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ABSTRACT

Bacterial infections are a major cause of concern in healthcare because of a rise in antibiotic-
resistant bacteria and an increase in hospital-acquired infections. In order to combat bacterial
infections, we need fundamental understanding of the host-pathogen interaction. As a part of
the innate immune response, various organisms, including humans, produce antimicrobial
peptides. Human defensin 5 (HD5) is a 32-aa cysteine-rich peptide produced primarily in the
small intestine that exhibits broad-spectrum activity against various bacteria, fungi and viruses.
In this thesis, in order to study and understand the mechanism of action of HD5, we probed the
antibacterial action of HD5 and the bacterial response. We synthesized a family of HD5
analogues with functional modifications including fluorophores. With this toolkit of HD5
derivatives, we examined the effect of HD5 on various bacteria. We demonstrated that HD5Ox,
the oxidized form of HD5, causes certain distinct morphological changes in Gram-negative
bacteria, enters the bacterial cytoplasm and localizes near the cell poles and cell division sites.
From these studies we propose that HD5Ox overcomes the outer membrane permeability
barrier and permeabilizes the inner membrane of Gram-negative bacteria, and it may interact
with the cellular targets and interfere with the processes such as cell division. We extended
these morphological studies of HD5 0x-treated bacteria and identified certain phenotypic
responses in Gram-positive bacteria that further suggest that HD5Ox interferes with cellular
processes such as cell division.

Thesis Supervisor: Professor Elizabeth M. Nolan
Title: Associate Professor of Chemistry
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Chapter Abstracts

Chapter 1. Introduction to Antibiotics and Antimicrobial Peptides

Bacterial infections have become difficult to treat in the wake of the dwindling drug pipeline for

antibiotics and emerging antibiotic resistance. In nature, several organisms produce

antimicrobial peptides (AMPs) to protect themselves from invading microbes. Fundamental

understanding of the interaction of these AMPs and bacteria would assist in combating

bacterial infections. This Chapter provides a historical overview of the discovery of antibiotics,

antimicrobial peptides, and their respective bacterial targets. The major advances made in the

study of the structural and functional aspects of human cx-defensin 5 (HD5), the focus of this

thesis, and other antimicrobial peptides are discussed. The antimicrobial and antiviral activities

of the peptides along with immunomodulatory functions are described. A summary of project

goals and an overall organization of the thesis are also presented.

Chapter 2. Synthesis of Human Defensin 5 and its Derivatives

Human defensin 5 (HD5) is a 32-aa peptide forming a three-stranded n-sheet structure, held

together by three regiospecific disulfide linkages. There are several drawbacks to heterologous

overexpression of HD5. The overexpression provides low yields and is less amenable for further

functionalization of HD5. The current advancements in solid-phase peptide synthesis allow

synthesis of large quantities of peptides along with a prospect to modify the peptide at desired

positions using orthogonal protection strategies. In this Chapter, a robust synthesis of HD5

employing Fmoc-based solid-phase peptide synthesis protocol is presented. The synthesis was

further optimized to obtain a family of fluorophore-modifed HD5 derivatives. The photophysical

characterization and the antimicrobial activities of the derivatives were determined. These

peptides enabled the studies on visualizing the localization of HD5 as discussed in Chapters 3-5.
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Chapter 3. Visualizing the Attack of Escherichia coli by the Antimicrobial Peptide Human

Defensin 5

In this Chapter, in order to understand how HD5 kills bacteria, the morphological consequences

of HD5 treatment on the bacteria along with the localization of HD5 on bacteria are examined

using the family of HD5 derivatives described in Chapter 2. The effect of HD5Ox on Escherichia

coli, a Gram-negative bacteria that is both commensal organism and a pathogen of the gut was

investigated. Distinct morphological changes such as clumping, elongation of bacteria, and bleb

formation typically at the cell poles and cell division sites, in E. coli were observed. When

treated with HD5Ox, other Gram-negative bacteria, including human pathogens Acinetobacter

baumannii and Pseudomonas aeruginosa, display similar morhological changes. Moreover, bleb

formation was not observed when E. coli were treated with other AMPs. Employing

fluorophore-modified HD5 conjugates, it was demonstrated that HD5 enters bacterial

cytoplasm and localizes near the cell poles and cell division sites. These studies suggest that

HD5Ox enters bacterial cytoplasm and interacts with a potential intracellular target.

Chapter 4. Antimicrobial Activity and HD5 0x-mediated Phenotypic Effects in Gram-positive

Bacteria

HD5Ox exhibits broad-spectrum antimicrobial activity against both Gram-positive and Gram-

negative bacteria. In this Chapter, we examined the phenotypic effects observed in Gram-

positive strains Staphylococcus aureus, Enterococcus faecalis, and Bacillus subtilis treated with

HD5Ox and other AMPs. The antimicrobial activities, the effect of salt in the assay medium and

morphological changes induced upon treatment with HD5Ox were examined. These studies

indicate that HD5 affects the cell septa and cytoplasmic membrane as observed by defects in

the ultrastructure of all of these bacteria upon treatment with HD5, further suggesting the

effect of HD5 on cell division process.
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Chapter 5. Investigations of HD5Ox Interactions with Bacterial Cellular Components

The studies in Chapters 3 and 4 indicated the HD5 interferes with certain cellular processes. In

this Chapter, the effect of HD5 on select cellular components of bacteria was studied in further

detail. The integrity of the lipopolysaccharide (LPS) layer of outer membrane (OM) and anionic

lipids composition of membranes were varied using knockout strains of E. coli. The morphology

of these strains in the presence of HD5 was examined. To examine the cell division process, the

formation of FtsZ ring in the presence of HD5 was monitored. From these studies, a model is

proposed where HD5 needs to overcome the OM barrier and permeabilize the inner

membrane. Subsequently, HD5 can enter the bacterial cytoplasm and may interact with a

potential target, possibly located at the cell division sites.

Appendix 1. Tryptophan Mutants of HD5

Tryptophan, a natural fluorophore was appended to HD5 and a set of mutants was generated

by site-directed mutagenesis. These mutants were designed to contain tryptophan residues on

either termini or both along with a mutant containing a short peptide-tag at N-terminus. The

overexpression, folding and purification of these mutants along with structural and functional

characterization were performed. From these studies, we concluded that mutants containing

tryptophan residue appended at the termini of HD5 retained their ability to cause inner

membrane permeabilization. However, constraints do exist on the size of the functional groups.

Appendix 2. Tools to Study HD5

Extending the family of fucntionalized HD5 analogues, a set of derivatives was generated by

appending biotin (an affinity-tag) and azido-functional groups (for further modification using

click-chemistry) on the N-terminus of HD5. Antibodies were also generated against both the

oxidized (HD5ox) and the linear forms of HD5 (HD5[Serhexa]). These tools will assist in future

studies geared towards identifying the potential bacterial target of HD5.
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Chapter 1

Introduction to Antibiotics and Antimicrobial Peptides
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1A. Bacterial Infections

Bacterial infections are one of the leading causes of mortality worldwide. For instance,

tuberculosis (9.6 million infected, 1.5 million deaths, in 2014)1 and pneumonia are two

infectious diseases that are a major cause of concern for both developed and developing

nations due to the development of multidrug resistance. The statistics are even grimmer for

children below 5 years of age, as 15% of total mortality (955,000 deaths, in 2014) is caused by

pneumonia alone.' Apart from mortality, the direct medical costs of healthcare-associated

infections (HAl) are estimated in billions of dollars per year.2 The discovery of antibiotics is one

of the greatest achievement of the pharmaceutical industry.3 However, as the drug pipeline for

antibiotics is dwindling, along with the rapid development of resistance to existing antibiotics,4

the pressure is enormous to develop novel antimicrobials for the treatment of microbial

infections, including those caused by drug-resistant pathogens.

In this fight against pathogens, many are looking at the huge repertoire of natural host-

defense peptides as inspirations for drug discovery. Extensive investigations towards

elucidating the mechanisms of the native peptides and the bacterial responses are essential for

understanding how the host combats the microbial infections. In this Chapter, historical

account of various antibiotics and antimicrobial peptides, along with major advances made in

the study of their structural and functional aspects are discussed.

1B. Bacterial Cellular Components as Targets for Antibiotic Development

Bacteria have a cell wall, cytoplasm, nucleoid, and cell membrane. Bacteria are broadly

classified as either Gram-positive or Gram-negative based on a test developed by Christian

Gram in 1884.5 The staining pattern is a result of the structural components of bacteria. In

Gram-positive bacteria, only one cellular membrane envelops the bacterial cytoplasm and is

coated with very thick (10 to 20 layers) peptidoglycan (PG) (Figure 1.1A).' In contrast, Gram-

negative bacteria have an inner membrane (IM) surrounding the cytoplasm, a thin (1 to 3

layers) peptidoglycan located in the periplasm, and enclosed by an outer membrane (OM)
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(Figure 1.1B). .

The membrane compositions further differentiate Gram-positive and Gram-negative

bacteria. The Gram-negative OM is a bilayer. The outer leaflet is composed of

lipopolysaccha ride (LPS), which is the source of the overall negative charge of the OM, and the

inner leaflet is composed of phospholipids.8 The glycolipid LPS molecules are held together by

Mg ions. The outer membrane also contains lipoproteins and I--barrel proteins (porins). The

OM is attached to the peptidoglycan layer by an abundant lipoprotein named Lpp.9 The

periplasm contains the peptidoglycan layer, proteins such as chaperones, transport proteins for

sugars and amino acids, biosynthetic machinery, RNAse and other enzymes.10 The Gram-

negative IM is a bilayer of phospholipids such as phosphatidyl ethanolamine, phosphatidyl

glycerol and to lesser extent phosphatidyl serine and cardiolipin." The IM contains membrane-

associated proteins (e.g. proteins involved in oxidative phosphorylation and electron

transport).

A. Gram-positive

PG

LTA

Cytosol.xx
Membrane 0

B. Gram-negative

LPS

GM

PG

Periplasm

IM

CytoplasmCytoplasm

Porin
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enzymes Uproteins LTA LPS

) PBP Phospholipids

Figure 1.1. Cellular composition of A) Gram-positive and B) Gram-negative bacteria.
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The Gram-positive cell envelope lacks an OM, and heavily relies on the thick

peptidoglycan layer to support the turgor pressure.6 The peptidoglycan layer is laced with

anionic glycolipid polymers called wall teichoic acids (WTA) and lipoteichoic acids (LTA).

