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Complex carbohydrates (glycans) are attached to proteins and lipids by the process 

of glycosylation and play important roles in many biological processes. Altered 

glycosylation is known to cause diseases including cancer and retroviral infection. 

Carbohydratebased arrays, or “glycoarrays,” have emerged in the last decade as a 

powerful tool in glycomics, especially in glycosylation-based diagnosis of diseases; 

however, to fully exploit the potential of glycans arrays, it is necessary to increase 

the diversity of glycans and to develop reliable and reproducible chemistries for 

immobilization of the carbohydrate probes onto solid support. Recently, the protein 

glycosylation locus (Pgl) discovered in Campylobacter jejuni was functionally 

transferred to Escherichia coli, conferring ability to glycosylate proteins. Additionally, 

our research group has recently demonstrated for the first time, N-glycosylation of 

phage particles (glycophages), simply by infecting the glycosylation competent E. 

coli with M13 phage displaying a glycan-acceptor protein. Considering that phage-

patterned microarrays are a standard art in proteomics, the hypothesis of this study 

is that the glycophage particles can be exploited for the development of “glycophage 

arrays”, to be used in pathogen or cancer diagnosis in the future. 
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In this study, host cell engineering and six new bicistronic phagemids construction 

and design were planned (pBAD-MBPDQNAT-g3p::PglB, pBAD-MBPDQNAT-

g3p::PglBmut, pBAD-MBP4xAQNAT-g3p::PglB, pBAD-MBP4xDQNAT-g3p::PglBmut, pBAD-

MBP4xDQNAT-g3ptr::PglB, pBAD-MBP4xDQNAT-g3ptr::PglBmut), and the designed 

phagemids were constructed using standard genetic engineering techniques. The 

sequence of the constructed phagemids were confirmed with restriction digestion 

and DNA sequencing analysis. Next, because glycosylation potential of phage 

particles are increased if the waaL gene is deleted from E. coli TG1 host cell, the 

deletion of waaL gene was verified with flourescence-activated cell sorting (FACS) 

analysis. Thereafter, in order to increase the glycophage production efficiency and 

stability of phagemids, different parameters were tested; and (i) the truncated-g3p 

in the phagemid enabled better display of glycans on the phage compared to full-

length g3p, (ii) different purification conditions were tested to get spesific signals and 

the higher anti-glycan signal was obtained from sarkosyl treated samples, (iii) effect 

of induction conditions on cell growth and phage production capacity were 

compared with nine different parameters and best results were detected in the case 

where, OD600=0.6 at the time of infection, 8x109 CFU/mL of helper phage is used 

for infection and induction period is 16 h. Finally, “glycophage-ELISA” method was 

developed for the first time, as a new tool in glycomics analysis. Indirect ELISA 

method was choosen as the suitable ELISA type; and %2 BSA-PBS (bovine serum 

albumine) buffer gave a more specific anti-glycan signal compared to other blocking 

buffers tested. 

The study is significant because it has overcome the current bottlenecks in glycan 

array construction and provide a relatively inexpensive, specific and stable glycan 

representation method, as well as introduce a simplified and universal purification 

technique that is not dependent on the carbohydrate. With the development of new 

glycosylation pathway encoding plasmids, the variety of glycophages can be 

extended in the future. The basis of glycophage array technology described here 

should help to expand the diversity of glycan libraries and provide a complement to 

the existing toolkit for high-throughput analysis of glycan–protein interactions. 
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Kompleks karbonhidratlar (glikanlar) glikozilasyon prosesi sonucunda lipid ve 

proteinlere bağlanırlar ve hücre-hücre tanıması, metabolik alışveriş, patojen-

konakçı ilişkisi de dahil olmak üzere birçok biyolojik süreçte önemli roller oynarlar. 

Değişim geçiren glikozilasyonun, kanser ve retroviral enfeksiyonlar gibi hastalıkların 

nedeni olduğu bilinmektedir. Karbonhidrat tabanlı dizinler (arrays), ya da 

"glikodizinler," glikomiks çalışmalarında güçlü bir araç olarak son on yılda ortaya 

çıkmıştır. Ancak bu dizinlerin potansiyelini arttırmak için, glikanların çeşitliliğini 

arttırmak ve katı destek üzerine karbonhidrat problarının immobilizasyonunu 

güvenilir ve tekrarlanabilir olacak şekilde geliştirmek gerekli olacaktır. Yakın 

zamanda, Campylobacter jejuni bakterisinde keşfedilen protein glikozilasyon gen 

bölgesi (Pgl), Escherichia coli bakterisine aktarılarak, bu bakteriye proteinleri 

glikozilleme yeteneği kazandırmıştır. Ayrıca, araştırma grubumuz, glikozilasyon 

genini taşıyan E. coli’yi enfekte eden, ve bir “alıcı proteini” taşıyan M13 bakteriyofaj 

parçacıklarının N-glikozillenebildiğini göstermiştir. Faj desenli mikrodizinlerin 

proteomik çalışmalarında artık kabul görmüş bir metod olduğu göz önüne 

alındığında, gelecekte GlikoFaj parçacıklarının mikrodizin kütüphanelerine 

eklenerek patojenlerin ve kanser teşhisinde kullanılması mümkün olacaktır.  

Bu çalışmada, konak hücre mühendisliği ve altı yeni bisistronik fajmid tasarımı ve 

üretimi planlanmış (pBAD-MBPDQNAT-g3p::PglB, pBAD-MBPDQNAT-g3p::PglBmut, 



 

 
iv 

pBAD-MBP4xAQNAT-g3p::PglB, pBAD-MBP4xDQNAT-g3p::PglBmut, pBAD-MBP4xDQNAT-

g3ptr::PglB, pBAD-MBP4xDQNAT-g3ptr::PglBmut) ve tasarlanan fajmidlerin üretimi 

standart genetik mühendisliği teknikleri ile gerçekleştirilmiştir. Üretilen fajmidlerin 

restriksiyon enzimleri ile kesildikten sonra jel elektroforezinde boyut kontrolü ve 

ayrıca DNA dizin analizi ile doğrulaması yapılmıştır. Hücre içi glikan havuzunun 

arttırılarak faj parçacıklarının glikozillenme potensiyelinin arttırılması için, E. coli 

TG1 konak hücresinde bulunan waaL geninin silinmesi flüoresan aktif hücre ayırma 

(FACS) analizi ile doğrulanmıştır. Ardından glikofaj üretim  kapasitesi ve faj 

stabilitesini arttırabilmek için farklı parametreler test edilmiş; (i) fajmidde kodlanan 

kısaltılmış-g3p, normal-g3p ile kıyaslandığında, glikanların faj üzerindeki 

gösteriminin daha etkin ve stabil olduğu saptanmış; (ii) daha spesifik sinyaller 

alabilmek için farklı saflaştırma koşulları araştırılarak, sarkosyl ile muamele edilen 

örneklerden daha yüksek anti-glikan sinyali alındığı görülmüş; (iii) indükleme 

koşullarının hücre çoğalması ve faj üretimindeki etkisini kıyaslamak için dokuz farklı 

parametre sınanmış; OD600=0.6 hücre derişiminde, 8x109 cfu/mL hacminde 

yardımcı faj ile enfekte edilen hücrelerden ve 16 saatlik indükleme sonrasında en 

yüksek glikofaj derişimi elde edilmiştir. Son olarak glikomik analizlemede yeni bir 

yöntem olan “glikofaj-ELISA metodu” ilk kez geliştirilmiştir. Dolaylı-ELISA metodu 

en uygun ELISA çeşidi seçilmiş; sınanan farklı bloklama tamponlarından %2 BSA-

PBS (bovin serum albümin) tamponu ile anti-glikan antikoru ile daha spesifik bir 

sinyal elde edilmiştir. 

Bu çalışma, karbonhidrat temelli olmayan, basitleştirilmiş ve evrensel bir glikan 

saflaştırma tekniği sunması; nispeten daha ekonomik ve kararlı bir glikan temsil 

metodu olması sebepleriyle önem taşımaktadır. Farklı glikozilasyon yolaklarını 

kodlayan yeni plazmidlerin geliştirilmesiyle, glikofajların çeşitliliği gelecekte 

arttırılabilir. Sonuç olarak, bu çalışmada tanımlanan “glikofaj dizin teknolojisi”, glikan 

kütüphanelerinin genişletilmesine fayda sağlayacağı gibi, glikan-protein 

etkileşimlerinin yüksek-verimli analizinde kullanılan ekipmanların geliştirilmesinde 

tamamlayıcı bir özellik gösterecektir. 

 

 

Anahtar Kelimeler: Genetik Mühendisliği, Mikrodizinler, Glikomiks, Gliko-Faj 

Gösterimi 
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1. INTRODUCTION 

Similar to the genetic code for DNA/RNA/proteins, there is a 'sugar code' in 

biological structures that relates to both health and disease. Complex 

carbohydrates (glycans) are attached to proteins and lipids by the process of 

glycosylation and play important roles in many biological processes including cell-

cell recognition, metabolic trafficking and host-pathogen interactions. 

Abnormalities in the glycosylation pattern of a cellular protein can often lead to 

functional changes that are associated with cancer [1-3] neurodegenerative 

disorders [4, 5] retrovirus infection [6, 7] disorders of the heart, lung and blood [8] 

and other diseases [9, 10]. However, progress toward deciphering the ‘sugar 

code’ has been relatively slow compared to that of nucleic acids and proteins. 

High-throughput glycomic methods for characterizing protein-carbohydrate 

interactions have been relatively lacking, mainly because biosynthesis of glycans 

is not template-driven unlike other biopolymers, and the information content of 

glycans is enormous. Nevertheless, carbohydrate microarray technology was 

introduced in 2002 [11] and is at the frontier of glycomics in the post-genomic era.  

The key steps in the establishment of carbohydrate microarrays is to (i) increase 

the quantity and diversity of carbohydrate structures and (ii) develop reliable and 

reproducible chemistries for the immobilization of chemically and structurally 

diverse carbohydrate probes onto the solid support with retention of their 

functionality. In general, the glycan substrates for most glycoarrays are either 

synthesized via chemical, enzymatic and/or chemo-enzymatic routes, which can 

be expensive; or isolated from natural sources such as cells, tissues, pathogens, 

milk or urine [12] which yields low amounts of glycan and requires several 

purification steps. These carefully crafted carbohydrates are then immobilized in 

a spatially defined manner on a solid support. While most glyco-array studies use 

a small fraction of the total structural diversity found in nature, this has been 

sufficient to obtain useful results in a variety of applications [13-15, 11]. Still, 

improved control of the assortment of carbohydrates on arrays remains in high 

demand. In this study, immobilizing N-glycosylated proteins and O-antigens 

displayed on phage particles is proposed as an alternative in glycan array 

construction.  
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The lack of glycosylation pathways in bacteria has greatly restricted the utility of 

prokaryotic expression hosts for biosynthesis of diagnostic and therapeutic 

proteins. Recently however, the protein glycosylation locus (Pgl) discovered in 

Campylobacter jejuni  was functionally transferred to E. coli, conferring ability to 

glycosylate proteins [16, 17]. Later, groundbreaking work by Aebi and colleagues 

has shown that protein N-glycosylation and lipopolysaccharide (LPS) 

biosynthesis pathways converge in E. coli [18]. This convergence occurs at the 

step in which PglB transfers LPS O-polysaccharide (or O-antigen) from a lipid 

carrier (undecaprenylpyrophosphate, UndP) to an acceptor protein. Inactivation 

of WaaL in E. coli results in the accumulation of UndP-linked O-polysaccharides, 

which PglB can transfer to protein acceptors. PglB is the only protein of the 

bacterial N-glycosylation machinery required for the transfer of O-antigen 

polysaccharides. Along these lines, various O-antigens (encoded by plasmids 

containing the entire O-antigen biosynthetic locus) can be transferred by PglB to 

the acceptor protein displayed on phage particles. Additionally, our group has 

recently demonstrated glycosylation of phage particles (bacterial viruses) simply 

by infecting the glycosylation competent E. coli with M13 phage displaying an 

acceptor protein [19]. The hypothesis of this study was based on our ability for 

presentation of N-glycosylated proteins on phage particles and similarly O-

antigen (polysaccharides) display were exploited for the development of glycan 

arrays. 

Thus, the significance of this study lies in overcoming the current bottlenecks in 

glycan array construction and providing a relatively inexpensive, specific and 

stable glycan representation. A key advantage of our approach is that the use of 

glycans expressed on the surface of phage particles requires no tedious 

purification of any expressed ligand. Thus, a simplified and universal purification 

method that is not dependent on the carbohydrate structure will have been 

introduced. Furthermore, the use of glycophage as a scaffold for displayed 

glycans is advantageous because (i) there are no native glycan structures on 

phage, (ii) phage are released into the media eliminating the requirement for cell 

lysis (iii) a chemical synthesis step will not be required, and (iv) it will be a modular 

design that permits easy incorporation of desired glycans. 



 

 
3 

The utility of a glyco-array is correlated directly with the diversity of 

polysaccharides incorporated. Thus, to expand the diversity of our glycophage 

array, in this study, the ability of E. coli to incorporate O-antigen polysaccharides 

just as N-glycans was used as an advantage and the starting hypothesis. An 

array displaying O-antigens, would be significant not only for expanding the array 

size, but also for identifying human receptors utilized by a pathogen or in 

understanding the immune response to an infection in the future.  

Using the Glycophage technology recently developed [19], recombinant phage 

particles that display new glycoforms were generated and immobilized on the first 

generation of array surfaces, nitrocellulose membranes and 96- well microtiter 

plates. And also verified by western blot and dot blot analysis.The end results will 

be (i) obtaining a primitive glycan ‘bar code’ that is specific to the interaction 

between the terminal glycan (for instance with N-acetyl galactosamine and SBA) 

(ii) a proof of concept that diverse antigens for glycophage-arrayed glycans can 

be detected from heterogeneous solutions. 

