
INHIBITION OF THE OUTER MEMBRANE CHANNEL  
 

TOLC WITH PHAGE-DISPLAYED PEPTIDES 
 
 

by 
 

MATTHEW ANDERSON, B.S. 
 
 

A THESIS 
 

IN 
 

MEDICAL MICROBIOLOGY 
 

Submitted to the Graduate Faculty of 
Texas Tech University Health Sciences Center 

in Partial Fulfillment of the Requirements 
for the Degree of 

 
 

MASTER OF SCIENCE 
 
 
 
 

Advisory Committee 
 

Joe Fralick (Chairperson) 
Abdul Hamood 

Michael San Francisco 
Brian Reilly 

 
 
 

Accepted 
 
 
 

  Roderick Nairn, Ph.D._____________ 
Dean, Graduate School of Biomedical Sciences 
Texas Tech University Health Sciences Center 

 
August, 2005 



 ii

ACKNOWLEDGMENTS 

 

 There are many people I would like to thank for making my years at TTUHSC 

exciting and worthwhile.  First, Dr. Joe Fralick, who graciously allowed me to enter his 

lab as a Howard Hughes Medical Institute Undergraduate researcher and continue as a 

lab technician, and finally finish as a graduate student.  He has done everything possible 

to make me comfortable in the lab environment and teach me the skills necessary to be 

successful.  He, along with my graduate committee members, Dr. Abdul Hamood, Dr. 

Michael San Francisco, and Dr. Brian Reilly, have been invaluable to my research 

endeavors at this institution.  I would also like to thank all the other faculty in the 

Microbiology and Immunology department for being supportive and effective teacher.   

 To all the current and past members of the Fralick lab I would also like to extend 

my gratitude for being gracious and helpful coworkers and friends.  There have been 

many over the years, hopefully this list does not leave any out: Dr. Cathy McVay, Dr. 

Govind Vediyappan, Dr. Tatiana Borisova, Dr. Prabhjit Chadha-Mohanty, Dr. Xiao Yi 

Yao, Melinda Lackey, Joe Bass, Naomi Ontiveros, Phat Tran, Revathi Govind, Jiangping 

Bai, Ben Burrowes, Robin Wooley, Bhagavathi Ramasubramanian, Sunil Kapur, and 

Lakysha Mosley.  I would also like to thank the Microbiology and Immunology 

department staff, graduate students, and everyone else who has made my years here so 

enjoyable.   

 A final note of appreciation to my parents, Sam and Kathy Anderson, for their 

support during my years in graduate school, and to my partner, Davor Rukavina, who has 

been a vital part of my life since I met him six years ago, puno te volim. 

 

 



 iii

TABLE OF CONTENTS 

 

ACKNOWLEDGMENTS         

ABSTRACT           

LIST OF FIGURES           

LIST OF TABLES          

CHAPTER 

 I. INTRODUCTION        

  1.1 Multiple Drug Resistance in Gram negative bacteria   

  1.2 The outer membrane channel TolC     

  1.3 Experimental plan and hypothesis     

 II.  MATERIALS AND METHODS      

 III. RESULTS         

  3.1 Biopanning against the TEV peptide    

  3.2 Characterization of TEV-specific phage binding ability   

  3.3 Phage 14 inhibition of TolC drug efflux     

  3.4 Targeting wild-type TolC       

 IV.  DISCUSSION         

REFERENCES          

 

 

 

 

 

ii 

iv 

v 

vi 

 

1 

1 

3 

5 

9 

19 

19 

21 

25 

28 

32 

37

 



 iv

ABSTRACT 

 

 Gram negative bacteria have evolved Multi-Drug Resistance (MDR) efflux 

pumps to extrude harmful substances from the bacterial cell.  In Escherichia coli, the 

outer membrane channel TolC is a vital component of several MDR efflux pumps.  In 

addition to its contribution to drug efflux, TolC is necessary for the secretion of several 

virulence factors.  In this study, we seek to inhibit the drug efflux activity of TolC 

through the use of phage-displayed peptides.  We hypothesize that phage-displayed 

peptides bound to specific sites in the TolC molecule will be able to inhibit drug efflux 

through either 1) blocking of the TolC pore, 2) prevention of open-channel formation, or 

3) prevention of TolC interaction with other efflux pump components.  A series of 

insertion mutants, in which a Tobacco Etch Virus (TEV) peptide sequence is randomly 

inserted into tolC (tolC::tev) (28), was employed to identify sites in the TolC protein that 

are accessible from the extracellular environment and important to its function.  Display 

Phage 14, isolated against the TEV peptide, was shown to bind to E. coli cells containing 

the TolC::TEV insertions located throughout TolC.  The displayed peptide, TB14, was 

shown to inhibit TolC-mediated efflux in two different tolC::tev insertion mutants.  

Unfortunately, attempts to isolate display phage which could bind with high affinity to 

wild-type TolC peptide sequences located at these two sites failed.  We have recently 

isolated a collection of display phage that bind native TolC with high affinity.  Future 

studies would involve their characterization and their ability to bind and inhibit TolC 

function. 
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CHAPTER I  

INTRODUCTION 

 

1.1 Multiple Drug Resistance in Gram negative Bacteria 

 Many bacterial species are becoming increasingly resistant to various 

antimicrobial factors found in nature and those used in clinical medicine, such as dyes, 

detergents, antibiotics, and other chemotherapeutic agents.  This emerging resistance 

among pathogens has serious consequences for the state of human health and the cost and 

effectiveness of modern-day medical care.  The widespread use, and at times misuse, of 

antibiotics is largely to blame for this growing threat, providing a selective pressure for 

the evolution of drug resistance.  Bacteria may acquire resistance through acquisition of a 

plasmid or transposon encoding a drug-resistance gene, or through chromosomal 

mutation (8).  Mechanisms for drug resistance include drug detoxification (eg. β-

lactamase), target site alteration (eg. ribosomal mutation conferring streptomycin 

resistance), removal from the bacterial cell through efflux pumps (eg. Tet pump removal 

of tetracycline), and alteration of porin expression to retard drug entry (1). 

 In Gram negative bacteria, an intrinsic resistance to solutes is conferred in large 

part by the unique outer membrane, in which the lipopolysaccharide outer leaflet 

decreases the rate of transmembrane diffusion of lipophilic solutes (2). Combined with 

narrow porin channels which slow down the rate of hydrophilic solute diffusion, Gram 

negative bacteria have a membrane system with relatively low permeability (2).  This 

does not entirely explain the ability of Gram negative bacteria to survive in the presence 

of high levels of inhibitory factors, as these agents will still enter the bacterial cell, 

simply at a reduced rate (3).   
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 To overcome this deficiency, Multi-Drug Resistance (MDR) efflux pumps have 

evolved in order to actively extrude harmful factors from the bacterial cell and into the 

environment (4).  Traditional drug efflux pumps, such as Tet from Escherichia coli and 

all discovered so far in Gram positive bacteria, span across the cytoplasmic membrane 

alone and have only one protein subunit (5).  These pumps typically excrete only one 

drug or class of drugs and have a high throughput rate (4).  The majority of Gram 

negative MDR efflux pumps have a complex, multi-component structure that spans 

across both the cytoplasmic and outer membranes (6).  These pumps usually have a much 

wider substrate specificity than their Gram positive cousins (6).  For example, the AcrAB 

MDR efflux pump from E. coli confers resistance to various lipophilic antibiotics, dyes, 

and detergents (7).   

 A hypothetical reason for the disparity between Gram positive and Gram negative 

efflux pumps lies in the difference between their respective cell envelopes (4).  Solute 

diffusion across the cytoplasmic membrane occurs at a much faster rate than that of the 

Gram negative outer membrane.  Gram positive bacteria, therefore, require an efflux 

system with high throughput, which seems to correlate with decreased substrate diversity.  