Because of the absence of the periplasmic compartment, the surface of Gram-positive bacteria

also contains proteins analogous to the periplasmic proteins of Gram-negative membranes. 4

Many of these proteins are either directly attached to the membrane or to the peptidoglycan

layer.' 4

1C. Antibiotics

Antibiotics are classified as either bacteriocidal or bacteriostatic. Bacteriocidal

antibiotics kill bacteria whereas bacteriostatic antibiotics inhibit the growth of bacteria. Several

antibiotics have been developed against the cell wall synthesis machinery, as no such

counterpart exists in eukaryotic cells.151'7 In addition to targeting the synthesis of the

peptidoglycan layer, many antibiotics target machinery in the cytoplasm, including components

of replication, transcription, translation, cell division and metabolism (Scheme 1.1).18 In

addition to these effects, antibiotics may trigger oxidative stress and thereby cause more

damage to the bacterial cell.' 9 The antibiotics discussed below are grouped based on the

bacterial targets.

i. History and Timeline of Antibiotic Development. Salvasaran, an arsenic-based drug

with an unknown mechanism of action discovered by Paul Ehrlich and his group, was the first

successful drug administered to treat syphilis.0 Paul Ehrlich envisioned the term "magic-

bullets" to describe drugs that target specific pathogen without harming the host.2' During his

search for magic bullets, he developed extensive screening methods. This work paved the way

for new drug discoveries.

During the early discovery period, the first antibiotics used for treating bacterial

infections were the sulfa drugs, which target folate biosynthesis in bacteria. Prontosil was the
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first sulfanilamide-based antibiotic, developed by Gerhard Domagk in 1935, and many

pharmaceutical companies later developed modified analogues. Excessive use of sulfa drugs

led to the development of antibiotic resistance; therefore, the drugs are currently used only for

treating urinary tract infections (UTIs). 2 1

Scheme 1.1. Antibiotics Targeting Various Cellular processes in Bacteria. The targets are
highlighted in red.
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ii. Antibiotics Targeting Cell Wall Biosynthesis. In 1928, Alexander Fleming discovered

Penicillin from the mold Penicillium notatum. Penicillin, is a i-lactam antibiotic that targets the

synthesis of the bacterial cell wall. The development and optimization of large-scale culturing,

extraction and purification methods by Howard Florey and Ernst Chain made this drug available

in bulk quantities in the market by 1944.2 The discovery of penicillin and related [3-lactam

antibiotics marked the peak of the "Golden era" of antibiotic discovery.
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The synthesis of the peptidoglycan layer involves the incorporation of N-

acetylglucosamine--1,4-N-acetylmuramyl-pentapeptide-pyrophosphoryl-undecaprenol (lipid

II) units into the existing glycan chains through a transglycosylation step. 8 These layers of

glycan chains are further strengthened by the crosslinking of the peptide side chains through a

transpeptidase step, forming a meshwork that provides support for bacteria against osmotic

stress. Penicillin and other 1-lactams such as cephalosporins target the transpeptidase domains

of the penicillin binding proteins (PBPs) and thereby inhibit PG synthesis. Furthermore,

vancomycin and related glycopeptides bind to the D-Ala-D-Ala dipeptide unit of lipid II and

prevent the transpeptidase domain from accessing its substrate. Other antibiotics such as

fosfomycin, ramoplanin, and bacitracin also target PG biosynthesis by interfering with various

other steps and enzymes involved in PG synthesis. 3 ,1 8

There has been a steady rise of resistance to penicillin and later generations of the p-

lactam antibiotics. Bacteria have acquired resistance to the 1-lactams by evolving and acquiring

P-lactamases, enzymes that degrade these antibiotics. Moreover, resistance to the vancomycin

family of antibiotics occurs when bacteria modify the dipeptide unit of the lipid 11. In the case of

Gram-negative bacteria, these drugs also need to overcome the OM permeability barrier and

efflux pumps that actively remove the drugs from bacteria. 8

iii. Antibiotics Targeting the DNA/RNA Synthesis. Many small molecule antibiotics block

DNA or RNA synthesis. Quinolones, such as ciprofloxacin, target DNA gyrase, a type I

topoisomerase involved in the uncoiling of DNA.23 Rifamycins target DNA-dependent RNA

polymerase and inhibit transcription.24 Sulfamethoxazole and trimethoprim interfere with

folate metabolism and thereby DNA synthesis.2 s The main mechanisms by which bacteria have

developed resistance for such drugs are by increasing drug efflux and modifying the enzyme

targets.
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iv. Antibiotics Targeting Protein Synthesis. Many classes of antibiotics target protein

26
synthesis by inhibiting ribosomes. These antibiotics can be further grouped as drugs targeting

the 50S subunit and those that bind to the 30S subunit of the bacterial ribosome. Macrolides,

streptogamins, lincosamides, and oxazolidones target the 50S subunit. Aminoglycosides and

tetracyclines target the 30S subunit. The main resistance mechanisms for translation inhibitors

include (i) modification of the drug itself by phosphorylation, acetylation, glycosylation,

nucleotidylation, etc.; (ii) modification of the ribosome and (iii) increased drug efflux.

v. Other Classes of Antibiotics. A series of acyldepsipeptide (ADEP) antibiotics were

recently isolated and found to activate the bacterial chambered protease CIpP, leading to

uncontrolled proteolysis and cell death. 27 ADEPs are not yet used clinically, whereas the rest of

the antibiotics that were discussed in this Chapter are already available in market.

Although a vast repertoire of antibiotics is currently available, very few new classes of

antibiotics have been discovered (Scheme 1.2). Bacteria have developed resistance to almost

all of the available drugs or will quickly develop resistance in the near future. With the

dwindling pipeline of drugs reaching clinical trials, it is of outmost importance that new classes

Scheme 1.2. Timeline for the Discovery of Antibiotics
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of antibiotics be developed to fight against the emerging multidrug resistant pathogens.

In this regard, one area of current research is directed towards investigating the

antimicrobial peptides (AMPs) that are a part of the natural armor of the host. In many

organisms, antimicrobial peptides, and more broadly "host-defense peptides", maintain

microbial homeostasis and protect the host from pathogenic attacks. Fundamental

understanding of the structure and function of these peptides may provide new insights for

antibacterial development.

1D. Antimicrobial Peptides

Before the discovery of penicillin, Alexander Fleming had discovered a human

antimicrobial protein called lysozyme (130 amino acids).2 8 Since then, antimicrobial peptides

and proteins have been discovered in lower through higher eukaryotes (Scheme 1.3). Some

peptides that were first described as antimicrobial peptides, are now termed "host-defense

peptides" because they have known or putative roles as signaling molecules and immune

response regulators.29 Moreover, many facets of these host-defense peptides and their

functions in their host remain uncovered, indicating that the antimicrobial properties of these

Scheme 1.3. Timeline for the Discovery of Human AMPs
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peptides are only a tip of the iceberg.

Listed below are a few examples from the ever-growing inventory of the host-defense

peptides, and are highlighted for the major contributions towards advancing of the structure

and mechanism of action studies in the AMP field. Human defensin 5 (HD5), the focus of this

thesis is discussed in further detail in this chapter.

1E. Defensins

Ehrlich received Nobel Prize for Physiology or Medicine 1908 along with Ilya Mechnikov

for the discovery of phagocytosis. The study of phagocytosis and the mechanism of bacterial

killing led to the discovery of antimicrobial peptides called defensins, the focus of this thesis.

When probing phagocytosis and the bacterial killing in the phagosomes, acid extracts of rabbit

polymorphonuclear neutrophils (PMNs) were found to exhibit antimicrobial properties. The

antimicrobial component was named phagocytin, and was localized in the cytoplasmic granules

of PMNs.30'' Later, Zeya and Spitznagel discovered that phagocytin was comprised of a group

of cationic antimicrobial proteins (CAPs).3 Lehrer and coworkers subsequently characterized

the CAPs and determined the primary sequences; this work led to renaming CAPs as

33-36defensins.

Defensins are a class of cysteine and P-sheet rich host-defense peptides produced by

various eukaryotes that include fungi,3 7 fish, 3 8 plants, 3 9 insects,40 arthropods, 4' birds, 4 2 and

mammals, including humans.43 Defensins are ribosomally encoded peptides of <50 amino acids

in length with two to four regiospecific disulfide linkages. Vertebrate defensins, insect

defensins, and certain fungal defensins contain three disulfide bonds whereas plant defensins

have four disulfide linkages.'

The vertebrate defenisns are further classified into cx-, P- and 0-defensins based on their

regiospecific disulfide linkages. The six cysteines found in (I- and P,-defensins are linked as

Cys'-CysV'/Cys"I-CysV/Cys'-Cysv (a-defensins) or Cys'-Cysv/Cysi-Cysv/Cys"'-Cysv' (P-defensins)

that maintain a three-stranded P-sheet fold. The peptide backbone of the 0-defensins is formed
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by cyclization of two P-sheet peptide fragments linked head to tail. The six cysteines are linked

as three disulfide linkages displaying the cyclic cysteine ladder motif.4 5 Mammalian defensins

are considered to have evolved from the big defensin (BD) family of peptides.4 '47 Big defensins

consist of 79-94 amino acids that form two distinct structural and functional domains. The C-

terminal region adopts the typical P-defensin fold with identical disulfide linkage patterns,

suggesting that 1-defensins emerged from an ancestral big defensin.

