
contained. In general, the enhanced stability of VHHs compared to conventional VH 
is largely contributed by 4 hallmark substitutions at positions 37, 44, 45 and 47 
(Kabat numbering; Kabat et ai, 1991) located in the FR2 region (Davies and 
Reichmann 1994; 1996; Conrath et a! 2005). However, Muyidermans et at. (1994) 
reported that amino acid substitution at position 47 is less well conserved. 
cAbBCIIlO possessed the VHH hallmark substitutions at positions 37, 44 and 45. 
However, an Alanine (A) residue was present at position 47 instead of the hallmark 
Glycine (G) residue (Saerens et al., 2005). On the other hand, all four hallmark 
residues were present in cAbLys3. This difference in amino acid might affect overall 
stability of the nanobody. Furthermore, the cAbBCIIlO FRs were chosen by Saerens 
et al. (2005) as a 'universal' framework suitable for CDR loop-grafting applications. 
cAbBCIIlO was chosen for its good expression level in E. coli, its ability to retain 
functionality even when two conserved disulphide bond-forming cysteines were 
removed and more importantly, its enhanced thermodynamic stability, which likely 
also accounts for the increased accumulation and improved resistance to proteolysis 
shown by VHHs with the cAbBCIIlO framework in the present study.
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In the present study, when the accumulation of 6 chimeric VHHs with different 
combinations of 'native' and 'universal' FRl, FR2 and FR3 were compared, it was 
found that they differed not only in their yield (VHHs with the FR2 of CBESyn and 
FR3 of CLDSyn had the lowest yield) but also in their susceptibility to proteases 
(the chimeric construct DDB showed a degradation pattern similar to CLDSyn). 
Furthermore, when the yields were tabulated to show the effects of the changes of 
individual framework compared to the parent molecule, it was found that replacing 
individual framework region of CLDSyn had minimal effect on the yield. On the 
other hand, swapping out the individual framework region of CBESyn had resulted 
in significant drop in yields, with the replacment of FR3 being most severe. This 
suggested that the alternative framework region may be inherently more stable or 
less succeptible to proteolytic degradation.

Another possible explanation for the improvement in yield is that the tertiary 
structure of the VHHs based on the 'universal' framework render them more stable 
in the cell and more resistant to proteases. When He et al. (2011) compared the 
main protein domains of recombinant proteins that were expressed in the 
mammary glands of transgenic animals with those of milk proteins, they found that 
proteins which shared high domain similarities with casein, the main component of 
milk proteins accumulated at a higher level compared to those that did not. 
Although there are no crystallographic data on the 6 anti-HEWL VHH chimeras 
constructed here, Saerens et al. (2005) have shown that the CDRs of the anti- 
HEWL VHH adopt slightly different conformations when they are grafted onto the 
alternative framework. Although the conformation of the CDR-H2 and -H3 loops 
were identical to those in the native anti-HEWL VHH, the N-terminal part of the 
CDR-Hl loop was slightly distorted, and the H4 loop in FR3 was presented in a 
totally different manner. It might, therefore, be possible that differences in tertiary 
structure, between VHHs with the native and alternative FRs, alter the way in which 
the VHHs interact with their subcellular environment. This in turn might determine 
whether they are processed properly or are targeted for degradation by the ER- 
associated degradation pathway (ERAD) (Vembar and Brodsky, 2008) and/or the 
ubiquitin-proteasome pathway (Ciechanover, 1998; Hellmann and Estelle, 2002), 
ultimately affecting their overall yield.
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5.3.2 Comparison of Camel VHHs obtained from E. coli and 

transiently-transformed plants (/V. benthamiana)

Camel VHHs have been expressed via many production platforms including E. coli 
(Arbabi-Ghahroudi et ah, 1997; Rahbarizadeh et a!., 2005), yeast (Frenken et al., 
2000; Rahbarizadeh et al., 2006), and filamentous fungi (Joosten et al., 2005). 
When the two anti-HEWL nanobodies CLDSynHS and CBESynHS were expressed in 
E. coli using the pET vector system (Novagen, USA), yields of approximately 5 
mg/L and 8.5 mg/L were obtained. This was similar to the yields reported by 
Saerens et al. (2005) using pHEN6 vectors (Cortez-Retamozo et a!., 2004). 
However, while Saerens et al. (2005) reported a slightly lower yield (4.5 mg/L) for 
the framework-changed version of CBESynHS (or cAbBCIIlO-L-L-L in their report) 
compared to 5 mg/L obtained for the native VHH CLDSynHS (or cAbLysB), we 
obtained a slightly higher yield for CBESynHS compared to CLDSynHS. This 
discrepancy might be due to the fact that we were estimating protein concentration 
from crude extracts while the yields reported in Saerens et al. (2005) was the VHH 
concentration after purification. Another explanation might be that different 
expression vectors were used. For the anti-RNase A VHH on the other hand, 
Saerens et al. (2005) reported a higher yield for RN5HS and CRNHS (cAbRN05 and 
cAbBCIIlO-R-R-R in their report) of 2 mg/L and 10 mg/L respectively. This is a lot 
higher than what we obtained using the pET vector system (0.5 mg/L and 1.3 mg/L 
for RN5HS and CRNHS, respectively).

When we compare the E. coli and ICON expression system, more time was required 
to obtain the recombinant protein from Agro-infiltrated plants (7-11 days for the 
ICON system) compared with 2-3 days required in the case of E. coli. However, 
when we compared the yields obtained from E. coli to those obtained from ICON- 
infiltrated plants, it was found that the yields were much higher using the ICON 
system compared with the E. coli system. For example, in the case of CLDSynHS, 5 
mg/L was obtained in both the present study and also by Saerens et al. (2005) in 
the E. coli expression system. However, the yield obtained from ICON-infiltrated N. 
benthamiana leaves was approximately 0.2 mg/g (or 200 mg/kg) fresh weight 
before purification; and was 0.13 mg/g fresh weight after purification. Even taking 
into account the amount of extraction buffer reuiqred for 1kg of leaf material 
compared to IL of E. coli, 15 times more VHH will be obtained using the ICON 
system compared to the E. coli system. Moreover, it was also reported that proteins 
that are highly expressed in E. coli often precipitate or aggregate in insoluble
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inclusion bodies which require refolding (Makrides, 1996; Misawa and Kumagai, 
1999). Also, Gleba et al. (2007) reported the automation of the ICON expression 
platform using existing technologies that simplify the infiltration process.

135



Chapter 6

Chapter 6. Investigating the use of different 

expression vector systems (ICON, 

pEAQ-HT, pJL-TRBO, pBIN2 and 

pBINB) for transient VHH 

expression

6.1 Introduction

Over the years, numerous vectors for transient expression of recombinant proteins 
in plants have been developed. The simplest comprise the GOI, flanked by 
regulatory sequences i.e. a 5' promoter and 3' transcriptional terminator, inserted 
into the T-DNA of Ti plasmid (for example Popescu et a/., 2007). A disadvantage of 
this system is that the yield is very low and expression drops off after 5 days post­
infiltration (dpi). Furthermore, Voinnet et al. (2003) have shown that post- 
transcriptional gene silencing (PTGS) is often induced in the plant after infiltration 
as a defence mechanism against Agrobacterium infection. This could be partially 
overcome by introducing an RNA silencing suppressor in addition to the GOI. 
However, this approach necessitates infiltrating relatively high concentrations of 
Agrobacterium cells into leaves, which in some cases can cause a hypersensitivity- 
induced necrotic reaction in the plant (Wroblewski etai., 2005).

The most efficient transient expression vectors, to date, are based on genomic 
sequences derived from plant viruses such as the closely-related tobamoviruses 
Tobacco Mosaic Virus (TMY) and Turnip Vein-Clearing Virus (TVCV), Potato Virus X 
(PVX), and Cowpea Mosaic Virus (CPMV). These vectors are based either on a single 
full-length infectious copy of the viral genome (Dawson et al., 1989; Donson et a!., 

1991; Scholthof et al., 1993; Scholthof et al., 1996; Werner et al., 2006) or on a 
so-called 'deconstructed' version of the viral genome. In the 'deconstructed virus' 
strategy, the viral genome is 'stripped down' to the genes required for the 
expression and amplification of transcripts encoding the GOI. The missing functions 
such as those initiating infection and DNA integration are provided using non-viral 
components. Agrobacterium tumefaciens, for example, is often used to deliver the 
vector into plant cells via T-DNA transfer. After incorporation of the T-DNA into the
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plant nucleus, the transcribed RNA is able to self-replicate in the cytoplasm due to 
the presence of the viral replicase complex. These vectors, therefore, not only take 
advantage of the presence of RNA-dependent RNA replication functions of the plant 
virus to further amplify the primary RNA transcript initially generated via the host 
transcription machinery, but also make use of the efficient manner in which 
Agrobacterium infects and transfers T-DNA into the host cells.

The ICON Genetics system (Marillonnet eta/., 2004; Gleba eta/., 2007) has already 
been described in some detail (Please refer to Chapter 3). It has been used to 
express many different recombinant proteins at high level, including antibodies 
(Gils et a/., 2005; Santi et a/., 2006; Dorokhov et a/., 2007; Gleba et a/., 2007; 
Huang et a/., 2008; Webster et a/., 2009; Kalthoff et a/., 2010). Furthermore, 
because the ICON vectors are based on tobamovirus sequences, which do not 
compete with PVX for replication functions, both these systems can be used 
simultaneously to express multimeric proteins (Giritch eta/., 2006).