 

 

 

 

 

 

 

 

 

 



 

 
4 

2. LITERATURE SURVEY 

2.1. Glycans and Glycosylation of Proteins 

Glycosylation is one of the major ways in which proteins are post-translationally 

modified and involves linking of monosaccharides via glycosidic bonds to form a 

glycan that is covalently attached to a biomolecule, such as a protein or a lipid. 

Over 50% of eukaryotic proteins are predicted to be glycosylated [20] although 

yeasts have fewer total glycoproteins than multicellular eukaryotes [21]. The 

significance of glycosylation is further illuminated by the fact that approximately 

70% of therapeutic proteins that are either approved by European and US 

regulatory agencies or are in clinical and preclinical development are 

glycoproteins [22].  

Glycosylation can occur at several amino acid residues, most commonly through 

asparagine (N-linked) and serine or threonine (O-linked). Although there are 

currently no established rules for predicting the effect of glycosylation on protein 

folding or function, empirical evidence reveals numerous roles for this protein 

modification. For example, glycans can influence folding, stability, molecular 

interactions, and quality control [23]. Extracellular display of glycans plays a role 

in cell–cell recognition, adhesion, and host immune responses to pathogens [24], 

Intentionally changing protein-associated carbohydrates can be used to tailor the 

pharmacokinetic properties of a protein, leading to drugs with enhanced in vivo 

activity, half-life, and resistance to proteolysis [23]. Glycosylation can also be 

used to target therapeutic proteins to specific cells or tissues [25] and to modulate 

their biological activities through interactions with specific receptors [26]. 

Conversely, the incorrect structure or position (on a protein backbone) of glycans 

can negatively affect pharmacokinetics, and in some cases trigger immunogenic 

responses [27].  

Although long established in eukaryotes, N-linked protein glycosylation in 

bacteria is a relatively recent discovery. The pathogenic e-proteobacterium 

Campylobacter jejuni was the first bacterium found to have an N-linked 

glycosylation pathway [16] encoded by the protein glycosylation locus (pgl) (Fig 

2.1. A). This locus encodes all of the necessary enzymes for N-linked protein 

glycosylation with a heptasaccharide consisting of GalNAc–1,4-GalNAc –1,4 

(Glc-1,3)-GalNAc–1,4–GalNAc–1,4-GalNAc-1,3-Bac (GalNAc5GlcBac, Bac is 
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bacillosamine). Functional analysis of the genes from the pgl locus has revealed 

that the heptasaccharide is synthesized by five glycosyltransferases encoded by 

the pglA, pglC, pglH, pglI, and pglJ genes [28-31].  

 

Figure 2.1. (A) Genetic organization of protein N-glycosylation locus (pgl) of C. 
jejuni. Yellow, genes encoding glycosyl-transferases that are involved in 
assembly of the oligosaccharide; red, genes encoding enzymes involved in 
biosynthesis of DATDH; orange, pglK encoding an ABC transporter; green, pglB 
that encodes the oTase. (B) Functional transfer of the C. jejuni protein 
glycosylation pathway on plasmid pACYCpgl (pgl) into E. coli (Modified from [23]). 

 

A growing number of similar protein modification systems have been discovered 

in other ε- and δ-proteobacteria bacteria but the C. jejuni N-glycosylation pathway 

remains the most extensively characterized [32, 33]. To date, more than 60 

periplasmic and membrane N-glycoproteins have been identified in C. jejuni [34]. 

It has been predicted that up to 150 proteins of various functions in this bacterium 

are N-glycosylated [35]. Bacterial glycan is synthesized by sequential addition of 

nucleotide-activated sugars on a lipid carrier on the cytoplasmic side of the inner 
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membrane and, once assembled, is transferred across the membrane by a 

flippase enzyme called WlaB (PglK) where it is covalently linked to asparagine 

residues [36, 37].  

Shortly after its discovery, the C. jejuni glycosylation pathway that is encoded by 

single 17 kb locus (pgl) was, functionally transferred in to Escherichia coli, 

bestowing on the latter organism the ability to produce N-linked glycoproteins [17, 

34]. Transfer of the glycan to substrate proteins occurs in the periplasm and is 

catalyzed by an oligosaccharyltransferase (OST) called PglB, a single, integral 

membrane protein with significant sequence similarity to the STT3 catalytic 

subunit of the eukaryotic OST complex [34] (Fig 2.1.B). This transfer in to a 

genetically tractable system made it possible to study the basic mechanism of 

bacterial N-linked protein glycosylation in a defined system. PglB attaches the 

glycan to asparagine in the motif D/E-X1-N-X2-S/T where X1 and X2 are any 

residues except proline [38]. With this system, proteins can be glycosylated at 

authentic sites or can be modified for glycosylation by the introduction of short 

glycosylation tags (GlycTags) containing a preferred C. jejuni N-glycosylation 

consensus sequence, D-Q-N-A-T [39]. When expressed in glycosylation-

competent E. coli, recombinant proteins engineered with GlycTags are efficiently 

glycosylated [19, 39]. This glycosylation is compatible with transport mechanisms 

that deliver the proteins to environments beyond the periplasm, such as the outer 

membrane, membrane vesicles, and the extracellular medium [39].  

N-Linked glycoproteins have also been displayed on filamentous phage particles 

[40, 41], opening up the route for glycophage display and its application to the 

engineering of glyco-phenotypes.  

2.1.1. O-antigen 

Lipopolysaccharide (LPS) is a surface glycoconjugate unique to Gram-negative 

bacteria and a key elicitor of innate immune responses, ranging from local 

inflammation to disseminated sepsis. Gram-negative bacteria have two 

membrane layers separated by a periplasmic space: an inner or plasma 

membrane and the outer membrane. LPS is a major component of the outer 

leaflet of the outer membrane [42] and consists of lipid A, core oligosaccharide 

(OS), and O-specific polysaccharide or O-antigen (Fig 2.2) [42, 43]. 
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O-antigens are present only in smooth type Gram-negative bacteria. They consist 

of repetitive subunits which make polysaccharides extending out from the 

bacteria. The O-antigen is extremely variable between species and is an 

important component of the outer membrane of Gram-negative bacteria. It acts 

as a receptor for bacteriophages and is also important in the host immune 

response. In pathogens, these O-chains are in direct contact with the host during 

infection. Since they are antigenic, they form the basis for serotype classification 

among the various bacterial families [44]. 

Figure 2.2. General structure of Gram-negative LPS [45]. 

 

The O-chains determine the specificity of each bacterial serotype, a kind of 

fingerprint for bacteria. A combination of monosaccharide diversity, the numerous 

possibilities of glycosidic linkage, substitution and configuration of sugars, and 

the genetic capacities of the diverse organisms, have all contributed to the 

uniqueness of the great majority of O-chain structures. 

O-chain structures, like any polysaccharide structures, can be linear or branched 

and substituted by many different aglycones. The most common substituents are 

O- and N-acetyl, phosphate, and phosphorylethanolamine groups [46]. Amino 

acids in amide linkages, acetamidino groups as well as formal groups, and 

glyceric acid are often found as nonstoichiometric substituents [47]. 

Each subunit comprises one to eight sugar units and there may be up to 50 

identical subunits in an O-chain. During biosynthesis, subunits are polymerized 

into blocks of varying length and then added to the core. The resulting diversity 

of chain lengths on different LPS molecules in a culture is responsible for the well-
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known ladder-like pattern of LPS molecules on SDS-electrophoretic gels [48]. 

The nature of the O-chain may, in some cases, be directly related to the 

pathogenic effects of the bacteria [44]. 

2.2. Glycomics 

Glycomics, the comprehensive study of glycomes (all glycan structures of a given 

cell type or organism), including genetic, physiologic, pathologic, and other 

aspects [49, 50] is emerging as a frontier research field in the post-genomic era.  

The structural aspects of glycomics are being extensively addressed with the 

development of advanced profiling and structural characterization strategies, 

e.g., high-resolution chromatography methods coupled with exoglycosidase 

digestions [51] and modern mass spectrometry (MS) analyses [52] and NMR [53]. 

However, understanding the involvements of carbohydrates in diverse 

recognition systems (often through their interactions with effector proteins) that 

participate in cell-cell communication and signaling still remain challenging [54]. 

Detailed analyses of carbohydrate-protein interactions present difficulties at all 

levels. First, only limited amounts of oligosaccharides (at submicromol levels) can 

typically be isolated from natural sources when released from proteins or lipids, 

and these are often highly heterogeneous. Second, the structural diversity of 

oligosaccharides leads to difficulties in their structural characterization; currently, 

there is a lack of an efficient means of automated assignment and the 

characterization is mainly reliant on expert interpretation by MS analyses. Third, 

the biosynthesis of oligosaccharides is not template driven, as for nucleic acids 

and proteins, and the diverse repertoire of oligosaccharides is difficult to access 

by chemical synthesis.  Fourth, most carbohydrate-protein interactions are of low 

affinity, and there is a requirement of multivalent presentation of carbohydrate 

ligands for detection of binding in microscale screening analysis. Several aspects 

of these challenges are now being addressed with the advent of carbohydrate 

arrays in the last decade.  

2.2.1. Carbohydrate (Glycan) Arrays 

Carbohydrates are composed of polyhydroxy units known as monosaccharides, 

of which some of the more common monosaccharides are glucose, galactose, 

mannose, fucose, sialic acid, N-acetylgalactosamine (GalNAc), and N-

acetylglucosamine (GlcNAc). These units are joined together via a glycosidic 

http://en.wikipedia.org/wiki/Glycome
http://en.wikipedia.org/wiki/Glycan


 

 
9 

bond between the ‘anomeric’ hydroxyl group of one monosaccharide and any of 

the hydroxyl functions of the second monosaccharide, with loss of a molecule of 

water. In contrast to proteins in which their sequences are unique, 

oligosaccharides and polysaccharides are typically composed of the same 

monosaccharide unit repeated over and over, such as in cellulose and starch 

[55].  

In the last 20–30 years, the role of carbohydrates in cellular recognition and 

function has started to be thoroughly recognized and understood [56]. 

Carbohydrates play key roles in mediating interactions among cells and between 

cells and other elements in the cellular environment, and can operate at cell 

surfaces. 

Carbohydrate arrays (glycoarrays) consist of sugars that are bound, covalently or 

noncovalently, to a solid surface in a spatially defined and miniaturized fashion. 

To prepare glycoarrays, pure carbohydrates have to be attached to appropriate 

chip surfaces. Glycoarray technology has been applied most extensively to the 

high-throughput analysis of carbohydrate–protein interactions. The proteins are 

incubated on the microarrays to allow for binding to the exposed carbohydrates 

before unbound proteins are washed away from the surface. In the next step, 

bound proteins are detected. Fluorescence-based methods are the most widely 

used because of high sensitivity and availability of high resolution fluorescence 

scanner. When fluorescent-labelled proteins are used, microarrays are directly 

read out and the fluorescence intensities indicate the amount of ligand bound to 

the chip. It should be noted that protein labelling with fluorescent tags may cause 

protein denaturation or modification of the sugar-binding domain. Therefore, an 

alternative approach involves the use of an antibody that specifically recognizes 

proteins bound to glycoarrays. The antibody can be directly detected if it contains 

a fluorescent tag. A typical sandwich procedure involving fluorescently labelled 

secondary antibodies has also been extensively used. However, specific 

antibodies can only be applied in some cases due to their limited availability [57]. 

In the past few years, glycoarrays have become a standard tool to screen large 

number of  sugar–biomolecule interactions and investigate the role of 

carbohydrates in biological systems (Fig 2.3); mostly because characterization of 

the strength, stoichiometry, and specificity of carbohydrate–protein interactions is 
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fundamental to many practical applications including profiling cell surface 

carbohydrate and lectin expression, clinical diagnostics of infectious diseases, 

and environmental as well as food safety monitoring for bacterial outbreak.  

 

Figure 2.3. Current applications for glyco arrays [58] 

 

The most important advantages of glycoarray technology over conventional 

approaches, such as enzyme-linked lectin assay, surface plasmon resonance 

(SPR), or isothermal titration calorimetry (ITC), are the ability to screen several 

thousand binding events on a single slide and the miniscule amounts of both 

analyte and ligand required for one experiment.  Additionally, glycoarrays are 

ideal platforms to detect interactions that involve carbohydrates, because the 

multivalent display of ligands on a surface overcomes the relative weakness of 

these interactions by mimicking cell–cell interfaces [57]. 

A number of experimental approaches have been developed to construct 

carbohydrate-based microarrays to facilitate the exploration of sugar chain 

diversity and its biomedical significance [59]. These carbohydrate microarrays 

are all solid-phase binding assays for carbohydrates and their interaction with 

other biological molecules. In spite of their technological differences, they share 

a number of common characteristics and technical advantages. First, they have 

the capacity to display a large panel of carbohydrates in a limited chip space. 

Second, the amount needed to spot each carbohydrate is drastically smaller than 

that required for a conventional molecular or immunological assay. Third, the 

microarray-based assays have higher detection sensitivity than most 

conventional  molecular and immunological assays; this increased sensitivity is  

due to the fact that the binding of a molecule in solution phase to  an immobilized 
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microspot of ligand in the solid phase minimally  reduces the molar concentration 

of the molecule in solution [60]. Therefore, it is much easier to have a binding 

equilibrium take place in a microarray assay and result in a high sensitivity.   

Glycoconjugates have been immobilized on silica plates [61], synthesized on 

beads [62] or immobilized in different wells of ELISA (enzyme-linked 

immunosorbent analysis) plates [63]. Regardless of the immobilization technique, 

glycan array technology has been used in various applications, mostly for the 

analysis of binding specificity of lectins and antibodies.    

The Consortium for Functional Glycomics (CFG) has developed one of the largest 

glycan arrays in the world and has provided routine screening for many 

investigators. Some recent examples include the screening of galectin 8 [64], 

human ficolin [65] and Candida glabrata adhesion [66]. Some other labs have 

developed and utilized glycan array technology for lectin and antibody screening. 

