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Listeria monocytogenes is a psychrophilic gram-positive bacterium responsible for 

over 2,500 cases of listeriosis resulting in 500 deaths annually in the United States.  

Immunocompromised individuals and pregnant women are at highest risk of infection.  

This organism is well adapted to both cold temperatures and high salt environments; 

Listeria may therefore be transmitted in ready-to-eat foods that have been kept properly 

refrigerated.  In addition to the health impact, sporadic outbreaks of listeriosis can cause 

great economic losses to the food industry, especially the dairy and meat industries.  

Therefore, detection of Listeria as well as other pathogens is important.  The quality of an 

immunological-based detection system, especially a fiber-optic biosensor system, 

ultimately relies on the quality of the capture and detection antibodies.  Recombinant 

antibody phage display libraries offer a powerful, economical, and rapid method of 

screening libraries of large complexities of recombinant antibody molecules, on the order 

of 109
 variants.   
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We used the Tomlinson I Human Synthetic scFv phagemid libraries to isolate 

antibodies that recognize surface epitopes of L. monocytogenes.  Panning was done under 

various conditions using whole bacterial cells, flagella, or a recombinant Auto surface 

protein as antigens.  Initial attempts at isolating scFv-expressing phage to whole bacterial 

cells using a suspension technique did not yield useful reagents.  Unfortunately, 

antibodies were not specific for L. monocytogenes, but reacted with other unrelated 

bacterial species, as well.  However, panning experiments to both flagella and Auto 

yielded several promising scFv-encoding phages that recognized these antigens by both 

ELISA and Western Blot.  Anti-flagella phages recognized listeria flagellin, both purified 

and on the surface of whole L. monocytogenes cells.  Initial results also demonstrated that 

the reactivity of some scFv phages may have been specific to glycosidic residues on the 

listeria flagellin protein because they reacted with nonflagellated strains.  This was 

confirmed by periodate-treating flagella and losing reactivity of some phages.  Phages 

that recognized a recombinant form of Auto were unreactive to nonpathogenic Listeria 

innocua and reacted with whole cells of L. monocytogenes.  These phages demonstrated 

specificity to all serovars of L. monocytogenes, excluding serovar 4b, as expected. 

We used anti-flagella and anti-Auto phagemids to obtain soluble antibody 

molecules (scFv) instead of fusion proteins displayed on the phage surface.  The scFvs 

were genetically and chemically modified with biotin tags to increase their usefulness in 

the biosensor system.  Initial attempts were also made to form streptabodies by 

tetramerizing the biotinylated scFvs to streptavidin.  These studies will aid in the 

continuing development of immunological tools for use with the real time fiber optic 

biosensor system as well as other detection systems for L. monocytogenes.  



 

1 

CHAPTER 1 
INTRODUCTION 

Listeria monocytogenes 

In 1924, E.G.D Murray isolated gram-positive rods from the blood of rabbits, and 

not recognizing the organism for clear classification, he named it Bacterium 

monocytogenes (1,2).  Later in 1940, J.H.H. Pirie renamed the organism to Listeria, 

recognizing it as a catalase-positive, gram-positive rod that was being isolated not only 

from rabbits, but also from humans, the environment, other animals, and food (3).   Still, 

general awareness of the potential pathogenicity of this organism was not recognized 

until years later when an epidemic of 85 cases of infant infections, at the time called 

“granulomatosis infantiseptica”, occurred in Germany in 1949 (4) .  Histological 

examination of both the livers and brains of these patients mistakenly led to being 

identified as Corynebacterium.  A scientist from the University of Bonn, H.P.R. Seeliger, 

examining samples from skin lesions, correctly identified the infections as Listeria and 

not Corynebacterium, based on the presence of flagellar motility.  It has been Seeliger 

who has contributed the most significant amount of information through his constant and 

consistent research on Listeria.  His publications brought Listeria into recognition as a 

pathogen (5).   

L. monocytogenes is a ubiquitous, gram-positive, psychrophilic, environmental 

bacterium that has adapted to relative extremes in living conditions, existing comfortably 

in high salt and cold temperatures, not only in soil and animals, but also on kitchen and 

food-processing machinery.  For decades following its discovery, Listeria was considered 
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a single organism.  Using specific antibodies to lipoteichoic acids found on the outer cell 

wall and to H-antigens of flagella, Listeria has been since characterized into seven 

serovars.  A Frenchman, Rocourt, was the first to separate the serovars by biochemical 

and genetic comparisons (6).  All L. monocytogenes are pathogenic with the majority of 

human isolates in serovars 1 and 4.  Other species including Listeria innocua, Listeria 

seeligeri, Listeria welshimeri, and Listeria ivanovii are nearly non-pathogenic (7).  

Suprisingly, bona fide acceptance of L. monocytogenes as a serious potential pathogen 

acquired through the consumption of contaminated food did not arise until outbreaks in 

the 1980’s in Canada, the United States, and Switzerland, which connected Listeria to the 

consumption of coleslaw and cheese (8). 

Listeriosis is the disease caused by L. monocytogenes, and is acquired by the 

ingestion of contaminated foods. Between 1980 and 2000, fifteen food borne outbreaks of 

listeriosis were reported to the Centers for Disease Control and Prevention (CDC; 

Atlanta, GA); ten of these outbreaks have occurred since 1998, and three of these 

involved eleven states.  Raw unpastuerized milk has been a common source of 

contamination and in 2000 led to an outbreak in North Carolina involving contaminated 

Mexican soft cheese (9,10).  This particular outbreak resulted in five still births, three 

premature deliveries, and two infected newborns (CDC, 2001).  Although unpasteurized 

dairy products are a common source, ready-to-eat meats can also serve as sources.  In 

1998, 40 listeriosis cases were linked to contaminated hotdogs and resulted in four deaths 

(CDC, 1998).  Since 1996, the FDA has maintained a zero-tolerance policy for L. 

monocytogenes in ready-to-eat foods. Most, if not all, contaminations have been 

attributable to just three serotypes: 1/2a, 1/2b, and 4b.   
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Through an active surveillance in 1997 by Food Net and the CDC, there were a 

reported 2,500 cases of listeriosis annually in this country and a reported 500 deaths 

(11,12).  A high mortality rate is in part due to immunocompromised patients, who are in 

fact some of the most at risk for listeriosis, succumbing to infection.  Clinically its 

diagnosis can be frequently overlooked as a possible cause of illness due to its unique 

growth capabilities.  Although Listeria can be confused with common less harmful 

bacterial contaminants and disregarded, an important delineation exists regarding growth 

conditions.  While most bacteria grow poorly at lower temperatures (below 25°C), 

Listeria survives in temperatures from below freezing (0ºC) to body temperature (37ºC)  

with robust growth at low temperatures, including the temperature range that is normally 

used for refrigeration (2-8°C).  As a result, Listeria may be transmitted in ready-to-eat 

foods that have been kept properly refrigerated.  This is cause of great concern and as 

such the impact of antimicrobial ingredients on ready-to-eat foods has been studied 

extensively in the food-industry (13,14).  The ability of Listeria to grow in such diverse 

environments is just one of the many challenges presented by this dangerous bacterium. 

Certain groups of individuals are at greater risk for listeriosis.  These are recipients 

of organ transplants who are placed on immunosuppressive drugs, pregnant women (and 

their unborn children), and immunocompromised persons.  Persons with AIDS suffer 

listeriosis 65 to 145 times more frequently than the general population, and persons who 

take glucocorticosteroid medications (also called cortisone) that depress the immune 

system are also at increased risk.  The elderly and certain debilitated patients (such as 

those on dialysis or alcoholics) are at minor increased risk for listeriosis.  In infants, 

listeriosis occurs when the infection is transmitted from the mother, either through the 
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placenta or during the birthing process.  Therefore there are several host factors, along 

with the amount of bacteria ingested and the virulence of the strain, which determine the 

risk of disease.  

Although the infectious dose is not known, ingestion of L. monocytogenes bacteria 

can result in illness.  There is normally a period of incubation that follows ingestion of 

bacterial cells that can last from 3 to 70 days, but usually lasts 4 to 21 days.  This variable 

incubation time also complicates self-diagnosis.  Five days to three weeks after ingestion, 

Listeria can become systemic and able to spread to all body areas including the central 

nervous system, heart, eyes, or other locations depending on host predisposed health.  

Fetuses of pregnant women are particularly vulnerable to Listeria (15,16).  Symptoms of 

listeriosis are usually by themselves general: fever, muscle aches, and gastrointestinal 

symptoms such as nausea or diarrhea.  If infection spreads to the nervous system, 

symptoms include headache, stiff neck, loss of balance, confusion, obtundation or 

convulsions.  With brain involvement, listeriosis may mimic a stroke.  Infected pregnant 

women experience only a mild, flu-like illness; however, infection during pregnancy can 

lead to miscarriage, infection of the newborn, or even stillbirth.  The perinatal and 

neonatal mortality rate is 80%. 

Human cases of listeriosis are, for the most part, sporadic and treatable.  

Nonetheless, listeriosis remains an important threat to public health, especially among 

those most susceptible to this disease.  With the increase of the numbers of 

immunocompromised people, the risk increases.  The fact that listeriosis is a disease 

easily transmitted from mother to fetus through the placenta is worrisome, especially 

since pregnant women themselves would not necessarily show obvious signs of infection. 
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For unknown reasons, in immune-deficient hosts, Listeria invades and grows best in the 

central nervous system, especially in the brain parenchyma causing encephalitis or brain 

stem causing meningitis (17-19).  Studies utilizing sheep diagnosed with listerial 

encephalitis demonstrated the trigeminal ganglion and axons as routes of entry and 

infection (18,20).  In pregnant women, the fetus is most heavily infected, leading to 

spontaneous abortion, stillbirths, or sepsis in infancy most likely due to the lowered 

immune states of both mother and fetus during pregnancy.  These statistics indicate true 

misfortunes, as listeriosis is a preventable condition.  A positive diagnosis of listeriosis is 

confirmed by sampling patient blood, cerebral spinal fluid (CSF), or focal lesions 

yielding β-hemolytic, gram-positive rods on blood agar plates.  Treatment is normally 

with the antibiotic gentamicin combined with ampicillin, penicillin G, or trimethoprim / 

sulfamethoxazole. 

Antigenic Structure of Listeria 

The pathogenicity of Listeria combines both common and unique features of an 

intracellular pathogen that targets macrophages (21-23), as well as showing a high degree 

of tropism for non-phagocytic liver hepatocytes due to an uncommon bacterial-induced 

phagocytosis (16,24).  Antibodies have little role in protective immunity, and acquired 

immunity is generally regarded as being dependent on cytotoxic CD8+ T-cells (25,26).  

Naïve peritoneal resident macrophages and polymorphonuclear cells of mice have been 

shown to kill intracellular L.  monocytogenes in hepatocytes (24,27), and therefore these 

cytotoxic macrophages may also play a role in early defense against intracellular 

infections (28,29).  Listeria can invade the body through a normal intact gastrointestinal 

tract and once in the body can travel through the bloodstream exposing the brain or 

placenta to infection; however the bacteria are most often found inside cells (28,30).  
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Several interactions must occur between surface proteins on the bacterium and with 

the host cell for infection to occur (31).  In the case of L. monocytogenes, there have been 

many surface proteins identified with critical roles in pathogenicity (31,32) including 

binding, entry, and persistence within host cells.  There have been many studies on the 

biochemistry and homology of gram-positive bacterial proteins that underscore their 

importance between Listeria (33) and other gram-positives such as highly studied σB -

subunit of the RNA polymerase holoenzyme.  The σB -subunit modulates stress response 

in the food borne pathogens Bacillus cereus and Stapyhlococus aureus, and is responsible 

for conferring resistance to high osmolarity, high and low pH, oxidizing agents, and 

biofilm formation.  This protein is also present in Listeria, having a role in its survival at 

low temperatures (34,35).  

L. monocytogenes is a non-encapsulated rod and is phenotypically identical to other 

gram-positive bacteria, containing a cytosol, a single cytoplasmic membrane, and a thick 

multilayered outer wall of peptidoglycan covered with various surface proteins and two 

groups of anionic carbohydrate polymers: (i) teichoic acids anchored covalently into the 

peptidoglycan and (ii) lipoteichoic acids (LTA) which are polyphosphoglycerol 

substituted with a D-alanyl (D-Ala) ester or a glycosyl residue and anchored in the 

membrane by their glycolipid moiety (36).  Cell wall teichoic acids are uniformly 

distributed over the entire peptidoglycan outer wall.  Although the function and 

biosynthesis of LTA is not entirely understood, it has been proposed that anionic teichoic 

acids function to capture divalent cationic substances, serve as binding sites for enzymes 

that cleave the peptidoglycan such as LytA amidase (33), or to prevent diffusion of 

substances by providing a physical barrier.  Many murein hydrolases such as Auto and 
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other surface proteins such as internalin B (InlB) are believed to be closely associated 

with LTA and are bound to the bacterial surface by interaction of their tail G-W modules 

(37-39).  The teichoic acids found on Listeria and other gram-positive organisms may 

indeed be species-specific. 

Complete genome sequencing of L. monocytogenes indicates that 133 of its 2,853 

genes encode surface proteins (37).  The main differences between L. monocytogenes and 

L. innocua are, in fact, the make-up of their surface proteins.  Uptake by one or more 

nonprofessional phagocytic cells is mediated by the co-ordination of a cadre of bacterial 

surface proteins, namely proteins of the internalin family and possibly murein hydrolases. 

Not surprisingly, transcriptional activation and regulation of many listeria virulence 

factors such as internalin families are coordinately regulated by a transcriptional activator 

protein, PrfA (40).  Interestingly, Listeria cells can initiate phagosomal fusion through 

cell surface proteins, and cell line invasion studies demonstrate that both murein 

hydrolases and internalin family of proteins are sufficient for internalization into cells 

(41,42).  To mediate internalization, the major virulence factor Internalin A (InlA) is 

required to bind to the host cell receptor, E-cadherin (40,43), and InlB is required to bind 

to a Met receptor tyrosine-kinase thus acting via a PI3-kinase (39,44).  Internalized 

bacteria are compartmentalized in a vacuole and eventually escape into the cytosol.   

Studies on intracellular survival of Listeria have attributed a single surface protein, 

the hly-encoded pore-forming listeria-lysin O (LLO), for escape from the vacuole (45-

47).  Homologous related lysins have been identified in other gram-positive organisms 

including streptolysin, perfringolysin, and pneumolysin produced by Streptococcus 

pyogenes, Clostridium perfringens, and Streptococcus pneumoniae, respectively.  The 
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mechanism for escape from the vacuole is not entirely clear, but involves acidification of 

the vacuole which then signals transcriptional activation of LLO (21,46) along with two 

other listeria secretable phospholipases C (PLCs).  LLO and PLC puncture the vacuole 

membrane from within, dissipate the internal pH gradient, and halt the maturation of the 

phagosome (48,49).  This subsequently and actively forms a route of escape through the 

puncture.  LLO-expressing Bacillus subtilis and Escherichia coli are capable of 

phagosomal escape in cell culture (50).  The bacterial phosholipases and possibly host 

vacuolar components then channel through the phagosome and lead to its dissolution.  

Surprisingly, there is apparent host cell repair of lesions, and the host cell survives; 

however necrosis is common (28).  

Once in the mammalian cytosol, Listeria induces an unusual polymerization of host 

actin filaments and uses the force generated to move first within the cytoplasm ultimately 

to spread from cell to cell in what is termed a listeriopod.  This phenomenon is 

attributable to a single protein, ActA, which is also regulated by PrfA (40,51).  The N-

terminus of ActA polymerizes actin filaments, utilizing the activity of the host cell 

Arp2/3 complex and forming what microscopically appears to be a cloud around the 

bacterium (52,53).  This binding mechanism mimics cellular Wiscott–Aldrich syndrome 

proteins (WASP) (54,55) by recruiting host-cell enabled vasodilator-stimulated 

phosphoprotein (Ena/VASP).  This mechanism is normally important in cell motility, 

platelet shape, axon-guidance, and T-cell activation (56).  Homologous proline-rich 

regions are found on both ActA and Ena/VASP proteins and attract cellular profilin 

through binding to Ena/VASP homology domain 1 (EVH1) (56-58). In summary, ActA 

mimics WASP-family proteins and recruits the Arp2/3 complex to induce actin 
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nucleation and filament elongation and branching.  By spreading from cell to cell, 

Listeria avoids host cell immune responses (e.g., cytotoxic T-cells and phagocytes) (59).   

Listeria can also move by means of flagella-based motility in extracellular 

environments.  Flagella expression in L. monocytogenes is temperature-dependent, and 

transcription of flaA, the gene encoding for the major flagellin protein, is downregulated 

at physiological temperature (37°C) and above (59-61). Transcriptional regulation is 

controlled through the motility gene repressor, MogR, which binds to the flaA promoter 

region and is required for full virulence (62). The 29-kDa flagellin protein, FlaA, 

activates TOLL-like receptor 5 in mammalian immune systems (63).  Therefore the lack 

of flagellated Listeria in host cells may indeed represent a unique adaptation of this 

intracellular pathogen that has modified its movement as a means to avoid host cell 

detection. 

Bioterrorism 

The use of biological and chemical weapons has a history that parallels all 

prominent human history, spanning many cultures and countries (64).  It gained further 

modern prominence during the First World War in the use of mustard gas, which was 

studied by universities and implemented through governments.  This essentially marked 

several countries’ foray into strategic and sanctioned use of biological weapons, and their 

overwhelming effect resulted in high human casualties.  Following these events and the 

end of the Cold War, many countries looked to the prevention of bioterrorism, and in 

1972 the Biologicals Weapons Convention prohibited the development, production, 

stockpiling, and transfer of biological agents for use as weapons (64).  It was ratified by 

more than 100 nations, yet experts believe that several signatory countries may be 
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violating the convention's terms and developing offensive biological weapons (64,65). 

Tragically, as the recent anthrax attacks in the U.S. have demonstrated or the uncovering 

of six Algerians plot to use ricin in London in 2003, terrorists will not hesitate to use such 

state-derived biologicals or crude versions of them as weapons to further their goals.  

However, if high casualties are the intended use, these are not the most effective means.  

Chemical-biological agents are more useful in creating fear and anxiety.  Although there 

are many practical obstacles to terrorists in using these agents, terrorism exists as a 

psychological weapon intended for mostly political effect (66,67). 

Although there are many reasons, both hypothetical and real, it is difficult to 

ascertain the motivations behind terrorists’ use of chemical and biological weapons (66).  

Dispersal of biological stockpiles (68) and the availability of free information through a 

variety of sources such as the Internet, have allowed individual seekers access to 

technical sources and information once regarded only accessible through governments.    

Recently there has been growing attention too by many countries through 

government agencies in agriculture, water, public health, and environmental offices to 

address the threat of biological agents as weapons.   Following recent terror attacks, 

notably the mailing of letters containing anthrax spores (Bacillus anthracis) resulting in 

five deaths, the U.S. responded by passing stricter federal laws, such as the Public Health 

Security and Bioterrorism Preparedness and Response Act of 2002 (the Bioterrorism Act) 

regarding both enhanced control of biological agents and toxins including but not limited 

too the protection / safety of food, drug, and water supplies.  

Public Food Safety 

Food transmission is a common route for an estimated 200 diseases, caused by 

viruses, bacteria, toxins, and prions.  The Foodborne Diseases Active Surveillance 
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Network (FoodNet) operated under the Centers for Disease Control and Prevention 

(CDC, Atlanta, GA) estimates that there are over 76 million cases of illnesses, 352,000 

hospitalizations, and 5,000 deaths attributable to food borne diseases in the United States 

annually (12).  Although these statistics may seem high, this is actually a downward trend 

in food borne related illnesses since 1996.  The ease at which opportunistic pathogens can 

infiltrate public food supplies was demonstrated recently in February 2002, when Abbott 

Choice brand cheese products were recalled by the Abbott Cheese Company of Cowichan 

Bay, British Columbia (9).  An epidemiological investigation linked the company’s 

cheeses to at least 21 L. monocytogenes infections among people who had consumed the 

cheeses throughout Canada on Vancouver Island and through lower British Columbia.  A 

woman who became ill with a listeria infection after consuming the contaminated cheese 

subsequently had a miscarriage.   It is the ubiquitous nature and the relative ease to 

isolate some of these organisms from the environment that mark them as important 

targets for food safety.   There then exists a need to easily detect pathogens in both 

environmental and food supplies. 

It should also not be overlooked what the huge economic effects a bioterrorist 

attack would have on public food and water supplies, particularly on the food processing 

industry as a whole.  Although there are regulations and agencies such as the United 

Stated Department of Agriculture (USDA) and the Food and Drug Administration (FDA) 

who monitor food and drug supplies within this country, improved standardized methods 

would increase security and safety.  The goal of such testing involves a high volume and 

high number of samples and would ideally be simple, reliable, and fast, while exhibiting 

a high degree of sensitivity and specificity.  
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Beyond this, systems used for detecting contamination with microbes and toxins 

should be portable, less time consuming, involve minimal handling and processing of the 

samples, and obviate the need for costly and bulky equipment.  The need for skilled 

technicians should be minimal. 

Methods for Bacteriological Detection and Analysis  

There are several reliable bacterial detection methods applied clinically and 

environmentally.  However, these tests are often labor intensive, time consuming, and 

technically challenging.  Many traditional methods rely on determining microbial 

contamination involving patient sampling and empirical enumeration.  Estimating 

contamination empirically is not very specific and not sensitive.  The presence of bacteria 

in water, foods, and biological or environmental samples can also be monitored by 

measuring physiochemical changes that occur from bacterial metabolism and growth, 

such as biochemical assays that detect adenosine tri-phosphate (ATP).  These 

biochemical methods identify the microbes in a very sensitive manner; however, they are 

time consuming and not very specific.  Generally, many tests in use today for microbial 

detection involve growing the pathogens in a select pre-enrichment step followed by 

growth in a selective medium; the entire process can take more than 24 hours to 

complete.   

Several biochemical tests are needed for characterizing the microbes.  Beyond this 

though, many laboratories have addressed this issue by incorporating modern molecular 

genetic techniques for rapid and sensitive detection of microbes which involve 

amplification of specific nucleic acid sequences by polymerase chain reaction (PCR), 

immunomagnetic separation, enzyme tests with synthetic chromogenic or fluorogenic 

substrates (Direct Epifluorescent Filter Technique, DEFT), real-time PCR, and flow 
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cytometry.  Many commercially available kits including API Rapid 20E (bioMerieux, 

Los Angeles, CA), GN Microplate (Biolog, San Jose, CA), Directigen (BD Diagnostic 

Systems, Franklin Lakes, NJ) are available for detection of microbes and can save time 

but, for example, detect only gram-negative species.   

Imporvements that integrate engineering and biology include high-end, techinical 

equipment such as optically based biosensors.  The surface plasmon resonance (69) and 

the IAsys (Affinity Sensor, Cambridge, UK) are optically based sensors that have been 

used to detect Staphylococcal enterotoxin A  in foods down to 10 to 100 ng/g, but no 

research publications exist to support detection of whole bacterial cells (70).  Several 

other biosensors such as phage-coupled piezoelectric biosensors, electrical biosensors, 

electrical impedance biosensors, potentiometric immunosensors, and amperometric 

immunosensors have been evaluated and work well for detection of various other food 

borne pathogens or their toxins (71-73).  Many of the above-mentioned techniques may 

identify microbes sensitively and specifically, but require costly equipment, skilled 

personnel, and sterile conditions to perform the analysis.  Additionally, most of these 

systems are not portable and cannot be used in field conditions.  

For immunochemical based detection systems to work and be successful, the 

antibodies utilized must demonstrate extreme specificity.  Murine monoclonal antibodies 

have been used for many years in research for detecting the antigens and separating the 

particles from a complex mixture (74). Some of the above-mentioned detection systems 

employ antibodies in conjunction with some other technique to identify the pathogen.  

Examples for such techniques using immunological reagents include 
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immunofluorescence, fluorescence automated cell sorting, immunoprecipitation, 

immunohistochemistry, and immunomagnetic separation.  

