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Abstract i 

Abstract 
Lectins have long been established as potential agents for use in control of insect pest 

species. In this study the use of garlic bulb lectins against phloem-feeding hemipteran 

insect pests is investigated. There is no Bacillus thuringiensis (Bt) toxin available which 
is effective against hemipteran insects. Plant lectins have been shown to be toxic to some 

insects, including aphids, in particular lectins from garlic. Subsequently heterodimeric 

(ASAI) and homodimeric (ASAII) garlic bulb lectins were cloned and expressed in a 

recombinant yeast system, Pichia pastoris. Recombinant lectins were successfully 

purified and demonstrated to be functionally active in vitro by haemagglutination assays 

and toxic to a range of hemipteran insects: pea aphid (Acyrthosiphon pisum), peach- 

potato aphid (Myzus persicae) and rice brown planthopper (N. lugens) in artificial diet 

bioassays. 

To analyse the interactions between recombinant ASAII and the gut of A. pisum a pull- 
down assay was developed to identify specific interactions between ASAII and 

solubilized A. pisum gut proteins. Proteins which interacted with ASAII were subjected to 

matrix-assisted laser desoprtion ionization time of flight (MALDI-TOF) mass 

spectrometric analysis, this revealed that ASAII bound to alanyl aminopeptidase N 

(alanyl APN), a major constituent glycoprotein of the aphid gut which is rich in mannose 

oligosaccharides, and membrane-bound sucrase, an enzyme important in the maintenance 

of osmotic balance in the aphid gut. It was not possible to establish whether transport of 
ASAII into the haemolymph of A. pisum occurred using a Western blotting approach due 

to the lack of immunoreactivity of anti-ASA antibodies to the low levels of ASAII 

expected to be transported. 

A fusion protein of ASAII-Avidin was created to enable the conjugation of biotinylated 

peptides of potential insecticidal interest to lectin carrier proteins. One such peptide, 
leucomyosuppressin (LMS) from cockroach Diploptera punctata, was conjugated to 
ASAII-Avidin and toxicity to A. pisum was demonstrated in artificial diet bioassays. It 

was confirmed that avidin is transported into the A. pisum haemolymph, suggesting that if 
ASAII was not responsible for transport of LMS in to the haemolymph then it may be 

mediated by avidin. Using a bioinformatic approach a putative A. pisum LMS gene was 
assembled. 
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Chapter 1 Introduction -1 

1 Introduction 

1.1 What are Lectins? 

The term `lectin' is derived from the latin legere (to pick out), to describe proteins isolated 

from plants with sugar-specific agglutination activity (Boyd, W. C., Shapleigh, E., 1954). 

Later discoveries of similar proteins in animal and bacterial systems have led to numerous 

attempts to define a lectin. The original definition includes many enzymes and immune 

system-derived proteins that are no longer considered to be lectins. In 1981 the Nomenclature 

Commission of the International Union of Biochemistry defined a lectin as a carbohydrate- 

binding protein of non-immune origin that agglutinates cells or precipitates polysaccharides 

or glycoconjugates. By limiting the definition to proteins of non-immune origin, anti- 

carbohydrate antibodies able to agglutinate cells are excluded from the group. According to 

this definition lectins must possess more than one carbohydrate-binding domain in order to 

have agglutination activity. This multivalency is essential for agglutination activity to be 

observed in accordance with such a definition. However, it was noted that this definition 

excluded poorly agglutinating proteins known to contain lectin subunits (eg: Ricin from 

Ricinus communis) and so the definition was extended to include these lectins. 

More recently the definition has been further expanded after it was shown that some plant 

enzymes contain two subunits, a catalytic domain and a carbohydrate-binding domain such 

as in the Class I chitinases. An example of which is seen in Hevea brasiliensis (Beintema, J. 

J., 1994) where an N-terminal carbohydrate binding domain is in tandem with a C-terminal 

chitinase domain, these so called chimerolectins possess both specific binding activity and 

catalytic activity and are also seen in type 2 ribosome-inactivating proteins (RIPs) such as 

ricin, where a toxic N-terminal a-chain with typical N-glycosidase activity is linked to a C- 

terminal carbohydrate binding domain. 

Other groups of lectins have also been classified according to their structural and functional 

similarities. In addition to the chimerolectins, the merolectin group has also been created 

after it was observed that some small proteins exhibit lectin-like binding to carbohydrates but 
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possess only a single binding domain. Previously such monovalent proteins were excluded 

from being classed as lectins because of their inability to agglutinate cells. Examples of 

merolectins include the chitin-binding hevein from Hevea brasiliensis and the mannose- 
binding lectin from Epipactis helleborine (Van Damme, E. J. M., et al., 1994). 

The majority of plant lectins that have been characterized to date fit into a class known as the 

hololectin class. These are proteins composed solely of carbohydrate-binding subunits 

containing more than one binding domain. The binding domains are identical or highly 

homologous in both structure and binding specificity. Lectins from Galanthus nivalis (GNA) 

(Van Damme, E. J. M., et al., 1987), Phaseolus vulgaris (PHA) (Rigas, D. A., 1955), 

Triticum aestivum germ (WGA) (Raikhel, N. V., Wilkins, T. A., 1987) and Allium sativum 

I (ASA) (Van Damme, E. J. M., et al., 1992) are all hololectins. Accounting for the plant 
lectins being a broad group they have been defined by Peumans and Van Damure as proteins 
that possess at least one non-catalytic domain that binds reversibly to a specific carbohydrate 
(Powell, K. S., et al., 1995). 

1.2 The Evolution of Diversity in Carbohydrate-Binding Lectins 

Oligosaccharides represent a group of molecules essential to all living organisms. Complex 

oligosaccharides have a wide variety of intracellular and extracellular roles; in particular 

carbohydrate groups are involved in intracellular and molecular `recognition' roles. 
Extracellular oligosaccharides carry out structural roles such as acting as cell-surface ligands. 

The oligosaccharide component of the cell surface can dictate the interactions of the cell with 

other cells. In addition, oligosaccharides play essential roles in the formation of 

glycoconjugates within the cell, a process that is important for correct protein trafficking and 
targeting. 

Lectins are proteins that are often involved in non-structural processes involving 

oligosaccharides; they are ubiquitous across all kingdoms of life from single-celled 
prokaryotes to higher mammals. Across this spectrum of organisms, carbohydrate binding 

and recognition processes occur in a wide variety of contexts, and subsequently the lectins 
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are a hugely diverse group of proteins. There are many different lectin families, most of 

which are evolutionarily unrelated, even where common structural folding and binding may 

occur, and no generalized architecture across these families is discernable from the wide 

range of lectin binding sites so far characterized. This has led to the belief that the wide range 

of carbohydrate binding specificities is the result of convergent evolution (Loris, R., 2002). 

The evolution of lectins is in truth more complex than this, with examples of both convergent 

and divergent evolution in both animal and plant lectins. Key to the evolution of a diverse 

range of lectins are two important structural aspects, protein folding and carbohydrate 

specificity. Overall protein structure is afforded by protein folding and it seems that in the 

case of lectins common protein folds are shared by many lectins but these may have evolved 

separately on different occasions, or may have derived from common ancestors in lower 

organisms. Similarly the exact evolutionary nature of many lectin carbohydrate-recognition 

domains (CRDs) is somewhat unclear; there is evidence of some CRDs being present in 

ancestral organisms and also evidence of divergence in CRDs in higher organisms leading to 

diversification of lectin function. 

Despite commonly being complex and multidimeric proteins, the CRD of a lectin can often 

be attributed to a single module of the lectin polypeptide. In animals these CRDs are divided 

into groups according to their structure, the main families of animal lectins are the L-, C-, I- 

and P-type lectins (Drickamer, K., 1999, Fiedler, K., Simons, K., 1994), , (Angata, T., 

Brinkman-Van Der Linden, E. C. M., 2002), (Dahms, N. M., Hancock, M. K., 2002). In 

plants the classification of lectins is confined to seven families according to the specificity of 

their CRDs, four major families: the legume lectins, chitin-binding lectins, Type 2 RIPs and 

monocot mannose-binding lectins and 3 smaller groups: the jacalin-related lectins, 

Cucurbitaceae phloem lectins and the amaranthin group. These seven groups account for 

virtually every plant lectin (Van Damme, E. J., et al., 1998). Plant lectins are discussed in 

section 1.3. 

The diversity of lectins is great but as well as functional differences across kingdoms, some 

structural and sequence similarities can be observed. Several higher plant lectins belong to 

protein families of prokaryotic origin such as lectins possessing ricin B domains, or 
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Galanthus nivalis agglutinin (GNA) domains which have some sequence similarity with 

proteins in bacteria as well as non-plant eukaryotes (Van Damme, E. J., et al., 2007). 

Similarly some animal lectins have obvious ancestors in lower unicellular and multicellular 

eukaryotes, for example the gene sequence of human calnexin, a lectin involved in the 

retention of incorrectly folded glycoproteins in the endoplasmic reticulum (ER), shares 43% 

homology with calnexin from the single-celled yeast Schizosaccharomyces pombe (Dodd, R. 

B., Drickamer, K., 2001). Other lectins have less obvious ancestral origins in lower 

organisms but still show relatedness to non-lectin protein domains. For example the hevein 

domain which makes up part of the chitin-binding lectins found in plants is also widespread 

in fungi, indicating that this CRD was present in an earlier eukaryotic ancestor. 

The legume lectin domain is classified in the same protein superfamily as the vesicular 

integral membrane protein 36 (VIP36) found in animals and fungi, and the endoplasmic 

reticulum-Golgi-intermediate compartment 53-kDa protein (ERGIC-53), examples of L-type 

lectins. The ß-sandwich fold seen in the legume lectins is also present in animal galectins and 

pentraxins, further members of the group known as the L-type lectins, as well as some 

carbohydrate-processing and other enzymes such as ß-glucanase and asparagine amidase 
(Kuhn, P., et al., 1994), (Keitel, U., et al., 1993). The leguminous plant lectins are soluble, 

secreted proteins and, like most plant lectins are highly expressed in specialized tissues (often 

most abundantly in storage tissues such as bulbs), whereas the animal L-type lectins are low 

abundance, membrane-bound luminal proteins found in many different cell types. The work 

of Dodd and Drickamer (2001) suggests that the different L-type lectins retain similar 

mechanisms of sugar binding and that the L type CRD fold is ancient, as a related 
homologous ancestor exists in S. cerevisiae. However, Loris (2002) states that the 

positioning of the CRDs on the ß-sandwich structure is different in plant and animal lectins 

and that no similarity in CRD architecture exists. It therefore seems uncertain exactly how 

the legume lectin-like ß-sandwich fold evolved. What is evident is that despite a similar 

structural fold, these lectins carry out diverse functions across different kingdoms. 
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1.3 The Plant Lectins 

5 

An understanding of the structural and evolutionary inter-relatedness of plant lectins has been 

greatly aided by the development of recombinant DNA technologies, enabling cloning of a 

large number of plant lectin genes across a wide range of plant species. Subsequently it has 

been possible to divide the heterogenous plant lectins into the seven groups described above, 

the four main groups: Legume lectins, chitin-binding lectins, Type 2 RIPs and monocot 

mannose-binding lectins and the further 3 small families: the jacalin-related lectins, 

Cucurbitaceae phloem lectins and the amaranthin group. 

The legume lectins are a large family of proteins from the plant family Leguminoseae and to 

date over 70 lectins have been identified from a range of species within this group. As with 

most lectins, legume lectins accumulate predominantly in storage tissues, most of the lectins 

isolated have been taken from mature seeds, where lectins have been shown to account for up 

to 10% of total soluble protein. A wide range of carbohydrate-binding specificities occur 

across the legume lectins, the most common group being the mannose/glucose-binding 
lectins which includes Canavalia ensiformis lectin (Con A) and Pisum sativum lectin and the 

galactose/N-acetylgalactosamine specific lectins from peanut (Arachis hypogaea) and pagoda 

tree (Sophora japonica). Some legume lectins do not show any carbohydrate-binding 

specificity to simple monosaccharides, such as kidney bean lectin (Phaseolus vulgaris), 

which interacts solely with oligosaccharides. Legume lectins, like other lectin groups are 

synthesized as preprolectins from which initially the signal peptide is cleaved followed by 

the removal of a C-terminal peptide. Following this initial modification some legume lectins 

undergo a further excision of an internal peptide sequence. Lectins that undergo internal 

peptide cleavage have been termed `two-chain' legume lectins; those which do not are 

termed ̀ one-chain' legume lectins. The site of the internal cleavage of the two-chain legume 

lectins vary according to species, in some instances similar sized polypeptides are produced 
such as the mannose-binding bark lectin from S. japonica or different sized as seen in the P. 

sativum , lectin. An exception to the above post-translational processing has been 
demonstrated for Con A. Mature Con A is formed from an initial glycosylated precursor, 
which is first deglycosylated and then cleaved into smaller peptides which are reannealed to 
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give an intact subunit in which amino acids 1-118 and 119-237 were reversed in the final 

lectin form (Bowles, D. J., et al., 1986). 

The chitin-binding lectins possess one or more hevein domains. The hevein domain is a small 

chitin-binding protein from the rubber tree (Hevea brasiliensis) and is 43 amino acids in 

length. Full-length hevein is a larger precursor of 144 amino acids but only the 43 amino acid 

domain is present in chitin-binding lectins. This active chitin-binding domain is present in the 

chitin-binding lectins from many taxonomically unrelated plant families such as Gramineae, 

Solanaceae and Euphorbiaceae. Most chitin-binding lectins are in the hololectin form, 

although monovalent merolectins also exist as do the Class I chitinases, a group of 

chimerolectins containing a chitin-binding domain attached to a catalytic domain with 

chitinase activity. The chitin-binding lectins from the Gramineae have been most widely 

studied and lectins have been isolated from a number of cereal species, in particular Triticum 

aestivum, Secale cereale, Hordeum vulgare and Oryza sativa (Peumans, W. J., Stinissen, H. 

M., 1983). All these lectins are 18 kDa dimeric, unglycosylated proteins; typically of the 

chitin-binding lectins they are rich in glycine and cysteine residues. The lectin from rice (0. 

sativa) differs in that it is composed of and 8 kDa and a 10 kDa polypeptide, products of 

proteolytic cleavage of the 18 kDa precursor. Tetraploid and hexaploid cereal species contain 
two or three highly homologous isolectin genes respectively, whereas diploid species contain 
just a single lectin gene. Like the legume lectins, gramineae lectins are synthesised on the ER 

and are translated as precursors that undergo C-terminal cleavage of a glycosylated peptide to 
form mature polypeptides. Wheat germ agglutinin (WGA) has been crystallized and it has 

been shown that each of the four hevein domains is stabilized by the presence of a disulphide 

bridge. 

Type 2 RIPs are a well understood group of chimerolectins. Type 2 RIPs are typically made 

up of one, two or four identical units, each unit containing two structurally distinct 

polypeptide subunits called the A and, B chains. Similarly to the class I chitinases, the A 

chain of the type 2 RIPs has an enzymatic function, in this case it is a highly specific rRNA 
N-glycosidase activity, which is responsible for the inactivation of eukaryotic ribosomes. The 

B chain possesses a carbohydrate-binding activity comparable to a lectin. The carbohydrate- 
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binding specificity of Type 2 RIPs is mostly for galactose or N-acetylgalactosamine, 

although other specificities exist in some species. The first sequence data obtained for Type 2 

RIPs was taken from Abrus precatorius seeds (arbrin) (Wood, K. A., et al., 1991), Ricinus 

communis seeds (ricin) (Lamb, F. I., et al., 1985), Sambucus nigra bark (SNA-I and SNA-V) 

(Van Damme, E. J., et al., 1996b), (Van Damme, E. J., et al., 1996a) and Sambucus 

sieboldiana bark (SSA) (Kaku, H., et al., 1996). A high degree of sequence similarity was 

observed between these genes, suggesting that these lectins form part of a superfamily of 

structurally-related proteins across taxonomically unrelated families. The A and B chains of 

Type 2 RIPs are always synthesized as larger precursors joined by a linker region linking the 

C-terminal of the first domain to the N-terminal of the second domain. Once the linker region 

is excised the two domains remain linked by a disulphide bridge. The three-dimensional 

structure of the most well studied of the Type 2 RIPs, ricin, has been resolved by X-ray 

crystallography and has shown that both the A and B chains are globular structures, the A 

chain having extensive secondary structure and the B chain having two globular domains, 

each of which is able to bind lactose in a shallow cleft. Both of these B chain domains are 

similar and are thought to have arisen through gene duplication (Rutenber, E., Robertus, J. 

D., 1991). Like the chitin-binding lectin WGA, the stability of ricin has been shown to be 

dependent on disulphide bridges. 

The first plant lectin to be identified as a mannose-binding lectin was isolated from snowdrop 

(Galanthus nivalis) (Van Damme, E. J., et al., 1987). Subsequently mannose-specific lectins 

have been found in the Amaryllidaceae, Alliaceae, Araceae, Orchidaceae and Liliaceae. As 

all of these families represent monocotyledenous plants the group of lectins was termed the 

`monocot mannose-binding lectins'. Like the other groups of lectins the corresponding gene 

sequences reveal a superfamily of evolutionarily related proteins with significant sequence 

homology. Despite the sequence similarity and the fact that the core polypeptide unit of the 

monocot mannose-binding lectins is always approximately 12 kDa, important differences in 

post-translational modification and processing occur between specific lectins. Most 

commonly monocot mannose-binding lectins are homomeric proteins of two or four identical 

subunits, synthesized as distinct polypeptides. Like most plant lectins from all families, these 

polypeptides are synthesized as lectin precursors that undergo signal peptide cleavage and 
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removal of a C-terminal peptide sequence (which in the case of the monocot mannose- 

binding lectins is usually non-glycosylated, in contrast to the Type 2 RIPs). In contrast to all 

of the other groups of plant lectins described so far the monocot mannose-binding lectins are 

encoded by closely related gene families rather than by single genes, as seen in the case of 

Galanthus and the lectins from garlic bulbs (Van Damme, E. J., et al., 1991b), (Van Damme, 

E. J., et a1., 1992). The structure of Galanthus nivalis agglutinin (GNA) has been resolved by 

X-ray crystallography and showed a ß-barrel of three antiparallel four-stranded ß-sheets 

joined by loops. Each monomeric unit contains three identical binding sites with 4 conserved 

amino acid residues. The structure of other monocot mannose-binding lectins is postulated to 

resemble that of GNA given the high degree of sequence similarity between the different 

lectins. Using GNA as a three-dimensional template for modelling other monocot mannose- 

binding lectins it has been shown that the structural resemblance is strong. One significant 

difference between the monocot mannose-binding lectins is their valency, GNA contains 

three binding sites per monomer making a total of twelve in the fully formed tetramer, bulb 

lectins from garlic (Allium sativum) are dimeric and therefore only possess six binding sites 

per lectin polypeptide, this could explain their reduced affinity towards mannose compared to 

GNA. 

1.4 The Mannose-Binding Lectins from Allium Sativum Bulbs 

Mannose-binding lectins are present in the leaves, roots and bulbs of garlic. Four garlic 
lectins have been isolated, two from bulbs (ASAI and ASAII), one from leaves (ASAL) and 

one from roots (ASAR). Initially polypeptides of 11500 Da and 12500 Da were isolated from 

garlic bulbs by mannose affinity chromatography and shown to form dimers by gel-filtration 

chromatography (Van Damme, E. J., et al., 1991a). It was later discovered two bulb lectin 

isoforms existed in garlic bulbs (Van Damme, E. J., et al., 1992), the genes were identified 

from screening of a cDNA library using amino acid sequences obtained from protein 
sequencing (Van Damme, E. J., et al., 1991a). The two different lectins became known as 
ASAI, the heterodimeric lectin from garlic bulb lectin and ASAII, the homodimeric lectin. 

The genes were identified from a garlic bulb cDNA library using degenerate primers based 

upon amino acid sequence data gained from the work of Kaku et al. (Kaku, H., et al., 1992). 
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The molecular structures of the garlic lectins differ from those of the Amaryllidaceae family, 

which includes GNA. Whereas Amaryllidaceae lectins are composed of identical 12.5kDa 

subunits, usually in tetrameric form, garlic lectins exist in two forms: as heterodimers of an 

11.5kDa subunit and a 12.5kDa subunit (ASAI), and as homodimers of a 12kDa subunit 

(ASAII). These two lectin isoforms have been shown to be encoded by two different genes 

(Van Damme, E. J., et al., 1992). ASAI is translated from an mRNA of approximately 1400 

nucleotides, containing a 940bp open reading frame (ORF) encoding 306 amino acids, the 

first twenty-eight of which represent signal peptide, and are cleaved after translation. The 

calculated molecular mass of this 306 amino acid polypeptide is 33020 Da. As well as two 

polypeptide subunits of 11500 Da and 12500 Da which form the mature lectin subunits, 
ASAI also contains a linker region between the two subunits which contains an N- 

glycosylation site. Gel-filtration of native ASAI from garlic bulb extract showed a single 

protein elute at approximately 25000 Da, implying that the two subunits run as a dimer. The 

predicted size of the 306 amino acid polypeptide and the sizes of ASAI subunits observed by 

SDS-PAGE and the results of gel filtration all differ significantly suggesting that a number of 

processing steps of the initial lectin precursor are taking place. N-terminal sequencing has 

shown that ASAI loses a 28 amino acid signal peptide and that the first, 11.5 kDa subunit of 
ASAI begins at residue 37 (RNLL... ) and the second, 12.5kDa begins at residue 184 

(RNIL... ). This indicated that both sunbunits were produced from a single precursor (Van 

Damme, E. J., et al., 1992). ASAII is translated from an mRNA of approximately 800 

nucleotides, encoding a polypeptide of 154 amino acids. The coding region of ASAII is 

almost identical to that of the 12.5kDa subunit of ASAI. The processing of the ASAII 

homodimer is thought to be similar to that of the Amaryllidaceae lectins (Van Damme, E. J., 

et al., 1992). There is some level of diversity between lectin coding sequences from different 

garlic bulbs although overall similarity is over 95%, which is greater than that of the 
Amaryllidaceae lectins. 

The structure of garlic lectins and other mannose-specific lectins has been elucidated and the 

structural stability of ASAI has also been studied in detail. The subunits possess a unique 
interrelated pseudo-3-fold-symmetry having three 4-stranded antiparallel sheets orientated as 
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3 sides of a trigonal prism forming a 12-stranded barrel. The core of this barrel is lined with 

hydrophobic residues, which stabilize the fold. Dimerization of ASAI occurs by strand 

exchange between three strands of the first subunit and one of the second. The unfolding of 

ASAI has been shown to be a two-phase, reversible process implicating quaternary 

interactions as important in conformational stability (Bachhawat, K., et al., 2001). 

The sugar specificity of garlic bulb lectins has been studied and compared to other mannose- 

binding lectins, ASA binds single mannose residues weakly. Invertase has been demonstrated 

to be the strongest glycoprotein ligand. The reasons for this are thought to be the large 

number of al-2-linked mannose residues present in invertase. The presence of al-2-linked 

mannose residues at the non-reducing ends of high mannose oligosaccharides has been 

shown to increase ASA binding (Dam, T. K., et al., 1998). GNA recognizes only terminal 

a1-3-linked mannose residues. This suggests that the mannose binding affinity of ASA to the 

insect gut will differ from that of GNA according to the structure of the mannose 

oligosaccharides present there. 

1.5 The Physiological Role of Plant Lectins 

Lectins are found predominantly as storage proteins in planta. Commonly plant lectins are 

found in abundance in seeds and bulbs, although they may also be found in the leaves of some 

plants. The role of lectins within the plant remains unclear. The specific carbohydrate binding 

of lectins has been used to suggest that some lectins may play an important role in specific 

recognition processes in planta, although very few receptors with specific carbohydrate 

moieties to enable lectin binding have been identified in plants. This raised the possibility that 

perhaps the specific receptors for lectin binding were to be found outside of the plant itself. 

This idea, combined with the knowledge that lectins are found predominantly in metabolically 

inactive storage tissues led to the suggestion that the primary role of lectins may lay in passive 

plant defence. 

The interactions of lectins with foreign organisms have been studied in detail. Perhaps the 
best understood example being that of the type 2 RIP ricin. Ricin is acutely toxic to all 

eukaryotes including humans. Its mode of action has been determined and it illustrates clearly 
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how lectins can act as defence agents. Consisting of 2 domains, an A chain which contains a 

catalytic domain, which cleaves the N-glycosidic bond of an adenosine residue of rRNA. The 

B chain of ricin is the carbohydrate-binding domain, which binds to receptors on the cell 

surface. Ricin is however a chimerolectin, hololectins are far more commonly occurring in 

plants and do not contain catalytic domains. 

Although it is unlikely that all plant lectins play a role in plant defence, lectins that are present 

at high concentrations in the plant tissue have been shown to play a role in plant defence. The 

ability of lectins to bind glycoconjugates from other organisms provides a strong suggestion 

that lectins are involved in the plant's defence strategy. Lectins can bind simple sugars such 

as mannose, galactose or glucose, as well as simple disaccharides such as lactose and maltose; 
however many lectins have greater affinity to longer oligosaccharides that are rare in plants 
but more common in animals and fungi. One of the main groups of plant lectins are the chitin- 
binding lectins, chitin is absent from plants but is a major constituent the fungal cell wall as 

well as the cytoskeleton of insects. Another example is the sialic acid-binding lectin from 

Maackia amurensis (Knibbs, R., et al., 1991). Sialic acid is a nine-carbon monosaccharide 

that is a common component of animal and bacterial glycoproteins, which is absent from 

plants. Such observations along with the lack of lectin receptors identified in plants firmly 

suggest a defensive role for most lectins. Furthermore, lectins are extremely stable and 

resistant to proteolysis by both digestive enzymes and gut bacteria; subsequently lectins retain 
full activity in the gut of insects of higher animals. A number of plant lectins have been 

shown to have negative effects on insect survival'when administered through artificial diets 

and transgenic plants; for example GNA induced a 42% nymphal mortality on the peach 

potato aphid (Myzus persicae) at 1500 µg/ml in artificial diet (Sauvion, N., et al., 1996) and 

transgenic maize plants expressing GNA at over 0.22% total soluble protein showed enhanced 

resistance to corn leaf aphid (Rhopalosiphum maidis Fitch) under greenhouse conditions 

where nymph production was reduced by 46.9% compared to control plants (Wang, Z. Y., et 

al.; 2005). Sauvion et al. demonstrated that Con A produced a feeding deterrence at 400 

pg/ml when fed to pea aphid (Acyrthosiphon pisum) and that this deterrence was a result of 
intoxication and not a sensory mediated process (Sauvion, N., et al. ', 2004). The insecticidal 

effects of garlic leaf lectins have been described against the hemipteran species red cotton bug 
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(Dysdercus cingulatus) and mustard aphid (Lipaphis erysimi) in artificial diet bioassays 

(Bandyopadhyay, S., et al., 2001), in transgenic tobacco and transgenic rice plants where the 

surivival of rice brown plant hopper and green leaf hopper were reduced to 36% and 40.5% 

respectively compared to control plants (Dutta, I., et al., 2005, Saha, P., et al., 2006). 

1.6 Lectin Binding to Insect Gut Proteins 

The binding of plant lectins to carbohydrate residues in the insect gut has been well studied. 

The scope for lectin binding in the insect gut is vast; many membrane proteins including 

hormone receptors, transport proteins and brush-border enzymes are glycosylated in the 

brush-border membrane providing potential binding sites for lectins. Lectins have also been 

shown to bind bacterial endosymbionts in the insect gut (Banerjee, S. et al., 2004) (Foissac, 

X., et al., 2002). The effects of the mannose-binding family of lectins on insects have been 

investigated in the greatest depth. Mannose is a sugar found commonly in the midgut of 

insects but rarely in higher animals. GNA is the most studied mannose binding lectin, 

however, there is a large amount of similarity between mannose binding lectin DNA 

sequences, and GNA may not show the strongest affinity for binding to the midgut of most 

insects. 

The toxin from Bacillus thuringiensis (Bt) has been demonstrated to bind a mannose-rich 

glycoprotein enzyme, aminopeptidase, in the midgut membrane of several lepidopteran 

species including tobacco hornworm (Manduca sexta) (Knight, P. J., et al., 1995), tobacco 

budworm (Heliothis virescens) (Gill, S. S. et al., 1995), silkmoth (Bombyx mori) (Yaoi, K., et 

al. 1999). An aminopeptidase has recently been characterized in the pea aphid, A. pisum 

(Cristofoletti, P. T., et al., 2006); this protein represents over 15% of total midgut protein in 

the pea aphid and, like other aminopeptidase enzymes, is rich in mannose oligosaccharides. 

Such highly glycosylated proteins represent potential binding targets for mannose-binding 

lectins in the insect midgut. 

GNA has been shown to bind a 26kDa subunit of a ferritin-like glycoprotein in the midgut of 

the hemipteran pest rice brown planthopper Nilaparvata lugens (Du, J., et al., 2000). The 
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ability of lectins to be translocated across the midgut and into the insect haemolymph has 

been demonstrated. The L- isoform of the lectin from Phaseolus vulgaris (PHA-L), GNA and 

the lectin from Canavalia ensiformis (Con A) have all been detected in the haemolymph of 

tomato moth (Lacanobia oleracea) larvae (Fitches, E. C. et al., 2001), (Fitches, E. C. et al., 

2004). Despite these findings it has become clear from these findings that insect pests cannot 

be fully controlled by using lectins alone as lectins constitute a passive plant defence strategy 

rather than a high level of acute toxicity. Consequently a new strategy is required that can 

produce higher levels of oral toxicity, the ability of lectins to cross the insect gut lumen intact 

makes them a candidate `carrier' protein for use in coupling to molecules of high toxicity to 

insects such as toxins, venoms and hormones in a ̀ fusion-protein'. 