The cA-defensins are only found in mammals and marsupials, whereas the P-defensins

are found even in other organisms including avian and amphibian species. Defensin strategies

vary form organism to organism. For example, humans express c-defensins in their

polymorphonuclear neutrophils (PMN) and in the small intestine. In contrast, mice do not have

any u-defensins in their PMN; 48 however, they express various c-defensins in their gut

(cryptdins). 49 Another example is that cows do not produce c-defensins, while their PMNs

contain both cathelicidins and P-defensins.50 Currently, 0-defensins are only identified in non-

human primates. 51 Although humans possess the genes encoding 0-defensins, the peptides are

not expressed due to a premature stop codon. 5' The first a-defensins identified were from

human neutrophils 35 and rabbit granulocytes. 36 The first P-defensins identified were from

bovine trachea, 2 and the 0-defensin was first identified in rhesus macaque leukocytes.s3 In an

effort to develop defensin-based therapeutics, synthetic peptides based on retrocylin, a 0-

defensin were generated and were found to inhibit Herpes simplex viruses, HSV-1 and HSV-2. 54

i. Human Defensins

Defensins are expressed as prepropeptides containing a signal peptide, a propiece and

the mature peptide.4 6'47 Two c-defensins are primarily identified as the enteric defensins, HD5

and HD6. Four myeloid c-defensins are identified as human neutrophil peptides (HNP 1-4). The

four human -defensins (HBD1-4) are primarily identified as epithelial defensins. However,

recent studies indicate that several defensins can be expressed in other organs and sites.55 For
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instance, the expression of HD5 is also found in uro-genital tract and female reproductive

system .5657

In humans, six c-defensins and four P-defensins have been well characterized, although

many more (about 40) P-defensins genes have been identified.58 All of the human defensin

genes are encoded on the chromosome 8p23.58 Of the six c-defensins, DEFA1 (encoding human

HNP1, HNP2) and DEFA3 (encoding HNP3, HNP2) have multi-copy genes, whereas DEFA4,

DEFA5 and DEFA6 (encoding HNP4, human defensin 5 (HD5) and human defensin 6 (HD6),

respectively) are single-copy genes.59 Apart from DEFB1 (encoding HBD1), other j-defensins are

also encoded as multi-copy genes (DEFB103A encoding HBD3, DEFB4 encoding HBD2, and

DEFB104A encoding HBD4) due to copy number polymorphisms. 5 9 Although correlations of the

copy numbers and the expression of these peptides with certain diseases are made, the

consensus and complete understanding is not yet reached.60

ii. a-Defensins

Enteric Defensins. In humans, specialized secretory epithelial cells called Paneth cells61

are present in the crypts of LieberkOhn. The Paneth cells are adjacent to the small intestinal

stem cells and express many antimicrobial factors.62 Paneth cells express two enteric (-

defensins named HD5 ' and HD6.6 It is to be noted that whereas humans express only two

enteric ca-defensins, at least six cryptdin peptides (murine Paneth cell c-defensins) are

identified in mice.65 In humans, HD5 and HD6 are expressed as prepropetides (Figure 1.2); the

signal peptide for secretory pathway is cleaved and the propeptide is stored in the secretory

granules of Paneth cells.61'66 The granules also contain high amounts of labile zinc of unknown

function, 67,68 along with other antimicrobial peptides such as lysozyme and secretory

phospholipase A2 (sPLA 2).69 The contents of these granules are released into the lumen upon

microbial attack. The current model indicates that Paneth cell trypsin cleaves the propeptides

and releases the mature forms of these defensins in the intestinal lumen to ward off invading

pathogens.6' The misregulation in the expression of enteric defensins is correlated with
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certain diseases such as Crohn's disease (CD) and inflammatory dowel disease (IBD). 71

Therefore, a clear understanding of the mechanism of antimicrobial action of defensins is

fundamental for delineating the roles of defensins in human health as well as microbial

pathogenesis.

A. Cleavage

Signal Propiece Mature peptide

B . -- -

HNP1 A Y, \I PA IA G RRY iT IY QGRLW AF

HNP2 YCFI PA IA G RRY T-IY QGRLW AF C

HNP3 D YCRI PACIA G RRY T lY QGRLW AF

HNP4 V SCRL VF RR T LRV N Ll GGVSF TY, TRVD

HD AT Y(RT GR AT R[SLS V El SGRLY RL R

HD6 AFT H RR _S YS TEYSY Te TV MGINH RF L

Figure 1.2. (t-Defensins are expressed as prepropeptide and share certain conserved

features in their mature peptides. A) Schematic of the prepropeptide form of u-defensins. B)

Amino acid sequences of the mature u-defensins peptides where the following conserved

features are highlighted: cysteine residues and the regiospecific disulfide linkages are in ;

residues Glu - Arg forming the salt bridge are in blue; and Glycine in GXC motif forming D-
bulge are in green. HD5, the focus of this thesis, is in gb

IF. Human u-Defensin 5 (HD5)

L. Expression and Significance of HD5 in Disease. HD5, the focus of this thesis, was first

identified in the human small intestine 63 However, the expression of HD5 is detected in other

tissues and organs, such as the urogenital tracts and female genital tract. 56'57 In the intestine,

HD5 is constitutively expressed and is the most abundant Paneth cell antimicrobial peptide. 9 ,
7 2
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The quantification of mRNA transcripts indicates that HD5 is about four- to six-fold higher than

HD6, and even higher than other antimicrobial peptides in the granules.73 The expression of

defensin genes in the small intestine of the fetus is observed by 14 weeks and the localization

of HD5 to the small intestine coincides with the appearance of Paneth cells.74 The number of

Paneth cells and the expression of defensins are low in preterm neonates compared to full-

term newborns and adults.74 This comparison suggests that the immune system of the fetus is

less developed, and hence more predisposed to the necrotizing enterocolitis (NEC), a condition

predominantly observed only in preterms. 5 Also, the expression of the enteric defensins, and

especially HD5, is reduced in patients suffering from ileal Crohn's disease, compared to the

control individuals. 69

HD5 and HD6 are expressed in the duodenum, jejunum, and ileum with highest

expression observed in the ileum, but not in the colon.7 Compared to the colon, which houses

high loads of commensal bacteria, the small intestine is considered to be relatively sterile. 6

Various host factors such as the enteric defensins contribute in preventing the attack by

pathogens and maintaining microbial homeostasis.77'' 8  HD5 exhibits broad-spectrum

antimicrobial activity against various bacteria and fungi in vitro and also has antiviral aCtivity.79~

82 Transgenic mice expressing HD5 are more resistant to Salmonella challenge than wild-type

mice. 3 Studies of the resident intestinal microbiota suggest that HD5 contributes to controlling

83,84
its composition. This seminal work provided convincing evidence for the importance of HD5

in the maintenance of small intestinal barrier against the pathogenic bacteria and contributing

to microbial homeostasis.

In the female reproductive tract, Quayle et al. identified the expression of HD5 mRNA

transcripts in epithelia along with the peptide in both the apical epithelium and cervical fluid.57

In contrast to expression of HD5 in Paneth cells where constitutive expression is observed, HD5

is expressed and secreted in a distinct pattern during each menstral cycle, possibly via

hormonal regulation.57 In this study, HD5 expression is also upregulated during inflammation in

the female reproductive tract.57 A possible role in prevention of microbial invasion during the
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ovulation was proposed.57 Recently, HD5 expression was also identified in the kidneys and

urinary tract.56

The Paneth cell granules contain high concentrations of labile zinc. Moreover, granule

depletion and Paneth cell abnormalities, degeneration, and apoptosis are some phenotypes

observed in conditions of zinc deficiency.85 Despite the observations, the role of zinc co-

packaging with the defensins in the granules is not understood. Studies in the Nolan Lab

demonstrated that the reduced form of HD5 (HD5red) binds zinc and a complex of two zinc ions

per HD5 molecule can be formed.86 The redox mid-point potential of HD5 was determined to be

-257 mV and the thioredoxin system is able to reduce HD5. 86 The physiological redox potential

in the gut is in the range to promote the reduction of HD5. Therefore, it is possible that HD5 can

be reduced and can bind to zinc forming an HD5:Zn 2 + complex in vivo.

It is interesting to note that the expression (mRNA) of HD5 and HD6 is also observed in

the pancreas, another labile zinc-storage organ.73 Even in the reproductive tract where zinc is

secreted, expression and secretion of HD5 is observed. Moreover, at other sites where zinc

storage or release is not significantly detected, including liver, bone marrow, esophagus, and

stomach, no detectable peptide is observed. 4 Although these observations might be mere

correlational inferences, further investigation is needed in the role of zinc and HD5, along with

the HD5 colocalization.

ii. Structure and Folding of HD5. HD5 is expressed as a 94-residue prepropeptide that

includes a 19-aa signal peptide at the N-terminus. Following the cleavage of the signal peptide,

the propeptide comprising residues 20-94 is stored in the Paneth cell granules. 63,72 In the

Intestinal lumen, various partially cleaved fragments of the propeptide were identified

suggesting that the propeptide form of HD5 is released into the intestinal lumen. Trypsin is

identified as the protease that cleaves the proform to release the mature 32-residue peptide

with an overall charge of +4 at neutral pH (Figure 1.3).70 Among various a1-defensins from

different organisms, the 6-cysteines, the residues Glu14 - Arg6 (using HD5 numbering) forming a
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salt bridge, and Gly' are conserved (Figure 1.2, 1.3). An elegant study by W. Lu and coworkers

suggested that the presence of the propeptide in the granules reduces the cytoxicity of

defensins by masking the activity of the mature peptide. Along these lines, the AMA activity of

HD5 is reduced in vitro in the presence of the propiece. 7 This study also indicated that the

canonical cx-defensin salt bridge between Arg6 and Glu 14 is required for the proper folding of

the HD5 in the absence of the prodomain. 7 The salt bridge also provides proteolytic stability of

HD5 against trypsin digestion. However, the salt bridge is not required for the antimicrobial

activity of HD5. When Glu 4 is mutated to Gln, the antimicrobial activity of the HD5[E14Q]

mutant increases, possibly resulting from an increase in the overall charge of the peptide.8 7

A.

P2 3 P3
P2

11[

N

N C C

B.

ATUYCJRTGR ATRESLSGV.EISGRLYRL;- R
5 10 15 20 25 30

z2> 61 2 - r'~
1 Coil 12 Turn 13

Figure 1.3. Structure of the HD5OX monomer determined by solution NMR (PDB 2LXZ)90 and
amino acid sequence. The 1-sheets (131, 12 and P3), Gly18 (green), salt bridge formed by GIu 4

-Arg (blue), and the regiospecific disulfide bond linkages ( ) are indicated in A) the
structure and B) the sequence of HD5x.
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The conserved glycine is a component of a GXC motif that provides the classic P-bulge

on the P2-strand. In the absence of Gly, the presence of a D-amino acid is required for providing

the allowed torsional angles.88 HD5 folds into the conserved three-stranded f-sheet structure

of the u-defensins (Figure 1.3).89'90 In the Nolan Lab, a family of disulfide mutants was

generated where cysteines in each of the disulfide linkages replaced with serine residues.91 By

employing this extensive family of mutants, the disulfide linkages were shown to be important

for the stability of HD5 against various proteolytic enzymes.9' The three disulfide linkages of

HD5 (and of defensins in general) provide both stability to the P-sheet structure and resistance

against protease degradation.91 93 Mutating one or more disulfide linkages resulted in complete

loss of antimicrobial activity against Staphylococcus aureus. However, the antimicrobial activity

of the disulfide mutants of HD5 was less affected compared to the native peptide against

Escherichia coli. The significance of disulfide linkages for the strain-specific antimicrobial activity

of HD5 was also supported by the studies done by W. Lu and coworkers employing Cys4Abu

(u-aminobutyric acid) mutants of HD5.9 In another study, they observed a similar antimicrobial

activity of L-and D-enantiomers of HD5 against E. coli, whereas lower antimicrobial activity of D-

HD5 was observed against S. aureus than L-HD5. Taken together, these results suggest that

proper folding of HD5 is required for the antimicrobial activity of HD5 against S. aureus whereas

overall structure is less important for activity against E. coli. It needs to be determined if

separate modes of action against Gram-positive vs. against Gram-negative strains exist for HD5.