The TMV RNA-based Overexpression (TRBO) vector (Lindbo, 2007) is a second 
tobamovirus-based vector reconfigured for transient expression. The vector (pJL- 
TRBO) comprises an almost full-length cDNA copy of the TMV genome, minus the 
sequences encoding the coat protein (CP). The construct is transcriptionally driven 
by a CaMV35S promoter sequence. An advantage that the pJL-TRBO system has 
over the ICON system is that its use is more straightforward: it comprises a single 
vector molecule and involves the use of a single Agrobacterium strain, rather than 
the 3 Agrobacterium strains required by the ICON system.

pEAQ-HT is an especially interesting virus-based transient expression vector 
derived from the genome of the Cowpea Mosaic Virus (CPMV) (Sainsbury and 
Lomonossoff, 2008). The genome of wild-type CPMV consists of two RNAs that are 
encapsidated in different virus particles: RNA-1, which codes for the replication 
complex; and RNA-2, which codes for movement and structural proteins and is 
dependent on RNA-1 for its amplification in vivo (Liu eta/., 2005; Sainsbury et al., 
2010). Sainsbury and Lomonosoff (2008) found that high-level protein expression 
can be achieved (via transient expression) using sequences derived from RNA-2, 
without the need for replication functions provided by RNA-1. Amazingly, they 
found that removing an in-frame start codon (AUG161) upstream of the main 
translation initiation site on RNA-2 led to a huge increase in the accumulation of the 
GOI protein. This deletion also eliminated the need to maintain reading frame 
alignment between the start codon at position 161 and the main start codon at
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position 512. The resulting modified sequence functions as a 5' hypertranslatable 
(HT) leader, which vastly increases the translational efficiency of the GOI 
(Sainsbury et al., 2008; Sainsbury and Lomonossoff, 2008; Sainsbury eta/., 2009). 
A key feature of the pEAQ-HT system is the presence of a cassette expressing the 
RNA silencing suppressor protein P19, the presence of which increases GFP 
expression 7-fold, relative to its absence (Saxena et al., 2010), but apparently 
without affecting mRNA accumulation (Sainsbury and Lomonossoff, 2008). Thus 
unlike the TMV-based systems (ICON genetics and pJL-TRBO), high-level protein 
production by the pEAQ-HT system does not require RdRP-mediated in vivo 
amplification of transcripts. Moreover, pEAQ-HT has been used to express large 
heteromeric proteins such as Immunoglobulin G (IgGs) (Sainsbury et al., 2008; 
Sainsbury eta!., 2010).

In this chapter, in order to identify the optimal system in which to express VHHs in 

planta, we investigated expression of the anti-HEWL VHH CBESynHS via three 
different virus-based expression systems: (i) the ICON Genetics system 
(Marillonnet et al., 2004; Gleba et al., 2007), (ii) the pJL-TRBO system (Lindbo,
2007) and (iii) the CPMV-based pEAQ-HT system (Sainsbury and Lomonossoff,
2008) . Moreover, since previous experiments had shown that expression of the 
anti-Prostate Specific Antigen (PSA) VHHs containing either the native Framework 
Regions (FRs) or the alternative 'universal' cABBCIIlO FRs (named PSAHS and 
CPSHS respectively) via the ICON system resulted in low yields (Chapter 5; Section 
5.2.2), we were especially interested in the possibility that yields of these VHHS 
might be improved by expression from pJL-TRBO or pEAQ-HT.
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6.2 Results

6.2.1 Comparison of GFP expression from three virus-based 
transient expression vectors

The two tobamovirus-based expression systems i.e. the ICON Genetics system 
(Marillonnet et a!., 2004), and pJL-TRBO (Lindbo, 2007); and the CPMV-based 
system (pEAQ-HT; (Sainsbury and Lomonossoff, 2008) were investigated in order 
to determine which was most suitable for transient expression of camel VHHs at 
high levels in N. benthamiana. The gene encoding Green Fluorescent Protein (GFP) 
was cloned into the 3 vectors, giving pICON-GFP, pEAQ-GFP and pTRBO-GFP. These 
constructs were used a tool for initial assessment of the expression potential of 
each system, and the expression timeline. The constructs were infiltrated either on 
their own (in the case of pEAQ-GFP and pTRBO-GFP) or with additional provectors 
(in the case of pICON-GFP) into N. benthamiana leaves.

At 4-5 dpi, GFP fluorescence could be seen when leaves were illuminated with a 
long-wave UV lamp. However, the amount of fluorescence was much stronger in 
leaves infiltrated with pEAQ-GFP and pTRBO-GFP compared to pICON-GFP (Figure 
6.1a and b). By 7 dpi, GFP fluorescence in pICON-GFP-infiltrated leaves was equal 
to or greater than the leaves infiltrated with pEAQ-GFP and pTRBO-GFP (Figure 6.1c 
and d). When protein extracts from 7 dpi leaves were analysed by PAGE and 
western blot, it was found that GFP had accumulated to much higher levels in 
pICON-GFP-infiltrated leaves compared to leaves infiltrated with pEAQ-GFP and 
pTRBO-GFP (data not shown). Furthermore, when protein extracts from leaves 
harvested at the peak of protein production (7 dpi for pICON-GFP, 4 dpi for pEAQ- 
GFP and pTRBO-GFP), were investigated, leaves infiltrated with pICON-GFP showed 
greater GFP accumulation compared to pTRBO-GFP. On the other hand, no such 
difference in GFP accumulation was observed when leaves infiltrated with pICON- 
GFP or pEAQ-GFP were compared (Figure 6.2).
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Figure 6.1 Comparison of GFP fluorescence levels in leaves of N. benthamiana 

infiltrated with the pICON-GFP, pEAQ-GFP at 4dpi, pTRBO-GFP at 5 dpi 

(a and b) and at 7 dpi (c and d).
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Figure 6.2 PAGE gel (above) and Western blot (below) of GFP accumulating in the 
cytoplasm of 7 dpi N. benthamiana leaves infiltrated with the pICON- 
GFP (Lanes 1 and 3), 4 dpi leaves infiltrated with pEAQ-GFP (Lane 2) 
and 5 dpi leaves infiltrated with pTRBO-GFP (Lane 4). 10 pg of total 
soluble protein was loaded in each lane. M, Perfect Protein™ markers. 
The western blot was probed using a 1:5,000 dilution of a polyclonal 
antibody against GFP. White arrow heads indicate the large and small 
RUBISCO subunits (54 kDa and 14 kDa, respectively). A black arrow 
indicates GFP (approx. 27 kDa). Gels and blots are from one 
experiment representative of two conducted.
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6.2.2 Comparison of apoplast-targeted CBESynHS expression 
from three virus-based transient expression vectors

The 3 expression systems were also used to investigate which was the most 
suitable for transient expression of camel VHHs at high levels in N. benthamiana. 
The VHH CBESynHS was chosen due to its already documented high accumulation 
in N. benthamiana using the ICON Genetics system (as documented in Chapter 4). 
Since CBESynHS showed its highest accumulation level in pianta when targeted to 
the apoplast, a derivative of the CBESynHS gene with an apoplast-targeting 
presequence at its 5' end was constructed and given the name Ap-CBE (as 
described in Chapter 7). Ap-CBE was then cloned into the vectors pEAQ-HT and 
pJL-TRBO, giving pEAQ:Ap-CBE and pTRBO:Ap-CBE. In the case of the equivalent 
ICON Genetics construct (referred to in this chapter as pICON:Ap-CBE), the 
identical apoplast-targeting signal was provided via a co-infiltrated Agrobacterium 
strain carrying the 5' provector module pICH8420.

In addition, for comparative purposes, Ap-CBE was cloned into two conventional 
binary vectors, pBIN2 and pBIN8. These are pBINPLUS/ARS-based (Belknap et al., 
2008) vectors in which transgene transcription is driven by either the CaMV35S 
promoter (pBIN2) or the rbcS (Rubisco small subunit) promoter (pBIN8); in each 
case polyadenylation signals were provided by the Nos terminator. The resulting 
constructs were called pBIN2:Ap-CBE and pBIN8:Ap-CBE.

It was found that CBE accumulation was highest for pICON:Ap-CBE (estimated 0.3 
mg/g fresh weight) compared to pEAQ:Ap-CBE and pTRBO:Ap-CBE (estimated 0.06 
mg/g and 0.05 mg/g fresh weight, respectively; Figure 6.3). Also, leaves infiltrated 
with pICON:Ap-CBE were correspondingly more necrotic compared to leaves 
infiltrated with the other constructs, most probably due to the presence of higher 
levels of the CBE protein. However, both the pEAQ:Ap-CBE and pTRBO:Ap-CBE 
systems required less time for maximum protein accumulation (4 dpi and 5 dpi, 
respectively) compared to the ICON system (7dpi). In contrast, no CBE protein was 
detectable by PAGE or Western blot when the conventional binary vector constructs 
pBIN2;Ap-CBE and pBIN8:Ap-CBE were used (Figure 6.3). It was also observed 
that CBE protein levels decreased significantly after 4 to 5 dpi and could not even 
be detected on a Western blot after 5 dpi for pEAQ:Ap-CBE or 7 dpi for pTRBO:Ap- 
CBE.
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Figure 6.3 PAGE gel (above) and Western blot (below) of CBE accumulation in N.
benthamiana leaves at various days post-infiltration (dpi) with 
pEAQ:Ap-CBE, pBIN2:Ap-CBE, pBIN8:Ap-CBE and pTRBO:Ap-CBE, 
compared to leaves transformed with empty vector (C) or the 
pICON:Ap-CBE vector (IC; leaves harvested at 7 dpi). The Western 
blot was probed using a 1:5,000 dilution of anti-6xHis tag monoclonal 
antibody. 200 pg of total soluble protein was loaded in each lane, 
except for protein from leaves infiltrated with pICON:Ap-CBE, where 50 
pg was loaded. M, Perfect Protein™ Markers. White arrow heads 
indicate the large and small RUBISCO subunit (54 kDa and 14 kDa 
respectively). The black arrow indicates CBE (approx. 16 kDa). Gels 
and blots is representative of the three experiments conducted.
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6.2.3 Expression, over time, of Ap-CBE from the pEAQ-HT 
vector at the protein and mRNA level

The accumulation of CBE in the cytoplasm, over time, in leaves infiltrated with 
pEAQ:Ap-CBE was investigated at the protein and mRNA level. Leaves were 
infiltrated with the construct and harvested at different time points. For 
investigation of both mRNA and protein expression levels over time, leaves from 0, 
1, 2, 3, 4, 5 and 6 dpi were used.

Total RNA was extracted from transfected leaf material and CBE mRNA 
accumulation was investigated by Northern blot using a gene-specific probe. A band 
of approximately 1.4 kb was detected, which corresponds to the CBE ORF and the 
flanking 5' and 3' UTRs of Cowpea Mosaic Virus (CPMV) RNA-2. Detectable amounts 
of CBE mRNA were present at 2 dpi and peaked at 4-5 dpi (Figure 6.4). CBE mRNA 
levels, as well as the quality of the total RNA recovered, started to decrease at 6 
dpi.