1.7 Fusion-Protein Technology 

The fusion protein approach takes advantage of lectins as carriers utilizing their ability to 

cross the insect gut into the haemolymph. Using recombinant DNA technology allows the 

fusion of potentially insecticidal proteins and peptides to lectin carriers. This approach relies 

on the lectin to deliver the insecticidal subunit of the fusion protein across the insect gut into 

the haemolymph in an active form. Using the recombinant protein approach it has become 

possible to produce and evaluate a wide range of potential proteins and peptides for their 

insecticidal properties. Typically fusion proteins are used to deliver toxic proteins or peptides 

which are ineffective when administered orally due to breakdown in the insect gut by 

digestive enzymes. Injection assays can be used to demonstrate potential toxicity of such 

toxins when delivered to the insect haemolymph. The production of a recombinant fusion 

protein containing a lectin carrier and insecticidal toxin provides a novel mode of action, 

allowing the toxin subunit to be active when orally administered. To date four fusion proteins 

have been produced, in each case the lectin carrier subunit was derived from GNA. The first 

fusion protein (FP1) incorporated an allatostatin from M. sexta (Manse-AS), a peptide 
hormone which is involved in the control of gut peristalsis and may inhibit the production of 
juvenile hormones. This fusion protein was produced in E., coli and when fed to tomato moth 
larvae (Lacanobia oleracea) a decrease in larval weight was observed corresponding to a 

significant reduction in artificial diet consumption compared to control, GNA and Manse-AS 
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fed insects and increased levels of allatostatin could be immunodetected in the haemolymph 

of FP1 fed insects compared to Manse-AS fed insects (Fitches, E., et al., 2002). The second 

fusion protein (FP2) was based around a neurotoxin venom peptide from the arthropod 

Segestriaflorentina (SF11). This fusion protein was produced successfully in the yeast Pichia 

pastoris. Artificial diet bioassays of the purified recombinant fusion protein demonstrated 

that neither GNA, nor SFI1 was toxic to L. oleracea, but FP2 fed at 2.5% of dietary protein 

resulted in 100% mortality of first stadium larvae after 6 days (Fitches, E., et al., 2004a). The 

ability of lectins to act as carriers to large toxic proteins would make many enzymes 

amenable as constituents of fusion proteins. The viability of such an enzyme in fusion 

proteins was investigated by the development of recombinant protein containing GNA with 

chitinase from L. oleracea (-. 65 kDa) linked at its N-terminus (FP3) (Fitches, E., et al., 
2004b). Chitin is an integral part of the peritrophic membrane (PM) found in the gut of most 
insect species and chitinase expression has been shown to be developmentally and 
hormonally regulated to coincide with moulting and metamorphosis in lepidopteran larvae. 

The delivery of exogenous chitinase into the insect may disrupt the endogenously controlled 
turnover of the insect's PM. Recombinant chitinase and FP3 were both produced in P. 

pastoris and in injection assays both were both highly toxic to L oleracea, producing 100% 

mortality in hours at concentrations as low as 4 pg/g insect tissue. Microscopic analysis 

showed that chitinase-fed insects had significantly narrower endo-cuticule and exo-cuticule 

chitin layers, an effect which was not observed in FP3 fed insects. In bioassays recombinant 

chitinase and FP3 had similar effects on insect weight gain and diet consumption, producing 
60% and 56% less weight gain respectively, compared to control insects. This corresponded 
to a diet consumption of 66% and 60% of that of control insects for recombinant chitinase 

and FP3 respectively. Western blotting analysis showed that no chitinase was present in the 
haemolymph of either recombinant chitinase or FP3 fed insects. GNA was present in the 
haemolymph of FP3 fed insects suggesting that proteolytic cleavage of the fusion protein had 

occurred in the gut of the insect. In this case no benefit was gained from fusing chitinase to a 
lectin carrier, demonstrating that transport of chitinase to the insect haemolymph is not 

necessary for an insecticidal function and that no novel activity is obtained from the fusion 

protein. The use of venom proteins as constituents of fusion proteins was investigated further 

using a gene encoding a toxin (RST) from the red scorpion (Mesobuthus tamulus). Upon 
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injection the GNA-RST fusion protein (FP4) reduced survival of L oleracea to 30% after 7 

days at doses in the order of 1-10 µg per insect, a dose of 20 µg per insect reduced survival to 

40% after 48 hours. At as much as 4.5& total dietary protein little acute toxicity was 

observed against third stadium L. oleracea larvae, survival was reduced to 75% after 12 days. 

Intact and cleaved FP4 was observed in the haemolymph of dissected insects, demonstrating 

that although some proteolytic cleavage had occurred, some intact fusion protein was present 

in the haemolymph. Little research has been carried out on potential alternative carriers to 

GNA, such as garlic lectins. Many factors may affect the success of lectins as carriers such as 

carbohydrate-binding specificity; a lectin may be chosen for specific insect species where 

certain oligosaccharides that predominate in glycoproteins exhibit the greatest binding 

affinity for the carrier. The success of a carrier may also be related to its valency, GNA forms 

tetrameric units, whereas garlic lectins form dimers, in the context of fusion proteins this may 

have implications on fusion protein stability and the ability of the fusion protein to bind to 

gut receptors and in turn cross into the haemolymph. 

1.8 Hemipteran Insect Gut Physiology 

1.8.1 The Insect Digestive Tract 

In insects excretion occurs via the Malphigian tubules and the hindgut. The Malphigian 

tubules are located at the midgut-hindgut junction and lie freely within the haemolymph of 

the main body cavity. The role of the Malphigian tubules in insects is analogous to that of the 

nephron in vertebrates. In insects however, primary urine is formed by the active transport of 

KCl or NaCl into the tubule lumen producing osmotic filtration rather than ultrafiltration as 

seen in the vertebrate nephron. This active transport process is essential to the insect as it has 

been demonstrated to facilitate the removal of toxic plant alkaloids and presumably other 
large plant secondary metabolites from the Malphigian tubules (Madrell, S. H. P., Gardiner, 
B. 0. C., 1976). However; in hemipteran insects the physiology of the gut differs from that of 

most other insects including the so-called `chewing' insects. The hemipteran gut contains a 

convoluted region called the filter chamber. In the filter chamber the gut is folded such that 

the initial midgut region lies against the terminal midgut region. This creates an osmotic 
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gradient across the epithelial cells of the initial and terminal midgut regions, allowing excess 

dietary fluid to pass to the terminal midgut and proximal Malphigian tubules bypassing the 

majority of the insect midgut. This highly differentiated section of digestive tract enables 

hemipteran pests to ingest large amounts of dietary fluid. 

1.8.2 The Hemipteran Digestive System 

Insects of the order Hemiptera possess characteristics that are thought to be adaptations 

acquired to enable feeding by phloem extraction. Unlike phytophagous insects hemipteran 

insects do not possess the crop region of the foregut. The crop is involved in storage of 

ingested food prior to digestion and is seen in all other insect orders. Hemipteran insects also 

lack many of the polymer and oligomer hydrolases that are commonly seen in other orders. 

Enzymes such as amylase, cellulase and hemicellulase involved in the hydrolysis of starch 

and cellulose polymers are essential to phytophagous insects but are not found in hemipteran 

insects. Similarly the peritrophic membrane is absent from hemipteran insects, the 

peritrophic membrane is an important physiological feature of all other insects that provides 

mechanical protection for midgut cells from large food particles. The peritrophic membrane 

is a chitinous protein-carbohydrate matrix which develops within the gut itself. It is supposed 

that the absence of the peritrophic membrane in hemipteran insects is associated with the 

absence of significant levels of midgut luminal digestion. Hemipteran insects possess a 

perimicrovillar membrane which maintains a constant distance from the microvillar 

membrane. The perimicrovillar membrane is bereft of intramembranous particles and allows 

potassium ions from the perimicrovillar space to be actively transported across the 

microvillar membrane into midgut cells producing a concentration gradient between the 

perimicrovillar space and the gut used for active absorption of organic compounds into the 

midgut cells. 

1.8.3 Proteolysis in Insects 

For the successful deployment of lectins targeted against hemipteran insect pests, knowledge 

of their specialist feeding behaviour is required. The feeding of phloem-extracting insects 

differs from both lepidopteran and coleopteran pests. In lepidopteran and coleopteran insects 

hydrolysis of dietary protein is essential for the procurement of sufficient nitrogen levels. The 
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importance of proteolytic enzymes to these orders of insect pests is reflected in the presence 

of plant proteinase inhibitors as a central part of the plant's defence against them. Hemipteran 

insects have been considered in the past to completely lack proteolytic activity in the midgut. 

Studies on the aphid midgut (Rahbe, Y., et al., 1995), and salivary exudates (Cherqui, A., 

Tjallingii, W. F., 2000) found no evidence of proteinase activity which is suggested to be a 

consequence of hemipteran insects' specialized feeding habits. By feeding on the xylem and 

phloem sap, hemipteran insects are believed to obtain nitrogen from reduced nitrogen 

compounds in the vascular tissues, chiefly in the form of glutamine and asparagine as well as 

other free amino acids. The requirement for proteinase activity was thought to be minimal. 

Some proteins, however have been found in the phloem sap, for example thioredoxin in the 

phloem of rice plants (Ishiwatari, Y., et al., 1995) and subsequently proteinase activity has 

been detected in the rice brown plant hopper, Nilaparvata lugens (BPH) (Foissac, X., et al., 
2002). However, BPH still obtains most of its nitrogen in the form of free amino acids. BPH 

also feeds on sucrose of up to 1M concentration in the phloem sap; this exerts osmotic 

pressure of up to three times that of the insect's body fluids. Consequently, maintenance of 

water balance in BPH is crucial for the insect to survive. 

In the pea aphid (Acyrthosiphon pisum) a similar situation is present. A. pisum is a phloem 
feeding insect which encounters high levels of sucrose (0.15-0.73 M) and some amino acids 
(15-65 mM) in the host plant phloem sap. High levels of digestive activity in the aphid gut 
have been traditionally been regarded as unnecessary despite the presence of some proteins in 

the phloem sap. The most important functions of the aphid midgut are the hydrolysis of 

sucrose and the putative absorption of free amino acids. The importance of sucrose hydrolysis 

is critical to the insect; sucrose is unable to be assimilated across the insect gut presenting 

osmotic and nutritional problems. The hydrolysis of sucrose is carried out by a single a- 

glucosidase enzyme termed ̀ sucrase' which is localized to the distal midgut (Price, D. R., et 
al., 2007). This enzyme converts sucrose to its constituents: glucose and fructose. 

1.8.4 Protein Absorption Across the Insect Gut 
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It has been known for some time that peptides and proteins are able to cross the insect gut 

into the haemolymph, but the mechanism by which this takes place has remained unclear. 

The transepithelial transport of several peptides and proteins have been demonstrated, for 

instance the small trypsin-modifying oostatic factor (TMOF) in Aedes aegypti (Borovsky, D., 

Mahmood, F., 1995) and the small venom protein from Androctonus australis (AaIT) being 

transported across the midgut of the flesh fly Sarcophaga falculata; transport of larger 

proteins has also been demonstrated, for example horseradish peroxidase (Fishman, L., 

Zlotkin, E., 1984) and green fluorescent protein (GFP) (Habibi, J., et al., 2002). Horseradish 

peroxidase has been demonstrated to cross the insect midgut along intercellular junctions 

(Modespacher, U. P., et al., 1986) and Habibi et al. (2002) demonstrated that GFP crosses the 

midgut through a paracellular route in the hemipteran insect Lygus hesperus. Transport of 

proteins across the insect gut through septate junctions has also been suggested as a 

mechanism for transepithelial movement, although the exact nature of the epithelium and its 

permeability has been shown to vary between insect species. Septate junctions resemble 

mammalian tight junctions and are responsible for controlling the permeability of this type of 

paracellular pathway. Septate junctions are leaky and studies have shown that molecules as 
large as 5 kDa are able to pass through them (Zhu, W., et al., 2001). The work of Casartelli et 

al. demonstrated that albumin was transported across the midgut of Bombyx mori intact 

(Casartelli, M., et al., 2005). In this study fluorescein isothiocyanate-labelled albumin (FITC- 

albumin) was detected in the columnar cells of the midgut and not the paracellular space, 
suggesting that paracellular transport was not occurring. In addition to this observation it was 
demonstrated that lumen-to-haemolymph flux was greater than in the reverse direction, 

which is unexpected for paracellular transport where the flux would be expected to be 

equivalent in both directions and suggests some form of active transport is occurring 

preferentially into the haemolymph from the gut lumen. 

Further evidence that transepithelial transport in the B. mori midgut is energy-dependent was 
demonstrated by inhibition of transport when the midgut was incubated at 4 °C. Subsequently 

Casartelli et al. suggest that transepithelial transport is carried out by a transcytosis-like 

mechanism. A paracellular transport pathway would also be expected to exhibit a linearly 
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proportional relationship to the concentration in the luminal space. This was not observed by 

the work of Casartelli et al. 

It seems likely that the transepithelial transport of proteins across the midgut is highly 

variable. There are vast differences in the structures of midgut lumens across different insect 

species, which almost certainly will facilitate different mechanisms of transport. Similarly, 

there is likely to be great variation in the movement of different types of proteins across the 

midgut, dependent on factors such as rates of degradation in the digestive system and the 

strength of interactions with the gut surface proteins or, in the case of plant lectins, 

glycoproteins. Jeffers et al. demonstrated that in the case of the tobacco budworm, Heliothis 

virescens, the uptake of anti-BSA into the haemolymph was approximately double that of 
BSA after 16 hours feeding (Jeffers, L. A., et al., 2005). This was despite the molar 

concentration of anti-BSA (150 kDa) being less than half that of BSA (66 kDa) in the diets 

tested. This shows clearly that accumulation of proteins in the haemolymph is not simply 
dependent upon molecular weight or concentration of protein. In addition it is pointed out 
that as BSA and anti-BSA are not components of budworm diet, the mechanism of transport 
is not receptor specific. 
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2 Materials and Methods 

2.1 Materials 
All chemicals and reagents were supplied by Sigma Chemical Company (St. Louis, USA) 

unless stated. Chemicals and reagents were of analytical grade, or best commercially 

available. A head of Allium sativum bulbs was purchased from a local shop. 

2.1.1 Commonly Used Media 

LB broth I% (w/v) NaCl, I% (w/v) tryptone, 0.5% (w/v) 

yeast extract prepared with distilled water. 

LB agar LB broth plus 2% (w! v) Bacto-agar (Difco, 

http: //www. bd. com/ds/). 
LSLB broth 0.5% (w/v) NaCl, 1% (w/v) tryptone, 0.5% (w/v) yeast 

extract prepared with distilled water. 
LSLB agar LSLB broth plus 2% (w/v) Bacto-agar. 

SOC medium 2% (w/v) tryptone, 0.5% (w/v) yeast extract, 0.05% (w/v) 

NaCI, 2.5 mM KCI, 10 mM MgC12,20 mM glucose 

prepared with distilled water pH 7.0. 

2.1.1.1 Yeast Culture Media 

YPG media 1% (w/v) yeast extract, 2% (w/v) tryptone, 4% (v/v) 

glycerol prepared with distilled water. 
YPG agar YPG media plus 2% (w/v) Bacto-agar. 

2.1.2 Commonly Used Buffers 

2.1.2.1 DNA Electrophoresis 

TAE (50x) 2M Tris/Acetic Acid pH 7.7,50 mM EDTA 
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DNA gel loading buffer 10 mM Tris/HCl pH 8.0,10 mM EDTA, 30% (w/v) 

glycerol, 0.1% (v/v) Fast Orange G, prepared with distilled 

water. 

2.1.2.2 SDS-PAGE Buffers, Solutions and Size Markers 

2x SDS sample buffer 0.2 M Tris/HCl (pH 6.8), 20% (v/v) glycerol, 2% (w/v) 

SDS, 0.002% (w/v) bromophenol blue. 

5x SDS sample buffer 0.5 M Tris/HC1 (pH 6.8), 50% (v/v) glycerol, 5% (w/v) 

SDS, 0.005% (w/v) bromophenol blue. 

Acrylamide 30 g acrylamide, 0.8 g bisacrylamide/100ml. 

Resolving buffer 3.0 M Tris/HCl pH 8.8. 

Stacking buffer 0.5 M Tris/HCl pH 6.8. 

Reservoir buffer (10x) 0.25 M Tris/HCl pH 8.3,1.92 M glycine, 1% (w/v) SDS. 

Stain 40% (v/v) MeOH, 7% (v/v) glacial acetic acid, 0.05% (w/v) 

Kenacid blue. 

Destain 40% (v/v) MeOH, 7% (v/v) glacial acetic acid. 

Silver staining reagents: 
Fixative 40% (v/v) EtOH, 10% (v/v) glacial acetic acid, 50% 

distilled water. 
Wash solution 30% EtOH, 70% distilled water. 

Thiosulphate reagent 0.02% (w/v) sodium thiosulphate in distilled water. 
Silver nitrate reagent 0.2% (w/v) silver nitrate, 0.02% (v/v) formaldehyde (37% 

solution) in distilled water. 

Developer 3% (w/v) sodium carbonate, 0.05% (v/v) formaldehyde 

(37% solution), 0.0005% (w/v) sodium thiosulphate in 

distilled water. 
Stop reagent 0.5% (w/v) glycine in distilled water. 
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Protein Deglycosylation Buffer: 

5x Assay buffer 250 mM NaHPO4, pH 7.5. 

Denaturation buffer 2% (w/v) SDS, 1M ßMercaptoethanol. 

Protein Size Markers: 

SDS 7 (Sigma) 66 kDa Bovine albumin 
45 kDa Egg albumin 
36 kDa Glyceraldehyde-3-phosphate 

29 kDa Carbonic anhydrase bovine erythrocytes 
24 kDa PMSF-treated trypsinogen 
20 kDa Soybean trypsin inhibitor 

14 kDa a-lactalbumin 

Mark 12 (Invitrogen) 200 kDa Myosin 

116.3 kDa (3-galactosidase 

97.4 kDa Phosphorylase B 

66 kDa Bovine albumin 
55.4 kDa Glutamic dehydrogenase 

36.5 kDa Lactate dehydrogenase 

31.0 kDa Carbonic anhydrase 
21.5 kDa Trypsin inhibitor 

14.4 kDa Lysozyme 

6.0 kDa Aprotinin 

3.5 kDa Insulin B chain 
2.5 kDa Insulin A chain 

2.1.2.3 Western Blotting 

Towbin's buffer 25 mM Tris 

20% (v/v) MeOH 

192 mM glycine 
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Ponceau S stain 0.1 % Ponceau S 

5% Acetic Acid 

2.1.2.4 Immunoblotting 

Blocking solution 5% Non-fat milk powder, 1x PBS, 1% Tween-20. 

Anti-Sera solution 5% Non-fat milk powder, 1x PBS, 0.1 % Tween-20. 

BSA blocking solution: 5% BSA, 1x PBS, 1% Tween-20. 

PBS (10x) 0.015 M KHZPO4,0.08 M Na2HPO4,1.37 M NaCl. 
PBS-T 1x PBS, 0.1% Tween-20. 

2.1.2.5 ELISA Buffers 

All buffers made up to 1L in dH2O. 

COATING BUFFER: 

0.1 M bicarbonate buffer pH 9.6 

Na2CO3 4.24 g/l 
Nall CO3 5.04 g/1 

WASH BUFFER: 

10mM phosphate 

NaCl 

Na2HPO4.2H20 

NaHPO4.2H20 

Tween-20 

buffer pH 7.5 

8.766 g/1 
0.415 g/1 
0.148 g/] 
1mi 

BLOCKING BUFFER: 

Wash buffer + 2% Milk Powder 

24 
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OPD SUBSTRATE BUFFERS: 

A. 0.1 M citric acid 21.014 g/l 

B. 0.2 M Na2HPO4.2H20 35.598 g/l 

OPD SUBSTATE SOLUTION: 

12.15 ml A+ 12.85 ml B. 

Add 25 mg OPD (0-phenylenediamine; Sigma), pH to 5.0 

Then add 20 µl 30% H202 

STOP BUFFER: 

0.5 M H2SO4 

1.33 ml conc. H2SO4 per 50 ml dH2O 

2.2 Standard Molecular Biological Techniques 

All standard techniques carries out are common practice in the Durham University 

School of Biological and Biomedical Sciences and were based upon protocols from 

Molecular Cloning: A Laboratory Manual (Sambrook, J., Russell, D. W., 2001). 

Commercial kits were used according to the manufacturer's instructions unless otherwise 

stated. 

2.2.1 Oligonucleotide Synthesis 

Oligonucleotide primers were synthesized by either Sigma or TAGN 

(http: //www. tagn. co. uk/). 

2.2.2 Genomic DNA Extraction 

Genomic DNA was extracted from Allium sativum bulbs using a Genelute Plant Genomic 

DNA extraction kit. Genomic DNA quality. was assessed by 0.8% agarose gel 

electrophoresis. 
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2.2.3 Agarose Gel Electrophoresis 

Separation of DNA by electrophoresis in agarose gel is described in Molecular Cloning 

(Sambrook, J., Russell, D. W., 2001). DNA was electrophoresed in gels containing 

agarose, typically 1% (w/v) in TAE buffer containing 0.5 pg/ml EtBr to allow 

visualization under UV light. DNA samples were made up to contain 1x DNA gel 

loading buffer before loading. Gels were run at 50 - 100 V in TAE buffer containing 0.5 

pg/ml EtBr. Eco471-digested ! DNA was used as a molecular size marker. Gels were 

photographed under UV light on a Gene Flash (Syngene www. syngene. com) Bio Imager. 

2.2.4 Purification of DNA from Agarose Gel 

DNA was purified from agarose gel using a Perfectprep Gel Cleanup kit (Eppendorf 

www. eppendorf. com) according to the manufacturer's instructions. A further dry spin 

was included to aid removal of residual ethanol where fragments were to be used in 

downstream subcloning procedures. 

2.2.5 Bacterial Culture 

For routine small-scale molecular biological operations liquid bacterial cultures were 

grown in 10 ml Luria-Bertani (LB) using single colonies picked from LB agar plates. 

Liquid cultures were grown at 37 °C overnight (16 hours) on a rotary shaker (approx. 200 

rpm). Where appropriate, antibiotics for selection were added to culture media. In the 

case of bacteriological agar, antibiotics were added when the melted agar was at an 

approximate temperature of 50 °C. Where Zeocin was used as an antibiotic (Invitrogen 

www. invitro eg n com) LB media was replaced by LSLB. 

2.2.6 Competent Cells 

Competent cells of Escherichia coli used for plasmid transformation were chemically 

competent (Invitrogen) TOP10 cells. 

2.2.7 Transformation of E. coli 

Transformation of DNA into E. coli was performed following standard procedures 
(Sambrook, J., Russell, D. W., 2001). For chemically competent cells, a tube containing 
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50 µ1 of cells was removed from -80 °C storage and thawed on ice. 2 µ1 of DNA was 

added to the cells and gently mixed. After incubation on ice for 5-30 minutes cells were 

heat-shocked for 30 seconds at 42 °C. After heat shock, 250 pi of SOC medium was 

added and the tubes were incubated at 37 °C for 1 hour. The resulting suspension was 

plated out on LB-agar containing appropriate selection on two plates (50 pl and 250 µl 

respectively). When plating out plasmids containing the ßgalactosidase gene, 40 µl of X- 

Gal was spread on the agar plate and allowed to dry prior to inoculation with bacterial 

suspension to allow for blue-white screening. Plates were incubated at 37 °C for 16 

hours. 

2.2.8 Isolation of Plasmid DNA 

Plasmid isolation was carried out based upon the alkaline lysis procedure. The Wizard 

Plus SV Miniprep DNA Purification System (Promega www. prome ag com) was used for 

DNA minipreps according to supplied protocol. 

2.2.9 Restriction Endonuclease Digestion of DNA 

Restriction enzyme digestion was carried out using commercially available restriction 

endonuclease enzymes from a number of suppliers (Promega, New England Biolabs 

www. neb. com, Roche www. roche-implied-science. com, Fermentas 

www. fermentas. com). Typically, analytical digests were carried out in a total volume of 

20 µl containing 5 pi of plasmid DNA. Digests for subcloning applications were typically 

carried out in a 50µl volume containing 25 µl plasmid DNA. Digestion reactions were 

incubated for 1-3 hours at 37 °C. Where total digestion of DNA was required, 1 µl 

aliquots of the reaction mixture were taken every hour until complete digestion could be 

visualised after agarose gel electrophoresis. 

2.2.10 Ethanol Precipitation of DNA 

0.1 volumes of 3M NaAc and 1 µl glycogen were added to solutions containing DNA. 2 

volumes of ice-cold EtOH were added and the resulting mixture was vortexed 

thoroughly. Samples were incubated overnight at -20 °C and then centrifuged at 12000 

rpm for 30 minutes at 4 °C. The supernatant was removed and 200 pl of 70% EtOH 
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added to the sample followed by centrifugation as previously described for 5 minutes. 

The supernatant was removed and the pellet briefly placed in a dessicator to dry. The 

pellet was then resuspended in distilled water. 

2.2.11 DNA Ligation 

DNA fragments were ligated in a 10 µl reaction volume containing commercially 

available T4 DNA ligase and appropriate buffer (Promega). Digested and purified vector 

and insert DNA were added in approximate 1: 3 and 1: 1 ratios and the reaction made up to 

10 µl with distilled water. Ligation reactions were incubated at 16 °C overnight prior to 

transformation into E. coli. 

2.2.12 DNA Amplification using Polymerase Chain Reaction (PCR) 

PCR was performed using standard conditions. Reactions (typically 50 µl) contained 

reaction buffer containing 1.5 mM MgC12,0.2 M each of dATP, dCTP, dGTP and dTTP, 

1 µl each of 5' and 3' oligonucleotide primer, DNA template (50-100 ng) and 1 unit of 

Expand High Fidelity Polymerase (Roche, www. roche. com) or Phusion polymerase 

(www. finnzymes. fi) for cloning of expression constructs or Taq polymerase (for PCR- 

screening and colony PCR). Typically, for amplification involving plasmid templates, the 

PCR reaction consisted of an initial denaturation step of 10 minutes at 94 °C, 25 cycles of 

denaturation at 94 °C for 30 seconds, annealing at 50-60 °C for 45 seconds, extension at 

72 °C for 45-60 seconds and a final extension step of 7 minutes at 72 °C. Reactions were 

carried out in an Applied Biosystems GeneAmp PCR ' system 2400 

(www. appliedbiosystems. com), or a Thermo Hybaid PCR Sprint Temperature Cycling 

System (www. thermohybaid. com). 

2.2.13 Ligation of PCR Products into Cloning Vector 

For storage and manipulation of PCR products, DNA from correctly sized bands was 

extracted from agarose gel after analysis and ligated into TOPO TA cloning vector 

(Invitrogen, www. invitro eg n. com) transformed into E. coli TOPIO cells according to the 

manufacturer's instructions. 
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2.2.14 Colony PCR 

Colony PCR was used as a method for rapid screening of recombinant plasmids. Ten to 

twenty colony transformants from recombinant E. coli or P. pastoris were picked and 

resuspended in 10 µl distilled water, this was then used in standard PCR reaction as 

previously described. 

2.2.15 DNA Sequencing 

DNA sequencing was carried out by the DNA Sequencing Laboratory, Durham 

University, using an Applied Biosystems 377 DNA Sequencer XL using standard double- 

stranded DNA templates and dye-dideoxy termination. Sequence data was obtained using 

standard vector primers or custom designed sequencing primers created for verification 

of correct sequences in expression constructs. 

2.2.16 Glycerol Stocks 

Single colonies of recombinant E. coli or P. pastoris containing DNA plasmids were 
inoculated into LB broth or YPG respectively containing appropriate antibiotic selection 

and grown overnight at 37 °C for E. coli or 30 °C for P. pastoris. 500 pl of liquid culture 

was added to 1.5 ml of sterile 60% glycerol (v/v) in 2 ml glass vials (BDH, 

www. bdh. com), vortexed and, stored at -80°C. 

2.3 Standard Biochemical Techniques 

2.3.1 SDS-PAGE 

Protein samples were analysed by sodium dodecyl sulphate polyacrylamide gel 

electrophoresis (SDS-PAGE), using 12.5%, 15% or 17.5% resolving gel (12.5%, 15% or 
17.5% (w/v) Protogel (37.5: 1 acrylamide: bisacrylamide) (National Diagnostics, 

www. nationaldiagnostics. com), 0.375 M Tris/HCl (pH 8.8), 0.1% (w/v) SDS, 0.075% 

(w/v) ammonium " persulphate, ' 0.05% (v/v) TEMED (N, N, N', N'- 

tetramethylethylenediamine) and 2.5% stacking gel (2.5% Protogel, 0.125 M Tris/HCl 
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(pH 6.8), 0.1% (w/v) SDS, 0.1% (w/v) ammonium pershulphate and 0.075% (v/v) 

TEMED according to Läemmli (Läemmli, U. K., 1970). Minigels (8 x 10cm) were 

prepared and run in 1x reservoir buffer at 70 V through the stacking gel and 120 V 

through the resolving gel using an ATTO AE-6450 gel tank apparatus (Genetic Research 

Instrumentation Ltd. http: //www. gri. co. uk/). Protein samples were prepared by adding 

SDS sample buffer to a1x concentration (from a2x or 5x stock solution depending on 

the volume of protein solution in the sample), treated with 10% ß-mercaptoethanol and 

heated in boiling water for 5 minutes before loading onto gel. A molecular weight marker 

was used to calibrate gels (either SDS-7 or Mark 12, Invitrogen). Proteins were visualised 

on gel using either Kenacid blue stain solution or silver staining. 