HD5 displays amphipathic behavior, with all the cationic residues aligned on one face of

the monomer and the other face being predominantly hydrophobic in nature.95 The quaternary

structure and the oligomerization of HD5 were probed using various techniques including

crystallography, NMR spectroscopy, analytical ultracentrifugation and surface-plasmon

resonance. 89'90'96 A non-covalent dimeric unit (Figure 1.4), as observed from the crystal

structure (PDB 1ZMP)" 9 indicates that the HD5 monomers interact via hydrophobic side (P2) to

form an extended six-stranded 1-barrel like structure.8 9' 90 NMR studies of HD5 further

supported formation of dimers (at pH 4.0).90 Formation of dimers and potential higher-order
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Figure 1.4. Structure of HD5x indicating the non-covalent dimer in the crystal structure

(PDB 1ZMP).8" The hydrophobic residues are oriented at the dimer interface ( 2- 2) and

arginine residues (green) are oriented in the other direction rendering HD5ox amphipathic.

oligomers of HD5 was studied by surface-plasmon resonance.95 HD5 exists as tetramers in

solution at neutral pH, as observed by the analytical ultracentrifugation studies from the Nolan

Lab. 90 Furthermore, under appropriate oxidizing conditions, HD5-CD, a non-canonical C 2 -

symmetric n-barrel-like covalent dimer of HD5, was discovered in the Nolan Lab.82 HD5-CD

displays broad-spectrum antimicrobial activity against various bacteria along with antifungal

activities. In both HD5-CD and HD5x, the arginine residues are surface exposed and form a coat

of charged residues.82 How the structure influences the killing activity of HD5-CD and HD5

needs to be studied in further detail.

iii. Functional and Antimicrobial Properties of HD5. HD5 is active against various Gram-

negative and Gram-positive strains.79'80'82,97 Recently, HD5 was shown to be active against the

hypervirulent strains of Clostridium difficile that are resistant to other AMPs such as polymyxin

and nisin.98 HD5 also displays antiviral99 '100 and antifungal properties.82,89 HD5 exhibits

immunomodulatory behavior; HD5 and other defensins act as chemoattractants for

macrophages, lymphocytes, and mast cells.' 01
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Mechanism of action studies of many defensins, have been focused on cationic nature

of the peptide and its interaction with the negatively charged bacterial membranes. Historically,

biophysical studies on the disruption of artificial membrane vesicles by antimicrobial peptides

have supported mechanisms involving pore formation and membrane perturbations. 12 The

bacterial inner membrane permeabilization of various defensins was studied using E. coli ML-

35, a lactose-permease deficient strain with cytoplasmic P-galactosidase activity. When E. coli

ML35 strain was treated with cryptdin-4, mouse Paneth cell c-defensin, IM permeabilization of

the bacteria was observed.10 3 In this direction, studies in the Nolan Lab have shown that HD5

also causes bacterial IM permeabilization.9 '

HD5 displays lectin-like behavior and bind to glycosylated proteins. 96 The inhibition of

bacterial toxins such as anthax lethal factor by HD5 and other human defensins were

examined. 04 Recently, a comprehensive study on various bacterial exotoxin inactivation by

defensins was reported.45 The study focused on HNP1, but also considered HD5. In this

investigation, it was determined that HD5 bind to the toxins, cause local unfolding of these

toxins and precipitation, along with exposing them to proteolysis. In these studies, the

amphiphilic nature of defensins is shown to be important in their interactions with the toxins.

Further studies on the importance of the hydrophobic pocket of HD5 and the

dimerization/oligomerization of HD5 on the antibacterial activity have been reported. 9 0,95 ,96

Recently, many defensins have shown to be exerting antimicrobial action affecting multiple

cellular targets and pathways in the bacteria.92',106-109 In this regard, further studies are needed

to elucidate the exact mechanism of action of HD5.

Currently, in regard to antifungal properties, minimum inhibitory concentration (MIC)

values of HD5 against Candida albicans, as a model organism are reported.80 ,82 Further

extensive studies for determining the antifungal activities of HD5 and mechanism of action are

greatly needed. Activity of HD5 against other organisms such as viruses is also studied. HD5 is

active against non-enveloped viruses and prevents the viral uncoating. 00 HD5 displays lectin-

like behavior and binds to the viral glycoproteins such as gp120 and gD1.96 Furthermore, HD5
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and HNP1 bind to gp120 and CD4 and cause inhibition of HIV-1." 0 The role of specific arginine

residues, hydrophobicity at the dimer interface, and the oligomerization of HD5 for the antiviral

activity were probed using various mutants.100 In general, the oligomerization of HD5 and the

orientation of its arginine residues at the surface interacting with the virus capsid were shown

to be important for the antiviral activity.100 Recently, it was found that Neisseria gonorrhoeae

modulates expression of HD5 during HIV infection,1 ' which results in increase in the HIV

infection. Previously, the expression of HD5 in the female reproductive tract was found to be

inducible.57 Considering the complexity of defensins, and more broadly the interaction between

the host and pathogens, further investigation is needed to determine the mechanism by which

HD5 modulates HIV infection.

1G. Human a-Defensin 6 (HD6)

i. Expression and Significance of HD6 in Disease. HD6 is expressed primarily in the Paneth

cells of the small intestine as a prepropeptide and stored in the granules of Paneth cells as the

propetide . Proposed model by the Bevins Lab in collaboration with the Nolan Lab suggests

that the Paneth cell trypsin as the enzyme involved in cleavage of the propeptide to release the

mature HD6 in the intestinal lumen.66 As observed for HD5, the expression of HD6 is reduced in

certain diseased conditions such as ileal Crohn's disease.69

ii. Structural and Functional Properties of HD6. HD6 is a 32-aa residue peptide with an

overall charge +2 at neutral pH (Figure 1.5).79 However, for a long period, HD6 was an enigma

because it exhibited no in vitro antimicrobial activity.79 When the crystal structure of HD6 was

initially solved, the intermolecular interactions were found to be different from other u-

defensins.89 The hydrophobic residues of each monomer were identified in pocket region

located at the interface of the four-monomer units in the crystal structure.89 However, it was

only recently that the formation of higher-order oligomers resulting in "nanonets" was

identified." 2 These nanonets entrapped bacteria and prevented their invasion into host cells. In
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Figure 1.5. Structure of HD5x (solution NMR structure, PDB 2LXZ)"" and HD6x (crystal
structure, PDB 1ZMQ)8 9 monomer units indicating similar tertiary structures.

this study, the nanonet hypothesis was supported by elegant studies using a transgenic mice

model that expressed HD6 in the Paneth cells.'1 2 When mice were subjected to oral Salmonella

challenge, the transgenic mice survived better than the wild-type mice even though no

reduction was observed in the intestinal bacterial loads. It was found that the bacteria were

unable to invade the transgenic mice, and hence the bacterial loads in the lymph nodes were

reduced. Subsequently, the Phe residues (2 and 29) on the HD6 sequence were identified as key

residues for nanonet formation." 3 It appears that the enteric defensins elected two different

mechanisms of host protection, one (HD5) involves direct killing whereas the other (HD6)

involves prevention of invasion. Recently, the reduced form of HD6 is found to exhibit

antimicrobial activity against Bifidobacterium adolescentis." 4 Further investigation is needed to

determine the physiologically relevant forms of HD6.

1H. Human Neutrophil Peptides (HNPs)

L. Expression of HNPs. Rabbit neutrophil peptides were the first ((-defensins to be

identified and characterized. 33 Human neutrophil peptides (HNP1-3) were isolated from the
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human neutrophils in 1985.34,15 HNP1-3 constitute about 30-50% of the proteins in azurophil

granules and 5-7% of total neutrophil protein content.115 HNP4 was identified in 1989 through

116
genomic data and later its expression was confirmed. In humans, HNPs are also expressed in

monocytes117 and natural killer T cells.18 The peptide are synthesized as prepropeptides in the

promyelocytes and during the maturation of bone marrow cells, the propiece is cleaved.119

Thus, the mature HNPs are stored in the azurophil granules. 9'" In the neutrophils alone, ~250

mg of HNPs in total are produced per day. When the neutrophils engulf pathogenic bacteria,

the antimicrobial contents of the granules are released into the phagocytic vacuoles, making

the local concentrations of the HNPs ~10 mg/mL.47 The peptides display broad-spectrum

antimicrobial activities against Gram-positive and Gram-negative bacteria, antifungal activity,

and activity against enveloped viruses.3 4

ii. Structure and Folding of HNPs. HNP1 (30-aa) and HNP3 (30-aa) differ from HNP2 (29-aa)

by single amino acid at the N-terminus (Figure 1.2).3s In contrast, HNP4 is 34-amino acid

peptide with a different sequence.12' The structural elements such as the invariant Gly resulting

in the -bulge,' 22 and the Arg-Glu salt bridge described above for HD5 are conserved in all of

the u-defensins.88 The first crystal structure of u-defensin reported was of HNP3, that revealed

the distinct three-stranded @-sheet structure of the ax-defensins.m1 3 This seminal work also

indicated self-association and dimerization of defensins, later commonly observed for many

defensins. Another detailed study on structure of HNP1 using solid-state NMR studies

124suggested a possible conformation of the membrane-inserted dimer-pore structure.

iii. Functional and Antimicrobial Properties of HNPs. The broad-spectrum antimicrobial

activities of HNPs against various Gram-positive and Gram-negative bacteria, fungi, and viruses

were attributed to the cationic nature of these peptides.12 5 The interaction of HNP1-3 with

bacterial outer and inner-membranes was tested using lactose permease deficient E. coli ML-35

and E. coli ML-35p strains.125 The E. coli ML-35 strain express cytoplasmic 1-galactosidase while
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E. coli ML-35p express both cytoplasmic -galactosidase and a periplasmic lactase. Employing

these strains, membrane permeabilization of HNPs was determined. In this work, Lehrer and

coworkers showed that the cytoplasmic membrane permeabilization is required for the

bacterial cell death. HNP1 displayed lectin-like behavior similar to HD5."'" When studied

further, H. G. Sahl and colleagues found that HNP1 binds weakly to lipid II, a precursor for the

synthesis of peptidoglycan layer with a Kd of 2.19 x 10- M."' HNP1-3 are chemotactic for T

lymphocytes or dendritic cells in vitro. 9

11. Human @-Defensins (HBDs)

i. Expression and Significance of HBDs in Disease. Zasloff and coworkers first isolated P-

defensins, bovine tracheal antimicrobial peptide (TAP),5 2 and bovine lingual antimicrobial

peptide (LAP).126 LPS activates and upregulates the induction of TAP.' 27 The expression of -

defensins was identified not only in epithelial tissues, but also in PMN of cow (bovine -

defensin),26 and chicken (gallinacins).1 29

In humans, the first P-defensin HBD1 was identified from the hemofiltrate." HBD1 is

present in nanomolar concentrations in the human plasma. Human epithelial tissues produce P-

defensins in concentrations ranging from 10-100 tg/mL,131 either constitutively (HBD-1)' 3 ' or in

response to infection (HBD2-4).' HBD2 and HBD3 were isolated from skin of patients suffering

from psoriasis. 1,3 The t-defensins are not packaged in granules. Instead, the lipid

permeability barrier of the skin contains these defensins, stored as mature peptides in the

lamellar bodies of the skin.' 4 The peptide concentrations vary in certain disease conditions.

