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Recombinant antibodies and antibody fragments have become powerful tools 

for therapy, in vivo and in vitro diagnostics, and laboratory research. However, the 

production of antibody fragments in high yield for preclinical and clinical trials can be 

a serious bottleneck in drug discovery.   

 This dissertation describes the development of novel screening systems for 

isolating antibody fragments and alternatively, E. coli genes, that facilitate expression 

in E. coli. In the first part of this work, we have developed a screening system for 

isolating Fab mutants exhibiting 4~5 fold higher expression level at 37oC compared to 

the parental Fab, by utilizing the APEx 2-hybrid system and multi-color FACS as a 

screening tool. In the APEx 2-hybrid system, the bacterial periplasm constitutes the 

milieu for the association of membrane-anchored bait protein and solubly expressed, 

epitope-tagged prey protein. Upon disruption of the outer membrane, only prey 

proteins that bind to the bait remain cell-associated and are detected by flow 

cytometry using fluorescently labeled anti-epitope antibodies. In the second part of 

this work we developed a new strategy to engineer scFv that can be expressed in 
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soluble and active form in the absence of disulfide bonds. This was achieved using a 

strain incapable of forming disulfide bonds in proteins expressed in its periplasm in 

combination with the APEx 2-hybrid system. The selected clones exhibited higher 

solubility, activity, and stability than that of the wild type scFv in the reducing 

condition of the cytoplasm. Finally, we sought to isolate E. coli gene fragments that 

can enhance IgG production in the periplasm of E. coli by a newly developed 

screening system based on soluble expression of IgG and E. coli genomic fragments. 

The isolated gene fragments, which are located between moeA and iaaA in the E. coli 

chromosome, improved the total expression of polypeptides of IgG and also assembly 

of IgG.   
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Chapter 1   

Introduction and Background 

 

 

1.1 INTRODUCTION 

Antibodies play a significant role in modern medicine and fundamental 

science with applications ranging from cancer therapy to laboratory analytical 

reagents. With 21 monoclonal antibody products on the market and at least 150 new 

antibodies currently in clinical development, the growth of the antibody market is 

increasing and expected to reach sales revenues in 60 billion dollars by 2012 [1] (Fig. 

1-1). Until the 1980s, antibody technologies mainly relied on animal immunization or 

the expression of antibodies in eukaryotic hosts [2]. However, innovative recombinant 

DNA technologies as well as advances in bacterial protein expression systems have 

opened up unlimited opportunities for engineering antibodies for specific applications. 

In fact, engineered antibodies constitute an emerging technology for therapeutic 

applications and now account for over 30% of biopharmaceuticals in clinical trials [3]. 

Considering the vast potential for clinical applications of recombinant antibodies 

which are likely to bring on remarkable advances in immunology, drug, and 

diagnostics development, the important question and challenge is “how can useful 

amounts of recombinant antibodies be produced efficiently?” 

For antibody production, diverse prokaryotic and eukaryotic expression 

systems have been developed including bacterial, yeast, filamentous fungus, 

eukaryotic algae, insect cell, mammalian cell, and transgenic animal systems [4]. In 

particular, Escherichia coli is considered the simplest and most versatile expression 

host organism, mainly for its well characterized genetics, its ease of manipulation, and 

the variety of strains and commercial research tools available. Additionally, E. coli 

grows rapidly and can easily reach a high density, utilizes inexpensive substrates and 

therefore it is highly desirable for large scale, industrial protein production.  
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There are two basic strategies that have been applied to the expression of 

various antibody formats, including scFv, Fab and even IgG (Fig. 1-2) in E. coli: 

production in the reducing environment of the cytoplasm or the oxidizing 

environment of the periplasm. Proteins can be expressed at a high level up to 0.5 g/L 

in shake flasks and 3.1g/L in fermentor within the cytoplasm [5], [6]. However, the 

strong reducing environment of the cytoplasm prohibits disulfide bond formation 

which is necessary for antibody activity and correct folding. Very few antibody 

fragments derived either from natural sources or by protein engineering have been 

shown to be able to fold in an active conformation in the absence of disulfide bonds 

and thus they can be expressed in the cytoplasm. Disulfide-free antibodies can be very 

useful for therapeutic purposes. Such antibodies can be expressed in the cytoplasm of 

mammalian cells, following transfection with an appropriate gene therapy vector, and 

serve to bind and neutralize disease targets. Such intracellular expressed antibodies 

are called intrabodies [7].  

In contrast, the E. coli periplasmic space is much more oxidizing than the 

cytoplasm and is equipped with a number of proteins important for folding and 

assembly of polypeptides containing disulfide bonds. These include enzymes that 

catalyze disulfide bond formation and rearrangement (DsbA and DsbC) and 

chaperones, which are proteins that prevent polypeptide aggregation. However, the 

biggest problem with periplasmic expression is the low expression level of larger 

antibody fragments such as Fabs (containing 5 disulfide bonds) and IgG (12 disulfide 

bonds). Many Fabs are expressed in very low yields in bacteria. Since IgGs are bigger 

than Fabs, expression of full length IgG is even more difficult than that of Fabs. High 

throughput screening techniques may be useful for the engineering of antibody 

proteins and also E. coli cells for increased expression.  

The work in this dissertation is aimed at developing techniques for the 

screening of combinatorial libraries in order to  isolate mutations either in antibody 
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fragment proteins or in E. coli genes that can enhance the expression of Fab or IgG 

antibody fragments. Also a methodology for engineering scFv that can fold in the 

absence of disulfide bonds is described.  
 

 

 

 
 

Figure 1-1: Global Monoclonal Therapeutic and Diagnostic Antibodies Market. 
According to an annual technical market research report from BCC research, the 
global market for monoclonal therapeutic and diagnostic antibodies was worth $31 
billion in 2007 (www.bccresearch.com). This is expected to increase to over $56 
billion by 2012 with a compound average annual growth rate (CAGR) of 13%. 
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1.2 BACKGROUND 

 

1.2.1 Recombinant antibodies 

 

1.2.1.1 IgGs, scFvs and Fabs  

 

Five classes of antibody proteins (IgG, IgM, IgA, IgE and IgD) provide our 

key defense against pathogenic organisms and toxins. IgG, the main serum antibody, 

is a Y-shaped, multidomain protein that consists of two Fabs (antigen binding 

fragments) and the Fc domain which mediates effector functions (Fig.1-2). The Fc 

domain recruits cytotoxic leukocytes (e.g. machrophages, neutrophils) and 

lymphocytes (NK cells) by binding to Fc receptors on these cells. In addition, the Fc 

domain binds and activates complement through the classical pathway which also 

leads to cell killing of the target cells. Finally, the Fc domain provides a long serum 

half life to antibodies though interaction with the neonatal Fc receptor, which acts as a 

salvage receptor, binding and transporting intact IgGs within and across cells and 

rescuing them from a default degradative pathway. Although the presence of the Fc 

domain is desirable for some therapeutic applications, other therapeutic, diagnostic 

and technical applications do not rely on the natural effector functions of antibodies 

that are mediated by the Fc domain [8]. Hence, smaller antibody fragments, such as 

Fabs can be used instead. Antibody fragments allow more rapid and uniform delivery 

of drugs or toxins to tissues and tumor sites. An early study which compared tumor 

penetration properties of a scFv (see Fig.1-2 and discussion below) and its 

monoclonal antibody counterpart reported the former was far superior in terms of rate 

and degree of tumor penetration [9]. Furthermore recombinant antibodies can be 

produced more easily in bacteria, especially E. coli. Finally, they can be employed to 

construct multivalent molecules (i.e. by joining several scFv polypeptides together 
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using protein engineering approaches) allowing increased control over size and 

avidity (Fig.1-3) 

The most commonly used antibody fragments are shown in Fig. 1-2 and 

include single chain variable fragment (scFv) and antibody fragment (Fab) [2]. scFvs 

are the smallest antibody fragments and consist of the heavy chain variable (VH) and 

the light chain variable (VL) joined with a flexible polypeptide linker preventing 

dissociation of the VH and VL. With molecular masses ranging from 27,000 to 30,000 

Da, scFvs are the smallest antibody fragments encoded by a single gene that carries 

the entire antigen-binding region of a given antibody [10]. scFvs have now become 

important molecules for improved targeted delivery of drugs and other biomolecules 

for therapeutic and diagnostic applications. They have also been shown to be 

extremely effective against a wide range of different proteins, receptors, haptens and 

tumor antigens in terms of rate of drug delivery with high specificity. Intravenously 

administered scFvs achieve better biodistribution than their IgG or Fab counterparts 

due to their small molecular size, which accelerates binding to target sites [9]. scFvs 

are also less immunogenic and exhibit less non specific binding to non-target sites, 

due to the absence of constant domains present in immunoglobulins (IgG) and Fabs. 

Another distinct advantage of scFvs over their Fab or IgG counterparts for biomedical 

applications is their shorter circulating lifetime and hence faster clearance from the 

body, which is useful for clinical applications such as drug detoxification [11] and 

radioimmunotherapy [12]. scFvs can also be effectively used for biorecognition due to 

their high specificity, thus extending their application to important areas such as 

bioseparations, clinical bioassays, and diagnostic technologies [13]. For example, the 

superior pharmacokinetic properties shown by scFvs make them efficient in vivo 

imaging markers when coupled to isotopes having short half-lives, as demonstrated by 

the successful use of radio-labeled scFvs to image colorectal carcinoma [14],[15]. 

Furthermore, the use of protein engineering tools to fuse different proteins to scFvs 
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has created a new group of highly specific therapeutic agents, whereby these scFvs, 

upon binding to a target antigen, can simultaneously enable specific delivery of a 

second effector molecule (e.g. toxin or growth factor) [16]. For example, scFv 

(FRP5)-ETA fusion, which specifically recognizes Erb2 receptor, was recently 

reported to show promising clinical potential in reducing disease progression in breast 

cancer patients [17].  

In addition to scFvs, the other commonly used recombinant antibody 

fragments are Fabs. Fabs consist of two polypeptide chains, one containing the light 

chain variable and constant domain, VL-Ck, the other containing a truncated heavy 

chain containing the variable domain and one constant domain, VH-CH1. Just as in 

intact IgG, the two chains are linked together by a disulfide bond (Fig. 1-2). Fab 

antibody fragments are used extensively in therapeutic and diagnostic application. For 

example, Reopro, one of the earliest antibodies based drugs to receive FDA approval, 

is a Fab antibody fragment with high affinity and specificity for the integrin 

GPIIb/IIIa on the platelet surface, preventing platelet aggregation and coronary 

thrombosis following coronary intervention [1].  Compared to scFvs, advantages of 

Fabs are their high stability upon long term storage and their compatibility with 

common detection antisera without the need for a re-engineering step [18]. However, 

because Fabs are twice as large as scFvs and require the production and 

intermolecular linkage of two separate polypeptides via a disulfide bond, they are 

generally more difficult to express and fold in E. coli [19].  
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Figure 1-2: Schematic structure of an IgG antibody, Fab antibody fragment and 
scFv. Immunoglobulin G (IgG) is a multimeric protein, built of two heavy chains and 
two light chains. Each IgG molecule has two antigen binding sites. The scFv consists 
of the heavy chain variable (VH) and the light chain variable (VL) joined with a 
flexible polypeptide linker whereas the Fab consists of two polypeptide chains, one 
containing the light chain variable and constant domain, (VL-Ck), the other containing 
a truncated heavy chain containing the variable domain and one constant domain, 
(VH-CH1). The two chains are linked together by a disulfide bond.  
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Figure 1-3: Schematic representation of different multimeric formats of antibody 
fragments. Fab and scFv fragments have also been engineered into dimeric, trimeric 
or tetrameric conjugates using either chemical or genetic cross-links. For example, 
Fab fragments have been chemically cross-linked into di- and trivalent multimers. Of 
the various strategies to genetically encode multimeric scFv, the most successful 
design has been the reduction of scFv linker length to between zero and five residues, 
which directs self-assembly into either bivalent dimers (diabodies, 55 kDa), trivalent 
trimers (triabodies, 80 kDa), or tetravalent tetrabodies (110 kDa) [3]. 
 
 
1.2.1.2 Intrabodies 
 

Disulfide bonds contribute a major part of the thermodynamic folding stability 

of many secreted proteins. The correct formation of intramolecular (within the same 

amino acid chain), or intermolecular (within different amino acid chains) disulfides is 

necessary for immunoglobulins and immunoglobulin fragments to fold into the native, 

and therefore active, three dimensional conformation. Most antibodies do not tolerate 

the loss of disulfide bonds which leads to a dramatic reduction in the free energy of 

folding ΔG. In particular, the cytoplasm is maintained in a reduced state that strongly 

disfavors the formation of stable disulfide bonds in protein. However, there are a 

number of interesting applications for antibody fragments able to bind antigen in this 
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reducing milieu [7]. Such intracellular antibodies (intrabodies) have emerged as an 

attractive means of manipulating intracellular protein function and signaling pathways 

in a highly precise manner [20], [21]. Recently, Lynch et al. reported that a scFv 

intrabody against the nonamyloid component of alpha-synuclein reduces intracellular 

aggregation and toxicity and finally leads to reduction of pathogenesis in Parkinson's 

disease [22]. Moreover, if an antibody is active in the absence of disulfide bonds, it 

can be expressed in a functional form in the cytoplasm of E. coli possibly allowing 

better expression than might be attained by periplasmic expression. For these reasons 

there has been great interest in methods for the engineering of stable antibody 

fragments devoid of disulfide bonds. 

 Previously, the Pluckthun research group reported the isolation of functional 

cysteine-free single-chain antibody fragments (scFv) lacking the conserved disulfide 

bonds by following screening of combinatorial libraries by phage panning [23]. 

Recently, Colby et al. reported the isolation of a rare scFv specific for the first 20 

amino acids of huntingtin and lacking disulfides by using yeast surface display [24]. 

However that study did not specifically aim to isolate an intrabody and the isolation of 

an antibody that did not require disulfide bonds for activity was accidental. 

Additionally, selection for high functional expression in the bacterial cytoplasm has 

been performed for a randomized pool derived from scFv13 which binds and activates 

inactive mutant of β-galactosidase. However this approach was scFv specific and 

cannot be employed to antibody fragments binding different antigen. Therefore more 

general selection strategies are required for the engineering of intrabodies to antigens 

of interest.    
 

 

 

 



10 
 

1.2.2 Recombinant antibody expression 

 

1.2.2.1 Eukaryotic expression systems 

Yeast 
 

Like E. coli, yeast can be grown cheaply and rapidly and is amenable to high-

cell-density fermentations. Besides possessing complex posttranslational modification 

pathways, they offer the advantage of being neither pyrogenic nor pathogenic and thus 

are considered safe organisms for production purposes. Whereas Saccharomyces 

cerevisiae is the best genetically characterized eukaryotic organism and is still the 

prevalent yeast species in pharmaceutical production processes, Pichia pastoris, first 

employed by Phillips Petroleum for single-cell protein production, is at present the 

most frequently used yeast species for heterologous protein at the laboratory scale. 

Pichia pastoris has been used to obtain the highest yield for any recombinant protein, 

namely murine collagen, which was produced at 15g/L [25]. In addition to 

Saccharomyces cerevisiae, Hansenula polymorpha has been employed for hepatitis B 

vaccine production by Rhein-Biotech [26]. However, yeast has a few significant 

shortcomings for antibody expression: First secreted proteins in yeast are often O-

glycosylated, which is an undesirable post-translational modification for therapeutic 

purpose. Second, the secretory capacity of yeast is variable and depends on the 

polypeptide that is being expressed. Currently there are no approved therapeutic 

antibody proteins produced in yeast.  
 

Filamentous fungi 

 

Filamentous fungi have a larger genome and a more complex post-

translational modification apparatus compared to yeast. Filamentous fungi can 
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produce very large amounts of homologous enzymes to levels up to 30-40 g/L for 

cellulases and amylases [26]. Unfortunately such high yields have not been achieved 

with recombinant proteins, even when these were fused to such homologous enzymes 

[27]. Moreover filamentous fungi are not adequately characterized at the 

physiological and genetic level. Little is known about the details of their post-

translational modification and secretion apparatus. Efficient gene transformation is 

hampered by the degradation of foreign DNA and a low transformation rates. 

Expression rates are restricted by a high RNA turn-over and incomplete protein 

folding and secretion. For these reasons, at present, filamentous fungi are not regarded 

as a serious alternative for the production of antibodies or antibody fragments. 

 

Expression in insect and mammalian cell 

  

Animal cells represent the expression hosts with the highest similarity to 

human cells, with respect to the pattern and capacity of post-translational 

modifications. However their cultivation is more complicated and costly and takes 

longer time than the other expression organisms. In the case of insect cells, inefficient 

folding or secretion and deviations in protein post-translational modification patterns 

relative to mammalian cells represent serious problems for bioprocessing application 

related to the production of glycosylated therapeutics. In contrast, mammalian 

systems like CHO cells or BHK cells have been widely used for the production of IgG 

and many other complex therapeutic proteins. In particular, CHO cells are the 

dominant expression host in biopharmaceutical production. Most commercial 

procedures can routinely reach titers of 2-5 g/L of recombinant IgG protein in CHO 

cell. In many cases, mammalian systems are the only choice for the preparation of 

correctly modified proteins [28]. Nonetheless, mammalian tissue culture is expensive, 
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slow and requires a very long development time. For these reasons, mammalian tissue 

culture is used when only expression in microbial cells is not an option. 

 

1.2.2.2 Expression of antibodies in E. coli 

 

Among the many expression systems available for recombinant protein 

production, the gram negative bacterium E. coli remains one of the most attractive and 

extensively used expression hosts. The importance of E. coli in biopharmaceutical 

manufacturing is manifest by the fact that 9 out of 31 therapeutic proteins approved 

during 2003 and 2006 are produced in this organism.  

Expression of antibodies in the cytoplasm generally leads the accumulation of 

insoluble and inactive protein that needs to be converted to the active form by in vitro 

renaturation. As discussed above, the reducing environment of the cytoplasm prevents 

the formation of disulfide bonds [29] and as a result reduced antibodies aggregate into 

inclusion bodies [30]. The refolding efficiency of antibodies from inclusion bodies is 

highly variable and depends on the specific antibody fragments. Yields can vary from 

10-40% [31]. Moreover protein synthesis in the cytoplasm always begins with the N-

terminal methionine which sometimes is retained in the final protein (i.e. is not 

removed by the aminopeptidases) and can cause adverse immune responses [32]. 

Several approaches have been employed to circumvent these problems and achieve 

soluble expression of antibodies in the cytoplasm including: (i) optimizing culture 

conditions such as lower induction temperature, altered pH, or rich growth media to 

prevent the formation of inclusion bodies [30], [33]; (ii) introducing amino acid 

substitutions that improve protein solubility [34], [35], [36], [37], [38]; (iii) 

construction of fusion proteins to maltose binding protein (MBP) that apparently can 

prevent the aggregation of cytoplasmically expressed scFvs. (also, MBP and other 
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fusion partners facilitate the purification process [39], [40], [41]); (iv) engineering 

strains of E. coli having an oxidizing cytoplasm. The latter was accomplished by 

deleting the genes encoding thioredoxin reductase and gluthathione oxidoreductase 

[42], [43] enzymes which are responsible for maintaining the reducing environment of 

the cytoplasm.; (v) Finally co-expression of chaperones and foldase can facilitate the 

soluble protein expression in the cytoplasm[44]. 