Gram negative bacteria, however, do not necessarily require high throughput, which may 

free their efflux pumps to expand their substrate profiles. 

 The AcrAB system of E. coli is an example of the typical Gram negative MDR 

efflux pump of the RND (Resistance-Nodulation-Division) family (7,9)(Figure 1.1).  It 

has a tripartite, hetero-oligomeric structure spanning both the inner and outer membranes.  

The cytoplasmic membrane transporter protein, AcrB, actively exports the substrate 

through the cytoplasmic membrane using protonmotive force, and provides substrate 

specificity (10).  The outer membrane efflux protein, TolC, provides an exit channel 

through the outer membrane (11,12,33).  The periplasmic accessory protein, AcrA, also 
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called the membrane fusion protein, is believed to be involved in the recruitment of the 

outer membrane channel protein with the activated cytoplasmic transporter pump (13).  

  
Figure 1.1 – Schematic of the AcrAB-TolC MDR Efflux Pump. 

 A hypothetical mechanism of drug efflux through the AcrAB system has begun to 

be elucidated in recent studies (4,13,14,15).  During times of inactivity, the components 

of the efflux pump exist as separate entities in their respective locales unless a substrate is 

present.  When AcrB engages a substrate, it is thought that AcrA is recruited, which in 

turn recruits TolC (15).  The docking of TolC onto the efflux machinery causes a 

conformational change in TolC, which normally exists in a closed state, opening the 

channel and allowing the substrate to exit the cell. 

 

1.2 The outer membrane channel TolC 

 TolC was initially identified by genetic analysis of mutations in E. coli that 

conferred resistance to the bactericidal factor colicin E1 (TolC = Tolerant to Colicin)(16).  

Further analysis revealed a ~52 kD protein located in the outer membrane (17).  Initially 

TolC was thought to be an outer membrane processing protein (17); its involvement with 
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Medium 
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drug resistance was not determined until later (18).  As stated previously, TolC forms the 

outer membrane component of the E. coli AcrAB MDR efflux pump, but also can be 

interchanged with other efflux systems, such as the E. coli EmrAB efflux pump, a 

member of the Major Facilitator (MF) family of efflux pumps (11,29).  The versatility 

and effectiveness of TolC function contributes to its vital importance to multi-drug 

resistance in Gram negative bacteria.  One study (19) found that the deletion of tolC from 

the E. coli chromosome increased susceptibility of the bacteria to twenty-seven out of 

thirty-five anti-microbial compounds tested, more than any other MDR-related gene, 

including acrAB, providing additional evidence for the role of TolC in multiple efflux 

pumps with overlapping substrate specificities. 

 Not only is TolC imperative for MDR machinery, but is also required for the 

excretion of several virulence factors.  In Type I secretion of hemolysin toxin (HlyA), 

TolC interacts with the inner membrane components HlyBD, again forming an outer 

membrane channel through which the protein reaches the external environment (20).  In 

Type II secretion of the heat-stable enterotoxins STI and STII (21,22), TolC is somehow 

required for the proteins to reach the extracellular space, although the mechanism of this 

process is poorly understood.  It is apparent that TolC is a vital component of 

pathogenicity as well as multi-drug resistance, and loss of TolC homologues, found in 

many Gram negative species, has been shown to attenuate virulence in Vibrio cholerae 

(23), Salmonella enteritidis (24), and the plant pathogen Erwinia chrysanthemi (25). 

 The crystal structure of TolC reveals a homotrimeric organization capable of 

crossing the outer membrane and most of the periplasm (26).  A β-barrel structure lies in 

the outer membrane, similar to other Gram negative porins except that it is composed of 

the three subunits coming together to form one large pore, averaging ~35 Å in diameter.  

Unique to TolC and its homologues is the long periplasmic region, composed of an        
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α-helical tunnel which extends 100 Å towards the cytoplasmic membrane.  Midway 

down, the tunnel is girdled by an equatorial domain composed of short α-helices.  Below 

this domain, the channel becomes constricted to a diameter of 3.9 Å.  It has been 

hypothesized that, upon recruitment with the AcrAB efflux pump components, AcrA 

directly interacts with the equatorial domain, causing a conformation change that opens 

the lower end of the TolC channel (15).   

 

1.3 Experimental plan and hypothesis 

 The significance of TolC in both pathogenicity and multi-drug resistance leads to 

the idea that it is a promising target for drug therapy in Gram negative bacterial 

infections.  The method we chose to find potential inhibitors of TolC activity is through 

the utilization of phage-display libraries.  This system is a powerful selection technique 

wherein an expansive combinatorial library of ~109 random peptide sequences are 

expressed as a fusion with a coat protein of a bacteriophage.  In this study, 12-mer 

peptides are expressed on the gpIII receptor protein of the filamentous, male-specific 

bacteriophage M13 (Ph.D.-12 Phage Display Peptide Library, New England Biolabs).  

The genetic information for each random peptide sequence is carried within the phage, 

allowing phage-displayed peptides to be selected against a target, amplified, and 

characterized through DNA sequencing.  In previous studies, phage display libraries have 

mostly been used in epitope mapping, investigating protein-protein interactions, and 

identification of peptide mimics of non-peptide ligands (27).   

 We hypothesize that the binding of phage-displayed peptides to TolC, specific for 

sites in TolC important to its function, will be able to inhibit its drug efflux activity.  

Through knowledge of the possible mechanism of MDR efflux pump drug extrusion, we 

may further hypothesize that this inhibition will occur either by: 1) physical obstruction 
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of the TolC channel, 2) prevention of the interaction of TolC with other MDR efflux 

pump components, such as AcrAB, or 3) prevention of open-channel formation. 

 The process by which specific phage-displayed peptides are selected from a 

random library against a known target is known as biopanning (27).  If biopanning 

against a purified sample of TolC protein was undertaken, two possible problems may 

occur.  In one, strong epitopes of TolC may be inaccessible from the external 

environment, meaning that these epitopes may be available for binding to the isolated 

TolC protein, but not when TolC is located in the outer membrane of whole bacterial 

cells.  Another setback lies in the possibility that strong epitopes might not necessarily be 

important for TolC function, meaning that even though phage-displayed peptides might 

be able to bind to these sites, effective inhibition may not be accomplished.  Either of 

these outcomes would likely lead to an unsuccessful attempt at the primary goal of this 

study. 

 To avoid these potential difficulties, we employed a series of tolC insertion 

mutants located throughout the TolC protein.  The idea was to biopan against the 

insertion sequence alone, then take those phage-displayed peptides which bound with a 

high affinity to the insertion sequence and apply them to bacterial strains containing the 

TolC protein with the insertion sequence located at different sites.  By discovering the 

tolC insertion mutants to which the phage-displayed peptides could bind and possibly 

inhibit TolC activity, we could identify regions of TolC accessible from the external 

environment and important to its function.  These regions could then be synthesized as 

isolated peptides and biopanned against, leading to a pool of phage-displayed peptides 

that bind to and inhibit TolC in vivo.   
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 The tolC mutants used in this study are a series of tolC::tev insertion mutations 

carried in the pBR322 vector.  The tev insertion (72 bps) encodes for the Tobacco Etch 

Virus NIa protease target site, NH-LTLIHKFENLYFQSAAAILVYKSQ-COOH, with 

the specific protease cleavage site underlined.  The collection of tolC::tev insertion 

mutations was created through transposon mutagenesis using the Tn5-based mini-

transposon TnTAP by the lab of Dr. Michael Ehrmann (28), a collaborator of Dr. Joe 