The Biosensor System  

Frances Ligler, Senior Scientist for Biosensors and Biomaterials at the Naval 

Research Laboratory's Center for Bio/Molecular Science and Engineering is attributed 

with development of the first commercially available antibody-based fiber optic 

biosensor for the detection of pathogens and their toxins, the RAPTOR (Research 

International, Woodinville, WA)(75).  The principle of the RAPTOR biosensor is based 

on a sandwich fluoroimmunoassay.  Capture antibodies are coated on the surface of four 

separate polystyrene fiber-optic probes by passive absorption.  Following an overnight 

incubation at 4°C, the unbound antibody is rinsed off with deionized-water and incubated 

with immunoassay stabilizer solution (ABI, Columbia, MD).  The probes are then dried 

and mounted into an assay housing cartridge referred to as a coupon.  For sample 

analysis, the assay coupon is inserted into the RAPTOR coupon compartment which 

aligns the four fiber optics into their optical paths and also forms the fluidic connections 

which are required for the fully-automated features used in sample analysis.  A pneumatic 

pump then moves buffer at a flow rate of approximately 9 mL/minute, contained in an 

on-board reservoir over the probes to rehydrate the bound antibody.  The serpentine 

channels in the coupon are used in all steps of the sandwich assay for reagent addition 

over the probes.  A five-minute baseline protocol is automatically initiated prior to 

sample analysis by incubating the rehydrated probe with the fluorescent tracer antibody 

used for detection. This establishes an important background signal that determines the 

rate of non-specific binding in the absence of a positive antigen. When sample is flowed 



15 

 

over the probes, it binds to the fiber optic coated with capture antibody specific for that 

antigen; unbound material is then washed away with a phosphate-buffered saline solution 

(PBS) containing a detergent, normally Tween or TritonX-100.  Sample size is normally 

3 mL. Fluorescently Cy5-conjugated antibody or Alexafluor633 (Invitrogen, Carlsbad, 

CA)-conjugated antibody (tracer antibody) is then introduced and binds to the antigen-

antibody complex on the probe.  The Cy5-conjugated antibody is recycled and stored in 

the RAPTOR reagent compartment and maintained at 2-8°C. Following a second rinse 

with PBS containing Tween to wash unbound conjugated antibody, an excitation light is 

emitted from four 5mW Sanyo laser diodes at 635 nm and is focused through the fiber 

optics through a light-gathering short focal length ball lens fused to the probe’s end.  A 

665 nm filter rejects reflected laser light.  The fiber optic’s distal end contains an 

aluminum coated mirrored end that returns the evanescent wave back up the fiber optic 

probe to a photodiode sensor.  On-board software discriminates signal generated from the 

bound fluorophores within 1000 nm of the probe.  Signal exponentially decreases as 

distance increases away from the fiber optic.  Data analysis is completely automated, and 

results are displayed on a LCD screen.  Total analysis time is approximately 20 minutes.  

The biosensor is capable of multiple analyte detection (Table1-1) (70). 

   Monoclonal Antibody Production  

Over one hundred years ago Emil von Behring and Shibasaburo Kitasato searching 

for the mechanism that induces immune protection found that vaccinated individuals’ 

serum contained certain substances that bound to relevant pathogens.  A few years later, 

Paul Erhlich first described his side-chain theory on the interactions of these 

“immunebodies” with their antigens, their formation, and the idea of antibodies as “magic 
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bullets”.  In 1975, seventy-five years after Ehrlich, Georges Kohler and Cesar Milstein 

described an in vitro method of manipulating an immortalized cell line by fusing murine 

myelomas and splenocytes to secrete mono-reactive antibodies of a single known 

specificity (76).  They called these cells hybridomas and their antibodies as monoclonal.  

Previously, the use of the antisera from immunized mammals, though useful in many 

applications, has some limited biological significance, since the mammalian immune 

system will produce a heterogenous population of antibodies that can possess cross-

reactive patterns to other antigens regardless if the antisera were raised in genetically 

identical animals immunized with identical immunogen.  Since then, the exquisite 

specificity and affinity exhibited by the thousands of monoclonal antibodies that have 

been created using Kohler and Milstein’s hybridoma technology has had far-reaching 

implications in the treatment of disease (77). 

The generation of monoclonal antibodies (mAbs) has not varied much from the 

original Kohler and Milstein hybridoma technique and can be separated into four steps; 

immunization, cell fusion, cell selection, and expansion.  Animals are injected with 

antigen that must represent the target substance of the antibody wanted to be generated by 

the immune system. This elicits B-lymphocyte priming, and the animal is subsequently 

boosted with a second injection to induce B-cell clonal expansion.  Following 

immunization, B-cells are taken from the spleen and fused to immortalized myeloma 

cells using low-centrifuagtion in the presence of polyethylene-glycol (PEG), a polywax 

substance that promotes membrane fusion and exchange of nuclei.  The original method 

utilized BALB/c mouse SP-O or SP-1 mouse myeloma cells for fusion, although murine 

non-immunoglobulin secreting cell line P3-X63-Ag8.653 or rat myeloma cells have also 
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been used (78).  Care must be taken to use myeloma cells that are non-antibody secreting 

since this could potentially “contaminate” the pool of mAbs originating from the B-

lymphocytes.  Unfused splenoctyes have a limited life span in culture, and myelomas 

lack the purine nucleotide salvage pathway that utilizes the enzyme hypoxanthine-

guanine phospho-ribosyltransferase needed for survival in the presence of a purine 

inhibitor, aminopterin, used in the growth medium hypoxanthine aminopterin thymidine. 

Therefore, this is the selective medium used for the growth of the hybridomas because 

they posses both the immortality of the myeloma cells and the purine nucleotide salvage 

pathway derived from the splenocytes.  Other methods such as electroporation and 

transfection have been utilized for hybridoma production but are not as efficient as PEG 

(79,80) for unknown reasons.  

The quality of the monoclonal antibody and the stability of the hybridomas are 

crucial to obtaining a homogenous cell line secreting mAb.  This is ensured by rigorously 

testing for mAb specificity and cloning the cultures by limiting dilution until a near 100% 

clone efficiency is achieved representing a pure single clonal cell line.  The hybridomas 

thusly formed can be stored in liquid nitrogen for years making these clones virtually 

immortal.  Maintenance in high-density growth chambers of mAb-secreting hybridomas 

has been well documented.  In cell culture roller bottles, yields are approximately 10-100 

µg/mL of mAb (81). Yields can be increased to approximately 50 mg using medium-

sized fermentators (81) such as the MiniPERM bioreactor (Sartorius AG; Goettingen, 

Germany) or to even 1 g of antibody utilizing large-scale novel hollow-fiber cell culture 

biorectors that utilize recirculation pumps and oxygenation units to add nutrients and 

remove waste (82).  
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There have been described many systems for the culturing of monoclonal 

antibodies and antibody fragments including expression in bacteria and yeast as well as in 

plant, insect, and mammalian cells (83,84).  These systems, in part, attempt to address 

some obstacles encountered with classic hybridoma technology.  Instability of hybridoma 

cell lines is not uncommon, as well as, possessing less than desirable growth, cloning, or 

poor mAb production.  Additionally, over 50% of the mAbs generated by hybridomas are 

also in the form of pentameric IgM, which is not always practical for use and is not 

readily purified.  IgM production is especially of concern if the antigen used for 

immunization is heavily glycosylated and thus unable to invoke an anamnestic “memory” 

B-cell response.  These B-cells never mature beyond production of IgM even in 

hybridomas. 

More common problems encountered with hybrdioma technology are inherent in 

the use of murine cell lines in the generation of mAbs.  Use of murine monoclonal 

antibodies therapeutically in humans can lead to a human anti-mouse antibody immune 

response in which the murine mAb is recognized as foreign.  To address this problem, 

monoclonals can be “humanized” by various methods.  Human mAbs have been 

generated with some success utilizing mouse / human heteromyelomas as fusion partners 

(85,86) or immortalizing antibody secreting human B-lymphocytes through infection 

with Epstein-Barr virus; although this cloning has proven to be difficult and infected cells 

typically have low mAb yield (78).  Alternately, transgenic mice have been created by 

replacement of murine IgH and Igκ loci corresponding to antibody heavy and light chain 

genes respectively by homologous recombination in embryonic stem (ES) cells. Once 

crossbred, these mice inherit a double knock-out JH
-/- and Cκ-/- in their germline DNA. 
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The ES cells from these double-knockouts can be fused with yeast spheroplasts 

containing human antibody DNA, a so-called yeast artificial chromosome.  The progeny 

mice obtained secrete only human IgMκ and IgGκ antibodies (87).  The use of transgenic 

animal or insect cell lines, however, requires a great deal of highly technical knowledge.  

Plants, on the other hand are easier to manipulate, and have also been utilized for the 

generation of human antibodies with suprisingly high yield (83,88). However, mAbs 

generated in plants can be heavily glycolsylated and the time frame in which to harvest 

the plants to test antibody specificity can be upwards of months. 

Recombinant Phage Display 

For years now, following the work of G.P. Smith and G. Winter on genotypic and 

phenotypic linkage of polypeptides to filamentous bacteriophage M13 (89-91) 

recombinant display of randomized peptides, antibodies, and antibody fragments on 

phage has been an invaluable research tool in the field of monoclonal antibody 

technology.  The insertion of antibody genes into phage genomes has been developed for 

phage T7, phage lambda, and the Ff class of filamentous phages f1, fd, and M13 

(89,90,92).  In the Ff class of phage, replication of DNA and assembly of the phage is not 

constrained by the size of the incorporated DNA. Additionally, assembly and production 

of Ff phage occurs without killing the host bacterial cell.  Therefore members of the Ff 

class of phages have been the choice for not only molecular cloning and recombination 

but also antibody phage display.   

Smaller antibody fragments are commonly used for display, mostly due to E. coli’s 

inability to properly fold and generate an entire human immunoglobulin (Ig) molecule.  
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Both fragment antigen-binding (Fabs) and single-chain Fvs (scFvs) are useful in phage 

display.

M13 Phage Biology 

A number of filamentous bacteriophage have been identified that are able to infect 

gram-negative bacteria for their survival.  Of these, the best characterized are phage that 

infect E. coli and because of their dependence on the presence of the F conjugative 

plasmid, they are referred to as the Ff class of phages.  This class includes f1, fd, and 

M13.  Their genomes have completely been sequenced and share 98% homology (93).  

M13, like other Ff phage, has a single-stranded covalently closed genome of DNA 

surrounded by a slightly distorted left-handed cylindrical tube of outer coat protein (93-

95) measuring approximately 7 nm wide and 900 to 2000 nm in length.  The genome 

encodes phage proteins I through XI that are important in phage infection, replication, 

and assembly and are numerically arranged by function according to stages of the phage 

life cycle (Table 1-2).  

Infection of E. coli by M13 is normally divided into a two-step process: binding 

then integration.  The binding of Ff phage to E. coli is mediated by the interaction of the 

distal gene-3-protein (g3p or pIII) end of the phage with the tip of the F-conjugative 

pilus.  The horseshoe-shaped bilobal pIII protein consists of two amino-terminal 

domains, N2 and N1, and a third carboxy-terminal domain, CT, embedded in the phage 

coat that non-covalently interacts with pVI.  All domains are separated by flexible 

glycine-rich hinge regions, notably important in the N2-N1 di-domains, which work as a 

proline-switch (96,97).  The binding of N2 to the F-pilus initiates a kinetically favorable 

trans to cis isomerization of the Gln212-Pro213 hinge region of N2-N1, exposing the N1 

domain and allowing for binding to the TolA cell co-receptor (96,98). Retraction of the 
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pilus occurs, mediated presumably by depolymerization of the pilin subunits into the 

inner membrane of the bacterium, which then brings the tip of the phage in contact with 

the membrane surface.  It is not known whether depolymerization is triggered by the 

binding of the phage or is actually an independent natural function of polymerization-

depolymerization (93,99).   

The second step is integration of the phage through incorporation into the outer 

membrane of not only the five copies of pIII that reside on the end of the phage but also 

the approximate 2,700 copies of pVIII that surround the genome.  Penetration of the 

phage and release of the viral DNA is dependent on bacterial TolQRA proteins (98,100). 

The Tol proteins are important in membrane stability and binding of bactericidal group A 

colicins (100) as well as mediating phage g3p binding.  TolA is anchored in the inner 

membrane through its N-terminal end (TolAI) which interacts with both TolQ and TolR. 

The α-helical TolAII region spans the periplasmic space to the outer membrane to the C-

terminal TolAIII region, where the N1 domain of g3p interacts.  Upon retraction of the F-

pilus, cooperating TolA proteins assume a more compact structure that bring the outer 

and inner membrane closer drawing in the phage g3p.  Phage g3p is then inserted into the 

inner membrane and the phage head begins to open, releasing the phage’s genomic DNA 

into the bacterial cell.   

In the cytoplasm, the infective single-stranded genome is converted by bacterial 

enzymes into a supercoiled double-stranded replicative form (RF) molecule.  This 

molecule serves as a template for transcription and translation from which all phage 

proteins are synthesized.  Following early translation of phage proteins, pII binds and 

nicks the RF molecule, forming a free 3’ end that serves as a primer for synthesis of a 
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new (+) strand.  Rolling circle replication continues and is circularized by pII.  The 

production of phage proteins continues to increase with an increase in the number of RF 

molecules.  When the single-stranded DNA binding protein, pV, reaches proper 

concentration of approximately 800 dimers in the cytoplasm, it begins to package the 

phage single-stranded DNA into a left-handed helix with a small hairpin stretch of DNA 

referred to as the packaging signal (PS) left exposed for initiation of phage assembly 

(93,101).  

Products of the genes, III, VI, VII, VIII, and IX constitute capsid proteins of the 

phage particle.  All of these proteins contain signal sequences that direct their transport to 

the inner membrane via the Sec system, where they accumulate perpendicularly to the 

surface until necessary for phage assembly.  Binding of the DNA PS with pI initiates 

assembly (101,102), and the assembly site may be a result of the interactions of the minor 

capsid proteins, pI, pXI, and pIV, although there is no direct evidence (103,104). 

Speculative models demonstrate twelve to thirteen β-sheet monomers of pIV form a 

gated channel through which the assembled phage eventually passes through (105,106).  

Additionally, there is no evidence of the order of assembly of the capsid ends, pVII and 

pIX, or even the major coat protein, pVIII, during initiation (103,105). Hydrolysis of 

ATP by the cytoplasmic portion of pI through its interaction with the reduced form of 

host cell thioredoxin (TrxA) catalyzes removal of the pV dimers from the phage DNA 

and replaces them with membrane-embedded pVIII as the DNA is extruded through the 

pIV/pXI channel (106).  The 2,700 copies of pVIII reside as pentameters at a 23° angle 

out from the phage axis, with positively charged residues facing inward towards the DNA 

and acidic “double-hook” residues facing outwards (105,107).  When the end of the DNA 
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is reached, assembly is terminated by the addition of pVI and pIII and release of the 

phage particle.  It is not known whether the assembly site can be used for the synthesis of 

more than one phage particle.  Ff phage replication and assembly is tolerated well by the 

bacterial cell.  Infected cells continue to grow but at a lowered rate of division.  

 The advantages of this membrane associated assembly of proteins are as follows: 

• Capsid formation around the DNA as it is extruded from the bacterial 

membrane allows for packaging of large pieces of DNA limited in 

theory only by shear DNA size. 

• Foreign peptides can be fused to the periplasmic portions of pIII and 

pVIII and not influence assembly of the phage particle as long as the 

protein can be translocated across the inner membrane efficiently. 

Tomlinson I + J Human Synthetic VH + VL Phagemid Libraries  

An alternative for the generation of human monoclonal antibodies involves the 

construction of combinatorial libraries of VH and VL antibody genes and their expression 

on filamentous phage.  The variable domain (Fv) of the antibody has inherent instability 

since the VH and VL domains are not covalently linked.  To address this, a flexible Gly-

Ser linker between the carboxy terminal of one domain is linked to the amino terminal 

end of the second domain to form an single-chain Fv, or scFv.  

scFv library construction involves the use of reverse transcription and polymerase 

chain reaction to amplify rearranged antibody genes from B-lymphocytes found in a 

donor’s blood.  Universal degenerate primers are first used to anneal to the 5’ end of the 

exons encoding the antibody V-gene, which is conserved in humans.  The mRNA 

extracted from the B-lymphocytes is used to create cDNA that represents rearranged VH 
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and VL genes.  The cDNA is PCR assembled using overlap extension technique and 

contains restriction enzyme sites for subcloning into a pIT2 vector containing an M13 

origin of replication, an ampicillin resistance gene (bla), and both His6 and myc tags.  

For displaying the scFv sequence on the surface of the phage as fusion protein, the scFv 

gene was cloned in frame with the gIII gene coding for the pIII protein in the phagemid 

vectors.  When E. coli harboring these phagemids are superinfected with a helper phage, 

phage particles are produced which display the scFv-pIII fusion protein.  The phage 

particle expresses the antibody fragment on its surface and contains the antibody-encoded 

genes.  

Tomlinson I + J libraries are “naïve libraries” constructed from non-immunized 

donors who do not have ongoing immune responses to a specific antigen of interest. 

Naïve libraries offer higher diversification of antibody repertoires, and the Tomlinson I+J 

libraries were additionally constructed to include side-chain diversification as well as a 

shortened CDR3 binding site on the heavy chain.  

This thesis describes the efforts to isolate recombinant phage display antibodies to 

L. monocytogenes and the attempts at modifying the antibodies for their potential use in 

the biosensor system.  

The specific aims for this study are:  

1. Isolate recombinant phage display antibodies to either whole L. monocytogenes 

cells or to critical unique surface proteins, such as those mentioned above.  

Obtaining specific antibodies to whole bacterial cells improves the advantage of 

being able to quickly pre-select for anti-whole cell clones.  More precisely, 

specificity through selection of unique Listeria surface antigens such as flagella or 
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murein hydrolases that are preferably lacking in nonpathogenic L. innocua, 

increases the utility of such antibodies in their detection of L. monocytogenes. 

2.  To manipulate and optimize these immunological reagents for ultimate use in 

the biosensor system.  The usefulness of the biosensor system is greatly 

dependent on the quality of the immunological reagents utilized.  Therefore, those 

antibodies selected that showcase utility in Listeria detection can be chemically or 

genetically enhanced to improve overall assay quality and that of the biosensor. 
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CHAPTER 2 
MATERIALS AND METHODS 

Bacterial Strains, Phage Strains, and Growth Conditions 

The bacterial strains used and their genotypes are listed in 2-1.  Tomlinson I + J 

Human Synthetic VH + VL phagemid libraries constructed by the Medical Research 

Council, Cambridge, U.K. (108) were obtained from the Interdisciplinary Center for 

Biotechnology Research Hybridoma Core, University of Florida.  Hyperphage (109,110) 

was obtained from Progen Biotechnik (Heidelberg, Germany).  E. coli TG1 cells were 

grown in 2xTY broth (16 g tryptone, 10 g yeast extract, 5 g NaCl, and 3 mL of 1 M 

NaOH in 1 L water) or on 2xTY agar plates containing 1.5% (w/v) agar.  E. coli TG1 

cells infected with phage from the Tomlinson library or with the phage obtained after 

elution and neutralization after a round of panning were grown on 2xTY agar plates with 

100 µg/mL ampicillin and 1% (w/v) glucose (2xTY AG plates).  When the bacteria were 

superinfected with Hyperphage to produce phage particles, they were grown in 2xTY 

broth with 100 µg/mL ampicillin and 50 µg/mL kanamycin.  All Listeria species and 

strains were grown in brain-heart infusion broth (BHI, (Difco)) or on BHI plates 

containing 1.5% (w/v) agar.  All of the other bacteria were grown in modified Luria-

Bertani broth (LB-N: 10 g tryptone, 5 g yeast extract, 8.5 g NaCl, and 3 mL of 1 M 

NaOH in 1 L water) or on LB-N plates containing 1.5% (w/v) agar.  All of the bacteria 

were grown as overnight standing cultures in either BHI, LB-N, or 2xTY at 37 ºC.  The 

bacteria from the starter culture were diluted 1:40 into fresh medium and grown with 

aeration at 37 ºC until the optical density at 600 nm (OD600) reached approximately 0.4. 
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Table 2-1. Bacterial strains used. 
Strain Genotype / Antigenic Formula Source / Reference

F- mcr A ∆(mrr-hsd RMS-
mcr BC) φ80lac Z∆M15 
∆lac X74 rec A1 ara D139 
∆(araleu )
7697 gal U gal K rps L (StrR) 
end A1 nup G

L. monocytogenes 1/2a unspecified Martin Wiedman
L. monocytogenes 1/2b unspecified Martin Wiedman
L. monocytogenes 1/2c unspecified Martin Wiedman

L. monocytogenes 3a unspecified Martin Wiedman

L. monocytogenes 3b unspecified Martin Wiedman
L. monocytogenes 3c unspecified Martin Wiedman
L. monocytogenes 4a unspecified Martin Wiedman
L. monocytogenes 4b unspecified Martin Wiedman
L. monocytogenes 4c unspecified Martin Wiedman
L. monocytogenes 4d unspecified Martin Wiedman
L. innocua unspecified Martin Wiedman
L. seeligeri unspecified Martin Wiedman
L. ivanovii unspecified Martin Wiedman
L. welshimeri unspecified Martin Wiedman
L. monocytogenes  104030s

unspecified
Fred Southwick

L. monocytogenes  104030s
unspecified

Helene Marquis

L. monocytogenes 
HEL-304
L. monocytogenes EGDe genomic strain Alan Pavinski Bitar

E. coli  BL21 DE3 Tuner F- gal LDE3 (lacUV-5 T7 gene1 
imm21 and nin5 ) hsdS   

F.W. Studier Ref:J 
Mol Biol 188 (1986)

∆flaA  104030s isogenic

Helene Marquis

E. coli HB2151 ara, Δ(lac-pro ), thi/F'proA+B+, 
lacI q ZΔM15

Linda Green, ICBR

E. coli  TOP10 Invitrogen

E. coli  TG1
K12 ∆(lac -proAB ) supE thi 
hsdD 5/F’ traD 36 proA + B 
lacI q lacZ∆M 15

MRC, Cambridge, 
UK

E. coli  AVB100
C 06 a a 39 (a a

leu )7696 ∆(lac )l74 galU galK 
hsdR 2(rK- mK+) mcrB1 
rpsL(Str r )

Avidity, LLC, 
Denver, CO
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Enzyme Linked ImmunoSorbent Assays 

Enzyme Linked ImmunoSorbent Assays (ELISA) were used in the screening and 

characterization of both polyclonal and monoclonal antibodies, antibody fragments 

(scFvs), and phage particles recovered from the panning experiments.  Briefly, standard 

96-well polystyrene, flat-bottomed microtiter plates (Becton-Dickinson, Franklin Lakes, 

NJ) were coated with antigen (cells, cellular extracts, or recombinant proteins) diluted in 

either phosphate buffered saline (PBS: 137 mM NaCl, 2.7 mM KCl, 4.3 mM Na2HPO4, 

1.4 mM KH2PO4, pH 7.3) or carbonate buffer (13 mM Na2CO3, 87 mM NaHCO3, pH 

9.2), covered and incubated overnight at 4°C.  The following day the plates were allowed 

to equilibrate to room temperature for one hour. Wells were washed once with 300 μL of 

PBS and aspirated in an ELX 800 Strip Washer (BioTek, Winooski, VT).  Wells were 

then blocked with the addition of 200 μL casein blocker for one hour at room temperature 

and aspirated prior to loading pre-diluted phage or antibody.   

For consistency polyclonal and monoclonal antibodies were generally diluted to a 

working range of 4 to 10 μg/mL in casein blocking buffer.  Polyethylene-glycol (PEG, 

Sigma-Aldrich, St. Louis, MO)) -precipitated phage particles were diluted to 109 TU/mL.  