 

Antibodies expressed in the periplasmic space readily form disulfide bonds 

catalyzed by the endogenous DsbA and DsbC machinery. In addition chaperones and 

proline isomerases such as a Skp or FkpA found in this compartment assist protein 

folding [45], [46], [47]. Targeting of recombinant antibodies to the periplasm is 

accomplished by fusion to an appropriate signal sequence that directs the export of the 

unfolded polypeptide via the Sec pathway. The in vivo cleavage of the signal peptide 

during translocation to the periplasm yields the authentic N-terminus of the target 

protein in contrast to expression in the cytoplasm where the N-terminal methionine 

might not be removed. Moreover, in contrast to the cytosol compartment, the 

periplasm contains only 4% of the total cell protein. The target protein is thus 

effectively concentrated, and its purification is considerably less onerous. For 

example, extraction of periplasmically expressed proteins can easily be performed by 

a simple osmotic shock procedure. Protein degradation in the periplasm is also less 

extensive [48].  

It has been generally thought that secretion from E. coli results in lower 

protein yields relative to cytoplasmic expression, due to intrinsic limitations of the 

translocation machinery. However, remarkable yields of secreted proteins, in 5-10 g/L 

range, have been obtained in a few instances. Some of the most impressive examples 

of high expression yields for secreted proteins include: production of alkaline 
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phosphatase at 5.2 g/L [49]; anti-CD18 F(ab’)2 joined to a leucine zipper at 2.5 g/L 

[50]. Nonetheless, such high yields are only obtained by high cell density 

fermentation, using finely tuned expression systems. In many cases it has been 

observed that the E. coli machinery for protein export and folding in the periplasm has 

limited capacity and that a high expression of recombinant often results in the 

accumulation of insoluble protein [51]. Moreover, secretion of recombinant proteins 

can interfere with the normal function of the secretory machinery of the cell, and 

therefore can be toxic to the host cell, [52], [53], [54].  To improve expression of 

recombinant protein in the periplasm, several approaches have been taken including: 

(i) Co-expression of components involved in protein transport and processing such as 

signal peptidase I [55], prlA4 and secE genes [56]; (ii) Substitution of amino acid 

sequences to improve in vivo folding [57]; and (iii) Co-expression of protein disulfide 

isomerase [58] or molecular chaperones [59].  

 

1.2.3 Optimizing of recombinant antibody expression in E. coli 

 

Antibody production is a multifaceted process which depends on many steps 

including transcription, mRNA processing, translation, secretion, disulfide bond 

formation, protein folding and assembly. Factors that affect any of these processes can 

influence product yield. Both the intrinsic features of the antibody sequence and 

physiological factors can impact all of these steps. For any given antibody molecule, a 

review of the factors which are important for expression of correctly folded antibodies 

will help pinpoint aspects of expression that can be improved in order to arrive at an 

optimized expression strategy. 

To achieve higher antibody production in E. coli at least three approaches 

have been attempted: co-expression of chaperone or fusion protein strategy, a rational 
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approach and an evolutionary approach based on antibody engineering.   

 

1.2.3.1 Co-expression or fusion strategy 

 

Chaperone co-expression in E. coli has been employed as a means of 

preventing the aggregation of overexpressed heterologous proteins [31]. Co-

expression of molecular chaperones such as Skp have resulted in increased soluble 

functional protein yields in E. coli for many antibodies [44],[60],[61],[62]. Similarly, 

expression of recombinant antibodies has been improved by fusion with E. coli 

maltose binding protein (MBP), glutathione-S-transferase [63] and Staphylococcus 

aureus protein A [64]. When fused to the C-terminus of the E. coli MBP, several scFvs 

exhibited an increase in expression when compared to their un-fused counterparts in 

the reducing environment of E. coli cytoplasm. A notable example was the anti-

fluorescein scFv 4-4-20/212 which was expressed virtually entirely in  insoluble 

form in E. coli but gave 50 mg/L of soluble, active product when fused to MBP [65].  

In another study, Ideno et al. fused the C-terminal of an anti-hen egg lysozyme scFv 

and Fab, which were mostly expressed as inclusion bodies, to an archeal FK506 

binding protein (FKBP)-type peptidyl-prolyl cis-trans isomerase (PPIase) [66]. The 

fused antibodies were mostly expressed as soluble proteins in the cytoplasm of E. coli. 

Nonetheless, co-expression of chaperones and the use of fusion protein strategies to 

improve antibody yield have their limitations. Chaperone co-expression only works 

with certain antibody fragments and not others and furthermore, excessive expression 

of chaperones may have a negative effects on cell growth [67], [68] and plasmid 

stability [69]. Similarly, fusions may not increase the soluble expression of a 

particular recombinant antibody and also the fusion partner will have to be removed 

during downstream processing [70]. 
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1.2.3.2 Rational approach 

 

Another method for engineering higher expression of recombinant antibodies 

is through the use of rational design. The rational approach is based on the 

examination of the X-ray structure-function of the protein followed by site specific 

mutagenesis to introduce appropriate mutations likely to enhance expression. Jung et 

al. reported improvement of in vivo folding and stability of a scFv by loop grafting 

[71]. They improved the soluble yield of the fluorescein-binding antibody 4-4-20 by 

transplanting its CDR to the framework of the humanized antibody 4D5, which has a 

superior framework in terms of stability. However, CDR grafting was shown to reduce 

the binding affinity of the scFv [72]. Forsberg et al. reported that VL and VH 

framework region amino acid replacements improved expression level from 40 mg/L 

to 500 mg/L [73]. However this method is applicable only when a homologous stable 

antibody is available. Recently, McDonough et al. [74] used sequence alignment to 

identify problematic amino acid residues in the VH framework of L49-scFv-beta 

lactamase against tumor cells expressing the p97 antigen and mutated these residues 

to conserved ones to improve both the expression yield and stability. The VH mutants 

showed 7-8-fold increased yields compared to the parental protein. In spite of a few 

successes, the generation of practical functional molecules solely by rational design 

remains a difficult challenge because databases of detailed antibody structures are still 

limited in scope. 

 

1.2.3.3 Combinatorial screening approaches in antibody engineering  

 

This strategy consists of two steps: (i) the generation of large libraries of 

antibody genes by molecular biology techniques and (ii) screening technologies for 
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isolation of the antibodies with the desired function or property from the library [75]. 

The likelihood of success in a directed evolution experiment is directly related to the 

total library size, since evaluating more mutants increases the chances of finding one 

with the desired properties. Techniques commonly used in library generation for the 

purpose of antibody affinity or expression improvement include random mutagenesis 

by error-prone PCR and DNA shuffling [76]. Techniques for the creation of libraries 

of mutated antibody genes are relatively well established. Therefore, the success of a 

directed evolution experiment highly depends on the screening technology that is 

capable of isolating the best mutant among the thousand millions of candidates with 

high throughput manner. 

So far, several selection platforms have been developed and utilized for the 

isolation of antibodies from libraries. Such selection platforms include phage display 

[77],[78], yeast cell surface display [79], [80], and bacterial display systems [81], [82].  

 

Phage display 

 

The first and most widely used library screening technology to date is phage 

display utilizing filamentous bacteriophage. In filamentous bacteriophage display, a 

protein such an antibody fragment is fused to a coat protein such as pIII or pVIII of 

the phage particle, while the DNA sequence from which it was made is packaged 

within the phage coat (Fig. 1-4). Selection generally occurs by immobilizing the 

antigen of interest to a surface and allowing phage displayed antibody libraries to bind 

to the immobilized antigen. Through iterative rounds of adsorption and desorption, 

phage displaying antibodies specific for that ligand can be enriched from the library 

population, a technique known as panning. Phage display has been successful in the 

selection and affinity maturation of many antibody fragments to date [83]. 
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Nonetheless, phage display still has its limitations including: (i) Multivalency can 

complicate the panning process because it introduces avidity effects that bias the 

selection; (ii) antibodies are not selected for expression and as a result, proteins 

isolated by phage display often express very poorly (iii) full lengh IgG antibodies 

have not yet been displayed on phage, at least in covalent form.  

 

 

 

Figure 1-4: (A) Filamentous Phage display. A filamentous phage particle is a long 
rod-like structure about 65A by 9000A in size. It is made up of single strand circular 
genome encased in a major coat protein 8 (pVIII) and four minor coat protein. Protein 
7 (pVII) and protein 3 (pIII) an protein 6 (pVI) cap the other end. It is pIII that is most 
commonly fused to a carrier protein of interest to be displayed. (B) Schematic 
representation of filamentous phage display panning process [84]. 



19 
 

 
Yeast surface display 

 

Yeast surface display, using S. cervisiae, in combination with flow cytometry 

(FC) has been employed for the engineering of high affinity antibodies to a variety of 

ligands [80]. In yeast surface display, proteins are displayed on the surface of yeast as 

C-terminal fusion to the Aga2 mating adhesion receptor [85]. Yeast cells expressing 

fused proteins can be labeled with florescent ligands and analyzed by FC. In FC, 

individual cells are analyzed quantitatively for parameters such as fluorescence 

intensity and light scattering in high throughput fashion. Today, commercial FC can 

sort more than 400 million cells per hour and can provide the real-time analysis of 

each library clone. The combination of quantitative analysis and high throughput 

screening has made flow cytometry an attractive tool for isolating functional proteins 

from cell based libraries. Yeast surface display offers a number of advantages. As a 

eukaryotic organism, yeast has complex protein biosynthetic machinery that performs 

certain posttranslational modification not carried out by bacteria. Moreover, most 

surface displayed polypeptides are correctly folded, since unfolded molecules are 

largely eliminated by the “quality control” mechanisms in the endoplasmic reticulum. 

Finally, the larger size of yeast compared to bacteria results in greater side and 

forward light scatter during flow cytometry and makes it considerably easier to gate 

on the cells and distinguish them from debris. In one notable example, Boder et al. 

[86] isolated a mutant of the anti-fluoresceion 4-4-20 antibody exhibiting more than 4 

orders of magnitude higher affinity and having an equilibrium dissociation constant 

48 fM.  
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Bacterial display 

The development of a molecular display method based on E. coli provided an 

effective alternative to phage display and yeast surface display. The first example of a 

bacterial protein display system suitable for library screening application was Lpp-

OmpA surface display technology [87]. (Fig. 1-5) Proteins were displayed on E. coli 

by utilizing the first nine amino acids of Braun’s lipoprotein Lpp fused to a 

transmembrane domain of the outer membrane protein OmpA. (Lpp-OmpA). The 

resulting Lpp-OmpA chimera contained a lipophilic anchor, derived from Lpp, that 

attached to the interior of the E. coli outer membrane with the membrane spanning 

regions of OmpA allowing for display of a C-terminal fusion of the outside of the E. 

coli cell. A high affinity scFv specific to the cardiac glycoside digoxin was 

successfully selected from an error prone library with a 3-fold improved dissociation 

constant from that of wild type. However, the lipopolysaccharides (LPS) of E. coli 

surface interferes with protein:ligand recognition, limiting the size of the ligand to 

which a displayed protein can bind.  

 

 

Figure 1-5: Schematic diagram depicting steps in antibody selection using 
bacterial surface display and flow cytometry [81] 
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The periplasmic expression cytometric screening (PECS) technology is a 

method whereby the protein of interest is secreted into the periplasm of the host E. 

coli cell while the outer membrane is made more permeable to allow access of 

fluorescent ligands.[82] (Fig. 1-6). An important benefit of this system is that there is 

no fusion partner to complicate the presentation of the protein. Additionally, selected 

proteins are expressed in soluble form as needed for subsequent characterization and 

production purposes. However PECS is limited to small molecule and peptide 

antigens and is not applicable to large antigens such as proteins.  

 

 

 

Figure 1-6: A schematic diagram showing the principle of periplasmic expression 
with cytometric screening (PECS).  Libraries of proteins secreted to the E. coli 
periplasm can be labeled by fluorescent conjugates of ligands by a simple high-salt 
incubation procedure. The outer membrane serves as a dialysis membrane allowing 
diffusion of unbound ligand out of the cell and retention of protein−ligand complexes 
within the cell. The fluorescent cells are then separated by FACS according to user-
defined parameters (e.g., region one: R1). Only cells expressing protein species with 
the desired ligand-binding characteristics are enriched [82]. 
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 Recently, our group developed the anchored periplasmic expression (APEx) 

system [88] (Fig. 1-7). In APEx, proteins are expressed in the periplasm, and tethered 

to the inner membrane of E. coli via lipidation of a small N-terminal 6 amino acid 

(CDQSSS) fusion of E. coli native lipoprotein NlpA. After disrupting the outer 

membrane of the cell by chemical and enzymatic permeabilization, E. coli cells 

expressing anchored proteins can be specifically labeled with fluorescent ligands and 

analyzed by flow cytometry (FC). The APEx system and FC has been used 

successfully to isolate high affinity anti-anthrax toxin antibodies after two rounds of 

screening (with >200- fold higher affinity compared to the parent antibody) [88]. 

APEx has several advantages over other display systems such as phage display or 

yeast cell surface display. First, APEx is an E. coli based system, thus the process of 

transforming libraries into cells and the subsequent expression of libraries is very easy. 

Furthermore, target proteins are displayed in the inner membrane and can interact 

with ligand proteins in periplasm so there is no interference in protein-ligand 

interaction by the lipopolysaccharide (LPS) layer found in the outer membrane of E. 

coli. Removal of the outer membrane also allows the transport of a much larger ligand 

probe (over 200 kDa), so many antibodies to large antigens can be screened in this 

protein display system. Lastly, compared to phage display, APEx can display much 

larger proteins.  

Based on APEx system, 2-hybrid system was developed, which was called APEx 

2-hybrid system [89] (Fig. 1-8). This technology relies on the anchored periplasmic 

expression (APEx) of one protein (bait) on the periplasmic side of the inner 

membrane of E. coli and its interacting partner (prey) as a soluble, epitope-tagged, 

periplasmic protein. Upon removal of the outer membrane by spheroplasting, 

periplasmic proteins, including any unbound epitope-tagged prey, are released into the 

extracellular fluid. However, if the epitope-tagged prey can bind to the membrane-
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anchored bait, it remains associated with the cell and can be detected quantitatively by 

using fluorescent anti-epitope tag antibodies. Cells expressing prey:bait pairs 

exhibiting different affinities can be readily distinguished by FC.  

 

   

Figure 1-7: A schematic diagram showing the principle of APEx for the FC-based 
isolation of high-affinity antibody fragments. Proteins are expressed in the 
periplasm, and tethered to the inner membrane of E. coli. After disrupting the outer 
membrane of the cell by chemical and enzymatic permeabilization, E. coli cells 
expressing anchored proteins can be specifically labeled with fluorescent ligands and 
analyzed by flow cytometry (FC) [88]. 
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Figure 1-8: A schematic diagram showing the principle of the APEx two-hybrid 
system [89]. In APEx 2-hybrid system, the periplasm of E. coli constitutes the milieu 
for the association of membrane-anchored bait and solubly expressed, epitope-tagged 
prey. Upon disruption of the outer membrane, only prey proteins that bind to the bait 
remain cell associated and are detected by flow cytometry by using fluorescently 
labeled anti-epitope antibodies. 
 

1.2.4 Anthrax toxin   

 

The anthrax attack through the US postal mail in the fall of 2001 has 

prompted research aimed at the discovery of effective countermeasures for inhalation 

anthrax exposure. Anthrax is caused by the spore-forming, gram positive bacterium 

Bacillus anthracis that primarily infects herbivores such as cattle and deer [90]. Fig.1-

9 shows an overview of the actions of the anthrax toxin at the molecular level [91]. 

The anthrax toxin consists of three proteins: protective antigen (PA), edema factor 

(EF) and lethal factor (LF). PA facilitates the transportation of the other toxins LF and 

EF to the cellular cytosol by binding a cellular receptor.  
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So far, three major approaches have been made to inhibit anthrax toxin action. 

First, Dominant Negative (DN) PA mutants have been engineered to prevent 

oligomerization of PA on the cell surface. Second, by using polyvalent small molecule 

inhibitors or antibodies, EF/ LF binding to PA is prevented [91]. Finally by using 

soluble receptor or anti-PA antibodies, the binding of the PA toxin to its receptor can 

be blocked [92]. The anti-PA antibody has a great potential for combating the disease 

caused by anthrax as evidenced by previous vaccination studies. In these studies, the 

anti-PA antibody titers following immuniozation with PA correlated with protection to 

inhalation anthrax.  

Several groups have undertaken the production of anti-PA antibodies [93]. 

Starting with the moderate affinity 14B7 antibody, our group has isolated two high 

affinity anti-PA antibodies using protein engineering techniques: 1H scFv by phage 

display [92] and M18.1 scFv by APEx [88]. However, even though those antibodies 

(scFvs) have high affinity to anthrax toxin PA, their expression level can be 

significantly improved.  
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Figure 1-9: Action of anthrax toxin at the molecular level. (1) PA binds to a 
receptor; (2) cleavage by a furin protease removes PA20; (3) PA63 self-associates to 
form the heptameric prepore; (4) up to three molecules of EF and/or LF bind to the 
prepore; (5) the complex is endocytosed and trafficked to an acidic intracellular 
compartment; (6) under the influence of low pH the prepore converts to a pore, and 
EF and LF are translocated to the cytosol [94] 
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1.3 RESEARCH OBJECTIVES 

 

The main focus of this research is to improve the antibody production in E. 

coli. In particular, we focused on developing high throughput screening technologies 

that are able to isolate antibody mutants or alternatively E. coli genes that can enhance 

the expression of a desired antibody fragment.   

In chapter 2, in order to improved Fab antibody expression in the periplasm 

of E. coli, first, we developed a system for the detection of Fab expression in single 

cells using a combination of the APEx 2 hybrid system and multi color fluorescence 

activated cell sorting (FACS). This screening system was utilized for isolating the 

anti-PA Fab exhibiting higher expression level at 37oC, the optimal growth 

temperature for E. coli.  

In Chapter 3, to facilitate the isolation of antibody mutants that can fold in a 

reducing environment (intrabodies), we sought to develop a simple screening 

methodology that relies on the expression of scFvs in the periplasm of cells lacking 

the ability to form disulfides in that compartment.  