Increased amounts of HBD2 and HBD3 are expressed on the skin of patients suffering from

psoriasis, while decreased expression is observed in a case of atopic dermatitis.55 In the

intestinal epithelium, the expression of HBDs is reduced in irritable bowel disease and Crohn's

disease. 35 Antimicrobial activity of HBD1 is salt sensitive; in cystic fibrosis, HBD1 is inactivated

due to high salt concentration in the airway surface liquid.' 6 However, antimicrobial activity of

HBD3 was found to be salt insensitive.93,133
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ii. Structure and Folding of HBDs. The P-defensins are struturally distinct from the (-

defensins; HBDs contain an N-terminal ca-helical motif followed by the three-stranded 1-sheet

structure (Figure 1.6).3 The HBDs also form dimers and oligomers by aligning the P-2 strands

of each monomer and forming extended 1-sheet structures. Moreover, the formation of

octamers of HBD2 was observed from the crystal structure.138 In the P-defensins, the Glycine in

(GXC)- motif on @2 involved in the formation of the 1-bulge is conserved.1 28 However, residues

forming salt bridge in ca-defensins are not conserved in P-defensins.1 28

iii. Functional and Antimicrobial Properties of HBDs. HBDs display broad-spectrum

antimicrobial activities against both Gram-positive and Gram-negative strains of bacteria along

with antifungal and antiviral activities. Although the oxidized form HBD1 displays the least

potent antimicrobial activity among HBD1-3 and is sensitive to salt concentrations, HBD1 is

constitutively expressed on various epithelial tissues including skin and airway

111,132,136
epithelia . It was only recently that the reduced form of HBD1 was shown to exhibit

potent antimicrobial activity.'39 Moreover, antimicrobial activity HBD2 is more selective against

Gram-negative bacteria and Candida albicans. HBD3 is less sensitive to salt concentration in the

assay buffer, and is active against both Gram-positive and Gram-negative bacteria.133 S. aureus

treated with HBD3 displayed distinct morphological changes, suggesting perforation of the cell

wall and thereby lysis. 108 HBD3-treated cells accumulated UDP-MurNAc-pp, a precursor of lipid

11 in cell wall biosynthesis. Treatment of Enterococcusfaecalis with HBD2 resulted in the focal

disruption of virulence factors.140 HBD2 also caused the toxin unfolding as observed with HNP1

and HD5. 10s
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iv. Immunomodulatory and Other Functions of HBDs. HBDs play an important role in the

sperm function including maturation and motility. 141 1-defensins activate adaptive immune

responses by recruiting dendritic cells and T cells to sites of infection.1 42 HBDs produced by

keratinocytes contribute to in wound healing.143
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1.. Insect, Fungal, and Plant Defensins Displaying the CSc4-motif

Invertebrate defensins display different tertiary structure to mammalian defensins. A

structure consisting of an c-helical domain linked via disulfide linkages to a two-stranded

antiparallel f-sheet, resulting in the cysteine-stabilized ct-helix r-sheet (CS(ap) motif is a

common feature in certain insect, plant, and fungal defensins. Though these peptides vary in

the total number of cysteine residues and disulfide linkages, the CSca3 structural motif appears

to be conserved.3 9,40 It is interesting to note that the mammalian (-defensins display (a )f3(-type

I
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motif with a N-terminal c-helix and a three-stranded I-sheet motif that is similar in overall 3-D

structural fold with the CSuI motif.39 The invertebrate, plant and fungal defensins that share

such a CS(tp motif also seem to have 1) higher affinity to lipid Il molecules, and 2) strain-

selective activity, with more potent antibacterial activity against Gram-positive strains or

antifungal properties.39,92,109,144 Correspondingly, the vertebrate defensins do not have such a

44'10
CScto motif and exhibit broad-spectrum antimicrobial activities .

u-defensin I-defensin 0-defensin insect defensin
CScao- fold

Figure 1.6. Structural features of vertebrate and invertebrate defensins. Representative

structure of (x-defensin (HD5, PDB 2LXZ) 90, [-defensin (HBD1, PDB 1IJV)'m7 , 0-defensin (RTD1,

PDB 2LFY), 45 and insect defensin displaying CS4 - fold (drosomycin, PDB 1MYN)' 8 3 .

1K. Cathelicidins

Cathelicidins are structurally diverse group of peptides, all containing a conserved

cathelin (acronym for cathepsin L inhibitor) domain at the N-terminus of the precursor peptide

domain, which is cleaved to provide the mature cathelicidins.145 These peptides are identified

only in mammals so far, including humans, monkeys, horses, cattle, mice, pigs, rabbits, sheep,

and goats.146 The peptides are active against various bacteria, fungi, enveloped viruses, and

parasites.147 In cattle, sheep and pigs, more than ten cathelicidin genes are identified; whereas,

148
in humans and mice only a single cathelicidin peptidle is identified . The primary site of

51



6

expression of cathelicidin in many animals is identified as the myeloid cells, and the peptides

are stored as a propeptide in the large granules of neutrophils.149

The cathelicidins can be sub-classified based on structural properties (i.e., peptides with

(-helical structures, extended helical, loop and n-sheet peptides with disulfide bridges). Human

(LL37), rabbit (CAMP), mice (CRAMP) and monkey (RL-37) cathelicidins exhibit (-helical

146structure. Several cathelicidins are rich in certain amino acid residues. For example,

indolicidins are tryptophan-rich peptides expressed in cow and peptides rich in Pro-Arg (PR-

motifs) such as PR-39 and bactenecins in cattle are certain examples of cathelicidins rich in

specific amino acids.149 Protegrins are two-disulfide linkages containing n-hairpin-type peptides

of 16-18 residue length expressed in pigs.

A.-
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r S-S S-s

Pro

Cleavage
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Organisms (a-helical
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Figure 1.7. A) Schematic representation of prepropeptides of the cathelicidin family. B)

Cathelicidin peptides from various organisms containing single and multiple cathelicidin

genes, and displaying different structural characteristics are indicated.
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Human Cathelicidin (LL-37).

In humans, the propeptide hCAP-18 (Figure 1.7) is processed to a 37 residue peptide

fragment LL-37.150 LL-37, expressed in neutrophils, is also identified at many epithelial sites

including the airway epithelial cells along with the myeloid-derived cells.15 1-1s3 In the

neutrophils, hCAP-18 is stored in the peroxidase-negative specific granules.150 Subsequently,

after release from the granules, hCAP18 is cleaved by the enzyme proteinase 3, to release a 37-

residue mature active peptide LL-37.150 The peptide LL-37 itself displays broad-spectrum

antimicrobial activity and exhibits synergy with other antimicrobial proteins such as lysozyme

and lactoferrin.15 2 Moreover, LL-37 binds to LPS and neutralizes the endotoxin shock.15 3,154 The

peptide also modulates the adaptive immune system and plays an important role in wound

healing.155 Mechanism of action studies with LL-37 suggest that the peptide kills bacteria via a

carpet-model of bacterial membrane destabilization.156,157

1L. Histatins

L. Expression and Significance of Histatins in Disease. Histatins are a family of histidine-

rich peptides (<40 residue length) secreted by human salivary glands.1 58 Of the histatins, Hstl

and Hst3 are encoded by different genes, and the rest of the histatins are cleavage products of

these two peptides.159 Histatins display some antibacterial activity and potent antifungal

activity at physiological concentrations (MIC - 15-30 ltM).160-162 Hst5, a cleavage product of

Hst3, is the most active histatin against Candida albicans, an opportunistic pathogen that

163causes lesions in the mouth of immuno-compromised patients.

ii. Structural and Functional Properties of HstS. Biophysical studies on the structure of

Hst5 revealed that the peptide can adopt a non-amphipathic a-helical conformation and also

bind to Zn via a C-terminal (HisAspXXHis) motif.164 Zinc binding increases the antibacterial

activity of Hst5 against Enterococcus faecalis.165 The N-terminal DSH sequence of Hst5 peptide

is also an ATCUN motif (amino 'A' terminal 'T' copper 'C' and nickel 'N' binding motif).1 66 By
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retaining both metal-binding motifs, an analog of Hst5 that binds to DNA was constructed and

has nuclease activity.167

iii. Mechanism of Action of Hst5 Against Candida albicans. Studies have addressed the

antifungal activity of Hst5. Hst5 did not cause membrane damage in Candida albicans.160 A

model that suggests the efflux and loss of ATP followed by increase in permeability to small

molecules was proposed to explain the activity of Hst5 against C. albicans.160 Another model

suggested that Hst5 interferes with mitochondrial respiration chain and subsequently cause the

formation of reactive oxygen species (ROS), leading to cell death.168

1M. Antimicrobial Peptides from Invertebrates and Amphibians

Several peptides from invertebrates and amphibians have contributed to the

fundamental understanding in the antimicrobial peptide field. Below are a few examples that

provided major contributions toward mechanism of action and biophysical studies, paving the

way for later AMP studies. The following linear antimicrobial peptides have the propensity to

fold into c-helical structures. These peptides are often amphiphilic and interact with the

negatively charged membranes of the microbial membranes.

