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CHAPTER ONE 

1 ANTIMICROBIAL PEPTIDES AND SELECTION OF RESISTANCE: AN 

INTRODUCTION 

 

Authorship: Eileen Spindler 

   Ryan Gill 

1.1 General Information about Antimicrobial Peptides  

Cationic antimicrobial peptides (AMPs) are an active component of the immune system 

and are produced by organisms in all domains of life (Hancock and Chapple 1999; Hancock and 

Diamond 2000; Brogden 2005). Cationic AMPs are defined as peptides of less than 50 amino 

acid residues with an overall positive charge due to the presence of multiple lysine and/or 

arginine residues as well as other hydrophobic residues (Powers and Hancock 2003). Some 

AMPs may have a direct effect on the microbe by affecting the integrity of the bacterial 

membrane, whereas others may be acting on targets other than the membrane.  The higher 

proportion of negatively charged lipids on the surface monolayer of the bacterial cytoplasmic 

membrane plays an important role in the selectivity of AMPs for bacterial cells.  In contrast, 

eukaryotic cells have many uncharged lipids that predominate at the cell surface.  Rather than 

just recognizing net charge, the peptides are attracted to patterns of charge, possibly in the sugars 

or amino acid chains that are present on a microbe's surface such as lipopolysaccarides in E. coli 

(Jenssen, Hamill et al. 2006).  

1.2 Antimicrobial peptide target(s), a controversial issue  

While controversial, the mechanism of action of AMPs against bacteria is believed to be 

through pore formation, membrane barrier disruption or through intracellular targets (Bierbaum 

and Sahl 1987; Boman, Agerberth et al. 1993; Park, Kim et al. 1998; Friedrich, Rozek et al. 

2001; Patrzykat, Friedrich et al. 2002; Brogden 2005; Hasper, Kramer et al. 2006; Jenssen, 
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Hamill et al. 2006; Shaw, Alattia et al. 2006; Hale and Hancock 2007).  Various ways AMPs can 

effect E.coli are described in Figure 1(Brogden 2005).  This figure shows that some AMPs can 

have more than one mode of action and it is possible AMPs in this study could be eliciting a 

combination of these mechanisms. 

 

Figure 1. Modes of Action. AMPs have been shown to target intra-cellular processes.  E. coli is 

the model organism in this figure (Brogden 2005).  

While membrane-related mechanisms (i.e pore formation, or membrane lytic) are the best 

understood, there is increasing recognition of the relevance of cytoplasmic targets of AMP action 

(Kragol, Lovas et al. 2001; Patrzykat, Friedrich et al. 2002; Mangoni, Papo et al. 2004; Hsu, 

Chen et al. 2005; Hasper, Kramer et al. 2006; Podda, Benincasa et al. 2006). As reviewed by 
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Brogden et al., other studies have implicated:  inhibition of DNA, RNA, and protein synthesis, 

specific binding to DNA, inhibition of enzymatic activity, activation of autolysin, inhibition of 

septum formation and inhibition of cell wall formation as targets of various AMPs (Brogden 

2005). More specifically, it has been reported that AMPs, such as Apidaecin, Cathelicidin 

derived peptides, and Pleurocidin target multiple cellular processes that lead to cell death 

independent of membrane disruption (Castle, Nazarian et al. 1999; Patrzykat, Friedrich et al. 

2002; Podda, Benincasa et al. 2006). It has also been shown that AMPs can have multiple targets 

of inhibition, which differ as a function of AMP concentration. Specifically, in studies on Bac7, 

Podda et al. have shown that at sub-MIC concentrations Bac7 appears to inhibit cytoplasmic 

targets while at concentrations several times the MIC it appears to work through a 

membranolytic mechanism. Another example is with the peptide, Pleurocidin, which has been 

show to kill mainly by inhibition DNA, RNA and protein synthesis (Patrzykat, Friedrich et al. 

2002). Collectively, these studies emphasize the likelihood that AMPs work through the 

inhibition of multiple targets at varying levels of potency. It has been speculated that this 

multiplicity of targets may have provided a selective advantage in AMP evolution, and may be 

responsible for the general lack of identified AMP resistance mechanisms (Hancock and Chapple 

1999; Peschel and Sahl 2006).  

1.3 Bacterial resistance  

Many studies have been conducted in attempts to understand the mechanisms of bacterial 

drug resistance since the first report of resistance to penicillin in the 1940s (Miller and Bohnhoff 

1950). Although not fully understood, bacterial drug resistance can develop through acquired 

(mutation, or mobile elements) and intrinsic (stress response) mechanisms. Acquired 

mechanisms involve the acquisition of mobile DNA elements (plasmids, transposons, insertion 
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sequences, or cassettes) and can lead to resistance to specific antibiotics (Levy and Marshall 

2004). An ideal example of this is that since the discovery of penicillinase in Staphylococci in 

the 1940s, more than 190 β-lactamases (enzymes that degrade the β-lactam ring of the penicillin 

molecule) have been discovered in different bacterial species. In addition to degradation of 

antibiotics,  bacteria can also modify the drug target(s) or bypass a critical pathway through 

mutation(s) (Levy and Marshall 2004; Levy 2005).  

Compared to acquired mechanisms, which lead to resistance to specific antibiotics, 

intrinsic mechanisms are based on general stress response and result in resistance to multiple 

antibiotics (Fajardo, Martinez-Martin et al. 2008). An example of an intrinsic mechanism is 

efflux pumps.  A number of efflux pump membrane proteins domains have been discovered and 

can be categorized in five families based on their structural similarity which include: the major 

facilitator superfamily (MFS), small multidrug regulator (SMR) family, resistance nodulation 

cell division (RND) family, ATP binding cassette (ABC) family, and multidrug and toxic 

compound extrusion (MATE) family (Webber and Piddock 2003).   

Two additional common intrinsic resistance mechanisms are through persistence, and 

biofilm formation.  Biofilms are sessile microbial communities that excrete a polysacchirde 

matrix and form on solid surfaces.  They are involved in 65% of human infections (Potera 1996) 

and it has been shown that bacteria in biofilms can be a ~1000 times more resistant to antibiotics.  

Additionally, bacterial cells within a biofilm, demonstrate varied gene expression, including a 

persistence phenotype  (Costerton, Stewart et al. 1999).  Persistance, (i.e. persistor cells) are 

phenotypic variants of the wild planktonic cultures as well as biofilms (Balaban, Merrin et al. 

2004; Kussell, Kishony et al. 2005).  Recently, it has been shown that a persistence phenotype is 

consistently made up of dormant cells and this phenotype is not inheritable, making this an 
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intrinsic resistance mechanism (Balaban, Merrin et al. 2004).  The nonsusceptibility to 

antibiotics is phenotypic and distinct from stable genetic resistance. The persister bacteria are 

due to preexisting metabolically quiescent bacteria.  The persister phenomenon is presumably a 

protective strategy bacteria deployed to survive under adverse conditions, such as starvation, 

stress, and antibiotic exposure. The persister bacteria present in biofilms (Balaban, Merrin et al. 

2004; Kussell, Kishony et al. 2005) and also during the natural infection process in the host with 

or without antibiotic treatment pose a challenge for effective control of a diverse range of 

bacterial infections (Costerton, Stewart et al. 1999).  The genetic basis of persistence and biofilm 

resistance to antibiotics is still poorly understood.   

1.4 High-throughput identification of genotypes that lead to specific phenotypes  

Genomics and genomic technologies have begun to provide a variety of new approaches 

for understanding antimicrobial resistance and discovery of new antimicrobial targets.  Several 

methods have been designed in the recent years in order to determine: the modes of action of 

particular antibiotics discover additional antibiotic targets, understand resistance and 

evolutionary mechanisms.  These methods include but are not limited to: overexpression libraries 

(Kitagawa, Ara et al. 2005; Niba, Naka et al. 2007), knockout libraries (Hansen, Lewis et al. 

2008), and random mutagenesis (Cadwell and Joyce 1992).  These approaches have become 

even more successful with the use of high-throughput microarray data.  For example, Herring et 

al, developed a method of identifying large scale genomic rearrangements, called comparative 

genome sequencing.  This approach used array technology to identify regions of genomic 

difference by a comparative hybridization of test DNA vs. reference DNA on a whole-genome 

tiling array. Additionally, only the identified regions of genomic difference were sequenced 

(Sanger) to produce a set of fully characterized single nucleotide polymorphisms (SNPs). They 
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used this method to identify mutants that evolved over time for increase growth on glycerol.   

They found that every clone exhibited a mutation (SNP) in only one gene, glycerol kinase.  More 

interestingly however was that each clone had developed this mutation through a completely 

different evolution process.  Although this example is not specific to antibiotic resistance, this 

approach was seminal in describing how alternative genotypes including those involved in cell 

motility, acid resistance, growth phase, protein processing, and ribosomal structure had been 

important to the evolution of the population.  This approach was key for many researchers that 

study resistance to understand the complex phenotypes that make up a population, and outlined 

the necessity for high-throughput genomic selections to identify complex phenotypes.   From 

here many researchers have begun to expand high-throughput genomics to include informed 

selections for phenotypes of interest, such as antibacterial resistance.  