2.3.2 Silver Staining 

Silver staining of SDS-PAGE gels was carried out to a protocol modified from the 

standard protocol described by Blum (Blum, H. et al., 1987). The gel underwent 1 hour 

incubation in 50 ml fixative, two 20 minute washes in 50 ml wash solution followed by a 

single 20 minute wash in 50 ml distilled water. This was followed by 1 minute incubation 

in 50 ml sensitizer reagent followed by three 20 second washes in 50 ml distilled water, 

20 minute incubation in 50 ml silver nitrate solution and three 20 second washes in 50 ml 

distilled water. The gel was then incubated in 50 ml developer solution until proteins 

were resolved sufficiently and background had not begun to appear on the gel, the gel 

was then washed in approximately 200 ml distilled water before being incubated in 50 ml 

stop reagent for 5 minutes. 

2.3.3 SYPRO Ruby Staining 

SYPRO Ruby staining was carried out on SDS-PAGE gels following the basic protocol 

outlined in the manufacturer's instructions (Invitrogen www. invitro en. com). Briefly, a 

fixing step was carried for 30 minutes in 100 ml fixing solution (50% MeOH, 7% acetic 

acid). This step was then repeated before an overnight incubation in 60 ml SYPRO Ruby 

staining solution. The gel was then washed for 30 minutes in wash solution (10%. 

methanol, 7% acetic acid), followed by 2x5 minute washes in dH2O. The gel was then 

ready to be imaged using a Typhoon Imager (Amersham biosciences). 
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2.3.4 Immunoblotting 

Proteins were transferred from polyacrylamide gel to nitrocellulose membrane (Protran 

BA85, Whatman Ltd. www. whatman. com) by semi-dry blotting. Six sheets of 3MM 

paper (Whatman Ltd. www. whatman. com) and a piece of nitrocellulose membrane were 

cut to the same size as the gel and soaked for 10 minutes in Towbins buffer. The blotting 

sandwich was then prepared in an ATTO blotting apparatus (Genetic Research 

Instrumentation Ltd. http: //www. gri. co. uk/) as follows: ANODE; three sheets of 3MM 

paper; nitrocellulose membrane; gel; three sheets of 3MM paper; CATHODE. 

Electroblotting was carried out at 150-200 mA for 1 hour. For visualization of protein 

standard marker transfer prior to immunodetection, the nitrocellulose membrane was 

soaked in Ponceau S stain for 5 minutes and rinsed thoroughly in water. 

For immunodetection, the nitrocellulose membrane was blocked for either 1 hour at room 

temperature or at 4 °C overnight in blocking buffer. Following 3x5 minute washes in 

antisera buffer, primary antibody was diluted 1: 3000 (anti-myc, anti-ASA), or 1: 10000 

(anti-avidin) in 10 ml anti-sera buffer and the membrane incubated overnight at 4 °C. The 

membrane was then again washed in anti-sera buffer for 3x5 minutes at room 

temperature. Goat anti-rabbit (for anti-avidin and anti-ASA), or goat anti-mouse (anti- 

myc) IgG horseradish peroxidase conjugate (Biorad, www. biorad. com) was used as a 

secondary antibody in 10 ml blocking buffer at a 1: 5000 dilution and incubated with the 

membrane at room temperature for 3 hours. This was followed by 1x5 wash in anti-sera 
buffer then 1x 15 minute and 2x5 minute washes in PBS-T and several rinses in 

distilled water. 

Enhanced chemoluminescence (ECL) reagents (GE healthcare, www. gehealthcare. com) 

were used for detection according to the manufacturer's instructions and proteins were 

visualized by exposure to X-ray film (Fuji SuperRX, Fuji Photo. Film Ltd, 

www. fujifilm. co. uk). Autoradiographs were either developed using an automatic 
developer (Xograph Imaging Systems Compact X4, www. xograph. com) or manually. 
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2.3.5 Protein Concentration Determination 

The protein content of solutions was determined using the BCA Protein Assay Kit 

(Pierce, www. piercenet. com) according to the manufacturer's instructions for the 

microplate protocol. 

2.3.6 Deglycosylation of Protein Samples 

50 µl deglycosylation reactions were carried out as follows. 50-100 µg of protein was 

added to 35 pl distilled water. 10 µl of 5x assay buffer and 2.5 µl denaturation buffer 

were added and boiled for 5 minutes. Once cooled 2.5 µl Triton X-100 was added and 

mixed. 2 µl of N-glycosidase F from Chryseobacterium meningosepticum (Calbiochem, 

www. emdbiosciences. com) was added and the reaction was incubated overnight at 4 °C. 

2.3.7 Dialysis of Protein Samples 

Pooled fractions from chromatographic peaks were dialysed against two changes of 50 

mM ammonium hydrogen carbonate overnight at 4 °C. Dialysis tubing was prepared by 

10 minutes boiling in a solution of 2% (w/v) sodium bicarbonate and 1 mM EDTA (pH 
8.0). 

2.3.8 Lyophilization of Protein Samples 

Following dialysis protein solutions were snap-frozen in liquid nitrogen and placed on a 
vacuum freeze-dryer overnight until lyophilization occurred. 

2.4 Production of Recombinant Proteins in P. pastoris 

2.4.1 Transformation of P. pastoris 

Transformation of P. pastoris X33 and SMD1168 strains was carried out by isolating 

recombinant pGAPzaA plasmid DNA from 60 ml of overnight bacterial culture. Plasmid 

DNA was eluted into 200 µl distilled water and 190 µl was digested with Blnl restriction 
enzyme (Roche, www. roche. com). The digested DNA was ethanol precipitated overnight 
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and resuspended in 11 µl distilled water. A1 pl aliquot was taken and run on agarose gel 

alongside the remaining 1 pl of undigested plasmid DNA with 5 µl Eco471/A, DNA 

marker to ensure the DNA had digested correctly. The remaining 10 µ1 of Blnl digested 

plasmid DNA was used in the transformation. Transformation of both X33 and 

SMD1168 were carried out using an Easycomp Pichia pastoris Kit (Invitrogen, 

www. invitro eg n. com). The protocol used differed slightly from that of the 

manufacturer's instructions in that 10 pl of DNA was used where the manufacturer 

recommended 5 µl. Subsequently, all volumes in the manufacturer's instructions were 

doubled apart from the final resuspension of cells, which was made in 150 µl. Putatively 

transformed cells were plated out on YPD agar containing 100 pg/ml Zeocin and 

incubated for 3-5 days at 30 °C. Colonies were then transferred to fresh selection media 

and screened for recombination plasmid by colony PCR. 

2.4.2 Expression Screening of Transformed P. pastoris Colonies 

To determine which transformant colonies were expressing recombinant lectins in the 

greatest abundance, 10 ml YPD 100 pg/m1 Zeocin cultures of all positive colonies were 

grown for three days. To precipitate proteins 0.6% (w/v) ammonium sulphate was added 

to each culture and incubated overnight at 4 °C on a roller shaker. The cultures were then 

spun for 15 minutes at 20000 g. The pellet was resuspended in 100-300 pl and a 20 µl 

aliquot was analysed by western blotting. 

2.4.3 Overexpression of Recombinant Proteins in P. pastoris 

For overexpression of ASAI and ASAII in P. pastoris cells were grown in a 5-litre 

benchtop fermenter (New Brunswick Scientific, http: //www. nbsc. com/). Initially, three 

100 ml starter cultures were inoculated in YPG media containing 100 pg/ml Zeocin. 

Starter cultures were incubated at-30 °C for 3 days with shaking at 200 rpm. Starter 

cultures were then, used to inoculate 3.75 litres of Basal Salt Medium (Higgins, D. R., 

Creggs, J. M., 1998)., Fermentation was carried out at 30 °C with a constant dissolved 

oxygen level of 30% at pH 5.0. When cell density became such that 30% dissolved 
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oxygen could not be sustained by agitation alone, a constant feed of 50% glycerol (v/v 

with distilled water) was initiated (-1 ml/minute). When the glycerol feed was exhausted 

the run was continued until the dissolved oxygen level began to rise, indicating growth 
had stopped and the run was terminated. 

2.4.4 Recovery of Protein extract from P. pastoris 

Total secreted protein was recovered from P. pastoris cell suspension by 30 minutes 

centrifugation at 4 °C at a relative centrifugal force of 9000 g. Recombinant protein was 

collected in the supernatant due to the a-factor secretory sequence of pGAPzaA. For the 

purposes of later purification, approximate salt concentration of the supernatant was 

estimated to be 0.3 M. 

2.5 Purification of Recombinant Garlic Lectins from P. pastoris 
Culture Supernatant 

2.5.1 Purification of Recombinant Lectins by Hydrophobic-Interaction 

Chromatography 

Crude culture supernatant was taken and NaC1 added to a final concentration of 2M and 
filtered through a 0.7 µm filter (GF-F, Whatman, www. whatman. com) to prepare the 

sample for loading. A phenyl-sepharose matrix (Amersham Biosciences, 

www. amersham. com) column was prepared and equilibrated with 2M NaCl. The sample 
loaded at 4 °C and eluted across a2M to 0M NaCI gradient at a flow rate of 2 ml/min 

collecting 5 ml fractions. Typically the gradient was carried out over 120 nil with a major 

peak eluting at the 0M NaC1 stage. 

2.5.2 Purification of 

Chromatography 

Recombinant Lectins by Anion-Exchange 

For purification of recombinant lectins by anion-exchange chromatography crude culture 
supernatant was made, up into a final concentration of 20 mM diaminopropane (DAP), pH 
9.0, and filtered through a 0.7 gm filter. A Q-sepharose matrix column (Amersham) was 
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prepared and equilibrated with 20 mM DAP containing 0M NaCl. The protein sample 

was then loaded at 4 °C and eluted across a0M to 0.5 M NaCI gradient at a flow rate of 

2 ml/min collecting 5 ml fractions. Typically the gradient was carried out across 120 ml 

with a major peak eluting at 0.2 M to 0.3 M NaCl. 

2.5.3 Purification of Recombinant Lectins by Cation-Exchange 

Chromatography 

For purification by cation-exchange chromatography the NaCl present in crude culture 

supernatant was diluted out after it was observed that without such a reduction in NaCI 

concentration in the load sample, binding to the matrix was not occurring. Subsequently a 

10-fold dilution of crude culture supernatant into 50 mM sodium acetate (NaAc), pH 4.0, 

was carried out. An S-Sepharose matrix (Amersham) column was prepared and 

equilibrated with 50 mM NaAc, pH 4.0. The protein sample was loaded at 4 °C and 

eluted over a gradient of 0M to 0.5 M NaCI at a flow rate of 5 ml/min collecting 12.5 ml 
fractions. Typically the gradient was carried out over 300 ml with a major peak eluting at 

around 0.2 M NaCI. 

2.5.4 Purification of Recombinant Lectins by Metal-Affinity 

Chromatography 

Recombinant lectins were purified using nickel-affinity chromatography on a1 ml 
HiTrap Ni2+ affinity column (Amersham). Crude culture supernatant was made up to a 
final concentration of 50 mM sodium phosphate (NaP), pH 7.0, and passed through a 0.7 

µm filter. The column was equilibrated in 50 mM sodium phosphate and the protein 
sample loaded. After loading the column was washed with 50 mM NaP containing 20 

mM imidazole to remove non-specifically bound protein. Bound protein was eluted in 50 

mM NaP containing 200 mM imidazole. The elution fraction was immediately diluted 

and dialysed to prevent precipitation. For purification of proteins that precipitated at pH 
7.0, a loading buffer of 100 mM NaAc, pH 4.0 was used (washing and elution buffers 

also contained 100 mM NaAc and imidazole concentrations as given above). The flow 
rate used was 1 ml/min for all affinity purifications as recommended in the 

manufacturer's instructions. 
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2.6 IHaemagglutination Assays of Recombinant Proteins 

Activity of recombinant lectins was measured by haemagglutination assay. Rabbit blood 

supplied in heparin was diluted 25-fold with ice cold PBS (pH 7.4) and spun for 1 minute 

at 300 g to wash the erythrocytes. The pellet was then resuspended in lml ice-cold PBS 

at an approximate final concentration of 4% erythrocytes. Assays were carried out in 

round-bottomed or v-shaped 96-well microtitre plates, where each test well received 50 

pl PBS. 100µl of 0. lmg/ml GNA stock was serially diluted as a positive control. 50 µl of 

PBS was added to negative control wells. Recombinant lectin samples were made up to 

2.5 mg/ml and serially diluted as for positive controls. Agglutination assays were carried 

out for 3 hours at room temperature or overnight at 4 °C. Agglutination activity was 

visualized as a cross-linking of erythrocytes within the well, where agglutination had not 

occurred erythrocytes formed a pellet. 

2.7 Insect Culture 

2.7.1 N. lugens stock culture 

A longstanding laboratory culture of rice brown plant hopper (Nilaparvata lugens) were 

reared on 20-day rice plants (var. TN1) subject to a constant temperature of 28 °C, 90% 

relative humidity and 16-hour light, and 8-hour dark regimen. 

2.7.2 N. lugens artificial diet 

N. lugens artificial diet MMD-1 was formulated according to Mitsuhashi, 1974. This 

formulation has been demonstrated to be the most appropriate for use in N. lugens 

artificial diet feeding trials (Powell, K. S., 1993). The formulation of this diet is shown in 

Error! Reference source not found.. The amino acids cysteine and tyrosine required 
dissolving in a minimal volume of 1M HCl and riboflavin was heated gently in dH2O 

prior to addition to the diet mixture. Diet was filter-sterilized using a 0.2 tM pore filter 

and subsequent manipulations were carried in a sterile laminar flow hood. 
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2.7.3 N. lugens Artificial Diet Bioassay 

Third instar insects were taken from rice plants by tapping the stem and collected in petri 

dishes. Insects were transferred into feeding chambers using a fine paintbrush; ten insects 

were placed in each feeding chamber and two replicates were set up for each treatment. 

Diet sachets were prepared by stretching a layer of Parafilm M to approximately four 

times its starting size and placing it over a small petri dish (diameter 30 mm), 200 µl of 

artificial diet was dispensed onto the parafilm and a second layer of similarly stretched 

parafilm was placed over the diet, creating a sachet. Feeding chambers were placed in a 

growth room optimized for N. lugens survival (see section 2.7.1). Artificial diet was 

replaced every other day to prevent bacterial contamination. Numbers of surviving 

nymphs were recorded at the same time every day. 
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Ingredient mg/L Ingredient mg/L 

K2HPO4 7500 Threonine 1400 

MgSO4.7H20 1230 Tryptophan 800 

Sucrose 50000 Tyrosine* 400 

Alanine 1000 Valine $00 

Arginine"HCI 2700 Thiamine"HC1 25 

Asparagine 5500 Riboflavin" 5 

Aspartic Acid 1400 Nicotinic Acid 100 

Cysteine* 400 Pyroxidine"HC1 25 

Glutamic Acid 1400 Folic Acid 5 

Glutamine 1500 Calcium pantothenate 50 

Glycine 800 Myo-inositol 500 

Histidine 800 Choline chloride 500 

Isoleucine 800 Biotin 1 

Leucine 800 Sodium ascorbate 1000 

Lysine"HC1 1200 FeC13.6H20 22.28 

Methionine 800 CuC12.4H20 2.68 

Phenylalanine 400 MnC12.6H20 7.93 

Proline 800 ZnC12 11.88 
Serine 800 CaC12.2H20 31.15 

Table 2.1 Composition of N. lugens artificial diet MMD-1. Cysteine and tyrosine were 

dissolved in a small volume of 1M HCl prior to addition to the diet mixture. Riboflavin 

was dissolved by gentle heating in dH2O. 
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Diet 

Parafilm feeding sachet 

Feeding insects 

Petri dish 

Moist filter paper 

Figure 2.1 Feeding chamber used for N. lugens artificial diet bioassays. Humidity is 

maintained by moist filter paper in the chamber. 200 µl of artificial diet was added to 

each chamber. 

2.7.4 A. pisum stock culture 
The pea aphid Acyrthosiphon pisum clone LLO1 was acquired from Prof. Angela Douglas 

(University of York) and maintained on pre-flowering Viciafaba cv. The Sutton at 16 °C 

with a 16 hour light, 8 hour dark regimen. 

2.7.5 A. pisum artificial diet 

Standard aphid diet was prepared (Prosser, W. A. and Douglas, A. E. 1992) using the 

stock solutions described below: 

The following stocks were prepared in advance and stored at -20 °C: 

Mineral Stock (in 10 ml distilled water): 

Compound Milligrams in 10 ml 

FeC13.6H20 11 

CuC12.4H2O 2 
4 



Chapter 2 Materials and Methods 40 

MnC12.6H20 

ZnSO4 17 

Aliquot into 0.1 ml lots and store. 

Table 2.2 Stock solutions for the formulation of minerals for inclusion in standard aphid 

diet. 

Vitamin Stock (Dissolve in 5 ml distilled water): 

Compound Milligrams in 5 ml 
Biotin 0.1 

D-Pantothenic Acid 5 

Folic Acid 2 

Nicotinic Acid 10 

Pyroxidine 2.5 

Thiamine 2.5 

Choline 50 

Myo-inositol 50 

Aliquot into 0.5 ml lots and store. 

Table 2.3 Stock solutions for the formulation vitamins for inclusion in standard aphid 
diet. 

Amino Acid Stock (Dissolve in 50 ml distilled water): 
Amino Acid Milligrams to give 150 mM Milligrams to give 2x 150 

final concentration mM final concentration 

Alanine 50.8 101.6 

Arginine"HC1 300.2 600.4 

Asparagine"H20 

Aspartic Acid 

Cysteine"HC1 

213.9 

189.7 

42.5 

427.8 

379.4 

85.0 



Chapter 2 Materials and Methods 41 

Glutamic Acid 123.6 247.2 

Glutamine 241.1 482.2 

Glycine 9.0 18.0 

Histidine"HC1"H20 182.4 364.8 

Isoleucine 114.1 228.2 

Leucine 114.1 228.2 

Lysine"HC1 158.9 317.8 

Methionine 42.5 85.0 

Phenylalanine 47.1 94.2 

Proline 65.6 131.2 

Serine 59.9 119.8 

Threonine 103.6 207.2 

Tryptophan 58.2 116.4 

Tyrosine 10.9 21.8 

Valine 101.9 203.8 

Aliquot into 5 ml lots and store. 

Table 2.4 Stock solutions for the formulation of amino acids for inclusion in standard 

aphid diet. 

For 1x standard aphid diet 0.1 ml of mineral stock solution, 0.5 ml of vitamin stock 

solution and 5 ml of amino acid stock solution were mixed and 1.7 g of sucrose (500mM 

final concentration), 10 mg ascorbic acid, ling' citric acid and 20 mg MgSO4.7H20 

added. 150 mg of K2P04.3H20 was dissolved 1 ml dH2O and added to the diet mixture. 

pH was checked and verified to be 7.0-7.5 and then the diet mixture was made up to a 

total volume of 10 ml and filter-sterilized through a 0.2 µm filter. For diet containing 

antibiotic, 5 ml of diet was taken and 50 . tl of a5 mg/ml rifampicin stock solution was 

added prior to filter-sterilization. For 2x standard aphid diet amino acid stocks. were 

made at 2x concentration. All other stöck solutions and diet components were added in 

twice the amount for 1x diet and the volume was adjusted to 10 ml accordingly. 
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2.7.6 A. pisum Artificial Diet Bioassay 

Viviparous adult apterae were removed from pre-flowering V. faba using a fine paint 

brush and placed on a single cut leaf in a Blackman box for symbiotic trials or onto 

artificial diet containing rifiampicin for aposymbiotic trials; after one day adult apterae 

were removed and day 0 nymphs were collected for inclusion in artificial diet feeding 

trials. Feeding chambers were set up similarly to those used for N. lugens trials but plastic 

rings of approximately 30 mm diameter and 20 mm depth, termed `diet rings' were used 

in place of petri dishes and the diet sachet contained 100 gl of artificial diet. 

2.7.7 Insect Dissection and Haemolymph Extraction 

Aphid guts were dissected from adult insects in ice-cold 0.9% saline solution using fine 

forceps under a binocular microscope (Nikon, www. nikon. com). Haemolymph was 

extracted, typically from day 4-5 aphids, in mineral oil (Sigma) using pulled 

microcapillary tubes by removal of a single leg and collection of haemolymph from the 

wound site. Haemolymph was ejected from the microcapillary tubes using a P200 

pipetteman (Gilson, www. gilson. com) with a cut pipette tip allowing the microcapillary 
tube to be inserted. 

2.8 Aphid Gut Pull-Down Assays 

2.8.1 Preparation of ASAII-Magnetic Beads 

Amine-derivatized Magnabind magnetic beads (Pierce, www. piercenet. com) were cross- 
linked to purified ASAII produced in P. pastoris strain X33 using a 
Bis[sulfosuccinimidyl] suberate (BS3) cross-linker (Pierce). 0.5 ml of magnetic beads 

were washed 3 times in 0.5 ml PBS and the supernatant removed. After washing, 0.5 ml 

of an 8 mg/ml ASAII PBS solution was added to the beads. To cross-link 0.25 ml of a5 

mM BS3 PBS solution was added to make a final BS3 concentration of 1 mM. The 

reaction was incubated for 30 minutes at room temperature before 50 µl of 1M Tris-HC1 
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(pH 7.5) stop solution was added. The beads were then washed 3 times with 0.5 ml PBS 

and stored at 4 °C. The amount of protein cross-linked to the beads was calculated from 

an initial spectrophotometric value at 280 nm and a value for the supernatant after the 

reaction had been stopped prior to the final wash steps. It was shown that 89% of the 

purified protein had been cross-linked to the beads, meaning the bead solution contained 

7.2 mg/ml ASAII. 

2.8.2 Pull-Down Assay Sample Preparation 

A. pisum guts were dissected in 0.9% saline and stored in a microcentrifuge tube on ice. 

The gut tissue was then spun down and the saline solution removed. The pellet was then 

resuspended in 200 µl of ice-cold 50 mM HEPES buffer (pH 7.0) and homogenized with 

a mini-pestle. The homogenate was then spun down at 4 °C and 12000 g for 10 minutes. 
The supernatant was then removed and represented the soluble protein fraction of the A. 

pisum gut. The pellet was then washed once with 50mM HEPES and spun down as 
described. The pellet was then resuspended in 50mM HEPES + 0.1% Triton X-100 and 
homogenized. The homogenate was then incubated at 4 °C for 15 minutes with shaking. 
Finally the homogenate was spun down as described and the supernatant was removed 

and taken as the insoluble protein fraction of the A. pisum gut. All samples were stored at 

-20 °C until required. 

2.8.3 Pull-Down Assays 

The sample to be analysed was thawed and resuspended in 0.5, ml ice-cold PBS for 

soluble fractions or 0.5 ml ice-cold PBS containing 0.1% Triton X-100 for insoluble 

fractions and added to 50 µl of the magnetic bead solution described in section 2.7.1. 

This mixture was placed at 4 °C on a roller shaker overnight. Prior to analysis by SDS- 

PAGE the beads were collected by a magnetic stand and the initial supernatant removed 

and kept as the `unbound' protein sample. 0.5 ml ice-cold PBS was then added and the 
beads incubated at 4 °C for 5 minutes before being collected and the supernatant 

removed, this process was repeated three times and the supernatants were taken as `wash' 

fractions. After removal of the final wash fraction the beads were resuspended in 1x 
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SDS-sample buffer and labeled the `elution' fraction. Aliquots (typically 20 µl) of the 

starting sample preparation, the unbound fraction, wash fractions and beads only were 

prepared for SDS-PAGE analysis alongside the elution fraction. Prior to loading on gel 

the elution fraction was spun down briefly in a bench-top centrifuge after boiling to 

prevent magnetic beads being loaded onto the gel. 

2.9 MALDI-TOF Analysis 

2.9.1 Analysis of Recombinant Lectins by MALDI-TOF 

MALDI-TOF analysis was carried out on lyophilized ASAI and ASAII samples 

expressed in the X33 strain of P. pastoris. The procedure carried out for each was 

essentially as described (Cohen, S. L., Chait, B. T., 1997). Briefly, lyophilised samples 

were resuspended in matrix solution ((x-cyano-4-hydroxy-cinnamic acid in 50% 

acetonitrile/0.05% trifluoracetic acid (TFA)) and allowed to crystalise. I µl of the 

solution was deposited onto the MALDI probe and left to air dry. MALDI-TOF was then 

performed using a Voyager-DETM STR BioSpectrometryTM Workstation (Applied 

Biosystems, Warrington, UK). Peptide mass data was obtained and these masses were 

compared to the predicted amino acid sequences of ASAI and ASAII using the FindPept 

programme at www. expasy. org. 

2.9.2 Peptide Mass Fingerprint (PMF) Analysis of ASAII Binding Proteins 

Protein bands were extracted from an SDS-PAGE gel using a clean scalpel blade and 
removed to a well of a 96-well microtitre plate (Genomic Solutions, 

www. genomicsolutions. com). The microtitre plate was transferred to a ProGest 
Workstation (Genomic Solutions) and the sample was digested with trypsin using the 
ProGest long trypsin digestion protocol. Briefly, gel slices were equilibrated in 50 µl of 
50 mM ammonium bicarbonate and subsequently reductively alkylated with 10 mm DTT 

and 100 mM iodoacetamide, followed by destaining and desiccation with acetonitrile. 
Then the gel slices were rehydrated with 50 mM ammonium bicarbonate containing 6.6% 
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(w/v) trypsin (Promega) and digested overnight. Peptides were extracted using 50% (v/v) 

acetonitrile, 0.1% (v/v) TFA into a final volume of 50 µ1 (2 x 25 µl extractions). The 

resulting extracts are lyophilised and then resuspended in 10 µl of 0.1% formic acid. The 

sample is applied to the MALDI probe using the `thin film' method. 2 µ1 of matrix 

solution (a-cyano-4-hydroxy-cinnamic acid in nitrocellulose/acetone), 1 µ1 of sample is 

then added to this matrix solution film and allowed to air dry. The samples are washed in 

situ with 0.1% TFA and then left to dry again. MALDI-TOF PMF was then performed 

using a Voyager-DETM STR BioSpectrometryTM Workstation (Applied Biosystems, 

Warrington, UK). De-isotoped & calibrated spectra were then used to generate peak lists, 

which were searched using MASCOT (www. matrixscience. com) mass spectrometry 
database search software and the NCBI non-redundant protein database. 
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In 
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Chapter 3 

Production of Functional Recombinant ASAI & ASAII in 
Pichia pastoris 

3.3 Introduction 

The plant lectins are a heterogenous group of proteins. Attempts to understand the nature 

of these proteins has led to the expression of different lectins as recombinant proteins, a 

process which has met with varying degrees of success; the lectin and expression hosts 

chosen have led to differing levels of protein expression and recovery. In some cases 

recombinant lectins have activities comparable to biochemically isolated native proteins, 

whereas in others the recombinant protein has significantly lower activity, or is inactive 

or insoluble. Initially, bacterial expression systems were used routinely for recombinant 

protein expression, and expression of some lectins as recombinant proteins led to soluble 

proteins with comparable biological activity to native lectins. More recently eukaryotic 

yeast systems have been utilized to overcome instances where bacterial systems have 

failed to produce fully functional recombinant proteins. Eukaryotic expression systems, 

such as Pichia pastoris, are able to carry out many of the post-translational processing 

events which are not possible using bacterial systems. 

Recombinant plant lectins have been expressed in bacterial systems since the mid-1980s 
(Stubbs, M. E., et al., 1986) when a cDNA encoding lectin from garden pea (Pisum 

sativum) was produced in Escherichia coli. The recombinant lectin expressed by Stubbs 

et al. was not functional, and was only present in insoluble fractions of E. coli cell lysate. 