Finally, to engineer E. coli for the efficient expression and assembly of the 

full-length aglycosylated IgG, we attempted to develop a screening system for isolated 

E. coli genomic factors that enhance IgG expression in the periplasm of E. coli. This 

additional study was described in appendix 1 
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Chapter 2 

Development of a System for the Expression Maturation  

of Fab in E. coli 
 

2.1 INTRODUCTION 

Fab antibody fragments consist of two polypeptide chains linked together by a 

disulfide bond: one with the light chain variable and constant domain (Cκ or Cλ), the 

other containing a truncated heavy chain containing the variable domain and the CH1- 

constant domain. Fab antibody fragments are used extensively for therapeutic and 

diagnostic applications. Compared with a full length antibody, a Fab has no Fc 

domain and is not recognized by immune cells. Hence it does not result in antibody-

dependent cellular cytotoxicity (ADCC) and complement-dependent cytotoxicity 

(CDC). Therapeutically, Fabs are widely used as the carrier for the targeted delivery 

of drugs [1] 

E. coli has been used extensively as the expression host for the production of 

Fab antibodies because it offers several advantages compared to the other organisms: 

First, it grows rapidly on inexpensive carbon sources. Second, it is amenable to high 

cell density fermentation and simple scale-up. Finally, E. coli is well characterized 

genetically and therefore  many tools are available to facilitate gene cloning and 

expression [2]. It has been reported that a bispecific diabody and a Fab against the 

p185HER2 antigen could be expressed in functional form in E. coli  with yields as 

high as 1-2 g/L [3],[4].  However, such high expression yields are very unusual. 

Typically the production of most Fab antibody fragments in E. coli is accompanied by 

two problems: (i) inefficient correct folding leading to the formation of mostly 

inactive and aggregated protein; (ii) low expression level. These issues represent the 

main limitation in the synthesis of commercially significant amounts of Fab antibody 
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fragments in E. coli.  

Extensive efforts have been made to increase the expression level of correctly 

folded Fabs in E. coli. These approaches have included: (i) Co-expressing molecular 

chaperones and foldases which help production of correctly folded Fab  [5]; (ii) 

Fusion with proteins such as maltose binding protein (MBP) or glutathione-s-

transferase [6] to enhance the expression and solubility; (iii) Optimization of the  

culture condition such as type of carbon source and amount of inducer for protein 

synthesis [7], [8], [9].   

However, above all, it has become apparent that the expression of correctly 

folded recombinant antibodies is largely dependent on the polypeptide sequence [10]. 

In particular, the antigen-binding domain is often the major cause of expression 

problems, mainly affecting the folding efficiency. Several attempts have been made to 

generate mutations in the variable domain to improve expression [11], [12], [13], [14], 

[15]. Mutations that affect expression have been identified in a few instances by 

inspection of the crystal structure followed by large scale scanning mutagenesis 

programs [16]. Unfortunately, such studies are very time and labor intensive.  An 

alternative approach is to employ directed evolution and isolate Fab mutants 

exhibiting increased expression yields from combinatorial libraries. Recombinant 

antibody libraries based on scFvs, or Fabs antibody have been used to generate high 

affinity antibodies. However such techniques have not been employed for the 

isolation of highly–expressed, functional antibody fragments. Here, we have 

developed such a high throughput screening method and showed that it results in the 

identification of antibody fragment mutants exhibiting better expression 

characteristics in E. coli.  

First, we developed a technique for detecting Fabs in the periplasmic space of 

E. coli cells by modifying the anchored periplasmic expression (APEx) 2-hybrid 
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system [17]. Briefly, the light chain of the Fab fragment is tethered on the inner 

membrane by 6 amino acids (CDQSSS), N-terminal extension that becomes fatty 

acylated upon secretion, with the lipid moiety embedded in the lipid bilayer. The 

heavy chain is fused to an epitope tag and is produced in soluble form in the 

periplasm. Upon removal of the outer membrane by spheroplasting periplasmic 

proteins, including any unbound epitope-tagged heavy chains, are released into the 

extracellular fluid. However, if the epitope-tagged heavy chain assembles to the 

membrane-anchored light chain, it remains associated with the cell and can be 

detected quantitatively using fluorescent anti-epitope tag antibodies by flow cytometry. 

The fluorescence signal resulting from labeling of the spheroplasts by the anti-epitope 

tag antibodies is indicative of the amount of assembled heavy and light chains. 

Additionally, labeling of the cells with antigen conjugated to a second fluorescent dye 

is employed to determine the amount of functional Fab protein.   

This Fab display system coupled with multi-color fluorescence-activated cell 

sorting (FACS) analysis was employed for the engineering of correctly folded Fab 

antibody fragments exhibiting improved expression.  

As a model system, we demonstrated the engineering of Fab antibodies that 

can be expressed with increased yield at 37oC, the optimal growth temperature of E. 

coli. In terms of productivity, gene expression at 37oC gives higher protein yield and 

shorter cultivation time.  

 

2.2 RESULTS 

2.2. 1 Display of Fabs with APEx 2-hybrid technology 

In initial experiments, four Fab genes that are expressed at different levels and 

also have different antigen binding affinities were constructed: three of these Fab 

antibodies bind to the anthrax toxin PA (14B7 Fab [18], M18.1 humanized Fab [19], 
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1H humanized Fab [20]) and one binds to the cardiac glycoside digoxin (26-10 Fab 

[21]).  Briefly, the genes of both the Fab heavy and light chains were expressed as a 

dicistronic operon under the lac promoter in one plasmid such that, after translocation 

into periplasm, the light chain was anchored to the periplasmic side of inner 

membrane by a six amino acid anchoring motif (CDQSSS), whereas the heavy chain 

was produced in soluble form in the periplasm. A FLAG epitope tag was fused to the 

C-terminus of the heavy chain for detection. Association of the two chains within the 

periplasm  resulted in a Fab fragment that was attached to the inner membrane via 

the lipidated light chain. The cells were subsequently permeabilized by spheroplasting 

(with lysozyme and EDTA treatment) and incubated with two fluorescent probes: (i) 

PA-FITC for the detection of antigen binding activity and (ii) anti-FLAG-

Phycoerythrin (PE) probe for monitoring the expression of the Fab protein (Fig. 2-1).  

The fluorescence signal resulting from antigen binding and from heavy and 

light chain assembly in cells grown at 25oC was determined. FACS analysis revealed 

that the three anti-PA Fabs showed approximately 6 to 13 fold higher mean 

fluorescence signals (designated as M in Fig. 2-2) following incubation with the 

fluorescent antigen PA-FITC compared to cells expressing the anti -digoxin 26-10 Fab. 

The latter does not bind to the PA antigen and therefore represents the negative control. 

When labeled with anti FLAG-PE, all the spheroplasts showed similarly high 

fluorescent signals. This result indicates that the heavy and light chains of the four 

model Fabs examined here assembled efficiently in cells grown at 25oC (Fig. 2-2).  
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Figure 2-1: A schematic diagram for analysis of Fab assembly and antigen 
binding with APEx 2-hybrid system.  The light chain and the FLAG tag fused 
heavy chain are co-expressed in the periplasm and the assembled Fabs are labeled 
simultaneously with two fluorescent probes anti FLAG-PE for expression and PA-
FITC for binding activity. 
 
 
 
 

 
 

Figure 2-2: FACS signals of 4 model Fabs in the APEx 2-hybrid format.Cells 
were grown at 25oC and induced with 1mM IPTG. After spherplasting, E. coli 
populations of 20,000 events expressing the NlpA-[Fab antibody fragments] construct 
were labeled with a 200 nM concentration of PA-FITC for detection antigen activity 
and a 200 nM anti FLAG PE for monitoring the expression.  (M:  the mean 
fluorescent intensity) 
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As shown in Fig. 2-1, for flow cytometric analysis the Fab protein had to be 

tethered to the surface of spheroplasts by fusing the inner membrane anchoring 

sequence from NlpA to the light chain.  To evaluate how well the FACS signal 

obtained by expressing Fabs tethered to the inner membrane correlates with soluble 

expression, the four Fab proteins were expressed without the anchoring sequence. In 

this instance, both the heavy and the light chain were secreted into the periplasm via 

the pelB signal sequence. After protein expression was induced with 1 mM IPTG, the 

cells were harvested and lysed in a French press. Then, the amount of active, antigen-

binding Fab protein was determined by enzyme linked immunosorbent assay (ELISA) 

(Fig. 2-3), while the expression levels of assembled Fab proteins were determined by 

Western blotting (Fig. 2-4). Fig. 2-4 showed that all Fabs, including the 26-10 protein 

that does not bind to PA were expressed at near identical levels. Thus the differences 

in the ELISA signals shown in Fig. 2-3 were a consequence of two effects: the antigen 

affinity of the various Fabs and subtle differences in the degree to which the Heavy 

and Light chains in Fab proteins are folded correctly to give a functional active site.  

Collectively, the analysis (rank-order) of the expression of soluble Fab proteins 

appears to correlate with the fluorescent signals shown in Fig. 2-2. Thus, it was 

concluded that two color FACS analysis may be used as a guide for estimating the 

yield of soluble Fab proteins expressed in E. coli.   
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Figure 2-3: Detection of antigen binding Fab proteins assay by ELISA. 50 μl of 4 
μg/ml PA toxin was coated on a plate overnight at 4oC. 50 μl of the total lysate Fabs 
were applied and incubated for 1 hr and washed with PBST three times. Fabs were 
detected by 50 μl of 1:20,000 diluted anti-FLAG-HRP conjugate. Purified 14B7 Fab 
was used as a standard. (1U:1 μg of purified 14B7 Fab). 
 
 
 
 

 

Figure 2-4: Expression level of Fabs by Western blotting: Cells were grown at 
25oC and induced with 1 mM IPTG, and the expression level of Fabs were determined 
by Western blotting under non-reducing conditions. Total cell lysates of cells 
expressing the respective Fab proteins were mixed with loading buffer lacking the 
reductant β-mercaptoethanol. The samples were normalized by equal cell number 
(OD600=2). 10 μl samples were loaded onto a 4-20% gradient SDS PAGE gel.  
Detection was done by 1:20,000 diluted anti-FLAG-HRP-conjugates.  
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2.2.2 Fab expression at 37oC 

We have found that growth at 37oC severely reduced the amount of soluble, 

correctly folded Fab antibodies. Fig.2-5 shows a comparison of the antigen binding 

activity (PA-FITC signal) and expression levels (anti-FLAG-PE signal) obtained in 

cells grown either at 25oC or 37oC. As expected, cells grown at the higher 

temperature exhibited substantially lower levels of antigen binding activity (PA-FITC 

signal)  and a somewhat lower accumulation of assembled (H:L chain) Fab protein.   

In particular, the M18.1 hum Fab showed almost no antigen binding activity 

when expressed at 37oC (Fig.2-6) and therefore was chosen as a model target Fab for 

mutagenesis and expression optimization.   

 

Figure 2-5: Comparison of FACS signals at different induction temperatures. 
Three anthrax model Fabs (14B7, 1H hum, M18.1 hum) were expressed in cells 
grown and induced at two different temperatures, 25oC and 37oC. PA-FITC monitored 
activity and anti-FLAG-PE monitored the expression level of Fab. (M: the mean 
fluorescent intensity) 
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Figure 2-6: Comparison of expression and binding activity of M18.1 hum Fab at 
two different temperatures (25oC and 37oC) by flow cytometry. Cells were 
cultivated, induced at two different temperatures, spheroplasted and labeled with (A) 
anti-FLAG-PE for the expression level. (B) PA-FITC for activity. (C) The M18.1 Fab 
proteins were expressed in the soluble form from plasmid pPelB-M18.1humFab. The 
active Fabs were analyzed by ELISA. Purified 14B7 Fab was used as a standard. (1U: 
1μg of purified 14B7 Fab) Open and closed peaks represent 37oC and 25oC, 
respectively. 
 

 

2.2.3 Expression maturation of M18.1 hum Fab 

 To test the utility of the system shown in Fig. 2-1 for the isolation of better 

expressing proteins (expression maturation), We sought to isolate mutants of the 

M18.1 hum Fab that are produced at an increased level in cells grown at 37°C.  As 

discussed above, in cells grown at 37oC the expression and assembly of the Fab 

protein is inefficient. This is manifest in low fluorescence for antigen binding and for 

H:L assembly. Since it has been reported that expression and stability of Fab 

antibodies is predominantly determined by the variable domain [16], we elected to 

introduce mutations to the VH domain of the M18.1 hum Fab using error-prone PCR. 

A library of 7 x 106 independent clones with an average of 2% nucleotide 

(A)                                                         (B)  
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substitutions per gene was created.  A total of 2 x 108 cells were sorted for both high 

PA binding and high expression level at 37°C by isolating fluorescent events that 

exhibit high red (anti-FLAG-PE) and green (PA-FITC). After resort, the gene 

fragment encoding the  VH  in the isolated cell population was rescued by PCR [19]. 

The mutant VH genes of Fab were then recloned into pAPEx-M18.1 hum Fab vector, 

transformed into Jude 1 cells, and expressed again at 37°C. After second round of 

sort-resort, 7 clones that displayed reproducibly stronger FACS signals when 

expressed at 37°C compared to the parent M18.1 hum were isolated (Fig. 2-7).   

 The two clones with the highest fluorescence, referred to as #3 and #28, 

respectively, were selected for further study (Fig. 2-8). Sequencing revealed that they 

have two mutations each (Fig. 2-9). Clone #3 contained an L13V change in the pelB 

leader peptide sequence, and an N52D change in CDR1 of VH.  Clone #28 contained 

a Q35R change in FR1 and a Y130F change in CDR3 of the VH chain.   
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Figure 2-7: FACS signals of seven highly expressed clones. After second round of 
sort, seven clones were isolated that displayed stronger FACS signals when expressed 
at 37oC compared to the original M18.1 hum Fab. Cells were grown 37oC and protein 
expression was induced with 1 mM IPTG for 4 hrs at 37oC. After spheroplasting, E. 
coli expressing Fabs were labeled with anti-FLAG-PE. (Mn: mean fluorescent 
intensity) 
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Figure 2-8: Analysis of anti-PA Fabs (#3 and #28) selected using APEx 2-hybrid 
system.  Cells were grown at 37oC and protein expression was induced with 1mM 
IPTG for 4 hrs. After spherplasting, the cells were labeled with (a) 200nM anti-
FLAG-PE and (b) 200nM PA-FITC for expression and binding activity, respectively. 
(Mn: mean fluorescent intensity) 
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Figure 2-9: Sequences of isolated Fab mutants, #3 and # 28. 

 

2.2.4. Analysis of isolated clones 

The two isolated Fab variants were expressed in soluble form from plasmid 

pPelB-#3Fab and pPelB-#28Fab at 37°C and the expression yield was quantified by 

sandwich ELISA. Consistent with the increased FACS signals (Fig.2-8 A and B), the 

soluble yields for Fab #3 and Fab #28 were 4.5- and 5.5-fold higher, respectively, 

relative to the parental M18.1 hum antibody (Fig. 2-10). The expression level and 

assembly of H (heavy) and L (light) chains were analyzed by gel electrophoresis and 

Western blotting  under reducing and non-reducing conditions.  Cells were grown at 

37oC. Protein synthesis was induced with 1 mM IPTG for 4 hrs and then the cells 

were collected by centrifugation. The pellets were solublized in reducing or non-

reducing loading buffer and loaded onto 4- 20% SDS page gel.  After transfer to the 

membrane, proteins containing a FLAG tag were detected using anti-FLAG-HRP. 

Since the FLAG tag is present in the heavy chain, only the heavy chain is detected 

under reducing conditions while the assembled Fab protein is detected under non-
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reducing conditions. As shown in Fig. 2-11, lysates from cells expressing clones #3 

and #28 contained increased levels of assembled Fabs compared to the parental M18.1 

hum Fab (Fig.2-11).  

To determine whether the mutations in the isolated clones affected the antigen 

binding affinity, Fabs were purified to near homogeneity by Ni-NTA. Antigen binding 

affinity is mainly affected by koff rate constant. Therefore, we examined whether the 

mutations in #3 and #28 affected the koff values as measured by Surface Plasmon 

Resonance (SPR) on a BIACore 3000 instrument. SPR analysis showed that the koff 

values for Fab #3 and Fab #28 were 4.5 x 10-5 sec-1 and 1.2 x10-4 sec-1, respectively, 

similar to those of the parental M18.1 hum Fab (7.3 x 10-5 sec-1) (Fig. 2-12).  Thus, it 

appears  that the mutations in #3 and #28 affect expression at 37 °C but not antigen 

binding.  
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Figure 2-10: The yields of M18.1 hum Fab, clone #3 and clone #28 were 
determined by sandwich ELISA.   Microtiter plate wells were coated with 4 μg/ml 
of PA83 overnight, and then blocked with 2% milk in PBS for 3 hr at room 
temperature. After grown and induced at 37oC for 4 hrs, cells were lysed in a French 
press and 50 μl of the total cell lysates were added per well. Fab proteins were 
detected using 50 μl of anti-FLAG-HRP at 1:20,000 dilutions. For quantification, 
purified M18.1 hum Fab was used as a standard.   
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Figure 2-11: Analysis of expression and assembly of Fab in each clone (M18.1 
hum, Fab #3 and Fab #28) by western blotting. Anti-FLAG-HRP was used for 
detection. In lanes 1 and 2 of all panels, the sample was prepared in non-reducing 
buffer (without β-mercaptoethanol), whereas samples in lanes 3 and 4 were prepared 
in reducing buffer. In lane 2 and 4 of all panels, the sample was diluted by a factor of 
1:2 relative to lanes 1 and 3 respectively. (N: Non-reduced sample; R: Reduced 
sample)  
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Figure 2-12: Rate of constants for antigen dissociation (koff) determined  by 
Surface Plasmon Resonance (SPR). Fabs were purified to near homogeneity by Ni-
NTA. A carboxymethylated dextran matrix chip (CM-5) was activated by mixing 
equal volumes of 100 mM NHS (N-hydroxysuccinimide) and 400 mM EDC (N-ethyl-
N-(dimethyl-aminopropyl) carbodiimide hydrochloride). 5 μg/ml of the PA diluted 
into sodium acetate buffer pH 5 was used to couple the chip. Approximately 500 RUs 
of PA was coupled to the CM5 chip using the EDC/NHS chemistry. Kinetic analysis 
was performed at a flow rate of 100 μl/min to reduce mass transport limitations. At 
400 sec, the off rate from PA of each Fab is monitored as the relative decrease 
response over time, correlating to the loss of scab from the PA coated chip during that 
time interval. 
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2.3. DISCUSSION 

In this chapter we described the development of a system for the simultaneous 

detection of H:L chain of Fab antibodies and of antigen binding by multicolor FACS. 

FACS screening was employed to isolate Fab mutants exhibiting improved expression 

at 37oC, the optimal growth temperature of E. coli. In this system, the light chain was 

anchored onto the inner membrane, whereas the heavy chain with a FLAG epitope tag 

was expressed in soluble form in the periplasm. Following permealization of the outer 

membrane, the correctly assembled Fab protein, which was anchored onto inner 

membrane, was detected using a fluorescent antibody specific to the epitope tag on 

the heavy chain. Simultaneously, antigen labeled with a fluorescent dye emitting at a 

different wavelength was used to detect the amount of active Fab. The two color 

fluorescence of cells expressing four different Fab antibodies was evaluated.  

Separately, the Four Fabs were expressed in soluble form in the periplasmic space and 

the amount of assembled Fab (H:L) and the yield of active, i.e. antigen binding, Fab 

protein were determined. Overall the FACS signals appeared to correlate with the 

yields of assembled and functional Fab produced solubly.  .  