Fralick.  It was found that 51 strains out of 120 TnTAP inserts contained the TEV 

insertion at unique sites in the mature TolC (Figure 1.3).  Previously, this collection was 

used in the structural and functional mapping of TolC (unpublished results).  In this 

study, we employ 44 tolC::tev insertion mutants to achieve the goal of identifying 

accessible and functionally important sites of the TolC protein. 
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Figure 1.3 – Insertion Map of the tolC::tev Insertion Mutants (modified from 26). 
 A schematic representation of one TolC subunit is shown.  Each dashed number 
 signifies an amino acid site whereat a TEV insertion is located in one of the 
 tolC::tev insertion strains.  These numbers correspond to the amino acid site of 
 TolC after the 24 amino acid signal sequence has been removed. 
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CHAPTER II  

MATERIALS AND METHODS 

 

Table 2.1 E. coli Strains Used  
Strain Designation Relevant Genotype Source 
1151 tolC5, strA8, recA Fralick lab 
1533 1151/pBR322tolC Fralick lab 
CS327 ompF, ompC, ompB (polar ompR) Fralick lab 
CS327/pBR322tolC::6His  Fralick lab 
ER2738 F’, lacIQ ∆(lacZ)M15, 

zzf::Tn10(TetR)/fhuA2 
Reference 27 

ER2738tolC- tolC Altered from 27 
pBR322tolC::tev plasmids (Each located in 1151; Numbers   
designate separate amino acid sites where the tev insert is located in 
TolC without the 24 aa signal sequence):  2, 41, 43, 45, 48, 49, 55, 
65, 67, 70, 95, 106, 108, 124, 133, 134, 143, 151, 157, 161, 162, 
185, 189, 197, 200, 214, 223, 229, 231, 242, 243, 249, 254, 262, 
282, 287, 292, 341, 349, 380, 405, 413, 425, 443. 

Reference 28 

 

2.2 Preparation of glass tubes for biopanning 

 The targets for each biopanning were dissolved in Coupling Buffer (50 mM 

phosphate, 150 mM NaCl, 10 mM EDTA, pH 7.2) at the following concentrations: TEV 

peptide – 1 mg/ml, TolC1 peptide – 10 mg/ml, TolC2 peptide – 0.5 mg/ml, TolC::6His-

Gly protein - <0.1mg/ml, depending on the solubility and amount of the target.  The 

luminal surface of the glass tubes was immersed in the silane reagent [3-

Aminopropyltriethoxysilane (Pierce #80370), diluted to 2.0% in dry acetone] for 30 

seconds.  The tubes were then rinsed with dry acetone and air-dryed.  50 µl of a 10 mM 

aqueous solution of Sulfo-LC-SPDP (Pierce #21650) was added to 1 ml of Coupling 

Buffer, then added to the glass tubes and allowed to sit for 30 minutes at room 

temperature.  Afterwards, the modified glass surface was rinsed with Coupling Buffer.  

The glass surface was then treated for 30 minutes with a 50 mM solution of the reducing 

agent dithiothreitol (DTT) (Pierce #20290) in Coupling Buffer at room temperature, then 



 10

rinsed again with Coupling Buffer.  To crosslink the protein targets to the modified 

surface, the protein solution was allowed to incubate in the glass tubes for 18 hours 

(overnight) at 4oC.  The glass tubes were then rinsed with Coupling Buffer to remove any 

unconjugated protein. 

 

2.3 Biopanning (27) 

 The PumpPro MPL (Watson-Marlow Bredel Pumps #580 90RPM) was used in 

each round of biopanning to provide a constant velocity of 3 rpm for all biopanning steps.  

Plastic cylindrical tubes were attached to the apparatus as per manufacturer’s instructions, 

with the target-coated glass tubes attached to the end of the plastic tubes.  The New 

England Biolabs Phage Libraries were dissolved in Tris-buffered saline, TBS (50mM 

Tris-HCl, 150mM NaCl, pH7.5) as follows: for TEV biopanning, 1x1011 pfu of the 

Ph.D.-12 library (#E8110S); for all other biopannings, 5x109 pfu each of the Ph.D.-12, 

Ph.D.-7 (#E8100S), and Ph.D.-C7C (#E8120S) libraries were used.  The parameters 

changed for each round as follows: 1st round - Initial phage library was allowed to 

circulate through the tubes for 1 hour, and 1 ml of TBS containing the detergent Tween-

20 (0.1%) was used to wash the tubes afterward; 2nd round - 5x109 pfu of the amplified 

phage from the first round circulated for 30 minutes, and 10 ml of TBS Tween-20 (0.5%) 

was used in the wash step; 3rd round - 5x109 pfu of the amplified phage from the second 

round circulated for 10 minutes, and 100 ml of TBS Tween-20 (0.5%) was used in the 

wash step.  After each wash step, the bound phage were eluted by adding 50 µl of 200 

mM Glycine-HCl (pH 2.2), allowed to incubate in the glass tubes for 10 minutes, 

removed, and neutralized with 7.5 µl of 1 M Tris-HCl (pH 9.1).  
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2.4 Phage amplification (27) 

 The eluted phage from each round of biopanning were amplified by adding them 

to an exponential (OD600 ~ 0.5) culture of ER2738 (for TEV biopanning), or ER2738 

tolC- (all other biopannings) grown in 20 ml LB medium (10g/L Bacto-Tryptone, 5g/L 

yeast extract, 5g/L NaCl) containing tetracycline (25µg/ml).  This was incubated with 

shaking for 4.5 hours at 37oC.  Afterwards, the culture was transferred to a centrifuge 

tube and spun for 10 minutes at 7840xg.  The supernatant was transferred to a new 

centrifuge tube and respun.  The upper 80% (16 ml) of the resulting supernatant was 

added to another fresh tube and 1/6 volume (2.65 ml) of PEG/NaCl (20% polyethylene 

glycol-8000, 2.5 M NaCl) was added and allowed to sit overnight at 4oC.  This was 

centrifuged the next day for 15 minutes at 7840xg at 4oC, the supernatant decanted, and 

the pellet resuspended in 1 ml TBS.  This was transferred to a microcentrifuge tube and 

spun for 5 minutes at 4oC to pellet residual cells.  The supernatant was taken to a fresh 

microcentrifuge tube and reprecipitated with 1/6 volume PEG/NaCl for 1 hour on ice.  

This was then microcentrifuged for 10 minutes at 4oC, the supernatant decanted, and the 

pellet resuspended in 200 µl TBS.   

 

2.5 Phage titering (27) 

 Five ml of LB (with 25µg/ml tetracycline) was inoculated with ER2738 and 

incubated at 37oC with shaking until mid-exponential phase.  Agarose top preparations 

(LB with 7.5 g/L Bacto-Agar) were melted in the microwave and kept in sterile culture 

tubes (3 ml each) at 50oC.  LB/IPTG/Xgal plates (LB with 15 g/L Bacto-Agar, 50 mg/L 

IPTG, 40 mg/L Xgal) were prewarmed at 40oC.  10-fold serial dilutions of phage were 

prepared in LB.  10 µl of each dilution was added to 0.2 ml of ER2738 culture upon 

reaching mid-exponential phase, vortexed, and incubated at room temperature for 5 
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minutes.  This was then added to the agarose top preparations, vortexed, and poured over 

the LB/IPTG/Xgal plates.  The plates were allowed to cool, then incubated overnight at 

37oC.  The next day, the plaques, appearing light blue, were counted and multiplied by 

the dilution factor to get the phage titer in plaque forming units (pfu) per 10 µl. 