1.5 General Approach  

Laboratory selection experiments are based on enrichment for the fittest members in a 

population, and dilution of less fit members (Warnecke, Lynch et al. 2008).  Although there are 

many genomic approaches for tracking changes in the population (Miller and Bohnhoff 1950; 

Cadwell and Joyce 1992; Badarinarayana, Estep et al. 2001; Gill, Wildt et al. 2002; Miesel, 

Greene et al. 2003; Utaida, Dunman et al. 2003; Bresolin, Neuhaus et al. 2006; Fischer and 

Freiberg 2007; Niba, Naka et al. 2007; Muthaiyan, Silverman et al. 2008; Brynildsen and Liao 

2009), the difficulty lies in designing a selection in which the phenotype of interest is selected 

for.  For example multiple phenotypes can lead to resistance to antibiotics such as: persistence, 

biofilm formation, overexpression or modification of target, export of inhibitor, etc (Andersson 

2003).  SCalar Analysis of Library Enrichment (SCALEs) (Lynch, Warnecke et al. 2007) is 

another method to track a library population (<10
6 

clones).  This method uses high-throughput 
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genomics, coupled with an informed selection design in order to identify phenotypes of interest.  

SCALEs has been used previously to identify clones related to increased growth, 3-

hydroxypropionic acid tolerance and anti-metabolite tolerance (Warnecke, Lynch et al. ; Lynch, 

Warnecke et al. 2007; Bonomo, Lynch et al. 2008; Warnecke, Lynch et al. 2008).  

The approach, SCALEs (Scalar analysis of library enrichment), can be used to show how 

increased copy number of a gene/operon(s) increases fitness (Figure 2). This methodology 

includes: (a) Genomic DNA fragmented to several specific sizes (1kb, 2kb, 4kb, 8kb) is ligated 

into vectors creating four libraries. (b) These libraries are individually transformed into the cell 

line, Mach-1-T1
®
, (recombination deficient) to be used for selections (see “Selections” section). 

(c) The pools of transformants are mixed and subjected to AMP resistance selection. Only clones 

bearing a plasmid with an insert that increases fitness will survive. (d) Enriched plasmids are 

purified from the selected population, prepared for hybridization and applied to a microarray. (e) 

After analyzing the microarray signal, the processed signal is treated as a function of sequence 

position. (f) A nonlinear multiscale decomposition gives the signal not only as a function of 

position but also as a function of scale or library size (Figure 2).  This data is then classified by 

variable methods (i.e. enzyme classification, pathway analysis or COGs) that are associated with 

resistance, as well as possible AMP targets [19].  I used these tools in chapters two and three 

with the synthetic peptide Bac8c, and the natural peptide histone.  
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Figure 2. Overview of SCALEs. (a) Genomic DNA fragmented to several specific sizes is 

ligated into vectors creating several libraries with defined insert sizes. (b) These libraries are 

individually transformed into the E. coli and used for selections. (c) The pools of transformants 

are mixed and subjected to selection. Only clones bearing plasmids with insert increasing fitness 

survive.(d) Enriched plasmids are purified from the selected population, prepared for 

hybridization and applied to a microarray. (e) After analyzing the microarray signal, the 

processed signal is treated as a function of sequence position.(f) A nonlinear multiscale 

decomposition gives the signal not only as a function of position but also as a function of scale or 

library size. (Lynch, Warnecke et al. 2007) 

1.6 Development of synthetic peptides 

The major purpose of modifying natural cationic AMPs is to increase their antimicrobial 

effects and decrease their toxicities to the host (Patrzykat, Friedrich et al. 2002). In addition, a 

lower dose of the drug is beneficial in lowering toxicity to the host and can decrease the cost of 

the antibiotic. One such peptide currently involved in drug development is bactenecin.  

The cationic peptide bactenecin (bovine dodecapeptide) is one of the smallest natural 

occurring AMPs. (Romeo, Skerlavaj et al. 1988; Wu and Hancock 1999; Wu and Hancock 

1999). Bactenecin is a cyclic, twelve residue peptide. It includes four arginine residues, two 

cysteine residues, and six hydrophobic residues. Bac2A, a linear variant of bactenecin, was 

constructed to facilitate manipulation of the peptide as concatamers easily form in synthesis of 

cyclic peptides. Bac2A showed similar activity in terms of the minimium inhibitory 

concentration (MIC). The MIC is defined as the lowest concentration of antimicrobial agent 
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which inhibits the growth of the microorganism.  Bac2A did however show improved activity 

against Gram-positive bacteria (Wu and Hancock 1999).  Its small size, linearity and activity 

against bacteria made Bac2A a focus for the Hancock lab to begin development and synthesis of 

new classes of antimicrobial peptide drugs (Hilpert, Volkmer-Engert et al. 2005).  

Recent efforts have begun to apply powerful protein evolution and engineering 

approaches to the development of novel AMPs (Hilpert, Volkmer-Engert et al. 2005; Hilpert, 

Elliott et al. 2006; Hilpert, Fjell et al. 2008).   These approaches work through the integration of 

strategies for designing peptide libraries, high-throughput methods for peptide synthesis, and 

screens for antimicrobial activity (Hilpert, Volkmer-Engert et al. 2005).  The Hancock laboratory 

has described the use of such approaches to not only develop a range of improved AMPs but also 

to improve understanding of AMP structure-activity relationships.  In the research of Hilpert et 

al. (2005), this approach was applied to identify several derivatives of Bac2A 

(RLARIVVIRVAR-NH2), itself a linearized derivative of the naturally occurring cyclic AMP 

bactenecin (Romeo, Skerlavaj et al. 1988; Wu and Hancock 1999; Friedrich, Moyles et al. 2000), 

with improved antimicrobial characteristics (smaller yet more potent) (Hilpert, Volkmer-Engert 

et al. 2005; Hilpert, Elliott et al. 2006).   In order to further develop our AMP design capabilities, 

I initiated studies to improve understanding of the mechanism of action of one of these candidate 

AMPs; the 8 amino-acid AMP, designated Bac8c (RIWVIWRR-NH2) (Wu and Hancock 1999).  

1.6.1 Bac8c, a synthetic derivative 

Development of defined (synthetic) AMPs is important for understanding the limitations 

of their efficacy, and their mode of action. Limitation to efficacy is a problem as many peptides 

can be inhibited by divalent cations or be degraded by proteases. In addition, as with most 

antibiotics, the possibility of resistance to them is a direct concern. To develop better drugs, it is 
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important to understand what qualities of AMPs, such as size, structure and/or charge that are 

needed for them to interact with specific targets.  Knowing these characteristics may allow for 

the use of combinations of peptides that have different targets, leading to a decreased chance of 

developing resistance.  Additionally these characteristics may dictate how the drug can be 

administered.  

Bac8c is predicted to have an alpha helix structure, although this structure is not stable in 

peptides below . More importantly, preliminary data from the Hancock lab had shown that it did 

not destabilize the cytoplasmic membrane in the same manner as other AMPs studied previously 

(Hale, unpublished results).  This led us to look in detail into the manner in which AMPs target 

cells.  I discuss the mode of action of this synthetic derivative in chapter two, and phenotypes 

that aid in resistance to this peptide in chapters three and four.  

1.7 Naturally occurring peptides  

A renewed interest in histone as an AMP was spurred after the identification of histone as 

an active bactericidal agent in neutrophils extracellular traps (NETs). Polymorphonuclear 

leukocytes (neutrophils) are important players in the first line of defense against invading 

microbial pathogens (Fuchs, Abed et al. 2007). In 2007, neutrophils were shown to form 

neutrophil extracelluar traps (NETs) (Brinkmann and Zychlinsky 2007).  These nets bind, 

disarm, and kill pathogens extracellularly.  Additionally, DNA is a major structural component 

of NETs (Brinkmann and Zychlinsky 2007; Fuchs, Abed et al. 2007; Urban and Zychlinsky 

2007; Wartha, Beiter et al. 2007).  The NETs are made up largely by histones (H1, H2A H2B, 

H3, and H4).  The antimicrobial activity of histone is well established and was first described by 

James Hirsch in 1958. He showed in the mid-1950s that these DNA-binding proteins are among 

the most effective antimicrobial agents (Hirsch 1958). Later, several investigators identified 
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histones and histone fragments from diverse sources as having antimicrobial activity (Park, Yi et 

al. 2000; Papagianni 2003). At that time (of Hirsch), the biological significance of this 

observation was unclear, as it was not understood when or where histones would encounter 

microorganisms.  However, now 60 years later, NETs can explain this phenomenon, yet the 

specific contribution of the granular antimicrobial peptides or histones to microbial killing is not 

well understood. Additionally, many microbial pathogens have evolved to evade the innate 

immune system.  They are able to do so by turning on/off survival and stress responses, avoiding 

contact, preventing phagocytosis and evading killing by neutrophil extracellular traps (NETs) 

(Wartha, Beiter et al. 2007). I was interested in understanding the mechanisms behind how 

microbes can evolve to evade killing by NETs, in particular, killing by histones. We have taken a 

genome-wide, multiscale approach to simultaneously measure the effect that the increased copy 

of each gene and/or operon has on the desired trait or phenotype. We have used an E. coli K12 

genome library to elucidate this mechanism. Chapter five discusses the use of a high-throughput 

genomics approach to understanding the mode of action of histone killing, and which bacterial 

phenotypes aid in resistance to histone and AMP killing in general. 