If untitered phage or scFv was used in the ELISA from culture supernatant, reagents were 

diluted 1:1 in casein blocking buffer prior to loading.  One hundred microliters of pre-

diluted phage, antibody, or scFv was then added to blocked wells and allowed to incubate 

one hour at room temperature with no agitation.  The microwell plate was then washed a 

minimum of three times with 300 μL of PBS containing 0.05% v/v Tween-20 (Fisher) 

(PBS-T (0.05)) before loading secondary antibody.   
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All secondary antibodies and detecting reagents were conjugated to horseradish 

peroxidase (HRP): either monoclonal anti-M13:HRP for phage detection, protein-L:HRP 

for scFv detection, or goat-anti-rabbit:HRP for rabbit polyclonal.  Secondary reagents 

were pre-diluted to a working range in casein blocking buffer.  One hundred microliters 

of diluted HRP-conjugated secondary immunoreagent was added to washed wells and 

allowed to incubate for 30 minutes at room temperature.  The microwells were then 

washed again as above in PBS-T (0.05).   

Substrate for development reaction for HRP-conjugated secondary enzymes was 

prepared by dissolving one capsule of phosphate citrate buffer with sodium perborate 

(Sigma) in 100 mL of water (0.05 M phosphate-citrate buffer pH 5.0, 0.03% (w/v) 

sodium perborate).  A 10 mg  t of 3, 3’, 5, 5’-tetramethylbenzidine substrate (Sigma) was 

added to 10 mL of the buffer to give a final concentration of 1 mg/mL. Two hundred 

microliters of the substrate solution was added to each well, and the plate was read in an 

ELx 800 UV plate reader (BioTek, VT) at 630 nm for HRP conjugates following 

approximately 20 to 30 minutes of substrate development.  The data were analyzed with 

KC Junior (BioTek) and Microsoft Excel software. 

Epitope Characterization 
 

The epitope recognized by the scFv-phages was tested for its sensitivity to 

proteinase K treatment and periodate oxidation by ELISA. Coated plates were washed 

three times with PBS, and antigens (cells or proteins) were exposed to 250 μg/ml of 

proteinase K in PBS and then incubated at 24°C for 60 min.  Wells were then washed 

five times with 300 μL/well PBS, and the ELISA procedure was continued using the 

prepared phages or antibodies. 
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Sodium meta-periodate oxidation was used with the ELISA to determine if the 

scFv-phages were specific for carbohydrate.  Microwell plates were prepared for the 

ELISA by coating 100 μL of L. monocytogenes cells at 107 to 109 CFU/mL in PBS.  

Plates were washed once with 300 μL/well of 10 mM HEPES buffer.  Wells were then 

incubated with 200 μL per well of 10 mM sodium meta-periodate (Sigma) in 50 mM 

sodium acetate buffer, pH 4.5 for 1 hour at 24°C in the dark.  Wells were then rinsed 

three times with 300 μL sodium-sulfite (2 mg/mL).  The ELISA procedure was then 

continued with the addition of prepared antibodies or phages.   

For the treatement of listeria flagella, 30 μg of the L. monocytogenes flagellar 

prepartion (at approximately 0.6 mg/mL in PBS) was aliquoted into a microcentrifuge 

tube and incubated with 100 μL of 4 mM sodium meta-periodate / 10 mM sodium acetate 

buffer, pH 4.5 for 30 minutes at 24°C in the dark.  Twenty-five microliters of sodium 

sulfite (2 mg/mL) was added prior to dilution in Laemmli sample buffer for SDS-PAGE. 

BioPanning of Phage Display Libraries 

Panning on Immunotubes 

Flagella or recombinant antigen was diluted to 10 μg/mL in PBS and added to a 

polystyrene (Nunc) immunotube to complete fullness.  The immunotube was then 

allowed to incubate overnight (> 16 hours) with the antigen suspension at 4°C.  

Following overnight incubation the suspension was emptied from the tube by inversion, 

aspirated, and rinsed three times with PBS.  The rinsed tube was then filled with casein 

blocker to coat uncoated areas in the immunotube and reduce nonspecific binding.  The 

immunotube with blocker sat with static incubation for a minimum of 1 hour at room 

temperature (25°C), was then emptied by inversion, and drained over paper towels.  
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Hyperphage-amplified Tomlinson I + J Library was diluted in casein blocker to a 

minimum of 1011 TU/mL.  The immunotube was capped, and the phage library was 

incubated with end-over-end turning for one hour at room temperature.  The tube was 

then incubated an additional one hour at room temperature with no agitation.  The diluted 

unbound phage library was emptied by inversion and aspirated, and the tube was rinsed a 

minimum three times with PBST (0.1% tween-20).  Incubating the rinsed tube end-over-

end with 1 mL of 1 M triethanolamine for 30 minutes eluted bound phage. 

Triethanolamine-eluted phages were transferred into a clean microcentrifuge tube and 

neutralized by adding 500 μL of 1 M Tris-HCl, pH 7.4.  Neutralized phages were stored 

at 4°C until ready to use for further rounds of panning or for amplification of phage 

clones. 

Panning in Suspension 

Bacterial cells were diluted to 109 CFU/mL in PBS in a 1.5 mL microcentrifuge 

tube, and 1011 TU of Tomlinson I + J Hyperphage amplified library was added directly 

into the bacterial suspension.  The panning suspension was incubated end-over-end for a 

minimum of four hours at room temperature.  Cells and bound phage were pelleted by 

centrifuging the microcentrifuge tube 10 minutes at 10,621 x g at room temperature.  The 

unbound phages were then removed by aspirating and collecting the liquid layer into a 

separate microcentrifuge tube.  The bacterial pellet containing bound phage was washed 

by repeating the PBS rinse, resuspension, and centrifugation once to minimize loss of 

pellet.  For elution of bound phage, the resuspended pellet was transferred to a fresh 

microcentrifuge tube, and 500 μL of 0.5 M glycine, pH 2.8 was added.  The tube was 

incubated end-over-end at room temperature for 10 minutes and quickly centrifuged at 
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10,621 x g for 10 minutes to pellet bacterial cells.  The eluted phages contained in the 

supernatant were collected and transferred to a new microcentrifuge tube and neutralized 

with 50 μL of 1 M Tris-HCl, pH 8.0.  Eluted phages were stored at 4°C until use. 

Titering the Phage  

Culture supernatant containing untitered phage were serially diluted in PBS, and 

100 μL of the10-2, 10-4, 10-6, 10-7, and 10-8 was added to 1 mL of exponentially growing 

E. coli TG1 (OD600 of 0.2 to 0.4).  Infected TG1 was then incubated for 20 minutes in a 

37°C water bath.  One hundred microliters of each dilution of infected cells was spread 

onto 2xTY AG plates.  Plates were incubated overnight at 37°C, and colonies were 

counted and recorded corresponding to each phage dilution. 

Amplification of the Selected Phage  

Following elution of phage from panning, 0.5 mL of neutralized eluted phage was 

used to infect 1.5 mL of exponentially growing E. coli TG1 cells.  The TG1 cells were 

incubated for 30 minutes at 37°C, and the full 2.0 mL of culture was spread onto five 

2xTY AG plates using 0.4 mL of culture per plate.  Plates were incubated overnight at 

37°C.   

To grow phage, the lawn of bacterial cells was scraped off the plate the following 

day by first adding 1 mL of 2xTY AG medium to the plate and pipetting the lawn 

suspension into a microcentrifuge tube.  The lawn scraping was repeated for all plates 

and cell suspensions were pooled and vortexed to mix thoroughly.  Fifty microliters of 

the concentrated suspension of cells was added to 100 mL of 2XTY AG medium, and an 

initial OD600 reading was recorded.  The cells were grown shaking with aeration to late 

exponential phase (OD600 of 0.4 to 0.6).  Ten mililiters of this culture was aliquoted to a 
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separate container and superinfected with Hyperphage to a calculated multiplicity of 

infection (MOI) of 20.  Cells were incubated in a 37°C water bath for 30 minutes and 

spun down in a centrifuge at 10,621 x g for 5 minutes at room temperature to pellet 

bacteria.  The supernatant was discarded, and the cells were resuspended in 100 mL of 

2xTY containing 1% (w/v) glucose, 100 μg/mL ampicillin, and 50 μg/mL kanamycin 

(2xTY AK).   This resuspension was incubated shaking with aeration overnight at 30°C. 

The following day the culture was spun down at 10,621 x g for 10 minutes at 4°C, 

and the supernatant containing phage was collected.  Phages were then precipitated by 

slowly adding 25 mL 20% (w/v) of polyethylene glycol (PEG)/2.5 M NaCl with 

continuous swirling.  The mixture incubated on ice at 4°C for a minimum of four hours.  

The precipitation mix was then spun down at 5,400 x g for 20 minutes at 4°C.  The small 

whitish pellet was resuspended in 20 mL of PBS, and the spin was repeated to remove 

excess PEG.  Following this pellet rinse, the phage pellet was suspended in 1 mL of PBS, 

aliquoted, and saved at 4°C until titered and used for the next round of panning.  The 

phages were titered and diluted up to 4 mL in casein blocking buffer and used in either a 

pre-coated immunotube or to cells in suspension as described above.   

Panning without Amplification 

 Phages recovered from a prior round of panning were used for further rounds of 

panning without amplification by diluting the eluted phage in up to 4 mL of casein 

blocking buffer and added to a pre-coated immunotube or to cells in suspension.   

Production of Soluble Antibody Fragments (scFv antibodies)  

 Phage possessing positive binding to a selected antigen via ELISA and Western 

blot were used to infect nonsuppressor E. coli HB2151, which does not translates the 
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TAG amber stop codon between the scFv-pIII fusion as a stop in the phagemid vector.  

The scFv gene is preceded by a pelB leader sequence, and thus, the scFv protein is 

secreted to the periplasmic space and to the culture media.   

 One mililiter of exponentially growing E. coli HB2151 was infected with 100 μl 

of phage and incubated for 30 minutes at 37°C.   One-hundred microliters of infected 

cells were plated on 2xTY AG plates to select for transformed colonies and allowed to 

incubate overnight at 37°C.  The following day, randomly selected colonies were picked, 

grown overnight in 2xTY AG (0.1% glucose) at 37ºC, then were diluted 1:20 in 2xTY 

AG (0.1% glucose).  Cells grew to an OD600 of 0.6 to 0.8, then induced with the addition 

of IPTG to a final 1 mM concentration.  The induced culture continued to grow shaking 

overnight at 30°C.  The supernatant was collected the following day by centrifuging cells 

out at 4°C for 10 minutes at 13,800 x g.  

DNA Manipulations  

Plasmid Extractions  

Plasmid extractions were done using QIAprep Spin Miniprep kit (Qiagen) for 

cultures up to 10 mL and Plasmid Midi kit (Qiagen) for culture volumes of 50 to 100 mL. 

All extractions were performed according to the manufacturer instructions.  

Genomic Extraction 

 Genomic extraction of L. monocytogenes sequenced strain EGDe was performed 

using DNeasy (Qiagen) Genomic Extraction kit.  A 3 mL culture was pelleted and 

suspended into 180 μL of enzymatic lysis buffer (20 mM Tris-HCl, pH 8.0, 2 mM 

EDTA, 1.2% Triton-X 100 (Fisher), 20 mg/mL lysozyme (Sigma)).   
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Restriction Enzyme Manipulations  

Restriction enzyme digestions were done with enzymes purchased from Invitrogen, 

Rockville, MD; New England BioLabs, Beverly, MA; and Promega, Madison, WI, and 

were used according to manufacturer instructions.  

Agarose Gel Electrophoresis  

DNA was resolved on 0.7 to 1% (w/v) agarose gels using Tris-borate-EDTA buffer 

(89 mM Tris, 89 mM boric acid, 2 mM EDTA) containing 10 µg/mL ethidium bromide.  

Gel electrophoresis was done at 100 V, and the DNA bands were visualized on a UV 

transilluminator.  

Polymerase Chain Reaction (PCR)  

Polymerase chain reaction was used to amplify the listeria Auto protein (lmo1076) 

from genomic DNA extracted from EGDe cells for subcloning into pET19b protein 

expression vector.  The recombinant protein was subsequently used for panning.  Primers 

were designed to exclude the 26 amino acid signal sequence and to anneal and amplify 

the N-terminal autolysin domain between amino acids 75 and 243.  Primers used were 

lm-Auto-5’ and lm-Auto-3’containing XhoI and BamHI restriction sites respectively 

(Sigma GENOSYS). 

lm-Auto-5’: CCTCGAGGCTGAAACAACTAATGGAGTAG 

lm-Auto-3’: GGGATCCTTAATCATATTGAGTCAAATTATATGAAG 

 The PCR conditions were 30 cycles of denature at 95°C, 1 minute; anneal at 57°C 

(first 10 cycles) and 65°C (last 20 cycles), 1 minute; extension of 72°C, 1 minute.  The 

final PCR product has a calculated size of 668 base pairs.  
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Construction of lm-Auto-pET19b Plasmid Expression Vector (pGTR1499) 

The lm-aut-PCR product was resolved on a 0.7% agarose gel, and a single band 

corresponding to the 668-bp lm-aut amplified product was excised.  Since polymerase 

chain reaction was performed with high fidelity Pfu polymerase (Stratagene), the PCR 

product was reacted additionally with Taq polymerase to incorporate overhang dATPs 

necessary for subcloning into pCR 2.1-TOPO linear vector (Invitrogen).  TOPO was 

selected for ease of capture of PCR product.  Following cloning of the lm-aut into pCR 

2.1-TOPO, a mixture of the Taq treated-fragment and vector was electroporated at 1.25 

kV into E. coli TOP10 cells (Invitrogen) and incubated with 1 mL of LBN medium at 

37°C for 30 minutes.  The culture was plated on LBN agar spread with 40 μL of 40 

mg/mL 5-Bromo-4-chloro-3-indolyl β-D-galactopyranoside and supplemented with 40 

μg/ml kanamycin to select for transformed colonies.  Separately, pET19b was 

electroporated into E. coli BL21 DE3 Tuner cells and plated on a LBN-Amp plate.  The 

plates were incubated overnight at 37°C. 

The following day both TOP10 and Tuner white colonies were selected, passaged 

on LBN-Kan or LBN-Amp plates, and plasmid was extracted.  Plasmids were miniprep 

extracted (Qiagen) and resolved on a 0.7% agarose gel to confirm plasmid size.  The pCR 

2.1-TOPO-lm-aut plasmid was restriction enzyme digested with XhoI and BamHI to 

obtain the fragment corresponding to lm-aut prior to ligation.  pET19b was also XhoI / 

BamHI digested to linearize the plasmid.  Digested plasmid and insert fragments were 

resovled on a 0.7% agarose gel.   

The bands corresponding to lm-aut and to linearized digested pET19b were gel 

excised / extracted (Qiagen), ligated, and electroporated into E. coli TOP10.  Cells were 
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plated on LBN-Amp plates, and random colonies were selected for plasmid extraction.  

Extracted plasmids were resolved on a 0.7% agaorse gel to confirm sizes.  The correct 

fragment orientation within the plasmid was further confirmed by restriction enzyme 

digestion with XhoI / BamHI and resolved on a 0.7% agarose gel.  Finally, selected 

plasmids meeting these criteria were then electroporated into E. coli Tuner, plated on 

LBN-Amp for transformation selection, and colonies were selected the next day.  

Plasmids were extracted and resolved on a 0.7% agarose gel for verification.  

Construction of scFv-Avitag Plasmid Vectors 

To improve the usefulness of the scFv antibodies, they were biotinylated by cloning 

the scFv gene into pAC Avitag vectors and expressing them in E. coli AVB100 cells 

(Avidity).  Avitag is a 15-peptide sequence specifically biotinylated by the BirA enzyme 

of E. coli.  Plasmid vectors pAC4, pAC5, and pAC6 contain the sequence coding for the 

Avitag peptide distal to a multiple cloning site. The E. coli AVB100 strain has birA 

stably integrated into the chromosome under the control of AraC.  

The genes coding for anti-listeria whole cell scFv, anti-flagella scFv, and anti-BSA 

scFv were cloned into the pAC5 Avitag vector.  Anti-BSA antibodies were biotinylated 

and tested as a model for the scFv antibodies.  

Plasmid DNA was extracted from E. coli TG1 cells containing plasmids encoding 

the anti-whole cell, anti-flagella, and anti-BSA scFv antibodies.  Restriction digestions 

were done with HindIII and NotI to obtain the fragment containing the ribosome binding 

site, the pelB leader sequence, and the entire scFv gene (Figure 1-1).  The 5’ overhangs 

were filled in with Klenow fragment of DNA polymerase I (Invitrogen).  

The digestion mixture was resolved on a 0.7% (w/v) agarose gel, and the fragment 

corresponding to HindIII/NotI band was excised.  The DNA was extracted from the 
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agarose gel using a Gel Extraction kit (Qiagen).  Plasmid vector pAC5 was digested with 

SmaI to linearize the plasmid, and the HindIII/NotI fragment was blunt end ligated into 

the vector.  

With anti-BSA scFv, another plasmid was constructed without the pelB leader 

sequence by digesting the plasmid with NcoI and NotI to obtain only the scFv gene.  

After digestion with NotI, the 5’ overhang was filled in with Klenow fragment of DNA 

polymerase I and then digested with NcoI, which cuts at the 5’ end of the scFv gene.  The 

digestion mixture was resolved on a 0.7% (w/v) agarose gel, and the fragment 

corresponding to NcoI/NotI band was excised.  pAC5 Avitag vector was digested with 

NcoI and SmaI, the gel-purified fragment was ligated into the vector. 

 

 

 

 

Figure 2-1: Vector map of pIT2 phagemid vector. The vector map of pIT2 phagemid 
vector used in constructing the Tomlinson libraries. RBS-Ribosome binding 
site. pelB-leader peptide sequence. VH and VL-genes coding for heavy and 
light chains, respectively. Linker- (Gly4Ser)3 linker sequence. Amber stop 
codon is at the junction of c-myc tag and gIII gene. Not shown in the figure 
are E. coli ColE1 ori, M13 ori, and bla. 

 
 

Protein and Flagella Manipulations  

Extraction of Flagella 

L. monocytogenes cells were enriched for flagella by using a sterile needle to 

vertically puncture soft agar motility plates (LB with 0.5% w/v agar) from an 

exponentially growing listeria culture.  The plate was incubated at room temperature 
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(25°C) to induce flagellar expression.  Following 48 hours, a sterile loop was used to 

carefully excise bacterial cells from the outer perimeter of the growth ring on the motility 

plate.  This region should be enriched for bacterial cells possessing the flagellated 

phenotype, which were therefore used to inoculate a 1L shaking culture in BHI following 

visual motility confirmation under light microscope.  Cells were shaken with aeration 

overnight at 25°C, and the following day the entire volume was spun down at 15,000 x g 

for 10 minutes at room temperature.  The pellets were serially resuspended in 100 mL of 

PBS, and the cell suspension was transferred to an Osterizer blender.  Cells were 

homogenized at maximum speed for 2 minutes to mechanically shear off the flagella.  

The homogenized mixture was spun at 15,000 x g for 10 minutes at 4°C to pellet cellular 

debris and cells.  The liquid portion was removed from the pellets, and the spin was 

repeated. The flagella-containing supernatant was ultracentrifuged in a swinging-bucket 

rotor at  for 3 hours at 4°C at 180,000 x g.  A small whitish pellet was observed, and the 

liquid layer was carefully decanted off.  The pellet was then suspended in 10 mL of PBS 

containing 0.02% (w/v) sodium azide (Sigma) and stored at 4°C.   

Recombinant Protein Expression of Auto Protein 

Target genes cloned into pET19b are under control of a strong bacteriophage T7 

promoter, and therefore target gene expression is accomplished by providing a source of 

T7 polymerase.  The T7 polymerase transcripts on the E. coli Tuner genome is controlled 

by an upstream lac promoter which is bound by the lac repressor (LacI).  Target gene 

transcription begins by the addition of IPTG which removes the lac repressor and allows 

for transcription and translation of T7 RNA poylmerase.   Once a source of T7 RNA 

polymerase is provided within the cell, the target gene is also transcribed and translated at 
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a high rate since IPTG is non-metabolizable.  Therefore, when this vector is used, the lac 

repressor functions as both a promoter in the host chromosome to repress T7 RNA 

polymerase and to also function at the vector to block any transcription of the target gene 

by any T7 polymerase that is made.   

 

 

 

 

Fig 2-2: pET-19b cloning/expression region. 

Following verification of the correct subcloned lm-auto fragment into pET19b in E. 

coli Tuner cells, a 10 mL standing overnight culture of E. coli Tuner (pGTR1499) was 

diluted into 1 L of 2xTY containing no glucose and supplemented with 100 μg/mL 

ampicillin.  The culture was grown shaking with aeration at 37°C until an OD600 of 

approximately 0.7 was reached.  One mililiter of pre-induced cells was collected for 

SDS-PAGE quantitation purposes.  Ten mililiters of 100 mM IPTG was then added to the 

1 L of cells for a final concentration of 1 mM IPTG.  The culture was shaken for 4 hours 

at 37°C with one mililiter aliquots removed every hour.  The culture was then spun down 

at 6,000 x g for 10 minutes at 4°C.  The supernatant was saved, and the pellets were 

frozen overnight at -20°C. 

Bacterial Cell Lysis Extraction of Recombinant Auto Protein 

Extraction of the recombinant Auto protein from E. coli Tuner host expression cells 

was performed using CellLytic™ B II Cell Lysis Extraction Reagent (Sigma-Aldrich) 

according to manufacturer’s instructions.  For large scale purification, protein was 
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extracted using 35 mL of CellLytic™ B II from approximately  7 grams of a frozen cell 

paste. 

Nickel-column Affinity Purification of His-tagged Proteins 

Proteins with exposed histidine residues, especially (His)6 can be selectively 

retained on affinity columns pre-charged with Ni2+ ions.  Tagging the scFv or lm-Auto 

with (His)6 allows for strong binding of these proteins to the charged column, His-tagged 

proteins can be eluted with buffers containing imidazole, thus allowing for purification 

from E. coli culture supernatant.   

HiTrap HP 1 mL columns, (Amersham BioScience, Piscataway, NJ) samples, and 

buffers were incubated at room temperature prior to proceeding with purification of 

proteins.  After column was rinsed with five column volumes (5 mL) of binding buffer 

(20 mM imidazole, 1X PBS), 25 to 50 ml of 20 mM imidazole-equilibrated sample was 

loaded onto the column with a syringe with an approximate flow rate of 1 mL per minute.  

The column was rinsed with another five column volumes of binding buffer, and bound 

sample was eluted by utilizing a step-gradient of 100 mM, 300 mM, and 500 mM 

imidazole in 1X PBS in 5 mL column loads.  All column flow-through, rinse, and 

elutions were collected and examined by SDS-PAGE to verify purification of protein.  

Chemical Biotinylation of scFv 

Alternately, simple chemical biotinylation of scFvs and polyclonal antibodies was 

utilized as a quick method to assist in detection enhancement.  Following nickel column 

purification of His-tagged scFv, imidazole was removed by buffer exchange using 

AmiconUltra (Millipore) 10 KDa molecular-weight cut-off spin concentrators and 

suspending in 0.5 M sodium-carbonate bicarbonate buffer, pH 9.2.  Protein concentration 
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was determined by DC Protein assay (BioRad) and the scFv was diluted to a final 

concentration of > 1.0 mg/mL in bicarbonate buffer.   

For biotinylation, a 1.0 mg/mL solution of (+)-Biotin N-hydroxysuccinimide ester 

(NHS-biotin, (Sigma-Aldrich)) was made by dissolving 3 to 5 mg in an equivalent 

volume ratio (i.e. 3 to 5 mL) of dimethyl sulfoxide (DMSO, (Sigma-Aldrich)).   One-

milligram of antibody was aliquoted into a glass vial, and 100 μL of the NHS-

biotin/DMSO solution was added dropwise with constant stirring.  The biotin-antibody 

solution was incubated for three hours at room temperature in the dark.  To halt the 

biotinylation reaction, the biotinylated antibody was dialyzed overnight at 4°C in 1 L of 

PBS, an additional three hours at room temperature in fresh 1 L of PBS, and 

aliquoted/stored at 4°C until ready for use.  Alternatively, excess unreacted biotin can be 

buffer exchanged using filter spin concentrators.  Antibody concentration is assumed to 

still be approximately 1.0 mg/mL. 