In order to recover active lectin, a lengthy procedure involving denaturation with 

guanidine hydrochloride, and renaturation by removal of the denaturant was necessary. 
Not all the protein refolded correctly and remained soluble, and not all the soluble protein 

was functionally active, since an affinity chromatography step based on lectin binding 

activity was necessary to remove inactive lectin. Since then, a number of other plant and 
fungal lectins have been expressed in E. coli and demonstrated to have agglutination 

activity (Chao, Q., et al., 1994, Tateno, H., et at., 2004). However, the recovery of many 

of these recombinant lectins has again been complicated by similar problems of 
insolubility at high expression levels. Recovery of recombinant lectins from insoluble cell 
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lysate by denaturation-renaturation protocols has produced active proteins from a number 

of plant species, and in some cases this activity has been demonstrably similar to that of 

the native lectin; for example Pinellia ternata agglutinin in native and recombinant forms 

has similar agglutination activities (Lin, J., et al., 2003). Comparable agglutination 

activities were also observed between native and recombinant Galanthus nivalis 

agglutinin (GNA) (Longstaff, M., et al., 1998). Some studies have found that 

recombinant plant lectins expressed in E. coli demonstrate lower agglutination activities 

than their native equivalent, notably the recombinant lectin from Dolichos bif torus, which 

showed decreased carbohydrate binding activity when compared to the native lectin 

(Chao, Q., et al., 1994). The native lectin from D. biflorus is a glycoprotein, and the 

inability of E. coli to produce glycosylated proteins may contribute to the reduced activity 

of the recombinant lectin. Many plant lectins are glycoproteins with covalent N-linked 

carbohydrate groups attached to asparagine residues in the N-X-T/S peptide motif; N- 

glycosylation does not occur in plant lectins which lack this motif. The significance of 

glycosylation of plant lectins, which may affect the transport, stability and carbohydrate 
binding activity of these proteins, is not well understood, and may vary depending on the 

specific lectin and plant species being considered. 

Other post-translational modifications of plant lectins besides glycosylation are common, 

and usually take the form of proteolytic cleavage of parts of the polypeptide chain. The 

presence and nature of post-translational proteolysis varies from species to species; in 

some cases C-terminal extensions are removed, whereas in others linker regions between 

polypeptides of the mature protein are excised. The most complex example of proteolytic 

modification so far identified is shown by the lectin Concanavalin A (ConA) isolated 

from Canavalia ensiformis. Pro-ConA is synthesized as a glycosylated precursor, which 
is in turn deglycosylated, cleaved on the carboxy side of asparagine residues and finally 

reformed as two peptide fragments (1-118 and 119-237) which are reversed and a peptide 
bond formed de novo (Bowles, D. J.,, et al., 1986), (Sheldon, P. S., et al., 1996). Despite 

this complex processing, active ConA has been produced in E. coli in its pro-ConA form, 

suggesting that post-translational modification is not essential for activity (Min, W., et al., 
1992). Similarly, pea lectin expressed in E. coli did not require - the post-translational 

proteolysis observed in planta tobe active (Stubbs et al., 1986). 
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The methylotrophic yeast Pichia pastoris has been used successfully in the past to 

express plant lectins from Galanthus nivalis and Phaseolus vulgaris as soluble proteins 

(Raemaekers, R. J., et al., 1999), (Baumgartner, P., et al., 2002), (Baumgartner, P., et al., 

2003). The use of a eukaryotic expression system has overcome the problems of refolding 

and non-glycosylation of recombinant proteins expressed in bacterial systems. In order to 

aid downstream processing of recombinant proteins, an expression vector containing the 

secretory sequence from the Saccharomyces cerivisiae a-factor was used; constructs 

were assembled with the a-factor prepro-sequence fused in-frame to the N-terminal of 

the protein to be expressed, and the recombinant protein was subsequently secreted to the 

culture supernatant. The protein was soluble and fully functional. One potential drawback 

of the P. pastoris expression system that has been observed is endogenous protease 

activity in culture supernatant during the fermentation period, due to secreted aspartic 

proteases. Consequently, pepA genotype protease-deficient P. pastoris strains (such as 
SMD 1168) have been used as expression hosts, as an alternative to the wild-type strains 
(such as X-33). 

The cDNAs encoding ASAI and ASAII were first identified by van Damme et al. (van 

Damme, E. J. M., et al., 1992) from total mRNA of garlic bulbs. A number of cDNAs for 

ASAI and ASAII were identified and are found in the Genbank/EMBL Database 

(accession numbers M85174-M85177 and M85171-M85173 respectively). Native garlic 
bulb lectins have been purified using affinity chromatography on immobilized mannose, 
demonstrating the strongest affinity for a-(1,3)-linked mannosyl units. The relative 

activities of native ASAI and ASAII in agglutination of rabbit erythrocytes have shown 

that ASAI has a 10-fold greater agglutination activity than ASAII (van Damme, E. J. M., 

et al., 1998). In contrast with the other lectins present in garlic, the garlic leaf lectin and 

the garlic root lectin, bulb lectins are highly abundant and developmentally regulated (van 

Damure, E. J. M., et al., 1992) which suggests a role as storage proteins. Slight 

insecticidal effects have been observed using an ASAUASAII mixture against N. lugens 

and M. persicae (Powell, K. S., et al., 1995), (Sauvion, N., et al., 1996). 

In this chapter cloning and expression of recombinant garlic bulb lectins ASAI and 
ASAII in P. pastoris is demonstrated and details of purification given. Recombinant 

lectins were expressed in wild-type and protease-deficient strains and analysis of the 
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overexpression products carried out by MALDI-TOF. The recombinant lectins produced 

were tested for in vitro biological activity and correct post-translational modifications. 
Consideration is given to the effects of C-terminal processing of ASAI and ASAII. The 

exact nature of C-terminal processing in planta is unknown, but the importance of this 

modification on biological activity or oligomerization may be significant. 
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3.3.1 Isolation of Full Length ASAI and ASAII Sequences from Allium sativum 
Genomic DNA 

Analysis of the published sequences for garlic bulb lectins (Van Damme, E. J., et al., 
1992) and genomic DNA sequences for lectin genes from plants in general showed that 

none of the characterized lectin genes contained introns. This allowed amplification of 
full-length coding sequences for garlic lectins to be carried out using genomic DNA as a 

template. Genomic DNA was extracted from A. sativum bulbs using a commercial plant 
DNA extraction kit. The resulting DNA was assessed by agarose gel electrophoresis, 

which showed that the DNA was of high molecular weight, and did not contain fragments 

of < 10 kbp (fig. 3.1). 

The PCR primers used to amplify lectin coding sequences were based on the published 

sequence for the homodimeric lectin isoform ASAII 1 (accession number M85171): 

Forward: AsLecF - ATGACTACTCCATCTCCTAAAGTAATG and 

Reverse: AsLecR - TCAAGCAGCACCGGCCAGAGTGCCAA 

These primers amplify the complete coding sequence, including start and stop codons. 
The predicted amplification product is a fragment of 467bp. When the purified A. sativum 
DNA was amplified with these primers, two fragments were observed as amplification 

products after agarose gel electrophoresis, a major band of approximately 470bp and a 

minor band of approximately 940bp (fig. 3.2). 

The two fragments were purified by excision of bands from gel, isolation of DNA, and 
cloning in a specialised vector for PCR products (pCR2.1), using the TOPO TA cloning 
system. Clones resulting from this operation were characterised by DNA sequencing. The 

clone selected as representing the homodimeric garlic lectin, ASAII, was identical to the 

published sequence for isoform ASAII 3 (M85173.1) apart from four base differences 

which did not alter the encoded amino acids. The clone selected as representing the 
heterodimeric lectin, ASAI, was most similar to isoform 3 of ASAI (M85176.1), with 
approximately 93% similarity at the nucloeotide level. Nucleotide and derived amino acid 
sequences of the ASAI and ASAII clones used in this project are shown in figs. 3.3 and 
3.4. Lectins in garlic are encoded by a multigene family (van Damme et al., 1992), and 
multiple isoforms of the protein are predicted by the cDNA sequences present in the 
global database. In agreement with this observation, significant variability in the 



Chapter 3 Production of Functional Recombinant ASAI & ASAII in Pichia pastoris 53 

sequences of clones encoding ASAI- and ASAII-like proteins, derived from amplification 

of genomic DNA, was observed, including several pseudogenes (both ASAI- and ASAII- 

like) containing stop codons midway through otherwise "correct" ORFs. 

3.3.2 Preparation of Expression Constructs 

Using the characterised clones encoding ASAI and ASAII as templates, coding sequences 

corresponding to mature lectin polypeptides were amplified for expression constructs, for 

use with the yeast expression vector pGAPZaA. This shuttle vector contained the 

glyceraldehyde-3 -phosphate (GAP) promoter, the S. cerevisiae a-factor secretory 

sequence, cloning site, myc-epitope, polyhistidine tag and alcohol oxidase 1 (AOX1) 

transcription terminator, a selectable marker gene (zeocin resistance) which functions in 

both E. coli and yeast, and a bacterial replication origin to allow propagation in E. coll. 

The primers were designed to amplify coding sequences extending from the first amino 

acid of the predicted mature polypeptide (using protein sequence data and the predictions 

of signal peptides given by the SignalP software), to the amino acid residue immediately 

before the stop codon. All oligonucleotides used for subcloning are shown in Table 3.1. 

The expression construct for ASAI was prepared using a PCR product amplified using the 

following primers: 

Forward: ASAIpGAPzaA - CCGGAATTCAGGAACTTACTGACGAAC and 
Reverse: ASAI/IIpGAPzaA - GCGGCGGCCGCAGCAGCACCGGCCAGAGT. 

The primer sequences included a'5' EcoR I site and a 3' Not I restriction site to enable in- 

frame ligation into the pGAPzaA multiple cloning site. 

The amplified PCR products were purified by agarose gel electrophoresis, and excised as 
bands from gel. DNA was purified from the gel slices and cloned into the subcloning 

vector pCR2.1 using the TOPO TA cloning system. The sequence of a selected clone was 

checked to confirm that no PCR errors were present, and the coding sequence insert was 

excised by digestion with EcoR I and Not I, and purified by agarose gel electrophoresis. 
The coding sequence insert was ligated to pGAPZaA vector DNA which had been 

digested with the same restriction enzymes, and recombinant plasmids were isolated by 

transformation of E. coli and selection on zeocin-containing media. The expression 
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<atg...... c........... g .......................................................... 
1 actacttcatctcctaaactaatgagcatagccactgtagccgctattctaaccatactggcatccacatgcatggc 

MTTSSPKLMSIATVAAILTILASTCMA 

PV 

<------------------------------ Signal peptide -----------------------------> 

.................................... a........ a.. gg.... a... aa.... a. g........... g. 
78 caggaacttactgacgaacggtgaaggactctacgCtggCcaatccCtaaatgtggaaccctaccattttataatgcaag 

RNLLTNGEGLYAGQSLNVEPYHFIMQ 

DNK 

............................ t.................. t......... g. g... a......... g. gg... 
158 aagactgcaacctcgtgctgtacgaccacagcactgccgtctgggccacaaacactgacatccccggaaaaaaagaatgc 

EDCNLVLYDHSTAVWATNTDIPGKKEC 

SGVHG 

c. a.. t... a..... g ............................. a.... g. a.... g........... a.......... 
238 agggcggtgctgcagtctgatggcaactttgtggtctacgatgctgacggacgtcccctctgggccagtcacagtgtaag 

RAVLQSDGNFVVYDADGRPLWASHSVR 

MANHVN 

............................... c................................................ 
318 agggaatggaaactatgtcctggtgcttcaagaggacgggaacgttgtcatttacggatctgatatttggtctactggta 

GNGNYVLVLQEDGNVVIYGSDIWSTG 

Q 

..... a ...................... t......................... g................ g........ 
398 cctacgtaaaagctgcccgtggacctgtagttgtggctatgaatggtacggttgatggaggctccctgattcgacccgta 

TYVKAARGPVVVAMNGTVDGGSLIRPV 

IGG 

.c............. g................................ a................... t.. t........ 
478 atcgtgaacaagaatcatgtccctgtcatccgaaaggttggcactctgtccdggaacatactgaggaacgacgaaggact 

IVNKNHVPVIRKVGTLSRNILRNDEGL 

TDT 

................................................ g.................. c.... t....... 
558 gtacgcaggtcaatccctagatgtggaaccgtaccattttataatgcaagaagactgcaaccttgtgttgtacgaccaca 

YAGQSLDVEPYHFIMQEDCNLVLYDH 

................. a................................. g... a... t.................... 
638 gcactgccgtctgggcctcaaacactgacatccccggaaaaaaaggatgCaaggcggtgctgcagtctgatggcaacttt 

STAVWASNTDIPGKKGCKAVLQSDGNF 

T R 

................................................................................ 
718 gtggtctacgatgctgaggggcgttccctctgggccagtcacagtgtaagagggaatggaaactatgtcctggtgcttca 

VVYDAEGRSLWASHSVRGNGNYVLVLQ 

............. a................ c.. c........ t... a.................. t. g............ 
798 agaggacgggaacgttgtcatttacggatctgatatttggtcaactgatacctacagaaaaagtgctcgtggacctgtca 

EDGNVVIYGSDIWSTDTYRKSARGPV 
INVG 

878 tccgaaaggttggcactctggccggtgctgcttgagttttaagatgtgtgttccatgttttaagtttgaataatgaataa 
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IRKVGTLAGAA 

958 tgtgcgtgatggttatgcactgtacgtatgcagctgttatgctgtatgtatattaagtcaccgtttgctggt 

Figure 3.3 Sequence of 940bp PCR product clone (indicated by <..... > as limits) 

compared to cDNA encoding garlic lectin ASAI (isoform 3; M85176). Base differences 

are noted above the reference sequence. Changes in amino acid sequences resulting from 

base changes are shown below the reference amino acid sequence. 
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< ........................................................................... 
1 aaagaatgactactccatctcctaaagtaatgagcatagccactgtagccgctattctaaccatatgggCatccacatgc 

<M TTPSPKVMSIATVAAILTIWASTC 

<--------------------------- Signal peptide --------------------------- 

....................... t........... a............... c............................ 
81 atggccaggaacatactgatgaacgacgaaggactgtacgcaggccaatccttagatgtggaaccgtaccatcttataat 

MARNILMNEDGLYAGQSLDVEPYHLIM 

-----> 

................ c............................................................... 
161 gcaggaagactgcaacttcgtgctgtacgaccacagcactgccgtctggacctcaaacactgacatccccggaaaaaaag 

QEDCNLVLYDHSTAVWTSNTDIPGKK 

................................................................................ 
241 gatgcaaggcggtgctgcagtctgatggcaactttgtggtctacgatgccgagggacgttccctctgggccagtcacagt 

GCKAVLQSDGNFVVYDAEGRSLWASHS 

................................................................................ 
321 gtaagagggaatggaaactatgtcctggtgcttcaagaggacggtaacgttgtcatttacggatctgatatttggtctac 

VRGNGNYVLVLQEDGNVVIYGSDIWST 

401 taatacctacaaaggaagtgctcgtggacctgtcatccgaaaggttggcactctggccggtgctgcttgagttttaggat 

NTYKGSARGPVIRKVGTLAGAA *> 

481 gtgtgttccatgttttaagtttgaataatgaataatgaataatgtgcgtgatggtgatgcactgtacttatgtcaactgt 

561 tatgctgcattatatatattaagcacagtttgctggtta 

Figure 3.4 Sequence of 470bp PCR product clone (indicated by <..... > as limits) 

compared to cDNA encoding garlic lectin ASAII (isoform 3; M85173). Base differences 

are noted above the reference sequence. I 

.1 



h 

INI 

C`º 

b 
ö 

W d W 
+ p. + 

u 

ä 

cu 

Q 

b 

r4 
4. ) 

0 ul 

< 
"C 

2 
1. 
15 

0 u2 ;n E j° 

A vý M M+ 

z z 

F ý CF7 as Eý-" 
ý 

0 

CU-1 

Ü 

Cýa 

U 

H 

Ü 

Ü 

C) 

E-i 

C7 
Ü 

C7 

Ü 

U 

C) 

(7 
U 

Ü 

Ü 

C7 

E-4 

C7 

Ü 

U 

a N N N N N 

z 
GO2 92 

N 
QI 

ý 

M 

a 

t, 

a) 
U 

R7 

c) 

'U 
9 

"C 

G) 

Cr" 
O 

U 
4h 

Ct3 

ri2 
N 

y. + 

cri 
U 

U 

N 

C. " 

O 

U 

92.4 

U 
I 

O 
t". 
O 
bA 

rl 

.C 

H 

U 

CJ' 

a. + 
Cd 

a 

aý 

0 

a 
0 U 

U 
10 

bA 

3 



Chapter 3 Production of Functional Recombinant ASAI & ASAII in Pichia pastoris 58 

construct in a selected clone was re-checked by DNA sequencing to confirm correct 

assembly. The predicted protein product from the ASAI expression construct is 

shown in fig. 3.5. 

A similar strategy was used to assemble the expression construct for ASAII. Again, 

the oligonucleotide primerss for amplification of the ASAII mature peptide sequence 

were designed containing a 5' EcoRl and a 3' Notl restriction site. The 

oligonucleotide sequences were as follows: 

Forward: ASAIIpGAPzctA -5'- CCGGAATTCAGGAACATACTGATGAAT - 31 

and 

Reverse: ASAI/IIpGAPzaA - 5' - ACTCTGGCCGGTGCTGCTGCGGCCGCCGC - 

3' 

The predicted protein sequence from the ASAII expression construct is shown in fig. 

3.6. Amino acid sequence predictions of recombinant ASAI and ASAII are shown in 

fig 3.7. 

3.3.3 Transformation of Expression Constructs into Pichia pastoris 

The constructs described above were transformed into Pichia pastoris cells 

(SMD1168 and X-33 strains) by chemical transformation. Transformants were 

selected by plating on zeocin-containing medium (100 µg/ml Zeocin, YPGZ). 

Typically, between 10-20 zeocin-resistant colonies were present after 3 days of 

incubation at 30 °C from a transformation using 10 . tg linearised pGAPZa DNA. To 

screen for expression of recombinant protein, individual colonies were grown in 10 

ml of liquid media for a further 3 days. Culture supernatant was assayed by 

precipitation of total protein with ammonium sulphate, followed by analysis of the 

pellet by SDS-PAGE and western blotting, using anti-ASA or anti-myc antibodies. 

Typical blots from these screens for ASAI and ASAII are shown in figs 3.8 and 3.9. 

The colony with the highest expression level in this screen was chosen for use in 

fermentation. 
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o factor ASAI1 -11.5kDa ASAI2.12kDa mycepitope 
+ His tag 

Linker 

Heterodimer - 940bp, 306 amino acids 

Figure 3.5 ASAIpGAPzaA expression construct 

a- factor ASACI - 12kDa myc epitope 
+ His tag 

Homodimer - 470bp, 154 amino acids 

Figure 3.6 ASAIIpGAPzaA expression construct 
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ASAII 
Yeast a-mating factor preprosequence Sequence 
NRFPSIFTAVLFAASSALAAPVSTTTEDETAQIPAEAVICYSDLECDFDVAVLPFSNSTN from 

r--------------------------- expression 

NCLLFINTTIASIAA: CL"EGVSLEKREAEA, EF 
-------------------------- 

2 vector 

RNIL JD CGLYAGQSLDVEPYEILIMQEDCNLVLYDIISTAVirTS`TDIPGKKGCKAVLQSD 62 

ASAII Icctin 
GNFVVYDAECRSLWASIISVRGNGNYVLVLQZDGNVVIYCSDIWSTNTY)GSARGPVIRKV 122 

po! ypeptide 
T1 

GTLAGAA 129 

AAASFLEQKLISEEDLNSAVDHII. IEEIE1 156 Sequence 

from 
myc and (Fiis)6 tags 

expression 
vector 

ASAII mature polypept: de 

ASAI 

Yeast a-mating factor preprosequerce 
Sequence 

MRFPSIFTAVLFAASSALAAPVNTTTEDETAQIPAEAVIGYSDLECDFDVAVLPFSNSTN From 

, ---------------------------- expression 
NGLLFINTTIASIAAKEECVSLEKREAEA, EF 
--------------------------- 

2 vector 

RNLLTNCEGLYAGQSLDVEQYKFIMQEDCNLVLYDHSTAVelAS, NTCVTGKKGCRAVYQAD, 62 

CNFVVYDAtiGEPVWASNSVRGNGNYVLVLQQDGV'VVIYCSDIWSTCTYIKAARGPVVVJ 122 
ASAI lectin 

NCTVGCGSLIGPVTVNKNDVPVIRKVGTLTRNILRNDECLYACQSLDVEPYHFIMQEDCbl, 182 pro- 
+ 

po'ypept; dc 
LVLYDE3STAT4AT1NTDIPCKKCCRAVLQSDCNFVVYDAECRSLWASEISVRCriC\YVLVLQ' 242 

EDGNIVIYGSDIWSTNTYRICSVGGPVIRKVGTLAGAA 279 

AAASFLEQKLISEEDLNSAVCE1EiHEIBEI 306 Sequence 

from 
myc and (I I, s)6 tags expression 

vector 

"; ̀  ASAI mature potypeptdes 

Post-trans! ational proteolytic cleavage sites for ASAI and ASAII in plants (from Smeets at al., 1997) 

60 

Figure 3.7 Sequences of predicted protein products from expression constructs for 

ASAII and ASAI. Removal of the ot-mating factor prepro-sequence during expression 

and secretion is indicated by a dashed line; amino acid residue numbering refers to the 

predicted product secreted into the culture medium. 
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123456 

'-- -32 kDa 

-- 16 kDa 

Figure 3.8 Protein expression screen of ASAI in P. pastor's strain SMD 1168. 

Samples of culture supernatant from small-scale shake-flask cultures were taken after 

3 days growth, precipitated with ammonium sulphate, and samples of the resulting 

pellet were analysed by SDS-PAGE and Western blotting. An anti-myc epitope 

antibody was used for detection. 

3456 

Asia& " i., -.... . _. 1 6kDa 

Figure 3.9 Protein expression screen of ASAII in P. pastoris strain SMD 1168, carried 

out as described above. Detected using anti-myc epitope antibody. 
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3.3.4 Scale-up of Production of Recombinant Garlic Lectins in Pichia pastoris 

Clones of the expression constructs for ASAI and ASAII that had been selected as the 

highest expressers in small-scale cultures were selected for scale-up of production. 

The scale-up employed a laboratory fermentation system, using a 2.5 1 or 7.5 1 

fermentation vessel, with growth on minimal medium supplemented by a glycerol 

feed. A starter culture grown in YPGZ medium was used to initiate the fermentation. 

Fermentation typically lasted 4-5 days, until the culture exhausted its glycerol feed 

and oxygen consumption started to decline. The culture supernatant from 

fermentation was harvested and centrifuged to remove cell debris. Overall expression 

levels of ASAI and ASAII were similar, with 10-20 mg of purified recombinant 

protein recovered per litre of fermenter culture supernatant. Fermentation produced a 

significantly higher yield than was achievable in shake-flask cultures due to the far 

greater cell densities achieved and constant optimization of conditions. In YPG shake 
flask cultures containing 21 of medium in a51 baffled conical flask, typical yields 

were approximately 1 mg/1 after 5 days growth. 

3.3 Purification and Characterisation of Recombinant Garlic 

Lectins expressed in P. pastoris strain X-33 

P. pastoris culture supernatant is amenable to a range of protein purification 
techniques. In order to produce large yields of recombinant protein for insect feeding 

studies, an optimal purification strategy was important. Subsequently, a range of 

procedures were attempted for each recombinant lectin and P. pastoris strain, which 

were applicable to both shake-flask and fermenter cultures. 

Metal affinity chromatography, exploiting the (his)6 tag added to the C-terminal end 

of the expression construct was attempted. However, binding of the recombinant 
lectins expressed in the wild-type yeast strain X-33 to a Ni2+ column was very poor, 

and only a very small proportion of the lectin could be eluted from the column with 
high concentrations of imidazole buffer, most lectin being present in the flow-through 

fraction (result not shown). Analysis by Western blotting using anti-myc and anti- 
(his)6 antibodies showed that the lectin in the flow-through fraction was not 
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immunoreactive, suggesting that the C-terminal tag sequences had been lost by 

proteolysis, and explaining the failure to bind. This method was not pursued further. 

Purification by mannan-affinity chromatography did not have adequate binding 

capacity to purify all recombinant lectin from culture supernatant and approximately 

50% of recombinant protein was recovered from column flow-through. The matrix 

could however be used to show in vitro marmose-binding activity as demonstrated 

later in this chapter. Hydrophobic interaction chromatography on columns of phenyl- 

Sepharose was a viable purification strategy for ASAI, with the lectin binding to the 

column in buffer containing 2M salt, and being eluted by water. This technique was 

used to purify polypeptide 2 (C-terminal) from ASAI, with a separate "clean-up" step 

by ion-exchange chromatography on a Q-ion exchanger being incorporated after the 

hydrophobic interaction chromatography step (fig. 3.10). However, the columns 

routinely failed to bind ASAII, despite various modifications to the procedure. 

Ion-exchange chromatography was selected for large-scale purification of lectins from 

culture supernatants, as a robust, easily scalable method which could be used with 
large volumes. Both lectins could be purified using cation-exchange chromatography 

on S-Sepharose at pH 4.0 in 50 mM sodium acetate buffer, with the binding and 

washing steps being carried out at 4 °C. For binding to occur it was necessary to 
dilute the initial fermenter culture supernatant 10-fold into 50 mM sodium acetate, in 

order to lower the concentration of sodium chloride in the culture supernatant 
(approximately 1.0 M) sufficiently to enable binding to the matrix. After binding and 
washing the column, the lectins were eluted from the column at room temperature 

with a salt gradient, eluting in the range 0.15 - 0.3 M NaCl. A typical elution profile is 

shown (fig 3.11). After dialysis and lyophilization of the peak fractions from initial 

purification, a further clean-up purification step was carried out by gel filtration on a 

column of Sephacryl S-200, which removed the high-molecular weight contaminating 

yeast proteins present after the primary purification. A typical column profile is 

shown (fig. 3.12). After gel-filtration chromatography, recombinant lectins were free 

of contaminating proteins (>95% homogenous by SDS-PAGE) and were again 
dialysed and lyophilized. The resulting lyophilate typically contained 40-60% dry 

weight recombinant protein, the remaining dry weight being accounted for by yeast 

carbohydrate. Despite carrying out column loading and washing at 4 °C, the extended 
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times required to load the large volumes involved (approximately 3 days) meant that 

proteolysis of recombinant lectins could occur. However, despite the observation that 

specific proteolysis of lectins expressed in P. pastoris strain X-33 did occur during 

expression there was no evidence for non-specific general proteolysis (shown by the 

presence of "smears" of degraded protein on gels) during purification. 

3.3.1 SDS-PAGE of recombinant ASAII produced in P. pastoris X-33 

Analysis of purified recombinant proteins produced in the wild-type yeast strain X-33 

by SDS-PAGE showed a band of the expected molecular weight for ASAII. Results 

are shown in fig. 3.12. ASAII (homodimeric lectin) gave a single band at 

approximately 14.5 kDa. The recombinant ASAII has a higher molecular weight than 

that reported for ASAII purified from plant tissue. However, estimation of molecular 

weight by SDS-PAGE is not accurate in this low molecular weight range unless gels 

containing urea are used. The purified lectin did not react with anti-myc or anti-(his)6 

antibodies (result not shown). These data establish that proteolysis of the recombinant 

protein product is taking place during expression. As well as the expected cleavage of 

the N-terminal a-factor pro-sequence, cleavage of the C-terminal extensions 

containing the epitope tags must be taking place for ASAII. Proteolysis of the initially 

expressed polypeptide, after removal of the a-factor pro-sequence, is most likely to be 

a result of action of the yeast extracellular aspartic proteinase encoded by the Pep4 

gene. This result will be considered in more detail later in this chapter. 
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Figure 3.10 Purification of recombinant ASAI (polypeptide 2), produced in wild-type 
Pichia pastoris (strain X-33). Protein was purified from P. pastoris culture 

supernatant by hydrophobic interaction chromatography on a phenyl-Sepharose 

column (A). Peak fractions were pooled and further purified by ion exchange 

chromatography on a HiTrapQ column (B) in 20 mM diaminopropane buffer, p11 9.0. 

The column was eluted with a linear gradient of NaCI from 0M (fraction 3) to 0.5 M 

(fraction 28). Fractions were analysed by SDS-PAGE (C). Arrow indicates ASAI 

(polypeptide 2). MW = molecular weight markers. 
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Figure 3.11 Purification of recombinant garlic lectins from yeast culture supernatant 
by ion-exchange chromatography on S-Sepharose at pH 4.0. 
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Figure 3.12 (A) "Clean-up" purification profiles for ASAI and ASAII. Gel filtration 

was carried out on a column of Sephacryl S-200. (B) SDS-PAGE of samples of ASAI 

and ASAII expressed as recombinant proteins in P. pastoris strain X-33 (wild type) 

after purification. 
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3.3.2 ASAI produced in P. pastoris strain X-33 shows variable polypeptide 

band patterns on SDS-PAGE 

The degree of proteolysis observed in different preparations of ASAI produced in P. 

pastoris strain X-33 was variable, depending on fermentation conditions and non- 

reproducible factors. While some samples showed complete proteolysis to the 

polypeptides of 13.5 kDa and 14 kDa shown in fig. 3.12, others showed the presence 

of higher molecular weight bands indicative of incomplete proteolytic cleavage to 

polypeptides similar in size to those found in the protein found in planta. For 

example, in a sample of recombinant ASAI showing incomplete proteolysis, protein 

bands at approximately 13.5 kDa, 14 kDa, 16 kDa, 32 kDa and a diffuse band in the 

range 40-65 kDa were present (figs. 3.17 and 3.18). Of these bands, the 32 kDa band 

is most likely to represent the initial predicted product after removal of the a-factor 

pro-sequence (predicted molecular weight 33114 Da). The identity of the other bands 

is considered below. 