 

2.6 Final phage preparation and DNA extraction (27) 

 After titering the eluate of the 3rd round of biopanning, isolated phage clones were 

amplified.  An overnight culture of the host strain was diluted 1:100 in LB/Tet, and phage 

plaques were transferred to 1 ml of this dilution using sterile toothpicks.  This was 

incubated in a 37oC water bath with shaking for 4.5 hours, after which the culture was 

transferred to microcentrifuge tubes.  This was then microcentrifuged for 1 minute at 

15,000 rpm, and the upper 80% of the supernatant transferred to a new tube.  Half (400 

µl) of the supernatant was kept as the final phage preparation.  The other half was used to 

extract DNA for sequencing.  200 µl of PEG/NaCl was added and allowed to sit for 10 

minutes at room temperature.  This was microcentrifuged for 10 minutes at 15,000 rpm 

and the supernatant removed.  The pellet was resuspended in 100 µl Iodide Buffer 

(10mM Tris-HCl, 1mM EDTA, 4M NaI, pH 8.0) and 250 µl ethanol added.  This sat for 

10 minutes at room temperature, after which it was respun for 10 minutes and the 

resulting supernatant discarded.  The pellet was washed with 500 µl of 70% ethanol and 

dried briefly under vacuum.  The pellet was resuspended in 30 µl of sterile H2O and sent 

to the Center for Biotechnology and Genomics Core Facility (TTU, Lubbock, TX) for 

sequencing using the -96 gIII sequencing primer (New England Biolabs #1259). 
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2.7 Phage screening ELISA 

 Target-coated microtiter wells were prepared by dissolving the target at a 

concentration of 100 µg/ml (for the TEV peptide) or 10 µg/ml (for all other targets) in 

100 mM NaHCO3 (pH 8.6).  100 µl of this solution was added to each microtiter well 

(one for each phage isolate to be screened), and incubated at 4oC overnight with gentle 

rocking.  The next day, the solution was decanted and replaced with 300 µl Blocking 

Buffer [10 mg/ml bovine serum albumin (BSA) in 100 mM NaHCO3, pH 8.6].  Blocking 

Buffer was also added to uncoated microtiter wells, again one for each phage isolate to be 

screened.  This was incubated at room temperature for 2 hours with gentle rocking, the 

Blocking Buffer then removed, and the wells rinsed twice with TBS Tween-20 (0.5%), 

also called TBST.  100 µl of the final phage preparations were added to each microtiter 

well, one coated with target and the other coated with BSA alone, and incubated for 1 

hour at room temperature with gentle rocking.  This was then decanted and the wells 

washed six times with TBST.  100 µl of mouse anti-M13 horseradish peroxidase (HRP) 

conjugated monoclonal antibody (1:2,500)(Amersham Pharmacia Biotech #27-9421-01) 

was added to each well, incubated for another hour at room temperature with gentle 

rocking, and decanted.  After washing the wells 6 more times with TBST, 100 µl of TMB 

1 Component HRP Microwell Substrate (BioFX Laboratories #TMBW-0100-01) was 

added to each well, and incubated for 10 minutes at room temperature before the addition 

of 100 µl Stop solution (3N HCl).  The color change in each well was read at an 

absorbance of 450 nm on the EL312 Microplate Bio-Kinetics Reader (Bio-Tek 

Instruments).   
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2.8 Spun-cell ELISA (adapted from 32) 

 Three hundred µl of an overnight culture of E.coli was transferred to a 

microcentrifuge tube and spun for 1 minute at 14,000 rpm.  The supernatant was decanted 

and the pellet washed by resuspension in 300 µl TBST (0.5%), vortexing, and respinning.  

This wash step is repeated throughout the protocol.  The pellet was then resuspended in 

100 µl TBST (0.5%) containing 5x109 pfu of phage, and incubated for 45 minutes on ice.  

This mixture was then centrifuged and washed three times as before.  The pellet was then 

resuspended in 100 µl TBST (0.5%) containing either mouse anti-M13 antibody (1:5,000, 

obtained from lab of Dr. Ron Kennedy, TTUHSC), or mouse monoclonal anti-M13  

HRP-conjugated antibody (1:2,000), and incubated again for 45 minutes on ice.  This 

mixture was then centrifuged and washed three times as before.  If the mouse anti-M13 

antibody was used, a further incubation with goat anti-mouse HRP-conjugated antibody 

(1:25,000, also from lab of Dr. Kennedy) was necessary, followed by three more wash 

steps.  Afterwards, the pellet was resuspended in 100 µl TMB microwell substrate and 

allowed to sit for 10 minutes before adding 100 µl Stop solution.  This was then 

centrifuged and 100 µl of the supernatant transferred to microtiter wells and read on the 

ELISA Microplate Reader at A450. 
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2.9 Phage 14 – TolC::TEV Crosslinking 

2.9.1 Crosslinking (12,33) 

 Five hundred ml of an E. coli strain was spun at 7025xg for 15 minutes, and the 

supernatant removed.  The pellet was resuspended in 2 ml of HEPES (50 mM, pH 7.4), 

and incubated with 1012 pfu of Phage 14 for 1 hour on ice.  The crosslinker 

dithiobissuccinimidyl propionate (DSP) was added to a final concentration of 0.2 mM 

and allowed to incubate for 30 minutes at 37oC.  The reaction was stopped by adding 20 

mM (final concentration) Tris-HCl (pH 7.4) and incubating for another 30 minutes at 

37oC. 

 

2.9.2 Outer membrane preparation 

 DSP-treated cells were French Pressed at 10,000 lbs of pressure. The resulting 

mixture of lysed and unlysed cells was centrifuged at 1960xg for 15 minutes to pellet 

unlysed cells, and the supernatant was transferred to ultracentrifuge tubes.  After 

balancing with HEPES (50 mM pH 7.4), the samples were spun at 183960xg for 45 

minutes at 5oC.  The supernatant was decanted, and the pellet resuspended in 4.32 ml of 

HEPES and homogenized.  To each sample was added 48 µl of 1 M MgCl2 followed by 

48 µl of TritonX-100 (20% in 0.05 M HEPES).  After balancing with HEPES, the 

samples were spun again at 183960xg for 45 minutes at 5oC.  The supernatant was again 

decanted off, and each pellet resuspended in 2 ml of Immunoprecipitation (IP) Buffer [50 

mM Tris-HCl, pH7.6, 0.5 mM NaCl, 0.5% TritonX-100 (vol/vol), 0.5 mg/ml BSA].  
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2.9.3 Immunoprecipitation 

 Four x volume of IP Buffer and 15 µl anti-TolC antibody were added to the outer 

membrane preparations, and incubated at room temperature for 3 hours without agitation.  

100 µl of a 10% suspension of formalin-killed Staphylococcus aureus cells (Sigma #P-

7155) were added and incubated at 4oC with end-over-end rotation for 80 minutes.  Cells 

were washed 4 times by resuspension in 500 µl IP Buffer, microcentrifuging, removing 

the supernatant, and repeating.  After the last wash, the pellet was resuspended in 60 µl of 

2% sodium dodecyl sulfate (SDS) and boiled for 5 minutes.  The S. aureus cells were 

pelleted by centrifugation and the supernatant kept as the immunoprecipitated sample. 