Determination of Protein Concentration  

Quanitation of protein was performed by use of DC Protein Assay (BioRad) read at 

630nm with an ELx 800 UV plate reader (BioTek, VT).  Proteins suspended in buffers 

containing imidazole were first buffer exchanged by centrifuging protein in Amicon Ultra 

10 KDa molecular-weight cut-off spin concentrators (Millipore) at 4,000 x g for 10 

minutes at room temperature and suspending in either bicarbonate or PBS to remove 

interfering substances prior to determining protein concentration. 

Sodium Dodecyl Sulfate-Polyacrylamide Gel Electrophoresis (SDS-PAGE)  

ReadyGel Tris-glycine 10% (w/v) PAGE gels (Bio-Rad) were used with the 

MiniProtean Electrophoresis system (Bio-Rad) for SDS-PAGE of protein samples. The 



43 

 

samples were diluted 1:2 in Laemmli sample buffer (Bio-Rad), and dilutions were made 

as necessary. When whole bacterial cells were used as antigens, 108 CFU were suspended 

in Laemmli sample buffer and boiled for 10 min.  Electrode buffer was 25 mM Tris, 0.17 

M glycine, and 0.1% (w/v) SDS.  The samples were electrophoresed for 1 hour at 100 V.  

Coomassie Blue Staining for Proteins  

Proteins in SDS-PAGE were fixed in 50% (v/v) methanol, 10% (v/v) glacial acetic 

acid in water for 30 min. The gel was stained with 0.1% (w/v) Coomassie Blue R, 50% 

(v/v) methanol, 7% (v/v) glacial acetic acid and agitated gently for 30 min. The gel was 

destained with 5% (v/v) methanol, 7% (v/v) glacial acetic acid in water. When the protein 

bands appeared the gel was dried, and a photograph was taken. 

Tsai-Frasch Silver Staining 

Proteins in SDS-PAGE were fixed in 40% (v/v) ethanol, 5% (v/v) glacial acetic 

acid in water overnight.   Carbohydrates were oxidized by incubating the fixed gel in 

0.7% (w/v) periodic acid, 40% ethanol, 5% glacial acetic acid for five minutes.  The gel 

was then washed three times in ddH2O using 15 minutes per wash.  Fresh stain is 

prepared by titrating Reagent A (27.7 mL ddH2O, 280 µL 10M NaOH, 2 mL NH4OH) 

with dropwise additions of Reagent B (20% w/v AgNO3, 5 mL ddH2O).  The titrated 

reagent was added to 115 mL of ddH2O and stirred briefly.  Staining solution was quickly 

transferred to a dish and the gel was added.  Staining was allowed to proceed no longer 

than 10 minutes.  The gel was then developed with 1X Developer (5X Tsai-Frasch 

developer: 50 mg citric acid, 0.5 mL 37% (v/v) formaldehyde, 200 mL ddH2O) for 3 to 

10 minutes with constant gentle shaking.  The developed gel was then placed in dH2O to 

finish. 
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Immunoblotting 

The antigens in the SDS-PAGE gels were transferred onto a nitrocellulose 

membrane for reaction with monoclonal antibodies, phage, or scFv antibodies according 

to the procedure of Towbin et al. A Mini TransBlotting cell (Bio-Rad) was used for the 

wet blotting technique. The transfer buffer used was 25 mM Tris, 192 mM glycine, and 

20% (v/v) methanol. A voltage of 100 V was applied for 1 hour at room temperature.  

Protein transfers were confirmed by staining the membrane with 0.3%  

Ponceau S dissolved in 3% trichloroacetic acid (TCA) and rinsing with dH2O or 0.3% 

TCA.  The nonspecific binding sites on the membrane were blocked with casein blocking 

buffer.  Primary antibody diluted in casein blocking buffer was added and incubated for 1 

h with continuous rotation.  The membrane was washed with 100 mL Tris buffered saline 

with 0.1% (w/v) Tween 20 with gentle agitation.  The membrane was incubated with 

secondary antibody diluted in blocking buffer for 30 minutes with continuous rotation 

followed by another three washes as described above.  The development of the reaction 

was done by placing the membrane in 100 mL of substrate solution and observing the 

appearance of bands. The substrate used for secondary antibodies conjugated with 

horseradish peroxidase was 4-chloro-1-naphthol (4CN) (Fisher) prepared according to 

manufacturer instructions. The development reaction was stopped by removing the 

membrane from the substrate and placing in water. The membrane was scanned using an 

UMax photo scanner.
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CHAPTER 3 
RESULTS 

Rationale for Study 

There needs to exist a rapid, specific, and efficient detection system of food borne 

pathogens to address the ease with which  pathogens can infiltrate public food supplies, 

the growing threat of bioterrorism, and the increased interest in biodefense.  Such a 

system would be of great utility not only for the protection of food, water, and drug 

supplies for the general public (111).  The fiber-optic waveguide biosensor uses 

antibody-based reagents that optimize critical specificity to pathogenic agents, 

incorporating both portability and ease of use.   This thesis describes the efforts made to 

isolate recombinant antibody fragments specific for the detection of pathogenic              

L. monocytogenes, utilizing phage display.        

The specific aims of this study were: 

1. To isolate recombinant phage display antibody fragments to                        

L. monocytogenes, both whole cells and surface proteins. 

2. To optimize and manipulate these immunological reagents to improve their 

usefulness in the biosensor system. 

Specific Aim 1: Isolation of Phage Display Antibody Fragments to Listeria 

A naïve recombinant human antibody library was used for the selection of monoclonal 

scFv antibodies to L. monocytogenes cells in suspension.  For panning, 109 listeria cells 

were suspended in casein blocking buffer, and 1011 TU of Tomlinson I Human Synthetic 

VH + VL Library was added.   Following one hour, four hours, or overnight incubations 
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(see Materials and Methods), the phage antibodies were eluted with a low pH glycine 

buffer.  Phages recovered from the elutions were utilized for any subsequent panning 

rounds or to infect E. coli TG1 for amplification of phages.  To grow phages, infected 

TG1 cells were superinfected with Hyperphage overnight.  The following day the phage-

containing culture supernatant was used for immunological analysis or was used for 

concentrating phages by PEG precipitation.  An ELISA either with the phage produced 

from all the pooled clones (polyclonal phage ELISA) or with the phage produced from 

each individual clone (monoclonal phage ELISA) tested the amplified phages thus 

obtained.  

scFv-Phage Antibodies to Whole L. monocytogenes Cells Demonstrate Variable 
Reactivities 

L. monocytogenes serovar 1/2a cells were chosen for all panning experiments.  

Panning was performed using 109 cells rinsed in PBS and suspended in casein blocking 

buffer.  The effects of the addition of 0.1% (w/v) Tween-20 detergent in the wash steps of 

a panning round were considered in the isolation of high affinity scFvs.  Because the 

library is comprised of a mixed pool of phages displaying scFvs possessing low to high 

affinities for their target antigen and because we were unsure of the nature of the cell 

surface target, our initial goal was to obtain a high quantity of phages irrespective of their 

affinities for L. monocytogenes, although a high affinity phage was desirable.  A high 

number of wash steps that included detergent would remove those phages that bound 

with low affinity to cell surface epitopes, although this would simultaneously increase the 

probability of losing potentially useful phages (phages with a lower affinity but 

possessing high specificity).   Therefore, we performed the initial panning attempt to 
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whole cells in two parallel experiments: wash steps with detergent or wash steps using 

PBS alone.  

For expediency, panning to whole cells was performed without the amplification of 

eluted phages.  Phages that were eluted from the cells in the first round were neutralized 

then immediately used for the subsequent two further rounds of panning to whole cells in 

suspension.  From the original 1011 phages used in the first panning round, no phages 

were recovered by the end of the third round when using detergent.  Forty phages were 

recovered from panning without using detergent.  After the final round of panning, the 

eluted phages were used to infect E. coli TG1 cells.  Because we did not recover phages 

from the third round using detergent, we used phages eluted from the second round, 

which had a titer of 700 TU/mL.  Fifteen colonies were randomly selected and screened 

from the two parallel panning procedures.  Seven clones, 1-1 through 1-7, were isolated 

from the panning to whole cells utilizing detergent in the wash steps, and eight clones, 2-

1 through 2-8, were isolated from the panning to whole cells using PBS alone.  The 

reactivities of these clones were examined in a whole cell ELISA.  S:N ratios were 

calculated for all phages screened in the ELISA using the mean absorbance signal of 

wells that contained antigen divided by the mean absorbance signal of wells coated with 

buffer alone (blank wells).  An arbitrary S:N cut-off value of 2 was used to initially 

discriminate positive clones from negative.  The ELISA results of the first panning 

attempt without amplification are summarized in Fig. 3-1A. 

In our first screening, a single clone, 1-3, had a S:N twice that of the blank, 

uncoated wells (S:N=2, n=2).  Repeated optimization of the assay (excluding day-to-day 

variability) later increased the S:N to 4.  There was a significantly greater quantity of 
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Figure 3-1.  ELISA analysis of phages isolated following whole cell pannings to                

L. monocytogenes serovar 1/2a cells in suspension.  For the assay, listeria cells 
were diluted in PBS, coated into microwells, and probed with phages (see 
Materials and Methods).  Bound phages were detected with a mouse anti-M13 
secondary antibody conjugated to HRP.  Absorbances measured at 630 nm, 
and used to calculate signal to noise ratios (mean antigen-coated well 
absorbance / mean blank well absorbance) for each phage clone.  Whole cell 
panning isolated 160 clones performed in three attempts: (A) Attempt #1, (B) 
Attempts #2 and #3.  (n=2 wells) 

A 
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phages that eluted when we did not include detergent in the wash steps, and we therefore 

reasoned that adding 0.1% Tween required phages to bind with higher affinity.  Thus, all 

later panning attempts included the addition of Tween in the wash steps. 

Subsequent panning experiments to whole cells in suspension also included an 

amplification step as described in the Materials and Methods to obtain a higher quantity 

of phage clones after elution.  Two additional panning attempts were made to cells in 

suspension.  Three rounds of panning were used for each experiment.  Phages obtained 

following each round of panning were titered prior to beginning any subsequent panning 

round.  Each panning experiment to whole cells began with a library of approximately 

1011 phages. 

Following the first round of panning to whole cells with amplification, the 

concentration of phages eluted was approximately 104 TU/mL.  Following three rounds 

of panning, the number of phages eluted increased to a final concentration of 107 TU/mL.  

Listeria specific clones were being enriched.  One hundred sixty three of 107 phages were 

screened to whole L. monocytogenes serovar 1/2a cells by ELISA.  Two panning 

experiments were performed with amplification, and their ELISA results are summarized 

in Figures 3-1A and 3-1B.   Ten of the 163 clones were positive in their detection of 

listeria, demonstrating S:N ratios between 2 to 6.  From the three panning experiments, 

we selected nine phage clones that demonstrated the highest S:N ratios to characterize 

their binding reactivities further.  

Phage clones can be substituted for monoclonal antibodies in most typical antibody 

applications.  The nine phage clones we selected were used in Western blots as primary 

detecting antibodies.   Listeria cells were boiled in 2% (w/v) SDS, and the proteins were 
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resolved by SDS-PAGE.  These antigens were then transferred to a nitrocellulose 

membrane and were probed with each of the nine phages obtained from the whole cell 

pannings or with a rabbit anti-L. monocytogenes polyclonal antibody (PAb).  Except for 

the PAb, there were no visible bands using the whole cell clones (data not shown).   

The ability of the phages to distinguish L. monocytogenes serovar 1/2a from 10 

different serovars of L. monocytogenes as well as L. innocua, L. welshimeri, L. seeligeri, 

and L. ivanvoii was tested by ELISA.   The results in Fig. 3-2 show that reactivity was 

highly variable, and none of the clones demonstrated outstanding specificity to any 

Listeria species or serovar.  Of the five clones in this figure, all demonstrated a relatively 

high degree of reactivity to serovars 1/2a, 1/2b, 1/2c, 3a, 3b, and 3c.  This reactivity (S:N 

between 3 to 7) demonstrated S:N ratios twice that of serovars 4a though 4d (S:N of 1 to 

2).  These reactivity values slightly rose in detection of L. ivanovii and L. seeligeri (S:N 

of 2 to 4) and dropped for L. innocua (S:N of 1 to 2).  The multispecific PAb, as 

expected, had relatively high reactivities (S:N of 4 to 13) to all Listeria spp. except L. 

monocytogenes serovar 1/2c (S:N of 2).  However, in repeated attempts, the phages tested 

here reacted equally well with L. monocytogenes serovar 1/2a (the original panning 

serovar) as with non-pathogenic L. innocua.  Repeated attempts did not reproduce any 

noticeable reactive patterns to specific serovars or species outside day-to-day variability 

for either the phages or the PAb. 
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Figure 3-2.  ELISA cross-reactivity of five whole cell Listeria phage clones.  Listeria 

cells were diluted in PBS, coated into microwells, and probed with phages or 
a rabbit anti-Listeria polyclonal antibody using procedures described in the 
Materials and Methods.  α-M13-HRP or goat anti-rabbit Ig-HRP antibodies 
were used as secondary reagents.  Key indicates L. monocytogenes serovars 
1/2a through 4d and L. monocytogenes 10403S.  (n=2 wells) 
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A competitive inhibition ELISA was also performed to demonstrate the binding 

affinity of the phages to whole L. monocytogenes.  The inhibition ELISA allowed for 

observations of specific or non-specific interactions of the phage clones with the native 

states of surface-exposed antigens on the listeria cells.  This also mimicked the conditions 

used in the panning experiment.  A quantified amount of phages (109 TU/mL) was first 

incubated with L. monocytogenes or Enterococcus faecalis cells, then loaded into listeria-

coated microwells.  The ELISA was then performed using the standard procedures as 

stated in Material and Methods.  Phages could either bind to cells within the pre-mix 

suspension (pre-absorbed phages) or to the cells coated in the microwells.   Pre-absorbed 

phages were washed away with the cells they were bound to, leaving a smaller quantity 

of phages bound to cells in the microwells.  Therefore, the decreases in absorbance signal 

values were directly related to the quantity of phages removed by pre-absorption.  We 

represented these absorbance values (or inhibition effect) as a percent decrease.  The 

inhibition effect was calculated using the A630 generated in microwells that received pre-

absorbed phage to the A630 of microwells that received unabsorbed phage.  Inhibition to 

BSA-coated wells was also measured using a phage specific for BSA, not for Listeria, in 

the competition ELISA.  Additionally, E. faecalis was substituted for L. monocytogenes 

in a parallel competition reaction.  The format of our ELISA did not allow for 109 CFU to 

be competed with the anti-BSA phage.  The results of the inhibition ELISA are 

represented in Fig. 3-3. 

By competing 109 TU of clone 1-3 with serial dilutions of L. monocytogenes 

serovar 1/2a cells, the optimum inhibition was determined to be between 107 to 109 CFU.  

Later repeated experiments that utilized this same format and conditions never achieved 
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Figure 3-3.  Competition effect of mixing phages and cells in an inhibition ELISA.  

Competing cells were serially diluted from 109 to 107 CFU/mL and mixed 
with 109 TU/mL of whole cell phage 1-3 or BSA phage.  Following 
competition, bound phages were detected with α-M13-HRP.  % inhibition = 
100-[(inhibited wells/uninhibited wells)*100]. Linear regression trendlines 
indicated for whole cell clone 1-3 with respective R2-values. (n=2 wells). 

linear regression 
(WC phage + listeria 
cells) 
 
linear regression 
(WC phage + 
E.faecalis cells) 
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inhibition of the anti-Listeria clones above 80%.  The competition ELISA was then 

repeated using this range of diluted cells.  Inhibition occurred for both the anti-BSA 

phage and anti-Listeria phage when pre-mixed with L. monocytogenes but at different 

levels.  At 107 listeria cells, the anti-BSA phage reactivity dropped to 74% (inhibited 

26%).  The inhibition effect increased an additional 6% when the quantity of cells 

increased to 108 CFU.  In comparison, the inhibition effect of clone 1-3 increased from 

30% to 46% when the cell quantity increased from 107 to 108 CFU.  The whole cell clone 

reactivity dropped to 40% (60% inhibition) when the cell concentration increased to 109 

CFU/mL.  The difference between the anti-Listeria clone and anti-BSA clone reactivity 

to 108 listeria cells was significant (p=0.008) as measured using the two-sample t-test.  

This suggested that the anti-Listeria phage had higher specificity for L. monocytogenes 

cells than the anti-BSA phage.    

To further understand the interaction of the anti-whole cell phages with                 

L. monocytogenes cells, we measured the inhibition effect in the presence of a unrelated 

bacterium.  Less inhibition was observed in the presence of E. faecalis.  Using 107 E. 

faecalis cells, the anti-BSA phage retained 92% (8% inhibition) of its binding reactivity 

to its target antigen, BSA, and retained 80% of its binding reactivity when the competing 

cell concentration was increased to 108 cells.  This result contrasted to the results using 

whole cell clone 1-3 when competed with E. faecalis. Using 107 cells, clone 1-3 retained 

only 62% of its binding reactivity, and decreased to approximately 50% using 109 cells.  

When we compared the inhibition of the whole cell clone using 108 listeria cells to 108 

enterococcus cells, the p-value was 0.064.   
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These results suggested that the inhibition of the whole cell clone observed to L. 

monocytogenes might not be significant when compared with other bacterial species.  

However, a significant difference (p=0.0041) was seen when we compared the anti-

Listeria clone and the anti-BSA clone in the presence of 108 E. faecalis cells.  Therefore, 

although the anti-Listeria phage could be absorbed out with listeria cells (no more than 

80%) as expected, almost half could also be absorbed out by cells that were not used in 

the original panning.   

The ability of the anti-Listeria phages to bind to protein or carbohydrate targets on 

L. monocytogenes serovar 1/2a cells was tested by treating the listeria cells with either 

proteinase K or sodium meta-periodate, respectively.  Proteinase K preferentially cleaves 

at aliphatic aromatic amino acid residues, although this cleavage is sometimes ambiguous 

if the protein being cleaved is not known.  Periodate oxidation has been widely used to 

oxidize hydroxyl groups to aldehydes.  Since the target antigens were most likely 

proteinaseous or carbohydrate, following treatment by one or the other reagent, the 

mono-specific anti-Listeria phages should not have bound to the altered antigen target.  

This would assist in determining if the epitope recognized was protein or carbohydrate in 

nature.  We devised a simple direct ELISA and coated a microtiter plate (96 well) with  

L. monocytogenes serovar 1/2a cells or BSA, as well as no antigen (blank wells).  The 

ELISA was performed with standard procedures using the PAb, anti-BSA phage, or 

whole cell phages as primary detecting antibodies.   

The results of the direct treatment of cells in the ELISA are in Table 3-1. 
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Table 3-1.  Detection of L. monocytogenes serovar 1/2a with whole cell phages by ELISA 
following periodate and proteinase treatment of cells.  

antibody a cell treatment b Positive well c Blank well Signal to Noise
(A 630 ) (A 630 )

PAb untreated 0.90 ± 0.022 0.07 13
sodium metaperiodate treated 0.70 ± 0.028 0.13 5.3
proteinase K treated 0.84 ± 0.015 0.07 12

BSA phage untreated 1.4 ± 0.038 0.06 24
sodium metaperiodate treated 1.4 ± 0.008 0.07 22
proteinase K treated 1.3 ± 0.103 0.05 23

clone 1-3 untreated 0.45 ± 0.036 0.11 4.1
sodium metaperiodate treated 1.2 ± 0.059 1.06 1.1
proteinase K treated 0.15 ± 0.002 0.08 1.9

clone 17 untreated 0.23 ± 0.001 0.06 4.0
sodium metaperiodate treated 1.2 ± 0.112 0.70 1.7
proteinase K treated 0.07 ± 0.002 0.06 1.1

clone 23 untreated 0.31 ± 0.056 0.06 5.0
sodium metaperiodate treated 0.85 ± 0.071 0.62 1.4
proteinase K treated 0.09 ± 0.016 0.07 1.4

clone 53 untreated 0.45 ± 0.037 0.08 5.5
sodium metaperiodate treated 1.2 ± 0.061 0.85 1.4
proteinase K treated 0.22 ± 0.025 0.09 2.4

clone 8 untreated 0.28 ± 0.004 0.07 3.9
sodium metaperiodate treated 0.90 ± 0.001 0.58 1.6
proteinase K treated 0.09 ± 0.004 0.07 1.3

clone 23 untreated 0.15 ± 0.014 0.06 2.3
sodium metaperiodate treated 0.69 ± 0.059 0.42 1.6
proteinase K treated 0.08 ± 0.003 0.06 1.3

clone 31 untreated 0.38 ± 0.016 0.07 3.4
sodium metaperiodate treated 0.82 ± 0.071 0.63 1.3
proteinase K treated 0.11 ± 0.008 0.07 1.5

clone 43 untreated 0.32 ± 0.052 0.07 4.8
sodium metaperiodate treated 0.32 ± 0.021 0.25 1.3
proteinase K treated 0.07 ± 0.001 0.07 1.0

clone 82 untreated 0.19 ± 0.022 0.06 3.4
sodium metaperiodate treated 0.12 ± 0.027 0.11 1.1
proteinase K treated 0.08 ± 0.005 0.06 1.3

aphages or rabbit anti-L. monocytogenes  polyclonal antibody as primary antibody
bantigens (cells or BSA) treated with PBS, sodium m-periodate, or proteinase K prior to
ELISA
cmean and standard deviation for n=2 wells.  
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As expected, absorbance signals of the PAb to treated or untreated test wells were 

positive and unchanged, with only a slight increase in the background absorbance for 

periodate-treated blank test wells.  There was also no major observable absorbance signal 

variation obtained by pre-treating BSA coated test wells and probing with the anti-BSA 

phage.  Untreated, BSA-coated wells had an absorbance signal of 1.36 and slightly 

increased following periodate treatment to 1.44.  Unexpectedly, there was only a slight 

decrease following proteinase treatment to 1.25.  Proteinase treatment should have 

removed the BSA.  Background signals (blank wells) were equivalent to untreated blank 

wells in all cases.  These results contrasted to the results obtained using the anti-Listeria 

whole cell clones (except clones 43 and 82) where their respective absorbance signals 

significantly increased following periodate treatment, three to five times that of their 

untreated wells.  The respective S:N ratios for these test wells were low, however, 

reflecting a parallel increase in the background signals.  These results were only limited 

to wells that were incubated with the whole cell clones and not the anti-BSA clone.  This 

was an unexpected discrepancy since all of the phages are essentially the same except for 

small peptide sequences contained within their respective scFvs.  Although the periodate-

treated test wells for clones 43 and 82 either remained equal to or only slightly lower than 

the untreated wells, background signals also increased.  

 Following proteinase K treatment, signal absorbances were either reduced to 

background (S:N=1) or reduced to less than half of the absorbances for untreated wells.  

Elevation of background signals following periodate treatment, therefore, was only 

limited to the phages recovered from the whole cell panning and not to the anti-BSA 

phage.  We considered the possibility that proteinase treatment of the listeria cells in the 
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wells directly may have led to cells becoming detached from wells, and repeat 

experiments using the direct treatment of listeria-coated microwells were also 

inconclusive, indicating that the assay needed further optimization.  From these 

experiments, we could not conclude what the nature of the antigen target for the whole 

cell clones was.  The S:N ratios decreased for all clones whether test wells were treated 

with periodate or proteinase K which suggested that the antigen could be a glycoprotein.   

Several attempts were made to collect soluble scFv from the whole cell phage 

clones as well as the anti-BSA clone by infecting the nonsuppressor strain of E. coli, 

HB2151, following the procedures outlined in the Materials and Methods.  The 

production of soluble scFvs was tested by ELISA by coating a microtiter plate (96 well) 

with whole L. monocytogenes serovar 1/2a cells.  The ELISA was carried out using the 

PAb, whole cell phages, their respective scFvs, and anti-BSA phage as primary 

antibodies.  Standard ELISA protocols were followed to detect scFvs bound to cells.  As 

can be seen in Fig. 3-4, controls were all positive, but we did not achieve detection of L. 

monocytogenes with the whole cell anti-Listeria scFvs.  There was successful detection 

of L. monocytogenes cells using phages (except for clones 23 and 43).  