1.8 Summary of Findings 

Our studies were directed at informing mode of action of these peptides both for the 

purpose of developing a new understanding as well as aiding in the development of improved 

high-throughput screening approaches.  That is, we expected that the identification of specific 

targets of inhibition would enable the screening of candidate libraries using assays specific to 

such targets.  We used SCALEs to analyze the mode of action and resistance of two types of 

peptides: the synthetic derivative, Bac8c, as well as the naturally occurring peptide, histone.  
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These results for the Bac8c project will be discussed in chapters two, three and four. The 

results and future work for the histone project will be discussed in chapter five.  

Many of the results discussed in this thesis have been, or will be presented in the following 

publications: 

 

Spindler, E.C, Hale J.R. , Hancock, R.E.W. Gill. R.T.G, “Dechipering the Mode of Action of the 

Antimicrobial Peptide Bac8c”. Antimicrobial Agents and Chemotherapy. Accepted, 

minor revisions, November 2010.  

Spindler, E. C. Hancock, R.E.W. Gill R.T.G “Energy dependent resistance to the synthetic AMP 

Bac8c”. J. Bac. To be submitted December 2010 

Chaput, Catherine. Spindler Eileen. C. Gill, Ryan.T. Zylinchisky, Arturo.  “Colanic Acid 

Mediated resistance to NETs”. TBA. January 2011.  
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CHAPTER TWO 

2 DECIPHERING THE MODE OF ACTION OF A SYNTHETIC ANTIMICROBIAL 

PEPTIDE (BAC8C) 

 

Journal: Antimicrobial Agents and Chemotherapy, submitted 07/30/2010 

Authorship: Spindler, E.C.,  

Hale, J.D.F.,  

Giddings, Jr T.H.  

Hancock, R.E.W. 

Gill, R.T. 

 

2.1 Introduction 

 Cationic antimicrobial peptides (AMPs; also termed host defense peptides for their 

selective immunomodulatory properties) are an integral component of the immune system and 

are produced by organisms in all domains of life (Hancock and Chapple 1999; Brogden 2005). 

Natural AMPs are generally 12-50 amino acids in length, contain excess positively charged 

amino acids (lysine and arginine residues) and around 50% hydrophobic amino acids, and fold 

into a diversity of amphiphilic structures upon contact with microbial membranes.  AMPs have 

recently become a focus for drug design due to high-throughput studies that generate multiple 

synthetic peptides active against a broad spectrum of pathogens (Hilpert, Volkmer-Engert et al. 

2005).  The aim from these studies was to create small peptides (6-20 amino acids in length) that 

are highly potent, demonstrate no to low resistance, and are active against a broad-range of 

bacterial and fungal pathogens; making such compounds particularly attractive as platforms for 

the development of novel antimicrobials.  However, while much progress has been made in 

creating new peptides, the mode of action of these small synthetic peptides, as well as many 
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naturally occurring peptides, remains poorly understood. Indeed it has been suggested that the 

mechanisms of action of AMPs involve either direct interaction with the cytoplasmic membrane 

or translocation into the cytoplasm to access non-membrane targets; however more likely these 

peptides have complex mechanisms of action involving a multiplicity of targets (Peschel and 

Sahl 2006). Indeed a broad variety of studies have implicated inhibition of DNA, RNA, and 

protein synthesis, inhibition or specific binding to DNA, inhibition of enzymatic activity, 

activation of autolysins, inhibition of septum formation and inhibition of cell wall formation as 

targets of various AMPs (Brogden 2005; Hale and Hancock 2007).  The lack of detailed 

knowledge of the complexity of AMP mode(s) of action continues to limit our understanding of 

structure activity relationships and thus ability to take full advantage of these compounds 

(Mangoni, Papo et al. 2004).   

Recent studies have applied protein evolution and engineering approaches to the 

development of novel AMPs (Hilpert, Volkmer-Engert et al. 2005; Hilpert, Elliott et al. 2006; 

Hilpert, Fjell et al. 2008). These approaches work through the integration of multiple strategies 

for designing peptide libraries such as QSAR-based machine learning, high-throughput methods, 

inexpensive peptide array syntheses, and rapid screens for antimicrobial activity (Hilpert, 

Volkmer-Engert et al. 2005). We have described the use of such approaches to not only develop 

many AMPs with increased activity but also to improve our understanding of AMP structure-

activity relationships at the level of the whole organism (Hilpert, Volkmer-Engert et al. 2005). 

Bac8c (RIWVIWRR-NH2) is an 8 amino acid peptide derived from Bac2A (RLARIVVIRVAR-

NH2) by making 4 favorable substitutions as determined by a complete substitution analysis of 

Bac2A (Hilpert, Volkmer-Engert et al. 2005). It is even smaller than bactenecin (also known as 

bovine dodecapeptide), the smallest known broad spectrum natural antimicrobial peptide, but has 
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enhanced activity against a range of pathogenic Gram-positive and Gram-negative bacteria, as 

well as yeast (Wu and Hancock 1999). The parent molecule Bac2A, is known to cause moderate 

membrane permeation and depolarization, while TEM images of Gram-positive cells challenged 

by Bac2A showed a variety of effects including defects at the septum, cell wall fraying, 

mesosome formation and nuclear condensation at the high concentrations tested, 10X-MIC 

(Friedrich, Moyles et al. 2000). These results led to the conclusion that Bac2A could kill by 

plural effects, in a manner not dependent on membrane disruption as the first step in cell death. 

The current study was directed at understanding the complexity of mechanism of action of the 

improved derivative Bac8c. In initial studies, we found that Bac8c demonstrated rapid and 

dramatic onset of killing of E. coli over a relatively narrow concentration range.  We used this 

property to investigate its mechanism of action by performing a series of experiments at 

concentrations leading to complete killing (6 µg/ml) or 50% growth inhibition with no killing (3 

µg/ml). Our results were consistent with a multi-stage model for Bac8c.  At sub-lethal 

concentrations (3 µg/ml), Bac8c addition resulted in transient membrane destabilization and 

metabolic imbalances, which appeared to be linked to inhibition of respiratory function. In 

contrast, at the MBC (6 µg/ml) Bac8c depolarized the cytoplasmic membrane within 5 min, and 

disrupted electron transport, increased membrane permeability, and caused >99% cell death 

within 150 min.  

2.2 MATERIALS AND METHODS 

2.2.1 Bacteria, plasmids, and materials 

E. coli strain Mach1-T1
R
 (Invitrogen, Carlsbad, CA.) wild-type W strain (ATCC #9637, S. A. 

Waksman)  Mach1-T1
R 

F
- 

φ80(lacZ)ΔM15 ΔlacX74 hsdR(r
K

-

m
K

+

) ΔrecA1398 endA1 tonA 
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containing pSMART-LCKAN empty vector were used for all control studies.  Overnight cultures 

were grown in Luria Bertani (LB) medium.  Growth curves were carried out in 3-(N-

morpholino)propanesulfonic acid (MOPS) Minimal Medium (Neidhardt 1974).  For all 

experiments that required antibiotic to maintain the vector, kanamycin (KAN) was used at 30 

µg/ml.  Bac8c was synthesized by N-(9-fluorenyl)methoxy carbonyl chemistry from GenScript 

Corporation (Piscataway, NJ).  TO-PRO-3, (3,3'-diethyloxacarbocyanine iodide) carbocyanine 

dye (DiSCO2(3)), 3´'-(p-hydroxyphenyl) fluorescein (HPF) and carbonyl cyanide m-

chlorophenylhydrazone (CCCP) were purchased from Invitrogen. ATP was measured with the 

BacTiter-Glo
TM

 Microbial Cell Viabilty Assay Kit (Promega). 

E. coli strain CGSC 4908 (his-67 thyA43 pyr-37), auxotrophic for thymidine, uridine, and L-

histidine (5), was kindly supplied by the E. coli Genetic Stock Centre (Yale University, New 

Haven, Conn.). The tritiated precursors [methyl-H
3
]thymidine (25.0 Ci/mmol), [5-H

3
]uridine 

(26.0 Ci/mmol), and L-[2,5-H
3
]histidine (46.0 Ci/mmol) were purchased from Fisher Scientific.  