Feizi and coworkers used a carbohydrate microarray to reveal the structure of the 

preferred ligand for a novel protein, malectin [67]. Gildersleeve and coworkers 

used a carbohydrate microarray to evaluate the specificities of a set of lectins and 

antibodies used as reagents to detect the tumor-associated Tn antigen [68-70]. 

One of the growing applications of glycan array technology is serum antibody 

profiling. Human serum contains a wide variety of carbohydrate-binding 

antibodies, and the populations of these antibodies change as a result of disease, 

exposure to pathogens, and vaccination. Several recent examples illustrate the 

utility of carbohydrate antigen arrays for high-throughput profiling of serum 

antibodies. Glycan arrays have also been developed for the detection of 

pathogen specific antibodies for the serodiagnosis of infectious agents. 

Seeberger and coworkers reported preparation of a microarray comprising 

synthetic P. falciparum glycosylphosphatidylinositol (GPI) glycans [71]. Other 

recent examples include profiling of mellidosis patients and animals vaccinated 

or infected with anthrax or tularemia- causing bacteria [72, 73], salmonellosis 

patients [74] and Schistosoma mansoni infected individuals [75]. Microarrays 

have also seen many applications in cancer research. One recent report 

highlights the utility and sensitivity of a glycan microarray to measure antibody 

levels to a tumor-associated carbohydrate antigen, Globo-H, and related 

structures [76]. 
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These preliminary studies show great promise for glycan microarray technology. 

However, to fully exploit the potential of arrays, it will be necessary to (i) increase 

the quantity and diversity of carbohydrate structures and (ii) develop reliable and 

reproducible chemistries for the immobilization of the carbohydrate probes onto 

solid support. In general, the glycan substrates for most glycoarrays are either 

synthesized via chemical, enzymatic and/or chemo-enzymatic routes, which can 

be expensive; or isolated from natural sources such as cells, tissues, pathogens, 

milk or urine [12], which yields low amounts of glycan and requires several 

purification steps. While most glyco-array studies only sample a small fraction of 

the total structural diversity found in nature, this has been sufficient to obtain 

useful results in a variety of applications [13-15, 11]. Still, improved control of the 

assortment of carbohydrates on arrays remains in high demand. 

In this context, in the present study, immobilizing N-glycosylated proteins and O-

antigens displayed on phage particles is proposed as an alternative in glycan 

array construction. Future developments and automation will expand the 

possibilities of carbohydrate and lectin analysis in the clinical sciences, biosensor 

fields for various applications such as bioterrorism defense, environmental 

pollutant monitoring, forensic analysis, food safety, biological research, and 

routine clinical tests in laboratory medicine [77, 78]. 

2.3. Bacteriophages and Phage Display Technology 

Bacteriophages are viruses that infect bacterial cells. Much of the acquired 

knowledge about phage replication and structure has been exploited in phage 

display technology since the 1990’s. Because of their nanoscale size, the small 

genome size enclosed in the capsid and relative ease of their genetic 

manipulation, bacteriophages are nowadays also being adapted for the 

fabrication of nanotechnological materials. 

2.3.1. Phage Biology 

Phages may have single- or double-stranded DNA or RNA genomes, protected 

by filamentous or icosahedral capsids. The most common bacteriophages used 

in phage display is fd (M13 and f1) filamentous phage, though T4, T7, 

and λ phage have also been used [79-81]. Filamentous (Ff) phages constitute a 

large family of bacterial viruses that infect many gram-negative bacteria. In total 

around 60 different filamentous phage have been described to date (International 

http://en.wikipedia.org/wiki/Filamentous_phage
http://en.wikipedia.org/wiki/Enterobacteria_phage_T4
http://en.wikipedia.org/wiki/T7_phage
http://en.wikipedia.org/wiki/Lambda_phage
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Committee on Taxonomy of Viruses., 2005). Filamentous bacteriophage, long 

and thin filaments that are secreted from the host cells without killing them, have 

been an antithesis to the standard view of head-and-tail bacterial killing 

machines. The filamentous phage of Escherichia coli are the most productive 

phage in Nature, giving rise to titers of up to 1013 per mL of culture. Among E. coli 

filamentous phage, the best studied and most-exploited group are the F pilus-

specific phage or Ff, known as f1 and M13, 98.5% identical in their DNA sequence 

[82, 83]. 

Certain characteristics of M13 make it useful for phage display, among other 

molecular genetic manipulations. Ff phage replication and assembly is tolerated 

by infected bacterial wall. Infected cells continue to grow but at a lowered rate of 

division. Therefore, infected E. coli cells producing M13 phages appear as turbid 

plaques resulting from lytic or temperate phages, respectively, are formed when 

infected bacteria die. The non-lytic nature of the M13 phage-host interactions 

means that infected E. coli strains can be grown and propagated for some time. 

Second, the replicative form of the M13 phage genome is a double-stranded 

circular DNA molecule, essentially a plasmid. Therefore, it is possible to purify 

the replicative form from infected cells and perform DNA manipulations that one 

typically performs on a plasmid. In fact, some of the earliest cloning vectors were 

derivatives of M13 [84]. The ability to manipulate the phage genome is also a 

critical aspect of this system. Finally, because the phage genome is simply bound 

by coat protein, as opposed to filling a phage head structure, there is not a strict 

limit on the size of the packaged DNA. This enables flexibility in the size of 

recombinant tools. 

The phage used in this study is M13 filamentous bacteriophage from the family 

Inoviridae (Fig 2.4). The general appearance of bacteriophage M13 is that of a 

flexible filament, about 900 nm long and 6 to 10 nm thick, with a molecular weight 

of 12 x 106  [85-87]. 

The M13 phage consists of a circular single-stranded DNA genome complexed 

with a major coat protein (pVIII) and a few minor structural proteins (pIII, pVI, pVII, 

pIX) at either end. The 6.4-kb genome encodes 11 genes, five of which contribute 

to particle structure (Fig 2.4).    
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The major coat protein pVIII is an integral inner membrane protein prior to 

assembly into the virion and contains a signal sequence. The pIII protein found 

at one end of the particle is present in about five copies and is responsible for 

binding of the phage to the F-pilus receptor. It also has a role in release of the 

phage particles from infected E. coli cells. Thousands of pVIII subunits are held 

together through hydrophobic interactions, in a helical arrangement that is 

reminiscent of snake-skin scales (Fig 2.4).   

Figure 2.4. Schematic representation of the M13 virion (modified from, [88]) 

 

The cap is composed a few copies of the pVII and pIX proteins. It contains no 

lipid or carbohydrate. In contrast to the detailed knowledge of pVIII structure and 

packing along the filament, no structural information is available for the two caps. 

Proteins pVII and pIX are incorporated into the virion at the initiation step of 

assembly and are the first to be extruded from the cell [89, 90]. Both are small 

hydrophobic proteins of only 32 (pVII) and 33 (pIX) amino acids; they are inner 

membrane proteins prior to assembly, but in Ff phage they do not contain a signal 

sequence and are thought to spontaneously insert into the membrane [89]. The 

structure of these two proteins has not been solved and their arrangement in the 

virion has not been determined. Genetic analysis showed that the residues near 

 

 



 

 
15 

the C-terminus are involved in interactions with the packaging signal, a DNA 

hairpin that targets phage genome for packaging [91]. The sole clue about the 

accessibility of these two proteins is their ability to display peptides and proteins 

fused to their N-termini. For both proteins, once an addition to the N-terminus has 

been made, a signal sequence is required for successful incorporation of these 

chimeric proteins into the virion and display on the surface of the virion [92-94]. 

Proteins pIII and pVI are added to the virion at the end of assembly. They form a 

distal”cap” of the filament and at the same time release the virion from the cell 

[95, 96]. These two proteins are required for the structural stability of the virion 

and also for termination of assembly. In addition, pIII mediates entry of the phage 

into the host cell (Fig 2.5). Both pIII and pVI are integral membrane proteins [97, 

89]. At 406 amino acids in length (424 residues including signal sequence), pIII 

is distinctly larger than the other four virion proteins. PIII is composed of three 

domains (N1, N2 and C) separated by long glycine-rich. PVI is mostly 

hydrophobic integral membrane protein prior to assembly into the virion to contain 

three transmembrane α helices, with the N terminus in the periplasm and the C-

terminus in the cytoplasm [89]. 

The N1 and N2 domains of pIII interact with the host receptors; the structure of 

these two domains has been determined using X-ray crystallography and NMR 

[98, 99]. The three-dimensional structure of the C-domain, which is required for 

termination of phage assembly, formation of a detergent-resistant virion cap and 

for late steps in phage infection, is yet to be determined [100, 95]. An antibody 

specific for the C-terminal 10 residues of pIII cannot bind to pIII when it is in the 

virion. Therefore, this C-terminus must be buried within the virion cap, which is 

composed of the pIII C-domain and pVI. The largest virion protein, pIII, mediates 

infection of the host (Fig 2.5). Its two N-terminal domains bind to the primary and 

secondary receptors and its C-domain is involved in virion uncoating and DNA 

entry into the host cell cytoplasm [100]. PIII is the most diverse virion protein 

among filamentous phage, often with no significant homology between the 

counterparts from distant phage. Functional pIII C-domain covalently linked to the 

“N1, N2” domains, are absolutely required for phage infection, which ultimately 

results in entry of the phage ssDNA into the cytoplasm and integration of the 

major coat protein into the inner membrane [100]. C-domain of pIII is predicted to 
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be α-helical; three C-terminal helices (two amphipathic and the third, hydrophobic 

anchor) are required for phage entry [101]. 

N1 and N2 domains of pIII are required for infectivity of the particles, if truncated 

pIII is used for display, a wild-type (full length) pIII must be provided in order to 

allow easy amplification of phage. As with pVIII, the inserted sequence must be 

in frame with the upstream signal sequence and downstream mature (or 

truncated) pIII. The pIII fusions are most commonly expressed from phagemid 

vectors, which carry both plasmid and f1 origins of replication, the f1 packaging 

signal and an antibiotic resistance gene [102]. The phagemid vectors carry a 

cloning restriction site between sequences encoding the signal sequence and 

mature full length or truncated pIII. This allows proteins encoded by the inserts to 

be displayed on the surface of the phage as a fusion with pIII. Phagemid DNA 

into which inserts have been cloned are introduced into F+ cells, and upon helper 

phage infection, the phagemids replicate from the f1 origin, resulting in production 

of ssDNA that is assembled into the virions displaying the proteins encoded by 

the phagemids (Fig 2.6). To amplify a phagemid, the particles are mixed with F+ 

host cells. The phagemid DNA is introduced into the cell by infection, resulting in 

expression of the antibiotic resistance encoded by the phagemid. In the absence 

of the helper phage, the phagemid replicates from the plasmid origin of replication 

[103, 84, 87]. 
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Figure 2.5. Model of Ff phage infection. (1) Binding of N2 domain (dark-blue oval) 
to the tip of the F-pilus (light-blue circles)and pilus retraction. (2) Binding of N1 
domain (bright-green oval) to TolA III domain (brown oval). (3) “Opening” of the 
C-domain and insertion of the C-terminal hydrophobic helix into the inner 
membrane. (4) Entry of phage DNA into the cytoplasm and integration of the 
major coat protein pVIII into the inner membrane. Steps 1 and 4 are based on 
published findings, whereas steps 2 and 3 are speculative. Symbols: OM, outer 
membrane; IM, inner membrane. pIII N1 domain, dark-blue oval; pIII N2 domain, 
bright-green oval; pIII C domain, orange oval; pIII C-terminal hydrophobic helix 
(membrane anchor), pink rectangle; pIII glycine linkers, gray lines; major coat 
protein pVIII, black rectangles; pVII, gray ovals, pIX, purple ovals; TolA and 
TolRQ,brown shapes; F-pilus, and the trans-envelope pilus assembly/retraction 
system, light-blue. The phage contains 5 copies of pIII, but for simplicity only one 
full-length pIII is shown. However, this is consistent with experimental data: N1, 
N2 and C domain operate “in cis” and fewer than five functional copies are 
sufficient for infection [100]. 
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Figure 2.6. The Ff phage life cycle [88]. Upon infection, the ssDNA enters into 
the cytoplasm, while the pVIII major coat protein integrates into the inner 
membrane. Synthesis of the negative (-) strand is initiated at the negative strand 
origin of replication by RNA polymerase, which generates an RNA primer and is 
then released from the template [104]. Host DNA polymerase III uses this primer 
to replicate the complete negative strand. Positive strand synthesis is initiated by 
pII (gray circle), which creates a nick in the + strand of the dsDNA replicative for 
at the positive origin of replication. Supercoiling and formation of a stem-loop 
structure of the positive (+) origin of replication is required for this step (not shown 
in the figure). Rolling circle replication then ensues, one strand at a time. During 
the initial period of viral infection, new positive strands are used as templates for 
synthesis of negative strands, resulting in an increase in copy number of the 
dsDNA replicative form (RF). The RF serves as a template for production of 
phage proteins. Phage proteins II, V and X remain in cytoplasm and mediate 
genome replication and formation of the packaging substrate. Proteins pI, pIV 
and pXI form a transport complex spanning the inner and outer membrane (yellow 
and orange, respectively). Virion proteins pVII, pIX, pVIII, pVI, pIII are inserted 
into the membrane prior to their assembly into phage particles. Later in the 
infection, positive strands are coated by dimers of the phage encoded single-
stranded DNA binding protein pV to form the packaging substrate and brought to 
the cell membrane assembly/export complex (pI/pXI and pIV) for assembly and 
export. The pIV silhouette is derived from determined cryo-EM structure [105]. 
The structure of the inner membrane complex (yellow silhouette) has not been 
determined; it is drawn based on the cryo-EM structure of the type III secretion 
system [86]. 
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Phages and phagemids are the most common vectors used in phage display, 

while phagemids are used more widely than phages due to the reasons 

summarized below [106, 107]. First, genomes of phagemids are smaller and can 

accommodate a larger foreign DNA fragment. Second, the phagemids are more 

efficient in transformation that allows obtaining a phage display library with high 

diversity. Third, a variety of restriction enzyme recognition sites are available in 

the genome of phagemids convenient for DNA recombination and gene 

manipulation. Fourth, the expression level of fusion proteins can be controlled 

and modulated easily. Finally, phagemids usually are genetically more stable 

than recombinant phages under multiple propagations.  