3.3.3 Analytical Gel Filtration to determine ASAII oligomerization 

In order to determine if recombinant ASAII produced in P. pastoris formed dimeric 

molecules, as is the case for the lectin purified from plant tissues, analytical gel- 
filtration was carried out on a Superdex 200 column. The column was calibrated with 

standard proteins BSA, ovalbumin, and soybean Kunitz trypsin inhibitor. The 

retention volumes of recombinant ASAII produced in P. pastoris strains X-33 and 
SMD1168 (see below) were measured (fig. 3.13). Both proteins eluted as a single 

major peak, with an estimated molecular weight of 26,500 ± 1000 Da; the elution 

volume of the protein produced in X-33 was slightly greater than that produced in 

SMD1168, but the difference was within experimental error for the system. This 

result shows that the recombinant protein is able to form dimeric molecules. 

containing two polypeptides. 
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3.3.4 in vitro Haemagglutination Activity of Recombinant Garlic Lectins 

Both recombinant ASAI and ASAII expressed in X-33 were able to agglutinate fresh 

rabbit erythrocytes. It has been reported that native ASAI has approximately 10-fold 

higher agglutination activity than native ASAII (Van Damme, E. J. M., et al., 1998). 

This was not observed in the case of recombinant garlic lectins, both ASAI and 

ASAII X-33 agglutinated rabbit erythrocytes down to a dilution of approximately 0.5 

mg/ml, compared to approximately 0.05 mg/ml in the case of a native GNA standard 

(fig. 3.14). Low agglutination activity of garlic lectin on rabbit erythrocytes has been 

observed for protein purified from plant tissues. The demonstration of biological 

activity for the recombinant proteins is in agreement with earlier observations that 

binding to mannan-agarose columns could be observed with both ASAI and ASAII 

from yeast culture supernatants (see above). Experiments carried out with purified 

proteins confirmed their ability to bind to mannan-agarose, although complete binding 

was not observed under the conditions employed (data not presented). 
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Figure 3.14 Elaemagglutination assays demonstrating in vitro biological activity of 

recombinant ASAI, ASAII and commercially available GNA standard. Values 

indicate ng/ml of lectin. 
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3.3.5 Analysis of Recombinant Garlic Lectins by MALDI-TOF Spectroscopy 

MALDI-TOF mass spectrometric analysis was carried out on lyophilized recombinant 

garlic lectins produced by expression in P. pastoris strain X-33. Analysis of the 

peptides present was carried out using Expasy FindPept tool 

(http: //www. expasy. ch/tools/findpept. html), to relate the mass ions observed to 

protein fragments. 

ASAII gave a major mass ion of 13039.0 Da on MALDI-TOF mass spectrometry (fig. 

3.15). This mass is consistent with a protein product extending from the predicted 

cleavage point of the a-factor pro-sequence to amino acid residue 118 (predicted 

mass 13039.3). C-terminal cleavage to remove the myc and (his)6 "tag" sequences 
from the recombinant protein has thus occurred, as suggested by the lack of 

antigenicity towards anti-myc and anti-(his)6 antibodies, and the failure of the protein 

to bind to a Ni2+ metal affinity column. The cleavage point is 2 residues N-terminal to 

that observed in planta, and occurs between two hydrophobic residues, Va1118 and 
hei 19. Proteinase A (also known as saccharopepsin), the product of the Pep4 gene, is 

normally a vacuolar proteinase, but is also secreted to the extracellular medium by 

yeasts (Winther et al., 1998). It is a typical pepsin-like aspartic proteinase, which has 

a broad specificity determined by an extended substrate binding site, although there is 

a preference to cleave peptide bonds between hydrophobic residues. In the case of 
yeast proteinase A, Phe, Leu and Glu are favoured in the P1 subsite, and Ile, Leu and 
Ala in the P1' subsite (Dreyer, T., 1989). The observed cleavage is thus consistent 

with activity of this enzyme; although it occurs in the same region of the protein as 

the C-terminal cleavage observed in planta, the specificity of the cleaving enzymes is 

different, as the cleavage in planta occurs between two basic residues (Arg 120 and 
Lys 121). 

The C-terminal cleavage of garlic lectin ASAII is thus determined primarily by the 

structure of the protein, rather than the specificity of the cleaving enzyme; cleavage 

occurs in the C-terminal region because this is exposed on the surface of the protein, 

and does not occur in the core region of the protein which has a more compact 

structure composed of ß-sheets. 
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Figure 3.15 MALDI-TOF mass spectrometric analysis of recombinant ASAII 

(produced in P. pastoris strain X-33). Sequence diagram shows proteolytic cleavage 

points on the predicted product giving a mass ion consistent with the major peak 
(open-headed arrows). Predicted mass of the protein = 13039.3, experimentally 
determined mass = 13039.0 Da. 
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The minor peaks at 12695.7 Da and 13217.1 Da observed in the mass spectrum of 

ASAII could not be unambiguously assigned to specific protein fragments. The peak 

at 6513.3 Da is putatively a doubly charged ion from the major peak at 13039, and the 

peak at 26068 Da is putatively a dimer of the 13039 species. 

The mass-ion spectrum for recombinant ASAI (expressed in P. pastoris strain X-33) 

obtained by MALDI-TOF mass spectrometry was complex. Two major peaks, 

potentially corresponding to the two polypeptides observed on SDS-PAGE in this 

protein preparation were observed at 12863.0 Da and 13758.7 Da (fig. 3.16), but there 

were also numerous lesser peaks over the range 12730-17250 Da. The peaks fell into 

four groups: a group in the range 12730 - 13230 Da around the major peak at 12863 

Da; a group in the range 13400 - 13900 (approximately) around the major peak at 

13758.7 Da; a group of lesser peaks in the range 14,000 - 14,700 Da; and a group of 

peaks in the range 16,800 - 17,500 Da. Unambiguous assignment of these peaks to 

fragments of ASAI using Findpept was not possible, and was complicated by the 

observation that none of the peaks appeared to be consistent with the predicted 

cleavage point of the cc-factor pro-sequence. The "linker" region of ASAI contains a 

potential N-glycosylation site (N-X-S/T), and evidence presented later in this chapter 

shows that ASAI expressed in P. pastoris is glycosylated; any lectin polypeptides 

containing the linker region will thus have anomalous mass ion values. 

The mass ion at 13487.5 Da and the major mass ion at 13758.7 Da present in the mass 

spectrum of ASAI could be putatively identified with the C-terminal lectin domain of 

ASAI (amino acid residues 153-262). These identifications are shown in table 3.2. 

This assignment is consistent with results obtained by expression of a construct 

containing only the C-terminal lectin domain (polypeptide 2; i. e. residues 153-279) of 

ASAI in P. pastoris. As shown in fig. 3.10, this construct gave a single polypeptide 

band on SDS-PAGE after purification, at approximately 13.5 kDa. 

Proteolysis of ASAI by yeast extracellular proteinases in P. pastoris strain X-33 is 

much less specific than the cleavage of ASAII. This may reflect the polypeptide not 

being properly folded, or the effect of glycosylation of the linker region. Since the C- 

terminal lectin domain expressed alone in strain X-33 gave a product similar to ASAII 
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after proteolysis, it is clear that the N-terminal lectin domain and linker region in 

ASAI are responsible for the heterogeneity of this recombinant protein. 
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Figure 3.16 MALDI-TOF mass spectrometric analysis of recombinant. ASAI 

(produced in P. pastoris strain X-33). 
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Expt. Mass Predicted Residues Peptide (Preceding and succeeding residues) 
Mass 

13487.5 13487.7 154-275 (R) NILRNDEGLYAGQSLDVEPYHFIMQEDCNLVLYD 

HSTAVWATNTDIPGKKGCRAVLQSDGNFVVYDAEGRS 

LWASHSVRGNGNYVLVLQEDGNIVIYGSDIWSTNTYR 

KSVGGPVIRKVGTL(A) 

13487.5 13487.7 151-271 (T)LTRNILRNDEGLYAGQSLDVEPYHFIMQEDCNLV 

LYDHSTAVWATNTDIPGKKGCRAVLQSDGNFVVYDAE 

GRSLWASHSVRGNGNYVLVLQEDGNIVIYGSDIWSTN 

TYRKSVGGPVIRK(V) 

13758.7 13757.8 154-279 (R)NILRNDEGLYAGQSLDVEPYHFIMQEDCNLVLYD 

HSTAVWATNTDIPGKKGCRAVLQSDGNFVVYDAEGRS 

LWASHSVRGNGNYVLVLQEDGNIVIYGSDIWSTNTYR 

KSVGGPVIRKVGTLAGAA(A) 

Table 3.2 Putative identification of mass ions present in MALDI-TOF mass 

spectrometric analysis of recombinant ASAI. 

I 
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3.3.6 Glycosylation of recombinant ASAI produced in P. pastoris strain X-33 

In order to characterise the recombinant ASAI produced in strain X-33 more closely, 

a gel filtration separation was carried out on a sample of protein that had only 

undergone partial proteolysis to low molecular weight polypeptides. Fractions from 

the gel filtration separation were examined by SDS-PAGE and Western blotting. 

Results are shown in figs. 3.17 and 3.18. The lectin eluted from the column as a 

broadened peak compared to ASAII, and a partial separation into lectin molecules of 

differing compositions occurred. The 13.5 and 14 kDa polypeptides were uniformly 

distributed across the broad peak, but the diffuse band of 40-65 kDa was distributed 

towards the earlier fractions, whereas the 32 kDa band was distributed towards the 

later fractions. The 16 kDa band was distributed with the 32 kDa band. Not only was 

the diffuse, high molecular weight band distributed towards earlier fractions, but it 

itself was size-fractionated. The progressive increase in polypeptide mobility across 

the peak fractions of the gel-filtration run shown on SDS-PAGE suggests 

carbohydrate molecules of decreasing size attached to the linker region of an intact 

ASAI proprotein; non-glycosylated ASAI proprotein is retained longer on the column 

and distributes towards later fractions. As the intact, glycosylated form of ASAI 

becomes less abundant across the gel-filtration peak with decrease in molecular 

weight, more intact, non-glycosylated heterodimer is present. 

When selected fractions were analysed by Western blotting, and probed with anti- 
ASAII antibody, the bands of 13.5,14,32, and the diffuse 40-65 kDa region all 

reacted strongly, showing that they can be identified as components of ASA. These 

results confirm the identity of the 13.5 and 14 kDa polypeptides which are present 

after complete proteolytic cleavage. The 16 kDa band did not react with anti-ASAII 

antibodies; the reason for this is not clear, but this fragment may not contain the 

epitope(s) recognised by the antibody. The co-purification of this band with ASAI 

polypeptides through the purification steps make it unlikely to be a contaminant. 
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Figure 3.17 15% SDS-PAGE showing analysis of partially proteolytically cleaved 

ASAI produced in P. pastoris by gel-filtration chromatography. Numbers denote 

elution fraction numbers. M= SDS markers, A= glycosylated ASAI, B= Intact 

heterodimer, C= unidentified polypeptide, D= monomeric subunits. 
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Figure 3.18 Western blot of ASAI peak fractions from fig. 3.17 above after gel- 
filtration chromatography, probed with anti-ASAII antibody. A= glycosylated ASA!, 

B= Intact heterodimer, C= monomeric subunits. 
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To establish that P. pastoris is able to glycosylate recombinant ASAI, a 

deglycosylation experiment was carried out on purified ASAI in which proteolysis 

had not taken place to completion. Protein was treated with N-glycosidase F, and the 

band patterns of protein before and after treatment were compared by SDS-PAGE. 

Results are shown in fig. 3.19. After treatment with the glycosidase, a doublet band 

corresponding to the ASAI heterodimer at approximately 33 kDa showed increased 

mobility on SDS-PAGE, running at approximately 31 kDa. The band at 

approximately 16 kDa also showed increased mobility, to an indicated molecular 

weight of approximately 14 kDa. A high molecular weight band at around 60 kDa 

appeared less abundant after deglycosylation, and the diffuse band in the 40-65 kDa 

region disappeared. The bands at 13 and 14 kDa were unaffected. These results are 

consistent with glycosylation of the ASAI proprotein at the N-G-T motif in the linker 

region (residues 123-125, fig. 3.7). The intact ASAI proprotein and the 16 kDa band 

contain the linker region, and their molecular weights are decreased by 

deglycosylation, by an amount that is consistent with "core" glycosylation in P. 

pastoris. The low molecular weight bands do not contain the linker region, and are 

not affected by deglycosylation. The diffuse band, and the high molecular weight 
band represent protein that has been hyperglycosylated in Pichia (Conde, R., et al., 

2004); deglycosylation of this material causes the bands to effectively disappear. The 

very heavily hyperglycosylated protein is deglycosylated inefficiently due to the large 

amount of carbohydrate "protecting" the protein to which it is attached. 

The ability of P. pastoris to glycosylate ASAI may be important for activity as 

glycosylation of plant lectins has been shown to have significant effects on lectin 

structure and activation (Sheldon, P. S., Bowles, D. J., 1992). The ASAII sequence 

contains no N-glycosylation motifs, and thus ASAII must be a non-glycosylated 

protein. No evidence was observed for high molecular weight polypeptides being 

present on SDS-PAGE or Western blot, after nickel-affinity chromatography or gel- 
filtration. 
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3.5 Purification and Characterisation of Recombinant Garlic 

Lectins expressed in P. pastoris strain SAM 1168 

P. pastoris strain SMD1168 is stated to be "protease deficient"; it has a pep4 

genotype and lacks Proteinase A activity (Invitrogen). Expression of recombinant 
ASAII in this strain was used to show that proteolytic cleavage of the recombinant 

protein was a result of activity of Proteinase A, and to characterise the polypeptide 
initially secreted into the culture supernatant. 

The expression construct for ASAII used for production of the recombinant lectins in 

strain X-33 was transformed into SMD1168 using the methods previously described, 

and clones with high expression levels of the recombinant proteins were selected. 
Recombinant protein was produced by growth in a laboratory scale fermentation 

system, and culture supernatant was taken forward for purification of proteins. 

When metal affinity chromatography was used to purify recombinant ASAII 

produced in P. pastoris strain SMD1168, in contrast to material produced in strain X- 

33, almost all the recombinant protein bound to Ni2+ metal affinity columns. This was 

used as a method of choice for the initial purification. Typical results are shown in fig. 

3.20. The protein eluted from the metal affinity column was subjected to a "clean up" 
step by gel filtration on Sepahacryl S-200 (fig. 3.21), as carried out for protein 
expressed in strain X-33. 

3.4.1 SDS-PAGE of recombinant garlic lectin ASAII produced in P. pastoris 
SMD1168 

Recombinant ASAII produced in P. pastoris strain SMD 1168 was essentially a single 
band on SDS-PAGE, with an estimated- molecular weight of 16.5 kDa, after 
purification by metal affinity chromatography and gel filtration. Trace amounts of 
polypeptides with higher and lower mol. wts. (t approximately 500 Da) were present. 
The ASAII produced in strain SMD1168 was immunoreactive with anti-myc 
antibodies (see fig. 3.20). The presence of - the C-terminal tag. region, and the 

molecular weight estimate in line with that predicted for ASAII which has only been 
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processed by removal of the a-factor pro-sequence (predicted 17140 Da) is consistent 

with absence of Proteinase A activity in the pep4 yeast strain. 
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Figure 3.20 Purification of recombinant ASAII expressed in P. /)u. Storis strain 
SMDI 168. (A) Elution profile of Ni 2+ affinity column. (B) SDS-PAGE analysis of 
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fractions eluted from column: F, flow-through fraction (non-bound); W, wash fraction 

(20mM imidazole); E, protein eluted at 250mM imidazole; M, molecular weight 

marker. (C) Western blot analysis of Ni2 affinity purification using anti-myc epitope 

antibodies: L, Load fraction, F/T, flow-through fraction, E, Eluted fraction. 
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Figure 3.21 "Clean-up" of ASAII expressed in P. pastoris strain SMD1168 after 

purification by metal affinity chromatography. Peak fractions eluted from a Sephacryl 

S-200 gel filtration column were analysed by SDS-PAGE. M= molecular weight 

marker. 



Chapter 3 Production of Functional Recombinant ASAI & ASAII in Pichiapastoris 84 

3.4.2 Functional properties of recombinant garlic lectin ASAII produced in P. 

pastoris strain SMD1168 

ASAII expressed in SMD1168 could not agglutinate rabbit erythrocytes at a 

concentration of 2.5 mg/ml (result not shown). However, the protein was functionally 

active, since it was able to bind to mannan-agarose. 

A pull-down experiment using mannan-agarose was used to demonstrate binding to a 

mannose oligosaccharide. 125 . Lg of recombinant lectin was incubated with mannan- 

agarose in 100 µl PBS and after overnight incubation the sample was spun down and 

the supernatant and pellet run on SDS-PAGE. This demonstrated that recombinant 

ASAII expressed in SMD1168 was able to bind mannose oligosaccharides, despite its 

inability to agglutinate rabbit erythrocytes (Figure 3.22 Complete binding to mannan- 

agarose was not observed with any lectin sample tested, possibly due to overloading 

the matrix. 

Since ASAII expressed in strain SMD1168 was shown to form dimeric molecules 
(see section 3.2.3 above), the failure to agglutinate erythrocytes cannot be due to the 

recombinant ASAII only being present as monomeric subunits, and therefore being 

unable to cross-link cells. Therefore, the presence of the C-terminal "tag" region must 
interfere with binding to the cell surface, although it does not affect the protein's 

ability to bind to mannose oligomers. 
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3.5 Discussion 

The results of amplification of lectin genes from garlic bulb genomic DNA presented 

here support previous claims in the literature that lectins from garlic bulbs are part of 

a multi-gene isolectin family, the amino acid sequence of the ASAI gene containing 

29 substitutions from the published sequence of isoform 3 (M85176.1). Similar 

isolectin variation has been observed previously (Chandra, N. R., et al., 1999), (van 

Damme, E. J. M., et al., 1992), where overall homology between lectin nucleotide 

sequences and 3' untranslated regions was high but sequences contained variation in 

some amino acid positions. The results presented here show that the 29 amino acid 

variations do not appear to affect the ability of ASAI to agglutinate rabbit 

erythrocytes. 

Despite the large amounts of mannose-polysaccharides produced by P. pastoris 

production of recombinant garlic lectins by laboratory scale fermentation was a viable 

strategy for production of these proteins at the milligram level. This is a lower yield 

than has been reported for some other plant lectins such as the kidney bean 

(Phaseolus vulgaris) agglutinin E-form (PHA-E), which has been expressed at 

approximately 100 mg/L (Baumgartner, P., et at., 2002) and GNA has also been 

expressed at high levels in P. pastoris, approximately 80 mg/L (Baumgartner, P., et 

al., 2003). Further optimization of recombinant garlic lectin expression could have 

been achieved by a large-scale screen of transformants but with yields of between 10- 

20 mg/L of culture supernatant, the amounts of recombinant protein produced were 

amenable to lab-scale purification and sufficient for insect feeding trial experiments. 

Variable levels of post-translational processing of recombinant garlic lectins were 

observed in the X33 strain of P. pastoris. Complete processing of ASAI in planta 

produces two lectin polypeptides of 11.5 and 12.5 kDa. In some instances of ASAI 

production this was observed (fig 3.12), whereas in others incomplete processing was 

observed (fig 3.17). The work of Bacchawat (Bachhawat, K., et al., 2001) showed 

that ASAI dimerization. was reversible and that unfolding into monomeric subunits 

essentially occurs via a simple, two-step process from. folded dimer, to unfolded 

monomeric subunits, no intermediate states were observed suggesting that the energy 
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of stabilization in the dimer derives directly from the monomer-monomer interface 

The hydrophobic core of the ASAI dimer contains three conserved tryptophan 

residues which are brought together via strand exchange of the monomeric subunits. 

ASAI dimers possess three 4-stranded anti-parallel ß-sheets which form three sides of 

a 12-stranded ß-barrel. Strand exchange occurs between three strands of the first 

sheet which interact with a strand which crosses from the adjacent sheet. This process 

has also been termed `domain swapping' (Bennett, M. J., et al., 1994) and has a major 

consequence for stabilizing the dimer. The observation of variation in the 

denaturation of ASAI on SDS-PAGE may be accounted for by partial breaking of the 

dimeric interface at the hydrophobic core, as once this association is broken down 

ASAI monomers do not retain appreciable secondary or tertiary structure (Bachhawat, 

K., et al., 2001). The ambiguous MALDI-TOF data obtained for ASAI X33 may be 

attributable to proteolysis resulting from this incorrect folding of the polypeptide. 

ASAI was also correctly glycosylated in P. pastoris, the exact role of glycosylation of 
ASAI is not known, some plant lectins are inactivated by glycosylation, for example 

non-glycosylated pro-Con A is known to be active but glysoylated pro-Con A is 

inactive suggesting that glycosylation alone is sufficient to inactivate Con A 

carbohydrate binding. ASAI produced in P. pastoris was able to agglutinate rabbit 

erythrocytes, however a heterogenous mixture of glycosylated and non-glycosylated 
lectin was used and so it remains unclear whether ASAI is inactivated by 

glycosylation or not. Correct processing of ASAII in planta produces a single 12 kDa 

polypeptide. In the X33 strain this processing appeared to take place correctly. 

C-terminal post-translational processing of both recombinant lectins took place in the 
X33 strain of P. pastoris. C-terminal proteolysis is a common modification of plant 
lectins in planta and has been observed in the case of GNA where a 105 amino acid 
mature polypeptide was produced from cDNA (van Damme, E. J., et al., 1991) and a 
109 amino acid polypeptide identified using a crystallographic approach (Hester, G., 

et al., 1995) suggesting cleavage had occurred during expression of GNA105, 
however, agglutination activity was comparable between the two different forms 

when both isoforms were expressed in P. pastoris and compared (Raemaekers, R. J., 

et al., 1999). A C-terminal peptide is also cleaved off as part of the complex post- 
translational modifications carried out on Con A in planta. Interestingly, C-terminal 
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cleavage in recombinant garlic lectins occurred between two residues N-terminal of 

the site observed in planta between two hydrophobic residues Val 118 and Ile 119. 

Proteinase A is a pepsin-like aspartic protease present which is secreted into the 

extracellular medium in yeasts with broad specificity due to its extended binding 

pocket. The encoding gene pep4 is present in the X33 strain of P. pastoris. Proteolysis 

of the lectin C-terminus in planta occurs between two basic residues, Arg 120 and 

Lys 121 rather than the hydrophobic residues in yeast implying that proteolysis may 

be carried out in accordance with the structure of the protein rather than particular 

enzyme specificity. This would suggest that the C-terminus of garlic lectin is not 

integral to the folded polypeptide but rather occurs near the exposed surface of the 

protein and is susceptible to proteolysis by a range of proteolytic enzymes. The 

absence of the C-terminus in garlic lectins does not affect lectin activity, suggesting 

that it may have an initial role in protein stability or folding but is not required for 

carbohydrate binding but the absence of agglutination activity in ASAII SMD1168 

suggests that the presence of the C-terminus may interfere with lectin activity 

although this may be accounted for by the bulky C-terminal tag extension in ASAII 

SMD1168. The greater reproducibility of ASAII expression makes it more suitable 

for further use in recombinant fusion proteins. The homogeneity of the ASAII 

expression product makes analysis of any potential insecticidal effects and protein- 

protein interactions with the insect gut easier to interpret, and the information 

obtained about the nature of C-terminal cleavage of lectins will be valuable for 

preventing the proteolysis of recombinant fusion proteins in the insect gut. Variable 

post-translational processing of ASAI makes it inconvenient for use in insecticidal 

fusion proteins even though an intact heterodimeric garlic lectin may be a better 

carrier molecule for insecticidal proteins or peptides, problems with cleavage of ASAI 

would make analysis of the effects of fusion proteins ambiguous. 
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Chapter 4 

Biological Activity of Recombinant Garlic Lectins on Insects 

4.1 Introduction 

There has been considerable interest in the past in the insecticidal action of plant 

proteins towards insect species. Not only is this relevant to understanding how plant- 

insect interactions are determined in Nature, but attempts have also been made to 

exploit plant proteins as insecticides, primarily through expression -in transgenic 

plants of a different species to that in which the protein is normally produced. 

Exploitation of plant insecticidal proteins has largely been overtaken by the 

widespread use of the protein toxin from the bacterial species Bacillus thuringiensis 

(Bt), which has been demonstrated to be toxic to lepidopteran (Nayak, P. et al. 1997) 

and coleopteran insects, both when applied as a topical insecticide, and when 

expressed in transgenic plants (Tu, J. et al. 2000). However, the spectrum of 

insecticidal activity shown by Bt toxins is limited, and no Bt toxin has been reported 

to show toxicity towards hemipteran insects. Bt toxin requires activation by 

proteolysis of a protoxin, and it has been suggested that the low level of protease 

activity in the guts of hemipteran insects does not allow this activation to occur, so 

that subsequently no toxicity is observed. The absence of a usable Bt toxin to protect 

crops against hemipteran pests has led to continuing study of the toxic effects of plant 

lectins towards insects, as an alternative strategy for insect control. 

The mannose-binding lectin family, exemplified by snowdrop lectin (Galanthus 

nivalis agglutinin; GNA) have been shown to have significant insecticidal activity 

against hemipteran insects, both when delivered via artificial diet (Powell, K. S. et al. 
1993), and via expression in transgenic plants (Rao, K. V. et al. 1998). In 

understanding the effects of lectins on insect pests it is important to evaluate a specific 
lectin against a specific pest. GNA has only marginal effects on lepidopteran pests 
(Fitches, E. C. et al. 1997), whereas it significantly decreased survival in most 
hemipterans tested. However, even between species from the same order, differences 

in toxicity are apparent; at concentrations which would induce high levels of mortality 
in rice brown plant hopper, GNA has only marginal effects on the survival of the 
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potato aphid Aulacorthum solani (Down et al. 1996). Similarly, despite high levels of 

sequence similarity between members of the mannose-binding lectin family, it is 

interesting to note that the level of toxicity of different lectins towards a single insect 

species may vary significantly; for example, garlic lectin is at least 10-fold less toxic 

(on a concentration basis) towards rice brown plant hopper than GNA (Powell et al. 

1995). 

In this chapter the effects of recombinant garlic lectins ASAI and ASAII are tested 

against pea aphid (Acyrthosiphon pisum), peach-potato aphid (Myzus persicae) and 

rice brown plant hopper (Nilaparvata lugens) in artificial diet feeding bioassays. 

Further in vivo analysis was carried out by identification of ASAII binding proteins in 

the gut of A. pisum, and transport of ASAII through the gut lumen into the aphid 

haemolymph is examined using an avidin-ASAII fusion protein. 

4.2 Insect Artificial Diet Bioassays 

4.2.1 Artificial Diet Bioassays Against Symbiotic and Aposymbiotic Pea 

Aphid (Acyrthosiphon pisum) 

Bioassays carried out to assess the toxicity of garlic lectins towards aphids have given 

variable results, but a consistent negative effect on survival and. development has been 

observed. In addition, differences in toxicity between the different garlic lectin 

isoforms has been claimed, with garlic leaf lectin (ASAL) being consistently more 

toxic than other isoforms. It has been suggested by Banerjee and co-workers 

(Banerjee, S., et al., 2004) that the observed toxicity of ASAL towards mustard aphid 
(Lipaphis erysimi) was based on an interaction of the lectin with a chaperonin GroEL- 

like protein produced by the obligate endosymbiont Buchnera aphidicola, called 

symbionin. 

The : pea aphid, Acyrthosiphon pisum, also harbours B. aphidicola, and thus was 

selected as a suitable system to test the insecticidal activity of the recombinant garlic 
lectins produced in Pichia pastoris, and to ' investigate whether the presence of 

symbiotic bacteria affected lectin toxicity. Artificial diet bioassays were carried out on 

neonate nymphs (0-24 h) of both symbiotic and aposymbiotic A. pisum to reveal 
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whether or not a differential response could be seen between aphids containing 

symbionin and aphids from which symbionin was absent. Aphids were rendered 

aposymbiotic by including a suitable antibiotic in the diet; garlic lectins used in the 

assay were produced by expression in P. pastoris strain X-33, and purified by ion 

exchange chromatography and gel filtration. Results are summarized in figures 4.1 - 

4.4. 

In artificial diet feeding bioassays carried out on neonate nymphs showed that 

standard diet could support aphid growth and development giving survival for over 17 

days. Day 0 neonate nymphs possess minimal nutrients from the plant host. Any 

effects of lectins on these aphids will be most apparent. Neonate aphids survived for 

2-3 days when diet was not available, but dehydration was prevented, giving a basis 

for mortality by starvation. Bioassays were carried out using ASAI and ASAII at the 

following concentrations: 2 mg/ml, 0.5 mg/ml and 0.125 mg/ml. 

In bioassays against symbiotic insects, ASAI and ASAII showed a significant effect 

upon survival (p>0.05, survival analysis) on A. pisum at all concentrations tested. 