i. Melittin. Melittin is a 26-aa peptide toxin isolated from bee venom. It was the first

peptide from insects reported to exhibit antimicrobial activity.169 The N-terminus is

hydrophobic, the C-terminal lobe is hydrophilic, and the C-terminus is amidated.170 The peptide

forms tetramers, and assumes a bent u-helical structure in solution.7 Melittin integrates

spontaneously in membranes, forming pores and causing lysis in both eukaryotic and microbial

membranes.1 69

ii. Cecropins: The cecropins (~40 aa) were isolated from giant silk worm Hyalophora

cecropia.171 Hans Boman and colleagues characterized these peptides and illustrated the role of
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these AMPs in the protection of the silk worms which lack an adaptive immune system, against

invading microbes.17 2 The cecropins are produced as prepropeptides, which are processed to

release the mature peptides.13 2D NMR studies of cecropin A revealed two helical domains.14

The cecropins form bent cc-helical structures and contain a proline hinge region.17 5 The

cecropins exhibit C-terminal amidation, a basic N-terminal lobe, and a hydrophobic C-terminal

lobe. This hinge region separates the N- and C-terminal lobes. The cecropins exhibit broad-

spectrum antimicrobial activity.172 However, they do not exhibit toxicity to the host and differ

from melittin in their hemolytic activities.1s

iii. Magainins. The first AMPs isolated from amphibians are bombinins,176 and many of the

peptides in this class are linear helical peptides. However, major advances in the field of

antimicrobial peptides were made after the discovery of magainins, peptides isolated from the

skin secretions of Xenopus laevis by Zasloff and coworkers.177 The magainins, also produced as

prepropeptides, are processed to release one copy of magainin 1 and two copies of magainin

2.177 Similar to cecropins, magainins exhibit broad-spectrum antimicrobial activity and are not

hemolytic.17 " The magainins are unstructured in solution and adopt cc-helical structures when

they come in contact with negatively charged membranes.179 The L- and D-forms magainins

displayed similar antimicrobial activity, suggesting that the peptide acted via formation of

oligomeric pores, and without interacting with any specific cellular receptors during its

antimicrobial action. 180 Transgenic plants expressing antimicrobial peptides, such as cecropin

and magainin analogues, survived better against attacks from phytopathogens.18' The

magainins were also active against human melanoma cells in a study of local therapy in mice,

further emphasizing the therapeutic potential of these peptides.182

1N. Summary and Overview of the Thesis Chapters

The motivation for this work is to gain more insights into, and to understand the

fundamental details of the antimicrobial activity of HD5. A major challenge in studying HD5 had
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been to obtain large quantities of pure peptide. Recombinant methods for overexpression of

HD5 can be time-consuming, and are less amenable to modifying HD5 with desired functional

groups such as fluorophores and affinity tags. In Chapter 2, the development of robust

synthetic protocols for obtaining HD5 and modified HD5 using Fmoc-based solid-phase peptide

synthesis are discussed. Using these synthetic protocols, functional moieties such as

fluorophores were appended to HD5 at various positions. The fluorophore-modified peptides

were folded to the desired oxidized forms and their photophysical characterization was

performed. The antimicrobial activities of the generated family of HD5 derivatives were also

evaluated. This work provided the peptide toolkit necessary for the studies, which are

described in Chapters 3 and 4.

In Chapter 3, the attack of HD5 on Gram-negative bacteria was studied using E. coli, a

commensal and an opportunistic pathogen in the gut, as a model organism. The attack of E. coli

and localization of HD5 was visualized using various microscopy-based techniques. HD5

treatment caused distinct morphological changes such as bleb formation, clumping, and

elongation in E. coli and other Gram-negative bacteria. The effect of growth phase, the

presence of salt and cations in the antimicrobial assay buffer, and the significance of disulfide

linkages on the antimicrobial activity of HD5 were probed. Employing fluorophore-labeled HD5

derivatives, we determined that HD5 enters bacterial cytoplasm and localizes near the cell

poles and cell septa. This study suggests that a target-mediated antimicrobial mechanism may

be at play.

In Chapter 4, the attack of HD5 on Gram-positive bacteria was studied using S. aureus,

E. faecalis, and B. subtilis. These three strains correspond to pathogenic, opportunistic

pathogen, and non-pathogenic bacteria, respectively. The antimicrobial activity of HD5 against

these organisms was determined and the effect of salt in the AMA media was probed. The

morphological changes induced upon treatment of bacteria with HD5 were visualized using

various microscopy techniques. In this study, we demonstrate that the morphology of HD5OX
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treated Gram-positive bacteria is distinct from the morphology of lysis-mediated cell death

caused by other antimicrobial peptides such as LL-37 and melittin.

In the course of identifying putative target or affected cellular process, HD5 interaction

with certain cellular components of E. coli was investigated and these studies are discussed in

Chapter 5. The effect of outer-membrane composition was studied using various strains from

the Keio Collection and mutants with leaky outer membranes. Additionally, the effect of various

anionic lipids on the localization of HD5 during antimicrobial action was explored. Preliminary

studies were performed to examine the assembly of bacterial cell division machinery upon

treatment with HD5. From these studies, it can be inferred that during the attack of HD5 on

Gram-negative bacteria, HD5 crosses the outer membrane, permeabilizes the inner membrane

and kills the bacteria via. a non-lytic mechanism of action.

In Appendix 1, the overexpression, purification and characterization of a family of

tryptophan mutants of HD5 are discussed. The details of development of another set of tools

and handles such as biotin- and azide- modification on HD5 are discussed in the Appendix 2.
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Chapter 2.

Synthesis of HD5 and its derivatives

Published in part in Chileveru, H. R., Lim, S. A., Chairatana, P., Wommack, A. J., Chiang, I.-L., and
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2A. Introduction

Human c-defensin 5 (HD5) exhibits broad-spectrum antimicrobial activity against

various Gram-positive and Gram-negative bacteria,' as well as antiviral2 and antifungal

activities.3 HD5 provides a first line of defense against the invading pathogens in the gut

lumen.' 4 Recent reports also identified HD5 in the urogenital tract and female reproductive

tract, indicating a possible role in innate immunity at these locations.5 ,6 Several possible

mechanisms of action including pore formation, cell membrane destabilization, and target-

mediated cell death have been proposed for defensins However, how HD5 kills microbes is

not yet clearly understood. The aims of this project are to 1) study the structural and functional

properties of HD5 that influence the antimicrobial action of HD5; 2) visualize the site of action

of HD5 during bacterial killing and 3) investigate the bacterial response HD5. In order to study

these fundamental aspects of HD5, we developed robust methods employing Fmoc-solid-phase

peptide synthesis to obtain HD5Ox in high purity with the correct disulfide linkages. To visualize

the localization of HD5, we designed a family of HD5 analogues and optimized the synthesis of

fluorophore-labeled HD5 and other modified analogues. We describe these studies in this

Chapter.

Until recently, obtaining considerable quantities of HD5 has been a daunting process.

Both bacterial and yeast recombinant systems can be employed for the overexpression of

cysteine-rich defensins. 8- 12 With heterologous overexpression in bacteria, and standard affinity

tags, defensins mainly form inclusion bodies and therefore need to be purified from the

insoluble fraction. Moreover, oxidation in vitro using one of a variety of oxidative folding

conditions is required to isolate the native regioisomer.13-15 In initial work, we developed

expression systems for overexpressing HD5 and human c-defensin 6 (HD6) in E. coli. 0"'6 The

yield of the peptide obtained from such recombinant systems is often low, ~ 10 mg for 12 liters

of bacterial culture. A recent recombinant overexpression of HD5 in yeast is reported to afford

better yields,12 although the protocol in our hands has been difficult to reproduce.17 The
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drawbacks of overexpression systems, along with the current advancements in the solid-phase

peptide synthesis protocols, prompted us to pursue the synthesis of HD5.

L. Solid-phase Peptide Synthesis

The general solid-phase peptide synthesis protocol requires covalent attachment of the

growing peptide chain to an insoluble anchoring resin. First, the C-terminal amino acid is

attached to the resin, following which the coupling of the amino acids proceed in the C -> N

terminus direction. The N-alpha of the amino acid is temporarily protected and the C-terminus

is activated using coupling reagents. This activated amino acid is coupled to the free amino

terminus of the previous residue on the resin. The amino acid side chains are further protected

to prevent side reactions, and side chains with orthogonal protecting groups can be used to

append desired functionalities to the peptides that can be selectively modified later. The excess

reagents added drive the reaction towards products and the unreacted reagents can be

removed from the reaction by simple filtration. The selective deprotection of the N-terminus

exposes the free amine for the next cycle of amino acid coupling. Following complete peptide

assembly on the resin, the final cleavage of the peptide from the resin support and a

Scheme 2.1. General Scheme for Fmoc-based Solid-phase Peptide Synthesis

Deprotection Coupling reaction
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subsequent purification of the crude peptide mixture afford the desired peptide.

Scheme 2.2. Fmoc-de protection, Amino Acid Activation and Coupling Reactions.
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Boc and Fmoc protection are the two main N-alpha protecting groups and Bzl and tBu

protection are the two respective side chain protecting groups, used for peptide synthesis.

Although Boc-based synthesis provides better yields, the cleavage of peptide from the resin by

standard methods requires use of corrosive acids such as HF, notorious for its toxicity, difficulty

in handling and requirement for special setup. For this reason, Fmoc-based solid-phase peptide

synthesis protocols that require milder reagents (TFA) are routinely used (Scheme 2.1 and 2.2).

ii. Synthesis of HD5

HD5 was first synthesized using Boc-chemistry by Lu and coworkers (10% overall

yield).1 4 For developing a robust protocol for the routine synthesis of HD5 in our Lab, we

decided to employ Fmoc-based solid-phase synthesis. HD5 is 32-aa peptide folded to a 3-

stranded P-sheet structure and held rigidly by three regiospecific disulfide linkages (Figure

2.1A). From a synthetic perspective, peptides rich in P-sheets have the tendency to aggregate

during synthesis on the resin, and prevent coupling of later amino acids and consequently

reduce the overall yield. 8 '19 One solution to overcome this aggregation is by introducing

"pseudoproline dipeptides" at regular intervals in the peptide sequence (Figure 2.1B).1 9

A B R
N

H 0
HD50X 0

(PDB 2LXZ)

R 1= H or Me
N Pseudoproline

ATCYCRTGRCATRESLSGVCEISGRLYRLCCR ATCYCRTGRC ATRES LSGVCE ISGRLYRLCCR
5 10 15 20 25 30

1 Coil [2 Turn 3

Figure 2.1. A) Structure of the HD5x monomer determined by solution NMR (PDB 2LXZ)12

and amino acid sequence. The regiospecific disulfide bond linkages and secondary structure

are indicated. B) Structure of pseudoproline dipeptides introduced at regular intervals of

HD5 sequence.
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Pseudoproline dipeptides, introduce a bent structure in the peptide backbone because of the

temporary backbone cyclization rendering their structure similar to prolines.