Encouraged by these results, we went on to test the utility of the system for the 

isolation of Fab antibodies exhibiting improved expression from libraries of random 

mutants (expression maturation). We sought to isolate mutants of the M18.1 hum Fab 

that are produced at an increased level when growth and expression are carried out at 

37oC. As was the case with many antibody fragments, the expression of the M18.1 

hum Fab in cells grown at 37oC resulted in a low yield, which manifested with lower 

FACS signals for both the capture of the heavy chain by the membrane anchored light 

chain and for antigen binding. After only two rounds of sorting, two clones referred to 

as Fab #3 and Fab #28 respectively were isolated that displayed reproducibly stronger 

FACS signals when expressed at 37oC compared with the parental M18.1 hum. 
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Isolated Fab variants showed essentially identical antigen-binding kinetics but 

markedly improved expression and assembly.  

In the case of variant #3, one of the two mutations in this protein was found in 

the signal peptide region. It has been reported that counting from the cleavage site, 

almost all mutations leading to export-defects fall in the region -7 to -14  (counting 

from the cleavage site) [22],[23]. Since the mutation in #3 is in this region (-10 

counting from the cleavage site), it might reduce the secretion rate of Fab, so that the 

heavy chain might emerge more slowly in the periplasm at 37oC allowing more 

efficient association with the light chain. In the case of variant #28,  one of mutations 

was found in complementarity determining region (CDR) H3 region. CDR H3 is the 

most critical region for antigen binding [24]. However the Y130F mutation resulted in 

only a very slight decrease in the koff rate constant indicating that it probably did not 

affect antigen recognition. In the initial experiment, several Fab libraries were made 

by mutagenizing only the CH region because we wanted to find amino acid 

substitutions that might affect H:L chain association while leaving the V domain and 

antigen binding intact. However, all of these attempts failed to produce clones with 

enhanced expression at 37°C (K.J.J., B.L.I., and G.G., unpublished data). This finding 

is consistent with recent biophysical studies showing that VH:VL pairing represents 

the limiting step in the folding and assembly of many Fab antibodies [16]. Therefore, 

wise library design is also very critical to increase the possibility to isolate the best 

candidate.  

For the isolation of antibodies exhibiting better expression characteristics, this 

study shows the feasibility of using this Fab display system for isolation of antibody 

fragment exhibiting a high assembly level (as monitored by the anti-FLAG-PE signal) 

and antigen binding activity (as monitored by the PA-FITC fluorescence). In some 

cases, highly expressed antibodies have been isolated by an indirect selection, i.e., 
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based on stability selection criteria, not expression. However, to our knowledge, this 

is the first recombinant antibody display method to allow selection on the basis of 

both the level of H:L chain assembly and antigen binding activity. This Fab display 

system offers several advantages  

(i) This is an E. coli-based system and therefore provides an easy route to the 

creation of large libraries by transformation and preparative protein expression of 

isolated antibodies;  

(ii) By using a fatty acylated anchor to retain the protein in the inner 

membrane, a fusion as short as 6 amino acid is all that is required for display. The 

short fusion is unlikely to influence the affinity or expression characteristics of the 

isolated proteins.  

(iii) The inner membrane lacks molecules such as LPS or other complex 

carbohydrates that can sterically interfere with large antigen binding to displayed 

polypeptides;  

(iv) The fusion must only traverse one membrane before it is displayed, and 

therefore biosynthetic limitations that might restrict the export of certain sequences to 

the yeast or bacterial surface may be circumvented.  

Therefore, this powerful screening methodology can be used for detecting the 

assembly of any heterodimeric proteins at the single-cell level and also antigen 

binding.  
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2.4. MATERIALS AND METHODS 

 

2.4.1 Strains, Plasmids and Growth Conditions 

E. coli Jude-1 (DH10B F’::Tn10(Tetr)) was used throughout this study [25]. 

All plasmids were derivatives of pAPEx1 [19] which encodes the  NlpA leader 

peptide (23 aminoacid) and first six amino acids (CDQSSS) of NlpA for anchoring of 

target protein onto inner membrane. All plasmids and primers used are summarized in 

Table 2-1 and Table 2-2, respectively. A simple schematic representation of the 

expression system is shown in Fig. 2-13.  For expression of anti-PA Fabs in the 

APEx format, light chain (variable light chain (VL)-human Ck domain) was amplified 

by PCR with VL-F1 and Ck-R1 (Table 2-2) and cloned into SfiI digested pAPEx1. 

Heavy chain (variable heavy chain (VH) and constant domain1 (CH1)) was also 

amplified by PCR with VH-F1 and CH-R1, and then cloned into SfiI digested 

pMopac16 [26] which contains the PelB signal peptide. From each resulting plasmid, 

the PelB-heavy chain region was amplified with three primers (Mopac-F, CH-FLAG-

R1 and –R2) to extend the FLAG epitope tag (DYKDDDDK) to the C-terminus of 

heavy chain. After digestion with XbaI enzyme, those heavy chains were clone into 

pAPEx1 plasmids containing the corresponding light chains. Therefore, in all Fab 

expression plasmids (pAPEx-14B7Fab, pAPEx-1H humFab, pAPEx-M18.1humFab, 

pAPEx-26.10), PelB-[heavy chain (VH-CH)-FLAG tag] and NlpA-[light chain (VL-

Ck)] are co-expressed as a dicistronic operon under the control of lac promoter (Fig. 

2-14). pAPEx-M18.1hum-1 was also constructed for facilitating the VH library 

cloning. Heavy chain was amplified by PCR with Mopac-F and M18VH-spe-R and 

clone into the XbaI digested pAPEx- M18.1hum Fab resulting in pAPEx-M18.1hum 

Fab-1 which second XbaI site was removed. 

For the soluble expression of Fab protein, the light chain gene was cut from 
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each of pAPEx_Fab format by SfiI digestion and cloned into pMoPac16. It results in 

PelB- light chain. Then, the PelB-heavy chain-FLAG tag was also cut from 

pAPEx_Fab format by XbaI digestion and cloned into the pMoPac16 containing 

PelB-light chains. In resulting palsmids (pPelB_Fab), the heavy chain and light chain 

are co-expressed as a dicistronic operon under lac promoter and produced into the 

periplasm as soluble forms. 

After transformation into Jude1, the cells were grown in terrific broth (TB) 

(Becton Dickinson Difco Sparks, MD) with 2% (w/v) glucose with 40 μg/ml 

chloramphenicol (Cm40) on large agar plates overnight at 30°C. Single colonies were 

used to inoculate fresh TB media supplemented with 2% glucose and Cm40 and 

grown at 37°C for overnight. The following morning, the cells were subcultured into 

fresh TB media (1:100 dilution), and grown at 37oC. When the obsorbance (OD600) 

reached 0.5-0.7, the cells were transferred to a 25oC shaker and allowed to equilibrate 

for 30 minutes. Subsequently, isopropyl β–D–thiogalactoside (IPTG) was added to a 

final concentration of 1mM, and the cultures were incubated for an additional 4 hours 

prior to harvesting.  

 

Figure 2-13: Schematic representations of the plasmids used in this study. (a) Co-
expression of the heavy chain and the light chain of Fabs in the APEx format.  In this 
system, the light chain is anchored to inner membrane and the heavy chain is found 
soluble in periplasm. (b) Soluble expression of both chains. In this system, both 
chains are translocated into the periplasm via the pelB signal peptide. In both systems, 
gene expressions were controlled by the IPTG-inducible lac promoter (H, S, and X 
represent restriction enzyme sites, HindIII, SfiI, and XbaI, respectively)  

S S 

S S 



56 
 

Table 2-1 List of plasmids 
 

Plasmid Characteristics Source 
pAPEx1 Cmr, lac promoter, NlpA leader peptide and 6 mino 

acids (CDQSSS) 
Ref 19 

pMoPac16 Apr, lac promoter, PelB leader peptide, human Ck 
domain 

Ref 26 

pAPEx-26-10 Fab 26-10 Fab in pAPEx1 This study 
pAPEx-14B7 Fab 14B7 Fab in pAPEx1 This study 
pAPEx-1H hum Fab 1H hum Fab in pAPEx1 This study 
pAPEx-M18.1hum Fab M18.1hum Fab in pAPEx1 This study 

pAPEx-M18.1hum Fab-1 
pAPEx-#3 Fab 
pAPEx-#28 Fab 

Second XbaI site of pAPEx-M18.1hum Fab was 
removed. 
#3 Fab in pAPEx1 
#28 Fab in pAPEx1 

This study 
This study 
This study 

pPelB-26-10 Fab 26-10 Fab in pMoPac16 This study 

pPelB-14B7 Fab 14B7 Fab in pMoPac16 This study 

pPelB-1H hum Fab 1H hum Fab in pMoPac16 This study 

pPelB-M18.1hum Fab 
pPelB-#3 Fab 
pPelB-#28 Fab 

M18.1 hum Fab in pMoPac 16 
#3 Fab in pMoPac16 
#28 Fab in pMoPac16 

This study 
This study 
This study 

 
 
 Table 2-2 List of primers and their sequences  

Primers Sequences (5’  3’)1 
MoPac-F GGAATTGTGAGCGGATAACAATTTC 
VL-F1 CTCGCGGCCCAGCCGGCCGATATTCAGATGACACAGACC 
Ck-R1 CTCGCGGCCCCCGAGGCCCTATTAGCACTCTCCCCTGTTGAAG 
VH-F1 CTCGCGGCCCAGCCGGCCATGGCGGAGGTCCAACTGGTTG 
CH1-R1 GCTCTAGACTATTAACAAGATTTGGGCTCAACTTTC 
CH-FLAG-R1 CTTTGTCATCGTCATCTTTATAATCACAAGATTTGGGCTCAACTTTC 
CH-FLAG-R2 CGTCTAGACTATTAGGCGCGCCCTTTGTCATCGTCATCTTTAT 
M18VH-spe-R CTTCACTAGTCTATTACCCGGCTTTGTCATCGTC 

1Underlines indicate the sequences for restriction enzymes. 
 
 
2.4.2 Sample preparation and Flow Cytometric Screening 

Following induction, the cellular outer membrane was permeabilized via Tris-

EDTA-lysozyme treatment. Briefly, cells (equivalent 1 ml of 5 OD600) were pelleted 

and resuspended in 350 μl of ice-cold solution of 0.75 M sucrose, 0.1 M Tris-HCl pH 

8.0, 50 μl/ml hen egg lysozyme. 700 μl of ice-cold1 mM EDTA was gently added and 
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the suspension was left at room temperature for 20 minutes. 50 μl of 0.5 M MgCl2 

was added and the mix was left on ice for 20 minutes. The resulting cells were gently 

pelleted and resuspended in phosphate buffered saline (1x PBS) with 200 nM PA-

FITC (List Biological Laboratories, Inc., Campbell, CA) and anti FLAG-PE (Prozyme, 

San Leandro, CA) at room temperature for 1 hour, before evaluation by FC. 

Scans were performed on Becton Dickenson FACSortTM with the following setting in 

log format: Forward scatter E01, Side scatter trigger 400 volts, FL-1 700 volts, FL-2 

700 volts. Distilled water was run as a sheath for all scans. The Fab expression 

maturation experiment was run on a MoFlo (Cytomation, Fort Collins, CO) droplet 

deflection flow cytometer using 488 nm Argon laser for excitation.  

 

2.4.3 FACS Screening 

Libraries were made from the M18.1 hum Fab VH including PelB leader 

peptide sequence using error prone PCR standard techniques (Fromant et al. 1995) 

and randomized genes were ligated into the pAPEx-M18.1 hum Fab-1 expression 

vector by XbaI and HindIII cloning site. After transformation into Jude1, the cells 

were grown on TB + 2% glucose + Cm40 on large agar plates overnight at 30°C. The 

resulting library gave rise to 7 x 106 independent clones. DNA sequencing of 20 

library clones selected at random revealed an average of 2% nucleotide substitutions 

per gene. This library was screened for high expression and high activity upon 

induction at 37°C as describe below. The plates were then scraped and the library was 

frozen in TB + 15% glycerol aliquots. The following morning, the cells were 

inoculated into TB media supplemented with Cm40 to an OD600 of 0.1 and grown at 

37°C. When the absorbance (OD600) reached 0.5-0.7, the cell was induced with 1 mM 

IPTG, and the cultures were incubated for an additional 4 hours prior to harvesting. 

Following induction, the cellular outer membrane was permeabilized with Tris-
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EDTA-lysozyme treatment as above. Cells were sorted on a MoFlo (Cytomation, Fort 

Collins, CO) droplet deflection flow cytometer using 488nm Argon laser for 

excitation. Cells were selected based on improved fluorescence in the anti PA-FITC 

emission spectrum detecting through a 530/40 band pass filter and PE emission 

detecting through a 570/40 band pass filter. E. coli captured after the first sort were 

immediately resorted through the flow cytometer. Subsequently, the genes in the 

sorted cell suspension were amplified by PCR. Once amplified, the mutant VH genes 

of Fab were then recloned into pAPEx-M18.1 hum Fab vector, retransformed into  

Jude 1 cells and then grown overnight on TB agar plates containing 2% glucose and 

Cm40 at 30oC. The resulting clones were subjected to a second round of sorting plus 

resorting as above. 

 

2.4.4 Fab expression and activity assay 

Western blotting was performed to determine Fab expression level. Cells were 

inoculated into TB media supplemented with 2% glucose and Cm40, and grown at 

37°C for overnight. The following morning, the cells were subcultured into fresh TB 

media (1:100 dilution), and grown at 37oC. When the absorbance (OD600) reached 0.5-

0.7, the cells were transferred to a 25oC shaker and allowed to equilibrate for 30 

minutes. Subsequently, 1 mM IPTG was added and incubated for an additional 4 

hours prior to harvesting.  

After harvesting cells, they were lysed by French press (1000psi). 80 μl of 

lysate samples were mixed with 20 μl of 5x SDS loading buffer either containing β-

mercaptoethanol (reducing buffer) or without β-mercaptoethanol (non-reducing 

buffer) . The samples were boiled for 10 minutes and loaded and run on 4-20% Tris-

glycine precast gels (Cambrex Inc, Charles City, IA). Proteins were transferred to a 

polyvinylidine fluoride membrane using a semidry transfer graphite electroblotting 
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system (Millipore). The membranes were blocked in 5% nonfat dry milk/TBST buffer 

(15 mM Tris-HCl, 4 mM Tris, 137 mM NaCl, 0.1% Tween-20, to pH7.6) overnight at 

4°C. Monoclonal mouse anti-FLAG-M2-HRP (Sigma, St. Louis MO) diluted 1: 

20,000 in 1% milk/TBST was incubated at room temperature for 1 hour. After 1 hour 

of incubation with antibodies, the membrane was washed three times with TBST, and 

developed by SuperSugnal® West Pico Chemiluminescent substrate (Pierce, Rockford, 

IL). 

Antigen binding activity was determined by ELISA. Costar 96-well plates 

(Corning #3590) were coated with 50 μl of 2 μg/ml PA83 for overnight at 4oC. Plates 

were brought to room temperature and then blocked with 2% milk/PBS for 3 hours. 

After washing wells with PBST (1x PBS with 0.05% Tween 20), Total cell lysate 

were mix with 1% milk/PBS and then serially diluted on the ELISA plate. After 

incubation at room temperature for 1 hour, Fab was detected with Goat anti FLAG 

eptitope-HRP (Sigma). After incubation at room temperature for 1 hour, the plate was 

washed with PBST. ELISA reactions were developed by OnestepTMUltra TMB-ELISA 

(Thermo Scientific) quenched by 4N H2SO4.  

 

2.4.5 Surface Plasmon Resonance Analysis 

For Surface Plasmon Resonance analysis, PelB format Fabs including wild 

type M18.1 hum Fab, #3 Fab, #28 Fab were purified. Cells were grown overnight at 

37oC in TB media supplemented with 2% Glucose and 40 μg/ml 

Chloramphenicol(Cm), subcultured into fresh media (1:100 dilution), and grown at 

37oC. When the obsorbance (OD600) reached 0.5-0.7, the cells were transferred to a 

25oC shaker and allowed to equilibrate for 30 minutes. Subsequently, IPTG was added 

to a final concentration of 1 mM, and the cultures were incubated until OD600 reached 

2 . Following induction, cells were harvested by centrifugation (500 ml for 15 min at 
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6500 rev min-1) and the cell pellets were immediately resuspended in a binding buffer 

(10 mM imidazole, 0.5 M NaCl, 20 mM Tris-HCl pH 7.9) and lysed with a French 

press. Insoluble materials were removed by ultra-centrifugation (1 hr 30min at 45000 

rev min-1) and filtered. Soluble Fabs were purified by Ni-NTA (Qiagen, Madison, WI) 

using a poly prep Chromatography column (BioRad, Hecules, CA). After loading the 

soluble fraction, the column was stabilized with binding buffer and washed with 5 

column volume of washing buffer (20 mM imidazole, 0.5 M NaCl, 20 mM Tris-HCl 

pH 7.9). The tagged protein was then eluted with elution buffer (100 mM imidazole, 

0.5 M NaCl, 20 mM Tris-HCl pH 7.9). Then the protein concentration was determined 

by BioRad protein assay.  

Affinity measurements were obtained via SPR using BIACore3000 instrument. A 

CM-5 Carboxymethylated dextran matrix chip (BIAcore Inc, Uppsala, Sweden) was 

activated by mixing equal volumes of 100 mM NHS (N-hydroxysuccinimide) and 400 

mM EDC (N-ethyl-N-(dimethyl-aminopropyl) carbodiimide hydrochloride) as 

described by the BIAcore Application Wizard software. 5 μg/ml of the PA diluted into 

sodium acetate buffer pH 5 was used to couple the chip. BSA was conjugated in 

parallel as an in-line control. Approximately 500 RUs of PA was coupled to the CM5 

chip using the EDC/NHS chemistry. BSA was similarly coupled and used for in line 

subtraction. Kinetic analysis was performed at a flow rate of 100 μl/min to reduce 

mass transport limitations. Injections were performed as 5 two-fold dilutions in 

triplicate with Fabs concentrations ranging from 20 nM-1.25 nM in HEPES-buffered 

saline with 3 mM EDTA and 0.005% tween (HBS-EP). (This SPR analysis by 

BIAcore3000 was done by Clinton E. Leysath ) 
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Chapter 3 

Engineering scFv Antibody Fragments that can Fold and  

be Expressed in the Absence of Disulfide Bonds 

 

3.1 INTRODUCTION 

 

 ScFvs are the smallest recombinant antibody fragments and are extensively 

used for a wide range of applications. In scFvs, the heavy and light chain variable 

domains of IgG immunoglobulins are connected by a flexible linker, resulting in a 

molecule that can be easily expressed in bacteria. The proper folding of scFv 

fragments depends on the intramolecular-disulfide bonds that stabilize the 

immunoglobulin fold. However, many applications require the expression of 

functional antibodies in cellular compartments, such as the reducing milieu of the 

cytoplasm, that do not allow efficient disulfide bond formation. Only few intrinsically 

stable antibodies can be expressed in this cellular compartment in an active form. 