 

2.9.4 Western blot 

 Denatured samples were run on a 10% SDS-PAGE.  The resulting gel proteins 

were transferred to a PVDF membrane using the Trans-Blot SD Semi-Dry Transfer Cell 

(Bio-Rad). The membrane was blotted with Blocking Solution [2% BSA, 7.5% Nonfat 

Dry Milk, 0.2% Tween-20 in Towbin’s Saline (60 mg/ml NaCl, 1.21 mg/ml Tris-base, 

pH 7.4)] overnight at 4oC.  The membrane was then washed 5x in Wash Buffer (0.2% 

Tween-20 in Towbin’s Saline), 10 minutes with gentle rocking per wash.  Afterwards, the 

antibody diluent (1:2,000 anti-M13 HRP-conjugated antibody in Wash Buffer with 

0.25% BSA and 2% Nonfat Dry Milk) was added and rocked gently for 1 hour.  The 

membrane was then washed 5 more times in Wash Buffer, then covered in Pierce Super 

Signal West Pico Chemiluminescent Substrate (5 ml Peroxide Solution and 5 ml 

Luminol/Enhancer Solution)(#34080) for one minute.  The membrane was then exposed 

to Blue Sensitive Autoradiographic Film (Marsh Bio Products #75590) for 3 minutes and 

developed. 
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2.10 Zone of inhibition assay 

 Ten thousand (104) colony forming units (cfu) (100 µl of a 1:20,000 dilution of an 

overnight culture) of E. coli (each tolC::tev insertion strain, 1151, and 1533) was 

combined with either 5x109 pfu of Phage 14 or 1014 particles of peptide TB14.  This 

mixture was incubated on ice for 15 minutes and then plated onto an LB agar plate.  On 

the surface of the plate were placed paper discs infused with DOC (20 µl of 15%), CCCP 

(20 µl of 8 mM), or Novobiocin (20 µl of 20 mg/ml), spaced evenly apart.  The plates 

were inverted and incubated overnight at 37oC.  The next day, the zones of inhibition 

around each disc were measured in millimeters.  

 

2.11 Ethidium efflux assay (34,35,36) 

 Each E. coli strain tested was grown overnight in LB medium, subcultured (1:4 

dilution in fresh LB) the next day, and grown for 1.5 hours.  500 µl of the subculture was 

transferred to a microcentrifuge tube and spun at 15,000 rpm for 1 minute.  The 

supernatant was decanted, and the pellet resuspended in 500 µl HEPES (50 mM, pH 7.4), 

vortexed, and recentrifuged.  This pellet was resuspended in HEPES to give a final OD600 

of 0.55-0.6.  200 µl of this solution was transferred to a new microcentrifuge tube, to 

which was added 1 µl of a 5 mg/ml solution of the TB14 peptide.  This was placed on ice 

for 15 minutes, then ethidium bromide was added to a final concentration of 5 µM.  This 

was vortexed and transferred to a microtiter well, which was then read every 5 minutes 

on the Typhoon 9410 PhosphorImager (Amersham Biosciences) for 30 minutes in all.  

Fluorescence intensity was analyzed by ImageQuant Software (Amersham Biosciences). 
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2.12 TolC::6His Purification 

 Five hundred ml of an overnight culture of strain CS327/pBR322tolC::6His was 

split between two large centrifuge tubes and spun down at 7025xg for 15 minutes.  Each 

of the two pellets was resuspended in 5 ml HEPES (50 mM, pH 7.4), and the outer 

membrane preparation was obtained as described previously.  Immunoprecipitation was 

also conducted as described before.  Ni-NTA column purification was done by following 

the “Batch Purification under Native Conditions” protocol as per the manufacturer’s 

instructions (Novagen #70899).  Samples obtained were analyzed by SDS-PAGE. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 19

CHAPTER III  

RESULTS 

 

3.1 Biopanning against the TEV peptide 

 In order to select phage-displayed peptides against the TEV insertion sequence 

from an initial random library, the TEV peptide was synthesized as a target for 

biopanning (Biosynthesis Incorporated, Lewisville, TX).  To efficiently present a target  

to a phage-display library, Dr. Prabhjit Chadha-Mohanty (Fralick lab, TTUHSC) has 

developed a system in which the target is attached with a disulfide crosslinker to the 

luminal surface of a glass cylindrical tube (10 µl volume).  This method provides a target 

that is tethered to the inside of the biopanning tube in such a way that it may present itself 

in its native conformation.  To simplify the crosslinking process, the TEV peptide was 

synthesized with a cysteine moiety at the N terminus, giving it a final sequence of: NH-

CGIHFENLYFQSAAAILVYK-COOH. 

 After preparing the glass tubes containing crosslinked TEV as a target (detailed in 

Materials and Methods), three rounds of biopanning were conducted with the Ph.D.-12 

Phage Display Peptide Library (27).  Briefly, each round of biopanning consists of 

incubation of the phage-display library with the target, washing the surface of the glass 

tubes with varying volumes of wash buffer, elution of the bound phage with a low pH 

buffer, and amplification of the eluted phage on E. coli strain ER2738.   

 After completion of biopanning against the TEV peptide, a screening ELISA was 

conducted using 20 phage-displayed peptides isolated after the third round of biopanning.  

The ability of each phage to bind to microtiter wells coated with the TEV peptide was 

compared with how well they bound to microtiter wells coated with BSA alone.  As seen 

in Figure 3.1, each phage tested in this assay bound at a greatly increased level to the 
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TEV-coated wells.  Of these phage isolates, the five highest binders, with an A450 above 

1, were selected for further characterization.  The DNA from each phage was purified and 

sequenced by the Center for Biotechnology and Genomics Core Facility, Texas Tech 

University, Lubbock, TX.  Analysis of the gIII sequences revealed five different phage-

displayed peptides, shown in Table 3.1.  Possible binding motifs shared by two or more 

separate phage are the AAS moieties, shared by Phage 2 and 3, and LPN, shared by 

Phage 5 and 14. 
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 Figure 3.1 TEV Phage Screening ELISA.  The binding ability of each phage isolated (x-
 axis) after the 3rd round of biopanning against the TEV peptide was tested through 
 an ELISA comparing A450 values (y-axis) of wells coated with the TEV peptide 
 to wells coated with BSA alone.  As seen, each phage isolate tested bound to the 
 TEV-coated wells at a much higher level than the BSA-coated wells.  Phage 
 isolates 2, 3, 5, 14, and 20 had an A450 above 1, and were selected for further 
 characterization.   
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Table 3.1 TEV-Specific Phage-Displayed Peptide Sequences 
Phage Isolate Peptide Sequence 

2 DYAPLQLFAASS 

3 FPAMLWHASAAW 

5 HSLYYWLPNPVL 

14 VSTLNPLPIYAI 

20 AGWYPSNYWWWR 

 

3.2 Characterization of TEV-specific phage binding ability  

 While further investigation of the binding affinity of the selected phage-displayed 

peptides to the TEV peptide alone may have been worthwhile, we chose instead to 

address the more important issue of whether or not the phage could bind to the TEV 

insertion located in the TolC protein in whole bacterial cell outer membranes.  To 

accomplish this, we employed a technique adapted from another study (32) termed the 

Spun-Cell ELISA.  Briefly, a tolC::tev insertion mutant strain acts as the target for the 

phage-displayed peptides.  Conducted entirely in solution, after incubation of the phage 

with the bacterial strain, the mixture is centrifuged to obtain a cell pellet, washed by 

resuspension in wash buffer, and recentrifuged to remove the phage-bound bacteria from 

unbound phage.  The amount of phage bound to the bacteria is detected by further 

incubation with mouse anti-M13 antibody followed by goat anti-mouse HRP-conjugated 

antibody.  After adding the TMB microwell HRP substrate (Pierce), the cells are spun 

down once more and the color change of the supernatant read at an absorbance of 450 

nm.  An initial Spun-Cell ELISA revealed that out of the five selected TEV-binding 

phage, Phage 14 bound at the highest levels to the TolC::TEV protein in four out of five 

tolC::tev insertion mutants tested (Table 3.2).  Spun-Cell ELISAs for each of the 
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tolC::tev insertion mutants were conducted using Phage 14, which is also used in all 

subsequent experiments.  The results are seen in Figure 3.2.1.  The absorbance value for 

each tolC::tev strain is compared with a negative control strain containing wild-type 

TolC.  By comparing these data with the tolC::tev insertion map (Figure 1.3), it appears 

that the Phage 14 is capable of binding to most regions of the TolC protein when located 

in the E. coli outer membrane.  To add validity to this relatively unexplored technique, 

we added another negative control strain, in which the ENLYFQ sequence in the middle 

of the TEV insertion of strain 443 is replaced with a 6-His,Gly tag, constructed by Dr. 