2B. Experimental Section

L. Chemicals, Solvents, and Buffers. Tetrakis(triphenylphosphine)palladium(0) [Pd(PPh 3)4],

piperidine, phenylsilane, trifluoroacetic acid were obtained from Alfa Aesar; piperazine, 5(6)-

carboxyfluorescein, rhodamine B base, rhodamine 101 (R101), EDT, TIS, and triethylamine from

Sigma Aldrich; coumarin 343 from Acros Organics; fluorescein from Fluka Chemicals. All Fmoc-

protected amino acids used for solid-phase peptide synthesis (Fmoc-Cys(Trt)-OH, Fmoc-

Ser(OtBu)-OH, Fmoc-Thr(OtBu)-OH, Fmoc-Arg(Pbf)-OH, Fmoc-Tyr(OtBu)-OH, Fmoc-Glu(tBu)-OH,

Fmoc-Ala-OH, Fmoc-Val-OH, Fmoc-Gly-OH, Fmoc-Leu-OH) and pseudoproline dipeptides 20

(Fmoc-Ala-Thr(4) MeMepro)-OH, Fmoc-lle-Ser(4MeMepro)-OH, Fmoc-Leu-Ser(4pMeMepro)-OH) were

obtained from AAPPTec, LLC. Fmoc-Arg(pbf)-Novasyn@TGA resin was purchased from EMD

rkm;s--. All VPpIde-uing reagents were obtained from AIK Scientific, Inc. HPLC-grade

acetonitrile (MeCN) and HPLC-grade trifluoroacetic acid (TFA) were purchased from either EMD

Chemicals or Alfa Aesar. ULTROL-grade HEPES was purchased from Calbiochem; guanidine

hydrochloride from AMRESCO, Inc; and sodium phosphate was obtained from BDH Chemicals.

Peptides. HD5 was either (i) overexpressed from E. coli BL21(DE3) cells containing a

plasmid encoding His6-Met-HD5, and HD5ox was purified following His6-tag cleavage and

oxidative folding as described previously,10 or (ii) synthesized by Fmoc solid-phase synthesis as

described below. HD5-CD was prepared by Dr. Andrew Wommack from HD5red or HD5Ox as

described elsewhere.3 All peptides were stored as either lyophilized powder or stock solution at

-20 "C. Cryptdin-4, obtained from heterologous expression in E. coli as described elsewhere,21

was provided by I-Ling Chiang.

The peptide solutions and buffers for antimicrobial activity assays were sterile-filtered

(0.2- tm filter) prior to the assays. Peptide stock solutions were prepared in Milli-Q water,

aliquoted, and stored at -20 *C until use. Peptide concentrations were routinely determined
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using calculated extinction coefficients (Table 2.2) and a BioTek Synergy HT plate-reader

outfitted with a BioTek Take 3 Micro-Volume Plate. Quantitative amino acid analysis (Dana-

Farber Cancer Institute, Boston MA) was employed to determine the concentration of

fluorophore-HD5 stock solutions. For each peptide stock solution, the analysis was performed

three times and the resulting average employed as the working concentration.

ii. General Methods

HPLC. Preparative-scale HPLC was performed on an Agilent PrepStar 218 instrument

outfitted with an Agilent ProStar 325 dual-wavelength UV-Vis detector, and a Luna 100 A C-18

column (10- tm pore, 21.2 x 250 mm, Phenomenex) at a flow rate of 10 mL/min. An Agilent

1200 series instrument equipped with an autosampler set at 4 "C and column compartment set

at 20 *C was employed for analytical and semi-preparative HPLC. Analytical HPLC was

performed using a Clipeus C-18 column (5-[tm pore, 4.6 x 250 mm, Higgins Analytical, Inc.)

operated at a flow rate of 1 mL/min. For semi-preparative HPLC, a Zorbax C-18 column (5-ptm

pore, 9.4 x 250 mm, Agilent Technologies, Inc.) at a flow rate of 5 mL/min was employed. For

each HPLC system, solvent A was Milli-Q water containing 0.1% TFA that was passed through a

0.2- tm filter before use and solvent B was HPLC-grade MeCN containing 0.1% TFA.

ESI-MS. ESI-MS was performed on a LC/MS system comprised of an Agilent 1260 LC

outfitted with a Poroshell 120 EC, C-18 column (2.7-pm pore, 3.0 x 50 mm, Agilent

Technologies, Inc.) and connected to an Agilent 6230 TOF system housing an Agilent Jetstream

ESI source. LC/MS-grade water and MeCN containing 0.1% formic acid (Fluka Chemicals) were

used as solvent A and solvent B, respectively. The samples were run at a flow rate of 0.4

mL/min using a gradient of 0-95% of solvent B over 5 min.

iii. Solid-phase Synthesis and Purification of HD5 and its Derivatives

Fmoc Solid-phase Peptide Synthesis of HD5red. The manual solid-phase synthesis of HD5

was initiated by employing a previously described procedure used for the synthesis of Cys-->Ser
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HD5 variants.10 However, the synthesis was unsuccessful and as a result needed further

optimization. The synthesis was modified to improve efficiency and yield as detailed below. A

custom-made 25-mL glass reaction vessel outfitted with a medium porosity frit and a "T"-bore

for N 2 gas bubbling was purchased from Chemglass Life Sciences and employed for all manual

syntheses. Fmoc-deprotection was performed with 20% piperidine in DMF solution (3 x 5 min).

All amino acids were coupled to the resin using Fmoc-amino acid (10 eq) activated with HATU

(10 eq), HOAt (10 eq), and DIPEA (20 eq) except for Fmoc-Cys(Trt)-OH (4 eq) and pseudoproline

dipeptides ('PAT, t1ES and wLS) (4 eq). Each coupling reaction was agitated for 10-15 min at room

temperature with N 2 bubbling. For coupling cysteine, Fmoc-Cys(Trt)-OH (4 eq) was dissolved in

a CH 2CI2/DMF (1:1) mixture containing HATU (4 eq), HOAt (4 eq) and TMP (4 eq) as a mild base

instead of DIPEA to minimize racemization. Each amino acid was coupled at least twice.

Residues identified as difficult to couple during trial syntheses were the Arg and pseudoprolines

residues as well as Seri5, Glu 21 , Cys 30 and Cys 31. After each coupling step, thorough washing of

the resin with CH 2CI 2 was performed (3 x 3 min). The capping of unreacted N-termini by 1-

acetylimidazole, which was performed in the initial syntheses,'0 was omitted. After coupling the

last amino acid, the N-terminal Fmoc-group was removed and the resin was thoroughly washed

with CH 2CI 2 (3 x 3 min). After drying the resin in vacuo, 20 mL of cold cleavage mixture

containing TFA: EDT: H 20: TIS (94: 2.5: 2.5: 1) was added and reaction was agitated with N 2

bubbling for 3 h, and the cleavage mixture was drained and the filtrate collected. To the resin,

another 15 mL of fresh cleavage mixture was added and reaction was agitated for 30 min. The

filtrates were combined and concentrated under N 2 to a final volume of 5 mL. The crude

peptide was precipitated from the cleavage mixture using 30 mL of pre-cooled diethyl ether

(-20 *C). The resulting mixture was centrifuged (3500 rpm x 4 0C for 20 min) and the

supernatant was removed. The pellet was then dissolved in 1:1 mixture of 0.1 M acetic acid and

acetonitrile mixture until fully dissolved, and the resulting solution was flash frozen in liquid

nitrogen and lyophilized to obtain the crude peptide. The synthesis on a 0.0345-mmol scale,

following cleavage and global deprotection, afforded 80 mg of crude peptide (64% yield). The
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crude peptide was reduced with TCEP and purified following general procedures below to

obtain 19 mg (15% overall yield) of HD5red. Representative HPLC traces are provided in Figure

2.2.

General Method for the Purification of Reduced Form of HD5 and its Analogues. The

crude peptide was dissolved in 75 mM HEPES, 6 M GduHCI, pH 8.2 to afford a 10 mg/mL

solution and incubated with 10 mM TCEP for 15 min at which time the reaction was quenched

by addition of 6% v/v TFA in Milli-Q water to afford 2% v/v TFA. The quenched reaction was

centrifuged (3500 rpm x 5 min) and the supernatant was filtered (0.4-rim filter). The filtrate was

purified by preparative RP-HPLC and the desired reduced peptide (e.g., HD5red) was isolated

using a gradient of 10-60% solvent B over 30 min (10 mL/min). Table 2.2 lists the HPLC

retention times and m/z values for each peptide.

General Method for Oxidative Folding of Reduced Peptides. The purified reduced

peptide (e.g., HD5red) was dissolved in an oxidative folding solution containing 12 mM GSH, 1.2

mM GSSG and 6 M GduHCI to afford a 2-mg/mL solution. To this mixture, 250 mM Na 2HCO 3 was

added to afford a peptide concentration of 0.5 mg/mL (pH - 8.2). The reaction mixture was

placed on a nutating table for 4-5 h at room temperature. The extent of oxidation was

examined using analytical RP-HPLC with a gradient of 10-60% solvent B over 30 min (1 mL/min).

The desired folded peptide (e.g., HD50x) was purified by preparative RP-HPLC using a gradient of

10-60% solvent B over 30 min (10 mL/min). Table 2.2 lists the HPLC retention times and m/z

values for each peptide.