Total soluble protein was also extracted from the leaf material and was resolved by 
SDS-PAGE. Detectable amounts of the CBE protein can be seen on Coomassie blue- 
stained gels as early as 2 dpi (Figure 6.5). It continued to accumulate until 5 dpi 
where the levels subsequently decreased. Although CBE was clearly visible on 
Coomassie-stained gels, the yield for leaves infiltrated with pEAQ:Ap-CBE was 
estimated to be 5 times lower than for leaves infiltrated with the pICON:Ap-CBE 
vector.
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Figure 6.4 Northern blot showing CBE mRNA accumulation at 0 - 6 dpi in leaves of 
N. benthamiana infiltrated with pEAQ:Ap-CBE, compared to leaves 
transformed with empty vector (C) or pICON:Ap-CBE (IC; leaves 
harvested at 7dpi). Approximately 10 pg of total RNA was loaded on 
the gel and the blot was probed with a DIG-labelled CBE gene-specific 
probe. The band indicated by a black arrow corresponds to the major 
transcribed product from the pEAQ:Ap-CBE vector (approximately 
1.4kb). The lower band, indicated by the white arrow, corresponds to 
the CBE mRNA transcribed by the viral RdRP in the ICON system 
(approximately 1.2 kb). Ethidium bromide stained gel of the total RNA 
was used as loading controls (bottom panel).
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Figure 6.5 PAGE gel and Western blot showing CBE protein accumulation at 0 - 6 
dpi in N. benthamiana leaves infiltrated with pEAQ:Ap-CBE compared 
to leaves transformed with empty vector (C) or pICON:Ap-CBE (IC; 
leaves harvested at 7 dpi). 50 pg of total soluble protein was loaded in 
each lane. M, Perfect Protein™ Markers. The Western blot was probed 
using a 1:5,000 dilution of anti-6xHis tag monoclonal antibody. The 
white arrow heads indicate the large and small RUBISCO subunits (54 
kDa and 14 kDa respectively). The black arrow indicates CBE (approx. 
16kDa). Gels and blots is representative of the four experiments 
conducted.
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6.2.4 Comparison of PSAHS and CPSHS expression from three 
viral-based transient expression vectors

When the ICON Genetics vector system was used for transient expression of the 
anti-prostate-specific antigen (PSA) VHHs, (i.e. PSAHS and its framework changed 
counterpart CPSHS), low yields were obtained (Section 5.2.2). This prompted an 
investigation of pEAQ-HT and pJL-TRBO as alternative expression vectors with 
potential to increase PSAHS and CPSHS protein accumulation in N. benthamiana. 
Among the three compartments investigated, PSAHS and CPSHS were found to 
accumulate to relatively high levels in the cytoplasm with the ICON system (Figure 
5.4a). Therefore, the corresponding GOIs were cloned into pEAQ-HT and pJL-TRBO 
without added targeting presequences in order to direct their accumulation in the 
cytoplasm. N. benthamiana leaves infiltrated with PSAHS or CPSHS cloned into 
pEAQ-HT and pJL-TRBO (i.e. constructs pEAQ-PSAHS, pEAQ-CPSHS, pTRBO-PSAHS 
and pTRBO-CPSHS) were harvested at 0, 3, 5, 7 and 9dpi. For comparison, 0, 3, 5, 
7, 9 and 11 dpi leaves infiltrated with PSAHS and CPSHS cloned into the ICON 
vector pICH11599 (i.e. constructs pICON-PSAHS and pICON-CPSHS) were used.

It was found that among the three expression systems investigated, the ICON 
system gave the highest yields based on the estimation of the amount of VHH on 
SDS-PAGE gels and Western blots (Figure 6.6a), compared to pEAQ-HT and pJL- 
TRBO (Figure 6.6b and c respectively). PSAHS expressed using the ICON system 
accumulated to levels detectable on SDS-PAGE gels and Western blots at 5 - 9 dpi. 
For pICON-CPSHS, detectable amounts of protein could be seen at 5 dpi and the 
levels stayed the same until 11 dpi. For both pICON-PSAHS and -CPSHS, the leaves 
turned progressively necrotic which was reflected in the drop in the levels Rubisco 
large and small subunit on the PAGE gel. After 13 dpi, the protein extracted from 
leaves was severely degraded.

In leaves infiltrated with pEAQ-PSAHS and -CPSHS, no PSAHS protein was detected, 
while for CPSHS, VHH accumulation was detected at 5 dpi, peaking at 7 dpi with 
subsequent accumulation levels dropping at 9 dpi (Figure 6.6b). As for leaves 
infiltrated using pTRBO-PSAHS and -CPSHS, accumulation of PSAHS was observed 
only at 3 dpi, but not subsequently. On the other hand, CPSHS was detected 
between 3-5 dpi before protein degradation rendered the levels undetectable by 
SDS-PAGE or Western blot (Figure 6.6c). Leaves infiltrated with the pEAQ- and
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pTRBO- constructs also turned progressively necrotic but this was not as severe as 
seen in leaves infiltrated with ICON provectors. Furthermore, it was also observed 
that in the case of the pICON- and pEAQ- constructs, the framework-changed VHH 
(CPSHS) accumulated to higher levels compared to the original version (PSAHS). In 
the case of pTRBO- constructs, although both proteins accumulated to similar levels, 
the levels of CPSHS were detected in the leaves for 2 days longer, which suggests 
that either: (1) the CPSHS gene was transcribed and translated for longer periods 
in the cell without the interference of post transcriptional gene silencing or (2) the 
protein itself was less susceptible to degradation.
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Figure 6.6 PAGE gel (above) and Western blot (below) showing PSAHS or CPSHS 
protein accumulating at 0-11 days post-infiltration (dpi) in the 
cytoplasm of N. benthamiana leaves infiltrated with the pICON 
constructs (Panel a), the pEAQ constructs (Panel b) or pTRBO 
constructs (Panel c) compared to leaves transformed with the 
corresponding empty vectors (C). 50 pg of total soluble protein was 
loaded in each lane. M, Perfect Protein™ Markers. White arrow heads 
indicate the large and small RUBISCO subunits (54 kDa and 14 kDa, 
respectively). The black arrow indicates the VHH (approx. 15 kDa). 
Gels and blots is representative of the three experiments conducted.
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6.3 Discussion

6.3.1 Comparison of mRNA and protein expression levels of 

plant transformed with ICON, pEAQ-HT and pJL-TRBC 

vectors

Three viral genome-based transient expression vectors, namely pICON, pEAQ-HT 
and pJL-TRBO, were compared in order to determine which was the most suitable 
for the production of VHHs in planta. Since its development in 2004, the 
tobamovirus-based ICON system has been used to produce various recombinant 
proteins at a very high level (Marillonnet et al., 2004; Santi et a!., 2006; Glebs er 
aL, 2007). More recently it has been used to express individualised idiotype IgG 
vaccines for non-Hodgkin's lymphoma at levels between 0.5 to 4.8 mg/g lea' 
(Bendandi et al., 2010). It has also been used to produce Camel VHH to up to 0 45 
mg/g fresh weight (Teh and Kavanagh, 2010; Chapter 4). The other TMV-basec 
vector, pJL-TRBO, has been reported to produce recombinant GFP at levels of 3-5 
mg/g fresh weight (Lindbo, 2007). On the other hand, the CPMV-based vector 
pEAQ-HT has been used to express Hepatitis B Core Antigen (HBcAg) particles et 1 
mg/g fresh weight and the anti-HIV IgG 2G12 at 0.4 mg/g fresh weight (Sainsbjr> 
and Lomonossoff, 2008; Sainsbury et a!., 2009).

The anti-HEWL VHH CBE (i.e. CBESynHS; Chapter 4) was initially chosen due to its 
high-level accumulation when expressed with an N-terminal apoplast-targetng 
signal via the ICON system. The same apoplast-targeting presequence was 
therefore added to the 5' end of the CBE ORE (giving Ap-CBE; as described in 
Chapter 7) when it was expressed from pEAQ-HT and pJL-TRBO. Furthermore, Iwo 
binary vectors, containing a CamV35S or rbcS promoter-driven expression cassete, 
were used as an additional comparison. It was found that when Ap-CBE was 
expressed from pEAQ-HT and pJL-TRBO, protein accumulation peaked earlier (1-5 
dpi) than when the ICON system was used (7 dpi). This was also evident in :he 
case of GFP expression in the first set of experiments, where GFP fluorescence was 
clearly observed at 4-5 dpi for plants infiltrated with pEAQ-GFP and pTRBO-GFP, 
compared to 7 dpi for pICON-GFP infiltrated plants. The observed time differeice 
might be a consequence of the need for the provectors of the ICON system to 
recombine in planta before the mRNA containing the GOI can undergo RdlP- 
directed amplification in the cytoplasm (Marillonnet et al., 2004; Gleba etal., 20)7).
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This step is not required for either pEAQ-HT or pJL-TRBO. In planta recombination 
might therefore cause an initiai lag in mRNA production and subsequent protein 
accumuiation. This conclusion is supported by comparison of the mRNA expression 
profiies produced by the ICON and pEAQ-HT systems. In plants infiltrated with 
ICON vectors, mRNA accumulation was first observed at 2-3 dpi (piease refer to 
Chapter 3) whereas in the case of pEAQ-HT, mRNA was detected in iow amounts as 
eariy as 1 dpi. However, aithough the ICON-infiitrated leaves had a slower start, 
mRNA accumulation for both the ICON and pEAQ-HT systems peaked at 5 dpi.