The basic components of a phagemid mainly include the replication origin of a 

plasmid, the selective marker, the intergenic region, a gene of a phage coat 

protein, restriction enzyme recognition sites, a promoter and a DNA segment 

encoding a signal peptide. Additionally, a molecular tag can be included to 

facilitate screening of phagemid-based library. Phagemids can be converted to 

filamentous phage particles with the same morphology as Ff phage [108] by co-

infection with the helper phages [109] such as R408, [110] M13KO7 [111] and 

VCSM13. As with other filamentous phages, the length of progeny phage 

particles would be varied along with the length of phagemid DNA [112].  

2.3.2. Phage Display Technology  

Using bacteriophages in nanotechnology has been done using filamentous 

bacteriophages, principally bacteriophage M13-related phages. These phages 

are employed in a technology termed phage display [113]. In phage display, 

peptides or proteins are displayed on the surface of filamentous bacteriophage 

particles which contain the encoding DNA, thus giving a physical link between the 

phenotype of the displayed polypeptide and the corresponding genotype. The 

method for displaying polypeptides on phage particles was first described by 

Smith, G.P. (1985) [81]. Since then, phage display technology has proved to be 

a powerful tool for screening libraries of proteins and peptides for selection of 

molecules with desired properties and it is still the dominating method for 

construction of protein libraries and selection of affinity proteins. Phage display 

was first developed for the M13 filamentous phage and even though several 
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alternative phage systems have been explored, M13 still remains the most 

extensively studied and most commonly used phage [114]. 

In phage display, a library of peptides is typically inserted into the pIII receptor-

binding protein or into the pVIII major capsid protein. A population of phages 

bearing a library of display peptides (commonly 7–14 amino acids) is exposed to 

the target material. This target can be a protein, a cell, or an inorganic material. 

Phages whose display peptides bind to some feature of the target will adhere and 

the remainder of the phages can be washed away. The bound phages are then 

released (using a wash with different pH or salt concentrations) and used to grow 

a new sublibrary stock. This process is often described as biopanning. Generally, 

three to five rounds of biopanning are effective at identifying a small number (<25) 

of peptide-binding sequences from an initial library [115]. For a library of 1010 

variants, representation of every variant demands that, depending on the 

expected affinity of interaction, a larger number of particles be screened. This is 

not a problem, because Ff used in phage display technology are produced at 

concentrations (or titers) of up to 1013 per mL of culture. Increasing the culture 

volume and concentrating the phage particles further increases this number. The 

peptide-binding sequences derived via phage display can be used in one of two 

ways: as peptides or remaining as phage sequences. In the former, the peptide-

coding sequences are added to other, non-phage genes to provide proteins with 

the same target-binding capacity or the peptides are made independently and 

attached to non-protein molecules for the same purpose. This method has been 

used to synthesize a variety of nanoparticles that can be used for other 

applications [116]. The second way leaves the peptide-binding sequence 

attached to the phage using both the phage’s physical properties and the ability 

to bind the target molecules for the application [113]. 

Peptide-displaying phage technology may also provide carbohydrate-mimetic 

peptides, which are equivalent to amplifiable carbohydrates [117-120]. 

Carbohydrate-mimetic peptides can be used as immunogens to raise anti-

carbohydrate antibodies for cancer therapy [121-123] and infectious diseases 

[124-129]. In addition, phage display technology provides peptide sequences that 

bind to carbohydrates, enabling us to produce recombinant humanized 
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monoclonal anti-carbohydrate IgG antibodies against cancer cells [130] and 

infectious agents [131, 132]. 

Phage display technology has also been used to detect bacterial pathogens, 

mostly through screening of random peptide libraries. Goldman et al. (2000) [133] 

used the NEB 12-mer library to isolate peptides with affinity for SEB, a toxin 

associated with food poisoning.  Stratmann et al., 2002 [134] used the NEB 12-

mer library to isolate peptides that recognized Mycobacterium avium subspecies 

paratuberculosis (M. Paratuberculosis), and acid fast pathogen found in milk that 

is associated with a chronic inflammatory bowel disease of animals called 

Johne’s disease. Turnbough and colleagues [135, 136] used the NEB 7- and 12-

mer libraries to isolate phage clones that recognize spores of a variety of species 

of Bacillus, most importantly B. anthracis of relevance for bioterrorism. Ide et al., 

2003 [137] used the NEB 12-mer library to identify peptides that recognize the 

H7 flagella of E. coli O157:H7, otherwise known as enterohemorrhagic E. coli 

(EHEC). EHEC is pathogenic E. coli that causes hemorrhagic colitis and fatal 

kidney damage. Kim et al., 2005 [138] used the NEB 7-mer Ph.D. system to 

isolate peptides that recognized lipopolysaccharide (LPS) from a variety of gram-

negative bacteria. Bishop-Hurley et al., 2005 [139] used a 15-mer random peptide 

phage display library made by G.P. Smith to isolate phages recognizing non-

typeable Haemophilus influenzae (NTHI), a gram-negative bacterium that causes 

respiratory disease. Gasanov et al., 2006 [140], used the NEB random 12-mer 

library to pan on whole Listeria monocytogenes cells, where L. monocytogenes 

is a gram-positive food-borne bacterial pathogen.  

2.3.3. GlycoPhage Display  

The power of phage display has recently been combined with the bacterial 

glycosylation machinery to expand the microbial glycoengineering toolbox, 

allowing the production and selective enrichment of phages that display N-linked 

glycoproteins [19]. This involved fusing the minor phage coat protein g3p with a 

target glycoprotein, such as the maltose-binding protein modified with a C-

terminal GlycTag. The resulting fusion protein was efficiently glycosylated in E. 

coli cells equipped with the C. jejuni N-glycosylation machinery. Moreover, by 

virtue of the g3p protein, the glycosylated fusion protein became displayed on the 

head of filamentous phage particles. The glyco epitope displayed on the phage 
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is the product of biosynthetic enzymes encoded by genes of the C. jejuni pgl 

pathway and minimally requires three essential factors: a pathway for 

oligosaccharide biosynthesis, a functional OST, and an acceptor protein with a 

bacterial D/E-X1-N-X2-S/T acceptor motif. Phage display of N-linked 

glycoproteins creates a genotype-to-phenotype link between the phage-

associated glyco-epitope and the phagemid-encoded genes, allowing screening, 

optimization, and engineering of the acceptor protein as described previously [23, 

19]. 

The significant potential of this novel glycoprotein display technique was similarly 

demonstrated through the use of an acceptor protein natively glycosylated by C. 

jejuni (AcrA) [41], instead of an engineered maltose-binding protein (MBP) variant 

appended with a GlycTag. In both studies, an enrichment factor for the 

glycosylated phages of approximately 105-fold was achievable.  

Thus, the high-throughput glycophage display system should provide an 

invaluable tool for genetic analysis of protein glycosylation and for 

glycoengineering studies in E. coli cells [23]. In this study the above glycophage 

display system was used to describe a facile alternative for glycan array 

fabrication using engineered phages that display defined glycan epitopes, so-

called “glycophages” [19, 41].  

2.3.4. Bacteriophages in Biosensor and Microarray Technologies  

Phage can be used as a recognition element in biosensors by using physical 

adsorption to immobilize phage on the sensor surface, as well as in an array 

format, in a spatially defined arrangement. The phage selected for binding β-

galactosidase exemplifies the ability to use phage in biosensor technology for 

selective and specific recognition of relatively large protein molecules [141]. The 

combination of the phage-displayed protein chip and the SPR technique has been 

proved to be fit for proteomics research. Balasubramanian et al., 2007 [142] 

detected Staphylococcus aureus by using lytic phages as the probes on an SPR 

platform. 

Landscape phages have been shown to serve as bioprobes for various biological 

targets [143-147]. These phage probes have been used in ELISA and quartz 

crystal microbalance (QCM) to detect bacterial and mammalian targets [148]. The 

QCM acoustic wave sensor has proven to be an excellent analytical tool for the 
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study of specific molecular interactions at the solid–liquid interface [149-153, 141, 

154, 155].  

Phage-patterned microarrays are a standard art in proteomics and have been 

used as carriers to display small peptides for the diagnosis of the immune 

response in cancer patients [156, 157] or HIV patients [158], cDNA libraries to 

diagnose non-small cell lung cancer [159] and antibody clones for the detection 

of leukocyte surface antigens [160]. Antibodies can also be designed against 

phage coat proteins to assist in proper alignment, as was demonstrated by [161] 

in their development of patterned lithographic microarrays of antibody–M13 

phage complexes. In all of these cases, phage particles were entirely compatible 

with the microarray patterning process and the displayed molecules (e.g., 

proteins, peptides) were accessible for subsequent protein-protein interaction 

analysis using standard microarray scanners. A key advantage conferred by the 

use of recombinant phage is that it obviates the need for protein purification and 

thus saves considerable time and cost.  

Various methods have been employed to immobilize phages on surfaces for 

biosensor or array development. Physical absorption for ELISA, covalent binding 

and molecular recognition were proposed for a variety of applications. Phages 

have been immobilized by peptide bond between amino and carboxyl terminal 

(CT) groups on solid platforms. Other proposed approaches for immobilization of 

phages are through disulfide bonds and thiol groups, or by specific recognition 

between hexa-histidine tags on the phage and nickel coated surface [162-168].  

Building on these ideas, immobilization compatibility of phage particles combined 

with recent demonstration of glycan display on filamentous phage [169, 19] to 

create a novel glycan array technology for detecting GBP interactions. 

Specifically, our research group aimed to show that glycophages are compatible 

with surface immobilization procedures, can be modified with different glycan 

structures, and retain the ability following immobilization to be recognized by 

different GBPs (e.g. antibodies and lectins) that recognize the displayed 

oligosaccharides [169]. Hence, glycophage ELISA technique was developed 

within the scope of this thesis study. 
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3. MATERIALS AND METHODS 

3.1. Buffers and Stock Solutions 

All buffers and stock solutions listed in Appendix A were prepared with distilled 

water. The sterilization of solutions was performed either by autoclaving at 121°C 

for 20 min or by filter sterilization through 0.20 μm filters (Sartorius AG, Gottingen, 

Germany). 

3.2. Strains, Plasmids and Maintenance of Microorganisms 

E. coli strain DH5α was used for cloning of phagemids, while strain TG1 ΔwaaL 

was used for glycophage production and strain TG1 was used for helper phage 

production and titering experiments. E. coli strains were grown in Luria Bertani 

(LB) medium at 37°C or 2xTY medium at 30°C (induction phase). Culture medium 

was supplemented with 50 mM glucose or 30 mM arabinose (induction phase), 

and with the appropriate antibiotics at the following concentrations: 100 µg/mL 

ampicillin, 20 µg/mL chloroamphenicol, 50 µg/mL kanamycin and 100 µg/mL 

trimethoprim. M9 minimal medium was used to select for the presence of F’ 

plasmid when needed. VCSM13 (Stratagene) was used as the helper phage. 

For long-term storage of microorganisms, E. coli strains were suspended in 1 mL 

LB medium containing 15% glycerol and stored at -80°C. The compositions and 

preparation protocols of all the media used are given in Appendix B. 

The strains and plasmids used in this study are summarized in Table 3.1. The 

sequences and schematic representation of the backbone plasmid is given in 

Appendix C. 

3.3. Genetic Engineering Techniques 

Moleculer genetics methods were performed according to standart protocols 

[170] and are summarized in Figure 3.1. 

3.3.1. Plasmid DNA Isolation from E. coli  

Plasmid DNA from E. coli cells was extracted using QIAGEN Mini-Prep Kit, 

(Qiagen, Valencia, CA, USA) according to manufacturer’s instructions. For this 

purpose, a single colony from selective solid medium was inoculated into 5 mL 

selective liquid medium and grown overnight at 37˚C and 200 rpm. At the end of 

the protocol, 50 μL of elution buffer (EB) was used to elute DNA from QIAprep 

spin column and the extracted plasmid was stored at -20˚C. 
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Table 3.1. Strains and plasmids used in the study 

Strains Relevant genotype or description Reference 
or source 

E. coli DH5α 
 

F– Φ80lacZΔM15 Δ(lacZYA-argF) U169 recA1 
endA1 hsdR17 (rK–, mK+) phoA  supE44 λ– thi-1 
gyrA96 relA1 
 

 
Invitrogen 
 

TG1 
 

K-12 supE thi-1 Δ(lac-proAB) Δ(mcrB-hsdSM)5, 
(rK-mK-) 
 

Stratagene 

TG1 ΔwaaL  
 

K-12 supE thi-1 Δ(lac-proAB) Δ(mcrB-hsdSM)5, 
(rK-mK-) ΔwaaL 
 

[169] 

Plasmids 
 
pBAD24 
 

 
 
Cloning vector, arabinose-inducible, Ampr 
 

 
 
[171] 
 

pPglΔB 
 

pMW07 containing the C. jejuni pgl locus without 
pglB 
 

[169] 

pBAH2B  pBAD24 based plasmid containing MBP cassette. 
 

Laboratory 
stock 
 

pBAH2Bmut   pBAD24 based plasmid containing MBP cassette, 
were pglB has been inactivated. 
 