NAD
+
 and NADH standards, yeast alcohol dehydrogenase, phenazine sulfate (PES), and 3-(4,5-

Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide, (MTT) were purchased from Fisher 

Scientific.  

2.2.2 Specific Growth and Killing assays 

For growth rate determination, each clone was inoculated from an -80ºC stock, cultured in 5 ml 

LB with KAN and incubated overnight in a 15 ml conical tube at 37ºC with shaking. Each 

overnight culture was diluted MOPS minimal media (KAN and 0.1% glucose) to an OD600 0.4 

before inoculating conical tubes with 1-10% v/v inoculum (starting OD600 0.1). 15 ml conical 

tubes were incubated at 37
o
C with shaking and absorbance was monitored routinely. Triplicate 

blank vector control flasks were run in parallel for all growth experiments. Specific growth rate 

http://en.wikipedia.org/wiki/Di-
http://en.wikipedia.org/wiki/Di-
http://en.wikipedia.org/wiki/Thiazole
http://en.wikipedia.org/wiki/Phenyl
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was calculated by determining the optimal fit of linear trend lines by analyzing the R
2
-value. 

Amino acid supplements, or NAD
+
 precursors, were added at a concentration of (0.04% w/v).  

Bac8c was added at the IC50 or the MBC of the control without supplementation.  

2.2.3 Minimum Inhibitory Concentrations 

 The Minimum Inhibitory Concentration (MIC) was determined aerobically in a 96 well-plate 

format as previously described (Wiegand, Hilpert et al. 2008).  Overnight cultures of strains were 

grown aerobically shaking at 37C in 5 ml LB (with antibiotic when required for plasmid 

maintenance).  A 1% (v/v) inoculum was introduced into a 15 ml culture of MOPS minimal 

media.  All samples reached mid-exponential phase, the culture was diluted to an OD600 of 0.5.  

The cells were diluted 1:1000 and a 90 µl aliquot was used to inoculate each well of a 96 well 

plate (~10
5
 final CFU/ml).  The plate was arranged to measure the growth of variable strains or 

growth conditions in increasing Bac8c concentrations, 0 to 60 µg/ml, in 2-fold increments 

(Hilpert, Volkmer-Engert et al. 2005). MIC was determined as the lowest concentration at which 

no visible growth was observed after incubation at 37ºC for 18 hr. 

2.2.4 Determination of lytic properties of Bac8c   

Turbidity was evaluated with Mach1-T1
R
, BW25113 and BW25113recA:KAN cultures grown to 

early exponential phase (OD600  0.2) in MOPS minimal media, 2 ml were aliquoted into 15-ml 

conical tubes, Bac8c was added to the desired final concentration (µg/ml), and the samples were 

incubated in a shaking 37 ºC incubator. At each time point, the OD600 was measured every hour 

for 8 hours and again after 24 hrs after addition of Bac8c. The positive control for cellular lysis 

was the addition of 100 µl sodium hypochlorite.  



18 
 

2.2.5 Cytoplasmic Membrane Depolarization using DiOC2(3),  assay and FACs 

 The BacLight bacterial membrane potential kit (Invitrogen) provides a fluorescent membrane-

potential indicator dye, DiOC2(3), along with CCCP, and premixed buffer. At low 

concentrations, DiOC2(3) exhibits green fluorescence in all bacterial cells, however as becomes 

more concentrated in healthy cells that are maintaining a membrane potential,  it causes the dye 

to self-associate and the fluorescence emission to shift to red. The red- and green-fluorescent 

bacterial populations are easily distinguished using a flow cytometer. CCCP is included in the kit 

for use as a control because it eradicates the proton gradient, eliminating bacterial membrane 

potential (David, Nancy et al. 1999). In Gram-negative bacteria, such as E. coli, a DiOC2(3) 

response is observed in the presence of a membrane potential but the response does not appear to 

be proportional to proton gradient intensity. 

2.2.6 Determination of membrane permeability 

 Membrane permeability was determined with 100 nM TO-PRO-3 coincident with the use of the 

dye DiOC2(3) to measure membrane potential. TO-PRO-3 exhibits substantially increased 

fluorescence on binding to intracellular nucleic acids; it normally bears two positive charges and 

is excluded from cells with intact membranes, but can stain nucleic acids in cells with damaged 

membranes (David, Nancy et al. 1999). Cells killed by polymyxin B or Bac2A were used as 

positive controls for TO-PRO-3, carbonyl cyanide m-chlorophenylhydrazone (CCCP) was used 

as a negative control.  

2.2.7 Determination of Structural Interference by Bac8c   

The method for negative stained ultra-thin sections was adapted from Marcellini et al. 

(Marcellini, Giammatteo et al.).   Cells were grown as for the growth kinetic experiments  (OD600 
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0.1) in MOPS minimal media. 15 ml cultures were challenged with varying concentrations of 

Bac8c for 30 min before being centrifuged (5min at 5,000 xg), the supernatant was removed, and 

the pellets washed twice with sodium phosphate buffer.  The cells were fixed in 2.5% 

glutaraldehyde in 100mM sodium cacodylate buffer, pH 7.4 (CB) for 2 h at 4ºC, washed 3 x 

10min in CB and post-fixed in 1% osmium tetroxide in CB at 4C for 1h.    Samples were 

dehydrated through ascending ethanol series, followed by propylene oxide, and finally embedded 

in Epon-Araldite epoxy resin. Thin sections (60-70 nm) were obtained with a Leica UC6 

ultramicrotome and post-stained with 2% uranyl acetate and lead citrate.  The sections were 

analyzed in a Philips CM10 TEM (FEI Inc., Hillsboro, OR) and imaged using a Gatan Bioscan 

digital camera. 

2.2.8 Effects of CCCP on Bac8C activity   

Killing kinetics assays were performed in the absence or presence of the metabolic uncouplers 

2,4-dinitrophenol (DNP) and carbonyl cyanide m-chlorophenylhydrazone (CCCP) to determine 

if energization of the cytoplasmic membrane was required for activity. Cultures were pre-treated 

for 10min with 5mM DNP or 50mM CCCP then incubated with 6µg/ml Bac8c in MOPS 

minimal media for 60 min. At 60 min, cells were plated and CFU/ml were quantified (Podda, 

Benincasa et al. 2006).  

2.2.9 Effects of Ionic Strength, Osmolarity, and pH on BAC8C activity 

 Killing kinetics assays were performed similar to those done with CCCP.  MOPS minimal 

media was supplemented with: 0, 0.3M NaCl, and 0.5M NaCl.  To test the effects of pH, MOPS 

minimal media was adjusted to pH 5.5 with 5M HCL.  
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2.2.10 Microbial Cell Viability as determined by ATP inhibition 

The BacTiter-Glo
TM

 Microbial Cell Viabilty Assay Kit (Promega) was used to measure what 

effects Bac8c had on the metabolic activity of E.coli cells and to quantify the amount of residual 

ATP. The luminescent signal generated correlates with the number of metabolically active 

(viable) cells present.  The protocol was followed in the manual for ATP quantification.  

2.2.11 Microbial Cell Viability as determined by 2,2 dipyridyl and thiourea assays 

This method was adapted from Kohanski et. al (Kohanski, Dwyer et al. 2007).  Standard killing 

kinetic assays were preformed (as above) where the OD600 and CFU/ml were monitored every 

hour for 2 h after addition of Bac8c. For the iron chelator experiments, 2,2’-dipyridyl (Sigma) 

was added at a concentration of 500μM. For hydroxyl radical quenching, thiourea (Fluka, St. 

Louis, MO) was added to the culture to achieve a final concentration of 150mM in solution.  

Both were added to the culture at the same time as Bac8c. The respective concentrations of 

chelator and quencher used here were determined by Kohanski et al. to minimize growth 

inhibition (Kohanski, Dwyer et al. 2007).  

2.2.12 Determination of NAD
+/

NADH 

Dinucleotide extraction and the NAD
+ 

cycling assay were performed as previously described by 

Leonardo et al. (Leonardo, Dailly et al. 1996).  Briefly, after exposure to Bac8c, cells were spun 

down at 5,000xg for 2 min, supernatant removed and the cells immediately frozen in a dry 

ice/ETOH bath.  NAD
+
 or NADH assay buffer  (acid or base extraction respectively) was added 

to each cell sample, 3 freeze-thaws cycles were performed, and all other following procedures 

were followed through as described previously (Leonardo, Dailly et al. 1996; Kohanski, Dwyer 

et al. 2007).  
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Figure 16. The top ten percent of all clones found in the final batch of the second selection 

(7654) were analyzed using the GOEAST program to find properties that were significantly 

enriched (by p-value) in (A) cellular component, (B) molecular function (C) biological 

processes. 