Antibody fragments compatible with expression in the cytoplasm can be employed to 

bind to cellular targets, thus neutralizing or modifying their function or localization. 

Such molecules represent promising tools not only for disease therapy [1], [2], but 

also for basic research [3],[4]. Moreover, if an antibody fragment is active in the 

absence of disulfide bonds, it can be expressed in a functional form in the cytoplasm 

of E. coli possibly resulting in higher expression levels than can be attained by 

secretion into the periplasm. 

 Several strategies have been employed to obtain scFv figments able to bind 

the antigen in the reducing cytoplasm. Most of these approaches are based on the 

screening of protein libraries using stringent conditions that allow the selection of 

thermodynamically more stable antibodies which can tolerate the loss of stability that 
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occurs when disulfide bonds are absent. For example, Jung et al. [5] selected for 

stable scFv either at high temperature or by increasing GdnHCl concentration by 

phage panning and found that hyperstable scFv can fold without disulfide bond.; 

Jermutus et al. [6] isolated functional scFv mutants by ribosomal display in the 

presence of a reducing agent.; Gunde et al. [7] screened scFv and antigen pairs 

interacting in yeast cytoplasm via yeast two-hybrid technology  However, it is not 

easy to screen for expression, affinity and folding using ribosomal display or yeast 

display. Alternatively some scFvs could be expressed in soluble form in the cytoplasm 

by fusion to a carrier protein such as maltose binding protein [8] or theoredoxin [9]. 

However, soluble expression of scFv fusion was dependant on the sequence of the 

antibody fragment. Finally rational design has been employed to increase the 

thermodynamic stability of scFvs so that folding can occur even in the absence of the 

disulfide bonds that normally contribute greatly to the stability of the native structure 

[10], [11], [12].  

In this work, we developed a new simple strategy for the isolation of scFv 

mutants that fold into an active conformation in the absence of disulfide bonds. In 

bacteria, disulfide bond formation normally occurs in the periplasmic space and is 

catalyzed by DsbA, a 23-kDa protein with a thioredoxin-like fold [13]. Inactivation of 

the dsbA gene causes a pleiotropic defect in disulfide bond formation, resulting in loss 

of motility, reduced alkaline phosphatase activity, as well as increased sensitivity to 

the reducing agent such as dithiothreitol (DTT) [14]. After catalyzing the formation of 

a disulfide bond in a substrate protein, DsbA becomes reduced and must be re-

oxidized. The latter function is performed by DsbB, an integral membrane protein 

residing in the cytoplasmic membrane[14], [15], [16] (Fig. 3-1).  

In dsbA deficient strains the periplasm is reducing and therefore not unlike 

the cytoplasm. We sought to select mutants of the anti- PA antibody that can bind 
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antigen when expressed in a dsbA deficient strain. Selection was accomplished using 

the APEx 2-hybrid system described in chapter 1. The PA antigen that is recognized 

by the 14B7 scFv consists of four domains. Domain IV directly binds to the PA 

cellular receptor and is also recognized by the 14B7 scFv. In the APEx 2-hybrid 

system, the 14B7 scFv is anchored to the periplasmic side of inner membrane by the 

first 6 amino acids of NlpA, whereas the PA domain IV antigen fused to a FLAG 

epitope tag is expressed in soluble form in the periplasm of dsbA deficient strain. 

Upon removal of the outer membrane by spheroplasting, the FLAG epitoped tagged 

PA domain IV which interacts with the membrane-anchored mutant scFv can be 

detected by an anti-FLAG FITC probe (Fig. 3-2).  

 

 

 
Figure 3-1: The E.coli disulfide bond formation pathway. DsbA catalyzes disulfide 
bond formation in the periplasm of E. coli, by transferring its active site disulfide onto 
a substrate protein. DsbA becomes reduced and must be re-oxidized by DsbB, an 
integral membrane protein residing in the cytoplasmic membrane. DsbC is a second 
periplasmic disulfide bond oxidoreductase, exhibiting isomerase activity, oxidation 
state of DsbC was maintained by DsbD [17] 
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Figure 3-2: Isolation of 14B7 scFv mutants by APEx 2-hybrid in a dsbA mutant 
strain (A) Schematic diagram of expression vector. The scFv antibody fragment 
containing a C-terminal His tag and a FLAG epitope tagged the PA domain IV antigen 
are expressed as a dicistronic operon from a lac promoter. (B) Schematic showing the 
screening system: The 14B7 scFv is expressed in dsbA deficient cells and anchored to 
the inner membrane. In dsbA deficient cells, the scFv cannot fold properly and 
therefore fails to bind the PA domain IV antigen which is expressed in soluble form. 
However, mutant antibodies capable of folding within the reducing periplasm of dsbA 
deficient cells can bind antigen. Following spheroplast formation by permealization of 
the outer membrane, the antigen is released from the periplasm unless it is recognized 
by anchored scFv, in which case it is attached onto the cells. Incubation with anti-
FLAG antibodies conjugated to a fluorescent dye is used to label the cells allowing 
their selection by flow cytometry.   
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3.2 RESULTS 

 

3.2.1 Development of screening system  

 

 Plasmid p14B7-D4 encoding the 14B7 scFv and PA domain IV was 

transformed into the wild type strain, MC1000, or into the dsbA deficient strain, MCA 

(MC1000 dsbA-). After induction of protein expression, the cells were spheroplasted 

by treatment with lysozyme and EDTA to remove the cell wall and outer membrane 

and then incubated with anti-FLAG-FITC. The FACS signal of MC1000 cells was 7-

fold higher than that of MCA cells (Fig. 3-3(A)) indicating that the loss of DsbA 

activity severely hampers the production of active antibody fragment. 

 The redox state of the 14B7 scFv in MC1000 and in MCA was determined by 

non-reducing SDS-PAGE after trapping of free thiols with 4-acetamido-4’-

maleimidostilbene-2,2’-disulfonate (AMS) [18]. Briefly, proteins were precipitated by 

TCA which also blocks thiol oxidation. Then, the precipitated proteins were 

resuspended in buffer containing AMS that reacts with free thiols of cysteines. AMS 

conjugation increases the molecular mass by 490 daltons per thiol and thus increases 

the electrophoretic mobility of the protein. As shown Fig. 3-3 (B), after AMS 

conjugation, there was noticeable decrease in the mobility of 14B7scFv expressed in 

the MCA strain indicating that the protein existed in the reduced state. The different 

intensity of the scFv bands in MC1000 and MCA cells in Fig 3.3 (B) is due to loading 

differences and does not reflect a lower expression level in the wild type cells. 

Comparison of the data in Fig. 3-3 (A) and (B) reveals that as expected, dsbA 

deficient cells accumulate reduced scFv and in turn display substantially lower 

binding of the PA domain IV antigen. Thus there is a correlation between FACS signal 

due to antigen binding and the redox state of the scFv protein.  
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Figure 3-3: Antigen binding activity and redox state of scFv expressed in dsbA 
deficient cells: (A) 14B7 scFv and PA domain IV were expressed in either E.coli 
MC1000 (wt) or MCA (MC1000 dsbA-). Cells were grown and induced with 1 mM at 
25oC for 4 hrs. After spheroplasting, the PA domain IV binding activity of 14B7 scFv 
was monitored by 200 nM anti-FLAG-FITC. (B) The redox state was determined by 
AMS alkylation. Cells were grown and induced with 1 mM IPTG at 25oC for 4 hrs. 
The whole cell or spheroplast was precipitated with 10% TCA and incubated on ice 
for an hour. The precipitated proteins were resuspended in buffer containing AMS, 
voltexed for 30 min at room temperature, and heated 5 min at 37oC. After washed 
with 1 ml cold acetone and centrifuged, the pellet were mixed with loading buffer 
lacking reductant 　-mercaptoethanol. 10 l samples were loaded onto a 4　 -20% 
gradient SDS-PAGE gel. Detection was done by 1:10,000 diluted anti-His-HRP. (M: 
the mean fluorescent intensity, Red: the reduced state, Ox: the oxidized state)  
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3.2.2 Isolation of active scFvs in dsbA deficient cells 

 

The 14B7 scFv was used as template DNA for an error prone PCR reaction 

for construction of a mutant library. Following PCR amplification under mutagenic 

conditions [19], the ligated product was transformed into the MCA strain. The 

transformation yielded a library of approximately 107 clones, and DNA sequencing of 

10 clones selected at random revealed an average of 1.8% nucleotide substitution per 

gene. Cells were grown in TB media induced with 1 mM IPTG for 4 hrs at 25oC and 

harvested. Then, the cells were converted into spheroplasts, labeled with 200 nM anti-

FLAG-FITC and a total of 5 x 108 bacteria were sorted using an ultra-high throughput 

MoFlo droplet deflection flow cytometer (DakoCytomation Inc). Approximately 2% 

of the cells sorted with the highest 530 nm fluorescence (FL-1) were collected and 

resorted as above with increased stringency so as to only select the most fluorescent 

events. DNA encoding scFv from the sorted population was rescued by PCR 

amplification. The SfiI digested DNA was cloned into the original p14B7-D4 vector 

shown in Fig. 3-2 and then transformed into MCA competent cells. Second and third 

rounds of sorting were performed exactly as above. After a third round of sort and 

resort, five clones were isolated that displayed reproducibly stronger FACS signals 

when expressed in the MCA strain compared to the wild type MC1000 strain (Fig 3-4). 

Finally, three clones with the highest fluorescence, referred to as 3-44, 4-6 and 4-39, 

respectively, were selected for further study. All of them were sequenced and found to 

have twelve to fourteen amino acid substitutions (Fig. 3-5).  

Interestingly, mutant 3-44 contains the VL S56P mutation which is known to 

enhance the affinity of 14B7 for its antigen, PA [20] . In addition it contains a deletion 

of one residue in the Gly-Ser linker. In the case of mutant 4-6, its VL domain 

contained the almost identical mutation to VL of M18.1 scFv which is one of the 14B7 
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family antibodies having 120-fold enhanced affinity (Light chain: V3Q, L4M, I5T, 

S7T, I21V, L46F, S56P, S76N, L94P, R107K), (Linker G6D) (Fig. 3-6). The 

occurrence of theses mutations indicates the VL chain from M18.1 has been included 

in the library due to PCR contamination. However VH chains were very different. The 

FACS signal of M18.1 scFv in MCA was very low, similar with that of the 14B7 scFv. 

It is likely that the VL chain is not responsible for the high signal of mutant 4-6 in the 

MCA strain (data not shown). In contrast clone 4-39 did not contain any mutations 

known to affect affinity. In this clone all but one amino acid substitutions were located 

in the variable light chain (VL) with only VH L4H in the heavy chain domain..     

 

 

 

Figure 3-4: FACS signals of isolated clones. After third round of sort, five clones 
were isolated that displayed stronger FACS signals when expressed in MCA 
compared to the parental 14B7 scFv. Cells were grown and induced with 1 mM IPTG 
at 25oC for 4 hrs. After spheroplasting, the cells were labeled with 200 nM anti-
FLAG-FITC. (M: the mean fluorescent intensity) 
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Figure 3-5: Amino acid sequence alignment of 14B7 scFv and isolated variants 3-
44, 4-6 and 4-39. 
 

 

 

 

 

Figure 3-6: Amino acid sequence alignment of 14B7 scFv, M18.1 scFv, and 
variant 4-6. 
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3.2.3 Analysis of isolated clones 

 

 To evaluate how well the selected clones are expressed as soluble and active 

proteins in the cytoplasm of E. coli, each mutant was expressed without a signal 

sequence. In the absence of a signal sequence the protein remains in the E. coli 

cytoplasm. Specifically, the scFv genes were cloned into pET28a and introduced into 

RosettaTM 2(DE3) cells. Cells were grown and induced at three different temperatures 

such as 12oC, 25oC, or 37 oC, harvested, lysed by passing through a French press, 

fractionated into soluble and insoluble fractions by centrifugation and the amount of 

scFv was determined by Western blot analysis. Two out of the three mutant proteins 

displayed markedly higher accumulation of soluble protein at all temperatures. The 

one exception was clone 4-6 (Fig 3-7). Since mutant 4-6 showed similar or lower 

solubility than the parental 14B7 scFv, we decided to carry on further with only 

mutants 3-44 and 4-39.  

  

Figure 3-7 Solubility of isolated scFvs in the bacterial cytoplasm.  Cells were 
grown at three different temperatures, 12oC, 25oC, and 37oC and protein synthesis was 
induced with 1 mM IPTG for 15 hrs, 4 hrs, and 4 hrs respectively. Cells were lysed, 
fractionated. Extracts were normalized by loading an equal numbers of cells 
equivalent to OD600=2.  Proteins were resolved by SDS-PAGE and scFvs were 
detected by Western blotting using anti-His HRP at a 1:10,000 dilution.   
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Cells expressing two mutant scFvs or the parental 14B7 were grown at the 

500ml scale in 2 L shake flask at 25oC. The scFv proteins were purified by Ni-NTA 

column chromatography and the yields of purified protein were determined (Fig 3-8). 

The soluble  yields for mutants scFv 3-44 and 4-39 were 0.35 mg/L and0.5 mg/L 

respectively, 3.5 and 5- fold higher relative to the parental 14B7scFv (0.1 mg/L).  

 

 

Figure 3-8: Yield of soluble scFv following cytoplasmic expression. Cells were 
grown and induced with 1mM IPTG at 25oC for 4 hrs (A)Following Ni-NTA 
purification, proteins were analyzed as indicated by SDS-PAGE on a 4-20% gel and 
gel was stained with Coomassie brilliant blue dye. Samples were normalized by equal 
volume of the purified proteins. (M: Marker, 1: 14B7scFv, 2: mutant 3-44, 3: mutant 
4-39), (B) Purified protein yields were determined by BCA protein assay. 
 

  The redox states of the soluble portion of the scFvs expressed in the 

cytoplasm was analyzed as follows. Cells were grown, induced at 25oC, harvested 

after 4 hrs, and transferred to prechilled 100mM iodoacetamide (IAA). This step 

allows penetration of IAA into the bacterial cells and trapping free sulfhydryl groups 

before lysis. Alternatively, to obtain completely reduced scFvs, the cells were 

transferred to prechilled 100 mM dithiotreitol (DTT) and incubated for 20 min on the 
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ice. After 3 times washed with PBS buffer, bacteria were pelleted and soluble proteins 

were lysed by French press and centrifugation. Soluble proteins were precipitated by 

10% TCA, and then the precipitated proteins were resuspended with buffer containing 

AMS. The AMS conjugated scFv fragments were then analyzed by SDS-PAGE in the 

absence of reducing agent. Fig. 3-9 showed that the different redox states of scFvs.  

Interestingly, in the absence of carboxymethylation by IAA or reduction by 

DTT both 14B7 and the mutant 4-39 accumulated in the oxidized form even though 

they were expressed in the reducing milieu of cytoplasm. This is likely due to air 

oxidation following cell lysis. This phenomena has also been observed earlier [8], 

[21]. However when cells were treated with 100mM IAA or with100 mM DTT prior 

to lysis, the scFvs were clearly shown to accumulate in the reduced form, as expected. 

Note that carboxymethylation with IAA results in an increase of approximately 0.8 

kDa in a completely reduced because it reacts with 4 free thiols in the scFv. However 

the gel system we employed here cannot distinguish the change in electrophorectic 

mobility due to the modification by IAA   
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Figure 3-9: The redox state of cysteines in the 14B7 scFv and mutant 4-39 in the 
cytoplasm of E. coli. The redox state of cysteines in the cytoplasmically expressed 
14B7 and mutant 4-39 were determined by Western blot. The cells were grown at 
25oC and protein expressions were induced with 1 mM IPTG at 25oC for 4 hrs. For 
the preservation of the redox state of cysteines in scFv, the harvested cells were 
transferred to the prechilled 100 mM IAA for 20 min on the ice. For completely 
reduced scFvs, the harvest cells were incubated with 100mM DTT for 20 min on the 
ice. The cells were pelleted and subcellular fractionation was carried out by French 
press, and then the soluble proteins were precipitated by 10% TCA. The precipitated 
proteins were resuspended with the buffer containing AMS. AMS-derivatized scFvs 
were analyzed by non-reducing SDS-PAGE and detected by Western blot using anti-
His- HRP at a 1:10,000 dilution. 
 

  

 The fact that mutant 4-39 showed increased expression in soluble form in the 

E. coli cytoplasm does not imply that the protein is correctly folded and active. 

Several examples of proteins that are soluble but inactive in the E.coli cytoplasm have 

been reported [22],[23]. Hence, the antigen binding activity of the cytoplasmically 

expressed scFv was determined by ELISA. Cells were grown and induced at 25oC. 

Equal numbers of cells were harvested and treated with or without 100 mM DTT 

treatment for 20 min at 4oC. Cells were lysed by French press. Then the antigen 

binding activities were determined by ELISA (Fig. 3-10). As expected, the parental 

14B7 scFv showed very strong activity relative to mutant 3-44 and mutant 4-39 when 

the samples were not treated with any reducing reagents. Under this condition, all of 

the scFvs formed disulfide bonds by the air-oxidation. Mutant 3-44 and Mutant 4-39 
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showed weaker binding activities than the parental 14B7 scFv under oxidizing 

condition. This result is consistent with the FACS signals of mutants expressed in wild 

type strain (MC1000). Their FACS signals were lower than that of when expressed in 

MCA (data not shown). Thus the FACS analysis indicates that their conformation 

changes by disulfide bond formation resulted in incorrect folding and lower binding 

activity. When treated with 100 mM DTT, Mutant 4-39 showed 3-fold higher 

activities than the parental 14B7 under this completely reduced condition. In the case 

of mutant 3-44, its activity showed marginal improvement with the reducing reagent 

treatment.  