We plasmid extracted the phagemid vectors from the E. coli HB2151 cells to first 

confirm that the pIT2 vector was present for each clone and ran the DNA extracts on 

agarose gels.  After confirming the presence of the plasmids, we repeated the growth and 

induction of the cultures with 1mM IPTG.  Following overnight induction, we 

concentrated the scFv supernatants 10X in Amicon spin concentrators and suspended the 

concentrates to one-tenth their original volumes in PBS.  We tested both the concentrated 

and unconcentrated supernatants as primary antibodies in the detection of whole listeria 
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Figure 3-4.  Comparison of phage and scFv reactivities to L. monocytogenes cells by 
ELISA.  Rabbit anti-Listeria polyclonal antibody (PAb), phages      (109 
TU/mL, and scFvs      (culture supernatant diluted 1:2) were diluted in casein 
blocking buffer then incubated with listeria-coated microwells.  Bound PAb, 
scFv, and phages were detected with either goat anti-rabbit Ig-HRP, protein L-
HRP or α-M13-HRP secondary reagents, respectively.  Anti-BSA scFv and 
phage signal to noise ratios are based on reactivity to BSA coated microwells. 
(mean + S.D., n=2 wells) 

1-3       17        24        53         8         23        31        43        82      BSA   PAb 
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cells by ELISA.  There was no signal generated in the ELISA for either the concentrated 

or the unconcentrated samples for the anti-Listeria clones; signals for all clones were 

equal to blank wells.   

Finally, we asked if the scFv was either present in the supernatant or not secreted 

and still contained within the E. coli host cells.  Although the scFv gene is preceded by a 

pelB leader sequence to assist in secreting the scFv protein to the periplasm, we 

anticipated that a fair percentage of the scFv would still be found in the cell cytoplasm.  

Induced cell supernatants and cells were solubilized in 2% SDS (w/v) and analyzed by 

SDS-PAGE. Western blotting was used to analyze for the presence of scFv in both 

fractions. The results of the Western blot are in Figure 3-5. 

Western blot analysis showed labeling of the 31-kDa scFv in both the cell pellet 

and supernatant for the anti-BSA scFv using either the protein-L or the anti-c-myc HRP-

conjugated reagents.  There was no apparent scFv labeling for the whole cell clone 1-3 in 

either fraction.  These data verified the results obtained in the ELISA.  Because we 

confirmed the presence of the phagemid vector within the cells previously, this suggested 

that the scFv gene was either not being transcribed or translated for the whole cell clone.   

Although we could isolate phages to whole L. monocytogenes by panning in 

suspension, we found it difficult to determine their antigen targets due to the complexity 

of the bacterial surface.  Because of the difficulty in obtaining a soluble scFv from the 

whole cell clones, compiled with their apparent lack of outstanding specificity to any 

Listeria spp., we decided to pursue the development of clones to known listeria surface 

antigens. 
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Figure 3-5.  Expression and detection of clone 1-3 and BSA scFv in E. coli HB2151 
supernatant and cell fractions.  scFvs were expressed using procedures 
described in the Materials and Methods.  Cell pellet and culture supernatant 
antigens were separated by SDS-PAGE and transferred to a nitrocellulose 
membrane for Western blotting.  (1) BSA scFv culture supernatant, (2) BSA 
scFv, cell pellet, (3) clone 1-3 culture supernatant, (4) clone 1-3 cell pellet.  
Antigens were probed with either (A) protein L-HRP or (B) anti-c-myc 
monoclonal antibody conjugated to HRP.  Molecular weight markers (MWM) 
are indicated for each blot.   
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scFv-Phage Antibodies to L. monocytogenes Flagella Recognize Both Glycosylated 
and Unglycosylated Epitopes 

The immobilization of specific surface components on solid supports is an effective 

strategy for isolating scFv from phage displayed libraries.  As an advantage of over 

whole cell panning, the antigen in this case is known and can therefore be used 

effectively in several assay forms.  Murine monoclonal antibodies to the flagellar H-

antigens of bacteria have been used extensively in bacterial identification (112,113).  The 

isolation of bacterial flagella can be performed easily, and the crudely purified flagella 

obtained can be passively absorbed onto polystyrene immunotubes for the panning of 

phage libraries.   Following the procedures described in the Material and Methods, a 

stock preparation of flagella from L. monocytogenes serovar 1/2a was produced (Fig. 6).  

The flagellar preparation was analyzed by SDS-PAGE, using Coomassie blue stain 

and Tsai and Frasch silver stain (Fig. 3-7A and 3-7B).  The molecular weight of flagellin 

is seen at 29 kDa, in agreement with results of others (60).  Tsai and Frasch silver 

staining demonstrated non-staining of the flagella band and visualization of several 

proteins of various molecular weights in low concentrations.  For panning, immunotubes 

were coated with the flagellar preparation and blocked with casein blocking buffer.  

Three rounds of panning without amplification were performed.   

The ability of selected clones to detect flagella was tested by ELISA (Fig. 3-8A) using 

the phages as primary antibodies.  Of the 31 phages tested, 19 (61%) were positive in 

their detection of flagella, having S:N ratios ranging between 10 to 20.  Because of the 

high percentage of positive phages, we did not test more than the original 31 clones and 

focused on the 19 clones that demonstrated positive reactivity (S:N > 2). 
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Figure 3-6.  Electron micrograph of uranyl acetate negative stain of L. monocytogenes 
serotype 1/2a flagella preparation.  Flagella were sheared from cells in a 
blender and harvested by ultracentrifugation.  This preparation was used in all 
applications for both the isolation and screening of listeria-specific phages.  
Black bar indicates 0.5 µM.  EM picture by Henry C. Aldrich, Ph.D., 
Professor Emeritus, Department of Microbiology and Cell Science, University 
of Florida.
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Figure 3-7.  Analysis of L. monocytogenes serovar 1/2a flagella by SDS-PAGE.  

Following ultracentrifugation, both the pelleted flagella (lanes 2-5) and 
supernatant (lanes 8-10) were serially diluted and resolved by SDS-PAGE 
(12% (w/v) polyacrylamide).  Included on gel are molecular weight markers 
(lanes 1 & 6) and BSA protein (12 µg, lane 7).  (A) Coomassie blue-stain, (B) 
Tsai-Frasch silver stain. 
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Figure 3-8.  ELISA of anti-Listeria flagella phages following panning on immunotubes.  

Signal to noise ratios were calculated for reactivity to microwells coated with 
listeria flagella (A) or whole flagellated cells (B).  Bound phages were 
detected with α-M13-HRP secondary antibody.  Wells were developed with 
TMB substrate, and their absorbances read at 630 nm.  S:N were calculated 
for 31 phage clones (1-31).  (n=2 wells)   

 

 

 



66 

 

We tested these clones further by ELISA to whole L. monocytogenes serovar 1/2a 

cells grown in flagella-inducing conditions (24ºC).  As can be seen in Figure 3-8B, a 

majority of the phages that were positive to purified flagella were also positive to 

flagellated listeria cells.  Fourteen of the nineteen clones were positive to whole cells 

with S:N ratios ranging from 2 to 13.   Three clones (18, 19, and 20) that were negative to 

flagella in the ELISA were positive to whole cells (S:N of 10 to 12), higher than most 

clones that exhibited positive reactivity to both flagella and whole cells.  The ability of 

the anti-flagella phages to discriminate between the L. monocytogenes and Listeria spp. 

was tested by ELISA, and as with the whole cell clones, the results showed high cross-

reactivity with all serovars and species (data not shown).  These data may reflect the 

antigenic homology shared between flagellin proteins on all listeria species.   

To further understand the reactivity of the anti-flagella phages, we additionally tested 

them to a L. monocytogenes  mutant lacking flagella by ELISA.  Of the 14 phages 

positive to whole flagellated cells, except in two cases, all reacted to the flagella mutant 

cells to varying degrees.  The results for six of the fourteen clones tested are shown in 

Figure 3-9.  Clone 5 had a S:N ratio for the mutant strain equal to the wild-type, while 

most other clones had S:N ratios significantly higher to wild-type listeria cells.  DNA 

sequence analysis of all seven clones showed that they were separate clones.   

Western blot analysis of the flagellar preparation and flagellated wild-type                 

L. monocytogenes cells was carried out using all 31 phages (Figs. 3-10A and 10B).  
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Figure 3-9. Comparison of ELISA signal to noise ratios of anti-listeria flagella phages to 

flagellated and non-flagellated Listeria.  Microwells were coated with L. 
monocytogenes 10403S (Fla+) or the isogenic mutant HEL-403 (Fla-) cells and 
probed with either PAb or anti-listeria flagella phage clones (clones 4, 5, 11, 
12, 29, and 31).  Bound phages and PAb were detected with α-M13-HRP or 
goat anti-rabbit-HRP secondary antibodies, respectively.  Signal to noise 
ratios are shown with standard deviations.  *Significant differences (p<0.05) 
were calculated from signal-to-noise ratios using the Student t-test. (n=2 
wells) 
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Figure 3-10.  Reactivity of anti-listeria flagella scFv phages to flagella or whole                 
L. monocytogenes serovar 1/2a cells by Western blot.  (A) flagella or (B) cells 
were probed with anti-flagella phage clones (1-31) or PAb.  Bound antibody 
or phages were detected with goat anti-rabbit or mouse anti-M13 secondary 
monoclonal antibodies conjugated to HRP, respectively.  Both positive and 
negative detection of flagella are pictured (29 kDa indicated by arrow). 

 B 
PAb  4 

5 
 18  19 20 

4 

A PAb  18  19   20 PAb 
5 4 

PAb 5 4    18 19  20 

A 

B 



69 

 

Nineteen of the 31 phages had identical Western blot profiles, showing correct 

labeling of the 29-kDa flagella band. The Western blot confirmed the previous ELISA 

test of these 31 clones. Consequently, this also repeated for clones 18, 19, and 20, which 

did not react to flagella in the ELISA but instead reacted to whole cells.  By Western blot 

analysis, clones 18, 19, and 20 did not label the flagella band nor any other protein band.  

A repeat analysis using Western blotting to flagellated and non-flagellated cells 

demonstrated that, except for a high molecular weight banding pattern observed using the 

PAb, no antigenic bands were observed when non-flagellated L. monocytogenes cells 

were reacted with anti-flagella phages (Figure 3-11).    

Because of the apparent contradiction to the ELISA results that demonstrated 

recognition of the non-flagellated strain and this Western blot, we further tested the anti-

flagella scFvs.  Because L. monocytogenes flagellin are glycosylated (36) and because we 

used intact flagella in our pannings, there existed the possibility that some of the scFv-

phages were recognizing the glycosylation modifications on the flagella and these 

determinants could be present on other nonflagellar components.  The results of a 

Western blot using anti-flagella clones 31 (least cross-reactive clone to non-flagellated 

cells)  and 5 (most cross-reactive) to periodate-treated flagella are shown in Figure 3-12.  

Periodate treatment clearly removed recognition of the flagella antigen by clone 5, 

whereas recognition was preserved with clone 31.  This result suggested that clone 5 was 

indeed recognizing a glycosylated site. 

 We selected 20 clones to express their scFv and tested their reactivity to flagella by 

ELISA using the PAb and scFvs as primary antibodies.  Eleven of the twenty scFvs tested 
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Figure 3-11.  SDS-PAGE and Western blot analysis of listeria flagella, whole flagellated 
cells, and non-flagelleted cells with anti-flagella phages.  (1) listeria flagella, 
(2) L. monocytogenes 104030S wild-type cells, (3) L. monocytogenes      
HEL-304 (∆flaA) cells.  (A) SDS-PAGE (4-20% w/v polyacrylamide, 
Coomassie stain), (B) Western blotting of antigens using PAb or phage clones 
5, 31, and 4.  Bound PAb and phages were detected with goat anti-rabbit Ig-
HRP or     α-M13-HRP, respectively.  
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Figure 3-12.  SDS-PAGE and Western Blot analysis of periodate-treated listeria flagella 

using anti-listeria phages.  (A) Coomassie blue stain of 10μg of listeria 
flagella (lane 1) or listeria flagella treated with 4 mM sodium meta-periodate 
(lane 2).  (B) Western blot.  Flagella antigens were transferred to a 
nitrocellulose membrane and probed with anti-listeria flagella phage clone 31 
(lanes 1 &2) or clone 5 (lanes 3 & 4).  Phages were detected with α-M13-
HRP. 
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had positive S:N ratios above 2 with the majority demonstrating S:N ratios from 4 to 8 

(Fig. 3-13), relatively low compared to the PAb (S:N=26) or anti-BSA scFv (S:N=24). 

Except for the PAb, there was no positive detection of whole listeria cells with any of the 

scFvs by whole cell ELISA (data not shown). 

We selected a single scFv (anti-flagella clone 4) based on its high S:N value to 

purified flagella to test further as primary antibody to whole L. monocytogenes cells.  We 

concentrated the scFv ten-fold using Amicon ultra spin concentrators, and additionally 

nickel-affinity purified 500 mL of clone 4 scFv supernatant.  From the 500 mL of scFv 

cell supernatant, approximately 30 mg of scFv was recovered.   We repeated the ELISA 

using the unconcentrated scFv, 10X concentrate, and purified scFv (at 10 μg/mL) as 

primary detecting antibodies, as well as anti-flagella phage and PAb to flagella and whole 

cells.  The results of our analysis are summarized in Figures 3-14 and 3-15. 

By concentrating the scFv ten-fold, the S:N ratio to purified flagella more than 

doubled from 7 to 15 (n=2, p=0.025).  The S:N of 7 was not significantly different (n=2, 

p=0.82) when we used the purified scFv at 10 µg/mL compared to the test wells that 

received unpurified, unconcentrated scFv.  The S:N fell significantly (S:N=1, n=2, 

p=0.32) to background levels when the concentration was diluted to 1 µg/ml or less.  

Although concentrating the scFv raised the S:N values to flagella, these results did not 

repeat in the detection of flagella on whole L. monocytogenes cells.  The results showed 

that at any concentration level of clone 4 scFv, including high amounts (10 μg/mL), there 

was no detection of whole flagellated cells (Fig. 3-15).  Conversely, controls were 

positive in their detection of whole cells.  When using scFv, we were not able to achieve 

S:N ratios close to that obtained with phage.  
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Figure 3-13.  Anti-flagella scFv reactivities to listeria flagella by ELISA.  Bound PAb 

and scFvs (crude supernatant diluted 1:2 casein blocking buffer) were detected 
with goat anti-rabbit Ig-HRP or protein L-HRP secondary reagents, 
respectively.  Signal to noise ratios were calculated based on mean 
absorbances.   Anti-BSA scFv signal to noise ratio is based on reactivity to 
BSA coated microwells.  (mean ± S.D., n=2 wells)   
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Figure 3-14.  Effect of concentrating anti-flagella clone 4 scFv for the detection of 

flagella by ELISA.  scFvs were expressed from E. coli HB2151 cells using 
procedures described in the Materials and Methods.  Culture supernatant was 
either concentrated 10X in Amicon Ultra spin concentrators or nickel-column- 
purified.  Purified scFv was serially diluted in ten-fold dilutions prior to 
addition to microwells. Bound PAb, clone 4 phages, and scFvs were detected 
with either goat anti-rabbit Ig-HRP, α-M13-HRP, or protein L-HRP 
secondary reagents, respectively.  Microwells were coated with 1 µg of 
crudely purified flagella.  (mean ± S.D., n=2 wells) 
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Figure 3-15.  Effect of concentrating anti-flagella clone 4 scFv for the detection of L. 

monocytogenes serovar 1/2a cells by ELISA.  scFvs were expressed from E. 
coli HB2151 cells using procedures described in the Materials and Methods.  
Culture supernatant was either concentrated 10X in Amicon Ultra spin 
concentrators or nickel-column- purified.  Purified scFv was serially diluted in 
ten-fold dilutions prior to addition to microwells. Bound PAb, clone 4 phages, 
and scFvs were detected with either goat anti-rabbit Ig-HRP, α-M13-HRP, or 
protein L-HRP secondary reagents, respectively.  Microwells were coated 
with 1 µg of crudely purified flagella.  (mean ± S.D., n=2 wells)

0 2 4 6 8 10 12 14

unconcentrated scFv

10X concentrated scFv

10 µg/ml purif ied scFv

1 µg/ml purif ied scFv

0.1 µg/ml purif ied scFv

phage

anti-L. monocytogenes PAb

signal to noise



76 

 

The panning experiments to flagella in immunotubes demonstrated a successful 

strategy to isolate both phages and their soluble scFvs quickly without the use of  

amplification.  We employed a variation of this panning procedure to obtain our goal of 

isolating recombinant antibodies that recognize L. monocytogenes by combining both 

panning on immunotubes and panning to cells in suspension. 

Recombinant lmo1076 (Auto) from L. monocytogenes is Suitable as Antigen for 
Phage Display Panning 

Auto is a listeria autolysin encoded by a 1,716-bp gene (lmo1076) that encodes a 

protein of a predicted molecular weight of 62 kDa.  This protein consists of three distinct 

regions, (i) an N-terminal 26-amino acid signal sequence, (ii) an autolysin hydrolase 

domain from amino acids 75 to 243, (iii) and four G-W modules found on the C-terminal 

end that assist in its association to the bacterial surface.  We constructed primers to 

amplify only the hydrolase domain of Auto using PCR.  Our panning strategy included 

panning to whole L. monocytogenes cells, which selected for phages that could bind the 

amino acids exposed on both recombinant protein as wells as the native protein on whole 

cells.  This strategy would not require our recombinant protein to necessarily refold 

properly into a functional enzyme.  Additionally, because we were subcloning the Auto-

PCR product into an expression vector in E. coli without the signal sequence, the 

recombinant protein (rAuto) would be contained within the cytoplasm where it could be 

recovered from a cell pellet with relative ease.   

The PCR-amplified recombinant Auto gene (668 bp) was cloned as an XhoI/BamHI 

fragment into a pET19b expression vector (forming pGTR1499) and electroporated into      

E. coli Tuner cells using procedures stated in the Materials and Methods.  Restriction 

enzyme digestions of pGTR1499 confirmed the correct Auto DNA product.  
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Recombinant protein expression in the E. coli Tuner cells was induced with 1 mM IPTG 

for four hours.  To confirm the presence of rAuto, aliquots of cells were removed every 

hour just prior to and during induction.  Cell culture supernatants and cells were 

examined by SDS-PAGE.  The rAuto protein migrated with an apparent molecular 

weight of 34 kDa and corresponded to the approximate calculated molecular weight.  

rAuto could be visualized within the cell fractions following 4 hour IPTG-induction.  The 

same antigens were transferred to a nitrocellulose membrane and probed initially with an 

anti-hexa-His monoclonal antibody (specific for His-tagged proteins) conjugated to 

horseradish peroxidase (Novagen).  Additionally, hexa-His-tagged scFv and  hexa-His-

tagged recombinant vaccinia viral protein, A27L, were included as controls.  

The anti-hexa-His monoclonal antibody labeled all controls as well as the His-tagged 

rAuto (Fig. 3-16).  Because the protein was not secreted (no signal sequence was cloned 

in frame with the recombinant protein) the recombinant protein would have to be 

harvested from the cell cytoplasm.  We induced a larger 1 L volume of cells using 1 mM 

IPTG for four hours.  We then used a commercial lysis detergent mixture for extraction 

of soluble and insoluble protein fractions from the frozen cell pellets as described in the 

Materials and Methods.  Antigens were examined by SDS-PAGE (Fig. 3-17).  The rAuto 

protein was contained within the first soluble fraction collected following treatment with 

the detergent mixture.  We purified this fraction over a nickel affinity column to purify 

the His-tagged recombinant protein using step-wise gradient elutions with imidazole.   

The majority of recombinant protein eluted at a concentration of 300 mM imidazole 

with lesser quantities eluted at 500 mM imidazole (Fig. 3-18).  Following nickel-column 
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purification, three major bands could be visualized corresponding to approximate 

molecular weights of 34 kDa, 20 kDa, and 17 kDa, as well as several higher and lower 
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Figure 3-16.  SDS-PAGE and Western Blot analysis of recombinant Auto protein, post-
affinity column purification.  (A) Coomassie blue stain of His-tagged proteins: scFv 
antibody fragment (scFv), recombinant vaccinia surface protein (rA27L), and 
recombinant L. monocytogenes EGDe Auto surface protein (rAuto) and resolved by SDS-
PAGE (4-20% gradient polyacrylamide).  (B) Antigens were analyzed by Western Blot 
using a mouse anti-hexa-histidine monoclonal antibody conjugated to HRP. 



79 

 

 

100

20

250

150

75

50

37

25

15

ce
lls

, p
re

-IP
TG

ce
lls

, p
os

t-I
PT

G

su
pe

rn
at

an
t, 

pr
e-

IP
TG

su
pe

rn
at

an
t, 

po
st

-IP
TG

M
W

M

M
W

M

 
 
 

Figure 3-17.  SDS-PAGE analysis of CellLytic™ extracted recombinant Auto protein 
from E. coli DE3 Tuner cells.  Samples of cells containing the pGTR1499 
expression vector and culture supernatant were collected prior to IPTG 
induction and at 4 hours post-IPTG induction.  Cells were frozen prior to 
extraction with CellLytic™ lysis reagent.  Total cellular material (soluble and 
insoluble) following lysis (lane 1) was spun down to separate soluble protiens 
(lane 2).  The pellet was further treated with CellLytic™ detergent 
supplemented with lysozyme and spun down to collect proteins in the second 
soluble fraction (lane 3).  Repeat treatment and centrifugation was used to 
collect the third soluble fraction (lane 4).  The remaining pellet of insoluble 
material was suspended in water (lane 5).  The first soluble fraction obtained, 
containing the Auto protein (34 kDa), was used for nickel-affinity column 
purificaiton.

  1   2    3    4     5 
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Figure 3-18.  SDS-PAGE analysis of nickel-affinity-column purified recombinant Auto 

protein following Cell Lytic™ extraction.  Large scale purification and 
collection of recombinant Auto protein was obtained by IPTG induction of 
one liter of E. coli Tuner cells containing pGTR1499 protein expression 
vector.  Following IPTG induction, cells were frozen and lysed with 
CellLytic™ reagent and centrifuged to obtain the first soluble fraction 
(column load, lane 1).  The recombinant protein is not predominantly 
contained within the column flow-thru (lane 3) or wash fraction (lane 4).  A 
step gradient of 100 mM imidazole (lane 5), 300 mM imidazole (lane 6), and 
500 mM imidazole (lane 7) was used to elute bound proteins from the column 
matrix.  The 300 mM and 500 mM imidazole fractions, containing 
recombinant Auto protein at 34 kDa, were pooled.  The final quantity of 
recombinant protein obtained was approximately 7 mg, determined by DC 
protein assay.  Lanes were loaded with 40 μL of samples diluted 1:2 in LSB. 
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molecular weight proteins in relatively low concentrations.  The 300 mM imidazole 

elution was pooled with the 500 mM elution and buffer exchanged with PBS using 

Amicon Ultra spin concentrators (Millipore).  The final quantity of purified rAuto 

recovered from a liter of induced Tuner cells was approximately 7.6 mg, as determined  

using the DC Protein assay method.     

scFv-Phage Antibodies to rAuto Discriminate L. monocytogenes from L. innocua 

Panning was performed to the rAuto protein by coating two immunotubes with 10 

μg/mL of rAuto suspended in PBS.  Panning was carried out initially with amplification 

of eluted phages following the first round.  Amplified phages were then used in a second 

round of panning to rAuto in an immunotube.  We used a third panning round to whole L. 

monocytogenes cells in suspension to isolate clones that recognized native Auto on whole 

cells.  We chose the genomic DNA sequenced strain, EGDe, from which we originally 

amplified the rAuto protein for this purpose.  Following a single round of panning to 

whole cells in suspension, we then performed a negative selection by incubating the 

eluted phages with L. innocua in a second parallel experiment to remove phages that 

could have nonspecifically bound.   