 

Laboratory 
stock 
(Guarino) 

pMWO78 pMW07-O78 for E. coli O78 O-antigen 
polysaccharide (Ec-OAg (O78); laboratory stock) 
 

[172] 

pMGG pBAH2B based plasmid encoding  MBP-GT-G3P 
 

[19] 

pMGGP pMGG based phagemid containing pglB.  
 

This study 
 

pMG4GP pMGGP based phagemid four tandem repeats of 
GT (Glyc Tag). 
 

This study 
and [169] 

pMG4GsP pMG4GP based phamid containing truncated g3p 
 

This study 
and [169] 

pMGGPmut pMGG based phagemid containing inactivated 
pglB (PglBmut). 
 

This study 

pMG4GPmut pMGGPmut based phagemid containing four 
tandem repeats of GT and PglBmut . 
 

This study 
and [169] 

pMG4GsPmut pMG4GPmut based phamid containing truncated 
g3p. 

This study 
and [169] 
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Figure 3.1. Schematic representation of the general cloning procedure 
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3.3.2. Agarose Gel Electrophoresis  

Gel electrophoresis was used to separate and visualize DNA strands. 1 g of 

agarose was dissolved in 100 mL 1xTBE and heated until boiling point. After 

cooling to approximately 50°C, 0.5 μg/mL of ethidium bromide was added and 

the gel was poured into a gel tray. An appropriate comb was inserted and the gel 

was allowed to cool. The gel tank was filled with 1xTBE buffer. DNA samples 

mixed with loading buffer were loaded into the wells, together with the DNA ladder 

(Appendix D) for size estimation. Electrophoresis was performed at 100 V for 45-

60 min. The bands were visualized under UV illumination and photographed. 

3.3.3. DNA Extraction from Agarose Gels 

In the case where a single band of DNA is to be purified from agarose gel after 

electrophoresis, QIAquick Gel Extraction Kit (Qiagen) was used according to 

manufacturer’s instructions. The procedure is designed to purify DNA from 

agarose and salts. For this aim, the DNA fragment as visualized above UV 

illuminating board, was excised from the gel with a clean, sharp scalpel and 

weighed in an microcentrifuge tube, to be approximately 400 mg of gel. At the 

end of the protocol, 50 μL of EB was used to elute DNA from QIAquick spin 

column (Qiagen) and the extracted DNA was stored at -20˚C till further use. 

3.3.4. Primer Design 

General recommendations for PCR primer design were followed as outlined 

below: 

a. Primer is preferentially 16-60 nucleotides long.  

b. One or two G or C at the 3’-end of the primer should be preferred, avoiding 

more than three G or C nucleotides at the 3’-end, to lower the risk of 

nonspecific priming. 

c. Optimal GC content of the primer is 40-60%.  

d. Primer self-complementarities should be avoided, complementarities 

between the primers and direct repeats in a primer to prevent hairpin 

formation and primer dimerization.  

e. Differences in melting temperatures (Tm) of the two primers should not 

exceed 5°C for conventional PCR. 
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The primers used in this study are given in Table 3.2. The sequences for 

restriction enzyme recognition sites are underlined. Extra nucleotides were added 

to the 5’ end of restriction enzyme recognition sites, since site recognition by the 

enzyme close to the end of DNA fragment could otherwise be problematic. The 

priming sites for sequence verification are given in Appendix E. Formation of 

primer dimmer and self-complementation are not desired, therefore were 

controlled by the program Oligo 2.0. The result of this program, together with 

thermodynamic properties of the designed primers are given in Appendix E. 

 

Table 3.2 Primers used in this study and their sequences 

Name Sequence (5’-> 3’) 

MBPss-for-EcoRI CACCGAATTCATGAAAATAAAAACAGGTGCACG 

G3P-XmaI-Rev ATCATTCCCGGGTTAAGACTCCTTATTACGCAGTATGTTAG
C 

XmaIRBSPglB GCGATGCCCGGGTTAAAGAGGAGAAAGCATATGTTGAAAA
AAGAGTATTTAAAAAAC 

PglB-stop-SphI-
R1 

TACTCTGCATGCCTGCAGGTTAAATTTTAAGTTTAAAAACTT
TAGCATCTCTAG 

PglB-stop-30bp-
SphI-R2 

TGCAGCATGCTAGTGATGGTGGCCACCAGAGCTCACTAGT
CCTGCAGGTTAAATTTTAAG 

MBP-GT-4x-
Rev1 

TGTGGCATTTTGGTCACCGCCGGTCGCGTTCTGATCCTCGA
GCTTGGTGATACGAGTCTG 

MBP-GT-4x-SalI-
R2 

TACTGAGTCGACTGTCGCATTCTGGTCACCGCCGGTGGCG
TTTTGATCGCCACCTGTGGCATTTTGGTC 

trG3P-XhoI-Sall-
For 

ATAAGCTCGAGGGCGGCGGCGGTAGCGATCAGAATGCGA
CAGTCGACGAGGGTGGTGGCTCTG 

 

3.3.5. Polymerase Chain Reaction (PCR)  

The amplification of DNA was carried out by PCR. The reaction mixture, 

prepared on ice, contained the following: 

 10x PCR Reaction buffer (with Mg2+)     : 5 μL 

 dNTP (10 mM stock)      : 1 μL 

 Forward primer 5μM stock      : 3 μL 

 Reverse primer 5μM stock     : 3 μL 

 Template DNA       : 100 ng (1-3 μL) 

 Taq DNA polymerase (1U/μL)                : 1 μL 

 Sterile dH2O        : to 50 μL 
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A commonly used, representative PCR program is given below. 

       94°C        3 min              x 1 cycle 

       ----------------------- 

       94°C        45 sec 

       60°C        45 sec            x 30 cycles 

       72°C        1 min 

      ----------------------- 

      72°C        7 min               x 1 cycle  

      4°C           ∞            

 

3.3.5.1. DNA Purification after PCR 

After PCR, removal of primers, nucleotides, polymerases and salts was 

performed by QIAquick PCR Purification Kit (Qiagen), according to 

manufacturer’s instructions. The purified DNA was eluted with 50 μL of EB from 

QIAquick spin columns. 

3.3.6. Digestion of DNA using Restriction Endonucleases  

Restriction enzyme digestion reaction mixture prepared in microcentrifuge tube, 

contained: 

 DNA fragment                                                         : 0.1 to 5 μg 

 10x Reaction buffer (supplied with the enzyme)     : 2 μL 

 Restriction enzyme                                                 : up to 10 U/μg DNA 

 Sterile dH2O                                                           : to 20 μL 

The samples were incubated at 37˚C water-bath for minimum 1 h and thereafter 

run on agarose gel. 

3.3.6.1. DNA Purification after Digestion 

After restriction endonuclease digestion, removal of primers less than 100 bases, 

enzymes, salts and unincorporated nucleotides was achieved by QIAquick 

Nucleotide Removal Kit, according to manufacturer’s instructions. At the end of 

the protocol, purified DNA was eluted with 50 μL of EB from the QIAquick spin 

column. 
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3.3.7. Ligation 

20 μL first ligation reaction mixture as an example contained the following: 

 10X ligation buffer                                            : 2 μL 

 Insert DNA                                                       : 10 μL 

 Double digested vector DNA                           : 5 μL  

 T4 DNA ligase                                                 : 1 μL 

 Sterile dH2O                                                    :  2 μL 

 

                           size of insert (bp)      3 

                          size of vector (bp)      1 

 

The amount of insert DNA to be added to the reaction mixture was calculated 

such that insert:vector ratio of 1:3 was achieved, as given in equation 3.1. A 

control reaction was also set up, containing all the reagents listed above except 

the insert. The reaction was carried out for 16h in 16˚C water-bath equipped with 

cooler. The ligation product was desalted and stored at -20˚C till required and 5 

μL was used for E. coli transformation. 

3.3.8. Transformation of E. coli 

For propagation of plasmids, or the ligation mixture, E. coli DH5α chemically 

competent cells were used. 

One 50 μL vial was thawed on ice for 5 min 5 μL of the plasmid was added and 

gently mixed by tapping. The vial was incubated on ice for 30 min, then in 42˚C 

water-bath for exactly 90 sec and immediately placed on ice for 2 min 250 μL of 

pre-warmed SOB medium (Appendix B) was added to the vial and the vial was 

incubated at 37˚C for exactly  45 min with shaking. 50-200 μL of transformation 

mixture was spread on prewarmed LB agar containing the appropriate antibiotics 

(Appendix B) and incubated at 37˚C overnight. 

3.3.9. DNA Sequencing  

The sequence of the constructed phagemid was sequenced using sequencing 

primers. 200-500 ng of purified plasmid DNA was mixed with 1 μL of 4 μM 

sequencing primer and the final volume was adjusted to 18 μL with sterile dH2O. 

The sample was run by the Sequencing Facility (Cornell University, NY). The 

provided data was analyzed using the freeware ApE v.2.0.45. 

= amount of insert (ng)            (3.1) :  100 ng vector : 
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3.4. Production of Phages and Phage Purification  

3.4.1. Production of Helper Phage 

E. coli TG1 was grown in 5 mL 2TY medium at 37°C to OD600=0.5-0.6 (Cells 

express F-pili at this concentration). The culture was infected with 8 x 109 cfu/mL 

helper phage VCSM13, incubated at 37°C for 25 min. Phage-infected TG1 culture 

was diluted in 200 mL 2TY and 35 µL kanamycin. Diluted cells was grown at 30°C 

for over night in shaker. Next day cells were spinned down at 6,000 g for 10 min 

at 4°C. Phage particles were precipitated from supernatant by adding 1/5 volume 

of mixture PEG/NaCl and incubated on ice for at least 1 hour. Precipitated phage 

particles were collected by centrifugation at 10,000 g for 25 min at 4°C then the 

phage pellet was resuspended in 4 mL PBS and remaining cells were spinned 

down at 16,000 g for 2 min at 4°C the supernatant was completely discarded and 

the phage pellet was resuspended in PBS (1/100 volume of supernatant). Phages 

were collected by centrifugation at 16,000 g for 2 min at 4°C.  The phage 

containing solution was filtered through a 0.45 µL filter and stored at -20°C. The 

phage concentration was determined by OD268. 

3.4.2. Production of Phages Displaying Glycans (GlycoPhage) 

M9 agar medium containing (20 µg/mL chloramphenicol and 100 µg/mL ampicillin 

when needed) were inoculated with E. coli TG1 ΔwaaL carrying the appropriate 

plasmids at 37°C. 6 mL of M9 medium containing (chloramphenicol and ampicillin 

when needed) were inoculated with a single colony of E. coli TG1 ΔwaaL and 

shaken at 37°C overnight. Next day, cells were subcultured into 40 mL 2TY 

containing 1% glucose, 100 µg/mL ampicillin, 20 µg/mL chloramphenicol 

(2TY/Cm/Amp/Glc) such that the initial OD600=0.05 and shaken at 37°C to 

OD600=0.5-0.6, so that cells express the f-pili. The culture was infected with 32 x 

1010 cfu helper phage (VCSM13, Stratagene) and were incubated for 30 min at 

37°C without shaking. For recovering cells, flasks were put in to shaker for 10 min 

at 37°C. Then cells were centrifuged (12 min, at 3300 g 16°C). The medium was 

changed by harvesting the cells by centrifugation and the cell pellet was 

resuspended in 40mL 2xTY medium containing ampicillin, chloramphenicol and 

35 μg/mL kanamycin. The culture was shaken at 30°C for 30 min, 30mM 

arabinose was added and induced for 16 h. 
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3.4.3. Phage Purification 

The culture supernatant was separated from the cells by centrifugation (6,000 g 

for 12 min 4°C). Phage particles were precipitated from supernatant by adding 

1/5 volume of mixture PEG/NaCl and were incubated on ice for at least 1 hour. 

Precipitated phage particles were collected by centrifugation (10,000 g for 25 min 

at 4°C) then the phage pellet was resuspended in 1 mL 2% sarkosyl in PBS. Then 

for purifying phage particles precipitation step was repeated and was added 1/5 

volume of mixture PEG/NaCl and incubated on ice for at least 1 hour. Precipitated 

phage particles were collected by centrifugation (10,000 g for 25 min at 4°C) 

supernatant was completely discarded. Phage pellet was resuspended in PBS. 

Phages which were collected by centrifugation (16,000 g for 2 min at 4°C) 

transfered in PEG/NaCl incubated on ice for at least 1 hour. Next day the phage 

containing solution was recentirifuged and resusped in PBS based on pellet size. 

The phage concentration was determined by OD268. 

3.5. Analysis  

3.5.1. Cell Concentration 

Cell concentration was measured using a UV-Vis Spectrophotometer (Thermo 

Scientific) at 600 nm and 1 mL sample taken from liquid medium was diluted with 

dH2O to read OD600 in the range 0.1 - 0.8.  

3.5.2. Total Protein Concentration 

Total protein concentration was determined spectrophotometrically using 

Bradford assay (Bradford, 1976). 20 μL of sample was mixed with 1 mL of 

Bradford reagent (BioRad), incubated at room temperature for 5 min and the 

absorbance was read at 595 nm by UV-spectrophotometer. The calibration curve 

was obtained using BSA in the concentration range of 0-2 mg/mL (Appendix F). 

3.5.3. Phage Concentration 

Phage concentration was determined spectrophotometrically at 268 nm 

(NanoDrop 1000, Thermo Scientific). The calibration equation used for converting 

absorbance to phage concentration, CPh (CFU/mL) is given in equation (3.2). 

                     CPh =  5 * 1012  *   OD268   *  Dilution Ratio                                (3.2) 
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3.5.4. SDS-Polyacrylamide Gel Electrophoresis (SDS-PAGE) 

SDS-PAGE was performed as described by Laemmli (1970). Purified protein 

samples were mixed with the sample buffer and heated in boiling water for 4 min. 

20 μL of the samples and 5 μL of a dual color prestained protein MW marker 

(Appendix D) were run simultaneously at 100 V of constant voltage. The buffers 

used are given in Appendix A and the detailed protocol is given in Appendix G. 