 

 

 

Figure 3-10: Antigen binding activity of the isolated scFvs in ELISA. Before lysis 
the cells (A) cells were not treated with any reducing reagents, (B) treated with 
100mM DTT. Later, cells were washed with 1x PBS and lysed by French press and 
then soluble proteins were applied to PA coated ELISA plate. Briefly, 50 μl of 4 μg/ml 
PA toxin was coated on a plate overnight at 4oC. 50 μl of the total soluble proteins 
were applied and incubated for 1 hr and washed with PBST three times. The bound 
scFvs were detected by 50 μl of 1:10,000 diluted anti-His-HRP conjugate. 
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 Lastly, we also examined the ability of the scFv fragments to refold in the 

presence or absence of a reducing agent. First, the scFvs were denatured in 6 M 

GndHCl with 12.5 mM DTT at 22oC for 3 hrs to reduce the disulfide bonds. For 

refolding of the scFvs, the denatured samples were diluted at 20-fold in PBS with or 

without 12.5 mM DTT and left them for refolding for 16 hrs. The amount of active 

and refolded scFv was determined by ELISA and compared to the ELISA signal with 

an equal 14B7 concentration in refolding buffer without DTT. This was taken as 

100% activity (Fig. 3-11). Following reduction with DTT, the refolding yield of 14B7 

was low irrespective of whether refolding occurred in with or without presence of 

reductant. By contrast in reducing conditions (with 12.5 mM DTT), the refolding of 

mutant 4-39 was much improved. This result showed that mutant 4-39 does not 

require disulfide bonds to fold and it is much stable than the parental 14B7 scFv in the 

reducing condition.   
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Figure 3-11: Unfolding (using denaturant) and refolding of antibody fragments. 
After unfolding of 14B7 scFv and 4-39 (1 μM each) in 6M GndHCl with 12.5 mM 
DTT at 22oC for 3 hrs, refolding of scFvs were done by diluting the unfolding 
samples in 1: 20 factor in PBS/Tween 0.01%, containing either with or without 12.5 
mM DTT. The amount of active and refolded antibody fractions was determined by 
ELISA. Briefly, 50 μl of 4 μg/ml PA toxin was coated on a plate overnight at 4oC. 50 
μl of the samples were applied and incubated for 1 hr and washed with PBST three 
times. scFvs were detected by 50 μl of 1:10,000 diluted anti-His-HRP conjugate. The 
parental 14B7 scFv (0.02 μM) was incubated 16 hrs at 4oC in reducing buffer 
containing 0.12 μM of GndHCl as positive control in ELISA (100% activity).  (See 
Materials and Methods) 
 

 

3.2.4 Effect of the Cysteine replacements on scFv folding and activity. 

 

 To further examine the role of disulfide bond formation on the folding and 

stability of the 14B7 and 4-39 scFv, the four Cys residues that form the two disulfides 

in the VH and VL chains were replaced with Ser residues. This replacement has been 

most frequently selected from the disulfide-free scFvs [24]. Ser has a similar Van der 

Waals volume as Cys and even though more hydrophilic, it is tolerated in the interior 
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of scFv antibodies [25]. In shake flask cultivation, Ser-substituted scFv showed 

similar level of expression and solubility as those of the wild type 14B7 and mutant 4-

39, which means this substitution didn’t affect on the production in the cytoplasm of E. 

coli (Fig. 3-12 (C)). When we checked the antigen binding activity of the Ser-

substituted scFv by ELISA, In the case of 14B7 scFv, Ser substituted 14B7 exhibited 

no antigen binding activity irrespective of DTT treatment (Fig. 3-12 (A)). However, 

Ser substituted 4-39 showed 80% activity of wild type 4-39 under reducing condition, 

and it is active independent of DTT treatment. This result shows the fact that the 

isolated mutant 4-39 is much stable and active in the absence of disulfide bond 

compared to the 14B7 scFv which showed no activity in the absence of disulfide bond. 

 

 

 

Figure 3-12: Antigen binding activity and soluble expression of the Ser-
substituted scFvs. After four cysteins residues in 14B7 scFv and mutant 4-39 were 
replaced with Serine residues, the antigen binding activity of each of total soluble 
proteins was determined by ELISA (A) 14B7 and its Ser substitution scFv (B) Mutant 
4-39 and its Ser substitution scFv. The soluble expression level was determined by 
Western blot.  
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3.3 DISCUSSION 

 

 Due to several reductases, the cytoplasm is maintained in a reduced state that 

strongly disfavors the formation of stable disulfide bonds in proteins. However if a 

recombinant antibody can fold in the absence of disulfide bonds, then it may be 

expressed in the cytoplasm in a functional form and utilized as an intrabody. Such 

intrabodies have emerged as an attractive means of manipulating intracellular protein 

function and signaling pathways in a highly precise manner. Moreover, if an antibody 

is active in the absence of disulfide bonds, it can be expressed in a functional form in 

the cytoplasm of E. coli possibly allowing the antibody to be produced at higher levels 

than might be possible by peripalsmic expression. For these reasons there has been 

great interest in methods for the engineering of stable antibody fragments devoid of 

disulfide bonds. 

 Hereby we developed a new strategy for engineering scFvs that can be 

soluble and active in the absence of disulfide bond using combination of a dsbA 

deficient strain, which is incapable of forming disulfide bonds in proteins expressed in 

its periplasm, and the APEx 2-hybrid system. In this system, the 14B7 scFv is 

anchored to the periplasm side of inner membrane by NlpA, whereas PA domain IV 

antigen fused to a FLAG epitope is expressed in soluble form in the periplasm of 

MCA (MC1000 dsbA-). As shown in Fig. 3-3, the loss of DsbA activity severely 

hampers the production of active antibody fragment. However, mutant antibodies 

capable of folding within the reducing periplasm of MCA can bind to PA domain IV. 

Following spheroplasting, PA domain IV interacting with scFv mutants was detected 

by anti FLAG-PE. Based on this screening strategy, we sought to isolate an active anti 

PA scFv in the absence of disulfide bonding. After three rounds of sorting, three 

clones referred to as mutant 3-44, mutant 4-6, and mutant 4-39 were isolated that 
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displayed stronger FACS signals when expressed in MCA compared with the parental 

14B7 scFv. When the isolated mutants were expressed in the cytoplasm of E. coli by 

cloning into over-expression pET28a vector under T7 promoter, all mutants showed 

better solubility than the parental 14B7 scFv except mutant 4-6. In the case of mutant 

4-6, DNA substitutions were concentrated on the N-terminal (33% of total mutations 

are located within the first twenty nucleotides). Interestingly, we only observed 

soluble expression of mutant 4-6 when the isolated mutants were cloned into pTrc99a 

vector, in which promoter strength is moderate compared to T7 (data not shown); in 

contrast, when they were over-expressed under T7 promoter, the other mutants 

showed much better solubility, however most of mutant 4-6 was observed in the 

insoluble fraction. It is not clear why 4-6 shows less solubility under T7 promoter, 

however there is a possibility of N-terminal mutation of 4-6 influences the transcript 

stability or translation efficiency (i.e. speeds up the translation), so then doesn’t give 

an enough time to fold correct conformation, resulting in insoluble aggregation [26].  

The improved soluble yields of mutants could be resulted from the improved 

stability of the proteins [27]. Our results are in full agreement with these reports. In 

refolding study, mutant 4-39 showed much enhanced refolding ability than that of the 

parental 14B7 scFv in the reducing condition. It means mutant 4-39 is much more 

stable and then less aggregated than the parental 14B7 scFv in the cytoplasm. 

Moreover, mutant 4-39 showed much higher antigen binding activity exhibiting 

approximately 4-fold higher activity than that of the parental 14B7 scFv in the 

reducing condition. This indicates that the folding of the mutant no longer depends on 

the disulfide formation. This fact became more obvious when four Cystine residues 

that form the two disulfide bonds were replaced with Serine residues. The serine 

substituted 14B7 scFv had no antigen binding activity irrespective of DTT treatment, 

whereas the serine substituted mutant 4-39 exhibited at least 75% of the antigen 
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binding activity of original 4-39 under the reducing condition. In addition, the Serine 

substitution didn’t change the solubility of protein in the cytoplasm of E. coli.   

 Mutations have been found that promote or decrease aggregation in a range of 

the different proteins [20],[28],[11]. We found that some of mutations were already 

known in affinity matured 14B7 scFv families such as 1H[29]and M18[19]. However 

it was hard to elucidate their role in improvement folding and solubility based on 

inspection of these residues in a three-dimensional model. Although it is conceivable 

that importing these residue changes into other scFv might lead to fold with disulfide 

bonds. We believe that the use of this strategy is likely to prove more effective. To 

date, there has not been an in vivo intrabody screening system, Therefore, this new 

screening strategy is the first in vivo intrabody screening system and it is very simple, 

yet powerful methodology to isolate soluble and functional antibody fragments in 

absence of disulfide bonds in bacterial cytoplasm.  

  

 

3.4 MATERIALS AND METHODS   

 

3.4.1 Bacterial strains, plasmids 

 The bacterial strains, plasmids, primers used in this study are listed in Table 

3.1, 3.2, and 3.3 and a simple schematic representation of expression vector can be 

found in Fig. 3-3. For all expression of genes in APEx format, plasmid pAPEx1 was 

used as a basic backbone plasmid. It encodes an NlpA leader peptide (23 amino acids) 

and the first six amino acids (CDQSSS) of NlpA for anchoring of target protein onto 

the inner membrane (pAPEx-14B7 scFv). The PA-D4 gene was constructed by 

overlap extension PCR method with all 15 primers (PA-D4-F1~F8 & PA-D4-R1~R7 

in Table 3.3) which are sequentially overlapped. The PCR product was digested by 
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BglI restriction enzyme and cloned into SfiI-digested pMoPac16 in which the gene 

encoding the pelB leader peptide is fused to PA-D4. FLAG epitope tag 

(DYKDDDDK) was fused to the C-terminus of PA-D4 by overlapping PCR with 

three primers (PAD4-Hind-F1, -R1, and -R2) and the HindIII digested PCR product 

was cloned into pAPEx1 yielding pD4-FLAG. For the co-expression of scFvs and PA-

D4, PA-D4 genes fragments were amplified by PCR with PAD4-Hind-F1 and PAD4-

Hind-R2 and, after digestion with HindIII, and then cloned into HindIII site of APEx 

system of 14B7 scFv yielding p14B7-D4.  

 For cytoplasmic expression of 14B7 scFv, scFv mutant 3-44, and 4-39 DNA 

was PCR amplified from p14B7-D4, p3-44-D4, and p4-39-D4 respectively with three 

forward primers pTrc-14B7F, pTrc-3-44F, pTrc-4-39F and a reverse priemr Mopac-R, 

then digested with NcoI and HindIII and finally ligated into NcoI and HindIII digested 

pET28a vector resulting in pET28-14B7scFv, pET28-3-44scFv, and pET28-4-39scFv 

respectively. 

  Serine replacements were performed by multiple overlap PCR with 10 

primers (CysSer45F1~F5 & CysSer45R1~R5 in table 3.3). The PCR product was 

digested by NcoI and HindIII restriction enzyme and cloned into pET 28a vector. 

 

 

Table 3.1 List of bacterial strains used in this study 

 

Strain Relevant Genotype  Source 
Jude 1 [(DH10B F'::Tn10 (Tetr)] [30] 

MC1000 araD139 (araA-leu)7679 (codB-lac)X74 galE15 
galK16 

[31] 

MCA MC1000 dsbA::Kan5 Laboratory collection 

RosettaTM 2(DE3) F- ompT hsdSB(rB
- mB

-) gal dcm (DE3) pRARE2 
(CamR) 

Novagen 
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Table 3.2 List of plasmids used in this study 
 

Plasmid Characteristics Source 
pAPEx1 Cmr, lac promoter, NlpA leader peptide and 6 mino 

acids (CDQSSS) 
[19] 

pMoPac12 Apr, lac promoter, PelB leader peptide [19] 

pMoPac16 Apr, lac promoter, PelB leader peptide, human Ck 
domain 

[32] 

pD4-FLAG PA-D4 (wt)-FLAG tag  in pAPEx1 This study 

pAPEx-14B7 scFv 14B7 scFv in pAPEx1 [19] 

p14B7-D4 Co-expression of 14B7 scFv and PA-D4 (wt)–FLAG 

in pAPEx1 

This study 

pET28a Kmr, T7 expression vector, C-terminal 6 x histidine 
tag 

Novagen 

pET28-14B7scFv Cytoplasmic expression of 14B7 scFv This study 

pET28-3-44scFv Cytoplasmic expression of mutant 3-44 scFv This study 

pET28-4-39scFv Cytoplasmic expression of mutant 4-39 scFv This study 

pET28-4-39Ser Four cysteins residues in mutant 4-39 were replaced 
with serines  

This study 

 

 

Table 3.3 List of primers and their sequences  

 
Primer Sequences (5’  3’)1 
PA-D4-F1 GATCGCTATGACATGCTGAATATCTCCAGCCTGCGCCAGGATGGTAAAAC 

PA-D4-F2 AGACACCGAGGGCTTGAAAGAAGTTATCAACGATCGCTATGACATGCTG 

PA-D4-F3 GTAAGATTCTGAGCGGTTACATCGTGGAAATTGAAGACACCGAGGGCTTG 

PA-D4-F4 GGCCTGCTGTTGAACATTGATAAAGACATCCGTAAGATTCTGAGCGGTTA 

PA-D4-F5 CGCACCGCGAAGTGATCAACTCTAGCACCGAGGGCCTGCTGTTGAACATT 

PA-D4-F6 GTGGGTGCCGATGAAAGCGTGGTTAAAGAAGCGCACCGCGAAGTGATCA 

PA-D4-F7 AAACGCTTCCACTACGATCGTAACAATATCGCGGTGGGTGCCGATGAAAG 

PA-D4-F8 GCTAGGCCCAGCCGGCAATGGCGAAACGCTTCCACTACGATC 

PA-D4-R1 TTTGTCGTTGTACTTTTTGAAATCAATGAAGGTTTTACCATCCTGGCGC 

PA-D4-R2 TAGTTTGGATTGCTGATATACAGCGGCAATTTGTCGTTGTACTTTTTGA 

PA-D4-R3 TTCTTTCGTCACTGCGTAAACGTTCACTTTGTAGTTTGGATTGCTGATAT 

PA-D4-R4 GCCGTTCTCAGATGGGTTAATGATGGTATTTTCTTTCGTCACTGCGTAA 

PA-D4-R5 CAGGATTTTCTTGATACCATTGGTGGAGGTATCGCCGTTCTCAGATGGG 

PA-D4-R6 ACCAATTTCATAGCCCTTTTTGCTAAAAATCAGGATTTTCTTGATACCAT 

PA-D4-R7 GCTAGGCCCCCGAGGCAGAACCAATTTCATAGCCCTTTTTGC 
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PAD4-Hind-R1 CTTTGTCATCGTCATCTTTATAATCTGGTGCAGCGGCCGCGAATTCGG 

PAD4-Hind-R2 CGAAGCTTCTATTAGGCGCGCCCTTTGTCATCGTCATCTTTAT 

PAD4-Hind-F1 CGAAGCTTGAAGGAGATATACATATG 

pTrc-14B7F CACAGACCATGGACATTGTTCTCATCCAGTCTACATCC 

pTrc-3-44F CACAGACCATGGACATTGTTCTCATCCTGTCTACATCC 

pTrc-4-39F CACAGACCATGGACATTGTTCACATCCAGTCTATATCC 

MoPac-F GGAATTGTGAGCGGATAACAATTTC 

MoPac-R GCCCATTCAGATCCTCTTCTG 

CysSer-45F1 
CysSer-45F2 

GCGGATAACAATTCCCCTCTAGAAATAA 
CCTTCCGTAGCAGGGCAAGACAGGTCATTAG 

CysSer-45F3 CACTTACTTTAGCCAACAGGGTAATACGCTTTCG 

CysSer-45F4 GTGAAGATTTCCAGCAAAGATTCTGGCTACGC 

CysSer-45F5 CGGTCTATTTCAGTGCAAGGTCGGGGTTACTAC 

CysSer-45R1 GTCTTGCCCTGCTACGGAAGGTGGCTCTG 

CysSer-45R2 CCCTGTTGGCTAAAGTAAGTGCCAATATC 

CysSer-45R3 GAATCTTTGCTGGAAATCTTCACTGAGGCCCCA 

CysSer-45R4 CCGACCTTGCACTGAAATAGACCGCAGAGT 

CysSer-45R5 GTGGCAGCAGCCAACTCAGCTTCC 

 
1Underlines indicate the sequences for restriction enzymes. 
 

 

3.4.2 Library construction and FACS screening  

 Libraries were made using the 14B7 scFv as a template by error prone PCR 

standard techniques [19]. The DNA product wascloned into the Sfi digested pD4-

FLAG expression vector. After transformation into MCA, the cells were grown on TB 

+2% glucose+Cm40 on large agar plates overnight at 30oC. The resulting library gave 

rise to 1 x 107 independent clones. DNA sequencing of 10 library clones selected at 

random revealed an average of 1.8% nucleotide substitutions per gene. This library 

was screened for the active scFv mutants in absence of disulfide bonds as describe 

below. The plates were then scraped and the library frozen in TB + 15% glycerol 

aliquots. The next morning, the library was inoculated into TB media supplemented 

with 2% glucose and Cm40 to an OD600 of 0.1. Cells were grown for 2 hrs at 37oC to 

an OD600 ~0.6 before being cooled for 30 minutes at 25oC. Cultures were then 

induced using 1 mM IPTG and inoculated for an additional four hours at 25oC with 
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agitation.  

Following induction, the cellular outer membrane was permeabilized with 

Tris-EDTA-lysozyme treatment. Briefly, cells (equivalent to approximately 1ml of 20 

OD600) were pelleted and resuspended in 350 μl of ice-cold solution of 0.75 M 

sucrose, 0.1M Tris-HCl pH8.0, 100 μg/ml hen egg lysozyme. 700 μl of ice cold 1 mM 

EDTA (ethylenediaminetetraacetic acid) was gently added and the suspension left on 

ice for 10 min. 50 μl of 0.5 M MgCl2 was added and the mix left on ice for an 

additional 10min. The resulting cells were gently pelleted and resuspended in 

phosphate buffered saline (1xPBS) with 200 nM antigen labeled fluorophore at room 

temperature for 1hr, before evaluation by FC. Cells were sorted on a MoFlo 

(Cytomation, Fort Collins, CO) droplet deflection flow cytometer using 488nm Argon 

laser for excitation. Cells were selected based on improved fluorescence in the FITC 

FL emission channel detected through a 530/40 band pass filter. E. coli captured after 

the first sort were immediately resorted through the flow cytometer. Subsequently, the 

scFv genes in the sorted cell suspension were amplified by PCR. Once amplified, the 

mutant scFv genes were then recloned into p14B7-D4 vector, transformed into MCA 

cells, and then grown overnight on TB+2% glucose+Cm40 agar plates at 30oC. The 

resulting clones were subjected to a second sorting plus resorting as above. 

 

3.4.3 In vivo redox state 

 The in vivo redox states of the 14B7 and mutants were determined by 

derivatization of free thiols by 4-acetamido-4’-maleimidyl-stilbene-2,2’disulfonic acid 

(AMS, Molecular Probes) in TCA-quenched samples, as described previously [18],  

Briefly, fresh overnight cultures were diluted to 0.1 OD600 unit in 5 ml TB media plus 

appropriate antibiotic and incubated at 37oC for 2-2.5 hrs. When OD600 reached 0.5-

0.7, the cells were transferred to a 25oC shaker and allowed to equilibrate for 30 min. 
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Subsequently, 1mM IPTG was added and incubated for an additional 4 hrs prior to 

harvesting. 1 OD600 unit was precipitated with 10% trichloroacetic acid (TCA) and 

incubated on ice for an hour. The precipitates were centrifuged for 15 min at 1400 

rpm, 4oC, and washed with cold acetone. The samples were centrifuged for 10 min 

and the acetone supernatants discarded. The pellets were air-dried and resuspended in 

100 μl of 10 mM AMS in 50 mM Tris-HCl, pH 8.0, 1% SDS, and 1 mM EDTA 

(freshly made). The samples were voltexed 30 min at room temperature, heated 5 min 

at 37oC, and reprecipitated with the addition of 1 ml of cold acetone. The samples 

were centrifuged, supernatants were discarded, the pellets were resolubilized in 5 x 

non reducing loading buffer (without β-mercaptoethanol). After SDS-PAGE, the 

proteins were transferred to nitrocellulose membrane and probed with anti His-HRP. 