Survival on garlic lectin-containing diets was reduced in comparison to control insects 

in a dose-dependent manner; survival was most reduced at 2 mg/ml, whereas survival 

plots at 0.5 mg/ml and 0.125 mg/ml were either similar, or survival at the lower dose 

was better. The effects of garlic lectins on aphids can be divided into three phases; 

acute toxicity, up to approximately 3-4 days exposure, and two phases of chronic 

toxicity, the first up to approximately 10 days, corresponding to the time taken for the 

neonate aphids to complete development, the second over the remainder of the assay 

(up to 20 days), during which time the aphids produced young. Survival in control 

aphids (i.. e. diet with no added lectin) was >90% over the acute phase and the first 

chronic phase, but declined gradually over the period of nymph production to 

approximately 50% after 17 days. ASAII at the highest dose, 2.0 mg/ml, showed 

significant toxicity during the acute phase of exposure, with survival falling to 55% 

after 2 days. This was the only treatment to show acute toxicity to symbiotic pea 

aphids. Over the second phase, all treatments showed a negative effect on survival, 

which was dose-dependent for each lectin. ASAII was more effective than ASAI, with 

survival at 9 days for ASAII being 0%, 45%, 75%, and 90% for 2.0 mg/ml, 0.5 

mg/ml, 0.125 mg/ml and 0 mg/ml (control) respectively, whereas for ASAI survivals 
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were 30%, 60%, 100% and 100% for 2.0 mg/ml, 0.5 mg/ml, 0.125 mg/ml and 0 

mg/ml (control) respectively. All ASA treatments showed a marked effect on aphid 

survival during the third phase of the assay, with survival falling much faster than in 

controls, and all aphids exposed to ASA being dead after 17 days. 

When aposymbiotic A. pisum were assayed under the same conditions, survival of the 

controls was 100% during the acute phase of the assay (to 5 days) but declined 

significantly subsequently, with all aphids being dead by day 20. The survival of 

aposymbiotic controls on diet is signficantly different from the survival of symbiotic 

controls (p < 0.05, survival analysis). Poorer survival of the aposymbiotic aphids 

would be expected in the assay, as the absence of symbionts intereferes with normal 

nitrogen metabolism. B. aphidicola, the obligate endosymbiont, is known to be 

involved in the assimilation of certain amino acids in the aphid and its absence causes 

a decrease in survival (Douglas, A. E., et al., 2001); the amino acid mix in the diet is 

unable to entirely compensate for the absence of nutrients normally supplied by the 

symbiont. Nevertheless, differences in the survival curves between control 

aposymbiotic aphids and aposymbiotic aphids exposed to garlic lectin were still 

apparent and significant (p < 0.05, survival analysis), except for the lowest 

concentration of ASAI tested. In all cases aphids exposed to garlic lectin survived less 

well than controls. The acute toxicity of the highest dose of ASAII, 2.0 mg/ml, was 

observed in assays with aposymbiotic aphids, with survival reduced to 55% after 2 

days and 40% after 4 days; lower doses of ASAII showed their major effects on 

survival during the chronic toxicity phases, with survivals at 9 days being 10%, 25%, 

35% and 45% for ASAII doses of 2.0 mg/ml, 0.5 mg/ml, 0.125 mg/ml and 0 mg/ml 
(control) respectively. All ASAII treatments resulted in total mortality of aphids by 

day 13, at which point 25% of control aphids survived. ASAI showed limited acute 

toxicity to aposymbiotic aphids (80% survival after 2 days), and chronic toxicity was 

shown by ASAI at 0.5 mg/ml and 0.125 mg/ml, survival after 9 days being 35% for 

both doses, compared to 45% for the 0.125 mg/ml dose, and 55% for controls. As was 
the case for ASAII, all ASAI treatments resulted in total, mortality of aphids by day 

13, at which point 20% of control aphids survived. 
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Figure 4.1 Artificial diet bioassay of recombinant ASAI against symbiotic A. pisum. 

-o- Control 

-r- ASAI12mg/ml 

-¢-- ASAII 0.5mg/ml 
-ý-- ASAI 10.125mq/ml 

a) 

0 
N 
C 

Figure 4.2 Artificial diet bioassay of recombinant ASAII against symbiotic A. pisum. 
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Figure 4.3 Artificial diet bioassay of recombinant ASAI against aposymbiotic A. 

pisum. 
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Figure 4.4 Artificial diet bioassay of recombinant ASAII against aposymbiotic A. 

pisum. 
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The results of the bioassays of recombinant garlic lectins against symbiotic and 

aposymbiotic A. pisum show that both ASAI and ASAII lectins are significantly 
insecticidal against this insect, in a dose-dependent manner, although ASAII is 

significantly more insecticidal than ASAI when survival curves are compared for 

identical dosages. Comparison of results between symbiotic and aposymbiotic aphids 

is complicated by the difference in survival of aphids not exposed to lectins, but it is 

apparent that the lectins have significant, dose-dependent acute and chronic toxicity 

towards the aposymbiotic aphids, which is similar to that shown towards symbiotic 

aphids. There is no evidence to suggest that the insecticidal effects of garlic lectins on 

aposymbiotic aphids are significantly less than their effects on symbiotic aphids. 

4.2.2 Artificial diet bioassays against symbiotic and aposymbiotic peach- 

potato aphid (Myzus persicae) 

Artificial diet bioassays were carried out on symbiotic and aposymbiotic Myzus 

persicae in a similar way to A. pisum. Neonate nymphs (0-24 h) were placed on 

artificial diet with or without the addition of rifampicin. Concentrations of 

recombinant lectin tested were the same as for A. pisum, 2 mg/ml, 0.5 mg/ml and 

0.125 mg/ml. M. persicae bioassays were carried out at the University of York by 

Prof. Angela Douglas, where each treatment was tested on 10 insects. Results are 

summarized in figures 4.5 - 4.7. 

M. persicae develops more quickly than A. pisum, and the phases of the assay were 

slightly different. The acute phase was of similar duration, up to approximately 4 

days, with a similar survival under "starvation' 'for both aphids. Development to adult 
in M. persicae takes approximately 8 days, so the first "chronic" phase is of shorter 
duration. Survival times for symbiotic adult M. persicae on control diets extended to 
50 days, although a standard "cut-off' of 21 days is used for the data presented. As 

was the case for symbiotic and aposymbiotic A. pisum, survival of aposymbiotic M. 

persicae was significantly poorer than for symbiotic aphids, and in one assay (against 

ASAI) aposymbiotic M. persicae showed very poor survival, with all aphids dying 

after 9 days. Data from this bioassay are not presented. 
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In assays with symbiotic aphids, survival on control diet was ? 90% over 14 days and 

>60% over 21 days. Both lectins showed limited acute toxicity (<20% mortality), but 

had a major effect on survival during the second chronic phase of the assay, when 

aphids were producing nymphs. All aphids on the highest concentrations of lectins 

tested (2.0 mg/ml) were dead by day 8 (ASAII) or day 9 (ASAI). ASAI had little 

effect at the lower concentrations tested until extensive nymph production had taken 

place, when a sudden drop in survival took place, with all aphids dead at day 21. 

ASAII showed a progressive decrease in survival after day 8, with all aphids exposed 

to 0.5 mg/ml ASAII dead by day 12, and all aphids exposed to 0.125 mg/ml ASAII 

dead by day 15. ASAII was consistently more insecticidal than ASAI, as observed for 

A. pisum. All survival curves were significantly different to the appropriate control (p 

< 0.05; survival analysis). 

In the bioassay of aposymbiotic M. persicae against ASAII control survival showed a 

steady decline over the assay, but did not reach zero until day 26; comparisons with 
lectin treatments were thus possible. The survival curve for insects on lectin- 

containing diets at 0.5 mg/ml and 2.0 mg/ml were significantly different to the 

control, whereas at the lowest lectin concentration tested, 0.125 mg/ml, no significant 
difference was observed. Once again, acute toxicity of ASAII towards this aphid was 

not significant, but the major effects on survival were seen at the onset of nymph 

production. All aphids exposed to ASAII at 2.0 mg/ml were dead by day 9, and all 

aphids exposed to ASAII at 0.5 mg/ml were dead by day 12. 

The results of the bioassays of recombinant garlic lectins against symbiotic M. 

persicae are similar to those for A. pisum. Both ASAI and ASAII lectins are 

significantly insecticidal, in a dose-dependent manner, and ASAII is significantly 

more insecticidal than ASAI. However, M. persicae is less sensitive to the acute toxic 

effects of garlic lectin than A. pisum. Comparison of results between symbiotic and 

aposymbiotic M. persicae aphids for ASAII suggest that insecticidal effects of ASAII 

are present in symbiotic and aposymbiotic insects, but the poorer overall survival of 

aposymbiotic insects makes estimation of relative effects difficult. 

F, 
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Figure 4.5 Artificial diet bioassay of ASAI against symbiotic Myzus persicae. 
Bioassay data supplied by Prof. Angela Douglas (University of York). 
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" Figure 4.6 Artificial diet bioassay of ASAII against symbiotic Myzus persicae. 
Bioassay data supplied by Prof. Angela Douglas (University of York). 
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Figure 4.7 Artificial diet bioassay of ASAII against aposymbiotic Myzus persicae. 

Bioassay data supplied by Prof. Angela Douglas (University of York). 
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The failure to show any significant insecticidal effect on aposymbiotic aphids for the 

lowest concentration of ASAII tested (0.125 mg/ml) suggests insecticidal effects may 

be reduced in these insects compared to symbiotic aphids where an insecticidal effect 

was observed, but the poor survival of aposymbiotic aphids may prevent the rapid 

drop in survival after 20 days observed for symbiotic aphids being detected by the 

assay. Again, the overall conclusion is that there is no evidence to suggest that the 

insecticidal effects of garlic lectins are absent, or significantly reduced, in 

aposymbiotic aphids compared to symbiotic aphids. 

4.2.3 Artificial Diet Bioassays Against Rice Brown Plant hopper 

(Nilaparvata lugens) 

Artificial diet bioassays were carried out against third instar nymphs of N. lugens. The 

artificial diet system for these insects (MMD-1 diet) does not support survival and 
development as well as standard aphid diet supports A. pisum and M. persicae. 
Despite this, the insects could survive for a sufficient length of time on the MMD-1 

diet to test recombinant ASAI and ASAII for toxic effects. ASAI marginally 
decreased survival of N. lugens at 1 mg/ml and 0.1 mg/ml but not in a dose-dependent 

manner. Differences in survival curves were not significant (p > 0.05, survival 

analysis), although the qualitative result was consistent. Decreased survival did not 
follow the no diet control, demonstrating that feeding was still occurring and 

recombinant lectins do not act as a strong feeding deterrent. Corrected mortalities (i. e. 
mortality relative to control at day when "no diet" insects were all dead) was 50% for 

both concentrations of ASAI tested. ASAII had a significant effect on survival (p < 
0.05, survival analysis) when present at 1.0 mg/ml, but not when present at 0.1 mg/ml, 

when a marginal decrease in survival was observed. ASAII did not reduce survival to 

the level of the no diet control, so again feeding was not entirely eliminated. The 

corrected mortality values for ASAII were 32% at 0.1 mg/ml, and 82% at 1.0 mg/ml. 
Summaries of insect survival are shown in figures 4.8 and 4.9. 

Mixed isoforms of garlic lectins purified from bulbs have previously been assayed 

against this insect and have been shown to exhibit insecticidal activity, and the results 

obtained with the recombinant ASAII are comparable to those assays. The results 
from artificial diet bioassays show that the recombinant lectins produced in P. 

pastoris retain the expected insecticidal properties towards hemipteran insects. 
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Figure 4.8 Artificial diet bioassay of ASAI against Nilaparvata lugens. 
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Figure 4.9 Artificial diet bioassay of ASAII against Nilaparvata lugens. 
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4.3 Characterisation of Lectin Binding to Insect Gut 

In order to understand the toxicity of garlic lectins to hemipteran insects, it is 

important to characterise the interactions between the proteins and ligands on the 

surface of the insect gut that are potentially responsible for toxicity. The work of 
Banerjee et al (2004) showed that in mustard aphid (Lipaphis erysimi) garlic leaf 

lectin interacted with a Buchnera-produced protein, symbionin, and postulated that 

this interaction was important in the mode of toxicity. For this to be true symbionin 

must be released from the endosymbiont and localized to the aphid gut membrane. No 

evidence has been presented in the literature for this phenomenon. In addition, the 

interaction would not be expected to be mediated through the lectin's carbohydrate- 
binding activity, since symbionin is produced by the bacterial symbiont, which lacks a 

protein glycosylation system. To circumvent this problem, Banerjee et al. proposed 

that the binding of garlic lectin to symbionin was based on a protein-protein 
interaction, mediated by complementary hydrophobic surfaces on the two molecules. 

In this study "receptors" for ASAII were investigated using a pull-down assay, in 

which immobilized ASAII was incubated with extracts from insect tissues, and 
MALDI-TOF mass spectroscopy. Initially, the assay was used on whole insect 

preparations, and once a protocol was established on aphid gut samples. Proteins 

present in the bound fraction of the pull down assay were analysed on SDS-PAGE 

and excised from the gel and subjected to tryptic digestion and MALDI-TOF analysis. 
The large number of Acyrthosiphon pisum ESTs present in bioinformatic databases 

were searched using the MALDI-TOF data obtained. 

4.3.1 Isolation of Protein Fractions from A. pisum 

Fractions corresponding to soluble and detergent-solubilized proteins from 

Acyrthosiphon pisum were prepared by differential extraction. Whole insects, or guts 
dissected in ice cold 0.9% NaC1 were homogenized in 50mM HEPES buffer (pH 7.0). 
After centrifugation the supernatant contained the soluble protein fraction. The pellet 

was resuspended in 50mM HEPES containing 0.1% Triton X-100 and after further 

centrifugation the, supernatant contained detergent-solubilised proteins, referred to 

subsequently as "insoluble". Triton X-100 treatment is sufficient to solubilise most 
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membrane proteins, but not many structural proteins. The two fractions had different 

band patterns when analysed by SDS-PAGE, although some cross-contamination in 

terms of bands present in both fractions was apparent. 

4.3.2 Development of a Pull-Down Assay for Studying the Interaction of 
Recombinant Lectins with Aphid Gut Proteins 

To study the interaction between ASAII and A. pisum proteins a pull-down assay 

using ASAII cross-linked to magnetic beads was developed. Cross-linking of 4 mg 

recombinant ASAII and 0.5 ml of amine-derivatized magnetic bead suspension was 

carried out using the water-soluble cross-linker BS3 in PBS (pH 7.0). According to 

spectrophotometric analysis at 280nm, 3.6 mg (90%) of recombinant ASAII was 

cross-linked successfully to magnetic beads (not shown), giving a concentration of 7.2 

pg lectin per µl of bead suspension. 

4.3.3 Pull-Down Assay of Whole A. pisum Insects 

Soluble and insoluble protein fractions were prepared from approximately 90 mg of 

whole A. pisum insects as described earlier. Two pull-down assays were carried out, 

one on the soluble protein sample, the other on the insoluble protein sample, retaining 

samples of applied protein, unbound protein, wash fraction, and protein eluted from 

the beads by treatment with SDS sample buffer. In a control experiment with beads to 

which no protein had been attached, only minimal background binding was observed 
(result not shown). When proteins extracted from whole insects were tested, a large 

number of proteins in the soluble fraction bound to the immobilised ASAII, as shown 
by a complex and diverse band pattern for SDS-PAGE of the eluted fraction after 

silver staining (fig. 4.10). Specific binding had taken place, shown by the failure of 

some of the major components to bind, and their presence in the unbound proteins. 
The greater intensity of staining of the protein bands in the eluted fraction suggests 

that the proteins present had been concentrated by their interaction with the magnetic 
beads, implying that the pull-down was viable for a protein-protein interaction 

`fishing' experiment. However, the amounts of protein bound by the magnetic beads 

could not be visualised by standard Coomassie blue staining after elution from the 
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magnetic beads, because the protein levels in the sample were too low. In the 

insoluble protein pull-down assay, more proteins appeared to be present in greater 

abundance than the in the soluble pull-down. The majority of proteins in the insoluble 

fraction failed to bind, including most of the prominent bands, and were found in the 

non-bound fraction with a low amount of protein present in the eluted fraction. A 

band of approximately 50 kDa was the single dominant band in the eluted fraction. 

Overall, there was no carry-over of abundant proteins in the applied fraction into the 

eluted fraction, suggesting that the assay conditions were of a suitable stringency (fig. 

4.10). The complexity of SDS-PAGE band patterns of the proteins bound by ASAII in 

the eluted soluble and insoluble protein fractions from whole insect made further 

characterisation of individual bands difficult or impossible, and required that the assay 

be carried out on proteins specifically derived from aphid guts. 

4.3.4 Pull-down assay of proteins bound by ASAII in the aphid gut 

With a suitable assay procedure set up it was possible carry out a pull-down assay of 

aphid gut tissue only. In a preliminary experiment, approximately 50 aphid guts were 
dissected, and total gut proteins were extracted in HEPES buffer containing Triton X- 

100. The supernatant from this extraction was used for the pull-down assay. A sample 

corresponding to whole aphid protein (extracted with Triton X-100 containing buffer) 

was used as a comparison. Results are shown in figure 4.11. 

The eluted fraction from gut proteins still shows a complex pattern on SDS-PAGE 

after silver staining, but major bands are evident, and bands are well-separated enough 

to make excision a viable possibility for the major components. The experimental 

strategy was considered to be viable for preparation of gels for subsequent MALDI- 

TOF analysis of protein components in the eluted fractions. 
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Figure 4.10 12.5% SDS-PAGE analysis of whole insect pull-down assay. Visualized 

by silver staining. 
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Figure 4.11 10% SDS-PAGE analysis of insect gut tissue pull-down assay. 

Visualized by silver staining. 
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4.3.5 MALDI-TOF mass spectrometric analysis of aphid gut proteins 
bound by ASAII 

The pull-down experiment was repeated with soluble and insoluble protein fractions 

extracted from aphid guts. Approximately 150 aphid guts were dissected as described 

and soluble and insoluble protein fractions were resuspended in 200 µl of 50 mM 

HEPES and 50 mM HEPES + 0.1 % Triton X-100 respectively. 50 gl of ASAII beads 

were added and the total volume of the reaction was made up to 0.5 ml with 50 mM 

HEPES. After overnight incubation at 4 °C the beads were washed and samples 

prepared for analysis on 12.5% SDS-PAGE. The applied, wash, and eluted fractions 

were analysed by SDS-PAGE, using SYPRO Ruby fluorescent stain to identify bands; 

a total gut protein sample was included for comparison. Results are shown in figure 

4.12. 

A low amount of protein was detectable in the soluble elution fraction, the major band 

being at 66 kDa with lower molecular weight bands at approximately 55 kDa and 32 

kDa. Amounts of proteins were too low for further analysis. 
The elution fraction of the insoluble protein fraction pull-down contained 

approximately ten distinct protein bands, the most abundant being at approximately 

110 kDa and 66 kDa. The band at 66 kDa is broad, and may represent a mixture of 

proteins; this band corresponds to the most abundant band in the total protein sample. 

The band at approximately 110kDa corresponds to an abundant band in the total 

protein sample also. These two bands were excised from the gel and subjected to 

MALDI-TOF analysis as they appeared to be retained most strongly in the eluted 

bead fraction. 

Protein from the 110 and 66 kDa bands was extracted and digested with trypsin prior 

to analysis. MALDI-TOF analysis of the 110 kDa band produced a peptide mass 
fingerprint (PMF) (fig. 4.13) which was used in a Mascot search against the NCBInr 

database. This gave a significant match to membrane alanyl aminopeptidase N (APN) 

from A. pisum (gi90656783) with a Mowse score of 143 where the database used gave 

a significance level of p<0.05 for Mowse scores greater than 79. Membrane ' alanyl- 
APN had a molecular mass of 111198 Da in the sequence database and the PMF 

obtained had 33% sequence coverage (fig. 4.14). Only a single membrane-bound 
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aminopeptidase N occurs in A. pisum and accounts for around 15% of total gut 

protein. The enzyme is a glycoprotein that is rich in mannose residues and is known to 

bind the mannose and glucose specific lectin Concanavalin A (Con A) (Cristofoletti, 

P. T., et al., 2006, Sauvion, N., et al., 2004). The 66 kDa PMF (fig. 4.15) did not give 

any Mowse scores above 79; it did however give a match to sucrase from A. pisum 

(gi81159208) with a Mowse score of 66 and PMF sequence coverage of 30% (fig. 

4.16). By increasing the peptide mass tolerance of the Mascot search from ±50 ppm to 

±70 ppm a MOWSE score threshold of 73 was set and under this stringency sucrase 

scored 73, making it a significant match. The molecular mass of sucrase is 68845 Da 

and it was the only A. pisum sequence to be identified from the database. 

Recombinant sucrase has been shown to tightly associate to membranes in Xenopus 

oocytes (Price, D. R. G., et al., 2007). Sucrase contains three potential N- 

glycosylation sites (N-X-S/T) but did not bind Con A agarose matrix (Dr. D. Price, 

personal communication). The mannose oligosaccharide specificity of Con A and 
ÄSAII may vary sufficiently for sucrase to bind selectively to ASAII but not Con A. 

Other sequences were identified in the Mascot search including predicted proteins 

similar to ventricular myosin heavy chain isoforms 1-7 from Danio rerio (Isoform 6 

(gi68355960) had a Mowse score of 75) but these were from non-arthropod species, 

and had molecular masses inconsistent with the band on SDS-PAGE. 
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Figure 4.12 10% SDS-PAGE of Ac. vrthosiphon pisum gut protein pull-down assay. M 

= SDS7 marker. B= Bead only. T= Total gut protein. A= Applied sample. W= 

Wash fraction. E= Eluted, hound proteins. Visualized with SYPRO Ruby stain on a 

Typhoon imager (Amersham). 
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1 MFKLVAVLSA ALLCALVRGQ EDADDKIMDV FRLPENTSPE SYDLWFAPNM NDWTFEGCAK 

61 ILVNINTPDT IAVTLNLNNL TVTNVSATDV SNNRDMVVAG LEYQTKNEOF VIRFOKAVPK 
121 DROLLVTIKY KGYIRDDNTG LYRSSYIEDG VTKWLAVTOF EPTSARLAFP CYDEPMYKAK 

181 FNITVVKQM OTVLSNMPIL $IEEGSKNTT VYFKETPPMS TYLAAIYVGE FVPKKNDSKI 

241 TIYTYKGKQQ QTEYVATEAP K{HLKVLEKYT GINYMLPI LLAIPDFRAG AMENWGMNTY 

301 KESLLLLSND SKTKIKIQSS EIVQHEFTHQ WFGNLVTCKW WDYLWLNEGF AAYFQYFATG 

361 MVRTSWPMEE LFLIDEFQNS MAYDQTPRHP ITTSVNTPOE TVDIFDAITY FKAASVLRML 

421 RYTVTENLFQ LSLQYYLKQF SYKAADPTNL FSAFDNVLYD KNYEIGNGLT VNEFMSNWTL 

481 QSGYPVLNVT RNATTNTFSV TQRQFYVNKT DTTINETAAW HICLTYITDV SKNFTYNSSS 

541 SVWTNKE P TVFEAPEDIN WYLFNPKAIG FYRVNYDVNN WMALIKQLNE TPTDIHVLSR 

601 AOLIDDAFNL ARSGOLDYSV ALHL YLKY ENNTTPWYSA MNVFSYLLER MPRSDEGYED 
661 FKSHVSSLAG TIYKK EDLV SSGNTEFKVL SAWETFSSWA CRLENKYCLT KAQEYFNKWQ 

721 AGEKIPADIK DAAFCIGVKN SNGSSVFNNM LALYNSTNSI SEKSSAESAL GCSTNRTQLS 

781 EYINHILDGP NGLIKYKDNgt SWSAISVTP LGLDVLYEFM STNINITMDQ LPNGEDIITF 

841 IYSTLASKVT NDDEIEKINN FKNNSTVRA. La' VRPMFENSYK VVEYNLEWFD SYSVGINQWT 

901 SAYGEKEPQD IEITTLPPTT IAAGTTTGST SMNVTVKIST TTPKPSSATL NAYSSLVILQ 

961 LTVFTVLIKT YFL 

Figure 4.14 Amino acid sequence data of membrane alanyl aminopeptidase N (ABD96614.1) 

from A. pisum. Bold and underline typeface signifies peptides identified in mass spectrum (fig. 

4.13). 
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1 MFKVITVCLW LFAFNSLNVS SEYVYEGLKS DSVEPDWWQT EIIYQIYVRB FKDSDGDGIG 

61 DLNGITEKVP YF TIDVGAV WLSPIFLSPQ NDFGYDISDY KEIDPIYGSM ADFERMRDEF 

121 IRHGIKVLLD FVPNHTSDEH EWFOKSIKKI EPFSDYYVWK DPIRDVHGNN TPPSNWLGVF 

181 NSGSAWEWNE ERQQYYLHQF QVKQPDLNYR NPSVREEIKN TLLYWLGRGV DGFRFDAVNY 

241 LFEREDLADE PKSNKIGYLD TDYDSLTHTS TLDQPETYSI VRQWRQMLDS YRTREKKTKF 

301 MMVECYSPFD KTLLYYGSNS EPGAHFPFNF LFIGTFDQQS DAAKVHNMIK SWIRGMPTGM 

361 WPNMMGNHD INMVASRSNP MLVDGLHMIQ HLLPRTSVTY YGDELGLIDT TVRWDQTVDP 

421 AGLNVGPYRF LKFSRDPVRT PFPWDSSYNA GFSNSSSLWL PLNADYWKKN MVEESRFKSN 

481 LRSYRQLARL RRSLTFVKGD LHLYTLSKWV FGFSRSFYDI-I PTYFIVVNFG SEIETVNLME 

541 ARGTLPLTMK VKVSSINSGF VTGNLVRTDS VLLRPKAALV LTTSRMNEDA 

Figure 4.16 Predicted amino acid sequence of sucrase from A. pisum. Bold and 

underline typeface signifies peptides identified in mass spectrum (fig. 4.15). 
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4.4 Analysis of Lectin Transport into the Aphid Haemolymph 

To determine whether or not recombinant garlic lectin was delivered to the 

haemolymph, day 0 A. pisum were fed recombinant lectin and Western blots were 

carried out on extracted haemolymph after 72 hours. The sensitivity of anti-ASA 

antibodies was not sufficient to detect the levels of lectin expected in the haemolymph 

(<10 ng), it was therefore necessary to use an ASAII-Avidin fusion protein with 

avidin only controls in order to detect intact ASAII-Avidin in the haemolymph using 

anti-avidin antibodies. Details of ASAII-Avidin are given in chapter 5.50 insects 

were fed on control diet and 50 were fed on ASAII-Avidin at a concentration of 0.25 

mg/ml and all insects were bled after 96 hours feeding. Proteins present in the 

haemolymph were separated by SDS-PAGE and probed by Western blotting using 

anti-avidin antibodies. Western blot analysis showed the presence of a 20 kDa protein 

in the haemolymph of ASAII-Avidin fed insects which corresponds to the molecular 

weight of the avidin subunit alone. No intact ASAII-Avidin (-36 kDa) was detected 

in the aphid haemolymph (fig. 4.17). A similar Western blot carried out on insects fed 

avidin alone showed that avidin is transported across the aphid gut without ASAII, 

suggesting that ASAII is not necessary for avidin to be transported (fig. 4.18). It is not 

possible to assert that ASAII is transported across the aphid haemolymph from this 

data. 
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Figure 4.17 Western blot showing (1) control diet, (2) 0.25 mg/ml ASAII-Avidin in 

diet, (3) haemolymph from control fed insects after 96 hours and (4) haemolymph 

from ASAII-Avidin diet fed insects after 96 hours. Detected using anti-avidin 

antibodies (1: 10000). 
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Figure 4.18 Western blot showing (1) avidin standard (25 ng), (2) avidin standard (50 

ng), (3) 0.25 mg/ml avidin containing diet and (4) haemolymph from avidin diet fed 

insects after 96 hours. Detected using anti-avidin antibodies (1: 10000). 
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4.5 Discussion 

Artificial diet feeding assays have demonstrated that both recombinant ASAI and 

ASAII were toxic to the hemipteran insects Acyrthosiphon pisum, Myzus persicae and 

Nilaparvata lugens to differing extents. ASAI and ASAII showed a significantly 

deleterious effect on A. pisum at all the concentrations tested in a dose-dependent 

manner. Toxicity was not acute however, with chronic effects seen past day 4, 

suggesting toxicity was due to an indirect effect of the recombinant lectins rather than 

a direct toxic effect. Comparison of survival between symbiotic and aposymbiotic A. 

pisum was complicated by variation in the survival of control insects, aposymbiotic 

insects displaying a decreased survival rate. However, contrary to the findings of 

Banerjee et. al (2004) survival on lectin-containing diets was comparable between 

symbiotic and aposymbiotic insects. It was suggested in this research that 

aposymbiotic insects would demonstrate increased survival when fed only lectin- 

containing diets on the basis of the binding interaction between the bacterially 

produced symbionin protein and garlic leaf lectin in the mustard aphid (L. erysimi). 

A similar pattern of toxicity was seen in the artificial diet bioassays against M. 

persicae. Both ASAI and ASAII had significant effects on the survival of symbiotic 

insects, with the highest concentration 2 mg/ml demonstrating the greatest level of 

toxicity. Once again survival of aposymbiotic insects on control diet was highly 

variable, even more so than seen for A. pisum, survival of aposymbiotic insects on 
lectin-containing diets was comparable to that seen in "symbiotic insects, suggesting 
further that the toxicity of garlic lectins does not involve an interaction with a 

symbiont-produced protein. 

The results from N. lugens showed that ASAI did not significantly affect survival of 
the insect but ASAII at 1.0 mg/ml survival was decreased significantly. These 

findings were in line with previous assays of mixed garlic lectin isoforms. N. lugens 

does not possess Buchnera-like endosymbionts but some toxicity is still observed 
suggesting that the mode of action is independent of bacterial endosymbionts. 