Tatiana Borisova using transposon mutagenesis.  A Spun-Cell ELISA with this 

replacement strain gave an A440 value of 0.066, compared with a value of 2.078 for 

strain 443.  This sharp decrease in absorbance values gives additional support for the 

Spun-Cell ELISA method. 

Table 3.2 Anti-TEV Display Phage Screening Spun-Cell ELISA.  The display phage 
selected after TEV biopanning were tested for their ability to bind to five tolC::tev 
insertion mutants through a Spun-Cell ELISA.  Absorbance (450 nm) values are shown 
from one experiment.  Phage 14 bound at the highest levels to four out five strains tested, 
and was selected for future studies. 
 tolC::tev Insertion Mutant 

Phage 
Isolate 

Strain 41 Strain 55 Strain 65 Strain 95 Strain 292 

Ф2 0.213 0.222 0.114 0.152 0.109 
Ф3 0.217 0.196 0.103 0.124 0.080 
Ф5 0.188 0.219 0.125 0.145 0.116 
Ф14 0.242 0.229 0.137 0.162 0.220 
Ф20 0.256 0.219 0.133 0.150 0.157 
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Figure 3.2.1 Spun-Cell ELISAs on the tolC::tev Insertion Strains.  The ability of Phage 
 14 to bind to the TEV insertion while in whole TolC::TEV proteins was tested by 
 conducting Spun-Cell ELISAs on 44 tolC::tev insertion strains (x-axis).  The 
 A450 (y-axis) for each strain was compared to strain 0 (1533), carrying a wild-
 type TolC.  Each strain was tested in triplicate, error bars designating 95% CI.  
 Those which were found to be significantly higher than strain 0 by a student’s t-
 test (0.05 confidence level), are underlined. 
  
 Another experiment undertaken to provide evidence for the ability of Phage 14 to 

bind to TolC::TEV proteins in whole bacterial outer membranes was to crosslink the 

phage and protein together and observe if copurification was possible (adapted from 

12,33).  Briefly, after incubation of Phage 14 with tolC::tev strain 214, the crosslinker 

DSP was added.  The cells were fractionated and the outer membrane purified, followed 

by immunoprecipitation with anti-TolC antibody.  The resulting samples were subjected 

to SDS-PAGE, and phage protein VIII was detected by Western blot with mouse 

monoclonal HRP-conjugated anti-M13 antibody.  As seen in Figure 3.2.2, a band 

corresponding to M13 phage protein VIII can be seen in the strain 214-derived sample, 

compared with a band of greatly reduced intensity in the negative control.  
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Figure 3.2.2 Phage 14 – TolC::TEV Crosslinking Western Blot Analysis.  Crosslinking 
 and purification was done as described in the text.  A band corresponding to M13 
 gpVIII may be seen in this autoradiograph in the lane containing the sample from 
 strain 214.  In the negative control strain 0 (1533, tolC+) lane, a greatly 
 diminished band is discernible.  This indicates that phage 14 proteins may be 
 copurified with TolC::TEV after crosslinking. 
 
 Other experiments to show the ability of phage-displayed peptides to bind to 

tolC::tev insertion mutants did not provide promising results.  Western blot analysis of 

tolC::tev insertion mutants run on SDS-PAGE, using Phage 14 in the place of a primary 

antibody and anti-M13 HRP-conjugated antibody as a secondary antibody, did not give a 

visible signal.  This was not expected, because if Phage 14 binds to the TEV insertion 

located in the TolC protein, it should be able to be used to detect TolC::TEV in a Western 

blot.  In an additional experiment, Phage 14 was tagged with a fluorescent marker using 

the ATTO-TAG FQ Amine Derivatization Kit (Invitrogen Corporation #A-2334), so that 

binding could be directly observed by reading a blot on the Typhoon 9410 

PhosphorImager (Amersham Biosciences).  This also did not give a visible signal, for the 

possible reason that it was found that a very large quantity of fluorescently tagged phage 

(~1011 pfu) is necessary for visualization, an amount unreasonable to be expected at one 

spot on a blot.   
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3.3 Phage 14 inhibition of TolC drug efflux  

 Once sufficient evidence had been gathered showing Phage 14’s ability to bind to 

TolC::TEV proteins in whole bacterial cells, the next step was to investigate whether 

inhibition of TolC activity was possible.  As stated in the Introduction, TolC is involved 

with the efflux of several anti-microbial factors, including dyes, detergents, and 

antibiotics.  In this study, the ability of TolC to efflux harmful agents was tested using 

three compounds: the detergent deoxycholate (DOC), the antibiotic novobiocin (NOV), 

and the oxidative uncoupler carbonyl cyanide m-chlorphenylhydrazone (CCCP).  Zone of 

Inhibition assays were conducted to observe if Phage 14 could block the efflux of these 

agents, making the bacteria more susceptible to their harmful effects.  Briefly, Phage 14 

was combined with a tolC::tev insertion strain and plated on Luria-Bertani (LB) agar.  

Then, paper discs infused with each anti-microbial were placed on the surface of the agar, 

and incubated overnight at 37o C.  The diameter of the resulting clearance around each 

disc, or zone of inhibition, was measured, wherein small zones of inhibition indicate 

relative resistance to the anti-microbial, and large zones indicate relative susceptibility.  

Only small (1-2 mm), inconsistent differences were seen in the zones of inhibition of the 

tolC::tev insertion strains with or without Phage 14 (data not shown).  Minimum 

inhibitory concentration (MIC) assays could not be accomplished using the tolC::tev 

collection, as the tev insertion appears to be somewhat unstable, and revertant mutants 

common.  One revertant mutation during an MIC assay could significantly alter any 

results.   

 It became apparent from the Zone of Inhibition assays that an alternate approach 

would be required.  It was decided that, instead of using whole M13 Phage 14 in the 

inhibition studies, we would use the peptide sequence expressed by Phage 14 by itself, 

unattached to a phage body.  The resulting peptide, named TB14 (TEV-Binder from 
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Phage 14), was purchased from Biosynthesis Incorporated and has the sequence: NH-

VSTLNPLPIYAI-COOH.  The TB14 peptide was used in Zone of Inhibition assays for 

all of the tolC::tev insertion mutants in the place of Phage 14.  Table 3.3 shows only 

those strains in which an increase was seen in the zone diameters when TB14 was added. 

Table 3.3 Zone of Inhibition Assay with Peptide TB14.  Zone of inhibition assays were 
 conducted as described in the text.  For each strain shown here, the zones of 
 inhibition (in mm) are given for the anti-microbials DOC, Novobiocin, and 
 CCCP, with or without the addition of peptide TB14 before plating.  Assay was 
 performed once for each strain.  Only tolC::tev strains which show an increase in 
 the zones of inhibition are shown, in addition to the control strains tolC- (1151) 
 and tolC+ (1533).   