The completely reduced scFv was genenerated by incubating 1 ml of cells with 

dithiothreitol (DTT) to a final concentration of 100 mM for 20 min on ice followed by 

alkylation, as above.  

 

3.4.4 Activity assay by ELISA 

PA 83 was coated at a concentration of 4μg/ml for 16 hrs at 4oC. Plates were 

incubated with 2% non-fat milk PBS at room temperature. All subsequent dilutions 

were done in PBS with 1% non-fat milk. Anti-PA scFvs were incubated for one hour. 

Plates were washed three times with PBS containing 0.05% Tween 20 then and anti-

His-HRP was added for another hour, ELISA reactions were developed by OnestepTM 

Ultra TMB-ELISA (Thermo Scientific) and quenched by 4N H2SO4. 

 

3.4.5 Antibody expression and purification 

For the purification of the cytoplasmicaly expressed of 14B7 scFv and two 

mutants (3-3-44 and 4-39), the appropriate genes were cloned behind the T7 promoter 
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in pET28a, and the resulting plasmids (see 3.4.1) were transformed into RossetaTM 

2(DE3). Protein expression and purification were performed as previously described 

[33]. All proteins used in this study were more than 90% pure as judged by Coomassie 

Brilliant Blue-strained SDS-PAGE gels. 

Cells were grown overnight at 37oC in TB media supplemented with 2% 

Glucose and 40 g/ml Chloramphenicol (Cm), subcultured into 500 ml fresh media 

(1:100 dilution), and grown at 37oC. When OD600 reached 0.5-0.7, the cells were 

transferred to a 25oC shaker and allowed to equilibrate for 30 minutes. Subsequently, 

IPTG was added to a final concentration of 1 mM, and the cultures were incubated 

until OD600 reached 2. Following induction, cells were harvested by centrifugation 

(for 15 min at 6500rpm) and the cell pellets were immediately resuspended in  

binding buffer (10 mM imidazole, 0.5 M NaCl, 20 mM Tris-HCl pH 7.9) and lysed 

with a French press (1,000 psi). Insoluble materials were removed by ultra-

centrifugation (1hr 30min at 45000 rev min-1) and filtered. Soluble scFvs were 

purified by Ni-NTA (Qiagen, Madison, WI) using a poly prep Chromatography 

column (BioRad, Hecules, CA) After loading the soluble fraction, the column was 

stabilized with binding buffer and washed with 5 column volumes of of wash buffer 

with increasing imidazole concentration ((20 mM, 40 mM, 60 mM, 80 mM, 100 mM, 

140 mM, 160 mM, 200 mM) imidazole, 0.5 M NaCl, 20mM Tris-HCl pH 7.9). Then 

the eluted proteins were concentrated and dialyzed by Amicon Utra-15 (15 min at 

6500 rev min-1). Protein concentration was determined by BioRad protein assay.   

 

3.4.6 In vitro refolding 

 Proteins were diluted in PBS containing 6 M GndHCl with 12.5 mM DTT at 

a final concentration of 30 μg/ml (~1 μM) and incubated at 22oC for three hours. 

Refolding was initiated by dilution in 50 volumes of PBS/Tween 0.01%. Protein 
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solution was then incubated 16 hrs at 4oC. To test refolding in reducing conditions, 

12.5 mM (final) of DTT was added during denaturation and in the refolding buffer. A 

sample of the native protein was incubated 16hr at 4oC in PBS containing 0.01% 

Tween 20 and 0.12 mM GndHCl. This sample was taken as the 100% signal. Active 

protein was determined by quantitative ELISA. 
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Chapter 4 

Conclusion and Recommendation 

 

CONCLUSION 

 

 In this work, for efficient antibody fragment production in E. coli, 

recombinant antibodies were engineered using a directed evolution approach. In 

particular, several novel screening systems were developed to isolate antibody 

fragments or alternatively E. coli genes with specifically tailored activities from 

combinatorial or genomic libraries.  

 First, for efficient production of Fab in the periplasm of E. coli, we have 

developed a screening system for the simultaneous detection of Fab assembly and 

antigen binding using the APEx 2-hybrid system and multicolor FACS. In this system, 

the light chain was anchored onto the inner membrane, whereas the heavy chain with 

a FLAG epitope tag was expressed in soluble form in the periplasm. Following 

permealization of the outer membrane, the correctly assembled Fab protein, which 

was anchored onto inner membrane, was detected using a fluorescent antibody 

specific to the epitope tag on the heavy chain. Simultaneously, antigen labeled with a 

fluorescent dye emitting at a different wavelength was used to detect the amount of 

active Fab. Using multicolor FACS, we have shown that it was possible to carry out 

selections either for higher activity or for improved expression. Also, overall the 

FACS signals appeared to correlate with the yields of assembled and functional Fab 

produced solubly. Encouraged by this result, the screening system was utilized for 

isolating anti-PA Fabs and resulted in two isolated Fabs exhibiting 4~5 fold higher 

functional expression level compared to the parental Fab at 37oC.  

To facilitate the isolation of antibody mutants that can fold in a reducing 
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environment, a new screening methodology was developed using combination of cells 

lacking the ability to form disulfides in the periplasm and the APEx 2-hybrid system. 

This screening strategy has been successfully utilized to isolate an active anti PA scFv 

in the absence of disulfide bonding. In particular, the isolated mutant 4-39 exhibited 

much better solubility, activity and stability than that of the parental 14B7scFv in the 

reducing condition. This fact became more obvious when four cysteine residues that 

formed the two disulfide bonds were replaced with serine residues. The serine 

substituted 14B7 scFv had no antigen binding activity, whereas the serine substituted 

mutant 4-39 exhibited similar antigen binding activity of the original 4-39. Upon our 

knowledge, this screening system is the first in vivo screening system to isolate 

intrabody.  

 Alternatively, E. coli strain could be engineered for efficient antibody 

production. In additional study (see Appendix-1), we attempted to develop a screening 

system to isolate E. coli genomic factors to enhance the expression and assembly of 

IgG based on co-expression of IgG and E. coli genomic fragments and FACS. In 

addition, rolling circle amplification was adapted for new subcloning strategy. After 

3rd round of sorting, two isolated clones contained gene fragments which were located 

between moeA and iaaA in the E. coli chromosome. The results in this study have 

demonstrated the feasibility of a screening system for isolation of E. coli genomic 

factors for the efficient IgG expression in E. coli. After fine tuning of this screening 

system, it might be possible to isolate meaningful E. coli genomic factors that 

improve IgG expression. 
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RECOMMENDATIONS 

 

 In this study, we have focused on developing of the screening system and 

testing the feasibility of each screening system by model antibodies. However, we 

think it will be very interesting to investigate the function of mutations found in each 

isolated clone. In chapter 2, two isolated mutants contained two mutation points for 

each, specially, the mutation found in PelB signal peptide could be examined by 

expression of other proteins followed by this mutated signal peptide. The other 

mutation points could be investigated by re-introducing mutation into wild type Fab. 

In chapter 3, we found around twelve to fourteen amino acid substitutions in the 

isolated mutants. In the case of the mutant 4-39 which showed the best activity and 

solubility among the mutants, thirteen out of fourteen mutations were found in the VL 

domain. Structure analysis of this mutant will be very interesting by X-ray 

crystallography. The structure of mutant 4-39 is able to tell much information such as 

how each mutation contributes in the stability of overall structure, etc. 

 Finally, screening systems developed in this study could be utilized in several 

other applications. First, using the APEx 2-hybrid system and multi-color FACS, the 

protein:protein interactions could be monitored in terms of assembly rate and activity. 

We could try expression maturation of other target Fab antibody fragments or any 

other heterodimeric proteins such as enzymes. The methodology developed in chapter 

3 could be also utilized for screening any other intrabodies targeting to different 

antigens. Moreover, we could also try to isolate mutants exhibiting much higher 

activity and stability from the library made from serine substituted 4-39 as template 

DNA. In addition, this methodology could be utilized to isolate E. coli genomic 

factors that enhance folding of scFv. Even though there were several chaperones and 

enzymes already identified, the genomic factors exhibiting super folding activity 
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could be isolated since our methodology provides the extreme environment such as 

the reducing condition in the periplasm of E. coli.  

   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



97 
 

Appendix 1 

Development of Screening System for Isolation of E. coli genomic 

fragments that affect the Expression and Assembly  

of the full length IgG 

 

INTRODUCTION 

 

 Intact (full length) immunoglobulins have been extensively used as 

therapeutic proteins owing to their long circulating serum half lives, their ability to 

recruit leukocytes and NK cells, and to block or activate specific biochemical steps 

[1]. Due to their complex structure, full-length antibodies are normally expressed in 

mammalian cells which have the appropriate cellular machinery for efficient folding 

and assembly. However, production of whole IgG by mammalian culture is labor 

intensive, time-consuming and expensive. Therefore, alternative host organisms have 

been explored. Transgenic plants have been used for the potentially economical IgG 

production. In early studies, Verch et al. reported the expression of monoclonal 

antibody (mAb) CO17-1A, directed to a colon cancer antigen using a tobacco mosaic 

virus-based vector in plants [2], [3]. Several commercial efforts to express IgGs in 

plants are currently in place [4]. However there are many issues related to the 

heterogeneity of the IgG protein, purification costs and finally concerns related to the 

dissemination of genetically engineered plants in the environment.    

 There have also been a few attempts to express full-length IgG antibodies in 

E. coli.  In early studies, IgG was expressed in insoluble aggregates and then 

refolded in vitro, but the complexity and low yield obtained with this method limits its 

usefulness [5]. Recently, fully active aglycosylated IgG was expressed at high level in 

E. coli and produced in large scale fermentors [1]. IgG expressed in E. coli is not 
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glycosylated i.e. does not contain a carbohydrate chain linked to Asn297. 

Aglycosylated IgG does not bind to the human FcγRs and therefore it is severely 

impaired in effectors function. However, aglycosylated IgG can still bind FcRn and 

exhibit normal serum half life. Therefore, aglycosylated IgG could be used 

therapeutically for neutralization of disease targets when the effector functions that 

are mediated by the Fc domain are not required.   

 Recently, a combinatorial library screening technology enabling the isolation 

of full length IgG antibodies in E. coli (so called E clonal technology) was developed 

by our group.  This technology opened the way for the discovery and isolation of 

full-length IgG using only bacterial hosts [6]. However, there is very little known 

about how to achieve optimal expression of IgG in E. coli. Expression yields appear 

to vary greatly among different antibodies. Thus, there is great interest in optimization 

of the full-length production in the E. coli. This will require the engineering of E. coli 

strain for efficient production of correctly assembled IgG. In earlier studies, 

overexpression of bacterial genes has been found to enhance the expression of scFv 

and Fab antibodies in E. coli [7], [8].  For example, Bothmann et al. identified 

several periplasmic factors (Skp, OmpH, HlpA) that improved phage display and also 

functional periplasm expression of scFvs.  

 Inspired by the studies of Bothmann et al., we attempted to develop a new 

screening system for the isolation of E. coli genomic factors that enhance full length 

IgG expression and assembly in the periplasm of E. coli. Development of this 

screening system requires the display of full-length IgG and also the co-expression of 

genomic DNA fragments in E. coli.   In this study, IgG was expressed in completely 

soluble form without any anchoring motif.  Briefly, the genes of both the IgG heavy 

and light chains were expressed as a dicistronic operon under the lac promoter in one 

plasmid such that, after translocation into periplasm, both of the light chain and the 
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heavy chain were produced in soluble form in the periplasm.  Association of the two 

chains then results in the formation of tetrameric IgG. In addition, E. coli genomic 

fragments were co-expressed in cells displaying IgG in the periplasm of E. coli. In 

separate studies we found that, surprisingly, following spheroplasting the IgG 

remained associated with the cells and could bind fluorescent antigen. We examined 

whether co-expressed genomic fragments could enhance the expression of IgG 

resulting in a higher fluorescence signal.   

 Previously, several full length antibody variants with nanomolar affinity 

toward PA were isolated via E-clonal technology in our group. In particular, YMF10 

showed high affinity and a modest expression level. Nonetheless, there is enough 

room for improving its expression and assembly. Here, we sought to isolate E. coli 

genomic factors that improve the expression and assembly of YMF10. 

 

Co-expression of genomic DNA fragments in cells displaying IgG in the 

periplasm of E. coli 

 

 A screening system for the isolation of E. coli genomic fragments that 

enhance IgG expression was developed as follows: First, the genes for both the IgG 

heavy and light chains were expressed as a dicistronic operon under the arabinose 

inducible promoter in one plasmid such that, after translocation into periplasm, both  

the light chain and the heavy chain were produced in soluble form in the periplasm. 

As a model system, the heavy and light chain of the YMF10-IgG which recognizes 

the PA antigen with a KD of 31nM [6] were placed under the arabinose inducible 

promoter in the low copy vector pBAD33 [9] resulting in pBAD33-YMF10-IgG. We 

evaluated how well the expression and assembly level of IgG correlated with FACS 

signals. To do this, YMF10-IgG was cloned either in a low copy plasmid (pBAD33) 
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or in a high copy plasmid (pMAZ360 [6] , a derivative of pMopac16 [10]), in which 

the light and heavy chain are transcribed from the lac promoter, which is IPTG 

inducible. Cells containing either pBAD33-YMF10-IgG, or pMAZ360-YMF10-IgG 

were grown and induced with 0.2% arabinose or 1 mM IPTG respectively at 25oC for 

16 hrs. For FACS analysis, cells were subsequently permeabilized by spheroplasting 

and incubated with PA-FITC. The expression and assembly level of IgG was 

determined by Western blotting. Comparison of the Western blot analysis with the 

FACS histogram revealed that the FACS signal correlates with the level of assembled 

IgG (Fig. A-1). Therefore, FACS analysis could be utilized to isolate IgG exhibiting 

higher expression and assembly due to the effect of co-expressed of E. coli genomic 

fragment.  
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Figure A-1: Comparison of FACS signal and expression level between low copy 
and high copy plasmid. Cells containing either pBAD33-YMF10-IgG, or pMAZ360-
YMF10-IgG were grown and induced with 0.2% arabinose and 1 mM IPTG 
respectively. For FACS analysis, after induction, cells were harvested, permeabilized 
by spheroplasting, and labeled with 100 nM PA-FITC. (M: the mean fluorescent 
intensity) For Western blot, the equal number of cells (OD600=4) were harvested and 
lysed by French press. After centrifugation, the soluble proteins were mix with 5 x 
non-reducing buffer (without β-mercaptoethanol). 15μl of sample was loaded onto a 
4-20% gradient SDS-PAGE gel. Detection was done with 1:5,000 anti human-HRP 
(S1: 20 ng of purified human IgG, S2: 10 ng of purified human IgG, 1: pBAD33-
YMF10-IgG, 2: pMAZ360-YMF10-IgG). 
 

 

Isolation of E. coli genomic factors and sub-cloning strategy   

 

 For the construction of E. coli genomic library, E. coli MC4100 genomic 

DNA was isolated and partially digested with FatI (The genomic library was 

constructed by Dr. Navin Varadarajan). Genomic DNA fragments ranging either 

between 0.6-2 kb or 2.5-9kb were cloned into NcoI-digested pTrc99a vector and then 

electroporated into Jude-1 competent cells expressing YMF10-IgG from plasmid 

pBAD33. A library of approximately 5 x 105 double transformants was obtained by 

plating on ampicillin and chloramphenicol antibiotic resistance markers on plasmid 
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pTrc99a and pBAD33 respectively. After induction of synthesis of YMF10-IgG and of 

the Trc promoter (to allow synthesis of proteins from any inserted E. coli genomic 

fragments) with 0.2 % arabinose and 1 mM IPTG respectively at 25oC for 16 hrs, the 

cells were subsequently permeabilized by spheroplasting and incubated with the PA-

FITC fluorescent antigen. A total of 107 bacteria were sorted using an ultra-high 

throughput MoFlo droplet deflection flow cytometer (DakoCytomation Inc). 

Approximately 2% of the cells with the highest 530 nm fluorescence (FL-1) were 

sorted and resorted as above with increased stringency so as to only select the most 

fluorescent events.  

 Since the viability of the sorted cells is low, it was necessary to develop a 

procedure for the amplification and rescue of the genomic DNA fragments in the 

sorted cells.  Typically the DNA encoding a specific protein in the sorted cells is 

rescued by PCR amplification [11]. However, in this case, the sequence similarity of 

the pTrc vector containing the genomic library and the pBAD vector encoding the IgG 

as well as limitations due to the presence of unknown restriction sites within the 

genomic fragments posed challenges in PCR amplification of the desired DNA. 

Furthermore, PCR amplification and subcloning is time-consuming and takes 2-3 days. 

For these reasons, we explored the use rolling circle amplification (RCA) for the 

isolation of vectors containing sorted gene fragments.  

 RCA is based on rolling replication which is a process of nucleic acid 

replication for the synthesis of multiple copies of circular molecules of DNA or RNA, 

such as plasmids, and the genomes of bacteriophages. RCA is initiated by the 

hybridization of oligonucleotide primer to a circular template DNA and then, 

continuous sequence of tandem copies of the circular DNA are synthesized by certain 

DNA polymerase such as phi29 polymerase at constant temperature. RCA has been 

widely used for diagnostic purposes for the direct or indirect detection of different 
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DNA, or RNA [12]. Recently, Dean et al. reported a technique called multiply primed 

RCA that allowed the amplification of circular DNA directly from cells, generating 

high quality template for use in DNA sequencing, probe generation, or cloning [13] 

[14] (Fig. A-2). This method was adapted to rescue pTrc99a derivatives containing E. 

coli genomic DNA fragments from the sorted cells.  

 First, primers specific for pTrc99a plasmid were designed to amplify 

specifically pTrc99a vector containing genomic DNA fragment. In our case, random 

hexmamers could not be used because our system contained two plasmids and only 

pTrc derivatives containing E. coli genomic DNA fragments needed to be amplified. 

All primers were synthesized to be 3’ exonuclease-resistant by using thiophosphate 

linkages for the two 3’ terminal nucleotides (Table A.3). The detail experiment 

protocol for the rolling circle amplification can be found in Appendix 1-Materials and 

Methods section  

 The minimum number of DNA templates that is needed for RCA in our 

system was determined in terms of the number of cells containing two plasmid 

(pBAD33-YMF10-IgG and pTrc99a (no insert)). Plasmids from different numbers of 

cells were amplified by RCA (105, 104, and 103). After RCA reaction at 30oC for 16 

hrs, the reaction product was purified by phenol/chloroform extraction, digested with 

a XbaI and run on a 1% agarose gel. Fig. A-3 shows that a minimum of thousand cells 

needs to be amplified by RCA to detect a visible DNA band. Thus at least 1,000 cells 

need to be present in the sort solution in order to produce sufficient DNA for further 

rounds of screening and analysis. In addition, from this result, we could also evaluate 

the specificity of primers to pTrc99a. Some non-specific amplification (i.e. 

amplification of pBAD33) was also observed (dashed arrow: because pBAD33-

YMF10-IgG contains two XbaI restriction sites, after XbaI digestion, it gives two 

DNA fragments, 1500 bp and 6000 bp). Even though primers were only designed 
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specifically to anneal to pTrc99a sequences, it was necessary to limit the primer 

length to between 11-13 nucleotides since the optimal reaction temperature of phi29 

DNA polymerase is at 30oC. At that temperature it is difficult to completely eliminate 

the non-specific annealing of the primers and amplification of pBAD33 plasmid. 