From these two attempts, we collected 117 phages.  We tested the ability of 42 clones, 

20 clones from the first attempt and 22 clones from the second, to recognize rAuto, 

EGDe cells, and L. innocua cells by ELISA using the PAb as well as the phages as 

primary antibodies.  Using an arbitrary S:N ratio cut-off value of two, 31 of 42 clones 

were positive to the rAuto protein (Fig. 3-19A and Fig. 3-19B).  Twenty clones were 

positive to whole L. monocytogenes, and six clones were positive to L. innocua.  Eleven 

of 20 clones or 70% of phages from the first pool recognized whole L. monocytogenes.
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Figure 3-19.  ELISA of anti-Auto phages following panning to recombinant Auto and 

whole cells.  Phages were tested from two separate pools following panning to 
recombinant Auto on immunotubes: (A) panning to whole L. monocytogenes 
EGDe cells and  (B) negative panning to L. innocua cells.  Bound PAb and 
phages were detected with either goat anti-rabbit Ig-HRP or α-M13-HRP 
secondary reagents, respectively.  Signal-to-noise ratios were calculated based 
on mean absorbances.   Microwells were coated with purified rAuto or whole 
cells at 109 CFU/mL. (n=2 wells) 
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cells and not L. innocua.  Six of the 20 phages (30%) from the first panning attempt 

recognized L. innocua.  No phages were positive to L. innocua following negative 

selection.  The quantity of phages that recognized L. monocytogenes also decreased 

following negative selection to 4 out of 22 phages (18%) when we performed the 

negative selection.  

Since we ultimately wanted to use scFv and not phage in the detection device, we 

selected those 20 clones that were positive to L. monocytogenes and not to L. innocua and 

infected the E. coli nonsuppressor strain HB2151 to produce soluble scFv.   The cells 

were induced with IPTG, and supernatants were collected according to the procedures 

described in the Materials and Methods and used in an ELISA as primary detecting 

antibody.  The phage from clone 1N-1 was included as a positive control.  As can be seen 

in Fig. 3-20, seven of the twenty clones made functional scFvs that were positive for 

rAuto but where negative to whole cells. 

Western blot analysis was carried out by reacting the anti-Auto scFvs against L. 

monocytogenes and rAuto (Fig. 3-21).  One of the seven clones (1N-1) labeled the rAuto 

protein at 34 kDa and the smaller 17-kDa band.  None of the seven scFvs detected native 

Auto on whole cells.  The PAb reacts to rAuto, and a band corresponding near the native 

62-kDa Auto protein could be visualized in the whole cell preparation. Without a 

monoclonal antibody to verify the native 62-kDa Auto protein in a Western blot, this is 

only speculative.     

Conclusion of Specific Aim 1 

There was a distinct drawback at panning to unknown targets on whole cells, inherent 

in whole cell panning.  Most notably, because whole cell panning used cells suspended in 

a buffer, proteins were preserved in their native states on the cell’s surface, and therefore 
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Figure 3-20.  ELISA of anti-Auto scFv to recombinant Auto and L. monocytogenes 
EGDe cells.  scFvs were expressed from E. coli HB2151 cells using 
procedures described in Materials and Methods.  Bound scFv and phage (Ф) 
were detected with protein L-HRP or α-M13-HRP secondary reagents, 
respectively.  Signal to noise ratios were calculated based on measured mean 
absorbances.  (n=2 wells). 
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Figure 3-21.  Western blot analysis of anti-Auto scFv clones to both recombinant Auto 
and L. monocytogenes EGDe cells.  (A) SDS-PAGE analysis of recombinant 
Auto (12% w/v polyacrylamide, Coomassie stain). (B) Western blot analysis 
of   2.5 µg of recombinant Auto or (C) 107 CFU/mL of whole L. 
monocytogenes EGDe cells (2% w/v SDS extraction) .  Membranes were 
probed with anti-Auto scFv clones 1N-1, 2N-1, 12N-1, 2N-3, 16N-3, 18N-3, 
or 20N-3 (lanes 1-7 respectively) or PAb.   Bound scFv or PAb were detected 
with protein L-HRP or goat anti-rabbit Ig-HRP, respectively.  
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there existed a higher probability of recovering scFv that recognized conformational 

binding domains.  We could circumvent this potential problem by selecting specific 

antigen targets (flagella or Auto) to pan against.  Using this strategy, we were able to 

demonstrate successful isolation of phages that not only recognized their target antigens 

but also whole L. monocytogenes cells.  Ultimately, the use of soluble scFvs in the 

detection of whole L. monocytogenes cells would require optimization.  In all cases, 

scFvs obtained from our panning attempts demonstrated lower affinities compared to 

scFv-phages or whole immunoglobulin. 

Specific Aim 2: Optimization of Immunological Reagents 

The sensitivity of the fiber optic biosensor ultimately relies on specificity and 

robustness of the immunological reagents it utilizes.  Although monoclonal antibodies 

can be highly specific in their interactions with their respective antigens, antibody 

fragments, such as scFvs, often demonstrate a lowered avidity to antigen compared to 

whole Ig or Fab (114-116).  The collective on-off binding rates of scFvs have an additive 

effect (avidity) when displayed on the phage end but can be substantially reduced when 

presented as singular, soluble fragments.  The lowered affinity exhibited by scFvs 

compared to whole Ig can compromise both the detection limits and sensitivity of an 

immunoassay regardless of specificity.  The low affinity of scFvs can be increased 

through genetic manipulation and affinity maturation.  Alternatively, simpler methods to 

enhance the signal generated in immunoassays use antibodies or antibody fragments that 

have been chemically or genetically tagged with other proteins, enzymes, or reporter 

molecules.  Biotin, horseradish peroxidase, fluorophores, and nanoparticles have all been 

utilized for this purpose (71). 
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scFv Antibodies Can be Genetically Fused to a Biotin-receiving Peptide (Avitag) 

Biotinylation of antibody molecules with detection with streptavidin conjugates is a 

common strategy to amplify the signal obtained in immunological analysis.  Proteins 

such as scFv or monoclonal antibodies can be chemically labeled with biotin, albeit in an 

uncontrolled reaction, to any available amines, even within the antigen-binding domain.  

Therefore, we chose to take advantage of the ability of genetically modifying scFv 

antibodies to enable enzymatic ally mediated and site-directed biotinylation.  

Avitag is a 15-amino acid sequence that is specifically recognized and biotinylated 

by the BirA enzyme within E. coli AVB100 cells (Avidity) where the birA gene is stably 

integrated into the chromosome.  We subcloned the scFv gene for whole cell clone 1-3, 

anti-flagella clone 5, and anti-BSA scFv as HindIII/NotI fragments into the 3’ multiple 

cloning site of the pAC5 vector in E. coli AVB100 cells.    Production of scFv was 

induced with IPTG and L-arabinose after adding d-biotin to the culture medium.  

Antigens were analyzed by SDS-PAGE, transferred to a nitrocellulose membrane, and 

probed with SA-HRP.  The results are shown in Fig. 3-22.   

The media containing the expressed scFv contained many proteins of various 

molecular weights as visualized by SDS-PAGE.  A band corresponding to approximately 

31 kDa was faintly visible, possibly representing the scFv protein.  Western blot analysis 

of the same antigens using streptavidin-horseradish peroxidase as a primary reagent 

clearly showed labeling of the 31-kDa scFv for clone 1-3 and BSA clone, confirming the 

presence of expressed recombinant antibody.  There was no apparent band detection of 

biotinylated scFv clone 5.   
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Figure 3-22.  SDS-PAGE and Western blot analysis of biotinylated Avitag-scFvs.  Whole 
cell clone 1-3, anti-flagella clone 5, and anti-BSA scFv genes were cloned and 
expressed fused to an Avitag peptide using the pAC5 expression vector in E. 
coli AVB100 cells using the procedures described in the Materials and 
Methods.   (1) culture supernatant of anti-Listeria whole cell clone 1-3, (2) 
anti-flagella clone 5, and (3) anti-BSA clone.  (A) SDS-PAGE (10% w/v 
polyacrylamide, Coomassie stain), (B) Western blot analysis of Avitag 
supernatants detected using streptavidin-HRP.  Arrow indicates expected size 
of scFv at approximately 31 kDa. 
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The abilities of the Avitag scFvs to detect flagella and L. monocytogenes cells were 

tested by ELISA.  Microtiter plates (96 well) were coated with flagella, wild-type L. 

monocytogenes, and the isogenic flagellar mutant.  An ELISA was carried out using PAb 

well as the Avitag anti-BSA scFv.  The results of the Avitag scFvs used in an ELISA are 

summarized in Table 3-2.   

The results show that both clone 1-3 and clone 5 were positive to whole cells, both 

the wild-type and mutant, with signal to noise ratios from 5 to 8.  Both clones were 

negative to flagella.  This would seem to verify that functional scFv was expressed for the 

anti-whole cell clone 1-3.  The reactivity observed for clone 5 to whole cells was 

unexpected given both the lack of detection of a scFv on the Western blot and the lack of 

a signal to flagella in the ELISA test wells.  It is unlikely that a low yield of scFv (which 

could explain lack of reactivity in both previous cases) could also explain the S:N of 6 

and 5 to flagellated and non-flagellated cells, respectively.  Therefore, this would seem to 

indicate a false positive result in the ELISA to whole cells.  Possible causes were 

considered to be either an unknown artifact of the induction, such as excessive, unused 

biotin in the media that could bind to the listeria cells, or a simple reagent problem could 

be producing the false positive signal.   

We repeated the ELISA to understand the apparent false positive result.  Controls 

were carried out which again included the chemically biotinylated PAb, the Avitag anti-

BSA scFv, as well as supernatant from cells containing the pAC5 vector without the scFv 

insert.  As can be seen from the Table 3-3, we were able to reproduce results similar to 

the previous ELISA.  All controls were positive including the anti-BSA scFv to cells 

including the vector only supernatant.  A repeat ELISA (Table 3-4) also demonstrated  
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Table 3-2.  Detection of listeria flagella and whole cells by ELISA using Avitag scFvs. 
 

Pab-Ba mean+s.d. d signal to noise
b L. monocytogenes flagella 0.33 ± 0.003 6.0
b L. monocytogenes serovar 1/2a 0.92 ± 0.003 13
b L. monocytogenes (∆flaA) 0.88 ± 0.086 12

Avitag BSAc

BSA, 1 μg/mL 0.75 ± 0.010 12

Avitag 1-3c

L. monocytogenes flagella 0.07 ± 0.001 1.2
L. monocytogenes serovar 1/2a 0.51 ± 0.000 7.8
L. monocytogenes (∆flaA) 0.53 ± 0.000 7.4

Avitag 5c

L. monocytogenes flagella 0.07 ± 0.001 1.2
L. monocytogenes serovar 1/2a 0.48 ± 0.023 5.6
L. monocytogenes (∆flaA) 0.49 ± 0.011 4.5
achemically biotinylated PAb
b96-well plate coated with listeria flagella or 108 CFU/mL of whole L. monocytogenes  cells
cAvitag culture supernatants diluted 1:2 in casein blocking buffer prior to assay
and detected with SA-HRP
dmean and standard deviation for n=2 wells  
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Table 3-3. Detection of listeria flagella and cells by ELISA with Avitag™ fused scFv. 
 

Pab-Ba mean+s.d. d signal to noise p -valuef

L. monocytogenes flagella 1.1 ± 0.014 17
L. monocytogenes serovar 1/2a 1.1 ± 0.005 19
L. monocytogenes (∆flaA) 1.3 ± 0.011 18

Avitag BSAc

BSA, 1 μg/mL 0.62 ± 0.023 9

Avitag 1-3c

L. monocytogenes flagella 0.12 ± 0.172 2 0.022754
L. monocytogenes serovar 1/2a 0.39 ± 0.013 6 0.020313
L. monocytogenes (∆flaA) 0.44 ± 0.002 7 0.019839

Avitag 5c

L. monocytogenes flagella 0.12 ± 0.000 2 0.000107
L. monocytogenes serovar 1/2a 0.36 ± 0.011 4 0.966041
L. monocytogenes (∆flaA) 0.39 ± 0.005 5 0.314318

vector onlye

L. monocytogenes flagella 0.11 ± 0.000 1
L. monocytogenes serovar 1/2a 0.34 ± 0.020 4
L. monocytogenes (∆flaA) 0.38 ± 0.025 5
achemically biotinylated PAb detected with SA-HRP
b96-well plate coated with listeria flagella or 108 CFU/mL of whole L. monocytogenes  cells
cAvitag culture supernatants diluted 1:2 in casein blocking buffer prior to assay
and detected with SA-HRP
dmean and standard deviation for n=2 wells
eculture supernatant of E. coli  Tuner cells containing pAC5 vector without scFv insert
fp-value based on comparison to respective vector only data  
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Table 3-4.  Detection of listeria flagella and cells by ELISA with Avitag™ fused scFv. 
 

Pab-Ba mean+s.d. d signal to noise p -valuef

L. monocytogenes flagella, 1 μ g 1.1 ± 0.018 18
L. monocytogenes serovar 1/2a 1.3 ± 0.018 19
L. monocytogenes (∆flaA) 1.3 ± 0.050 20

Avitag BSAc

L. monocytogenes flagella, 1 μ g 0.10 ± 0.001 1 0.007678
L. monocytogenes serovar 1/2a 0.61 ± 0.024 11 0.008054
L. monocytogenes (∆flaA) 0.58 ± 0.029 10 0.000264

Avitag 5c

L. monocytogenes flagella, 1 μ g 0.13 ± 0.003 2 0.387372
L. monocytogenes serovar 1/2a 0.61 ± 0.017 11 0.014855
L. monocytogenes (∆flaA) 0.59 ± 0.001 11 0.079490

blocking buffer alonee

L. monocytogenes flagella, 1 μ g 0.10 ± 0.007 1
L. monocytogenes serovar 1/2a 0.63 ± 0.008 9
L. monocytogenes (∆flaA) 0.60 ± 0.002 9
achemically biotinylated PAb detected with SA-HRP
b96-well plate coated with listeria flagella or 108 CFU/mL of whole L. monocytogenes  cells
cAvitag culture supernatants diluted 1:2 in casein blocking buffer prior to assay
and detected with SA-HRP
dmean and standard deviation for n=2 wells
eno primary antibody added
fp-value based on comparison to respective buffer only data  
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that there was clear evidence that the absence of primary antibody (blocking buffer alone) 

also created a positive result to whole cells but not flagella alone with a S:N of 9,close to 

that of clone 5 scFv (S:N=11).  Although we could induce expression of the anti-BSA 

and clone 1-3 scFv in the Avitag system, we cannot confirm that clone 1-3 was functional 

until the ELISA is optimized.   

These data suggested that although cloning was successful as evident from the 

functional BSA clone, there was little to no presence of functional, soluble biotinylated 

clone 5 scFv.  It was therefore inconclusive if the whole cell clone 1-3 was functional 

using this assay format, given its positive reactivity to whole cells, a scenario we could 

repeat by using Avitag BSA scFv supernatant to whole cells.  We demonstrated that 

reactivity to whole cells could be reproduced without the presence of antibody by loading 

diluted SA:HRP alone into test wells.  The assay for using Avitag biotinylated reagents to 

whole listeria cells would have to be optimized, and there needs to be better 

understanding of the surface antigens that could possibly be interactive with streptavidin 

or HRP to gain further insight into this phenomenon.   

Improved Detection of L. monocytogenes Cells Through Chemical Biotinylation of 
scFv 

We attempted the chemical addition of biotin onto the scFv in parallel work to 

genetically fusing the scFv gene to the biotinylation cassete utilizing the Avitag in vivo 

biotinylation system.  Chemical biotinylation, though not as precise as the Avitag system, 

would allow us to easily modify and test quantified amounts of antibody.  We used in our 

biotinylation reactions the esterified reactive form of biotin, (+)-biotin N-

hydroxysuccinimide ester (NHS-biotin).  In this form and in the presence of a high pH 

buffer, primary amines on target proteins can be covalently reacted with biotin.  Excess 



94 

 

biotin is easily removed, either through dialysis or through repeated suspensions in filter 

devices.  Stoichiometry of biotinylation can be then measured per target using 

commercial kits that use HABA, a natural avidin ligand, as a competitor for biotin.   

Those scFv clones that demonstrated utility in previous assays were grown in large 

volumes and nickel column purified.  Following purification they were buffer exchanged 

with a carbonate-bicarbonate buffer to remove excess imidazole and to increase the pH 

that allows for biotinylation.  Both the scFv and the PAb were biotinylated following the 

procedure outlined in the Methods and Materials.   

We first attempted to enhance absorbance signals in the whole cell and flagellar 

ELISAs by using chemically biotinylated anti-flagella clone 4 scFv antibody.  We diluted 

both the unmodified and biotinylated scFv antibodies to 50 µg/mL and 10 µg/mL.  

Protein L-HRP was used as secondary reagent to detect unmodified scFv antibodies, 

while streptavidin-HRP was used as secondary antibody to detect biotinylated scFv 

antibodies (scFv-B).  The results of the modified ELISA using concentrated scFv-B are 

summarized in Table 3-5.  In test wells coated with purified flagella, at 50 µg/mL the 

unmodified scFv yielded absorbances (0.705) higher than scFv-B (0.459).  This was also 

true using a lower concentration of unmodified scFv at 10 µg/mL, implying that although 

biotinylation of the scFv was accomplished successfully, the scFv-B did not significantly 

improve detection.  There was a measurable difference seen when the scFv-B was used in 

test wells coated with listeria whole cells.  In these test wells, the scFv-B had higher 

absorbances at 50 µg/mL and 10 µg/mL concentrations than unmodifed scFv with 

absorbance signals of 0.626 and 0.381 respectively, compared to unmodified scFv, at  
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Table 3-5.  Detection of listeria flagella by ELISA using chemically-biotinylated anti-
flagella scFv. 

 
mean + s.d. d signal to noise

unmodified anti-Listeria flagella scFv b , 50 ug/mL 0.10 ± 0.001 2
0.08 ± 0.003 1

biotinylated anti-Listeria flagella scFv b , 50 ug/mL 0.63 ± 0.016 5
biotinylated anti-Listeria flagella scFv b , 10 ug/mL 0.38 ± 0.006 5

unmodified rabbit anti-L. monocytogenes polyclonal b 1.8 ± 0.029 23
biotinylated rabbit anti-L. monocytogenes polyclonal b 1.5 ± 0.042 24

anti-BSA scFv c  unmodified 0.33 ± 0.024 5
anti-BSA phage c 1.4 ± 0.053 17
a96-well plate coated with 1 μg of listeria flagella
bchemically biotinylated antibodies detected with SA-HRP
canti-BSA scFv culture supernatant and phages are used unmeasured and untitered, respectively
dmean and standard deviation for n=2 wells

unmodified anti-Listeria flagella scFv b , 10 ug/mL
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0.103 and 0.083 respectively.  Although the absorbance signals were high to whole cells 

using scFv-B (S:N = 5) at a concentration of 10 μg/mL, the calculated S:N ratios 

demonstrated a plateau effect when the scFv-B concentration was increased 5-fold to 50 

µg/mL.  S:N ratios did not increase linearly with increasing concentrations of scFv-

B,starting at a S:N of 5 (at 10 μg/mL) and ending with a S:N of 5 (at 50 μg/mL).  

Therefore a saturation level of bound scFv-B antibody was achieved.  Simply increasing 

the quantity of scFv-B did not raise S:N levels above what could be achieved with less 

antibody, shown in this assay to be around 10 µg/mL.  Although we achieved higher 

absorbances with chemically biotinylated scFv, these S:N ratios and absorbances were 

not higher than using the identical scFv still fused to phage (A630=1.14, S:N=17). 

Anti-Listeria Auto Streptabody Has Improved Detection of rAuto 

Multivalent immunoreagents can be constructed as a means to increase the binding 

efficiencies of scFv antibodies to their respective antigens.  Because scFv antibodies 

demonstrate lowered binding affinity, many methods have been utilized to increase it 

through affinity maturation, chain shuffling, or ligand fusions.  Most of these methods, 

though useful, require a high amount of manipulation and therefore prone to high rates of 

error.  Because the binding interaction of biotin to tetrameric streptavidin is one of the 

highest noncovalent bonds found naturally (Kd=10-15 M), biotinylated proteins can be 

tetramerized to streptavidin easily in several ways.  We constructed a streptabody (StAb) 

using chemically biotinylated scFv that was derived from our phage displayed panning 

experiments to L. monocytogenes Auto protein.  The StAb clone generated, st18N-3B, 

was applied in an ELISA to analyze utility. 



97 

 

We chemically biotinylated anti-Listeria Auto clone 18N-3 scFv using NHS-biotin 

ester as described in the Materials and Methods, and reactivity was confirmed to rAuto 

via ELISA (data not shown).  We used a four-molar excess of biotinylated scFv (scFv-B) 

to commercial streptavidin-conjugated horseradish peroxidase (SA-HRP) based on the 

molecular weights of both scFv protein (~31 kDa) and SA-HRP (>173 kDa).  Cloutier et 

al, demonstrated that 3:1 to 6:1 molar ratios of scFv-B to SA:HRP will still form useable 

StAbs (117).  We tested the ability of clone 18N-3 as phage, unmodified scFv, 

biotinylated scFv, or StAb, as well as no antibody (SA-HRP alone) to recognize rAuto, 

whole L. monocytogenes EGDe cells, and L. innocua by ELISA.  Since the StAb 

essentially constitutes a one-step reagent, it was added in the final 30 minutes of 

incubation during the ELISA when all secondary reagents were added.  Absorbance 

readings were taken every 10 minutes for 30 minutes and also included a final reading at 

60 minutes.  The results of the StAb reactivity to rAuto by ELISA are summarized in Fig. 

3-23. 

The StAb showed excellent binding to the recombinant Auto protein by ELISA.  

To recombinant Auto, st18N-3B had absorbance signals higher than scFv, scFv-B, or 

phage through all time points up to 30 minutes at which time it plateaus and begins to 

decline.  At 30 minutes the StAb had reached a maximum absorbance of 1.58 compared 

to the phage at 1.35 (p=0.0035).  This absorbance value was significantly higher than 

scFv (A630=1.21, p=4.1x10-5) or scFv-B (A630=1.26, p=5.9x10-5).  At 60 minutes, scFv, 

scFv-B, and phage all have absorbance values that continued to rise without increases in 

background noise in the blank test wells.  Although these values are significantly 

different, they only represent 20% differences. 
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Figure 3-23.  Detection of recombinant Auto protein using using anti-Auto phages, scFv, 
biotinylated scFv (scFv-B), and streptabody (stAb) via an ELISA.  The 
ELISA was performed as described in the Materials and Methods. One 
microgram of recombinant Auto was coated microwells and probed with anti-
Auto immunoreagents standardized to 5 µg/mL.  Untitered phage preparation 
was diluted 1:2 prior to incubation.  scFvs and scFv-B detected with SA-HRP 
secondary reagent.  Phages detected with α-M13-HRP.  Absorbance readings 
were taken every ten minutes up to one hour.  SA-HRP in the legend indicates 
that no primary antibody was used. *Significant differences (p<0.05) were 
calculated from signal-to-noise ratios using the Student t-test. (mean ± S.D., 
n=4 wells).  

*

*
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 Background noise was taken into account for the baseline reactivity of SA-HRP to rAuto 

and whole cells in this ELISA, and a slight increase was observed over the required time 

period.  There was an increase observed from 0.055 to 0.160  within 30 minutes of 

development time, approximately equal to the background noise for the StAb at 

30minutes.  Although the actual concentration of unreacted SA-HRP in the StAb prep is 

indeterminable in the format of this assay, it is assumed to be less than the 5 µg/mL 

because unreacted SA-HRP only constitutes a fraction of the StAb, used here at a 

working dilution of 5 µg/mL.  The absorbance values obtained for the StAb therefore 

may actually be closer in value to the absorbance values of the phage to rAuto.   

In a parallel ELISA, we used all reagents in the detection of whole L. 

monocytogenes and L. innocua (Fig. 3-24A and 3-24B).  The StAb did not perform as 

well in the detection of whole cells compared to the other reagents used.  To L. 

monocytogenes EGDe cells, we demonstrated that the phage had significant absorbance 

values higher than scFv, scFv-B, or StAb through all time points.  At 60 minutes, the 

mean phage absorbance had increased to 1.18 compared to the StAb (A630=0.33), scFv-B 

(A630=0.21), or scFv (A630=0.18).  It can be seen that although it appears that the StAb is 

functional (significant reactivity to rAuto), we could not demonstrate outstanding utility 

in the detection of whole cells.  For L. innocua, all absorbance signals were not 

significantly different to SA-HRP alone, and signal-to-noise ratios never rose to more 

than 1.5 that of background noise for all reagents, as expected (L. innocua lacks native 

Auto).  Although the StAb did not enhance absorbance signals to whole L. 

monocytogenes significantly compared to unmodified scFv, its reactivity to rAuto 

following only 30 minutes of incubation in the ELISA was substantial.  