 

We then used these properties to confirm these functions as resistance mechanisms in 

E.coli.   In both selections, the highest enrichment we saw was with the ribosomal subunits.  We 

looking at the raw data we found that within the top ten percent, the highest fit clone, 

corresponded to a large clone with several ribosomal genes (rpsG, rpsL, fusA) Additionally, 
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through the analysis of COG groups and the GO functions we found that those genes involved in 

energy production and conversion (COG), which corresponded to pathways involved in the GO 

functions of ATP production, and NAD
+
 metabolism were enriched in fitness, and had 

significance through analysis by GOEAST.  We started to identify these functions as resistance 

mechanisms by first selecting clones of interested based on function or simply by those that had 

high fitness values in the last selection.  

4.3.3 Confirmation of resistance   

Twenty one clones identified through SCALEs determined to be significantly enriched 

were picked at random to separately confirmed an increase in resistance to Bac8c either through 

an increase in specific growth in the presence of the peptide, or through at increase in MIC.  We 

found that of these clones 14 of the 21 tested had an increase in growth rate compared to the 

control at 3 µg/ml Bac8c (sub-lethal, and approx. 50% growth inhibition of the control) (Figure 

17).   Of the 21, three clones (fusA-tufA, yicJ, and putA) actually showed an increase in growth in 

the presence of the peptide.  We also tested each clone for an increase in MIC.  We found from 

those clones tested 7 clones: flhCD, mtn-pfs, yajO, zur, fabB, priB, alpA did not give an increase 

in MIC, and found that no clones gave and greater than a 2-fold increase in MIC.  Two clones 

had variable resistance. The clone yajO showed an increase in specific growth in the presence of 

the peptide, and the clone pqiAB showed an increase in MIC.  Otherwise, it was consistent that if 

the clone did not show an increase in MIC, it also did not show an increase in specific growth 

compared the control for Bac8c.  It is however interesting that many of the clones that were not 

more resistant, showed a slower growth phenotype then the control, with or without the peptide.
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4.3.4 Cross-resistance   

NAD
+
 biosynthesis was a significant pathway involved in resistance to Bac8c.  It has 

been shown that hybaric oxygen, and paraquat are known to inhibit NAD
+
 biosythesis in E.coli 

(Heitkamp and Brown 1981).  We were therefore interested in the effects of paraquat on the 

individual clones as well as H202.  Both agents generate free radicals but by different 

mechanisms.  Paraquat toxicity is dependent upon cycles of intracellular reduction and 

autooxidation, which then causes the production of O2
-
 and secondarily H2O2 (Simons, Jackett et 

Figure 17. Growth of SCALEs selected clones. The specific growth of clones grown in 

96 well plates and the OD600 taken every half hour for eight hours. Black bars indicate the 

specific growth of clones without the presence of Bac8c.  White bars indicate the specific 

growth of the clones in the presence of Bac8c at the IC50 of control (3 µg/ml).  rpsLG-

fusA, putA and yicJ have an increased growth rate then their control in the presence of 

Bac8c at the IC50. 
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al. 1976). H2O2 is an oxidant, and generates of O2
-
, through the interaction with cellular 

components. We first tested the effects of paraquat toxicity on these clones (Table 2).  We found 

that the majority of these clones were more sensitive to paraquat, in which were discussed in 

detail in chapter three.  Only two clones tested, treB and rpsLG-fusA did not have an increase in 

sensitivity compared to the control.  We then were interested in H202 had the same effect. We 

found that many of the clones resistant to Bac8c are also resistant to H202. The only clone we 

found that did not have an increase in MIC was appBC.  More detailed work on these 

mechanisms is illustrated in chapter three.  

We were then interested resistance to Bac8c overlapped with any antibiotics that were 

known to: alter membrane permeability (polymyxin B and gramicidin), inhibit cell wall synthesis 

(vancomycin and carbenicillin), or inhibit protein synthesis (streptomycin) (table 1).  We found 

that one clone (treB), was resistant to a variety of antibiotics tested: vancomycin, and gramicidin. 

Additionally, treB not more resistant to carbenicillin, then the control, a third antibiotic that 

effects cell wall synthesis.  

Secondly the clone, rpsLG-fusA was found to be more sensitive to streptomycin.  The 

literature has shown that mutations in this gene allow for resistance specifically to fusidic acid. 

However, its resistance has been shown to cause a fitness decrease and its sensitivity to other 

antibiotics has been documented before in Samonella (Andersson and Hughes 2010). 

We then tested our clones against the parent peptide of Bac8c (Bac2A), and two additional 

peptides that were synthesized from Bac2A (K24, and sub3) (Table 2). Several clones were also 

resistant to either/both sub3 and K24.  The clones lpd, treB, yajO, rpsLG-fusA, and yicJ were 

resistant to sub3, and the clones appBC, lpd, treB, yajO, and rpsLG-fusA were resistant to K24.  

Suprisingly, may clones that are resistant to Bac8c are not resistant to the parent peptide Bac2A.  
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We found that only treB, and rpsLG-fusA were resistant to the parent peptide.   Lastly, we tested 

resistance of the clones to heat shock to determine if the mechanism of action of these particular 

clones is a general stress response (data not shown).  Only clones yicJ, and rpsLG-fusA were 

resistant to heat shock.  Interestingly, of all clones tested these two clones are the only ones that 

are expressed through sigma 24 (heat shock sigma factor).  
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Antibiotic         

 control appBC lpd treBC yajO putA rpsLG-

fusA 

yicJ 

 pSmart empty 
Vector 

alternative 
terminal 

oxidase 

lipoamide 
dehydrog

enase 

trehalose 
PTS 

permease 

putative 
NAD(P)

H-

dependen
t xylose 

reductase  

proline 
dehydrog

enase 

elongatio
n factor 

EF-Tu 

galactose-pentose-
hexuronide 

transporters  

paraquat 

(mM) 

100 20 20 100 5 40 100 60 

H202 (mM) 0.75 0.75 1 1 1 1 1 1 

CCCP 25 50 50 N/A 50 50 N/A N/A 

          

polymyxin B 0.5 0.5 0.5 0.5 0.5 1 0.5 0.5 

vancomycin <8 <8 <8 >16 <8 <8 <8 <8 

carbenicillin 2 4 4 2 4 4 2 2 

gramicidin <8 <8 <8 32 <8 <8 <8 <8 

streptomycin 64 64 64 64 64 64 32 64 

         

Bac2A 8 8 8 64 8 8 64 8 

sub3 4 4 8 8 8 4 8 8 

K24 4 8 8 8 8 4 8 4 

Table 2. MIC for selected clones against antibiotics with known function, and related AMPs.  

 

4.3.5 NAD
+
/NADH  

Heitkamp and Brown found that supplementation with amino acids involved in NAD
+
 

biosynthesis gave resistance to paraquat (Heitkamp and Brown 1981).  We were interested how 

this would affect resistance to Bac8c.  Aspartic acid and glutamine play main roles in NAD
+
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biosynthesis. We found that we saw an increase in resistance with these supplementations with 

the clones treBC, and rpsLG-fusA (data not shown).  

We then looked how aspartic acid and glutamine supplementation affected specific 

growth at sub-MIC concentrations of Bac8c.  We found that these supplements increased growth 

rate in all clones, as well and the control in the presence or absence of Bac8c and that a specific 

pattern (such as an increase in sensitivity, or resistance) could not be determined (data not 

shown).  

We have previously shown a relationship between resistance to Bac8c, electron transport, 

and PMF generation (chapter two and three). E. coli has evolved a modular respiratory chain that 

works to vary the bioenergetic efficiency of NADH oxidation (as measured by the H
+
/e- ratio). 

The ability of bacteria to modulate the respiratory chain can also allow for resistance to a number 

of antibiotics by limiting transport, enabling persistence, and resulting in biofilm formation 

(Andersson 2003).Our clones show a variable effect with those compounds (paraquat, H202) that 

effects these processes and therefore we wanted to determine the effects Bac8c had on 

respiration, and dinucleotide concentrations.  

We tested NAD
+
/NADH at the same timepoint in order to try to understand the relative 

effects of Bac8c.  We tested each clone in the presence or absence of 12µg/ml Bac8c (2-fold 

MIC of the control) (Table 3) after thirty minutes. From the clones tested we observed trends that 

result in cell survival. The control without peptide carries a higher NAD
+ 

to NADH ratio 

consistent with aerobic growth.  After Bac8c addition, this ratio is disrupted, and both NAD
+
 and 

NADH are depleted to almost undetectable levels.  
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We discussed in detail in chapter three clones: lpd, putA,  appBC, and dhaKLM. Below we 

discuss the responses to Bac8c by the clones yajO, yicJ, treB and rpsLG-fusA all of which are 

summarized in Table 3: 

yajO.  Although growth rate of this not less then the control, there is decrease in available 

NAD
+
, and NADH compared to the control, without addition of Bac8c. This phenotype is similar 

to that of appBC.  YajO, is a putative NAD(P)H-dependent xylose reductase.  It is similar to the 

AKR7 family of aldo-keto reductases. Overexpression of YajO from a multicopy plasmid leads 

to resistance to the HMP (4-amino-2-methyl-5-hydroxymethylpyrimidine) analog bacimethrin. 