Nonetheless, because this non specific amplification of pBAD33-YMF10-IgG was 

weak (Fig. A-3) and the amplified pBAD derivatives were fragmented to two pieces 

by XbaI cut, the amount of ligation product is much lower compared to self-ligation 

of pTrc99a derivatives containing E. coli genomic fragments. This was confirmed by 

the following experiment: DNA from sorted cells was amplified by RCA; the 

amplified DNA was digested with XbaI, ligated, and transformed into Jude I cell, and 

the cells were plated either on ampicillin (to select for cells containing pTrc99a) or on 

chloramphenicol (pBAD33-YMF10-IgG). Following amplification the the ratio of 

Amr vs Cmr colony forming units was 1000:1. Based on these results sub-cloning 

based on RCA was utilized for the rescue of the isolated clones. Figure A-4 showed 

the schematic diagram of this screening system using RCA.  
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Figure A-2: Scheme for multiply-primed rolling circle amplification. 
Oligonucleotide primers complementary to the amplification target circle are 
hybridized to the circleular DNA. The 3’ ends of the DNA strands are indicated by 
arrowheads to show the polarity of DNA polymerization. Thicker -end lines indicate 
the location of the original primer sequences within the product strands. The addition 
of DNA polymerase and deoxynucleoside thriphosphates (dNTPs) to the primed circle 
results in the extension of each primer, and displacement of each newly synthesized 
strand results from elongation of the primer behind it. Secondary priming events can 
subsequently occur on the displaced product strands of the initial rolling circle 
amplification step [13]. 
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Figure A-3: Evaluating the minimum number of 
cells containing pTrc plasmid required for RCA 
amplification and also the specificity of the 
primers to pTrc9 plasmid:  Cells containing 
both pBAD33 and pTrc99a plasmid grown and 
induced at 25oC for 16 hrs. After spheroplasting, 
plasmids were amplifiedby RCA with pTrc99a 
specific primers and phi29 DNA polymerase at 
30oC for 16hrs. The reaction product was purified 
with Phenol/Chloroform extraction method and 
ethanol precipitation. After digested with XbaI, the 
DNA was run on 1% agarose gel. (M: DNA 
marker, 1: 105 cells, 2: 104 cells, 3: 103 cells) (sold 
arrow: pTrc99a (no insert), dashed arrow: two 
DNA fragments of pBAD33-YMF10-IgG since 
this plasmid contains two XbaI sites)  
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Figure A-4: Schematic ofthe screening system for isolating E. coli genomic 
factors that enhance the expression and assembly of IgG. Cells expressing IgG and 
also polypeptides from genomic E. coli fragments, were spheroplasted and labeled 
with PA-FITC. Highly fluorescent clones were isolated by FC. pTrc99a plasmid 
containing gene fragments were selectively amplified by a modified RCA method, 
digested with XbaI and self-ligated. The ligation products were transformed into 
Jude1 containing pBAD33-YMF10-IgG plasmid.   
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Analysis of genomic fragments from the isolated clones 

 

 We observed an increase in fluorescence from one round to the next (Fig. A-5 

(A)). After 3  rounds of sorting, 5 clones were isolated that displayed reproducibly 

stronger FACS signals. (Fig. A-5(B)). Two isolated clones containing E. coli genomic 

fragments, referred to as #11 and #13, were sequenced. Interestingly, #11 contains 

~150 base pairs of non-coding region between the moeA and iaaA in E. coli 

chromosomal DNA and # 13 contains a ~120 base pair insert consisting of the last 40 

bp of a moeA followed by ~80 bp of the 5’ non-coding region (Fig. A-6). The 

respective plasmids were re-transformed into the fresh Jude I cells expressing 

YMF10-IgG. The FACS signals were comparable to thoseof the originally isolated 

clones. Three additional isolated clones turned out having no insert in the pTrc99a 

vector, Interestingly, in these clones, we found that the copy number of either  

pBAD33-YMF10-IgG plasmid or pTrc99a (no insert) was incrased compared to the 

control (lane 1 in Fig. A-7). 

 We confirmed that the high FACS signals in the isolated clones resulted from 

higher expression and assembly of IgG. Western blot analysis of total soluble protein 

extracts indicated that the assembly and expression level of full length IgG containing 

were much higher than the wild type control(cells containing pBAD33-YMF10-IgG + 

pTrc99a (no insert)) (Fig. A-8).  
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Figure A-5: FACS signals of (A) library at different round of sorting (B) isolated 
clones. The enrichment between each round of sorting was observed. After third 
round of sort, five clones were isolated that displayed stronger FACS signals 
compared to the wild type control (cells containing pBAD33-YMF10-IgG + pTrc99a 
(no insert)). M stands for mean fluorescent intensity, R3 and R8 bar region were set 
up for helping understanding movement of peaks from the wild type control.       
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Figure A-6: Gene fragments that enhance IgG expression The isolated E. coli 
genomic fragment, #11 is located in non-coding region between moeA and iaaA. # 13 
contained the truncated fragment of moeA and the following non-coding region. (blast 
results from: www.ecocyc.com) 
 

 

  

Figure A-7: Comparison of the plasmid copy numbers. Plasmids were purified 
from  equal cell numbers (OD600=2), using  Qiagen plasmid purification Kit. 10ul 
of the purified plasmids were run on 1% agarose gel. (M: DNA marker, 1: Plasmids 
isolated from control cells transformed with pBAD33-YMF10-IgG+pTrc99a(no 
insert)), 2: Clone #11 (pBAD33-YMF10-IgG+pTrc99a-#11), 3: Clone #13 (pBAD33-
YMF10-IgG+pTrc99a-#13), 4: Clone #14 (pBAD33-YMF10-IgG+pTrc99a(no 
insert)) 5: Clone #17 (pBAD33-YMF10-IgG+pTrc99a(no insert)), 6: Clone #25 
(pBAD33-YMF10-IgG+pTrc99a(no insert)), dashed arrow: pBAD33 vector, solid 
arrow: pTrc99a plasmid) 
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Figure A-8: Western blot analysis of the expression and assembly level of the 
YMF10 containing the isolated gene fragments. Cells were grown and induced with 
1 mM IPTG and 0.2 % arabinose at 25oC for 16 hrs. Equal number of cells (OD600=4) 
were harvested, lysed by French press, and analyzed by non-reducing SDS-PAGE. 
Detection was done with 1:5,000 diluted Goat anti-human-HRP. Lane 1: Cells 
expressing IgG from pBAD33-YMF10-IgG and co-transformed with pTrc99a (no 
insert), 2: Cells expressing IgG from the higher copy expression vector pMAZ360-
YMF10-IgG under the lac promoter, 3: Clone#11 (pBAD33-YMF10-IgG + pTrc99a-
#11), 4: Clone #13 (pBAD33-YMF10-IgG+ pTrc99a-#13). 5: Clone#14 (pBAD33-
YMF10-IgG +pTrc99a (no insert)), 6: Clone#17 (pBAD33-YMF10-IgG +pTrc99a(no 
insert)), 7: Clone#25 (pBAD33-YMF10-IgG +pTrc99a(no insert)), 
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DISCUSSION  

 

 In this additional study, we described the initial development of a screening 

system for isolation of E. coli genomic fragments that may enhance IgG expression 

and assembly. Full length IgG and E. coli gene fragments were co-expressed in a 

single cell and analyzed by FACS. Using the YMF10-IgG as a model full length IgG, 

we sought to isolate the E. coli genomic factors that improve IgG expression and 

assembly. After three rounds of sorting, two clones having E. coli genomic inserts and 

referred to as #11 and # 13 respectively were isolated.  Both clones contained DNA 

from the region between the genes moeA and iaaA in E. coli chromosomal DNA but 

neither contained an open reading frame (ORF). Even though the mechanism by 

which these DNA fragments affected to the expression of IgG is not clear, they 

reproducibly enhanced the expression and assembly of IgG as monitored by FACS 

and Western blott. Interestingly, three of five isolated clones turned out contained no 

gene fragment and they contained higher copy number of either pBAD33-YMF10-

IgG or pTrc99a plasmid. There are several hypotheses as to how isolated plasmids 

without insert could confer higher IgG expression. We note that we did not sequence 

the entire pTrc plasmid isolated from clones. It is possible that the isolated pTrc 

plasmid contained mutations that might have an indirect effect on copy number or 

protein synthesis of the YMF10-IgG from the pBAD33 plasmid. Additional studies 

will be required to examine this possibility.  

 As part of this study we used rolling circle amplification for the rescue of 

plasmids from sorted cells. So far, gene inserts in sorted cells had been rescued by 

PCR amplification [11], a step that adds 2-3 days to each round of sorting. We found 

that RCA using phi29 polymerase and multiply-primed reaction is a rapid and 

efficient, although somewhat more sensitive method for DNA rescue from sorted cells. 
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RCA relies on self-ligation, which is much more efficient than the ligation of PCR 

amplified DNA into vector. On the other hand RCA can result in the introduction of 

mutations throughput the plasmid or might result in the amplification of extraneous 

DNA from the second plasmid (pBAD33) in the sorted cells.  

 The results in this study have demonstrated the feasibility of a screening 

system for isolation of E. coli genomic factors for the efficient IgG expression in E. 

coli. After fine tuning of this screening system, it might be possible to isolate 

meaningful E. coli genomic factors that influence IgG expression. 

  

Appendix 1- MATERIALS AND METHODS 

 

Plasmids and E. coli genomic library construction 

 The bacterial strains, plasmids and primers used in this study are listed in 

Table A .1, A.2, and A.3. YMF10-IgG from pMAZ360-YMF10 was cloned into 

pBAD33 vector sequentially: Heavy chain was digested with NdeI and BamH1 from 

pMAZ360-YMF10 and cloned into pBAD33 resulting in pBAD33-YMF10-HC, Light 

chain was digested with XbaI from pMAZ360-YMF10, ligated into pBAD33-

YMF10-HC resulting in pBAD33-YMF10-IgG and transformed into Jude I.  

 For E. coli genomic library construction, Genomic DNA of E. coli 4100 was 

isolated with Qiagen-Tip 100G according manufacturer’s protocol. The genomic DNA 

was partially digested with FatI and applied to 1% agarose gel. The range of 0.6-2kb 

and 2.5-9kb length were cut out separately, and purified with Qiagen gel extract spin 

column. After ligation of the E. coli genomic library into the NcoI site of the pTrc99a, 

the ligation mixture was incubated at 16oC overnight. Following desalting for 1 hr, the 

ligation mixture was electroporated into Jude 1 competent cells containing pBAD33-

YMF10-IgG. After plating on TB+2% glucose plates with 100 μg/ml ampicillin , 40 
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μg/ml chloramphenicol and overnight incubation at 37oC, the colonies were washed 

off the plates with 3ml TB, and cells were stored at -80oC after addition of glycerol to 

15% final concentration. 

 

Table A.1 List of strains used in this study 

 
Strain Relevant Genotype  Source 
Jude 1 [(DH10B F'::Tn10 (Tetr)] [15] 

MC1061 araD139 Δ(ara, leu)7697, ΔlacX74, galU, galK, hsdR, 
strA  
 

Invitrogen 

MC4100 F- araD139 Δ(argF-lac)U169 rpsL150 relA1 deoC1 
rbsR fthD5301 fruA25 λ 

[16] 

 

 
Table A.2 List of plasmids used in this study 
 

Plasmid Characteristics Source 
pBAD33 Cmr, Low copy number, arabinose-inducible protein 

expression vector 
[9] 

pTrc99a Apr, lac promoter Amersham 
Biosciences 

pMAZ360-YMF10 Apr, lac promoter, IgG expression vertor [6] 

pBAD33-YMF10-IgG Cmr, YMF10 IgG was cloning in pBAD33 This study 

 

 

Table A.3 List of primers and their sequences  

 
Primer Sequences (5’  3’)1 
Trc-specific-1 GCTCAAGGC*G*C 
Trc-specific-3 CATCCGGCT*C*G 
Trc-specific-5 CACCAATGCTT*C*T
Trc-specific-R2 GATTTACGACC*T*G
Trc-specific-R4 GAATATTTGCCAGA*A*C
Trc-specific-R6 TCCGATGGC*T*G
Trc-specific-7 GGGTTACATCG*A*A
Trc-specific-R8 CTCAAGGATCTTA*C*C
Trc-specific-9 GGCGCGGTATTA*T*C
Trc-specific-R10 CGACCGAGTT*G*C
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Trc-specific-11 ATGCAGTGCT*G*C
Trc-specific-12 GAGCGTGAC*A*C
Trc-specific-13 CGTGTCTTAC*C*G
Trc-specific-14 TCGGGCTGA*A*C
Trc-specific-R15 TGGCGCTTTCTC*A*T
Trc-specific-16 GATGCTCGTCA*G*G 
Trc-specific-R17 AGTGTATACTG*G*C 
Trc-specific-18 CATCGAATGGT*G*C 
Trc-specific-19 TCTGCGCCG*A*T 
Trc-specific-R20 TTAGTGCAGGC*A*G 
Trc-specific-21 GTCTCGGC*G*C 
Trc-specific-R22 CGGTCCACA*C*T 
Trc-specific-23 ACTGGAAAGCG*G*G 
pTrc-Seq-F3 CGGTTCTGGCAAATATTCTGAAATGAGCTG 
pTrc-Seq-F4 CCGGCTCGTATAATGTGTGGAATTG 
pTrc-Seq-R CATCCGCCAAAACAGCCAAGCTT 
pBAD33-Seq-F1 TTTATCAGACCGCTTCTGCGTTCTGATTT 
pBAD33-Seq-R1 TATCGCAACTCTCTACTGTTTCTCC 
IgG-F1 GAAGGAGATATACATATGAAATCCCTATT 
IgG-F2 CAGGGGAGAGTGCTAATAATATATATATATATA 

*:  modified thiolphosphate 

 

IgG and E.coli genomic library expression  

 E. coli Jude-1 cells transformed with expression plasmid pBAD33-YMF10-

IgG and E. coli genomic library plasmid(pTrc99a-libaray) were grown at 30oC in a 1 

mL of TB medium supplementary with 100 μg/ml ampicillin , 40 μg/ml 

chloramphenicol, 2% glucose until OD600=1. Subsequently, cells were collected by 

centrifugation and IgG expression was induced by resuspension in TB medium 

supplemented with 100 μg/ml Ampicillin, 40 μg/ml chloramphenicol, 1 mM IPTG 

and 0.2% arabinose grown for 16 hrs at 25oC.  After harvesting cells, soluble 

proteins were prepared by French press and centrifugation. Western blot analysis was 

performed by 12% SDS-PAGE gel electrophoresis under non-reducing condition and 

heavy and light chains were detected with HRP-conjugated goat anti human 

antibodies (Jackson ImmunoResearch Laboratories) 
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Library screening 

E. coli Jude-1 cells transformed with expression plasmid pBAD33-YMF10-

IgG and E.coli genomic library plasmid (pTrc99a-libaray) were grown at 30oC in a 1 

mL of LB medium supplementary with 100 μg/ml Ampicillin , 40 μg/ml 

chloramphenicol, 2% glucose The following day, The cells were subcultured into TB 

media (1:100 dulution) with  100 μg/ml Ampicillin , 40 μg/ml chloramphenicol, 2% 

glucose and grown at 37oC. When OD600 reached 1, cells were collected by 

centrifugation and IgG expression was induced by resuspension in TB medium 

supplemented with 100 μg/ml Ampicillin, 40 μg/ml chloramphenicol, 1 mM IPTG 

and 0.2% arabinose grown for 16 hrs at 25oC. Following induction, the cellular outer 

membrane was permeabilized via Tris-EDTA-lysozyme treatment. Briefly, cells 

(equivalent 1 ml of 5 OD600) were pelleted and resuspended in 350 μl of ice-cold 

solution of 0.75 M sucrose, 0.1 M Tris-HCl pH 8.0, 50 μl/ml hen egg lysozyme. 700 

μl of ice-cold 1 mM EDTA was gently added and the suspension was left at room 

temperature for 20 minutes. 50 μl of 0.5 M MgCl2 was added and the mix was left on 

ice for 20 minutes. The resulting cells were gently pelleted and resuspended in 

phosphate buffered saline (1x PBS) with 200 nM PA-FITC (List Biological 

Laboratories, Inc., Campbell, CA)  at room temperature for 1 hour, before evaluation 

by FC. 

Scans were performed on Becton Dickenson FACSortTM with the following setting in 

log format: Forward scatter E01, Side scatter trigger 400 volts, FL-1 700 volts. 

Distilled water was run as a sheath for all scans. The Fab expression maturation 

experiment was run on a MoFlo (Cytomation, Fort Collins, CO) droplet deflection 
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flow cytometer using 488 nm Argon laser for excitation.  

 

Multiply- primed Rolling circle amplification 

 To amplify pTrc99a vector specifically, twenty three 500 μM of pTrc99a 

specific primers (Trc-specific-1~23) were designed obtaining the following 

properties: (i) 3’-5’ exonuclease activity by modifying two of 3’ nucleotides to 

thiophospates (ii) melting temperature around 30oC, optimal temperature of Phi 29 

polymerase. Table A.4 summarized the rolling circle amplification reaction. Briefly, 5 

x 103 sorted cells in PBS buffer (which is around 5 μl) were mixed with 12.5 μl of 2 x 

annealing buffer (2X Annealing buffer: 80 mM Tris-HCl, pH 8.0; 20 mM MgCl2), 5 μl 

of 500 μM of pTrc99a specific primers, and 2.5 μl of deionized water. This mixture 

was heated at 94oC for 15 min, and cooled down, then combined with premixed: 10 μl 

of Phi 29 polymerase 10x buffer, 2 μl (20 unit) of Phi 29 polymerase (NEB, MA), 

4 μl of dNTPs and then 59 μl of deionized water. After mixed well by pipetting and 

spun briefly before placing in the thermocycler, samples were incubated at 30°C for 

16 hrs and at 65°C for10 min for inactivating polymerase. The reaction products were 

purified by phenol:chloroform extraction method  then followed by ethanol DNA 

precipitation..   
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Table A.4 Phi 29 polymerase rolling circle amplification 

Reagent                   Quantity per reaction 

Template DNA(the sorted cells)             5 µL 
500 µM pTrc specific primers               5 µL 
2X Annealing buffer*                   12.5 µL 
Deionized water                         2.5 µl 
Total volume    25 µl  

 Heat 15 min at 94OC, cool down, and then combine with premixed: 

 Reagent                   Quantity per reaction 

Phi29 10 X buffer                       10 µL 
Phi29 DNA polymerase                   2 µL 
10mM dNTPs                           4 µL 
Deionized water                         59 µl 
Total volume    100 µl  
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