When we compared recombinant protein accumulation in ieaves infiitrated with the 
three vectors, the initial experiments with GFP showed that leaves infiltrated with 
pICON-GFP showed higher levels of protein accumuiation compared to pTRBO-GFP 
infiltrated leaves when both proteins were harvested at the peak of production (4-5 
dpi for pTRBO-GFP; 7 dpi for pICON-GFP). However, no significant difference in GFP 
accumulation was observed when compared to pEAQ-GFP infiltrated leaves. In 
contrast, it was found that for CBE (CBESynHS), pICON:Ap-CBE infiitrated leaves 
had higher levels compared to leaves infiltrated with pEAQ:Ap-CBE or pTRBO:Ap- 
CBE when VHH production ieveis were at their maxima (4 dpi for pEAQ:Ap-CBE, 5 
dpi pTRBO:Ap-CBE and 7 dpi for pICON:Ap-CBE). Surprisingiy, no protein was 
detectabie by PAGE gel. Western blot or direct ELISA when only the CaMV35S 
promoter or the rbcS promoter was used to drive CBE expression. This suggests 
that the virus-based expression systems are especialiy suitabie for the transient 
expression of VHHs and, moreover, that standard non-viral transgene expression 
cassettes, even those with strong promoters (e.g. CaMV35S and the rbcS 

promoter), are not.

For ieaves infiltrated with pEAQ:Ap-CBE and pTRBO:Ap-CBE, VHH accumuiation 
declined after peak production at 4-5 dpi. More interestingiy, the VHH could not be 
detected using probes recognizing the C-terminai 6xHis-tag, although a band of the 
correct molecular weight was present on SDS-PAGE gels. This is likely the result of 
protein degradation, most probabiy directed at the VHH C-terminus, and due to 
proteases resident in the secretory pathway (Otsu et al., 1995; Viale et al., 1999; 
Raharjo et al., 2001; Delannoy et al., 2008), which have been shown to affect 
certain proteins targeted through the piant secretory system (Stevens et al., 2000; 
Sharp and Doran, 2001; Outchkourov et al., 2003).
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6.3.2 Expression of PSAHS and CPSHS using ICON, pEAQ-HT 
and pJL-TRBO

When expressed in N. benthamiana leaves, using the ICON system, the anti-PSA 
VHHs (PSAHS and CPSHS) accumulated at low levels, with yields of up to 0.01 
mg/g (Chapter 5). In order to determine if an alternative expression strategy might 
improve yields, these two VHHs were also expressed using the pEAQ-HT and pJL- 
TRBO systems. Since previous experience had shown that PSAHS and CPSHS 
accumulated most strongly in the cytoplasm, they were expressed without N- 
terminal targeting presequences. A direct comparison of the three expression 
systems clearly showed that the ICON system gave the highest yield. It is 
interesting to note, however, that regardless of which expression vector was used 
(ICON, pEAQ-HT or pJL-TRBO), CPSHS, the nanobody with the 'universal' 
framework, had the higher yield and was less susceptible to degradation than its 
native framework counterpart PSAHS. In pEAQ-HT-infiltrated leaves, although no 
band was observed for PSAHS, CPSHS was detected from 3-9 dpi. In the case of 
pJL-TRBO, CPSHS was detectable up to 5 dpi, while PSAHS could only be detected 
at 3 dpi. The difference in yield was even more evident when the ICON system was 
used. The yield increase is likely framework-associated and is probably attributable 
to improved resistance to proteolysis, but might also involve improved transcript 
stability or translational efficiency (Ciechanover, 1998; Hellmann and Estelle, 2002). 
Unfortunately, leaves infiltrated with the PSAHS and CPSHS constructs, irrespective 
of the vector used, became severely necrotic after 7 dpi, most probably due to 
disruptive effects on plant metabolism by these particular VHH. For this reason, we 
did not proceed any further with this line of investigation.

Future attempts to improve the yield of PSAHS and CPSHS might include using 
alternative expression vectors like that based on Bean Yellow Dwarf Virus (BeYDV) 
(Chen et a!., 2011). Unlike TMV and CPMV, BeYDV is a geminivirus with a single- 
stranded DNA genome that replicates in the nucleus of the plant cell using a virus- 
encoded replication initiator protein (Rep) and the plant DNA synthesis mechanism. 
The BeYDV-based vector has been used in the production of vaccine antigens and 
monoclonal antibodies, achieving yields of up to 0.8 mg/g fresh weight and 0.5 
mg/g fresh weight, respectively (Huang et al., 2009; Huang et al., 2010). Another 
strategy to improve yield might be to anchor the VHH to the cytosolic face of the ER 
membrane. Barbante et al. (2008) successfully fused the HIV protein Nef (Negative
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regulatory factor) to the C-terminal domain of mammalian ER cytochrome b5, 

anchoring the Nef protein to the cytosolic face of the ER. The Nef protein is very 
unstable when targeted to the secretory pathway and accumulated at low levels in 
transgenic tobacco plants and protoplast (Marusic et at., 2007). However, protein 
accumulation increased three-fold (from 0.2% to 0.7% TSP) when anchored to the 
cytosolic face of the ER compared to its non-anchored soluble counterparts 
accumulating in the cytoplasm (Barbante eta!., 2008).
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Chapter 7. VHH transgene expression in stably 

transformed N. tabacum and N. 

benthamiana lines

7.1 Introduction

stable transformation requires the incorporation of a GOI into the plant nuclear or 
chloroplast genome. Because the GOI is integrated into genomic DNA of the host it 
can be stably inherited in subsequent generations. The initial transformation event 
occurs at the single cell (or organelle) level, and therefore requires the use of a 
selectable marker linked to the GOI, such as the nptll gene (which confers 
kanamycin resistance), the aadA gene (which confers streptomycin and 
spectinomycin resistance), or the bar gene (conferring tolerance to the herbicide 
BASTA), in order to eliminate non-transformed neighbouring cells (or organelles). 
Recent concerns about the potential human health and ecological impacts of 
antibiotic resistance- and herbicide tolerance-based markers have been alleviated, 
to some extent, by the development of post-selection marker removal strategies 
(Dale and Ow, 1991; Gleave et al., 1999; Zubko eta!., 2000; Song et al., 2010), 
and the development of alternative selection strategies (e.g. Song eta!., 2010).

The most commonly used method for nuclear transformation in plants exploits the 
DNA transfer functions of Agrobacterium species (in particular Agrobacterium 
tumefaciens and Agrobacterium rhizogenes) (For a review of A. tumefaciens- 
mediated transformation, see Gelvin, 2003). A. tumefaciens naturally infects 
dicotyledonous plants but can also be used to transform some monocotyledonous 
plants and certain fungal species. Although the simple 'Floral dip' method (Clough 
and Bent, 1998) can be used for Arabidopsis thaiiana plants, Agrobacterium- 
mediated transformation of most plant species requires infection of tissue explants, 
such as leaf discs, or cell cultures, followed by selection and regeneration of 
transgenic shoots in vitro on hormone-containing culture media. A typical stable 
transformation vector comprises a modified Agrobacterium Ti plasmid with a T-DNA 
region that contains a selectable marker gene linked to the GOI, and a constitutive 
or inducible promoter to direct expression of the GOI in pianta. Various alternatives 
to Agrobacterium-mediated transformation exist. In particular, the biolistic method
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is widely used in plastid transformation and to transform some monocotyledonous 
species (Sanford, 1988; Sanford et al., 1993). Other alternatives include 
polyethyleneglycol (PEG)-mediated DNA transfer into protoplasts (Uchimiya et al., 

1986), protoplast and intact cell electroporation (Fromm et al., 1985; Lorz et al., 

1985; De la Pena et al., 1987; Arencibia et a!., 1995) and microinjection (De la 
Pena et a!., 1987).

The critical advantage of stable, over transient, transformation is that the GOI is 
heritable. For this reason, stable transformation has been the preferred method for 
large-scale production of recombinant proteins in plants. Furthermore, the 
availability of stable transformants facilitates additional genetic manipulation such 
as crossing different lines to achieve gene stacking (Halpin, 2005). This is 
advantageous for the modification of multi-step biochemical pathways, or when the 
aim is to produce multimeric proteins (e.g. secretory antibodies; Ma et al., 1995) 
on a commercial scale. On the other hand, disadvantages of stable transformation 
include the length of time required to generate and characterize stable transgenic 
lines, and unpredictable transgene expression levels due to position effects, gene 
silencing (De Wilde et al., 2000) and variable transgene copy numbers (Kooter et 

al., 1999; De Wilde etal., 2000).

Despite the fact that VHHs have been stably expressed in E. coll and yeast for over 
15 years, there are only four reports that describe the expression of VHHs in stably 
transformed plants (Jobling etal., 2003; Ismaili eta!., 2007; Winichayakul et a!., 

2009; Conrad et al., 2011). Moreover, in each of these cases the level of protein 
accumulation was very low, detectable only by ELISA or by immunoblot analyses.

In this chapter, we investigated various strategies for VHH expression in stably 
transformed N. tabacum cv. Samsun and N. benthamiana plants. The His-tagged 
anti-HEWL VHH with the 'universal' cAbBCIIlO framework (CBESynHS) was chosen 
for these experiments. Since it was previously shown that CBESynHS accumulation 
was highest when targeted to the apoplast (Please refer to Section 4.2.2 for details), 
sequences encoding the calreticulin apoplast-targeting signal (Ap-) were added to 
the 5' end of the gene.

Please note that in this chapter, we have abbreviated 'apoplast-targeted CBESynHS' 
to Ap-CBE and apoplast-targeted CLDSynHS to Ap-CLD.
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7.2 Results

7.2.1 Construction of an Ap-CBE transgene by RT-PCR, using 

RNA from infiltrated leaves as the template

In the ICON expression system, the nucleotide sequences that encode N-terminal 
targeting signals and the GOI are initially located on separate 5' and 3' provector 
modules, respectively. Following co-infiltration into leaves with a third 
Agrobacterium strain containing the gene coding for phage C31 integrase, the 5' 
and 3' modules are joined together in the plant cell nucleus. Expression of the GOI, 
therefore, is a multi-step process involving: (a) fusion of the 5' and 3' provector 
modules via site-specific recombination (i.e. processing at the DNA level), followed 
by transcription of the GOI fusion product, and (b) removal of an intron, generated 
by the recombination event, which separates the targeting presequence and the 
GOI coding regions on the resulting mRNA transcript (i.e. processing (splicing) at 
the RNA level). Thus, in the case of Ap-CBE two types of fusion product may be 
isolated for subsequent use as a transgene: (i) a cDNA copy of the mature spliced 
Ap-CBE mRNA transcript and (ii) a genomic DNA copy of Ap-CBE which retains the 
intron created by site-specific recombination.