The resistance mechanism is undetermined, but does not involve biosynthesis of HMP (Lawhorn, 

Gerdes et al. 2004).   

rpsLG-fusA, treB, and yicJ.  The clones rpsLG-fusA, treB, and yicJ although have the same 

profile, they seem to function differently the rest. rpsLG-fusA makes up the elongation factor, Ef-

Tu,  treB is part of the trehalose PTS permease, and yicJ (putative GPH transporter) has 

unknown function, yet is proposed to be a proton or other ion driven symporter. These clones 

have a disrupted redox, and elevated levels of NADH compared to the control.  However, their 

proposed functions within the cell do not modulate or use NAD
+
 or NADH as a substrate. 

Interpretation of their resistance based on NAD+/NADH is indirect from their function, and their 

mode of resistance is beyond the scope of this study.  
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Clone name Bac8c  (12 µg/ml) Dinucleotide concentration (µM) per 1X10
7
 cells/mL 

    NAD
+
   NADH   

Control absent 0.780 ±0.062 0.522 ±0.051 

 present 0.094 ±0.036 0.050 ±0.082 

yajO absent 0.367 ±0.069 0.185 ±0.049 

 present 0.141 ±0.060 0.029 ±0.114 

yicJ absent 1.171 ±0.222 0.594 ±0.094 

 present 0.296 ±0.091 0.329 ±0.112 

rpsLG-fusA absent 1.180 ±0.017 0.688 ±0.142 

 present 0.793 ±0.175 0.436 ±0.294 

treB absent 0.752 ±0.234 0.375 ±0.054 

  present 0.371 ±0.181 0.348 ±0.024 

Table 3. NAD
+
 and NADH concentrations before and after Bac8c treatment.  

 

4.4 Discussion 

AMPs are useful because they are believed to have either a plurality of mechanisms or to 

target processes that cannot be modified by a single genetic change (i.e. membrane stability) and 

therefore resistance to them is hard to develop.   We show that at sub-lethal concentrations, we 

can select for a variety of ways to get resistance, which presumably could lead to higher level of 

resistance through horizontal or vertical transfer in natural populations. This low-level stepping 

stone model of resistance evolution has been previously described (Herring, Raghunathan et al. 

2006), but little is known about the actual gene(s) through which these events might occur.  
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4.4.1 Functional Classification of Genes involved in resistance   

 High throughput experimental results are only as valuable as your ability to interpret 

them.  We tried several methods in order to classify genes that were involved in resistance to 

Bac8c: Classification by Orthogal Groups (COG), and Gene Ontology (GO).   Each 

classification method did not give us a direct answer to the methods of resistance to Bac8c.    We 

therefore turned to the program GOEAST in order weight certain functions based on 

significance.  We did however find basis in this program that weights clones with multiple genes 

within one operon, such as ribosomal proteins, and therefore significance  (by p-value or log-

odds) of clones is pushed towards those clones with multiple genes.    

4.4.2 Confirmation of resistance 

We choose to test several clones that were found in pathways with significance as well as 

those with high fitness values (Figure 17).  Clones that were confirmed to have resistance to 

Bac8c that were part of the cellular component (ribosome) were: rpsLG-fusA, and priB,prlI,rpsF, 

rpsR.  We found that rpsLG-FusA was resistant to 2-fold the MIC of the control strain, and 

showed an increase in growth rate compared to the control at sub-MIC concentrations of Bac8c.  

priB however exhibited a extremely slow growth rate, and did not increase MIC compared to the 

control.  Additionally we tested the clone nadE (part of both NAD+ biosynthetic processes and 

salvage pathways) we and found it to have resistance to sub-MIC concentrations of Bac8c, but 

did not have an increase in MIC.  

Secondly, we picked a variety of clones belonging to different GO processes that had 

high fitness values (W > 4). Of these clones, we confirmed that 14 of the 22 clones tested 

exhibited resistance to Bac8c either through an increase in MIC or by lack of growth inhibition at 

sub-MIC concentrations. Of those clones that exhibited no increase in resistance (flhCD, priB, 
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alpA, zur, fabB, and xdhD), we found they had a slow growth phenotype.  We believe that this 

type of resistance was selected for because of the nature of Bac8c killing.  As we have shown 

previously (chapter two and three), Bac8c is reliant on actively growing cells and targets cells 

that may have a higher PMF (more electronegative).  In a diverse population those cells that are 

not actively growing (persistors) may have a selective advantage, and can escape killing by 

Bac8c.   

4.4.3 Cross-resistance 

 By testing a variety of conditions and antibiotic we able to conclude that clones fell into 

two classes of resistance that could be distinguished by their sensitivity to paraquat.   Paraquat is 

a substrate that promotes electron relay and can be reduced by cellular NADPH and NADH.  

Both Dioxygen and electrons must be present for paraquat to elicit deleterious effects. It has been 

shown that paraquat can inhibit NAD
+
 biosynthesis processes (Heitkamp and Brown 1981).  We 

hypothesize that there are two classes of Bac8c resistance: Class one (paraquat sensitive) were 

clones that involved in processes that used NAD
+
/ NADH, or NADP

+
/NADPH (table 1): appBC, 

lpd, yajO, putA, dhaKLM, motA, flhCD.  The second class was not paraquat sensitive and may 

involve a more general stress response in resistance: rpsLG-fusA and treB.  

 We then tested these clones in response to the hydrogen peroxide.    We found that many 

of our clones were more sensitive to paraquat, suggesting that either our clones had increased 

levels of NADH (or another suitable electron donor) or ROS. To discriminate between these 

possibilities, we tested the sensitivity of these clones to H202, an oxidizing agent, which should 

have the same effect as paraquat if our clones had elevated ROS. We found that none of these 

clones were more sensitive to H202 
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We then tested these clones against any antibiotics that were known to: alter membrane 

permeability (polymyxin B and gramicidin), inhibit cell wall synthesis (vancomycin and 

carbenicillin), or inhibit protein synthesis (streptomycin) (table 1).   We found that no clones in 

the first class (paraquat sensitive), were resistance to any other antibiotic.  Only treB was 

resistant to vancomycin, and gramicidin. Both compounds act in different manners on the cell 

wall, and it is possible to speculate that treB may have some role in membrane permeability. 

Interestingly treB was also sensitive to carbenicillin. It has been shown that this transporter 

(treB) decreases in gene expression in response to carbenicillin and ofloxicin (Kaldalu, Mei et al. 

2004).  It is possible that its overexpression, may increase carbenicillin transport.  

We tested these clones for resistance to the parent peptide, and to sister peptides to 

Bac8c.  Clones were resistant to sub3: lpd, yajO, rpsLG-fusA, and yicJ.  The clones appBC, lpd, 

treB, yajO, and rpsLG-fusA were resistant to K24.  Surprisingly, many clones that are resistant to 

Bac8c are not resistant to the parent peptide Bac2A.  We found that only treB, and rpsLG-fusA 

were resistant to the parent peptide.  This suggests that the mode of action of the parent peptide 

is different than that of Bac8c or the sister peptides (K24 and sub3).  

Lastly, we used the properties found in GOEAST, NAD
+
 biosynthesis (addition of 

Glutamine and Aspartic acid), and Ethanolamine and derivative process (Betaine and trehalose) 

to choose which compounds may add in resistance to Bac8c (data not shown). We found that 

only treB and rpsLG-fusA were able to increase MIC above their levels without supplementation. 

Which may suggest that their mode of resistance is not synergistic to these pathways. 

Additionally, we supplemented with the osmo-protectants, betaine and trehalose.  rpsLG-fusA 

was the only clone to show an increase in resistance with the addition of betaine. 
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The clones rpsLG-fusA and treB were the only two tested that had some cross resistance 

to different antibiotics. When looking back to the literature we found that rpsLG-fusA contains 

genes that have been identified as genes involved in resistance to antibiotics Streptomycin, and 

Fusidic acid. In these cases, the modes of resistance have arisen through chromosomal mutation, 

rather than overexpression.  The resistance to Streptomycin has been called “epistatic” in 

Salmonella and this mutation has allowed bacteria to grow faster in media lacking carbon 

sources.  In the case of resistance to fusidic acid, the gene fusA alters the levels of the 

transcriptional regulator guanosine tetraphosphate (ppGpp), and can allow for hypersensitivity to 

difference antibiotics such as streptomycin, and hydrogen peroxide. We found that the clone 

rpsLG-fusA was not sensitive to hydrogen peroxide, but did show sensitivity to streptomycin 

(table 1).  Testing of fusidic acid resistance was not possible as the KAN
R 

cassette
 
allowed for 

cross resistance to fusidic acid (data not shown).  