100 

 

0.0

0.2

0.4

0.6

0.8

1.0

1.2

1.4

0 10 20 30 40 50 60
(minutes)

Ab
so

rb
an

ce
, 6

30
nm

phage
scFv
scFv-B
stAb
SA:HRP

 
 

0.0

0.2

0.4

0.6

0.8

1.0

1.2

1.4

0 10 20 30 40 50 60
(minutes)

Ab
so

rb
an

ce
, 6

30
nm

phage
scFv
scFv-B
stAb
SA:HRP

 
 

Figure 3-24.  Detection of L. monocytogenes EGDe and L. innocua cells via ELISA using 
phages, scFvs, scFv-B, and stAbs.  The whole cell ELISA was performed as 
described in the Materials and Methods to 108 CFU/mL of both (A) L. 
monocytogenes EGDe and (B) L. innocua cells.   Whole cell-coated 
microwells were probed with antibody fragments standardized to 5 ug/mL in 
casein blocking buffer.  The untitered phage preparation was diluted 1:2 prior 
to incubation.  scFvs and scFv-B detected with SA-HRP secondary reagent.  
Phages detected with α-M13-HRP.  Absorbance readings were taken every ten 
minutes up to one hour.  SA-HRP in the legend indicates that no primary 
antibody was used. *Significant differences (p<0.05) were calculated from 
signal-to-noise ratios using the Student t-test. (mean ± S.D., n=4 wells). 
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Phage displayed technology is a fast and efficient method used for the isolation of 

recombinant monoclonal antibody fragments by panning the phage library on a desired 

antigen.  In this procedure antibodies can be isolated very rapidly, when compared to 

using classic hybridoma technology.  The Tomlinson I scFv phage display library 

wasused for panning to whole cells as well as purified listeria surface antigens to isolate 

antibodies for recognizing L. monocytogenes.  We presented data that although we could 

isolate phages to whole listeria, these phages did not demonstrate outstanding specificity.  

Because of the complex nature of the bacterial surface, it was difficult to determine their 

target antigen.  Panning for phages to purified antigen such as flagella or the murein 

hydrolase, Auto, proved to be more successful, and soluble scFvs obtained demonstrated 

an improved specificity to their target antigens than our whole cell phages.  Although the 

scFvs in the scope of our research possesed generally low affinities in their detection of 

whole bacterial cells compared to their respective phages or whole Ig, genetic or 

chemical biotinylation showed potential in improving assay sensitivity. 
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CHAPTER 4 
DISCUSSION 

The Foodborne Diseases Active Surveillance Network (FoodNet), operated under 

the Centers for Disease Control and Prevention (CDC, Atlanta, GA), estimates that there 

are over 76 million cases of illnesses, 352,000 hospitalizations, and 5,000 deaths attributo 

food borne diseases in the United States annually (118).  Through an active surveillance 

in 1997 by Food Net and the CDC, 2,500 cases of listeriosis and 500 deaths were 

reported annually in this country (11). A high mortality rate is in part due to 

immunocompromised patients, who are in fact some of the most at risk to Listeria, 

succumbing to infection.  It is the ubiquitous nature and the relative ease of isolating 

some of these organisms, including L. monocytogenes, from the environment that mark 

them as important targets for food safety.  Although human cases of listeriosis are 

sporadic and trea , detection of Listeria species remains important in the improvement of 

public health, especially among those most susceptible to this disease.    

To address the growing need for quick pathogen detection, the Naval Research 

Laboratory's Center for Bio/Molecular Science and Engineering developed the first 

commercially available antibody-based fiber optic biosensor for the detection of 

pathogens and their toxins, the RAPTOR (75) (Research International, Woodinville, WA) 

(111).   This biosensor is a fully automated, field-ready, pathogen detection system based 

on the principles of a sandwich fluoroimmunoassay.  The RAPTOR utilizes fiber optic 

probes coated with antibodies that bind target molecules and excite bound fluorophore-

labeled secondary antibodies with an evanescent wave emitted from a laser.  On-board 
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software discriminates signal generated from the bound fluorophores and provides the 

operator with easily readable, un-biased results displayed on an LCD screen within 20 

minutes.  Systems such as the biosensor provide an important tool that is rapid and 

reliable in the detection of food pathogens.   

The fiber optic biosensor ultimately relies on the use of highly specific antibodies.  

Phage-displayed technology is a fast and efficient method used for the isolation of 

recombinant monoclonal antibody fragments bound to antigen by panning the phage 

library to a desired antigen.  In this procedure, antibodies can be isolated very rapidly 

when compared to using classic hybridoma technology.  The Tomlinson I scFv phage 

display library was used for panning whole Listeria species and purified listeria surface 

antigens to isolate antibodies that recognize listeria epitopes. 

This thesis describes efforts to isolate recombinant antibodies using bacterial cells, 

flagella, and a recombinant listeria surface protein for potential use in the biosensor 

system using phage display. 

Specific Aim 1: Isolation of Phage Display Antibody Fragments to Listeria 

Phage display has proven to be a useful tool for the isolation of antibody fragments 

with high specificity (119-121).  The results discussed here represent panning 

experiments that combined factors that would lead to quick and successful isolation of 

highly specific antibody fragments using phage display.  Whole cell panning in 

suspension took advantage of the easy manipulations that could be performed in a 

panning experiment using both amplification and non-amplification of phages.  Phages 

displaying specific scFv could often be recovered in a single day without amplification or 

two weeks if performing amplification.  Cells with bound phages could be easily pelleted 

by centrifugation, and the unbound phages removed; thus allowing for titers to be 
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calculated.  These phage titers were useful in the determining the efficiency of a panning 

experiment, as well as estimating whether enrichment had been achieved following 

amplification rounds.   The titer data collected from iterative panning rounds provided 

indirect evidence that enrichment was achieved in our panning experiments to whole 

cells.  After the first round of panning, approximately 104 TU of phage were recovered.  

But following the third round for panning, this number increased to 107 TU.  Thus, a 

clone that could bind to the listeria cell surface was eluted, amplified, and its quantity 

expanded; therefore the titer increased.  Theoretically, the original 104 phages now 

existed as 1,000-fold copies, increasing the probability of selecting a L. monocytogenes-

specific phage. 

There were other additional advantages of phage display panning to whole cells in 

suspension.  Cells did not have to be bound to solid supports, which could potentially 

limit available exposed epitopes.   Therefore, panning in suspension to whole cells 

targeted only surface-exposed antigens.  There have been dozens of papers attempting to 

accomplish the generation of monoclonal antibodies to L. monocytogenes over the past 

decades by using classic hybridoma techniques.  Because success has been elusive, this 

may suggest that L. monocytogenes lacks surface epitopes that are unique and antigenic, 

or that such epitopes are not effectively processed and presented during in vivo antibody 

generation and maturation.  Considering the intracellular nature of L. monocytogenes, 

phage display panning to whole cells demonstrated that antibodies could be generated to 

antigenic-surface targets potentially not addressed in a humoral immune response 

(122,123).   



105 

 

We attempted three panning experiments to L. monocytogenes in suspension using 

both amplification and non-amplification of recovered phages.  The results reported here 

provide evidence that although we could isolate phage clones that could identify L. 

monocytogenes, their reactivity was not specific, thus limiting their usefulness in the 

biosensor.   In our panning efforts to L. monocytogenes we did not measure the increases 

in specificity to a known serotype following each panning round, and therefore it would 

be difficult to ascertain whether amplification enriched for specific phages in our panning 

effort, although, as stated above, we could measure an increase in the quantity of phages 

following each amplified round, implying that enrichment was achieved (to an unknown 

target).   By including amplification steps in our experiments, we had hoped to select 

phage clones that were enriched to pathogenic L. monocytogenes following multiple 

rounds of panning.  Remarkably, increasing the number of panning rounds past three in a 

whole cell suspension, such as we used, does not necessarily increase the probability of 

isolating phages more specific to pathogenic L. monocytogenes (119).  Thus, panning is 

an attempt to select for phages (using amplification or not) within a given population that 

have higher biding affinities to a target than among other phages in the library or pool.   

To provide more direct evidence of enrichment, we screened 160 clones following 

three rounds of panning from both amplified and non-amplified pools, and all clones 

showed mediocre (S:N of 2) to no reactivity to L. monocytogenes (Fig. 3-1).  Our data 

show that amplification steps, though increasing the total number of phages isolated, did 

not improve our probability of finding a clone specific to even the serotype used in the 

panning experiments, perhaps indicative of the shared surface homology between 

serotypes.  It was not unusual to observe ELISA absorbance signals to non-pathogenic L. 
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seemlier, L. innocua, and L. welsimeri as high for L. monocytogenes serovar 1/2a (the 

serovar used in our pannings) from our five best clones (Fig. 3-2).  Additionally, ELISA 

absorbance readings to L. monocytogenes were generally low in value.  In our hands and 

under the conditions of the ELISA we used, we did not observe S:N greater than 5 (based 

on absorbances) for phages with binding to whole cells.  Day-to-day assay variability 

could either raise or lower these values but not significantly.  Low reactivity to whole 

cells could be attributed to a low quantity of available binding antigens on the surface of 

L. monocytogenes; however several other factors need to be accounted for, including the 

listeria preparation used for the assay, the availability of epitopes in the ELISA format 

used, and the health of the cells in the microwells prior to using the ELISA.   

Furthermore, there should be further characterization and better knowledge of the 

antigenic structure of L. monocytogenes in relation to serovars and species, though some 

attempts have been made (124).  Using 2D-SDS PAGE and MALDI-TOF MS, Trost et 

al. proposed that, there are 138 secreted proteins of L. monocytogenes,  a potential pool 

not addressed by whole cell panning (7).  When these factors, among others, are taken 

into consideration, phage display could perhaps isolate scFv recognizing surface antigens 

expressed under controlled conditions in vitro.  Ultimately, panning to whole cells in 

suspension proved to be practical.  The usefulness of this sort of panning strategy is 

illustrated well by Brewster and colleagues (119), who included a final subtractive round 

of panning to L. innocua and L. ivanovii in their successful isolation of an L. 

monocytogenes-specific scFv to address cross-reactive antigens from a phage displayed 

library.   
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There was a distinct drawback, inherent in whole cell panning, to panning to 

unknown targets on whole cells.  Most notably, because whole cell panning used cells 

suspended in a buffer, proteins were preserved in their native states on the cell surface, 

and therefore there existed a higher probability of recovering scFv that recognized 

conformational binding domains.  Though detection of L. monocytogenes was achieved 

via ELISA using the phages obtained, further investigative techniques used to identify the 

target antigen were negative.  Except for our polyclonal antibody control, Western blots 

to listeria surface extracts using phage as primary antibody were visually negative (data 

not shown).  Such a result, at best, could confirm the aforementioned point; indeed the 

phages obtained in our panning experiments were to native surface exposed antigens.  

Thus, we could not identify the target antigen of the phages isolated from our panning 

attempts, as the Western blot procedures we used intrinsically used denatured protein 

(protein in the presence of SDS and reducing agents).  Additionally, the reactivity of 

monoclonal antibodies in a Western blot to listeria surface proteins can be variable based 

on the simple addition of detergent or salt to cell suspension steps prior to loading a 

polyacrylamide gel in an SDS-PAGE.  Extraction methods can be optimized if the target 

protein is known.  Thus, we investigated use of other methods, other than a Western blot. 

To take advantage of the native nature of the antigen exposed on the surface of the 

cells, an inhibition ELISA was used in which the anti-listeria phages were mixed with 

whole listeria cells in serial fold dilutions prior to their addition to listeria-coated ELISA 

microwells (Fig. 3-3).  As expected, we could effectively inhibit the binding of anti-

listeria phage clones when mixed with Listeria cells, and that this effect (approximately 

50% inhibition of phages when mixed with 108 cells) was significantly higher (as 
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determined by Student t-test evaluations of S:N values)  than the inhibition seen when we 

used phages not specific for Listeria but BSA (approximately 20% inhibition of phages 

when mixed with 108 cells).  Our data would seem to indicate then that a specific binding 

did occur for the anti-Listeria phages and that the binding was not an aberrant non-

specific side effect due to the random selection of low affinity scFvs within the phage 

library.  However, this inhibition effect could be repeated by using Enterococcus faecalis, 

a non-related, gram-positive bacterium, demonstrating that there is effective inhibition of 

the anti-listeria phage clones (or their respective soluble scFv antibodies).  These results 

implies that the specificity of the phage clones is to a common or homologous antigen 

present on both E. faecalis and L. monocytogenes.   Such a result could be problematic in 

a real world sample (such as food) likely contaminated or enriched with other bacteria 

and therefore of limited use for the biosensor system. 

Because the surface of Listeria cells is highly decorated with lipoteichoic and 

teichoic acids and glycoproteins, there was the possibility that the phages isolated from 

the whole cell panning recognized carbohydrates or carbohydrate modifications on 

proteins.  This argument could explain the absence of a Western blot result as well, as 

carbohydrates may not have been extracted efficiently and therefore were unavailable for 

the phage to bind to.  Therefore, to further investigate the binding conditions of the anti-

listeria phages, we used a strategy that would selectively destroy the target antigen by 

treating the listeria cells with either proteinase K or sodium meta-periodate.  By 

destroying the antigen with either of these two reagents, we could then determine whether 

the target recognized by the phages was either a protein or carbohydrate. 
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Proteinase K preferentially cleaves aliphatic residues of aromatic amino acids, 

although the specific cleavage locations were ambiguous in our experiments because we 

did not know what the target protein was.  ELISA absorbance signals were dramatically 

decreased following treatment of listeria-coated wells with proteinase K, suggesting that 

the target epitope recognized by the phages was a protein.  However, because the 

absorbance signals were reduced to the level of blank, untreated wells, we could not rule 

out the possibility that the proteins anchoring the cells to the plate were cleaved, therefore 

releasing the most if not all of the cells; thus the cells remaining in the wells were 

reduced to an undeteclevel with the phages using ELISA.   

We combined the proteinase K strategy with periodate oxidation of carbohydrates, 

which is widely used to oxidize hydroxyl groups to aldehydes (125,126).  Under mild 

conditions with a reduced concentration of periodate and shorter reaction time, oxidation 

can be restricted to select hydroxyl groups of carbohydrates or glycoproteins.  Under 

normal periodate oxidation conditions followed by a mild acid treatment (also known as 

Smith Degradation) all residues with adjacent hydroxyl groups are oxidized to aldehydes.  

However, the use of periodate reagent should be used in a controlled manner, especially 

if the carbohydrate make-up of the antigen in question is undetermined.  If an excess of 

sodium metaperiodate is added or incubated too long, the oxidation can begin to affect 

the amines on the protein and may lead to protein degradation or even favor an amine 

linkage to the polystyrene.   

The principles that can affect adsorption to polystyrene include non-covalent 

interactions of macromolecules to its surface, such as weak van der Waals bonds and 

strong hydrogen bonds.  These intermolecular bindings are dependent on the 
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intramolecular electric polarities that reside on the adsorbing molecule.   Thus, in our 

immunoassays, treatment of coated-microwells with periodate could have affected the 

critical adsorption of macromolecules, especially the scFv.   Was this evident in the 

significantly increased background levels in periodate-treated wells that were not coated 

with antigen but incubated with only phages, appearing to cause sticky blank wells (Table 

3-1).  Reports of elevated backgrounds following periodate treatment are rare in current 

literature and may very well be unreported.  Such may be the case from a very similar 

method of periodate treatment of cells directly in microwells used by Brigmon et al. 

(127) to eliminate the antigenic structure of the epitope recognized by a monoclonal 

antibody to Fibrobacter succinogenes.  For our purposes, optimization of the ELISA 

using direct periodate treatment would be desirable.  Without further research, the 

usefulness of the results reported in our ELISA using periodate is questionable in its 

current state.  A reasonable and simple modification could employ treatment of the 

listeria cells in a microcentrifuge tube prior to their coating in the microwells.  In this 

scenario, extended incubations of periodate in the blank microwells is eliminated wholly, 

and excess proteinase K or periodate can be washed from the cells prior to their addition 

to microwells.  However, it is unknown how efficiently proteinase K treated cells would 

coat a polystyrene microwell. 

Because we ultimately wanted to use the soluble form of the scFv and not its form 

fused to the phage, we made several attempts at inducing scFv expression in HB2151 

TAG (Amber) stop non-suppressor strain of E. coli infected with our whole cell phage 

clones.  Although we could confirm the presence of the pIT2 phagemid vector in the cells 

by extracting the plasmids and verifying their presence in agarose gels (data not shown), 
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we could not verify the presence of scFv in either the induced culture supernatant or 

within the cells.  In all cases we used reagent probes specific for recombinant scFv, either 

an anti-c-myc HRP conjugated antibody or protein L-HRP.  Additionally, our control 

scFv (to BSA) was found in both the supernatant and within the cells, as expected (Fig. 3-

5).  Our observations led us to examine what possibilities could explain the lack of 

soluble scFv in an induced culture, a common problem in phage display. 

Suzuki et al. (120) observed the phenomenon of scFv that bind to antigen targets as 

phage but not as soluble scFv, and addressed the issue of apparent variability in scFv 

expression in non-suppressor cells.  Upon inspection of the sequenced phagemid vectors 

from their panning experiments, they noted nonsense frameshift mutations within the 

complementary binding domains or within the framework of the scFv genes.  

Furthermore, these mutations were supressed in the E. coli suppressor strain TG1, and 

thus scFv-gpIII genes could be properly transcribed and translated into a functional 

antibody (or even scFv-pIII) (120).  We reasoned that a transcriptional or translational 

error could have occurred with the anti-listeria whole cell clones but we did not 

investigate this further in light of the poor reactivity of the phages to L. monocytogenes.  

This highlights an important point though; expression of selected clones is normally 

ensured in the TG1 suppressor strain of E. coli in those scFvs that contain TAG stop 

codons, regardless of the location of the stop codon (TG1 is able to suppress termination 

and introduce a glutamate residue at these positions).  When these phage clones 

containing multiple stop codons within their scFv are used to infect HB2151 (a non-

suppressor strain) to give soluble expression of antibody fragments, scFvs that contain 

TAG stop codons will not produce any soluble scFv.   Thus, inspection of the sequenced 
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whole cell scFvs for TAG stop codons outside of the scFv-pIII frame, could potentially 

answer questions as to why there was apparent lack of translation of the scFv gene for the 

whole cell clones in our experiments; perhaps they possessed multiple stop codons, and 

thus no scFv was expressed. 

We showed that, although we could quickly recover phages by panning to whole 

cells, further research needs to optimize the protocols involving formation of soluble 

scFv.  By using panning selections to whole cells, we wanted to isolate antibody 

fragments with high specificity to L. monocytogenes, but in fact, the complex nature of 

the bacterial cell surface impeded further characterization of antibody phage clones in the 

framework of our research.  Given these results, successful selection of specific scFv 

would require selection of a specific surface antigen. 

As stated above, there are many factors that contribute surface proteins and other 

bacterial surface components, such as flagella.  Because bacterial flagellar proteins are 

often antigenically heterogeneous among bacterial species, and because they have been 

extensively characterized using monoclonal antibodies (128-131), we selected listeria 

flagella protein as a target for panning to achieve listeria-specific scFvs.      

We isolated listeria flagella by a simple shearing procedure using a blender while 

confirming the purity of the preparation by polyacrylamide gels stained with Coomassie 

blue.  These results agreed with the results of Peel et al. (60,130), showing a protein band 

at 29 kDa.  The Tsai-Frasch silver stain revealed that many smaller quantities of 

carbohydrates or glycoprotein contaminants of various molecular weights were within the 

flagella preparation (Fig. 3-7B).  We were not concerned, however, about these 

contaminants; theoretically, if a phage were to be isolated to one of these minor 
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components, the antibody would still have potential utility in the detection of L. 

monocytogenes in the biosensor, because all the components in the flagella preparation 

originated from L. monocytogenes.   

After adsorbing the flagellum preparation to immunotubes and panning using 

amplification steps, we isolated and tested 31 phages.  A high number of these phages 

(61%) bound to flagella in an ELISA with S:N much higher than what we observed with 

phages detecting whole bacterial cells.  However, we also observed three phages that 

reacted to L. monocytogenes (but not to flagella), presumably to any of the minor 

contaminants visualized in the Tsai-Frasch polyacrylamide gel stain.  Low detection 

levels of antigenic determinants on cells preselected during panning may highlight an 

important aspect of immunodetection assays when applied to detection of whole bacterial 

cells or non-charged targets: it is not enough to posses a specific antibody, it must also 

posses high affinity or avidity, a shortcoming of antibody fragments such as scFvs (132).  

Our ELISA results demonstrate that detection was absent to whole cells using soluble 

scFv.  We considered the possibility that the microwell plates were not coated optimally, 

and although wells received 109 CFU/mL of cells, the actual number of cells binding to 

the polystyrene may in fact have been lower.  Brewster et al. (119) addressed the issue of 

coating variability in microwells when screening scFvs to Listeria spp. by first 

standardizing cell quantities (both L. monocytogenes and others) to a known 

concentration in buffer using a spectrophotometer then performing a suspended-bacteria 

binding specificity assay where all immunoassay steps were performed in a 

microcentrifuge tube, including substrate development.  Following simple centrifugation 

to pellet the cells, the substrate was transferred to ELISA microwells and absorbance 
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readings were taken.  This technique proved to be successful in determining the 

specificity of anti-listeria scFv phages to a panel of listeria species and could be applied 

to our experiments.   

We demonstrated that both anti-flagella phages and their soluble scFvs could detect 

the flagellum band at 29 kDa in a Western blot (Figures 3-10 and 3-11), although Peel et 

al. (130) noted that low voltage SDS-PAGE separation of listeria flagella separates the 

protein into multiple, antigenically heterogenic bands.  Additionally, Dons et al. (133) 

noted that there is a discrepancy in the predicated and actual molecular weights of listeria 

flagellin, possibly due to glycosylation (36).  ELISA cross-reactive profiles of the phages 

demonstrated variable reactivity to all listeria species (data not shown), a phenomenon 

not uncommon when generating MoAbs to listeria flagella (128,129).  It was not fully 

unexpected, then, that the antibodies we generated would be cross-reactive among the 

listeria species.   Surprisingly, however, some of the anti-flagella antibodies cross-reacted 

to the L. monocytogenes wild-type isogenic flagella mutant (containing a deletion of the 

flaA gene) in an ELISA.   

Dons et al. (133) showed that there is a single flagellin gene in L. monocytogenes 

and more importantly, recently Schirm (36) showed that there is post-translational 

modification of the CLIP23485 flagellin proteins at the GlcNAc backbone residue with a 

β-O-glycosidic linkage as they are exported from the bacteria.  This led us to consider 

that there might be other O-linked glycoproteins or carbohydrates on the surface of        

L. monocytogenes, including the flagellum mutant.  It has been suggested that the 

discrepancies in the predicted and actual flagellin, molecular weights that Dons observed 

can be attributed to post-translational modifications (36).  The cell walls of many gram-
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positive bacteria are modified by O-acetylation of MurNac (33), as well as being 

decorated with many carbohydrates such as teichoic acids.  Therefore, in an attempt to 

understand the cross-reactivity of our anti-flagella scFvs to non-flagellated cells, we 

chemically modified the β-O-glycosidic linkages on the flagella with periodate reagent.  

We tested six anti-flagella scFv clones using a Western blot to listeria flagella that were 

pre-treated with periodate and found that only a single clone of the six tested would not 

bind to the flagellin after treatment (Fig. 3-12).  This suggested that the scFv for this 

clone was specific to glycosylation on the flagella, and would reasonably explain, in part, 

why we observed reactivity of this scFv to non-flagellated cells.   Therefore, these initial 

results indicated that the scFv was binding to carbohydrate molecules on the surface of 

the non-flagellated cells. 