It was noticeable that ASAII demonstrated a greater toxicity than ASAI towards all 
hemipteran insect species tested. This may reflect the ability of ASAII to form stable 
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homodimers from single subunits spontaneously, resulting in a molecule with a 

greater mannose binding capacity than ASAI which cannot form dimers 

spontaneously as both subunits are encoded in its amino acid sequence. Variable 

proteolytic cleavage of the ASAI heterodimer has been described in chapter 3 and the 

absence of intact heterodimers may contribute to a decreased level of toxicity 

compared to ASAII. 

To further understand the mode of action of lectin toxicity and lectin transport across 

the aphid gut a pull-down assay was successfully developed to isolate garlic lectin- 

binding proteins within the aphid gut. This assay identified two gut proteins with 

significant Mowse values after MALDI-TOF analysis: Alanyl-APN and sucrase. 

A single membrane alanyl-APN occurs in A. pisum (Cristofoletti, P. T., et al. 2006) 

and it accounts for more than 15% of total gut protein and is rich in mannose residues 

which bind to recombinant ASAII. APN is present predominantly associated with the 

microvillar membrane of the insect midgut, approximately 98% of total APN is 

membrane-bound, the remaining 2% is present as a soluble enzyme. It is therefore 

perhaps unsurprising to observe an interaction between ASAII and APN in the insect 

midgut. APN has been established as the target of the insecticidal S-endotoxins from 

Bacillus thuringiensis (Bt toxins). Bt toxins exert toxicity to insects by the formation 

of channels through the midgut. Interestingly no successful Bt toxin has been found 

against hemipteran insects. 

Sucrase is a predominantly membrane bound enzyme integral to osmotic regulation in 

the aphid gut. The observation that sucrase was unable to bind to Con A suggests that 

it does not possess mannose oligosaccharide subunits despite it being a glycosylated 

protein. It may therefore be the case that a protein-proten interaction with ASAII is 

occurring. 

It was not possible to determine whether or not recombinant ASAII was transported 

across the aphid gut into the haemolymph by Western blotting. Transport of other 
lectins across the gut of hemipteran insects, for example GNA has been detected in 
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the haemolymph of N. lugens (Down, R. E., et al., 2006). Some toxicity towards N. 

lugens was observed in this paper and transport to the insect haemolymph was 

implicated in this toxicity. Transport of a spider venom peptide as part of a fusion 

protein across the insect gut was also achieved and this enabled the toxic effects of the 

venom peptide to greatly increase toxicity. In this study involving garlic lectin, it was 

not possible to show intact ASAII-Avidin in the aphid haemolymph, only the avidin 

subunit. This may suggest that ASAII can transport avidin across the aphid gut, but it 

has also been demonstrated that avidin alone can cross the gut. It may be the case that 

ASAII-Avidin is cleaved within the aphid gut and the avidin subunit is preferentially 

transported. Without knowledge of the fate of ASAII after ingestion it is difficult to 

suggest how the toxicity observed in insect bioassays comes about. Data from 

MALDI-TOF has revealed that ASAII interacts strongly with APN and to lesser 

extent sucrase. Binding to these proteins in the gut membrane could produce 

physiologically significant effects on insect survival, particularly if amino acid 

absorption or breakdown of carbohydrate molecules is significantly inhibited. 
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Chapter 5 

Development of Insecticidal Fusion Proteins Based on Garlic 

Lectin 

5.1 Introduction 

The stability of snowdrop lectin (Galanthus nivalis agglutinin; GNA) to gut proteolysis in 

insects and its ability to cross the gut into the haemolymph when orally administered has 

been demonstrated (Fitches, E. C. et al., 2001). Subsequently GNA has been employed as 

a "carrier" protein for potentially insecticidal peptides (Fitches, E. C. et al., 2002) and 

proteins (Fitches, E. C. et al., 2004) in recombinant fusion proteins. Since garlic lectins 

have a similar binding specificity to snowdrop lectins, and their similarity in sequence 

suggests they are also able to resist proteolysis, these proteins were expected to transport 

across the insect gut into the haemolymph like GNA. On this basis, fusion proteins using 

recombinant ASAII as an alternative "carrier" protein were created and tested against 

insect pests. Since ASAII is present in a food crop that is consumed raw, there would be 

fewer potential objections against its use in an insecticidal treatment. Two strategies were 

employed for the production of fusion proteins based on ASAII: in the first, the methods 

used to produce GNA-based recombinant fusion proteins, containing the lectin 

polypeptide fused to an insecticidal protein toxin, were copied, with suitable adaptations; 

in the second, a recombinant ASAII-Avidin fusion protein, which would allow linkage of 

biotinylated active peptides to the carrier, was produced. 

5.1.1 Insecticidal fusion proteins containing a toxin and a lectin carrier 

In order to produce insecticidal fusion proteins, based on GNA, it was necessary to 

establish sources of potentially insecticidal proteins or peptides. Venoms of predatory 
arthropods are a rich source of insecticidal molecules, many of which are insect-specific 

toxins. Previously, a gene encoding a venom component from the arachnid species 
Segestria florentina (SF! I) was obtained and incorporated into an expression construct 

used to produce a SflI-GNA fusion protein (Fitches, E. C. et at., 2004). Subsequently, the 
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venom of the red scorpion Mesobuthus tamulus, family Buthidae, was used as a source of 

toxic components. When initially isolated and characterized, the red scorpion toxin (RST) 

was described as putatively lepidopteran-specific (Wudayagiri, R. et al., 2001) but 

artificial diet feeding trials of a RST-GNA fusion protein demonstrated toxicity to 

lepidopteran and hemipteran insects (Pham Trung, N. et al., 2006). The expression 

construct for RST-GNA in this case contained a synthetic RST coding sequence. The 

toxin itself demonstrates a high degree of sequence similarity to other insect toxins such 

as neurotoxin P2 and chlorotoxin. The RST scorpion toxin was selected for incorporation 

into fusion proteins based on ASAII as a carrier. 

5.1.2 Insecticidal fusion proteins based on a carrier to which biotinylated 

peptides can be attached 

Another means of producing insecticidal fusion-proteins, particularly those which utilize 

potentially insecticidal peptides as toxic agents, is via a system which allows chemically- 

synthesised peptides to be attached to a carrier. Such a system would provide a 

convenient way to test a number of potentially insecticidal peptides without having to 

produce numerous expression constructs. In addition, it would allow peptides containing 

modifed amino acids to be used in fusion proteins. Post-translational modification of 

recombinant proteins by expression systems is determined by 
-the 

host, and yeast 

expression systems generally lack the, capacity to produce the kinds of modification that 

are common in insect peptide hormones and toxins, such as C-terminal"amidation. 

A system for producing peptide-carrier conjugates developed in Durham was chosen for 

this project. It is based on a recombinant fusion protein containing ASAII fused to the N- 

terminus of chicken egg white avidin (ASAII-Avidin). In this fusion, the ASAII acts as a 

"carrier" component, to allow transport across the insect gut, and the avidin acts as a 
binding component, to which biotinylated molecules can be bound. The strong binding 

between avidin and biotin (Kd approximately 10'15M; (Kohanski, R. A., Lane, M. D., 

1990)) would make the formation of complexes effectively irreversible. Biotinylated 

peptides can be chemically synthesised, and conjugated to a recombinant ASAII-Avidin 
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fusion protein. This system allows almost any peptide that has been characterised at the 

amino acid level to be exploited as a potential insecticidal toxin. Besides using peptides 

from venoms, endogenous insect peptide hormones can also be employed as potential 

toxins, since exogenously supplied hormones can disrupt insect physiology and 

development. The carrier system allows these peptides to be delivered orally, to reach 

their sites of action, whereas normally they would only be effective if injected into the 

insect haemolymph. 

To evaluate the ASAII-Avidin fusion protein as a peptide delivery vehicle, an 

endogenous insect peptide hormone was selected as the potential toxin to be coupled to 

the carrier. Leucomyosuppressin (LMS) is an FLRFamide peptide of the FMRFamide- 

related peptide (FaRP) family. FaRPs occur widely across the animal kingdom and 

possess either the tetrapeptide FMRFamide or structurally similar FLRFamide C-terminal 

peptide sequence. In insects FLRFamides primarily show strong myotropic effects by 

inhibition of visceral muscle contraction, and consequently have become known as 

myosuppressins, although other effects including stimulation of skeletal muscle 

contraction have been observed (Kingan et al., 1990). The consensus leucomyosuppressin 

sequence XDVXHXFLRFamide has been characterised in a number of insect species. 
These include the cockroaches Leucophaea maderae (Holman et al., 1986) and 
Diploptera punctata (Donly et al., 1996), the locusts Locusta migratoria (Robb et al., 
1989) and Schistocerca gregaria (Schoofs et al., 1993), the dipteran species Drosophila 

melanogaster (Nichols, 1992) and Neobellieria bullata (Fonagy et al., 1992) and a 
lepidopteran species, Manduca sexta (Kingan et al., 1990). In D. punctata LMS mRNAs 
have only been detected in the anterior gut region in apparent endocrine cells, although 
immunohistochemical analysis shows FMRFamide-like immunoreactivity in posterior 

endocrine cells and nerve tracts along the entire gut. 

No LMS-like peptides have been characterized in hemipteran insects but the fact that 
FMRFamide peptides are so widespread across the order Insecta suggests that it is likely 

that hemipteran insects, including aphids, will possess a similar peptide. The importance 

of regulation of gut contractions is important in aphids as it is in other insect species; 
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although aphids do not have to deal with protein-rich food requiring enzymatic digestion, 

they do have to exert tight control over ingestion of large volumes of liquid phloem sap. 

A disruption to this ability is potentially fatal to the aphid. 

5.2 ASAII-RST: A Recombinant Fusion Protein of Garlic Lectin and 
Red Scorpion Toxin 

The synthetic gene sequence encoding a mature toxin from Mesobuthus tamulus (red 

scorpion toxin, RST) described by Pham Trung et al. (2006) was used as the basis for a 

construct in which this toxin was fused to the garlic lectin ASAII as a carrier. The fusion 

protein described by Pham Trung et al. (2006) would be designated RST-GNA in the 

nomenclamature used in this thesis (referred to as ButaIT-GNA in the paper; ButaIT was 

used as an abbreviation instead of RST to agree with earlier literature). However, on the 

basis of variants of the basic fusion protein between GNA and RST produced in the 

laboratory, it was decided to produce a fusion protein based on ASAII with the 

components in the opposite order, which was designated ASAII-RST. Two constructs 

were produced for the expression of ASAII-RST. Initially a construct containing full- 

length ASAII fused N-terminally to the RST coding sequence was produced (ASAII127- 

RST). A second construct was designed in light of the information obtained from 

MALDI-TOF analysis of ASAII, which showed that C-terminal cleavage of ASAII took 

place in Pichia pastoris during synthesis. This revised construct (ASAII115-RST) 

encoded the first 115 amino acids of ASAII (up to the predicted C-terminal cleavage site) 

fused N-terminally to the RST coding sequence. ASAII-RST fusion proteins were 

produced by Dr. Judith Philip. 

5.2.1 The ASA11127-RST construct 

The construct containing a "full-length" ASAII coding sequence, ASAII127-RST was 

assembled as follows. The RST fragment was PCR-amplified from an' existing construct 
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containing GNA-RST, to produce RST with a 5' Not I site and a 3' Xba I site, using the 

following oligonucleotides (restriction sites underlined): 

RSTfwd: 5' - TAAGCGGCCGCAAGGTGTGGTCCTTG - 3' 

RSTrev: 5' - TAAT TAGATCATTGTATACCACAGA - 3' 

The amplifed RST fragment was separated by agarose gel electrophoresis, purified, and 

sequentially digested with Xba I and Not I. It was then ligated to the ASAIIpGAPzaA 

plasmid which had also been digested with Xba I and Not I. The ligation mixture was 

transformed into E. coli, and colonies containing the required recombinant vector were 

selected by plating on media containing zeocin. Plasmid minipreps were carried out on 

putative recombinants, and plasmid DNA was analysed by restriction digestion, and by 

DNA sequencing. The resulting clone contained the correct product for RST ligation into 

ASAIIpGAPzaA. The sequence for ASAII127-RST is shown in figure 5.1. The correct 

construct was transformed into protease A-deficient P. pastoris strain SMD 1168, and 

transformants were selected by plating on zeocin-containing media. Selected colonies 

were picked off and cultured in a small-scale shake flask experiment. Culture 

supernatants were screened for expression of the recombinant fusion protein by Western 

blotting, as described for recombinant garlic lectins. 

Screening of supernatants from small-scale cultures showed that the fusion protein had 

undergone significant cleavage, and that although a band of the expected size for the 

ASA11127-RST fusion protein (molecular weight approximately 20 kDa) was present on 
Western blots probed with anti-ASAII antibodies, much of the immunoreactive material 

was at the same molecular weight as the ASAII standard. 

The ASAII127-RST fusion protein was produced on a large scale by fermentation of a 

selected clone, as for recombinant garlic lectins. Protein was purified from culture 

supernatant by ion exchange chromatography purification on S-Sepharose, using a 

method similar to that carried out for the recombinant garlic lectins expressed in P. 

pastoris. Culture supernatant was diluted 10-fold into 50mM sodium acetate pH 4.0, and 

applied to the column, which was eluted with a linear gradient of [NaC1], from 0-1.0 M. 

ASA11127-RST eluted as a broad peak, contaminated with yeast proteins; the recombinant 
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protein was further purified by gel filtration of a column of Sephacryl S-200. Analysis of 

purified ASAII127-RST on SDS-PAGE showed that almost complete degradation (>90%) 

of the intact fusion had occurred (fig. 5.2). repeat experiments in which conditions were 

changed to attempt to minimise proteolysis did not increase the proportion of intact 

fusion protein. 
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gaagctgtcatcggttactcagatttagaaggggatttcgatgttgctgttttgccattttccaacagcacaaataacgg 80 
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XbaI 

AGGGCCCACAATGTATCTGTGGTATACAATGAtctaaaacaaaaactcatctcagaagaggatctgaatagcgccgtcga 760 

ASA115': ccaaaatt aggaacatactgatgaat 

ASAII3': gcgacaaccacagcagcaccggccagagt 

RST5': taagcaaccacaaggtgtggtccttg 

RST3': taatctaaatcattgtataccacaga 

Figure 5.1 Sequence information for full-length ASAII127-RST. Bases in uppercase 
denote recombinant protein sequence, grey highlighting shows translated vector sequence 

(a-factor), yellow highlighting indicates ASAII sequence, green highlighting shows RST 

sequence. Italic and underline indicates restriction sites. Primers used to amplify the 

coding sequence fragments used to assemble the construct are also shown. 
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Figure 5.2 SDS-PAGE analysis of ASA11127-RST after purification by gel filtration on 

Sephacryl S-200 column. Gel stained with Coomassie blue. Elution volums of fractions 

increases in the direction of the arrow. The lane "St. " is a recombinant ASAII standard; 

arrow indicates undegraded fusion protein. 
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5.2.2 The ASA11115-RST construct 

A construct which encoded ASAII up to the predicted cleavage site (amino acids 1-115) 

was produced after MALDI-TOF revealed that cleavage of the ASAII C-terminus was 

leading to degradation of the full-length ASAII-RST fusion protein. To create this 

construct a PCR fragment was produced using the following oligonucleotides: 

ASAII(115)fwd: 5'- CCGAATTCAGGAACATACTGATGAAT-3' and 

ASAII(115)rev: 5'- TGCGGCCGCAGCAGGTCCACGAGCACT. 

The PCR product was amplified from the existing ASAIIpGAPzaA construct. Sequence 

details are shown in figure 5.3. Production and purification were carried out as for 

ASAII-RST with the exception that the pH of the culture was maintained at pH 4.0 as 

opposed to pH 5.0, previous experience in the laboratory suggested that lowering pH may 

decrease the activity of proteases in the culture during fermentation. Analysis of this 

fusion protein containing the truncated ASAII polypeptide showed intact fusion protein 

of the predicted size (fig. 5.4). This fusion protein was tested for toxicity towards A. 

pisum. 

5.2.3 Artificial Diet Bioassay of ASA11115-RST against A. pisum 

Artificial diet bioassays of ASAIIl15-RST at a range of concentrations from 0.1 mg/ml to 

1 mg/ml in diet demonstrated non-toxicity to A. pisum over 11 days. No significant acute 

or chronic toxicity was observed during the course of the assay (fig. 5.5). This result is 

unexpected on two counts: first, the ASAII part of the fusion has not shown the expected 

toxicity; and second, the RST part of the toxin has had no apparent effect. This could be 

explained by the inability of ASAII to bind to the insect gut or to cross into the insect 

haemolymph when attached to the RST subunit. Alternatively, transport may occur to the 

haemolymph but the RST subunit may not be toxic to this species of insect. However, a 

similar lack of toxicity has been observed in the lepidopteran species Lacanobia 

oleracea, the tomato moth (Dr. E. C. Fitches, personal communication). RST has been 

reported as a lepidopteran specific toxin and FP4 (a fusion protein consisting of GNA- 

RST) has been demonstrated to show toxicity against L oleracea as well as the 
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hemipteran pest N. lugens. This makes it likely that the problem of non-toxicity lies in the 
inability of RST to be delivered to the insect haemolymph by ASAII. 
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ASAII3': tacaaccacagcaggtccacgagcact 

RST5': taagcaaccacaaggtgtggtccttg 

RST3': taatc a tcattgtataccacaga 

Figure 5.3 Sequence information for truncated ASAII115-RST. Bases in uppercase denote 

recombinant protein sequence, grey highlighting shows translated vector sequence (a- 

factor), yellow highlighting indicates ASAII sequence, green highlighting shows RST 

sequence. Italic and underline indicates restriction sites. Primers used to amplify the 

coding sequence fragments used to assemble the construct are also shown. 
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Figure 5.4 Analysis of ASAII, 15-RST by (a) SDS-PAGE (gel stained with Coomassie 

blue) and (b) Western-blot using anti-ASA antibody. Protein fractions were analysed 

after purification by gel filtration on Sephacryl S-200 column. Elution volums of 
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arrow indicates undegraded fusion protein. 
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Figure 5.5 Bioassay of ASAII115-RST fusion protein against pea aphid (A. pisum). 
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5.3 The ASAII-Avidin fusion protein 

Cloning of chicken avidin and preparation of the ASAII-Avidin expression construct 

were carried out by Dr. D. P. Bown. 

5.3.1 Extraction of genomic DNA from chicken (Gallus gallus) embryo 

200 mg of tissue from a five day old chicken embryo was homogenized in Tri reagent 

(Sigma; buffered guanidinium thiocyanate solution) and extracted with chloroform. After 

centrifugation to remove insoluble debris, DNA was precipitated from the aqueous phase 

by addition of EtOH. The DNA was pelleted by centrifugation, washed, and dried. The 

pellets were resuspended in 1000 pl 8 mM NaOH overnight at 4 °C. To dissolve 

gelatinous material, the solution was heated to 60 °C for 5 minutes, and then cooled to 4 

°C and neutralised by adding 0.1 M HEPES. The resulting DNA solution was analysed 

by spectrophotometry; it had an A260/A280 ratio of 1.7, and a total yield of DNA of 

approximately 900 pg. 

5.3.2 Isolation of avidin coding sequence from chicken genomic DNA and 
assembly of avidin expression construct 

Since attempts at amplification of an avidin cDNA by RT-PCR was unsuccessful, 

genomic DNA as described above was used as a template to amplify an avidin coding 

sequence. The avidin gene from G. gallus contains 4 exons, with the majority of the 

coding sequence of the mature polypeptide contained in exons 2 and 3 (see fig. 5.6). 

Exons 2 and 3 were amplified separately using primers Ex 12f and Ex23r (exon 2; see fig. 

5.7) and Ex3f and Ex3r (exon 3; see fig. 5.7) respectively. After isolation by gel 

electrophoresis, band excision and DNA purification, the exons were cloned separately 
into pCR2.1 using the TOPO-TA method, and selected clones were checked by DNA 

sequencing. An expression construct for the complete avidin coding sequence was then 

assembled in a two-step process (see fig. 5.8). In the first step, exons 2 and 3 were 

assembled together by restricting the pCR2.1 clones with Pstl and Scal (exon 2) or Scal 
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and EcoRI (exon 3) and ligating the isolated DNA fragments into pUC18 which had been 

restricted with EcoRI and Pstl. The ligation product was cloned, and selected clones were 

checked by restriction analysis and DNA sequencing. In the second step, the combined 

exons 2 and 3 were assembled with oligonucleotides containing the exon 4 sequence 

(Ex4f and Ex4r; see fig 5.7), and cloned directly into the yeast expression vector 

pGAPzaB. Exons 2 and 3 were excised from the pUC vector by restriction with M1uI and 

PstI, and the isolated DNA fragment was ligated to pGAPzaB that had been restricted 

with PstI and Sall, and to annealed oligonucleotides Ex4f and Ex4r. The ligation mixture 

was cloned, and selected clones were checked by restriction digestion and by DNA 

sequencing. A clone containing the complete expression construct (pGAPzaB-avidin) 

was selected for further work; the predicted amino acid sequence of the translation 

product is shown in figure 5.8. 
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IIIII 
actgggcagagtcagtgctggaagcaataaaaggcgagggagcaggcaggggtgagtcctgcaaggagcacacccagctg 80 
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GCCTCTCTGCCAGAAAGgtaacgggatggggctgggagtgggtgcacctggtgcccaccactgcctcctgcccgccactg 240 
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actccttcttcttcgtcacagTGCTCGCTCACTGGGAAATGGGACAACGACCTGGGCTCCAACATGACCATCGGGGCTGT 320 

--------------------> CSLTGKWTNDLGSNMTIGAV 

GAACAGCAAAGGTGAATTCACAGGCACCTACACCACAGCCGTAACAGCCACATCAAATGAGATCAAAGAGTCACCACTGC 400 
NSRGEFTGTYITAVTATSNEIKESPL 

ATGGGACACAAAACACCATCAACAAGAGGACCCAGCCCACCTTTGGCTTCACTGTCAATTGGAAGTTTTCAGgtgcttct 480 
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ctcccagcctccctgcaatgtccctgctcctctgctgtgcttctctgtgacaaaCCCCtttgctttactgccattcccca 560 
-------------------------------------------------------------------------------- 
cgctgtctccagtgctctcctgcccttccctacagtctccctgacggtctctcctcctcgctgtggtgtccctgatgatt 640 
-------------------------------------------------------------------------------- 
tccagctcatccctgCagtcccctcaacaatgccctgcctcccatgcccccggtgctgccccatcccttcccgtagagct 720 
-------------------------------------------------------------------------------- 
gctgggctgctgtcacctcctggtccccgggtgcaggggaggtgctggggctgtccccagagggcacagagagctcagat 800 
-------------------------------------------------------------------------------- 
gagttgtcccctgggcagagggaccatggcactggcactgccctgccctgcgtggggctcacgaccccactcccctcatC 880 
-------------------------------------------------------------------------------- 
tgccccttttcccacagAGTCCACCACTGTCTTCACGGGCCAGTGCTTCATAGACAGGAACGGGAAGGAGGTCCTGAAGA 960 
---------------->E STTVFTG0CFIDRNGKEVLK 

CCATGTGGCTGCTGCGGTCAAGTGTTAATGACATTGGTGATGACTGGAAAGCTACCAGgtgagcccagggcagaggcaca 1040 
TMWLLRSSVNDIGDDWKAT R<--------------------- 

cggtcccgggctgtgactcaatggctgtgcacttcccaccttacatctcctctctctccccgcagGGTCGGCATCAACAT 1120 
----------------------------------------------------------------> VGINI 

CTTCACTCGCCTGCGCACACAGAAGGAGTGAggatggccccgcaaagccagcaacaatgccggagtgctgacactgcttg 1200 
FTRLRTQKE *> 

tgatattcctcccaataaagctt 

Figure 5.6 Avidin gene sequence (Gallus gallus AVD gene; AJ311647) showing 
intron/exon structure. Coding sequence is shown in capitals, non-coding in small 

characters. Introns are indicated by <--- --->. Shaded amino acid sequence indicates a 

signal peptide (predicted by SignalP v. 3.0). 
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Sall 

Exl2f 5' CGCGTCGACGCTAGAAATGCTCGCTGACTGGGAAATGG 3' 

Scal 
Ex23r 5' CGCGAGTACTTTCTGAAAACTTCCAATTGACGGTG 3' 

Scal 
Ex3f 5' CGCGAGTACTACTGTCTTCACGGGCCAGTGC 3' 

M1uI 

Ex3r 5' CGCGACGCGTAGCTTTCCAGTCATCACC 3' 

Ex4f 5' , CG CGTGTTGGTATCAACATCTTCACTAGATTGAGAACTCAAAAGGAAA 3' 
Ex4r 3' ACAACCATAGTTGTAGAAGTGATCTAACTCTTGAGTTTTCCTTTAGCT 5' 

Figure 5.7 Primers and oligonucleotides used to assemble avidin coding sequence. 
Shaded bases show non-coding extensions. 
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Figure 5.8 (A) Schematic diagram of avidin expression construct. Site in brackets is lost 
in the complete construct. (B) Predicted polypeptide produced by avidin expression 

construct. 
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The avidin expression construct was checked by transformation into P. pastoris strain X- 

33. Transformed yeast colonies were selected by plating on zeocin-containing media (100 

µg/ml). Selected transformants were grown in small-scale cultures for 3 days, and culture 

supernatants were screened by immuno-dot blot assay, probing with anti-avidin 

antibodies. The transformant giving the strongest signal was selected for further study. 

Western blot analysis of culture supernatant showed the presence of a polypeptide of 

molecular weight approximately 20,000 Da when probing with anti-avidin antibodies. 

The polypeptide was approximately 2,000 Da larger than "natural" avidin, as predicted 

by the extra amino acid sequence present in the sequence encoded by the expression 

construct (17 residues, N-terminal extension plus C-terminal (his)6 tag - see fig. 5.8). 

5.3.3 Preparation of ASAII-Avidin expression construct 

The pGAPzaB-avidin expression construct was designed with extra coding sequence at 

its N-terminus, containing restriction sites to allow the insertion of an extra coding 

fragment (fig. 5.9). An ASAII fragment, corresponding to amino acid residues 1-115, and 

containing Pst I and Sal I restriction sites compatible with those in the pGAPzaB-avidin 

was produced by PCR amplification from the original pGAPzaA-ASAII expression 

construct using the following oligonucleotides: 

GAPASAfwd: 5' CGCGCTG AGAAAGGAACATACTGATGAATGACG 3' 

ASAAvrev: 5' GCGCGT GACAGGTCCACGAGCACTTC 3' 

Restriction sites are underlined. The PCR product was purified by agarose gel 

electrophoresis, and DNA was purified from the excised band. The fragment was 

restricted with Pst I and Sal I, and was ligated to pGAPzaB-avidin that had been 

restricted with the same enzymes. The ligation mixture was transformed into E. coli, and 

plated on zeocin-containing media. Putative transformants were checked by restriction 
digestion of plasmid DNA extracted from the colonies, and clones containing the correct 

construct were checked by DNA sequencing to obtain the expected pGAPzaB-ASAII- 
Avidin expression construct (fig. 5.9). The sequence of the predicted polypeptide product 

of this expression construct is shown in figure 5.10. 
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Figure 5.9 Schematic diagram showing the assembly of the ASAII-Avidin expression 

construct. 
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5.3.4 Production and Purification of ASAII-Avidin 

ASAII-Avidin was produced in P. pastoris (protease-deficient SMD1168 strain) as 
described for recombinant garlic lectins in Chapter 3. The validated clone expressing the 

fusion protein was grown in a5 litre culture using a laboratory scale fermenter. 

Initial purification of ASAII-Avidin by hydrophobic interaction chromatography using a 

phenyl-Sepharose column was not possible, as ASAII-Avidin failed to bind to the matrix, 

as was seen in the case of recombinant ASAII (results not shown). In line with the 

techniques used for recombinant lectins, cation-exchange chromatography using S- 

Sepharose matrix was used as an alternative. As for the purification of recombinant 

lectins by this method, a 10-fold dilution of the harvested culture supernatant was 

required to reduce the concentration of sodium chloride to a level which allowed proteins 

to elute across a 0-0.5 M NaCl gradient. The culture supernatant was diluted 10-fold into 

50 mM sodium phosphate buffer (pH 4.0) and purification was carried out in 5 litre 

batches. Analysis on SDS-PAGE showed that ASAII-Avidin was present in the peak 
fractions eluted from the column by a 0-0.5 M [NaCl] gradient (fig. 5.11(a)), but analysis 

of the column flow-through showed that binding to S-Sepharose was not efficient (fig. 

5.11(b)) with large amounts of recombinant protein in the flow-through volume. 