3.5.5. Western Blotting  

Western Blotting was performed to distinguish the phage particles by using its 

specific antibody. After the samples were run on SDS-PAGE gel, the gel was 

sandwiched between membrane, blotting paper, sponges and the blotting 

cassette. The membrane (PVDF) used, had been pre-wet with methanol and 

equilibrated with the Transfer Buffer. Blotting was performed electrophoretically 

(BioRad), for 3 h at 50 V. The blotted membrane was washed with TBS-T 2-3 

times, then with TBS-T-Milk for 1 h, at room temperature, shaking. After 3 washes 

with TBS-T, the membrane was incubated overnight at 4°C, in primary antibody 

diluted 1:1000 with TBS-T-Milk. After 3 washes with TBS-T, the membrane was 

incubated for 1 h at room temperature, in secondary antibody diluted 1:10000 

with TBS-T-Milk. After 3 washes, the presence of glycophage was visualized 

either by peroxidase-based immunocytochemical procedure using an Opti-4CN 

colorimetric kit (Biorad) or using a chemiluminescent substrate (BioRad), the 

signals of which were detected by exposing to X-ray film. Detailed protocol is 

given in Appendix G. 

3.5.6. Phage ELISA 

For glycophage enzyme-linked immunosorbent analysis (ELISA), high-binding 

96-well clear half-area microtiter plates (Corning) were coated with 0.1 - 20 x 1010 

phage particles in 25 µL of PBS buffer in replicates, and incubated for 18-24 h at 

4°C. The plate was blocked with blocking buffer (PBS + 2% nonfat milk) for 2 h 

at RT. The wells were washed 4 times with PBST (PBS with 0.1% Tween20) and 

probed with 50 µL of primary antibody and shaken for 1 h at RT, and if secondary 

antibody was required, the washed wells were probed for 1 hour at RT. After 

additional washings with PBS, o-phenylenediamine dihydrochloride (OPD) 

substrate (Sigma) was added to each well and after 40 min the reaction was 
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stopped with 3 M H2SO4. The absorbance in each well was measured at 492 nm 

(Abs492).  

Blots or arrays were probed with one of the following:  anti-MBP antibody 

conjugated with horseradish peroxidase (HRP) (New England Biolabs), hR6 

rabbit serum that is specific for the C. jejuni heptasaccharide glycan and also 

recognizes the C. lari hexasaccharide glycan (kindly provided by Markus Aebi). 

For non-HRP conjugated antibodies, anti-rabbit IgG-HRP (Promega) was used 

as the secondary antibody. HRP activity was detected using a chemiluminescent 

substrate (BioRad). 
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4. RESULTS AND DISCUSSION 

4.1. Design of Phagemids 

The research program is schematically summarized in Figure 3.1., for the 

production of new phagemids. As part of this study; six new phagemids has been 

developed, all based on the previously constructed pMGG [19] phagemid. These 

new phagemids; pMGGP, pMGGPmut, pMG4GP, pMG4GPmut, pMG4GsP and 

pMG4GsPmut  are schematically summarized in Figure 4.1. 

4.1.1 Propagation and Purification of the Backbone for pBAD24 Based 
New Phagemids 

The pMGGP phagemid’s insert gene cassette was obtained from pMGG 

phagemid, pMG4GP phagemid’s insert gene cassette was obtained from pMGGP 

phagemid and pMG4GsP phagemid’s insert gene cassette was obtained from 

pMG4GP phagemid. Moreover, the subscript “mut” at the end of the plasmid 

name, denoted the mutated PglB enzyme, which should be inactive. However, 

for the scope of this study, the main difference is the expression of the PglB 

enzyme from the phagemid. Therefore, all the new phagemids should contain the 

PglB gene. To add this gene to the phagemid sequence, i.e. constructing pMGGP 

from pMGG, there were two options: (i) the pglB gene could be amplified and 

inserted into the pMGG phagemid through restrion sites including a RBS; (ii) the 

MBP cassette could be amplified and inserted into a pBAD24 phagemid already 

containing the PglB cassette. Luckily, the second option was previously 

constructed in a previous study in our research group, and those phagemids, 

pBAH2B and pBAH2Bmut (Guarino, NY) carried the suitable restriction sites to be 

used as the backbone. Therefore, the E. coli DH5α-pBAH2B strain was grown at 

37°C, 200 rpm, for t=16h, to obtain the backbone plasmid DNA, which was 

purified with Miniprep kit (Qiagen) and its concentration was determined with 

NanodropTM.  

4.1.2. PCR Amplification of Gene Cassettes  

Forward and reverse primers given in Table 3.2 were designed to amplify the 

gene cassettes in PCR, to obtain the phagemids (Fig 4.1), and coupled with the 

template and other primers as given in Table 4.1. The expected product sizes are 

also given (Table 4.1). In order to obtain pMG4GP phagemids, two PCR steps 

were used consecutively to be able to extend the GlyTag sequence.  
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Figure 4.1. Display of new designed phagemids. pMGGP (pBAD-MBPDQNAT-
g3p::PglB), pMGGPmut (pBAD-MBPDQNAT-g3p::PglBmut), pMG4GP (pBAD-

MBP4xAQNAT-g3p::PglB), pMG4GPmut (pBAD-MBP4xDQNAT-g3p::PglBmut), pMG4GsP 
(pBAD-MBP4xDQNAT-g3ptr::PglB), pMG4GsPmut  (pBAD-MBP4xDQNAT-g3ptr::PglBmut). 
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Table 4.1. PCR components and product description 

PCR Template Forward Primer Reverse Primer 
Product 

Size 

PCR 1 pMGG MBPss-for-EcoRI G3P-XmaI-Rev 2470 bp 

PCR 2 pMGGP MBPss-for-EcoRI MBP-GT-4x-Rev1 1240 bp 

PCR 3 PCR2 MBPss-for-EcoRI MBP-GT-4x-SalI-R2 1294 bp 

PCR 4 pMG4GP trG3P-XhoI-For G3P-XmaI-Rev 590 bp 

 

These expected PCR product sizes were controlled by agarose gel, run at 90 V 

(Fig 4.2). Then, the DNA fragments were excised from the gel and purified from 

the other gel components. Concentration was determined with Nanodrop 

(The Thermo Scientific NanoDrop 1000) and stored at 4°C until used further in 

digestion reactions. 

 

 

Figure 4.2. Agarose gel electrophoresis results of amplified gene cassette. 
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4.1.3 Digestion and Ligation Reactions 

The restriction digestion enzymes used in this study, given in Table 4.2, had been 

selected with criteria to cut the template DNA with correct restriction sites 

matching the backbone plasmids. The expected DNA fragment sizes are also 

given in the table below. 

Table 4.2. Digestion reactions 

 

DNA (1-2 µg) was digested with restriction enzymes (Table 4.1 and Table 4.2) at 

37°C for 1 hour. Calf-intestinal alkaline phosphatase enzyme (CIAP, Invitrogen) 

was used after restriction digestion of vector DNA to remove 5’-phosphates 

groups to prevent recircularization of linearized vector DNA, before ligation. The 

expected size of the PCR products (Table 4.2) were controlled by agarose gel 

run at 90 V and visualized under UV light as seen from the agarose gel photos 

(Fig 4.3, Fig 4.4 and Fig 4.5) and the size confirmed bands were then purified 

from gel (Qiagen Gel Purification Kit). Vector and gene cassette’s concentration 

were determined with Nanodrop. Afterwards, for sticky end ligation reaction, 

digested PCR gene products, vector DNA and ligation enzymes were put into the 

ligation reaction for a nightlong at 16°C.  

 

Digestions Template Forward RE Reverse RE Restriction Size 

D0 pBAH2B EcoRI XmaI 6661 bp 

D1 PCR 1 EcoRI XmaI 2458 bp 

D2 pBAH2Bmut EcoRI XmaI 6672 bp 

D3 PCR 3 EcoRI SalI 1282 bp 

D4 PCR 4 SalI XmaI 544 bp 

D5 pMGGP SalI EcoRI 7888 bp 

D6 pMGGPmut SalI EcoRI 7926 bp 

D7 pMG4GP SalI XmaI 7939 bp 

D8 pMG4GPmut SalI XmaI 7977 bp 
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Figure 4.4. Agarose gel electrophoresis of plasmid and gene (insert) digested 
with restriction enzymes. 1: D5 (7888 bp), 2: D6 (7926 bp), 3: D3 (1282 bp). 

 

 

   Figure 4.3. Agarose gel electrophoresis of products of digestion reactions. 1: 
D0 (6661bp), 2: D2 (6672 bp), 3-4: D1 (2458 bp). 
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The ligated pieces of digestion products, the products of the ligation reactions 

with putative plasmids named as pMGGP, pMG4GP, pMG4GsP, pMGGPmut, 

pMG4GPmut, pMG4GsPmut phagemids, and their final sizes are given in Table 4.3. 

The ligation products were controlled after the transformation step. 

Table 4.3. Ligation reactions 

Ligation # L1 L2 L3 L4 L5 L6 

Digestions 
used in 
ligation 

D0-D1 D0-D2 D5-D3 D6-D3 D7-D4 D8-D4 

Product pMGGP pMGGPmut pMG4GP pMG4GPmut pMG4GsP pMG4GsPmut 

Product 
Size 

9119 bp 9130 bp 9170 bp 9208 bp 8483 bp 8521 bp 

 

Figure 4.5. Agarose gel electrophoresis of plasmid and gene (insert) digested 
with restriction enzymes. 1: D7 (7939 bp), 2: D8 (7977 bp), 3: D4 (544 bp). 
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4.1.4. Transformation of E. coli 

 E. coli DH5α strain were transformed using CaCl2 transformation with the 

desalted ligation, products and the transformed cells were spread onto LB-

ampicillin agar plates, for overnight growth at 37°C. Negative controls for 

transformation reaction included only the backbone plasmid but not the insert. 

Non-transformed cells were also included as negative control. Colonies from 

selective plates were grown in LB-ampicillin culture media overnight, and 

plasmids were isolated the next day.  Backbone only plates compared to those 

includng insert contained at least 5-fold lesscolonies indicating that colonies on 

selective plates carried the insert. Moreover, non-transformed control cells 

yielded no colonies on selective plates as expected. 

4.1.5. Restriction Digestion and DNA Sequencing to Select the True 
Transformants 

The purified plasmids were digested again with restriction digestion enzymes 

(Table 4.2). The digestion products were run on agarose gel for verification of the 

size and successively visualization under UV light (Fig 4.6, Fig 4.7 and Fig 4.8). 

Thereafter, the plasmids with correct digestion products of pMGGP, pMG4GP, 

pMG4GsP, pMGGPmut, pMG4GPmut and pMG4GsPmut phagemids were sequenced 

for confirmation (Cornell, NY).  

 

 

Figure 4.6. Agarose gel electrophoresis of digested recombinant phagemids after 
ligation. 1-2-3; L1: (6661-2458 bp), 4-5-6; L2: (6672-2458 bp). 
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Figure 4.7. Agarose gel electrophoresis of digested recombinant phagemids. 1-
2-3; L3 (7888-1282 bp), 4-5-6; L4 (7926-1282 bp) 

 

 

Figure 4.8. Agarose gel electrophoresis of digested recombinant 
phagemids. 1-2-3; L5 (7939-544 bp), 4-5-6; L6 (7977-544 bp) 

 



 

 
43 

4.2. Host Cell Engineering 

The host cell, E. coli TG1 ΔwaaL [169] , devoloped by our research group, used 

in glycophage production was analysed by Fluorescence-activated cell sorting 

(FACS, BD BioSciences) using a labeled SBA lectin (Sigma), to verify the deletion 

of the waaL gene. The gene encodes O-antigen ligase, which is responsible for 

attaching the O-antigen to lipid A-core oligosaccharide. Therefore the deletion of 

the gene potentially increases the pool of glycans, that are necessary for the 

glycosylation of the phage particles [173]. The majority of the population was non-

fluorescent, showing that the waaL gene was not present (Fig 4.9). Although 

there was a small subpopulation of cells potentially exposing glycans on their 

outer membranes in cells expressing PglB (green line, Fig 4.9), rest of the 

population should be sufficient for producing the glycosylated phage particles.  

 

Figure 4.9 FACS analysis of different E. coli TG1 strains to verify waaL gene 

knockout. 

 

4.3. Production of Helper Phage and GlycoPhage Nanoparticles 

4.3.1. Effect of the size of g3p on glycophage production 

The size of the displayed fusion protein can affect the assembly of phage particles 

out of the host cell [174]. Carboxyl-terminal domain of g3p is sufficient for the 

release of phage particle from the host cell, as well as its stability [95]. Although 

the N-terminal fragment of g3p is required for infectivity [175] wild type g3p is 
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incorporated together with recombinant g3p, and therefore the recombinant 

phage particles were still infectious. Fusing the protein of interest to a C-terminal 

fragment of g3p (CT) lowered the size of the fusion protein (Fig 4.10) by truncating 

g3p. This strategy was motivated by the fact that fusion to the CT can be more 

stable than fusion to full-length g3p [176] and also that shortened g3p enables 

better display of certain structures by relieving spatial constraints that occur with 

fulllength g3p [177], however the phage production capacity was not affected 

significantly by the size of the g3p.    

The presence of the immunoreactive bands only for the helper phage infected 

cultures confirmed the display of the glycoprotein on the phage particles (Fig 

4.10-a, lanes 2,3,5 and 6). The absence of anti-glycan immunoreactive bands for 

the phage samples produced from cells containing the non-glycosylatable 

phagemids,that was not infected with helper phage (Fig 4.10-b, lanes 1 and 4) 

and the phagemid expressing a mutated PglB, pMG4GSPmut (Fig 4.10-b, lanes 2 

and 5), indicated that glycosylation of phage displayed protein was specific. On 

the other hand, as well as the degradation bands observed in the system with full 

length g3p, pMG4GP (Fig 4.10-b, lane 3), led to conclusion that the truncated g3p 

fusions were superior for further glycophage studies (pMG4GsP) (Fig 4.10-b, lane 

6). 