Because our panning was to intact whole flagella sheared from cells, we could 

assume that the reported glycosylated modifications existed on the flagella that we 

adsorbed to the immunotubes.  Because the glycosylation modification sites are in a 

central, surface-exposed region on L. monocytogenes flagella (36), there existed in our 

experiment the real possibility that phages could then bind to these exposed areas in a 

panning procedure.  Although H-antigens can be serospecific (128-131), the modification 

of listeria flagella is identical between L. monocytogenes serotypes 1/2a, 1/2c, and 4b 

(36).  These modifications may represent shared common epitopes among all listeria H-

antigens and may also explain the non-serospecific reactivity of our antibodies isolated 

from our panning experiments beyond day-to-day assay variability. 

We were able to successfully express soluble anti-flagella scFv for at least 10 of the 

31 phage clones by infecting a non-suppressor E. coli strain, HB2151, and verified their 
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functionality by using them as primary antibodies to flagella in ELISAs and Western 

blots.  Although detection of flagella was robust (sensitive detection of a microgram of 

flagellin protein), we observed dramatic decreases in their binding to whole cells.  Signal 

to noise ratios dropped from approximately 5 (to flagella) to 1.   Attempts at 

concentrating the supernatants containing the scFv ten-fold or purifying concentrated 

scFv did not improve signal detection to whole cells (Fig. 3-15), reflecting the low 

affinity of the molecule and the potentially low quantity of flagella on the cells (proposed 

to be between one to five of peritrichous flagella).  This led us to ask what issues then are 

present regarding successful detection using scFv besides possessing specificity and 

affinity.  Because we had ten clones that produced high quantities of soluble scFv, this 

meant that we also had 21 clones (almost two-thirds of our pool) that did not. 

Das et al. (121) demonstrated that within a pool of expressed scFv, there are both 

functional and nonfunctional forms for unknown reasons.  Reports of optimization of 

renaturation conditions (121,134) allowed for a 50% increase of soluble, functional scFv, 

but these scFv still exhibited less binding activity to whole virus than to purified protein 

compared to Fab.  Furthermore, it is well known that refolded antibody may not retain 

binding activity upon expression and can aggregate easily.  Although we did not look 

further into these issues with our anti-flagella scFvs, it would be useful to show a direct 

comparison of active scFv to non-active within an expressed pool.  Simply concentrating 

or purifying scFv would potentially be useful if the scFv existed in a mixed pool 

containing both denatured and renatured forms.  Although independent of volume, the 

concentrated pool would still contain only a fraction of functional scFv; the concentration 

of functional scFv would still increase.  This potential problem can be overcome by 
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screening a high number of phages, until a phage clone is obtained that is specific and 

able to produce soluble scFv. Although we screened 160 clones from panning to whole 

cells, only a very small fraction demonstrated some affinity to Listeria spp.  Later, this 

smaller pool of phages limited the chance of selecting a clone able to produce scFv; none 

of the clones did.  The ability of finding a third of clones able to form soluble scFv 

derived from a relatively small pool in our flagella panning attempts may be attributed to 

using a specific antigen (flagella) for our pannings, although it is unknown how this 

specifically contributed to obtaining clones exhibiting successful scFv expression except 

for having a known target to screen to in various assays. 

Surface proteins serve as excellent targets for the development of antibodies in the 

detection of pathogenic organisms.  Bacterial proteins can serve as major virulence 

factors needed for bacterial entry and persistence within cells.  L. monocytogenes is an 

intracellular organism dependent on several proteins to be coordinately expressed, thus 

allowing for invasion and subsequent escape from host cells, and therefore there have 

been many attempts at developing monoclonal antibodies to surface targets of Listeria 

(119,135,136) including its virulence factors, with downstream applications in the 

detection of whole cells.  Many of these antibodies, however, have cross-reactivity to not 

only non-pathogenic L. innocua, but also to other bacteria species.   Furthermore, the 

expression of several of these proteins is restricted by their interactions with host cells 

during an infection or the antigen is expressed only during growth at 37°C (and not 

24°C).  Antibodies that target virulence factors, such as ActA, InlB, and LLO, though 

specific for L. monocytogenes, would have limited usefulness in the sampling of 

foodstuffs in the biosensor system.   
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Recently, Cossart and colleagues identified and described an autolytic murein 

hydrolase of L. monocytogenes named lmo1076, or Auto, important in invasion and entry 

into host cells.  The Auto protein, is not controlled by the listeria virulence transcriptional 

gene activator, PrfA, and is, to date, the only murein hydrolase found in L. 

monocytogenes that is absent from non-pathogenic L. innocua (37).  That Auto is not 

controlled by PrfA is, in fact, an advantage for our purposes.  Cells would not have to be 

grown under complex growth conditions to induce its expression, such as cell culture 

infections.  Auto is a murein hydrolase, important in the hydrolysis of the peptidoglycan 

at certain time points during cell growth.  Cells could be easily grown in BHI medium to 

exponential phase and harvested for immunoassay applications.  Hydrolases, unlike 

surface proteins associated with virulence, are necessary for cell growth and survival.  

The importance of having hydrolases present during cell growth was demonstrated in 

studies by Pilgrim et al. (137).  This work demonstrated that the deletion of the critical 

hydrolase P60 iap gene in Listeria led to abnormal septum formation and short cellular 

forms, as well as attenuating in virulence.  Targeting of the Auto hydrolase for panning 

provided us with an opportunity to generate a highly specific antibody fragment useful in 

the detection of L. monocytogenes. 

We successfully constructed PCR primers to amplify the hydrolase domain of Auto 

from the genomic strain of L. monocytogenes EGDe, constituting a recombinant form of 

the gene of 668 base pairs (bp).  This recombinant form did not contain the sequence 

encoding the N-terminal signal sequence necessary for export of the protein from within 

a bacterial cell or the C-terminal G-W module sequence necessary for attachment of Auto 

to the outer surface.  The recombinant Auto genes were translated into a polypeptide 
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within the expression host cell cytoplasm, where the protein could then be collected 

following lysis of the cell.  For our purposes and without in depth proteomic structural 

analysis of the recombinant form of the Auto protein (such as gel filtration 

chromatography, x-ray crystallography, or circular diachromism) it would be difficult to 

ascertain what impact deletion of the G-W module had on folding or conformation of 

rAuto.  The majority of monoclonal antibodies bind to linear stretches of amino acids on 

their targets and rarely to conformational forms (138,139), and therefore generation of 

scFvs to the recombinant form would most likely be to stretches of amino acids found on 

the native Auto protein.  Potential binding domains on the recombinant protein may not 

necessarily be exposed on the native protein, however.  To circumvent this potential 

problem, we included a panning selection round to native Auto on whole L. 

monocytogenes cells, following selection of phages to the recombinant protein in 

immunotubes. 

We were able to subclone the Auto-PCR product into a high-expression vector, 

pET19b, and induce protein expression in the host E.coli BL21 (DE3) Tuner cells.  

Following expression, we recovered recombinant protein from the cytoplasm of the cells 

by lysing and solubilizing the membrane protein using a commercial lysis reagent 

containing detergent and lysozyme.   The pET19b vector contains codons encoding six 

histidine amino acids (Fig. 2-2), and cloning of the Auto protein in frame with this 

sequence forms a hexa-histidine fusion tag (6His-tag).  The 6His-tag has high affinity for 

nickel ions and passage of His-tagged proteins over agarose matrices charged with 

nickel-ions (metal chelate affinity chromatography (MCAC)) allows for binding and 

elution of tagged recombinant proteins with relative ease using imidazole.  Untagged 
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proteins pass through the column.  Using MCAC, we were able to purify approximately 7 

mg of rAuto from a liter of induced host expression E. coli cells.  We verified the 

recombinant protein at 34 kDa following its electrophoresis using SDS-PAGE, in 

agreement with the predicted molecular weight.  Two lesser weight proteins at 20 kDa 

and 17 kDa, presumably either degradation products or host cell proteins bound to rAuto 

during elution, co-purified with the rAuto protein.  We further verified the protein as 

rAuto and not an expression system artifact through detection with an anti-6His-tag 

monoclonal antibody in a Western blot, which clearly identified the band at 34 kDa (Fig. 

3-13).  To a lesser degree, a continuous banding pattern was observed from 34 kDa and 

below, indicating that some minor protein degradation had occurred. 

For our panning experiments, we performed two parallel panning procedures both 

initially on rAuto-coated immunotubes and amplification of phages.  After two rounds of 

panning, the pool of amplified phages was then used for a third panning round to whole 

cells in suspension of L. monocytogenes EGDe, the genomic strain used to PCR-amplify 

the Auto gene.  In the second parallel experiment, we included a negative selection 

panning round to L. innocua.  Although we observed phages that could recognize L. 

moncoytogenes cells from both parallel panning pools, there were nodifferences in their 

detection of both rAuto and whole cells (Fig. 3-19).  Surprisingly, we recovered a higher 

quantity of phages that met our initial goal of detecting L. monoctyogenes without 

including negative selection (85% positive detection of rAuto, 85% positive detection of 

L. monocytogenes EGDe cells, 30% positive detection of L. innocua cells).  By 

incorporating a negative selection, we could wholly eliminate the phages’ detection of L. 

innocua cells, although their collective reactivity also fell (50% positive detection of 
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rAuto, 18% positive detection of L. monocytogenes EGDe cells, 0% positive detection of 

L. innocua cells).   

The data we present from these panning attempts demonstrate at least two important 

points.  Under the conditions we used in our experiments, negative selection used in a 

phage display system worked at eliminating unwanted cross-reactivity.  Secondly, by 

incorporating panning procedures to both a highly selective target and to whole cells, we 

could quickly isolate highly specific phages (and their soluble scFvs).  The initial 

screening of these phages demonstrated a profound difference in their reactivity 

compared to our initial panning experiments to whole cells alone by using more stringent 

panning parameters as evidenced in other work (119).  For the first time in our work, we 

were able to demonstrate phages that were not only specific to L. monocytogenes (and not 

non-pathogenic L. innocua) but that were also non-reactive to non-related bacteria such 

as E. faecalis, E. coli 0157:H7, or S. enterica serovar Typhimurium, unlike any phages 

from our previous panning attempts.  Our initial results seem to also verify the results of 

Cossart et al. that both L. innocua and L. monocytogenes serovar 4b lack native Auto 

protein (37), although more in depth research would need to be performed such as testing 

the hybridization of our aut PCR product with genomic extracts of the individual L. 

monocytogenes serovars in a Southern blot.  Lack of hybridization of the PCR product 

with either L. innocua or L. monocytogenes serovar 4b genome would help verify our 

panning results by demonstrating the absence of Auto from these cells.  It is not known, 

though likely, that Auto homologues exist in these Listeria spp.   

In the scope of our research, our results also demonstrate drawbacks and contradictory 

data following panning to rAuto.  Seven phages that exhibited the highest positive 
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reactivity to both rAuto and L. monocytogenes cells in the ELISA used as primary 

antibody in a Western blot.  We could not demonstrate detection of the native Auto 

protein, a 62-kDa protein, from SDS-extracted cells (37) with our scFv or phages in a 

Western blot, although this was most likely due to denaturation of the protein during 

extraction in the presence of SDS and a reducing agent.  Furthermore, only a single clone, 

1N-1, detected the rAuto protein in the Western blot, an apparent contradiction of the 

ELISA where all seven clones were clearly positive to rAuto (Figures 3-20 and 3-21).  

How are these antibodies able to detect rAuto in an ELISA but not in a Western blot?  It 

is possible that scFvs are unexpectedly recognizing conformational epitopes, although 

this is difficult to ascertain from this initial data. The scenario that our data present would 

require the recombinant form of the protein to have retained some structural folding 

present in our panning experiments when used as antigen.  Not an unusual issue, 

monoclonal antibodies that bind to both recombinant and native listeria hydrolases have 

been studied, such as the listeria P60 hydrolase (140).  If the phages tested in our research 

recognize the native Auto protein, this led us to question the possibility that the 

recombinant form of Auto has antigenically homologous structure to its native form 

present on the cell surface, which can only be answered directly through structural 

research or indirectly by testing functionality. 

Carroll et al. demonstrated that a recombinant murein hydrolase, MurA, could be PCR 

amplified from L. monocytogenes EGDe and retain its lytic activity (140) indicating that 

the recombinant form was properly folded.  Although we cloned the hydrolytic domain of 

Auto, we were unable to verify activity of the enzyme, which would have enabled 

verification of proper folding of structural domains.  But as stated earlier, without the G-
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W module present on rAuto, it is unlikely (though unproven in its current state) that the 

recombinant protein is properly folded and active, which is also highly dependent on 

conditions the enzyme resides in (such as proper pH and the presence of select metal ions 

like Mg2+ or Ca2+).   

In our study, we were able to isolate scFv that could recognize only L. monocytogenes 

cells, when fused to the phage, repeating our previous ELISA results from whole cell 

panning and panning to flagella.  Soluble anti-Auto scFvs exhibited high specificity and 

sensitivity, positive in their detection of 1 μg of rAuto in an ELISA (S:N from 10 to 16), 

but failed to generate S:Ns above 1 in their detection of L. monocytogenes cells.  Further 

characterization of the anti-rAuto monoclonal antibodies could further advance our 

knowledge of the homology shared among the many hydrolases of Listeria spp.  In their 

current state, these antibodies have potential use in the biosensor, possibly as a specific 

secondary antibody in a sandwich type assay.  They could also be additionally combined 

with the anti-flagella antibodies as a “polyclonal” detection reagent or in capture/detector 

combos. 

Specific Aim 2: Optimization of Immunological Reagents 

There have been many studies on the usefulness of scFvs and the improvement of 

their low affinities to increase binding to antigens (114,117,121,141).  Biotinylation of 

antibody molecules and detection with streptavidin conjugates is a common strategy to 

amplify the signal obtained in immunological analysis.  In these studies, we described a 

way to increase assay signals following site-specific or chemical biotinylation of scFvs 

recognizing L. monocytogenes.   
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Expression vectors were constructed by fusing a 15-peptide biotinylation acceptor 

domain to the C-terminal end of selected scFvs.  The genes coding for whole cell clone 

(1-3) scFv, anti-flagella scFv, and anti-BSA scFv were cloned into the pAC5 Avitag 

vector.  Anti-BSA antibodies were biotinylated and tested as a model for the scFv 

antibodies.  Recombinant scFvs were biotinylated and expressed in E. coli AVB100 

containing the BirA enzyme (birA is stably integrated into the chromosome under the 

control of AraC).  Restriction digestion was done with HindIII and NotI to obtain the 

fragment containing the ribosome binding site, the pelB leader sequence, and the entire 

scFv gene (Figure 1-1).  In a Western blot, we could demonstrate successful expression 

of the whole cell and BSA scFv clones fused to the biotinylated peptide following their 

transfer to a nitrocellulose membrane and by simple reaction with streptavidin conjugated 

to HRP.   This was the first time we could demonstrate successful expression of an anti-

whole cell scFv (clone 1-3) that could not be previously expressed.  Coincidentally, we 

also demonstrated that an anti-flagella clone previously expressed as soluble scFv in E. 

coli HB2151 cells could not be expressed in the Avitag system.  Our current data are 

unable to provide a reasonable explanation for these observations.  As a drawback, in the 

scope of our experiments we were not able to prove functionality of the expressed Avitag 

biotinylated scFvs via ELISA.  We observed reactivity of SA-HRP to listeria-coated 

microwells (microwells without the addition of primary antibody), and therefore could 

not verify that these antibody fragments were functional and therefore responsible for the 

absorbances generated.  In fact, wells not receiving primary antibody would generate S:N 

from 5 to 9.  We did not make this observation in BSA-coated microwells or with the 

anti-BSA Avitag scFv, seeming to indicate functionality for this clone.  The ELISA 
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results suggest that the assay needs troubleshooting.  Biotin, biotin-like, and peroxidase-

like surface molecules are not known to exist on L. moncoytogenes, and it is therefore 

difficult to explain this unusual and unlikely interaction of the SA-HRP with the listeria 

cells.   

Our studies would seem to verify also that expressed antibody is not always 

refolded properly or remain fully active.  Suzuki (142) verified the failure of phage-

displayed scFvs to demonstrate significant binding to target antigens in a conventional E. 

coli expression system due to translational errors or mutations within certain scFv genes.  

There have been reports demonstrating that the successful expression of scFv fused to a 

biotin mimic tag is often the result from the contribution of variable expression 

conditions (121).  The variable expression conditions could be improved by optimizing 

the renaturation and solubilization conditions during expression of soluble scFv in the 

presence of L-arginine.  L-arginine can increase the yield of refolded proteins by 

decreasing the quantity of aggregated forms, an apparent common problem with scFv 

expression (121,143).  These reported results are particularly important in studies using 

scFvs because there is no universal renaturation protocol that can be used for proper 

refolding of all proteins (144).  Optimization allowed for a 50% increase in the quantity 

of soluble scFv, although in their studies the scFv still exhibited less binding activity to 

whole virus compared to Fab.  This phenomenon may have, in fact, been evidenced with 

both scFvs that we cloned into the pAC5 expression vector system.   Although different 

strategies have been adopted to form properly refolded scFvs, such as the critical 

disulfide bond formation demonstrated by Das (121), there needs to be more 

consideration of the factors that allow for optimum refolding, expression vectors used, 
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and the influence of the amino acids that comprise the scFv that allow for localization 

and successful export.  Despite the advantages of in vivo expression of recombinant scFv, 

we observed that the binding activity was compromised compared to whole Ig or even 

scFv fused to the phage (Figures 3-14, 3-15, and 3-20). 

We attempted chemical addition of biotinylation of scFvs in parallel to genetically 

fusing them to biotin acceptor sequences using the Avitag in vivo biotinylation system.  

Chemical biotinylation, though not as precise as the Avitag system, allowed us to treat 

purified and quantifiable amounts of antibody with relative ease.  Using set quantities of 

scFv in our assays is an important step towards optimizing a protocol in a detection 

system, especially when used in a sandwich or capture format such as used in the fiber 

optic biosensor.  We successfully chemically treated select scFvs and a rabbit anti-L. 

monocytogenes polyclonal antibody with an esterified form of biotin to predominantly 

label peptide amines.  We used these reagents in the detection of listeria flagella in both 

ELISAs and Western blots using SA-HRP for the biotinylated scFv or protein L-HRP for 

unmodified scFv.   

Our initial results indicated that the scFv-B remained functional following chemical 

biotinylation but did not significantly improve absorbance signals to purified flagella in 

an ELISA (Table 3-5).  In fact, unmodified scFv had higher S:N ratios from 7 to 12 

compared to scFv-B (S:N from 2 to 4).  Unexpectedly, signals were greatly enhanced in 

the detection of whole cells compared to unmodified scFv; biotinylated scFv had a S:N of 

approximately 5 and unmodified scFv had a S:N of approximately 2.  We could not 

ignore, however, the ELISA results that demonstrated false positive reactivity of our SA-

HRP to whole listeria cells (Table 3-4).  There was a clear discrepancy with the results 
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that we obtained by using chemically biotinylated scFv.  Using chemically biotinylated 

scFv, we observed a linear increase in absorbance signals by increasing the concentration 

of scFv-B to whole cells from 10 μg/mL to 50 μg/mL.  This was not observed with the 

Avitag cloned scFvs, where the presence (Avitag scFv) or absence of the primary 

antibody (buffer alone) created equal S:N implying an interaction of the SA-HRP with 

the cells.  It is not known in the scope of our work how the difference in bitoinylation of 

the primary antibodies (scFvs) while using the same SA-HRP secondary reagent effected 

increased backgrounds.  Although we could demonstrate successful chemical 

biotinylation, there needs to be further characterization of the interaction of biotin-scFv 

and streptavidin with the surface of listeria.  A step in optimization of the assay could 

incorporate the use of a different conjugated reagent, such as alkaline phosphatase instead 

of SA-HRP.  Long-term research could incorporate computational analysis of amino acid 

sequences in streptavidin-ligand interactions and surface proteins found on                      

L. monocytogenes (145,146). 

We adopted chemically derivatized biotinylated scFv tetramerized to streptavidin-

HRP to form a single-use iummnodetection reagent called a streptabody (stAb) to address 

decreased multivalency exhibited by scFvs to whole L. monocytogenes (Figures 3-23 and 

3-24).  The failure of soluble scFvs to recognize an antigen with high affinity is generally 

a common problem encountered with phage display antibody systems (116,117,142).  

Many evolutionary engineering or antibody reshaping methods have been successfully 

applied to increase stability and affinity of scFv by using DNA chain-shuffling (147), 

error prone PCR (142), or affinity maturation (141,148,149).  These methods require 

numerous manipulations that could lead to high error rates.  Many simpler methods to 
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improve detection using scFv have also been attempted.  Wang and Ferrone (116) applied 

a simple method of improving a binding assay by mixing low affinity scFv fragments 

fused with c-myc tags with an anti-c-myc monoclonal antibody to form sdimeric antibody 

fragment-anti tag monoclonal antibody complexes that demonstrated a two-fold increase 

in their detection assays.   

Relatively low affinity scFvs can be further manipulated by tertamerizing their 

biotinylated forms to streptavidin (117) forming high avidity stAbs.  StAbs were 

successfully created to detect small quantities of carcinoembryonic antigen at 

concentrations 100 times lower than using unmodified scFv (117).  Studies of the 

tetramerized molecule multivalent and avidity effects measured in surface plasmon 

resonance (SPR) demonstrated higher affinity constants, KA, of the stAbs compared to 

scFvs (117).  We performed a simple procedure of mixing biotinylated anti-rAuto scFv, 

18N-3B, with SA-HRP and measured its activity in an ELISA to a purified listeria 

antigen (recombinant Auto protein) and to whole listeria cells.  Using standardized 

concentrations of immunoreagents, we demonstrated that the 18N-3B stAb had 

significantly higher detection of rAuto than its respective phage, scFv, or scFv-B.  The 

reactivity of the stAb, however, did not significantly demonstrate signal amplification in 

the detection of listeria cells unexpectedly.  Based on these results, more research 

regarding whether proper formation of the 18N-3 stAb was achieved is needed to confirm 

the correct molecular weight (approximately 188 kDa) by using either size-exclusion gel 

chromatography or non-denaturing gel electrophoresis.   

There are potential problems in the in vitro manufacturing of tetramerized 

imunnodetection reagents, especially regarding the orientation of the scFv-B in the SA-
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HRP tetramer.  Because the addition of biotin chemically to a protein is not as controlled 

as site-directed in vivo biotinylation of the Avitag peptide to the C-terminal end of a scFv, 

chemically biotinylated scFv may not be oriented with the proper antigen binding sites of 

the antibody exposed outwardly from the stAb complex (117).  Furthermore, it would be 

useful to investigate the effect of using variable length biotin arms when labeled to scFv.  

The NHS-biotin used in our biotinylation procedure contains a relatively short and simple 

linker arm when bound to amines on the protein (13.5 Å).  Other forms of NHS-biotin are 

available that have longer linker arms (39 Å) that would allow for a more flexible stAb to 

promote multivalent binding to repetitive or complex epitopes.  StAbs used in the 

conditions of our research may be at best useful in common immunodetection methods 

such as ELISAs and Western blots. 

Conventional methods have not been able to obtain monoclonal antibodies with 

both high specificity and avidity required by rapid detection systems for                          

L. monocytogenes and other pathogens.  Phage display allows for achievement of this 

goal.  The goal of our research was to use a naïve phage display scFv library in obtaining 

specific monoclonal antibody fragments for use in a fiber optic biosensor in the detection 

of the food borne pathogen, L. monocytogenes, as well as improving on current 

methodologies used in phage display that can be applied to other bacterial species.  At the 

current state of our goal, we present results that demonstrate that scFvs can be developed 

quickly to not only whole listeria cells, but also to its specific cellular components, such 

as flagella and surface hydrolases.  Further research into the improvement of these 

immunological reagents is needed, although we present initial work demonstrating 

practical methods that can be further optimized into a capture assay format.  In summary, 
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we feel that research should continue on the development of scFv antibody technology 

for use in new and existing detection platforms, because recombinant antibodies offer 

numerous advantages over conventional animal-based methods.  
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