As ASAII-Avidin was expressed in the protease-deficient SMD1168 strain of P. pastoris, 

the (his)6 tag should be retained. This allowed affinity chromatography using metal 

affinity chromatography (Ni2+ matrix) to be carried out, which did not require dilution of 
initial culture supernatant. Nickel affinity chromatography was carried out initially in 50 

mM sodium phosphate buffer at pH 7.4.300 mM sodium chloride was used in the buffers 

as oppose to the recommended concentration of 500 mM to allow for the presence of 

sodium chloride in the culture supernatant. Loading, washing and elution steps were all 

carried out at 4 °C. When the pH of the buffered culture supernatant was raised to 7.4 a 
significant amount of precipitate formed, this precipitate was not the ASAII-Avidin 

fusion protein, which was still present in the filtered solution. However, the precipitation 

caused problems when running the metal affinity columns due to clogging. After washing 
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the affinity column, purified fusion protein was eluted using 300 mM imidazole in 

column buffer. Typically elution volumes for affinity chromatography are less than 5 ml, 

resulting in very high concentrations of protein in the elution solution. When dialysed 

against ammonium bicarbonate buffer to remove imidazole, further precipitation of the 

sample occurred, and in this instance it was recombinant protein that precipitated. To 

overcome this problem the eluted sample was diluted approximately 10-fold with distilled 

water prior to dialysis. At this lowered protein concentration no precipitation occurred. 

For subsequent experiments it was necessary to concentrate the recombinant ASAII- 

Avidin using a centrifugal concentrator, during which no precipitation of the protein 

occurred. 

Since no precipitation of material from culture supernatant occurred during ion-exchange 

chromatography at pH 4.0, whereas precipitation occurred at pH 7.4 during metal affinity 

chromatography, affinity chromatography was attempted at pH 4.0 in 100 mM sodium 

acetate buffer. It was observed that increasing the pH as far as pH 5.0 initiated some 

precipitation in the culture supernatant, so pH 4.0 was a suitable pH to avoid this 

precipitation during the loading of the sample onto Ni2+ resin. Elution of the protein still 

had to be carried out at pH 7.4 because at pH 4.0 protein would not elute from the matrix 

(result not shown). This increase in pH during elution did not result in precipitation in the 

elution solution, provided that the column was washed to remove non-bound material at 

pH 4.0. 

5.3.5 SDS-PAGE analysis of recombinant ASAII-Avidin produced in P. 

pastoris SMD1168 

Analysis of ASAII-Avidin purified by ion-exchange chromatography on SDS-PAGE 

produced a profile of major bands at approximately 18 kDa, 25 kDa and approximately 
60 kDa (strongest band; see fig. 5.11). However, analysis of fractions and flow-through 

by Western blotting showed that incomplete binding to the ion-exchange column was 

occurring, with immunoreactive material present in the flow-through fraction, and that 
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the major stained band did not correspond to the major immunoreactive species (fig. 

5.11(b)). This method of puriification was not pursued further. 

Purification of ASAII-Avidin by Ni2+ affinity chromatography gave a product eluted from 

the column by imidazole that contained a major band of approximately 36 kDa (fig. 5.12 

(b)) that corresponded to a similar sized immunoreactive band on a Western-blot carried 

out with anti-avidin antibody (fig. 5.12(c)) and anti-myc tag antibody (fig. 5.12(d)). This 

band represents intact ASAII-Avidin; the immunoreactivity with anti-myc tag antibody 

demonstrates that no C-terminal cleavage of the avidin subunit is occurring in SMD 1168. 

Further bands are seen at approximately 20 kDa and 18 kDa. The 20 kDa band is strongly 

immunoreactive with anti-avidin antibody suggesting it is cleaved avidin. Avidin usually 

runs as a 16 kDa monomer, suggesting that the 20 kDa band contains extra amino acids 

than is seen for avidin monomer. This may be due to the cleavage of ASAII at its C- 

terminus as described in chapter 3. If this were to be occurring then an immunoreactive 

band containing the C-terminus of ASAII plus the linker region and the avidin subunit of 
ASAII-Avidin would be produced, the molecular weight of which would be 

approximately 20 kDa. This band is also immunoreactive with the C-terminal anti-myc 

tag antibody (fig. 5.12(d)). 
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Figure 5.11 Purification of ASAII-Avidin from yeast culture supernatant by ion- 

exchange chromatography on S-Sepharose at pH 4.0. (a) SDS-PAGE of peak fractions 

taken from peak fractions (300 µl of the fraction acetone precipitated prior to loading on 

gel). (h) Western blot analysis of flow-through from various ion-exchange purifications. 

1-5 indicate different purification runs, S= starting sample. Detected with anti-Avidin 

antibodies. 
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Figure 5.12 Purification of ASAII-Avidin expressed in P. pustoris" strain SMD1168. 

(a) Purification of ASAII-Avidin from SMDI 169. Elution profile of Ni'' affinity column; 

(b) SDS-PAGE analysis of fraction eluted from column in 250 tnM imidazole (after gel- 

filtration clean up and centrifugal concentration of peak); (c) Western-blot analysis of 

fractions eluted from column using anti-Avidin antibody; (d) Western-blot analysis of 

1Ii s. 
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fractions eluted from column using anti-Myc tag antibody (L = load, FIT = flow-through, 

E= eluted). 
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5.3.6 ASAII-Avidin produced in P. pastoris strain SMD1168 shows 

variability in proteolytic degradation 

Maintaining intact ASAII-Avidin throughout the purification procedure was problematic 

and as was seen with recombinant garlic lectins expressed in P. pastoris, levels of 

proteolytic degradation were variable. After several attempts, intact ASAII-Avidin was 

produced with a minimal amount of degraded products. In the ion-exchange purification 

protocol, lengthy loading periods (upto 5 days in some instances) at 4 °C and further gel- 

filtration "clean-up" chromatography led to degradation of ASAII-Avidin into its 

constituent subunits (fig. 5.13). Purification by Ni2+ affinity in sodium phosphate buffer 

pH 7.4 led to precipitation of salt in the buffer and later of protein during dialysis. Intact 

recombinant protein production was achieved by carrying out purification on Ni2+ affinity 

matrix at pH 4.0 in sodium acetate buffer and elution at pH 7.4 in loading buffer 

containing 300 mM imidazole, elution profiles for this purification were similar to those 

seen in the sodium phosphate strategy. Critical to the purification of intact recombinant 

protein was immediate dilution of the elution solution which was then dialysed against 

water immediately at 4 °C. Immediately following dialysis the sample was centrifugally 

concentrated at 4 °C, a sample taken for analysis by SDS-PAGE and BCA assay and the 

remainder immediately transferred to -20 °C for storage. Proteolytic degradation did not 

occur during -20 °C storage and the concentrated sample could be thawed for "clean-up" 

gel-filtration chromatography. The intact protein produced by this procedure is shown 

(fig. 5.14). 
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Figure 5.13 "Clean-up" purification profile of ASAII-Avidin. Gel-filtration was carried 

out on a column of Sephacryl S-200. (b) SDS-PAGI: of samples frone ASAII-Avidin 

expressed as a recombinant protein in P. pastoris strain SMD1169. (c) Pooled peak 

fractions of ASAII-Avidin after centrifugal concentration (MWCO 10 kDa). 
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Figure 5.14 Intact ASAII-Avidin following affinity chromatography using Nie resin in 

100 mM sodium acetate buffer pH 4.0 (elution at pH 7.0) and `clean up' by gel-filtration. 

Numbers indicate load volumes (µl). 
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5.4 ASAII-Avidin: Biotin-Leucomyosuppressin 

The production of recombinant fusion proteins for analysis of small potentially 

insecticidal peptides by cloning based strategies is a laborious task for screening a large 

number of peptides. The availability of synthetically-produced peptides with biotin tags 

enables ASAII-Avidin to be utilized as a tool for the transport of small peptides without 

the need for complex cloning procedures. The strong binding between biotin and avidin 

allows the conjugation of ASAII-Avidin and biotinylated peptides to proceed to 

completion in a simple incubation. 

5.4.1 Biotinylated Leucomyosuppressin (LMS) Production 

A biotinylated leucomyosuppressin peptide based on the sequence from Diploptera 

punctata (cockroach), biotin-QDVDHVFLRF (AAB39926) was synthesized by 

Cambridge Research Biochemicals (www. crbdiscovery. com). 

5.4.2 Conjugation of ASAII-Avidin and Biotin-LMS 

Purified ASAII-Avidin was typically lyophilized and later resuspended in PBS for 

conjugation with biotin-LMS. The conjugation was carried out in the presence of a large 

molar excess of LMS; 2.5 mg (approximately 70 nmoles) of ASAII-Avidin was 

resuspended in I ml of PBS and 0.5 mg (approximately 300 nmoles) of I. MS resuspended 

in 0.5 ml PBS. The two samples were then mixed and incubated overnight at 4' with 

rotation. Verification that the conjugation had occurred was carried out by initial 

separation by gel-filtration chromatography to separate conjugated ASAII-Avidin-LMS 

from unconjugated ASAII-Avidin and LMS subunits (fig. 5.15(a)) and analysis of peak 
fractions by Western blotting using anti-avidin antibodies (fig. 5.15(h)) and an F, l. ISA 

using anti-FMRFainide antibodies (fig. 5.15(c)). 
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Figure 5.15 (A) Purification of ASAII-Avidin-LMS by gel filtration chromatography; 

(B) Western blot analysis of gel filtration peak fractions with anti-avidin antibodies; (C) 

Analysis of gel filtration peak fractions by ELISA using anti-FMRF antibodies. 
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Figure 5.16 Artificial diet bioassay data for ASAII-Avidin-LMS fed A. pisum. All 

treatments were 0.0625 mg/ml. 
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5.4.3 Artificial Diet Bioassays of ASAII-Avidin-LMS against A. pisum 

Artificial diet bioassays were carried out against A. pisum to test for insecticidal activity 

of ASAII-Avidin-LMS. Control treatments for these assays had to be carefully designed, 

since avidin itelf is known to have an insecticidal effect when fed. This effect is 

dependent on the biotin-binding activity of free avidin, since feeding avidin in the 

presence of biotin does not give an insecticidal effect. Since the ASAII-Avidin-LMS 

conjugate had been prepared with an excess amount of biotinylated LMS, all biotin 

binding sites on the avidin would be blocked. To provide a meaningful ASAII-Avidin 

control, it was therefore necessary to block the avidin binding sites with excess biotin. 

ASAII-Avidin was incubated with a2x molar excess of biotin and after 1 hour unbound 

biotin was dialysed out of the sample. This biotin-blocked ASAII-Avidin was used in the 

artificial diet feeding trials. An LMS only control was also included, as the ability of 

LMS to cross the insect gut is unknown. 

As described previously, day 0 A. pisum nymphs were placed on artificial diets 

containing the respective diet treatments. Control survival was 100% over the course of 

the assay (13 days). Survival of aphids fed both ASAII-Avidin and LMS only was 85% at 

the end of the assay, with no significant no acute or chronic toxicity seen in either of 

these two treatments. Survival of ASAII-Avidin-LMS fed aphids was 80% at day 4, 

displaying a limited acute toxicity, 10% at day 10 and 0% at day 13. Significant chronic 

toxicity was observed between days 4 and 10 with limited acute effects from day 0 to 4. 

This type of toxicity is consistent with the expected effect of the LMS; the hormone 

would be expected to result in perturbation of normal gut peristaltic movement, and thus 

to affect feeding. A progressive inability of the aphids to feed properly explains the 

observed effects. The results of the feeding bioassay suggest that LMS has a fatal effect 

on A. pisum, but when orally administered this effect is only apparent when LMS is 

conjugated to a carrier protein, in this case ASAII-Avidin. Both ASAII-Avidin and LMS 

only do not display toxicity to A. pisum, validating the role of the carrier protein in 

delivering insecticidal peptides to produce a novel insecticidal action. A summary of the 

results is shown in figure 5.16. 
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5.4.4 A. pisum contains a gene encoding a putative LMS peptide hormone 

LMS-like peptide hormones have not been identified in aphids and other hemipterans, 

and thus the toxicity of cockroach LMS to pea aphid demonstrated above may have little 

relevance to endogenous hormones in aphids. However, examination and analysis of the 

sequence data available in the partially complete A. pisum genomic database (Aphidbase; 

www. aphidbase. com), taken in conjunction with EST data for other aphids, shows that A. 

pisum does indeed contain a gene encoding a precursor for an LMS-like peptide 

hormone. The assembled sequence for this precursor is shown in figure 5.17. The 

predicted A. pisum LMS hormone has the sequence QDLDHVFLRF, differing only in a 

single conservative amino acid substitution at position 3 from the D. punctata sequence 

used to make the ASAII-Avidin-LMS conjugate. The conclusion that LMS administered 

through the ASAII-Avidin conjugate is having a direct effect on endogenous regulatory 

processes in the pea aphid is therefore justified. 
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ATGATTGTGTACCTATCTCGTCTCTATAATATATTATGTAACACGCGGTGCAGTGCGGAAATGTTTATAAACTCTATCGT 80 
MIVYLSRLYNILCNTRCSAEMFINSIV 

ATTGATTGTTGTAGAAAGAAAAATAATGTCTACGTACAGGACGATGCTGACTAGCGTGCTGGTGCTACTGGTCGTGGCCA 160 
LIVVERK I< 

GCGTTTGCGATTGCCGGATAAACAACCTCCCCACGCGGTGTATGCCAGGGCTGCTGGAGGACGCGCCGCCCAAGGTGCGA 240 
RINNLPTRCMPGLLEDAPPKVR 

GAAGCGTGTTTGACTTTGTCCACCATCCGCACCCTATCGAACGCCATCGAAACATTCATCCAAGACAAACAGTTCCCGAT 320 
CE ACLTLSTIRTLSNAIETFIQDKQFPM 

V 
GCCTATGCCTTACAGCAGAATGTCTGATGGATTGGTCGATACAGCGATGCAAAATGATAAACGCCAAGACCTGGACCACG 400 

PMPYSRMSDGLVDTAMQNDKR 

TATTCCTCAGATTCGGTCGCAGAAGACGTTAA 
GRRRR *> 

Figure 5.17 Predicted sequence of A. pisum leucomyosuppressin prepro-peptide. 

Sequence data assembled from A. pisum genomic clone reads. The sequence shown (from 

bases 1303 - 3331 of a genomic contig) covers the longest ORF; amino acids shown grey 

are unlikely to be translated. Probable translated sequence shown as region between 

brackets < >. Amino acids highlighted in grey form a predicted signal peptide (SignalP 

v3.0). Amino acids highlighted black comprise the mature leucomyosuppressin peptide. 
Arrow shows the point of insertion of an intron of approximately 1.6kb in the genomic 

sequence; intron boundaries are: 

.. CCTATGCCTTAGTGAGTACAT .. 
(probability of donor site 0.96, NetGene2, C. 

elegans models) 

.. TTTTTCACAGAACAGCAGAAT .. (probability of acceptor site 1.00, NetGene2, C. 

elegans models) 

Bases 106-432 of the sequence shown above are very similar to bases 36-363 of an EST 

(NCBI identifier CD450787) from brown citrus aphid (Toxoptera citricida) which encode 

a similar polypeptide. 
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5.5 Discussion 

Two strategies for the production of fusion proteins were carried out in this chapter. The 

first fusion protein contained a venom protein fused to the C-terminus of ASAII. Red 

scorpion toxin (RST) is a neurotoxin which acts in a target-specific manner to modulate 

ion channel activity in lepidopteran insects (Wudayagiri, R., et al., 2001). Initial 

production of full-length ASAII(127)-RST resulted in proteolytic cleavage of all of the 

fusion protein produced in P. pastoris. Information obtained in this report (Chapter 3.1.9) 

suggested that this cleavage was occurring at proteinase A site at the C-terminus of 

ASAII. Subsequently the construct was redesigned to encode only the first 115 amino 

acids of ASAII, ASAII(115)-RST. This construct produced intact fusion protein. RST had 

been shown previously to demonstrate toxicity to N. lugens in a fusion protein of GNA- 

RST (FP4) (Pham Trung, N., et al., 2006). Subsequently it was thought that an ASAII- 

RST construct may be potentially toxic to A. pisum, given that ASAII showed greater 

toxicity to A. pisum than GNA. However, artificial diet bioassays against A. pisum 

showed that at a concentration of 1 mg/ml no toxicity was observed. This could be 

accounted for either by the inability of ASAII to cross the aphid gut or a conformational 

problem in the intact fusion protein. 

The use of peptides in fusion proteins provides a potentially highly specific approach to 
insect control, in this study biotinylated leucomyosuppressin (LMS) from cockroach, D. 

punctata was used as a potential toxin in a fusion protein ASAII-Avidin-LMS. By 

utilizing the avidin-biotin interaction an ASAII-Avidin fusion can be used to conjugate a 
large number of chemically-synthesised biotinylated peptides for assessment of their 

toxicity. Production of intact ASAII-Avidin was achieved in P. pastoris after several 
different purification strategies were attempted. Affinity chromatography using the 

polyhistidine vector tag was established as the most efficient means of purification but in 

standard, neutral pH buffers `salting out' of the protein solution occurred. By maintaining 
the pH at 4.0 it was possible to prevent precipitation of the protein solution and ASAII- 
Avidin was able to be eluted in standard elution buffer at pH 7.4. Upon elution it was 
crucial that dialysis was carried out immediately and that the eluate was diluted by 
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approximately 5-fold to ensure that precipitation of the recombinant protein did not occur 

during dialysis. After dialysis the protein solution had to be transferred immediately to - 

20 °C to prevent proteolysis. Again, this proteolysis may have been occurring at the 

ASAII C-terminus proteinase A site. Intact ASAII-Avidin was conjugated to LMS and 

then separation was carried out using gel-filtration chromatography. Intact ASAII- 

Avidin-LMS was verified and quantified by Western blotting and ELISA for use in 

artificial diet bioassays against A. pisum. Artificial diet bioassays showed ASAII-Avidin- 

LMS to be toxic to A. pisum over the first chronic phase of toxicity (days 4-13). The LMS 

peptide appears to be acting as an inhibitor of aphid feeding as the expected effect of 

progressive inhibition of feeding and reduction in honeydew production was observed 

during the feeding trial. For LMS to exert these anti-feedant effects then A. pisum must 

possess an endogenous LMS peptide. No such peptide has been identified, the only LMS 

peptide identified in hemipteran insects to date has been in the brown citrus aphid, 

Toxoptera citricida (NCBI identifier CD450787). Using the sequence from T. citricida it 

was possible to deduce a putative A. pisum LMS prepro-peptide sequence using sequence 

data from genomic clones. The putative sequence contains a predicted signal peptide and 

a mature QDLDHVFLRF peptide sequence. The high level of homology between LMS 

sequences means that the effects of the endogenous A. pisum LMS peptide will be 

mimicked and modulated to a pseudo-constitutive level by the presence of ASAII- 

Avidin-LMS in the haemolymph of A. pisum. 



Chapter 5 Fusion Proteins Based on Garlic Lectin 157 



Chapter 6 General Discussion 158 

6 General Discussion 
Hemipteran insects represent a significant order of insect pest species responsible for 

large amounts of crop damage across the world. These insects are also responsible for the 

transmission of many plant viruses that in turn result in further crop damage. The 

problem of insect pest damage will become increasingly important in UK agriculture as 

the effects of global climate change manifest themselves. In particular strategies to deal 

with hemipteran pests need to be developed with species such as Acyrthosiphon pisum 

being described as a moderate pest of pea plants and Myzus persicae being described as a 

major pest of potatoes, lettuces, legumes and brassicas by the Rothamstead Insect Survey. 

Both of these species are carriers of plant viruses and aphids in general are particularly 

likely to be able to respond to changes in climate due to their short generation time and 

rapid growth rate, there is evidence to suggest that increases in temperature with increase 

the speed of aphid development (Bayhan, E., et al. (2005). Additionally, conventional 

insecticides are becoming less effective against some hemipteran pests as resistant 

populations emerge (Koss, A. M. et al. 2005). Genetic modification represents a potential 

solution to the problem of insect pest damage, however at present this strategy is not in 

favour in the UK and established lines containing Bacillus thuringiensis toxin (Bt toxin) 

do not provide resistance to hemipteran insects. The use of lectins provides an alternative 

to Bt toxin, GNA has been shown to have limited toxicity towards N. lugens (Down, R. 

E., et al., 2006) and a lectin extracted from garlic leaves has been shown to have toxicity 

towards L. erysimi (Banerjee, S., et al., 2004). Transgenic plants expressing the garlic 

leaf lectin (ASAL) have been produced; ASAL expressing tobacco significantly reduce 

the survival of M. persicae compared to wild-type plants (Dutta, I., et al., 2005). Survival 

of rice brown planthopper (N. lugens) and green leafhopper (Nephotettix virescens) was 

also significantly reduced on transgenic rice plants expressing ASAL. Subsequently the 

use of garlic bulb lectins produced in a recombinant yeast expression system was 

investigated as a potential insect control agent being a protein which is consumed in large 

quantities by humans without harmful effects. 
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symbionin, a protein secreted from B. aphidicola an endosymbiotic bacteria was 

important in the mode of toxicity to L erysimi. This implied that aposymbiotic insects 

may show a reduced susceptibility to garlic bulb lectins. To investigate the significance 

of the bacterial endosymbiont on insect survival, artificial diet bioassays against 

symbiotic and aposymbiotic A. pisum and M. persicae were carried out. No significant 

difference could be determined between symbiotic and aposymbiotic insects, suggesting 

the assertion that the mechanism of toxicity involves a symbiont-produced protein is 

incorrect. Banerjee et al. observed the interaction between symbionin and garlic leaf 

lectin by using a far-Western blotting technique, in this study lectin-gut interactions were 

studied in A. pisum using a `ligand-fishing' approach utilizing ASAII conjugated 

magnetic beads. This approach showed no evidence of an interaction between symbionin 

and ASAII. Two proteins were identified from prominent bands on SDS-PAGE using 

MALDI-TOF spectroscopy: alanyl aminopeptidase N (APN) and sucrase. APN 

represents a major constituent of the A. pisum gut, accounting for over 15% of total gut 

proteins. A. pisum APN resembles APN seen in lepidopteran insects, containing standard 

residues involved in catalysis and a glycosyl-phosphatidylinositol anchor (GPI). APN is a 

target for Bt toxins in lepidopteran insects (Knight, P. J., et al., 1995), (Valaitis, A. P., et 

al., 1995) and contains large amounts of mannose oligomers which explains its ability to 

bind other entomotoxic lectins such as Con A. The APN from A. pisum has a wide 

specificity to N-terminal amino acids and has been shown to prefer tripeptides 

(Cristofoletti, P. T., et al., 2006). Saturation of APN enzymes in the aphid gut by ASAII 

could eliminate its activity and lead to insect death. Despite relatively low levels of 

proteolytic activity in the aphid gut, a disruption of the activity of APN could be 

significant in affecting aphid survival. The second protein pulled-down by ASAII was gut 

sucrase, an a-glucosidase enzyme present in the distal midgut region responsible for the 

hydrolysis of phloem-derived sucrose into glucose, a sugar which can be assimilated by 

aphids. The role of sucrase is important in osmoregulatory balance in the aphid (Price, D. 

R., et al., 2007). It is unclear how the interaction between ASAII and sucrase may occur 

as sucrase is a non-glycosylated protein, so an interaction between ASAII and mannose 

residues on the surface of the enzyme can be ruled out, suggesting a protein-protein 
interaction must be occurring. Evidence of a lack of sucrase activity was observed in 
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insects fed diet containing acarbose (an a-glucosidase inhibitor), the resultant insects 

were seen to be `shrivelled' (Price, D. R., et al., 2007), indicating the movement of water 

from the body fluid into the gut. Prior to death the aphids fed on recombinant lectins 

appeared to be slightly shrivelled although it is impossible to assert that this was an effect 

of reduced sucrase activity. If the toxicity of recombinant garlic lectins occurs via their 

ability to bind APN and sucrase in the aphid gut and remove the function of these two 

enzymes then it would be expected that large amounts of the lectin would be needed to 

produce a toxic effect and this toxic effect would not be acute. This concurs with what is 

seen in the insect bioassay data presented in this study where insect death occurred 

predominately in the first stage of chronic toxicity between days 4-10. 

Another property of plant lectins is their resistance to proteolysis and stability within the 

insect gut. Many lectins, such as GNA are able to cross the insect gut and be detected in 

the insect haemolymph as intact proteins (Fitches, E., et al., 2001). This property is of 

significance as lectins can be used as carrier molecules to transport insecticidal proteins 

and peptides into the insect haemolymph, making lectins a valuable tool for the oral 

administration of toxins. A number of these fusion protein constructs have been produced 

and been shown to have significantly higher toxicity to insect pest species when 

compared to the lectin or toxin subunits alone (Fitches, E., et al., 2002, Fitches, E., et al., 

2004). Recombinant garlic lectin offers an alternative for use in fusion protein constructs 

with potentially greater transepithelial transport ability. However, it was not possible in 

this study to determine whether or not recombinant ASAII was transported into the aphid 

haemolymph. The sensitivities of both the vector tag antibody and an antibody raised 

against an immunogenic region of ASAII were too low to allow detection of ASAII in the 

haemolymph, to confirm the presence or absence of ASAII transport an antibody with 

greater sensitivity is required. During the course of this work three attempts to raise 

antibodies to recombinant garlic lectins were made, none of which resulted in an antibody 

that was immunoreactive at useful' concentrations (<20 ng) for the detection of 

recombinant lectins in the haemolymph. " Using anti-avidin antibodies it was possible to 

detect the avidin subunit of an ASAII-avidin fusion; however, there was no evidence of 

intact ASAII-avidin. This suggested that avidin alone. may be transported into the 
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haemolymph, a result that was confirmed in this study using aphids fed on diet containing 

avidin only. Work in this study showed that an ASAII-avidin-LMS fusion protein had 

greater toxicity to A. pisum than both ASAII-avidin and LMS at equivalent 

concentrations. Further work would involve analysing variants of the ASAII-avidin-LMS 

fusion construct, for example comparing the relative toxicities of ASAII-LMS against 

avidin-LMS, and comparing this data with data relating to transport of ASAII and avidin. 

When considering binding and transport of lectins across the insect gut little is known 

about what properties enhance or reduce the ability of a lectin to be transported into the 

insect haemolymph, in the case of ASAII strong binding to surface carbohydrates on 

APN may inhibit its ability to cross the insect gut, whereas lectins with less stringent 

interactions may be sequestered at the extracellular gut surface before being more readily 

released from these interactions and transported across the gut into the haemolymph. At 

present very little is known about the mechanisms of transepithelial transport of proteins 

across the insect gut and reports that have been published have suggested different 

mechanisms. Subsequently there is no precedent for evaluating a general model of 

protein transport across the insect gut. 

The toxicity of ASA-avidin-LMS is the first successful demonstration of the use of a 

chemically synthesized peptide in a fusion protein construct. The use of avidin in the 

construct provides a convenient means of coupling a wide range of biotinylated peptides 
for assessment of their toxicity, which eliminates the need for subcloning and expression 

of fusion proteins containing small peptides which are difficult to produce. The toxicity 

of the LMS peptide from D. punctata against A. pisum suggested the presence of an 

endogenous LMS, the activity of which was being mimicked by the presence of the 

exongenous LMS. Aphids fed ASA-avidin-LMS were reduced in size compared to 

control insects and produced lower levels of honeydew, which may be accounted for by a 
breakdown in normal gut peristaltic movements due to the effect of LMS. Using genomic 
DNA data from the A. pisum expressed sequence tag (EST) database it was possible to 

assemble a gene sequence for a putative LMS in A. pisum. 
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The lack of toxicity of ASAII(127)-RST was initially thought to be due to proteolytic 

cleavage of the fusion protein resulting in the insecticidal RST component not being 

delivered to the haemolymph. Redesign of this construct to make ASAII(115)-RST was 

carried out to keep the fusion protein intact, this operation was successful but a toxic 

effect was still not observed when A. pisum bioassays were carried out. A fusion protein 

of GNA-RST (FP4) was shown to be toxic to N. lugens, providing evidence that RST, 

which was previously thought to be a lepidopteran-specific toxin, was toxic to at least 

one hemipteran pest. Bioassays showed ASAII(115)-RST is not toxic to A. pisum, however 

ASAII(115)-RST also failed to demonstrate toxicity to tomato moth, L. oleracea (E. C. 

Fitches, personal communication). 

One of the aims of the project was to investigate whether or not recombinant garlic 

lectins may offer a viable alternative carrier protein for incorporation into fusion proteins. 

It was not possible to analyse the ability of ASAII to cross the insect gut into the 

haemolymph which has made direct comparison between the transport of GNA and 

ASAII impossible. The results of artificial diet bioassays of ASAII-RST against A. pisum 

have demonstrated that it is non-toxic. Similar results have been observed in L oleracea, 

which suggests that in the case of RST at least, a similar fusion protein to GNA-RST 

using ASAII is less toxic. 

In conclusion production of recombinant garlic bulb lectins in a yeast expression system 

yields functionally active proteins with agglutination activity and toxicity to a number of 

hemipteran insect pests. The interaction of a recombinant garlic bulb lectin, ASAII, at the 

gut surface in A. pisum is with the widespread gut enzyme APN and also with membrane- 

bound gut sucrase. The mode of toxicity may be to render APN and gut sucrase inactive, 

causing insect death within the first chronic toxicity phase. The ability of ASAII to cross 

the A. pisum gut remains unclear, although it has been shown that ASAII-avidin may 

represent an effective carrier of small peptides such as LMS from cockroach (D. 

punctata), resulting in increased toxicity compared to ASAII-avidin and LMS alone. 
Using A. pisum genomic clones it was possible to assemble a putative A. pisum LMS 

gene which is the basis for the mode of toxicity of ASAII-avidin-LMS. 
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