Figure 4.10. Western blot analysis of 4x1010 phage particles produced 
from E. coli TG1 ΔwaaL carrying pPglΔB plasmid and the phagemid, 

pMG4GPmut, pMG4GP, pMG4GSPmut or pMG4GSP. The samples from non-
infected cultures were loaded based on cell concentration. Both SDS-PAGE jels 
were loaded the same. After blotting antibodies used are (a) anti-MBP (b) anti-

glycan. 
  

A B 
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4.3.2 Purification of glycophage samples 

The purification strategy is crucial to get specific but yet detectable signal. Six 

different purification conditions were tested (Fig. 4.11). Non-infected culture 

control was also included. The purified phage particles were analysed by 

glycophage-ELISA assays after titering the phage. 

The higher anti-glycan (HR6P) signal obtained in sarkosyl treated samples in 

ELISA assays (Fig 4.11, lane 8) could be due to a detergent artifact, which should 

be washed away during the precipitation. Pgl and Pglmut containing phage 

particles treated two round precipitation with PEG gave almost same signal with 

each other and lower signal than sarkosyl treated samples (Fig 4.11, lane 4 

and 6).  

Samples bound differently to ELISA plates that is evident from the effect of the 

detergent on binding to the ELISA plates (Fig 4.11). The remaining detergent 

maybe effecting the glycophage samples binding to the plates, and similarly to 

the array targets. Thus, after the second round of precipitation with the detergent, 

the third round can be performed without a detergent, to wash the detergent 

away, which has comparabily low display-loss rates. 

 

Figure 4.11. ELISA analysis of glycophage samples purified by six different 
strategies. PBS and helper phage (VCSM13) were included as negative 

controls and whole cell lysate (WCL) was included as positive control. Six 
strategies were (i) 1-step precipitation with PEG, (ii) 2-step precipitation with 
PEG, (iii) PBS-tween wash followed by PEG precipitation, (iv)PBS-sarkosyl 
wash followed by PEG precipitation, (v) PBS-triton X-100 wash followed by 
PEG precipitation, (vi) PBS+triton X-100+sarkosly wash followed by PEG 

precipitation.  
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4.3.3. Effect of induction conditions on cell growth and phage production 
capacity 

Phage particles were produced from E. coli TG1 ΔwaaL carrying pPglΔB plasmid 

and the phagemid pMG4GsP. Nine different strategies has been used for 

optimization of phage production capacity and cell growth by optimizing; cell 

concentration at the time of infection (OD600,infection), volume of helperphage used 

for infection (VVCSM13) and different induction hours (tind) (Table 4.4).  

 Table 4.4 Phage production capacity for different phage production strategies. 

 Experimental Condition Experimental Results 

# Phagemid 

OD600 

(Infection) VVCSM13* 

Hour 

(Ind.) 

OD600 

(Final) OD268 CFU/mL 

Total 

CFU CFU/cell 

1  pMG4GsP 0.6 V 16 4.1 1.72 8.6E+12 3.4E+12 5.7E+12 

2 pMG4GsP 0.2 V 16 3.9 1.63 8.2E+12 1.6E+12 8.2E+12 

3 pMG4GsP 0.45 V 16 4.1 1.78 8.9E+12 2.2E+12 4,9E+12 

4 pMG4GsP 1.2 V 16 4.1 1.47 7.4E+12 2.9E+12 2.5E+12 

5 pMG4GsP 0.6 2V 16 4.1 1.96 9.8E+12 3.9E+12 6.5E+12 

6 pMG4GsP 0.6 V 12 2.9 1.18 5.9E+12 1.2E+12 2.0E+12 

7 pMG4GsP 0.6 V 20 4.0 1.73 8.7E+12 3.5E+12 5.8E+12 

8 pMG4GsP 0.6 V 24 4.0 1.59 8.0E+12 3.2E+12 5.3E+12 

9 pMG4GsP 0.6 V 40 4.0 1.43 7.2E+12 2.9E+12 4.8E+12 

         * V= 8x109 cfu/mL ;  2V= 16x109 cfu/mL  VCSM13 used at infection. 

Most of the parameters given in Table 4.4 did not greatly influence the cell growth 

(Fig 4.12), except in the case where induction was carried for 12 hour, as 

expected. On the other hand, the phage production capacity was significantly 

affected (Fig 4.13, Fig 4.14). Eventually, when more VCSM13 (Helper phage) 

was used for infection, i.e. two times more than usual volume, %15 increase was 

obtained at phage final concentration (Table 4.4), instead of   %50 increase 

expected (increase from 3.4 x 1015 to 3.9 x 1015). Thus, more helperphage didn’t 

trigger the production of as much glycophage in the end.   

 

 



 

 
47 

 

Figure 4.12. Final cell concentration (OD600,final) in nine different glycophage 
production strategies.  

 

 

 

 Figure 4.13 Phage production capacity (total CFU) for nine different glycophage 
production strategies.  
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Figure 4.14 Phage production capacity per cell (CFU/OD600) for nine different 
glycophage production strategies. 

 

Phage production period was investigated for 12, 16, 20, 24 and 40 hours. Final 

phage particle concentration was obtained optimally between 16-20 hours (Fig 

4.15). Similarly, cell concentration increased with induction time until 16 hour (Fig 

4.16).  

 

 

Figure 4.15 Phage particles produced (CFUTotal) at different phage production 
(induction) periods (12, 16, 20, 24 and 40 hours). 
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Figure 4.16.  Final cell concentration (OD600) at different phage production 
(induction) periods (12, 16, 20, 24 and 40 hours). 

 

Shortening or postponing infection time from OD600= 0.2 to OD600= 1.2 have a 

significant effect on phage production and growth capacity. Infection time gives 

the best production and growth results at OD600= 0.6, with infection 

concentrations from OD600=0.2 to OD600= 0.6, phage final efficiency was 

increased, conversely from OD600= 0.6 to OD600= 1.2 yield started to decrease 

(Fig 4.17, Fig 4.18). 

 

 

Figure 4.17. Final cell concentration (OD600) based on different cell 
concentrations at the point of phage infection (OD600= 0,2; 0.45; 0.6; 1.2). 
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Figure 4.18. Final phage particles concentration (CFUTotal) based on different 
cell concentrations at the point of phage infection (OD600= 0.2; 0.45; 0.6; 1.2).  

 

4.4 Analysis of GlycoPhages for Glycomics Analysis 

Glycophage-ELISA method, based on identifying and profiling glycans covalently 

bonded to phages with anti-glycans or lectins, was developed, for potential use 

in glycomics analysis in the future. For “proof-of-concept”, the avaiblity of the 

specific signal, its quantitive value and lowness of non-spesific signals are 

important. For this purpose, initially, the type of ELISA and one of most important 

method parameters, ie., type of blocking buffer, were optimized.  

4.4.1 Comparision of ELISA methods for GlycoPhages  

In this contex firstly, two types of sandwich ELISA (Fig 4.19, B1 and B2) and 

indirect ELISA (Fig 4.19, B3) methods were examined. Purified phage particles 

were immobilized on 96-well ELISA plates: (i) the standard glycophage produced 

from E. coli TG1ΔwaaL host carrying pPglΔB plasmid and pMG4GsP phagemid 

and infected with helper phage (GT-C.j); and as control groups, (ii) buffer solution 

(PBS); (iii) wild-type (helper) phage (VCSM13); (iv) glycophage displaying a non-

specific glycan (GT-NS), (i.e. those produced from cells carrying an O-antigen 

coding plasmid (pMWO78) instead of the C. jejuni glycan coding plasmid 

(pPglΔB)); and (v) glycophages produced the same way, but has no glycans 

attached, in spite of its full plasmid and phagemid system, due to a mutation in 

the phagemid used (absence of glycans: No-GT).  
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As a result, while VCSM13, No-GT and GT-NS control groups gave low signal, 

immobilized glycophages detected with two antibodies gave significantly high and 

detectable signal (Fig. 4.19, A3). Therefore, indirect ELISA method was 

determined as the most suitable model (Fig. 4.19, B3).  

 

 

 Figure 4.19 Comparison of glycophage-ELISA based on three diffrent methods. 
PBS: Phosphate Buffered Saline; VCSM13: Helper phage, GT-NS: Non-spesific 
glycophage, No-GT: Glycophage produced but with no glycans due to inactive 

PglB, GT-Cj: Phage carriying C. jejuni glycans (Glycophage). 

 

 



 

 
52 

4.4.2 Effect of Blocking Buffer Type on GlycoPhage ELISA Analysis   

Once the antibody or protein antigens have been properly adsorbed onto the 

ELISA plate, the next critical step in creating a reliable immunoassay is the 

blocking of the plate. Proper blocking of the unoccupied areas of the ELISA plate 

wells will prevent nonspecific binding, reduce background signal, block 

nonspecific binding to adsorbed proteins, stabilize proteins adsorbed to plate for 

better interactions.  

Using glycophage (pMG4GsP) and wild-type phage (VCSM13),  

glycophage-ELISA analysis blocking procedures were performed with two 

different blocking buffers, %2 BSA-PBS (bovine serum albumine) and %2 milk-

PBS buffers. These are the two most commonly used buffers in ELISA methods 

and western blots. Immobilized plates treated with %2 BSA-PBS buffer gave 

significantly higher signal compared to when %2 milk-PBS blocking buffer is 

used. More importantly, the concentration difference between helper phage and 

glycophage is distinctly obvious for %2 BSA treated plates, which is especially 

critical at low dilution of phages. 

 

 

Figure. 4.20 Glycophage-ELISA analysis of glycophage (produced from E. coli 
TG1ΔwaaL host carrying pPglΔB plasmid and pMG4GsP phagemid) and wild-

type phage (VCSM13) samples. After sample immobilization onto ELISA plates, 
the wells were blocked with different blocking buffers:  

%2 BSA-PBS or %2 milk-PBS. 
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5. CONCLUSION 

The previously developed glycophage display system [19] was redesigned wihtin 

the scope of this thesis study, for the field of glycomics, utilizing tools of 

glycobiology, recombinant DNA technology, phage display system and the ELISA 

technique. The novelty of the approach used in this study lies in the in vivo 

production of glycosylated nano-particles (glycophages) in E. coli, and rapid 

precipitation-based purification of the well-defined glycophages from culture 

supernatant. The basic parameters for production, purification and immobilization 

of the newly synthesized glycophage particles were also optimized.  

In the first stage of the study, the glycophage system [19] was redesigned for use 

in glycan array fabrication in several ways. Number of modifications were made 

to the original phagemid system in order to increase the efficiency and stability of 

glycan expression on the phage particles and to endow the ability to produce a 

diverse set of glycans from the original phagemid pBAD-MBPDQNAT-g3p (pMGG) 

developed previously [19]. Firstly, additional acceptor sites were introduced for 

glycan attachment to MBP. This involved replacing MBPDQNAT in pBAD-

MBPDQNAT-g3p with a version of MBP that was C-terminally modified with four 

tandem repeats of the bacterial glycan acceptor motif DQNAT, resulting in the 

phagemid pBAD-MBP4xDQNAT-g3p (pMG4G). Secondly, the bicistronic phagemid 

pBAD-MBP4xDQNAT-g3p::PglB (pMG4GP) that encodes both the MBP-g3p fusion 

and the C. jejuni PglB enzyme was generated, thereby affording inducible control 

over OST expression. Moreover, PglB is needed for transferring other 

recombinantly produced glycans (e.g. O-antigen polysaccharides) [18]. Hence, 

this bicistronic phagemid provides a copy of the PglB enzyme for future glycan 

library building. Thirdly, a truncated version of g3p in the phagemid was created, 

i.e., pBAD-MBP4xDQNAT-g3ptr::PglB (pMG4GsP). Fourthly, inactivated PglB 

(PglBmut) versions of all the above phagemids were created (pMGGPmut, 

pMG4GPmut, pMG4GsPmut), to serve as negative controls. The newly constructed 

phagemids were confirmed by restriction digestion and DNA sequencing 

analyses. 

In the second stage, the deletion of the waaL gene from the genome of E. coli 

TG1 to create E. coli TG1 ΔwaaL host cell [169] was analysed and verified by 

FACS, before its use in glycophage production. The waaL O-antigen ligase in E. 
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coli transfers lipid-linked glycans onto lipid A and reduces protein glycosylation 

efficiency by depleting the pool of available substrates for PglB [18]. 

In the third stage, in order to increase the glycophage stability and production 

efficiency, basic parameters for glycophage production and purification were 

optimized, with respect to g3p size, detergents used in purification of glycophage 

samples, and induction conditions. Firstly, because display efficiency and fusion 

stability often decrease with protein size, possibly as a consequence of coat 

protein proteolysis, the overall size of the displayed fusion protein decreased by 

truncating g3p. Phage production by these cells was initiated by superinfecting 

cultures VCSM13 helper phage followed by induction of fusion protein 

expression. At the end of the induction phase, recombinant phage particles were 

recovered from these cells. The resulting phage titers from TG1 waaL cells 

expressing MBP4xDQNAT-g3p or MBP4xDQNAT-g3ptr were indistinguishable, 

indicating that the shortened g3p did not adversely affect phage production. 

Western blot analysis of phage preparations confirmed, with no degradation 

bands, that the truncated g3p fusions were superior for the next studies compared 

to full-length g3p. Secondly, six different purification conditions were investigated 

with glycophage ELISA analysis, and sarkosyl treated samples  gave the higher 

and specific signal. Thirdly, cell growth and phage production capacity was 

improved via investigation of different induction conditions. The highest 

glycohage production conditions were obtained in the case where, OD600=0.6 at 

the time of infection, 8x109 CFU/mL of helper phage is used for infection and 

induction period is 16 h. 