Strain DOC With TB14 Nov With TB14 CCCP With TB14 
108 8 9 20 18 10 18 
124 26 26 36 40 48 52 
162 29 30 32 35 26 32 
189 25 27 30 31 26 30 
214 26 28 30 36 30 37 
225 8 8 17 24 12 13 
380 8 8 23 27 16 16 

tolC- 30 28 37 37 44 44 
tolC+ 8 8 21 20 12 12 

 

 To obtain statistically significant results, an assay with increased sensitivity was 

necessary.  Hence, the Ethidium Efflux assay was adapted from previous studies 

(34,35,36).  The inhibitory agent used in this assay is ethidium bromide, which fluoresces 

when bound to DNA and was found to be effluxed from E. coli cells through a TolC-

dependent process.  If TolC efflux is inhibited by TB14, ethidium bromide when added 

will accumulate inside the bacterial cell, binding to the DNA and causing a steady 

increase in fluorescence, which may then be measured on the Typhoon 9410 

PhosphorImager.  The rate of increase in fluorescence corresponds to the influx of 

ethidium bromide outpacing its efflux.  Each of the tolC::tev insertion mutants from 

Table 3.3 was used in this assay, in addition to strains 1533 (tolC+ positive control) and 

1151 (tolC- negative control).  For each strain, the ability of peptide TB14 to inhibit 



 27

ethidium bromide efflux was determined by subtracting the rate of increase in 

fluorescence (Arbitrary Units/Minute) with TB14 to the rate of increase in fluorescence 

without TB14.  As seen in Figure 3.3, an increase in the rate of ethidium bromide 

accumulation over 30 minutes was observed for each of the tolC::tev strains tested when 

combined with the TB14 peptide.  However, 1151 also showed an increase in the rate of 

ethidium bromide accumulation with the addition of TB14.  The increase in the negative 

control was therefore taken as a background level, and any tolC::tev value significantly 

higher than this background was determined by a student’s t-test.  Only two strains, 162 

and 380, showed a significant (p < 0.5) increase in the fluorescence line slope with the 

addition of peptide TB14.  It appears that when the TB14 peptide binds to the TEV 

insertion at either of these two sites, inhibition of TolC-mediated efflux occurs.  These 

results indicate that the regions of TolC at or around amino acid sites 162 and 380 may be 

promising candidates for the binding and inhibition of wild-type TolC activity by phage-

displayed peptides.   
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Figure 3.3 Ethidium Efflux Assay on Selected tolC::tev Insertion Mutants with Peptide 
 TB14.  Ethidium bromide efflux was measured for each strain (x-axis) shown 
 here as described in the text.  The rate of increase in fluorescence for each strain 
 without TB14 was subtracted from the rate of increase in fluorescence by the 
 same strain in the presence of TB14 to give the values on the y-axis (Fluorescence 
 Arbitrary Units / Minute).  Each assay was performed in triplicate, with error bars 
 designating SEM.  The value for the negative control strain 1151 (TolC-) was 
 taken as a background level, and a student’s t-test revealed that only strains 162 
 and 380 were significantly higher (p < 0.5), indicating efflux inhibition. 
 

3.4 Targeting wild-type TolC 

 The identification of amino acids 162 and 380 as potential inhibitory sites led to 

our ability to target the native wild-type form of TolC.  To this end, two 15-amino acid 

peptides were purchased, TolC1: NH-CNARAQYDTVLANEL-COOH, and TolC2: NH-

CDATTTLYNAKQELA-COOH (Biosynthesis Incorporated).  Each peptide corresponds 

to the specific wild-type TolC amino acid site 162 (TolC1) and 380 (TolC2), delineated 

in bold, preceded by 6 amino acids and followed by 7 amino acids of the wild-type TolC 

sequence.  As with the TEV peptide, a cysteine moiety was added to the N terminus of 

each to simplify crosslinking to the glass biopanning tubes.  Preparation of the glass tubes 

and three rounds of biopanning were carried out as with the TEV peptide, except that we 

used a combination of the Ph.D.-12 (displaying a 12-mer), Ph.D.-7 (7-mer), and Ph.D.-

C7C (7-mer flanked by 2 cysteine moieties, forming a disulfide bond)(New England 
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Biolabs).  Also, a tolC- ER2738 strain was used in the amplification steps to prevent 

depletion of TolC-binding phage during amplified phage purification.  For each peptide 

target, 30 phage isolates were screened with a Phage Screening ELISA.  Unfortunately, 

no phage isolate bound to the target at high enough levels to warrant further 

characterization (data not shown).  Attempts to screen the phage isolates with a Spun-Cell 

ELISA also did not reveal any promising phage clones.   

 This failure to distinguish any phage which bound with high affinity to TolC1 or 

TolC2 could be due to an oversight, namely that sites which are accessible from the 

extracellular environment and important to TolC function might not be sufficiently 

immunogenic to make decent epitopes for phage-displayed peptides.  With this in mind, 

we chose to attempt biopanning against the entire TolC protein.  As stated before, this 

may lead to phage which do not bind to sites important to TolC function or that are 

inaccessible from outside the bacterial cell, but we could not exclude the possibility that 

it might be successful in providing an inhibitory phage-displayed peptide.   

 To obtain a pool of TolC protein sufficiently pure for biopanning, we used an 

ompR- E. coli strain CS327 expressing TolC with a 6His tag at the C-terminus, 

constructed by Dr. Govind Vediyappan in the Fralick lab.  Cell fractionation of this strain 

was undertaken to provide an outer membrane preparation, which was then 

immunoprecipitated with anti-TolC antibody.  The immunoprecipitated sample was then 

subjected to a Ni-NTA column (Novagen, Inc.) to bind the TolC::6His proteins, giving a 

sample of TolC pure enough for biopanning, as shown in Figure 3.4.1.  Glass tube 

preparation and three rounds of biopanning were carried out as before, with the same 

phage library mixture and tolC- ER2738 strain used in biopanning against the TolC1 and 

TolC2 peptides.  After this was completed, 20 phage clones were isolated and screened 

with a Phage Screening ELISA (Figure 3.4.2) and Spun-Cell ELISA (Figures 3.4.3).  Six 
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phage clones were selected for further characterization and sequencing, based on if they 

bound 1.5x higher to the TolC+ than the TolC- coated wells (Fig. 3.4.2) and 2x higher to 

the TolC+ than the TolC- strain (Fig. 3.4.3).  In the future, the ability of these phage 

(Phage 1, 4, 9, 13, 18, and 20) to bind to and inhibit wild-type TolC activity should be 

tested.    

 
 
Figure 3.4.1 Purified TolC::6His Protein SDS-PAGE Analysis.  Samples from the 
 Ni-NTA column purification were run on SDS-PAGE and Silver Stained.  Lane 1: 
 Nickel column flow-through; Lanes 2,3: 1st and 2nd washes; Lanes 4,5,6: 1st, 2nd, 
 and 3rd eluates; Lane 7: Protein standards.  Two bands corresponding to 
 TolC::6His are clearly visible in Lane 5 (~50 kD), and this sample was used for 
 TolC biopanning. 
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Figure 3.4.2 TolC::6His Phage Screening ELISA.  The binding ability of each phage 
 isolated (x-axis) after the 3rd round of biopanning against the TolC::6His protein 
 was tested through an ELISA comparing A450 values (y-axis) of wells coated 
 with OM proteins from a tolC+ strain (CS327/pBR322tolC::6His), a tolC- strain 
 (CS327), and BSA alone.  All phage  isolates bound at a higher level to the tolC+ 
 OM protein-coated wells than the other wells.  Phage isolates that bound 1.5x 
 higher to the tolC+ wells than the tolC- wells are underlined. 
 