In this section we describe the isolation of a cDNA encoding Ap-CBE, while isolation 
of a genomic copy is described in Section 7.2.4. The Ap-CBE cDNA was obtained by 
reverse transcription of RNA isolated from N. benthamiana leaves that had been 
infiltrated with the relevant 3' and 5' ICON provector modules, followed by PCR 
amplification of first-strand cDNA (RT-PCR). The resulting cDNAs were initially 
cloned into pUC19 (Yanisch-Perron et al., 1985) and their nucleotide sequences 
determined.

In initial experiments few positive clones were obtained due to poor E. coli survival 
on the ligation plate. Moreover, sequencing of plasmids from these clones revealed 
mutations in the Ap-CBE cDNA inserts. Also, different E. coli clones from the same 
ligation plate contained inserts that differed from each other. Some of these 
mutations were base substitutions resulting in silent, missense or nonsense 
mutations in the Ap-CBE coding region. Remarkably, some Ap-CBE inserts 
contained incomplete or complete repeats of the Ap pre-sequence (data not shown). 
Mutations in the CBE region of Ap-CBE were successfully 'repaired' by replacing the
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mutant CBE fragment via the flanking restriction sites Ncol and BamHI with the 
'correct' fragment obtained from pUC57-CBESynHS (please see Section 2.2.1). 
However, attempts at repairing the Ap presequence by cutting out the mutated 
region and ligating in the correct sequence were not successful requiring the use of 
an alternative strategy.

Inspection of Ap-CBE sequences in pUC19 revealed that the coding region was 
located downstream of, and in-frame with, the /acZa ORE (Figure 7.1). It was 
speculated that this might result in expression of a LacZa-Ap-CBE fusion protein 
driven by the upstream lac promoter, which in turn might be toxic to E. coll. 
Therefore, a forward primer was designed with a one base deletion between the 5' 
restriction site (BamHI) and the Ap start codon (ATG) in order to put the Ap-CBE 
coding region out-of-frame relative to lacZa (Figure 7.1; Deleted nucleotide shown 
in red). Many more E. coll colonies were obtained when this primer was used for 
PCR amplification of Ap-CBE. Furthermore, in the resulting construct the Ap 
sequence was correct and the CBE coding region had only a single point mutation, 
which was subsequently fixed by restriction fragment replacement (as described 
above).

A sequence-correct version of AP-CBE was subsequently cloned into three 
Agrobacterium expression vectors: pBIN2, pBINS and pEAQ-HT (please refer to 
Chapter 6). pBIN2 and pBINS are pBINPLUS/ARS-based vectors (Belknap et al., 
2008) containing, respectively, a CaMVSSS promoter or a Rubisco small subunit 
(rbcS) promoter (RbcS; Amarasinghe et al., 2006) (Figure 7.2a and b). The pEAQ- 
HT vector (Sainsbury and Lomonossoff, 2008) contains, in addition to the CaMV35S 
promoter, the CPMV 5' and 3' UTRs flanking Ap-CBE (Figure 7.2c), and a cassette 
encoding P19, a potent suppressor of RNA silencing. We hypothesized that by 
comparing Ap-CBE expression in plants stably transformed with the pBIN2 and 
pBIN8 constructs, we could determine whether the CaMV35S or the rbcS promoter 
was the more suitable for high-level expression of camel VHHs in planta. 
Furthermore, by comparing Ap-CBE expression from the pBIN2 and pEAQ-HT 
constructs (both of which contain the CaMV35S promoter), we could also determine 
if the CPMV 5' UTR and 3' UTRs and the P19 suppressor of silencing, shown to 
dramatically increase protein yield in transient expression experiments (Sainsbury 
and Lomonossoff, 2008), led to increased VHH expression in stably transformed 
plants.
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pUC19

lacZa translational start
----------- ► BamHI
ATGACCATGATTACGccaagcttgcatgcctgcaggtcgactgtagaggafcc

450 440 430 420
T PSLHACRSTLE D

EcoRI
gaattcACT

400
N S...M

AP-CBESynH§.

BamHI
GGATCCAAACATGGCTACT...CACCACTGATAACTCGAGCTCGCGGCCGCGAArrC 

DPNMAT... HH *

Figure 7.1 Nucleotide and amino acid sequence of an Ap-CBE clone in pUC19 

(Yanisch-Perron ef a/., 1985) starting from the tacZa translational start 

site (underlined and in bold). The start codon of Ap-CBE was found to 

be in frame with the tacZa translational start. Start/Stop codons are 

underlined. Restriction sites are in italics. Restriction sites in the MCS 

of pUC19 are shown in lower case. The codons and amino acids of the 

Ap-targeting sequence are shown in blue. The single base 

subsequently removed from the forward primer in order to put Ap-CBE 

out-of-frame relative to the lacZa start codon is shown in red.
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RB 6x His tag LB
i CaMV 35S Ap-CBE 1 Nos-T J

b RB 6x His tag L
1 RbcS Ap-CBE Nos-T J

RB 6x His tag LB
CaMV 35S Ap-CBE P19 Nos-T

CPMV
5’UTR

CPMV
3’UTR

Figure 7.2 Comparison of three constructs for stable transformation derived from 
cDNA of transiently-transformed N. benthamiana leaves. RB-Right 
border; LB-Left border; CaMV 35S- Cauliflower Mosaic Virus 35S 
promoter; RbcS- Rubicso small subunit promoter; Ap - Tobacco 
caireticulin apopiast targeting presequence; CBE-anti-HEWL VHH; UTR- 
untranslated region; P19- Tomato Bushy Stunt Virus pl9 suppressor of 
silencing; Nos-T; Nopaline synthase terminator.
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7.2.2 Stable transformation of N. tabacum 

benthamiana using the pEAQ-HT vector

and N.

The pEAQ-HT vector (Sainsbury and Lonnonossoff, 2008) has been used extensively 
to direct high-level transient expression of recombinant proteins in planta. However, 
so far, there are no reports of pEAQ-HT being used to produce stably transformed 
plants. Therefore, to investigate the feasibility of pEAQ-HT being used for high-level 
stable expression of VHH transgenes in N. tabacum and N. benthamiana, two 
pEAQ-HT constructs containing the GFP gene were made. One directed expression 
of GFP in the cytoplasm (no added presequence), while the other contained a 
calreticulin Ap presequence in order to direct GFP accumulation in the apoplast (Ap- 
GFP). Two positive controls were included in the investigation: a construct in which 
GFP expression was driven by the CaMV35S promoter (pBIN2-GFP), and a 
chloroplast-transformed tobacco line containing a GFP transgene driven by the 
plastid ribosomal RNA promoter (Prm) (Newell et ai., 2003). Agrobacterium 
harbouring the various constructs was used to generate stably transformed lines of 
N. tabacum cv Samsun and N. benthamiana. It was found that GFP was expressed 
in both N. tabacum cv Samsun and N. benthamiana plants stably transformed with 
the pEAQ-GFP construct. Furthermore, when the Ap presequence was present, GFP 
was found to accumulate in the apoplast. In contrast, in the absence of a targeting 
presequence, GFP accumulated in the cytoplasm (Figure 7.3). Moreover, the level 
of GFP accumulation in plants transformed with pEAQ-GFP or pEAQ:Ap-GFP was 
similar to that observed in plants transformed with pBIN2-GFP. However, it was 
much lower than that observed in a GFP-expressing chloroplast-transformed line 
(Figure 7.4).
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Figure 7.3 Green fluorescence in leaves of/V. tabacum (b) and N. benthamiana (c) 
plants stably transformed with pEAQ-GFP; and N. benthamiana stably 
transformed with pEAQ:Ap-GFP (d) compared with a wild-type control 
(a), a, b and d shows cells at 200 x magnification while c shows cells 
at 50 X magnification. Scale bar 10 pm for 200x magnification and 2 
pm for 50 x magnification.
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Figure 7.4 GFP accumulation in stably transformed N. tabacum cv. Samsun and N. 
benthamiana plants.

(a) PAGE gel (above) and Western blot (below) showing GFP accumulation in stably
transformed N. tabacum cv Samsun lines, compared to a non- 
transformed line (Lane 1). GFP expression from pBIN2 (Lane 2) and 
pEAQ-HT (Lane 4) constructs. Ap-GFP expression from a pEAQ-HT 
construct (Lane 5). Lane 3 shows GFP expression in a chloroplast- 
transformed plant. 10 pg of total soluble protein was loaded in each lane. 
The Western blot was probed with 1:1,000 rabbit anti-GFP and 1:75,000 
goat anti-rabbit IgG-HRP conjugate. White arrow heads indicate the 
large and small RUBISCO subunits (54 kDa and 14 kDa, respectively). A 
black arrow head indicates the GFP protein (approx. 27 kDa).

(b) PAGE gel (above) and Western blot (below) showing GFP accumulation in stably
transformed N. benthamiana lines compared to a non-transformed line 
(Lane 1). AP-GFP (Lane 2) and GFP (Lane 3-7) expression from pEAQ-HT 
constructs. 10 pg of total soluble protein was loaded in each lane. Other 
details as in (a).
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7.2.3 Expression of the Ap-CBE cDNA transgene in N. tabacum 
and N. benthamiana

The Ap-CBE cDNA was cloned into plant transformation vectors under the 
transcriptional control of either the CaMV35S promoter (pBIN2), the Rubisco small 
subunit (rbcS) promoter (pBINS), or the CaMV35S promoter and the 5' and 3' UTRs 
from CPMV (pEAQ-HT). However, Western blot analyses of total protein extracts 
from the resulting transgenic lines failed to detect any AP-CBE protein for any of 
the three constructs (data not shown), although the Ap-CBE transgene was shown 
to be present by PCR screening of putative transformants (Figure 7.5a and b). 
Northern blots were performed to rule out the possibility that the Ap-CBE transgene 
was not transcribed. Total RNA samples extracted from PCR-positive transformants 
were electrophoresed in denaturing 1% agarose gels, blotted and probed with a 
CBE-specific DIG-labelled probe.