Lastly, “glycophage ELISA” method was improved for glycomics analysis and 

indirect ELISA method was choosen as the suitable ELISA type. Afterwards, 

inorder to obtain a more specific signal from ELISA analysis, blocking step was 

tested with two types of blocking buffers. Glycophage immobilized plates treated 

with %2 BSA-PBS buffer gave a significantly higher anti-glycan signal compared 

to the control group. The method can be continued to be devoloped with various 

other parameters in the future experiments, in order to increase the signal and its 

specificity. 
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The developed method introduces a facile, scalable production, and purification 

of glycans compatible with microarray patterning. The advantages of glycophage-

based arrays include the low cost and scalability of phage/glycan production, 

which are biosynthetic processes involving the cultivation of recombinant 

Escherichia coli cells, and the ease with which glycophages can be recovered 

from the bacterial supernatant without laborious purification steps. For these 

reasons,  glycophage arrays will become a useful tool for identifying and profiling 

glycan-binding-proteins (GBPs), including mammalian lectins (C-type lectins, 

galectins, and siglecs), plant lectins, antibodies, viral and bacterial lectins, and 

intact viruses. Further improvement of the developed technology is intended for 

use in the clinical research and diagnosis.  
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APPENDIX A 

 

C. BUFFERS AND STOCK SOLUTIONS 

 

0.125 M (or 0.5 M) 

EDTA, pH 8.0 

4.65 g (or 18.61 g) Ethylenediaminetetra acetic acid 

disodium salt dihydrate was was dissolved in 80 mL 

dH2O. NaOH was added until EDTA was dissolved. 

The final pH was further adjusted to pH 8.0 and the 

final volume was adjusted to 100 mL. The buffer was 

autoclaved and stored at room temperature. 

 10 x TBE 108 g Tris base and 55 g boric acid was dissolved in 

800 mL dH2O and 40 mL of  0.5 M EDTA (pH 8.0) was 

added and volume was made up to 1 L. 

1 M Tris-Cl, pH 8.0          

 

12.1 g Tris base was dissolved in 80 mL dH2O and the 

pH was adjusted to 8.0 by adding concentrated HCl. 

The volume was made up to 100 mL. The buffer was 

autoclaved and stored at room temperature  

TE Buffer, pH 8.0 
1 mL of 1M Tris-Cl (pH 8.0), 200 µL of 0.5 M EDTA (pH 

8.0) was added to dH2O and the volume was made up 

to 100 mL. The buffer was autoclaved and stored at 

room temperature. 

RNaseA stock 

solution 

RNaseA was dissolved at a concentration of 10 mg/mL 

in 50 mM potassium acetate (pH 5.5) and boiled for 10 

min. Stored at -20 ˚ C. 

6 x DNA gel-loading 

buffer 

0.25% Bromophenol blue, 0.25% xylenecyanol FF, 40 

% sucrose in dH2O. Stored at room temperature. 

3 M Sodium acetate, 

pH 5.2 

24.6 g sodium acetate was dissolved in 80 mL dH2O 

and the pH was adjusted to 5.2 with 3M acetic acid. 

The buffer was filter sterilized and stored at 2-8°C. 
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1.5 M Tris-HCl, 

pH 8.8 

36.3 g Tris base was dissolved in 150 mL dH2O and 

pH was adjusted to 8.8 with 6N HCl. The buffer was 

made up to 200 mL with dH2O. The buffer was 

autoclaved and stored at 2-8°C. 

0.5 M Tris-HCl, 

pH 6.8 

12.1 g Tris base was dissolved in 150 mL dH2O and 

pH was adjusted to 6.8 with 6N HCl. The buffer was 

made up to 200 mL with dH2O. The buffer was 

autoclaved and stored at 2-8°C. 

4 x Sample Loading 

Buffer for SDS-

PAGE 

200 mM Tris-HCl, pH 6.8; 40% glycerol; 6% SDS;         

0.013% Bromophenol blue; 10% 2-mercaptoethanol. 

Distributed into microcentrifuge tubes and stored at -

20°C. 

5x SDS-PAGE 

Running Buffer 

15 g  Tris Base,  72 g glycine, 5 g SDS, dH2O to 1 liter. 

The buffer was stored at 2-8°C and diluted 1:5 with 

dH2O prior to use. 

 

Coomassie Staining 

Solution 

 

0.25 g Coomassie Brilliant Blue R250, 45 mL 

methanol,  10 mL Acetic acid was added to 45 mL 

dH2O.    

Destaining Solution 180 mL methanol and 40 mL acetic acid was added to 

180 mL dH2O. Stored at room temperature. 

10X Transfer buffer 

stock solution for 

Western blot 

30.3 g Tris base and 144.1 g glycine was dissolved in 

dH2O and the volume was made upto 1 liter. The buffer 

was stored at 2-8°C. 

1X Transfer buffer 

for Western blot 

100 mL 10X transfer buffer stock, 200 mL methanol, 

dH2O to 1 liter. Prepared on the day of use and stored 

at 2-8°C. 
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10X TBS 

 

12.11 g   Tris-base, 87.66 g NaCl dissolved in 900 mL 

dH2O and pH adjusted to 7.6. Stored at room 

temperature. 

TBS-T  solution 
0.1% Tween-20 was added into 1xTBS solution. 

Prepared on the day of use. 

TBS-T – Milk 

10xPBS 

PEG/NaCl 

5xM9 

 

PCR master mix 

5 % non-fat milk powder in TBS-T. Prepared on the 

day of use. 

32 g NaCl, 0.8 g KCl, 5.76 g Na2HPO4, 0.96 g KH2PO4 

dissolved in 300 mL dH2O and the volume was made 

up to 400 mL with dH2O. 

60 g 20% PEG 8000, 43.8 g  2.5 M NaCl dissolved in 

200 mL dH2O and volume was made up to 300 mL with 

dH2O 

33 g Disodium phosphate, 15 g Monosodium 

phosphate, 2.5 g NaCl, 5 g Ammonium chloride 

dissolved in 800 mL dH2O and volume was made up 

to 1 L. 

40 µL dNTPmix (25 µL each), 125 µL Thermopol buffer, 

50 µL MgSO4 was added to 1000 µL dH2O. 
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APPENDIX B 

E. GROWTH MEDIA 

 

LB (Luria-Bertani) 

10 g/L   NaCl 

10 g/L    Tryptone 

5 g/L    Yeast extract 

After adjusting pH to 7.0 with NaOH, the final volume is adjusted with distilled 

water. 20 g/L agar is added if solid medium is required. The medium is autoclaved 

and stored at room temperature. In media referred to as LB+Kanamycin, 

Kanamycin was added after sterilization when the medium has cooled to about 

55°C, at a final concentration of 50 µg/mL from 50 mg/mL stock.  

SOC 

  20    g/L      Bacto-tryptone 

  5      g/L      Yeast extract 

  0.5   g/L       NaCl 

  0.19  g/L      KCl 

  0.02 M          Glucose 

The pH was adjusted to 7.0 with 10N NaOH and the final volume adjusted with 

dH20. 1M Glucose solution was autoclaved separately and added after 

sterilization. The medium was aliquoted into microcentrifuge tubes aseptically 

and stored at room temperature.                 

2 TY  

16 g/L Tryp 

10 g/L YE 

5 g/L NaCl 
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M9 Minimal Medium 

5xM9 salt solution (10 mL) 

MgSO4, 1M (100 µL) 

CaCl2, 1M (5 µL) 

20% Glucose (1000 µL) 

Thiamine, 50 mg/mL (50 µL) 

Antibiotics as needed 

YENB 

7.5 g/L YE 

8 g/L Nutrient Broth 

 

Agar Solution 

10 g/L agar  
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APPENDIX C 

 

D. BACKBONE PLASMID MAP 

 

Figure C1. Plasmid map of pBAD24 [171] 
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APPENDIX D 

 

F. MOLECULAR WEIGHT MARKERS  

 

 

 

Figure D1. (a) 1 kb DNA Ladder, NEB  (b) 100 bp DNA ladder, NEB  (c) 
Precision Plus Protein™ Standards, BioRad. 

 

 

 

 

 

 

  

                

( a )                                            (b)                                               (c) 
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APPENDIX E 

H. PROPERTIES OF DESIGNED PRIMERS 

 

Table E.1. Properties of the designed primers. 

Name of Primer Length (bp) Gc (%)     Tm (°C) 

MBPss-for-EcoRI 33 39.4 %      60.3 ºC 

G3P-XmaI-Rev        42 42.9 %      64.2 ºC  

XmaIRBSPglB        57 36.8 %      65.7 ºC  

PglB-stop-SphI-
R1 

       54 33.3%      64.0 ºC  

PglB-stop-30bp-
SphI-R2 

       60 48.3 %      70.3 ºC  

MBP-GT-4x-Rev1         60 56.7 %       73.0 ºC  

MBP-GT-4x-SalI-
R2 

        69 56.5 %       73.9 ºC  

trG3P-XhoI-For         63 63.5 % 75.3 ºC  

 

The self-complimentary and dimer formation affinities of a representative primer 

is given below: 

MBPss-for-EcoRI 

 
Delta G -12.42 kcal/mole 

Base Pairs 8 
 

 

    

 5'            CACCGAATTCATGAAAATAAAAACAGGTGCACG  

                      ||||||||                    

 3' GCACGTGGACAAAAATAAAAGTACTTAAGCCAC  
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APPENDIX F 

CALIBRATION OF PROTEIN CONCENTRATION 

 

 

Figure F.1. Standard curve for Bradford Assay 
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APPENDIX G 

SDS-PAGE AND WESTERN BLOTTING PROTOCOLS 

Gel electrophoresis 

1. Add sample loading buffer to the samples (1:3) and heat at 95° C for 4 min, 

store on ice for 5 min, centrifuge and vortex. 

2. Remove the comb slowly and clean the gel removing any excess with razor 

blade. 

3. Wash the wells 3 times with tap water and distilled water, shaking out excess 

water in btw washes and soak paper towel to dry. 

4.  Assemble the gels onto the electrophoresis unit. 

5. Fill the apparatus with 1x SDS-PAGE runnig buffer. Do not wet the electrodes. 

The space between the gels and the apparatus should be filled to the top, as well 

as the bottom of the apparatus to the point where the bottom of the gel is covered.  

6. Load the samples and the prestained protein ladder into the wells with Pasteur 

pipette quickly and load the loading buffer into the unused wells as well, so that 

these lanes still visibly run. Make a note of each well and make individual gels 

identifiable from each other. 

7. Close the lid by attaching the correct red/black power leads. 

8. Run the gels at 20 mA for 1 mm gels and 25 mA for 1.5mm gels. This value 

needs to be multiplied by the number of gelds being run at the same time.  

Blotting 

1) Cut off stacking gel and nick top left-hand corner of resolving gel for 

orientation. 

2) Transfer gel, while still attached to glass plate, into glass tray filled with at least 

3 cm of 1x transfer buffer and peel off gently with a wet spatula, and keep for 15-

20 min at RT to remove salts and SDS. 

3)  Cut membrane and 2 blotting papers to size, and cut one corner 

4)  Pre-wet PVDF or other hydrophobic membranes with methanol and transfer 

to the tray to equilibrate in transfer buffer for at least 10 min before blotting.  

5) Put 2 sponges and 2 blotting papers into the tray to wet. 
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6) Open the cassette by releasing both latch tabs along the edge opposite the 

hinges. Place the opened cassette into the tray filled with transfer buffer and 

assemble the transfer stack so that the molecules will migrate toward the 

membrane. Make sure there are no bubbles in btw the gel and the membrane.  

 

 

 

 

 

 

7) Close the cassette and press lightly to lock the tabs.  

8) The cassette must be oriented so that the hinges face up so the black side of 

each cassette faces the black cathode panel. 

9) Throw a magnetic stirrer inside. Inspect the buffer level, should be btw min-

max lines.  

10) Close the lid, turn on the stirrer and run the gel in cold room, at 50 V for 3 h, 

regardless of the number of gels. 

Blocking, Antibody Incubation and Detection Using ECL Western Blotting 
Kit 

1) Remove the membrane from cassette, put in a box, protein side facing up. 

Wash the membrane 2-3 times with TBS-T. Tween prevents non-specific binding 

of the Ab and optimizes the hybridization conditions. 

2) Immerse the membrane in TBS-T-Milk for 1 hr, RT, shaking.  

3) Wash 3 times (shaking 15 min, 5min, 5 min with fresh changes) with large 

volumes of TBS-T, at RT. 

4) Transfer the membrane to a lid of 96-well microtiter plate or similar low volume 

container.  

5) Dilute the primary antibody in TBS-T as 1:1 000  

Cathode (-) – top – black 

Sponge 

Blotting paper 

Gel (aligning ladder side with membrane’s cut corner) 

Membrane  

Blotting paper 

Sponge 

Anode (+) – bottom – grey 
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6) Incubate the membrane in the diluted primary Ab for o/n at 4 ˚C, on shaker 

platform. 

7) Transfer the membrane into gel box and wash as in step 3. 

8) Dilute the secondary antibody in TBS-T as 1:10 000  

(Dilution factor should be determined empirically for each Ab as 1:1 000 - 1:10 

000; more dilution will improve the linearity and increase the sensitivity). 

9) Transfer the membrane back to the small container and incubate the 

membrane in the diluted secondary Ab for 1 hr at RT, on shaker platform. 

10) Transfer the membrane into gel box and wash 3 times (10 min/wash) with 

fresh changes of large volumes of TBS-T buffer, at RT. 

11) Mix the substrate components to prepare the chemiluminescent or 

immunocytochemical stain working solution. The final required volume is 0.125 

mL/cm2.  

12) Place the membrane protein side-up on clear plastic wrap. Pipette the 

working substrate solution onto the membrane and wait for 5 min at room 

temperature. 

15) Transfer the membrane to a new plastic wrap, protein side down. Wrap the 

membrane and take the picture. 
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