 
Figure 3.4.3 TolC::6His Phage Screening Spun-Cell ELISA.  The binding ability of 
 each phage isolated (x-axis) was tested through a Spun-Cell ELISA comparing 
 A450 values (y-axis) of a tolC+ strain (CS327/pBR322tolC::6His) to a tolC- 
 (CS327) strain.  All phage isolates bound at a higher level to the tolC+ strain than 
 the tolC- strain.  Phage isolates that bound 2x higher to the tolC+ strain than the 
 tolC- strain are underlined.  
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CHAPTER IV  

DISCUSSION 

  

 The E. coli outer membrane channel TolC is involved with the efflux of harmful 

agents from the bacterial cell and the secretion of several virulence factors.  As such, we 

believe that it is a promising target for new forms of drug therapy.  An advantage of 

selective inhibition of a protein like TolC is that it is not essential for the survival of the 

bacteria.  Thus, while multi-drug resistance and pathogenesis could be greatly reduced, 

there would be little or no selective pressure for the bacteria to evolve resistance.  This 

differs from most forms of antibiotics currently in use, which inhibit growth or kill 

bacteria, a recipe for the modern-day prevalence of multi-drug resistant pathogens.  

 In this study, we hypothesize that TolC’s drug efflux activities may be inhibited 

by phage-displayed peptides specific for regions of TolC important to its function.  By 

knowing the crystal structure of TolC (26) and the hypothetical mechanism of how it 

works in an MDR efflux pump (15), we expanded this idea to include that inhibition may 

occur through: 1) physical obstruction of the TolC pore, 2) prevention of TolC’s 

interaction with other efflux pump components, such as AcrAB, or 3) prevention of open-

channel formation.  Other researchers have targeted MDR efflux pumps through the 

inhibition of the cytoplasmic membrane transporter (30), but this study is the first to 

specifically search for an inhibitor of an outer membrane channel that could potentially 

be used in clinical medicine.  Another study (31), found that large multivalent cations like 

hexaaminocobalt could bind to the aspartate ring at the lower periplasmic region of TolC 

and prevent open channel formation, but the usefulness of this in clinical therapy has yet 

to be determined. 



 33

 The method chosen to find sites in the TolC protein that were accessible from the 

extracellular environment and important to TolC function was through the use of the 

tolC::tev insertion mutants.  By synthesizing the TEV insertion sequence alone and using 

it as a target in phage-display biopanning, the resulting phage could be applied to the 

series of insertion strains to find 1) where the phage-displayed peptides are able to bind in 

the TolC molecule, and 2) where the phage-displayed peptides must bind to inhibit TolC 

drug efflux.   

 As for the first objective, the Spun-Cell ELISAs give tantalizing data that phage-

displayed peptides are able to bind to nearly every region of TolC when located in the 

outer membrane of whole bacterial cells.  This may seem unlikely, until we realize that 

the TolC pore is very large, having an internal volume capacity of 43,000 Å3 (26), and 

the M13 gpIII, a ~45-kD protein, may very well be able to reach far into the periplasmic 

regions of the channel.  Another possible explanation is that some of the TolC::TEV 

proteins may have a greatly altered structure than wild-type TolC, so that what may 

appear inaccessible from the extracellular environment may in fact be at a completely 

different location and/or have an altered conformation.  Also, the amount of TolC::TEV 

in each insertion strain is not known, therefore different strains could express TolC at 

sharply decreased or increased protein levels in the outer membrane, which could further 

alter the garnered results.   

 To provide evidence that the relatively untested technique of the Spun-Cell 

ELISA gives any worthwhile data whatsoever, a Spun-Cell ELISA comparing tolC::tev 

strain 443 to the same strain wherein the TEV protease target site is replaced by a 6His-

Gly tag was conducted, and found to reduce Phage 14 binding to background levels.  This 

alteration in the TEV sequence does not affect its length, so any disruption in the TolC 

structure or in protein levels should be similar for both strains 443 and 443::6His-Gly.  
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Therefore it can be concluded that, despite the potential problems with the Spun-Cell 

ELISA data, they do show that at least some of the TolC::TEV proteins have sufficient 

quantity in the outer membrane to be detected, and that M13 Phage 14 appears capable of 

reaching into the interior of the bacterial cell through the TolC pore.   

 The Phage 14 - TolC::TEV crosslinking studies provides additional support for 

the binding capability of M13 phage inside the TolC pore.  As seen in Figure 3.2.2, 

copurification of M13 proteins when TolC is immunoprecipitated is possible, compared 

to the negative control in which the copurified M13 proteins are greatly reduced, because 

Phage 14 should not bind to wild-type TolC.  That a band corresponding to M13 gpVIII 

can still be discerned in the negative control was not expected.  Efforts to increase the 

stringency of this experiment by washing the cells in TBST (0.5%) before adding the 

crosslinker resulted in the absence of bands in both the negative control and the tolC::tev 

strain.  This, combined with the failure of the attempted Phage 14 Western blot and 

fluorescent tagging experiments, gives ambiguity to the studies done on the ability of 

Phage 14 to bind to TolC::TEV proteins, which is only partially resolved by the TolC 

efflux inhibition experiments.   

 A hindrance to the efflux inhibition experiments, known before they were begun, 

is that many of the tolC::tev strains are already partially or completely susceptible to the 

antimicrobial agents tested.  This was revealed in studies conducted by Melinda Lackey 

and Dr. Fralick, and is not surprising considering that a 24 amino acid insert is likely to 

disrupt the perfect functioning of a protein.  What this means in these studies is that the 

completely susceptible tolC::tev insertion strains are unavailable for use, and that the 

partially susceptible strains will only show relatively small differences if TolC efflux 

inhibition occurs.  As shown in the Zone of Inhibition assay, this was the case, as all the 

strains which showed a decrease in resistance to the tested antimicrobials were already 
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partially susceptible to their effects.  Despite this setback, the more sensitive Ethidium 

Efflux assay reveals that significant TolC::TEV efflux inhibition appears to in fact be 

possible through the TB14 peptide.   

 The TB14 peptide, when presumably bound to a TEV insertion at amino acid sites 

162 or 380, can inhibit the efflux of ethidium bromide from an E. coli cell.  What may be 

noticed when looking at the subunit map of TolC (Figure 3.1) and drawing a line directly 

down the middle, is that a TolC subunit is actually composed of two mirror images, 

making it a combination of two structural repeats.  This is interesting because, if we 

locate amino acid sites 162 and 380, they are nearly the same site in each structural 

repeat.  They are also both located in the region of TolC hypothetically involved with 

open channel formation and docking with the AcrAB machinery, providing evidence that 

the TB14 peptide may inhibit drug efflux through blocking either of these mechanisms. 

 Biopanning against the TolC1 and TolC2 peptides from the wild-type TolC 

sequence did not supply phage-displayed peptides that could bind to TolC at sufficient 

levels that would warrant further characterization.  This could be a fault with the 

biopanning protocol, eg. inefficient presentation of the target to the phage display library; 

the screening assays, eg. inability of the phage to recognize the sites in different 

conformations; or that these two sites simply make poor immunogenic targets.   

 The decision to biopan against the entire wild-type TolC molecule instead of these 

two sites may seem like starting over from the beginning, but this ignores the data 

gathered from the Phage 14, TolC::TEV experiments.  From these we may conclude that 

phage-displayed peptides are capable of binding to interior regions of the TolC protein 

while in whole bacterial cell outer membranes, that peptide inhibition of TolC efflux 

activity is possible, and that this inhibition most likely takes the form of prevention of 

open channel formation or prevention of the interaction of TolC with other efflux pump 
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components.  Whether or not biopanning against the entire TolC protein will provide 

phage-displayed peptides that inhibit TolC drug efflux activity remains to be determined. 
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