The clone treB is part of the trehalose PTS permease system that is normally induced when 

trehalose is present in the medium, provided that osmolarity is low.   It is responsible for using 

the PTS system to convert trehalose to trehalose-6-phophate to be used as a carbon source. 

Understanding its role in antibiotic resistance has not been elucidated.  

4.5 Future directions 

To accurately determine the mode of resistance to Bac8c by many of these clones one 

would have to determine the more specifically how each the increased copy number, changes 

over all gene over-expression in the presence or absence of Bac8c. This work could be 

accomplished through transcriptional profiling, or individually tested by QT-PCR.  This data 

could then be used to interpret a more general mode of resistance to AMPs, if general stress 

response pathways were shown to be up-regulated when an increase in copy number of any of 
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these clones was present. This work would expand on the networks in gene regulation already 

established through other antibiotics.  

Secondly, more work could be done to specifically identify how these clones affect cellular 

functions, such as PMF.  Preliminary work done to show changes in PMF using DiSCO(3)2 (as in 

chapter one) was inconclusive.  Small variations in PMF could not be statistically determined, 

through this method. Although methods exist for PMF determination, through the radiolabelling 

weak acids, it was beyond the scope of this work to begin classification of the PMF of each of 

these clones.  Instead, we used agents that modulate PMF (as in chapter two and three), to 

indirectly show its relevance in AMP mode of action.   

Lastly, the clones treB and rpsLG-fusA have not been characterized in detail in resistance 

to AMPs.  We show here that both clones are resistant to the parent peptide of Bac8c (Bac2A), as 

well as other antibiotics.  Their function alone does not allow one to interpret much as to their 

functions in resistance, and much work could be dedicated to each clone individually. However, 

their resistance mechanism(s) seems to be the most universal (to multiple antibiotics) and of all 

clones tested their modes of resistance would be the most interesting to follow up on.  
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Coli Antisense GeneChip® arrays (Affymetrix, Santa Clara, CA) were handled at the University 

of Colorado DNA Microarray Facility according to manufacturer’s specifications using a 

GeneChip® Hybridization oven,GeneChip® Fluidics Station, GeneArray® scanner and 

GeneChip® Operating Software 1.1 (Affymetrix). 

5.2.6 Microarray Data Analysis 

Data analysis was completed by utilizing SCALEs software developed by Lynch et al. 

according to author’s instructions (Lynch, Warnecke et al. 2007). This method is described in 

more detail in chapter three and four.  

5.2.7 Specific Growth and Killing assays  

For growth rate determination, each clone was inoculated from an -80ºC stock, cultured in 

5 ml LB with KAN and incubated overnight in a 15 ml conical tube at 37ºC with shaking. Each 

overnight culture was diluted HAH buffer to an OD600 0.4 before inoculating conical tubes with 

1-10% v/v inoculum (starting OD600 0.1). 15 ml conical tubes were incubated at 37
o
C with 

shaking and absorbance was monitored routinely. Triplicate blank vector control flasks were run 

in parallel for all growth experiments. For multiple clone experiments a 96 well polypropylene 

plate was used and 100µl samples were measured in triplicate every 30 minutes for 8-10 hours.  

Specific growth rate was calculated by determining the optimal fit of linear trend lines by 

analyzing the R
2
-value.  

5.3 Results 

5.3.1 Selection design  

E. coli K12 genomic libraries of defined sizes was created.  The insert sizes ranged from 

1, 2, 4, and 8 Kbp in length and each library contained as least 10
6
 clones.  We used a pSmart-
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LC-KAN vector for propagation of the library in the MACH-1 strain of E.coli.  We selected for 

resistance to 25 µg/ml of histone (99% MBC).  A batch selection was preformed with three (3) 

cycles of 3 hours selection followed by 2 hours recovery. At the end of each cycle, plasmids 

were collected (Figure 18).  In this selection we saw by the final batch the library was able to 

grow in the presence of histone.  

 

Figure 18.  Selection Design.  The selection was done with 25 µg/ml histone.  The library was 

able to grow without inhibition in the presence of histone, by the third selected batch.  

 

5.3.2 Histone resistance 

Clones picked directly from LB+KAN plates after recovery from selection, were tested 

individually for resistance to 10, 25, and 100 µg/ml histone (Figure 19). We found that 8-10 

clones were more resistance up to 100 µg/ml.  The clones with resistance were later sequenced 
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and identified to all contain the insert: wcaI/cpsB/cpsG/wcaJ. Two clones were mildly resistant 

to histone were found to contain the insert recA/recX.  

 

Figure 19. Growth Curves of Selected Clones show an increase in growth in the presence of up 

to 100 µg/ml (red) Histone. 0 µg/ml (blue), 25 µg/ml (pink), 50 µg/ml (orange)  A) Control B) 

wcaI/cpsB/cpsG/wcaJ 

5.3.3 SCALEs results  

The final batch selection informed us that the only 8 individual clones had a positive 

fitness increase in the final batch selection (Figure 20).  When the final batch is plotted in a circle 

plot (Figure 21), the abundance of the clone wcaI/cpsB/cpsG/wcaJ can be visualized.  Other 

clones with fitness increase correspond to: priA/cytR, mcrC, ompT/appY, asmA, bdm, dctR, rarD, 

and yjfP.   

 

 

 

A B 
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Figure 20. Histogram.  This is a histogram of the non-duplicate genes from the final selected 

batch population displaying the relative fitness of the population.  Only 8 clones were found in 

the final selection to have an increase in fitness over the control.  
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Figure 21. Circle Plot. A genome-wide plot of the multi-scale analysis of the fitness of the final 

batch culture over the control culture (time 0).  For each batch, the fitness for each 125-bp 

position is plotted around the genome for each scale referred to in the legend. Minutes 

correspond to E. coli genome, plotted clockwise around the circle.  Inserts with high fitness 

values are labeled. 
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Figure 22. Gene Linkage.  Network of protein encoding genes from SCALEs selection 

(final batch SL3) with positive fitness values.  These proteins cluster based on 

neighborhood, concurrence, and experimental data and are associated with biofilm 

formation and colanic acid biosynthesis. Clustering was done using the string database 

http://string-db.org/.  

 

 

http://string-db.org/
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5.3.4 All Genes with non-negative fitness values 

Below a list of all genes found in the last selection that had non-negative fitness values:  

 

appY HTH-type transcriptional regulator appY; Induces the synthesis of acid phosphatase 

(appA) and several other polypeptides (such as appBC) during the deceleration phase of growth. 

It also acts as a transcriptional repressor for one group of proteins that are synthesized 

preferentially in exponential growth and for one group synthesized only in the stationary phase. 

Also involved in the stabilization of the sigma stress factor rpoS during stress conditions  

 ompT Outer membrane protease VII (Outer membrane protein 3b); Protease that can cleave T7 

RNA polymerase, ferric enterobactin receptor protein (FEP), antimicrobial peptide protamine 

and other proteins. This protease has a specificity for paired basic residues   

 envY Porin thermoregulatory protein envY; Influences the temperature-dependent expression of 

several E.coli envelope proteins, most notably the porins ompF and ompC and the lambda 

receptor, lamB   

 nfrA Bacteriophage N4 receptor, outer membrane subunit; Required for bacteriophage N4 

adsorption. Serves as the phage receptor   

 sra Stationary-phase-induced ribosome-associated protein; Although this protein associates with 

the 30S subunit of the ribosome it is not considered to be a bona fide ribosomal protein. It is not 

essential for bacterial growth  

 bdm biofilm-dependent modulation protein  

 wcaJ Putative colanic biosynthesis UDP-glucose lipid carrier transferase  

 cpsG Mannose-1-phosphate guanyltransferase; Involved in the biosynthesis of the capsular 

polysaccharide colanic acid  

 cpsB Mannose-1-phosphate guanylyltransferase; Involved in the biosynthesis of the capsular 

polysaccharide colanic acid  

 wcaI predicted glycosyl transferase  

 wcaA predicted glycosyl transferase  

 wzc Tyrosine-protein kinase wzc; Required for the extracellular polysaccharide colanic acid 

synthesis. The autophosphorylated form is inactive. Probably involved in the export of colanic 

acid from the cell to medium. Phosphorylates udg   
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 asmA Putative inner membrane protein involved in outer membrane protein assembly; Involved 

in the inhibition of assembly of mutant ompF proteins. In general, could be involved in the 

assembly of outer membrane proteins  

 dcd 2'-deoxycytidine 5'-triphosphate deaminase  

 menF Menaquinone-specific isochorismate synthase  

 dctR Putative DNA-binding transcriptional regulator; May act as a transcriptional regulator of 

dctA  

 yhiD predicted Mg(2+) transport ATPase inner membrane protein   

 cytR HTH-type transcriptional repressor cytR; This protein negatively controls the transcription 

initiation of genes such as deoCABD, udp, and cdd encoding catabolizing enzymes and nupC, 

nupG, and tsx encoding transporting and pore-forming proteins. Binds cytidine and adenosine as 

effectors  

 priA Primosome factor n' (Replication factor Y); Recognizes a specific hairpin sequence on 

phiX ssDNA. This structure is then recognized and bound by proteins priB and priC. Formation 

of the primosome proceeds with the subsequent actions of dnaB, dnaC, dnaT and primase. PriA 

then functions as a helicase within the primosome  

 xylE D-xylose-proton symporter; Uptake of D-xylose across the boundary membrane with the 

concomitant transport of protons into the cell (symport system)  

 mcrC Protein mcrC; Modifies the specificity of mcrB restriction by expanding the range of 

modified sequences restricted. Does not bind to DNA  

 