Among the N. tabacum transformants, only plants transformed with constructs 
driven by the rbcS promoter (pBINS) showed mRNA accumulation that was 
detectable by Northern blot (Figure 7.6a). A band of about 1.1 kb corresponds to 
the transcript containing Ap-CBE. No mRNA transcripts were found in PCR-positive 
transformants containing the CaMV35S promoter with (pEAQ-HT) or without (pBIN2) 
the CPMV 5' and 3' UTRs and P19. In contrast, Ap-CBE mRNA accumulation was 
detected in N. benthamiana transformed with all three constructs. Higher levels of 
mRNA accumulation were detected in transformants in which transgene 
transcription was driven by the CaMV35S promoter compared to transformants in 
which transcription was driven by the rbcS promoter, regardless of whether the 
CPMV 5' and 3' UTR and P19 was present or not (Figure 7.6b). The band of about 
1.1 kb corresponds to the Ap-CBE transcript produced from pBIN2 and pBINS, while 
the band of about 2.1 kb corresponds to the larger Ap-CBE transcript which 
contains the 5' and 3' UTRs from CPMV.
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Figure 7.5 PCR screening of putative N. tabacum and N. benthamiana 
transformants for the presence of the Ap-CBE transgene.

(a) Agarose gel showing the PCR product (approx. SOObp) amplified from putative
N. tabacum cv Samsun transformants containing pEAQ:Ap-CBE (Lanes 1 
and 2), pBIN2:Ap-CBE (Lanes 3 and 4) and pBIN8:Ap-CBE (Lanes 5 to 
12). Untransformed leaves were used as negative control (-ve) and the 
pBIN2:Ap-CBE vector was used as positive control (+ve).

(b) Agarose gel showing the PCR product (approx. SOObp) amplified from putative
N. benthamiana transformants containing pBIN2:Ap-CBE (Lanes 1 to 4) 
and pBIN8;Ap-CBE (Lanes 5 to 15). PCR screening of putative pEAQ:Ap- 
CBE transformants is not shown. Untransformed leaves were used as a 
negative control (-ve) and the pBIN2:Ap-CBE vector was used as 
positive control (+ve).
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Figure 7.6 mRNA transcripts of N. tabacum cv Samsun and N. benthamiana 
transformants containing the Ap-CBE transgene.

(a) Northern blot showing mRNA transcripts in N. tabacum cv Samsun plants stably
transformed with pBIN2:Ap-CBE (Lanes 4 and 5), pBIN8:Ap-CBE (Lanes 6 
to 13) or pEAQ:Ap-CBE (Lane 1) constructs compared to an 
untransformed plant (Lane 3). N. benthamiana leaves transiently 
expressing apoplast-targeted CBESynHS from the relevant ICON vectors 
(Marillonnet et al., 2004; Santi etaL, 2006) was used as positive control 
(Lane 2). Total RNA was isolated from leaves of stably transformed plants 
and analysed by Northern blot using a gene-specific probe. Approximately 
10 pg total RNA was loaded into each lane. Ethidium bromide stained gel 
of the total RNA was used as loading controls (bottom panel).

(b) Northern blot showing mRNA transcripts in N. benthamiana plants stably
transformed with pEAQ:Ap-CBE (Lane 2), pBIN2:Ap-CBE (Lanes 3 to 6), 
and pBIN8:Ap-CBE (Lanes 7 to 11) constructs compared to an 
untransformed plant (Lane 1). Total RNA was isolated from leaves of 
stably transformed plants and analysed by Northern blot using a gene- 
specific probe. Approximately 10 pg total RNA was loaded onto each lane. 
Ethidium bromide stained gel of the total RNA was used as loading 
controls (bottom panel).
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7.2.4 Construction of a genomic version of the Ap-CBE 

transgene using DNA from ICON vector-infiltrated 

leaves as the PCR template

Because the experiments with the Ap-CBE cDNA-based transgene reported in the 
previous section failed to detect Ap-CBE protein in either N. tabacum or N. 
benthamiana transgenic lines, we hypothesized that the structure of the 
recombined genomic version of the transgene, which contains an intron (located 
between the Ap and CBE coding sequences), and both 5' and 3' flanking sequences 
derived from the tobamovirus genome, might be important for transgene 
expression in stably transformed plants. The addition of introns, for example, has 
been shown to increase transgene expression levels in many cases, compared to 
identical constructs without introns (for review please see Le Hir et al., 2003).

To obtain the required construct, N. benthamiana leaves were infiltrated with 
Agrobacterium strains harbouring the ICON vectors pICH10881, pICH8420 and 
either pICH11599-CBESynHS or pICH11599-CLDSynHS. DNA was isolated from the 
infiltrated leaves and used as a template for the amplification of two fragments: the 
first, named Long Fragment (LF) contains sequences that include the tobamoviral 
region containing the subgenomic promoter and 5' UTR sequences located near the 
3'-end of the Movement Protein (MP) gene, sequences of the apoplast-targeting 
presequence (Ap), the recombined intron region, the GOI [either CBESynHS (CBE) 
or CLDSynHS (CLD)], and the tobamoviral 3' non-translated region (3'NTR) (Figure 
7.7). The second fragment amplified by PCR, named Short Fragment (SF) contains 
only sequences encoding Ap, the intron and the His-tagged GOI (Figure 7.7). The 
amplified fragments were cloned into the vector pBIN2 (in which transgene 
expression is driven by a CaMV35S promoter). Agrobacterium harbouring the LF 
and SF constructs was then used to stably transform N. tabacum cv Samsun and N. 
benthamiana plants.

Sequence analysis of cloned LF and SF PCR fragments revealed several point 
mutations, particularly in the intron region but also in the GOI (data not shown). 
Some of the mutations were silent, but most of them were missense mutations. 
The mutations appeared to be random, as different E. coli clones from the same 
ligation plate contained fragments that were different from each other. The same 
problem was observed even when Platinum® Tag High Fidelity DNA polymerase
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(Invitrogen, USA), a mixture of Taq DNA polymerase and Pyrococcus spp. GB-D 
polymerase which has proof-reading capabilities, was used (the fragments failed to 
amplify when Pfu alone was used). Therefore, one LF clone and one SF clone with 
mutations only in the GOI region and not in the other regions was chosen for 
further manipulation. The remaining mutation-ridden GOI region was removed from 
these clones by digestion with Ncol and BamFII and replaced with the 
corresponding correct-sequence version obtained from the plasmids pUC57- 
CLDSynHS and pUC57-CBESynFIS (please refer to Section 2.2.1).
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Figure 7.7 Diagram showing the predicted structure of the in planta recombined 
ICON 5' and 3' vector modules, and the regions contained within the 
PCR-amplified fragments. The Long Fragment (LF) region extends from 
the MP subgenomic promoter to the tobamoviral 3'NTR. The Short 
Fragment (SF) region extends from the Ap targeting presequence to 
the 6xHis-tag at the 3'-end of the GOI. The fragments were amplified 
using DNA from N. benthamiana leaves that had been infiltrated with 
the relevant ICON vectors. The GOI is either CLD or CBE; however 
following recombination, which adds the Ap presequence, these are 
referred to as Ap-CLD and Ap-CBE, respectively. The SF and LF 
constructs were subsequently cloned into pBIN2 using the restriction 
sites indicated in the diagram. P Act2 - Arabidopsis actin 2 promoter; 
RdRP - RNA dependent RNA polymerase; MP - Movement Protein; I - 
Intron; Ap - apoplast-targeting presequence; GOI- Gene of interest; 
3'NTR- 3' non-translated region; Nos-T: Nopaline synthase terminator.
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7.2.5 Expression of the LF and SF transgenes in N. tabacum 
and N. benthamiana

Multiple transgenic lines of both N. tabacum and N. benthamiana, containing LF and 
SF transgenes, encoding Ap-CBE and Ap-CLD were obtained and the GOI was 
shown to be present by PCR screening of putative transformants (Figure 7.8a and b 
for SF constructs and Figure 7.9a and b for LF constructs). However, no VHH 
protein was detected by Western blot or ELISA (data not shown) in any line. Similar 
results were obtained when a polyclonal anti-llama IgG and VHH antibody was used 
instead of the usual anti-His tag antibody (data not shown).

In order to determine if the GOI was expressed at the mRNA level. Northern blots 
were performed using total RNA extracted from PCR-positive transformants and a 
gene-specific DIG-labelled probe. mRNA accumulation was detected in some 
positive transformant lines for both the SF (Figure 7.10a and b) and LF constructs 
(Figure 7.11a and b). There was significant between-line variation in mRNA 
accumulation levels, probably influenced by gene integration position effects. The 
band of about 1.2 kb corresponded to the expected size of the transcript containing 
the GOI and the Ap presequence, while the band of about 2.1 kb corresponds to the 
transcript containing the GOI, the Ap- presequence and the additional upstream 
and downstream tobamoviral sequences.
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Fig ure 7.8 PCR screening of putative N. tabacum and N. benthamiana 
transformants containing Short Fragment (SF) constructs.

(a) Agarose gel showing PCR products (approx. SOObp) resulting from the
screening of putative N. tabacum cv Samsun (upper gel) and N. 
benthamiana (lower gel) Ap-CLD SF transformants, using gene-specific 
primers. PCR using DNA from a non-transgenic control plant did not 
yield any product (data not shown).

(b) Agarose gel showing PCR products (approx. SOObp) resulting from the
screening of putative N. tabacum cv Samsun (upper gel) and N. 
benthamiana (lower gel) Ap-CBE SF transformants, using gene-specific 
primers. PCR using DNA from a non-transgenic control plant did not 
yield any product (data not shown).
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Figure 7.9 PCR screening of putative N. tabacum and N. benthamiana 
transformants containing Long Fragment (LF) constructs.

(a) Agarose gel showing PCR products (approx. 500bp) resulting from the
screening of putative N. tabacum cv Samsun (upper gel) and N. 
benthamiana (lower gel) Ap-CLD LF transformants using gene specific 
primers. PCR using DNA from a non-transgenic control plant did not 
yield any product (data not shown).