5.3.5 Conserved Domains   

 

It was of interested to determine if the genes found in the E. coli selection were also 

homologous to genes (proteins) found in pathogenic bacteria.  Those genes that are connected 

based on neighborhood in the gene linkeage map (Figure 22), are known to be within close 

proximity across >800 genomes with a significance of  > 0.6 correlation .  Additionally, we 

preformed alignments of homologous regions in BLAST (NCBI). Multiple alignments were 

preformed with COBALT against known microbial pathogens: Staphylococcus aureus 
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(taxid:1280), Burkholderia cenocepacia (taxid:95486), Pseudomonas aeruginosa (taxid:287), 

Salmonella enterica subsp. enterica serovar Typhi (taxid:90370), Yersinia pestis (taxid:632), 

Enterococcus faecium (taxid:1352), and  Staphylococcus aureus (taxid:1280).   We show that 

both clones are part of superfamilies that include many bacterial pathogens: Figures 23, and 24.  
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Figure 23. Homology regions for clone one: wzc/wcaA . 
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wcaJ 

 

Figure 24. Homology regions for clone two:  wcaJ/cpsB/cpsG/wcaI 
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5.4 Discussion 

  We found that of the clones selected in the SCALEs population many were linked to 

colanic acid biosynthesis. Colanic acid biosynthesis is not a new mode of resistance for bacteria, 

it is conserved amongst many pathogenic bacteria, and considered to be a virulence factor 

(Navasa, Rodríguez-Aparicio et al. 2009). The production of an extracellular layer of 

polysaccharide, termed the capsule, is a common feature of many bacteria. Capsules play a vital 

role in permitting evasion of the host immune specific and nonspecific defenses as well as 

helping in adhesion for colonization of host tissue (Navasa, Rodríguez-Aparicio et al. 2009).  We 

found that those clones containing genes involved in colonic acid biosynthesis were 4-fold more 

resistant to histone. We also showed that genes found in these clones were highly conserved in 

pathogenic bacteria.   This type of resistance is considered to be an intrinsic resistance 

mechanism similar to biofilm formation.   The discovery that histone resistance requires capsular 

synthesis allows for one to infer that the mode of action of histone on bacteria may be through 

direct membrane disruption.    

5.5 Future work 

  Dr. Catherine Chaput will lead the project from this point forward. Her work will 

encompass experiments to determine the extent of membrane disruption by histones.  Secondly, 

the mechanism of resistance by overexpression of these specific colanic acid biosynthesis genes 

has not been studied in-vivo.  Dr. Chaput is in the process of studying this resistance mechanism 

in the mouse model.  More specifically she is working to gain an understanding the mechanisms 
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behind how microbes can turn on colanic acid biosynthesis to evade killing by NETs, and 

histones.  This work will be completed by April 2011.   
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CHAPTER SIX 

6 CONCLUSIONS 

 

The objective of this work was to investigate the mode of action, and mode of resistance 

to both synthetically derived peptides as well as naturally occurring ones. I have found both 

novel resistance mechanisms and uncovered the depth of intrinsic resistance phenotypes that can 

be expressed through a plethora of genotypes.  Most interestingly, I found that Bac8c is an 

unusual peptide.  Unlike many AMPs studied before Bac8c does not cause cellular lysis, and a 

specific target for cellular killing has not been found. Bac8c can be labeled as a dirty drug as it 

effects multiple processes within the cell, and high levels of resistance to it were not found.    

In chapter two, I illustrate the mode of action of the synthetically designed peptide, 

Bac8c, on a time scale.  From the start of peptide addition to cell death, the process in which this 

peptide (or others like it), kill the cell had not been described before in such detail.  Methods 

such as FACs analysis, TEM and analysis of intracellular dinucleotide concentrations allowed us 

to catalog the events up to cell death more accurately then seen before.  More importantly, this 

method allowed us to uncouple membrane depolarization events from membrane permeation.  

The mode of action of AMPs in general has been a long-standing controversial issue whether all 

peptides kill by membrane destabilization.  I show that cells are depolarized, before permeation 

occurs, and that the lethal event precedes permeation. Collectively, our results demonstrate the 

Bac8c mode of action involves cytoplasmic targets, with evidence pointing towards direct or 

indirect disruption of respiratory functions located within the cytoplasmic membrane. 

In Chapter three, four and five, I utilized high-throughput genomics to understand the 

mode of action and resistance of AMPs, both synthetic and natural.  I found that many 
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phenotypes may give low levels of resistance to peptides that are lured to cells by charge 

(electronegative).  I found that although resistance genotypes were varied from metabolic genes, 

to defense mechanisms, we speculate that a change in electronegativity of the cell (essentially, a 

persistence-like phenotype) is the mode of resistance, rather than any one genotype actively 

interacting with the AMP. This recapitulates the concept that complex phenotypes make up a 

population, and demonstrates the necessity for high-throughput genomic selections to identify 

these phenotypes.  We show in chapters two and three that Bac8c is reliant on actively growing 

cells and targets cells that may have a higher PMF (more electronegative).  In a diverse 

population those cells that are metabolically inactive and demonstrate a lower PMF (persistors) 

may have a selective advantage, and can escape killing by Bac8c.   

I introduced previously two types of resistance mechanisms: acquired and intrinsic.  In 

this selection we were able to identify both types of resistance. These resistance mechanisms 

were either specific to Bac8c or lead to resistance to multiple types of antibiotics (intrinsic).  

Many of the clones we examined had an increase in resistance to Bac8c, but were not more 

resistant/sensitive to other antibiotics.  This is possibly a different method of resistance that 

diverges from intrinsic resistance (persistence), yet also involves metabolic activity.  In this 

scenario each resistance clone functions to maintain metabolic stability throughout the duration 

of Bac8c insult, rather than inhibiting metabolism as in a persistence phenotype.  As peptide drug 

development progresses, this may be a new resistance mechanism to monitor that has not been 

studied in depth in through conventional antibiotics.  

In Chapter five, I preformed a selection in which the only clones that resulted in high 

fitness were ones involved in colanic biosynthesis. Colanic acid biosynthesis is not a new mode 

of resistance for bacteria; it is conserved amongst many pathogenic bacteria, and considered to 
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be a virulence factor.  The identification of this mode of resistance against histones specifically is 

a platform in which will move forward the process of studying this resistance mechanism in-vivo 

in the mouse model.  More specifically we will be able to gain an understanding the mechanisms 

behind how microbes can turn on colanic acid biosynthesis to evade killing by NETs, and 

histones. 

The work described herein is a method developed that could be employed towards newly derived 

synthetic AMPs to understand the basis of their resistance and mode of action.  These methods 

coupled with the methods described by (Hilpert, Volkmer-Engert et al. 2005; Hilpert, Elliott et 

al. 2006; Hilpert, Fjell et al. 2008), that apply powerful protein evolution and engineering 

approaches to the development of novel AMPs would not only develop a range of improved 

AMPs but also to improve understanding of AMP structure-activity relationships.  Additionally 

selections for resistance could be designed using high-throughput methods that involve cell 

sorting and flow cytometry.  In chapter two I was able to define the mechanism of action of the 

AMP based on membrane depolarization verses permeation.  This type of selection would allow 

researchers to sample many new antimicrobials and determine if their main mode of action was 

through pore formation.  Secondly, this approach could be coupled with SCALEs or with other 

high-throughput libraries to sort for bacteria that are resistant to the peptide and metabolically 

active.  This would allow one to differentiate between intrinsic verses acquired resistance.  This 

is because many intrinsic resistance mechanisms are linked to a metabolic slow-down (biofilm 

formation/persistence), this slow down could be distinguished from cells with acquired resistance 

(SCALEs library), and detected by Membrane depolarization (decrease/increase in metabolic 

activity).  Currently, there is a major need to detailed understanding of the mode of action of new 

antimicrobials.  These methods can detect resistance/mode of action of synthetic peptides, and 
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determine quickly if they can be intrinsically easily resisted or maybe our next hope as an 

antimicrobial agent.  There is a clear medical need for both new agents and methods that 

incorporate the array of new technologies.  Methods like high-throughput structure activity 

screens matched with high-throughput genomics maybe our next hope in the development of 

useful antibiotics.   
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