(b) Agarose gel showing PCR products (approx. 500bp) resulting from the
screening of putative N. tabacum cv Samsun (upper gel) and N. 
benthamiana (lower gel) Ap-CBE LF transformants using gene specific 
primers, -ve, PCR of DNA from a non-transgenic control plant.
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Fig ure 7.10 Northern blot analysis of total RNA from N. tabacum cv Samsun and N.

benthamiana transformants containing Short Fragment (SF) 
constructs. Plants were stably transformed with (a) Ap-CLD SF and (b) 
Ap-CBE SF constructs. WT, non-transformed control. Total RNA was 
isolated from leaves and analysed by probing the blot with a gene- 
specific probe. Approximately 10 pg of total RNA was loaded onto 
each lane. Ethidium bromide stained gels of the total RNA were used 
as loading controls (bottom panel).
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Figure 7.11 Northern blot analysis of total RNA from N. tabacum cv Samsun and N.

benthamiana transformants containing Long Fragment (LF) constructs. 
Plants were stably transformed with (a) Ap-CLD LF and (b) Ap-CBE LF 
constructs. WT, non-transformed control. Total RNA was isolated from 
leaves, blotted and analysed by probing the blot with a gene-specific 
probe. Approximately 10 pg of total RNA was loaded onto each lane. 
Ethidium bromide stained gels of the total RNA were used as loading 
controls (bottom panel).
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7.3 Discussion

7.3.1 Difficulties in the construction of transgenes generated 

from amplified cDNA or recombined DNA from plants 

infiltrated with ICON provector modules

Infiltration of leaves with Agrobacterium strains carrying the relevant 5' and 3' 
ICON provector modules (and the C31 integrase gene) results in provector 
recombination in the plant cell nucleus, joining two half-introns together to give an 
Ap-intron-GOI transgene configuration. Intron sequences are subsequently 
removed from the primary mRNA transcripts of Ap-intron-GOI by splicing, to give a 
shorter transcript containing a continuous Ap-GOI open reading frame. This mature 
mRNA is then massively amplified in the cytoplasm by the tobamovirus RdRP.

In order to speed up the process of making VHH transgene constructs for stable 
plant transformation experiments, the traditional route of sub-cloning individual 
vector components separately into plasmids, followed by restriction site-mediated 
assembly of the relevant sub-fragments was not used. Instead, cDNA copies of Ap- 
GOI were generated by RT-PCR amplification of RNA isolated from infiltrated leaves, 
and Ap-intron-GOI fragments were obtained by amplification of DNA from the same 
source.

However, nucleotide sequencing of the cloned PCR fragments revealed multiple 
point and frameshift mutations. It was subsequently discovered that the start site 
of the AP-GOI fragment was in frame with the translational start site of lacZa in 
pUC19 (Yanisch-Perron et al., 1985), resulting in potential expression of the AP-GOI 
fragment which may have been detrimental to E. coli. This might explain the low E. 
coli survival rate and the high frequency of mutations in the plasmids: perhaps only 
rare clones that contained a mutated version of the AP-GOI construct could survive. 
This problem was resolved when the AP-GOI construct was placed out-of-frame 
relative to the lacZo start site. However, some point mutations were still present in 
the GOI as well as the Ap- presequence. This phenomenon was also observed with 
the SF and LF fragments amplified from in planta recombined DNA templates. Each 
clone possessed about 1-8 point substitutions or deletions, with the fragments 
amplified from DNA having fewer mutations (1-3 mutations) compared to the
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fragments amplified from cDNA (2-8 mutations). In the case of Ap-CBE, while these 
errors might have occurred occur during the RT-PCR and cloning processes, another 
possible explanation is that the tobamoviral RdRP which amplifies the GOI mRNA in 
the cytoplasm lacks a proof reading function and hence is more prone to errors, 
and that this leads to frequent nucleotide changes (Ward et al., 1988; Steinhauer 
etal., 1992).

7.3.2 Expression of VHH transgenes in stably transformed N. 

tabacum and N. benthamiana plants

An Ap-CBE cDNA transgene, placed under the transcriptional control of the 
CaMV35S promoter or the rbcS promoter, was initially chosen for production of 
stable N. tabacum cv Samsun and N. benthamiana transformants because of the 
high-level accumulation of the encoded VHH in leaves following transient expression. 
Later, when it was found that transgenic lines with this cDNA-based transgene had 
no detectable CBE protein, two genomic versions of Ap-CBE (and Ap-CLD), 
containing the intron generated in planta by recombination between ICON 5' and 3' 
vector modules, were also investigated. However, for all of the constructs assessed 
in stably transformed lines, although significant transgene expression was observed 
at the mRNA level, accumulation of the encoded VHH was not observed in any line.

To investigate whether the 5' and 3' UTRs of CPMV and TMV might affect the 
accumulation of VHHs, three constructs were made: an Ap-CBE cDNA fragment 
flanked by CPMV 5' HT leader and 3' UTR (Sainsbury and Lomonossoff, 2008) as 
well as AP-Intron-GOI (GOI being CLD or CBE) flanked by tobamovirus 5' UTR and 
3' NTR sequences. Because the construct containing the CPMV 5' HT leader and 3' 
UTR (pEAQ-HT; Sainsbury and Lomonossoff, 2008) had not previously been used 
for stable transformation, we first used it to investigate GFP expression in stably 
transformed N. tabacum and N. benthamiana plants. While GFP was expressed in 
these plants and accumulated in the apoplast in the case of Ap-GFP, the presence 
of the CPMV 5' and 3' UTR did not result in increased accumulation of GFP, relative 
to a standard CaMV35S-GFP expression cassette which lacked them. This is in stark 
contrast to the very high levels of GFP observed in plant cells transiently 
transformed with the pEAQ-GFP construct (Sainsbury and Lomonossoff, 2008),
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suggesting that transgene silencing, even in the presence of the P19 suppressor of 
RNA silencing, is likely responsible for the observed difference.

To our surprise, the constructs containing CPMV and tobamoviral 5' UTR and 3' UTR 
(or 3' NTR) enhancers of translation did not yield transgenic lines with detectable 
levels of VHH protein. This is in contrast to Qin et al. (2000) for example, who 
reported that in stably- and transiently- transformed tobacco plants the 5' UTR of 
TMV (the so-called Q fragment) not only enhances translation when used alone, but 
can act with the TMV 3' NTR to enhance the expression of GUS. Furthermore, the 
tobamovirus 3' NTR and the 3' NTR of some other viruses form pseudoknots that 
have been demonstrated to enhance translation efficiencies (Gallie et al., 1991; 
Gallie, 1996). More recently, Sainsbury and Lomonossoff (2008) reported that a 
modified version of the CPMV 5' UTR, in which an in-frame upstream ATG was 
removed, resulted in a more than 10-fold increase in the accumulation of GFP in 
transiently infected leaves (20 - 25% tsp; Sainsbury and Lomonossoff, 2008), 
relative to the wild-type 5' UTR sequence. Moreover, this occurred without a change 
in the relative levels of GFP mRNA, clearly indicating that a change in translational 
efficiency was responsible for the effect.

In the stably transformed N. tabacum cv Samsun and N. benthanniana lines 
obtained for all of the VHH constructs investigated, the insert was detected in many 
plants by PCR screening. However, the level of mRNA produced in these plants 
varied greatly from high levels to no expression at all. This was most likely due to 
insert position effects and transgene-induced gene silencing (Matzke and Matzke, 
1998; Matzke and Matzke, 1998; Vaucheret et al., 1998). Furthermore, except for 
the Ap-CLD SF construct where mRNA expression in N. benthamlana was slightly 
lower than that observed in N. tabacum lines, there was generally no significant 
difference in mRNA levels between transgenic N. tabacum and N. benthamlana 
plants, whether the P19 suppressor of silencing was present or not (pEAQ 
constructs vs pBIN2, pBIN8 constructs, respectively). Conley et al. (2010) also 
found that the type of NIcotlana species and variety used for stable, as distinct from 
transient, transformation had little impact on the yield of recombinant proteins.

Our failure to detect any VHH accumulation, using either Western blotting or ELISA, 
in stably transformed lines was very disappointing and the reasons for this are not 
entirely clear. One possibility is that the immunological detection methods used 
were not sufficiently sensitive to detect very low level VHH expression in stably 
transformed plants. Other possibilities include VHH degradation In planta by
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unknown proteases (Outchkourov et at., 2003; Faye et a/., 2005; Doran, 2006; 
Benchabane et a/., 2008) or misfolding and aggregation due to incompatibilities 
with the subcellular environment and subsequent degradation by the ER-associated 
degradation pathway (ERAD) (Vembar and Brodsky, 2008; He et a!., 2011). The ER 
has been shown to be the optimal sub-cellular compartment for facilitating proper 
protein folding and assembly (Fischer and Emans, 2000), and when an anti-TNFo 
VHH was expressed as a single monomeric protein, was found to be the only 
compartment in which VHH accumulation was detected (Winichayakul et at., 2009). 
The oxidizing environment of the ER is particular suited for protein assembly 
because it (a) facilitates inter- and intramolecular disulphide bond formation and 
hence correct folding, (b) has a comparatively lower level of proteolytic activity and 
(c) contains molecular chaperones that are critical for correct folding, assembly and 
post-translational processing of antibodies (Ma eta!., 2003).

A possible route to increasing VHH yield might be to create protein fusions. 
Obregon et al. (2006) expressed a fusion protein consisting of the HIV p24 core 
antigen fused to a human IgA fragment containing the heavy chain domains and 
found that the expression of the fusion protein was 13-fold higher than when HIV 
p24 was expressed alone. In the case of VHH, monomers can be fused to generate 
tandem heterodimers. Winichayakui et al. (2009) found that when VHHs were 
expressed in tandem, they accumulated to a higher level (an estimated of 0.1- 
0.7% TSP) compared to when the VHHs were expressed as monomers, and not 
only did they accumulate in the ER but they were also found in the cytoplasm, the 
chloroplast and protein storage vacuoles in Arabidopsis. Another possible fusion 
partner is the elastin-like peptide (ELP). Several ELP fusion proteins have been 
successfully expressed in plants (Scheller et al., 2004; Patel et al., 2007; Floss et 

al., 2008; Floss et al., 2009; Conrad et al., 2011) and have been found to 
accumulate to up to 20% TSP in seeds (Scheller et al., 2006). Moreover, they can 
be purified inexpensively and have been found not to compromise the folding and 
activity of the fusion partner (Floss et al., 2008). Conrad et al. (2011) recently 
reported that fusing ELP to an anti-tumour necrosis factor a (anti-TNF-a) VHH 
significantly increased protein accumulation (from 0.003 to 1.7% TSP), and 
importantly, the VHH fusion was shown to be effective in the prevention of death 
caused by septic shock in mice. The ELP fusion protein was also found to have a 
longer serum half-life compared to non-ELPylated VHHs.
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Chapter 8. Conclusion and Future Work

The primary aim of this thesis was to investigate factors influencing the expression 
and accumulation of antibody fragments, including single-chain variable fragments 
(scFvs) and Camel heavy-chain only variable fragments (VHHs), in N. benthamiana 
and N. tabacum, using both transient and stable expression strategies. I began with 
a project to investigate the possibility of expressing two human scFvs and two 
Camel VHHs (or nanobodies) in N. benthamiana plants using the 'deconstructed 
virus'-based transient expression system developed by ICON Genetics. The two 
human scFvs recognized the same epitope of the antigen p-galactosidase. However, 
one of them was a mutant selected for efficient expression, folding and functionality 
in the reducing cytoplasm of E. coli, while the other was the original wild-type clone. 
Up to 0.3 mg/g fresh weight was obtained for the mutant anti p-galactosidase scFv, 
while the yield was slightly lower at 0.1 mg/g fresh weight for the wild-type. It was 
also found that maximum accumulation of the two anti p-galactosidase scFvs 
occurred in different subcellular compartments: the chloroplast for the wild-type 
scFv, but the cytoplasm for the mutant scFv. The two scFvs differ in that folding of 
the wild-type version requires correct disulphide bond formation between conserved 
cysteine residues, whereas folding of the mutant scFv does not. The wild-type 
version was presumably, therefore, more stable in the relatively oxidizing 
environment of the chloroplast (compared with the relatively more reducing 
environment of the cytoplasm). Thus, the accumulation profiles of both anti p- 
galactosidase scFvs differed from previously published reports suggesting that the 
secretory pathway is the most suitable for folding and functionality of scFvs. It is 
well known that the subcellular compartment in which a protein accumulates can 
affect protein stability and, in consequence, its overall accumulation in plants. This 
is likely due to the fact that different subcellular compartments vary not only in 
their redox status, but also in the spectrum of proteolytic activities they contain. 
Moreover, when the scFvs were expressed with different purification tags, it was 
found that the presence of a tag affected accumulation of the wild-type but not the 
mutant scFv.

On the other hand, the two Camel VHHs (or nanobodies) initially investigated 
bound different antigens i.e. hen egg-white lysozyme (HEWL) and tetanus toxoid 
from Clostridium tetani. We found that for the anti-tetanus toxoid VHH, protein 
accumulation was not high enough to be detected by Western blot or ELISA. The
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inability to obtain soluble protein for this particular VHH might be attributable to 
post-translational processing and/or degradation, since Northern blots showed 
significant levels of mRNA transcripts present in the infiltrated leaves. In contrast, 
for the anti-HEWL VHH, the yield initially obtained was up to 0.05 mg/g fresh 
weight for a Strep-tagged version targeted to the apoplast, while no protein was 
detected for a His-tagged version. We then designed a variant with a modified N- 
terminus (CLD) to better match that of the original clone cAb-Lys3, which 
surprisingly showed moderate levels of accumulation in the apoplast. This His- 
tagged cAB-Lys3 variant was, therefore, used in subsequent detailed studies to 
investigate the effects of codon optimization and amino acid changes in the 
framework regions, on VHH yield in planta.

Based on previous experience with a recombinant bacterial sialidase that could not 
be expressed in plants without codon-optimization, we also compared the 
expression of the native CLD gene and the codon-optimized derivative, CLDSyn. 
Disappointingly, the redesigned gene showed no clear advantage over the original 
unmodified gene. However, spurred on by the results of preliminary experiments 
with the scFvs suggesting that changes in tertiary structure, due to the presence or 
absence of intramolecular disulphide bonds, affected antibody fragment 
accumulation in different subcellular compartments, we investigated whether the 
use of an alternative 'universal' VHH framework, known to alter the tertiary 
structure of the anti-HEWL VHH, might influence VHH yield in pianta. The resulting 
nanobodies were expressed in the cytoplasm or were targeted to the apoplast, 
chloroplast or ER. The effect of different purification tags on overall protein 
accumulation was also investigated. Of all the combinations investigated, the 
apoplast-targeted, His-tagged anti-HEWL VHH with the 'universal' framework 
(CBESynHS) showed the highest level of accumulation, reaching an estimated 30% 
total soluble leaf protein at approximately 7 dpi, several-fold higher than the His- 
tagged native VHH, CLDHS. Moreover, while small quantities of a lower molecular 
weight form of CLDHS was evident on protein gels, this was not observed with 
CBESynHS, which suggests enhanced resistance to proteolytic attack. Another 
possible explanation for this, as well as for the differences in accumulation between 
CLDHS and CBESynHS, might be differences in tertiary structure which might, in 
turn, influence VHH folding and interactions with other proteins in the subcellular 
environment. Also interesting to note was the change in the protein accumulation 
profile when CBESyn was fused to GFP. Whereas CBESyn on its own accumulated 
showed maximum accumulation in the apoplast, the fusion protein accumulated 
most highly in the cytoplasm, followed by the chloroplast.
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After we established that the use of the 'universal' framework increased the 
accumulation of the anti-HEWL nanobody in planta, we proceeded to determine 
whether the framework effect was specific for that VHH or might be applied to 
nanobodies in general. Two pairs of nanobodies, one an anti-prostate specific 
antigen (PSA) VHH and the other an anti-RNase A VHH, either in their codon- 
optimized native framework or the alternative cAbBCIIlO framework were 
constructed and their expression in pianta investigated. It was found that the anti- 
PSA nanobodies accumulated highly in the cytoplasm compared with other 
subcellular compartments. The anti-RNase A VHHs on the other hand accumulated 
highly only when targeted to the apoplast. In both cases, the framework-changed 
versions had higher yields than their counterparts containing the original framework. 
We postulate two possibilities for this phenomenon. The cAbBCIIlO framework 
region was originally proposed as a 'universal' framework because of its enhanced 
thermodynamic stability, its good expression levels in E. coli and its ability to retain 
functionality even in the absence of a conserved disulphide bond. These properties 
might account for the high yield and improved resistance to proteolysis of the in 
pianta-expressedt VHHs. Another possibility is that subtle alterations in tertiary 
structure induced by the 'universal' framework render them more resistant to 
proteases compared to their native counterpart, and hence enhanced stability. 
Crystallographic data has shown that anti-HEWL nanobodies based on the original, 
compared with the 'universal' framework adopt slightly different conformations. To 
further investigate framework effects on VHH accumulation, we constructed 6 anti- 
HEWL chimeras containing different combinations of FRs from cAbBCIIlO and the 
original framework. It was found that the 6 chimeras showed different levels of 
accumulation, and that some were more susceptible to proteolytic degradation than 
others. It would be interesting to obtain crystallographic data for these 6 chimeras 
in order to determine if tertiary structure correlates with the overall yield of the 
different VHHs.

We then went on to compare VHH accumulation not only between the 
deconstructed-virus based transient expression systems ICON, pEAQ-HT and pJL- 
TRBO, but also between the viral-based systems and conventional binary vectors 
containing the CaMV35S or RUBISCO small subunit (rbcS) promoter. We found that 
among the three transient expression systems, the highest yields were obtained 
with the ICON system compared with pEAQ-HT and pJL-TRBO, especially when it 
was used to express anti-HEWL and anti-PSA VHHs. However, VHHs expressed 
using the ICON system took longer (several more days) to reach maximum protein
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accumulation compared with pEAQ-HT and pJL-TRBO, presumably due to the time 
required for recombination of the provectors in planta. On the other hand, no 
protein accumulation was detected when nanobodies were expressed using the 
CaMV35S or rbcS promoters. Furthermore, we also compared the expression of 
anti-HEWL and anti*RNase A VHHs between two different expression platforms, E. 
coli and plants. The nanobodies were targeted to the apoplast in plants while in E. 
coli, they were targeted to the periplasmic space. Overall, although expression in E. 
coli took less time, the yield was several times higher in plants. Furthermore, an 
additional band was observed on Western blots in addition to the band of interest. 
Further steps to purify the nanobodies from the periplasmic space of E. coli could 
be undertaken to investigate whether this additional band accumulates in the 
periplasmic space or elsewhere in E. coli. However, it is interesting to note that no 
matter which expression vector or expression platform was used, nanobodies with 
the alternative cAbBCIIlO framework showed higher protein accumulation 
compared with their native framework counterparts.

Finally, we also investigated VHH expression in stably transformed N. tabacum cv. 
Samsun and N. benthamiana plants. The anti-HEWL VHH CBESynHS was chosen 
because of its high yield in transient expression experiments, especially when 
targeted to the apoplast. Several strategies were investigated, including the use of 
different promoters (CamV35S and rbcS promoters), the inclusion of an intron in 
the transgene, as well as the use of 5' and 3' untranslated regions (UTRs) from 
Tobacco Mosaic Virus (TMV) and Cowpea Mosaic Virus (CPMV). The required 
components of the different constructs were amplified either from cDNA or from 
DNA isolated from N. benthamiana leaves transiently transformed using the ICON 
system. An in-frame alignment of the GOI ORF with the lacZo translational start 
site in the cloning vector pUC19 caused some initial difficulties in the early stages of 
cloning. This was resolved by removing one base from the forward primer to put 
the ORF out of frame, relative to lacZo. However, point mutations and deletions 
were still recovered in the resulting cDNA clones, which may have been caused by 
the lack of proof-reading functions in the RNA-dependant RNA polymerase (RdRP) 
encoded by the ICON vectors. The VHH constructs were subsequently 'repaired' by 
swapping mutated fragments with those having the correct sequence using internal 
restriction sites. When the constructs were stably transformed into N. tabacum cv. 
Samson and N. benthamiana, VHH protein could not be detected in the crude leaf 
extracts, despite the fact that Northern analysis showed the GOI was transcribed at 
significant levels in some transgenic lines. This led us to conclude that the encoded 
VHH protein may have been undetectable because of the combined effects of
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inefficient translation and proteolytic degradation. Possible solutions to this problem 
might include expressing the VHHs in tandem or as fusion proteins, in addition to 
targeting the VHHs to the ER. An alternative strategy might be to express VHH 
fusion proteins from transgenes located in the chloroplast genome.
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