Fmoc Solid-Phase Syntheses of HD5 with N-terminal Fluorophores. The synthesis of

HD5 was performed on a 0.25 mmol scale of the Fmoc-Arg(pbf)-Novasyn@TGA resin using

standard Fmoc solid-phase peptide synthesis procedures as described above. Portions of the

Fmoc-HD5-resin were employed for on-resin coupling of fluorophores directly to the HD5 N-

terminus as described below. The overall yields are calculated from resin loading (theoretical

yield), and the corresponding folding yields are reported for the oxidative folding reaction

alone.
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Synthesis of Fluorescein-HD5 (FL-HD5). 5(6)-Carboxyfluorescein (FL) was obtained as a

1:1 mixture of isomers and used without further purification. A 0.08-mmol portion of Fmoc-

HD5-resin was subjected twice to Fmoc deprotection using 10 mL of 20% piperidine in DMF. A

mixture of FL (10 eq), HATU (10 eq) and HOAt (10 eq), was dissolved in 10 mL of DMF, and

activated with DIPEA (20 eq) prior to coupling. This mixture was stirred at room temperature

until it clarified and the solution color changed from yellow-orange to red, and was then added

to the resin. Because the coupling conditions could also result in formation of

carboxyfluorescein oligomers, a wash with 20% piperidine in DMF was performed. Cleavage

of the peptide from the resin using a TFA: EDT: H 20: TIS (94: 2.5: 2.5: 1) mixture afforded crude

FL-HD5 (150 mg, 46% yield). The crude mixture was treated with 10 mM TCEP and purified

following the general method for reduced peptides, which afforded FL-HD5red (32 mg, 10%

yield). A 12-mg portion of FL-HD5red was oxidized using the general oxidative folding method.

FL-HD50 x was obtained following purification (7 mg, 58% folding yield, 6% overall yield).

Synthesis of Rhodamine-HD5 (R-HD5). Rhodamine B 4-(3-carboxypropionyl)piperazine

amide (rhodamine B derivative (3)) was synthesized from rhodamine B base following an

established procedure, 25 and coupled to HD5 using a 0.06-mmol portion of Fmoc-HD5 on the

resin. Following Fmoc-deprotection of the peptide, the coupling reaction was carried out twice

with a mixture containing the rhodamine B derivative (3) (10 eq), HATU (10 eq) and HOAt (10

eq) in 10 mL of DMF and activated with DIPEA (20 eq) as described above. The crude peptide

(98 mg, 39% yield) obtained after cleavage was purified by the general method to afford R-

HD5red (16 mg, 9% yield). Oxidative folding of R-HD5red (9.5 mg) using the standard method

afforded R-HD50x (8.3 mg, 87% folding yield, 7% overall).

Synthesis of Coumarin-HD5 (C-HD5). The synthesis of coumarin 343-modified HD5 (C-

HD5) was performed on a 0.05-mmol portion of Fmoc-HD5 on the resin. Following Fmoc-

deprotection, the coupling reaction was performed with coumarin 343 (5 eq) dissolved in 15 mL

of DMF containing HATU (5 eq), HOAt (5 eq) and DIPEA (10 eq). Coumarin 343 exhibited poor

solubility in DMF and hence the coupling reaction was performed three times. The crude
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peptide (104 mg, 54% overall yield) obtained following cleavage was treated with 10 mM TCEP

and purified following the general protocol for reduced peptides, which provided C-HD5red (11

mg, C-HD5red). During preliminary oxidative folding experiments using the general method, an

orange, insoluble fiber-like solid formed on the walls of the centrifuge tubes containing the

folding reaction. Formation of this solid was prevented by incubating the folding mixture at 37

*C with gentle shaking, which maintained a clear solution. Using this approach, C-HD5red (11 mg)

was folded to yield C-HD5x (2.5 mg, 22% folding yield, 2% overall yield).

Synthesis of HDS-TE and Fluorophore-HD5-TE by Carboxymethylation. HD5-TE and

fluorophore-HD5-TE were prepared by modification of a reported procedure.2 6 HD5red or

fluorophore-HD5red (0.5 mg/mL) were dissolved in 470 ltL of 0.6 M Tris-HCI buffer, 6 M GduHCI,

pH 8.6 containing a 30- tL aliquot of freshly prepared 75 mM TCEP. To this mixture, 50 tL of a

500 mM stock solution of 2-iodoacetamide was added and the resulting mixture was incubated

for 1-2 h in the dark at rt. The reaction was monitored using analytical RP-HPLC and, following

completion, centrifuged (13000 rpm x 5 min). The crude product was purified by semi-

preparative RP-HPLC (10-60% B over 30 min at 5 mL/min) to obtain the desired cysteine-capped

products. Table 2.2 lists the HPLC retention times and m/z values for the carboxymethylated

peptides.

General Method for Syntheses of HD5[R9K] and HD5[R13K]. The syntheses were

performed using the standard Fmoc solid-phase peptide synthesis procedures reported for HD5

with several modifications.3" 0 The syntheses of HD5[R9K] and HD5[R13K] were each performed

on a 0.1-mmol scale of Fmoc-Arg(pbf)-Novasyn@TGA resin. At amino acid position 9 (for

HD5[R9K]) or 13 (for HD5[R13K]), Fmoc-Lys(Alloc)-OH was coupled thrice using Fmoc-Lys(Alloc)-

OH (10 eq) dissolved in DMF (15 mL) containing HATU (10 eq), HOAt (10 eq) and DIPEA (20 eq).

After coupling of the N-terminal Ala residue, each resin-bound peptide was subjected to Alloc

deprotection under mild conditions by treatment with PhSiH 3 (25 eq) and catalytic [Pd(PPh 3)4]

(0.10 eq) in 10 mL of CH 2Cl 2 at rt for 1 h. The deprotection reaction was repeated three times.
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The resins were dried and used for the preparation of HD5[R9K], HD5[R13K], R-HD5[R9K], and

R-HD5[R13K] as described below.

Synthesis of HDS[R9K]. Fmoc-deprotection followed by cleavage of 0.025-mmol portion

of Fmoc-HD5[R9K]-resin afforded crude HD5[R9K] (45 mg, 50% yield). Purification of the crude

peptide by the general method afforded HD5[R9K]red (6 mg, 7% overall yield), which was

oxidized using the standard method. Purification of the oxidative folding mixture afforded

HD5[R9K]ox (2 mg, 2% overall yield).

Synthesis of HD5[R13K]. Fmoc-deprotection followed by cleavage reaction of 0.025-

mmol portion of Fmoc-HD5[R13K]-resin afforded crude HD5[R13K]red (52 mg, 56% yield).

Purification of the crude peptide by the general method afforded HD5[R13K]red (11 Mg, 12%

overall yield), which was oxidized using the standard method. Purification of the oxidative

folding mixture afforded HD5[R13K]ox (3 mg, 3% overall yield).

Synthesis of R-HD5[R9K]. After Alloc deprotection of Lys9, a 0.05-mmol portion of

Fmoc-HD5[R9K]-resin was thoroughly washed with CH 2CI 2 before coupling of rhodamine B

derivative (3), to the free E-amino group of Lys9. The coupling reaction was repeated three

times with the functionalized rhodamine (3) (122 mg, 4 eq, 0.2 mmol) dissolved in 10 mL of

DMF containing HATU (4 eq), HOAt (4 eq) and DIPEA (8 eq). Then, the resin was thoroughly

washed with CH 2CI 2, the Fmoc was removed, and the cleavage reaction was performed to

obtain crude R-HD5[R9K] (90 mg, 43% crude yield). The crude peptide was reduced by the

general method and purified to afford R-HD5[R9K]red (7 mg, 4% overall yield). The reduced

peptide was folded using the standard method to yield R-HD5[R9K]ox (1.5 mg, 1% overall yield).

Synthesis of R-HD5[R13K]. As described for R-HD5[R9K] using a 0.05-mmol portion of

Fmoc-HD5[R13K] resin. Reduction and purification of R-HD5[R13K] (96 mg, 46% crude yield) by

the general method afforded R-HD5[R13K]red (9 mg, 4% overall yield). The reduced peptide was

folded by the standard procedure to yield HD5[R13K]x (2 mg, 2% overall yield).

Synthesis of HDS[Serhexa]. HD5[Serhexa] was performed using a semi-automated

approach with a custom-made stainless steel fritted reaction vessel on a 0.038 mmol scale.
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Standard solid-phase methodology for Fmoc chemistry was employed and preloaded Fmoc-

Arg(Pbf)-NovaSyn TGA resin was utilized (0.19 mmol/g loading). Fmoc-protected amino acids (1

mmol) were coupled at 60 "C after dissolution in 2.5 mL DMF containing 0.38 mM HBTU.

Following addition of DIPEA (450 tL for standard residues and 200 ptL for Cys), the activated

amino acid was administered to the warmed reactor at a flow rate of 6 mL/min, and then the

resin was washed with DMF (60 sec at 20 mL/min). The Fmoc was removed with 20% piperidine

in DMF (25 sec at 20 mL/min), and the resin was washed with DMF (70 sec at 20 mL/min).

After coupling the N-terminal Fmoc-Ala-OH, Fmoc deprotection with 20% piperidine in

DMF was performed, and the resin was washed with DMF and transferred to a 50-mL

centrifuge tube. The resin was dried and global deprotection was performed using 20 mL of

solution containing TFA: EDT: H 20: TIS (94: 2.5: 2.5: 1) mixture for 10 min at 60 0C. The mixture

was concentrated to a volume of ca. 5 mL by using a gentle stream of N 2. Ice-cold Et 20 was

added to the resulting concentrate, which resulted in precipitation of the crude peptide, and

the mixture was centrifuged (2000 rpm x 15 min, 4 C). The organic supernatant was decanted,

and the pelleted precipitate was re-dissolved in 5 mL of 5% TFA in H 20/MeCN (3:2). Preparative

RP-HPLC purification (10-60% B over 30 min, 10 mL/min) afforded HD5[Serhexa] (20.2 mg, 15%

overall yield, Figure 2.4).

iv. Photophysical Characterization of Fluorophore-HD5 Conjugates.

General Conditions. All spectroscopic characterization of fluorophore-derivatized

peptides was performed at pH 7.4 (75 mM HEPES, 100 mM NaCI). The buffer was prepared

using Chelex-treated Milli-Q water (5 g/L stirred overnight, and passed through 0.4-[tm filter).

The buffer was filtered (0.4-[tm filter) prior to being stored in 50-mL polypropylene centrifuge

tubes.

Optical Absorption Spectroscopy. Optical absorption spectra were acquired on a

Beckman UV-Vis spectrophotometer thermostated at 25 "C (1-cm path-length quartz cuvettes,

Starna).
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Fluorescence Spectroscopy. Fluorescence spectra were acquired using a PTI Quanta

Master 40 spectrofluorimeter thermostated at 25 C by a circulating water bath (1 cm x 1 cm

quartz cuvettes, Starna). Emission spectra were collected with the following instrument

settings: 2 nm slit widths, 60 nm/min scan speed, 1-s integration time. The spectra were

integrated using the manufacturer's FelixG software.

Quantum Yield Determination. The relative quantum yields for fluorescence of the

fluorophore-HD5 conjugates were determined by comparison of the integrated area of the

emission spectrum of the samples with that of a standard. Rhodamine 101 in methanol (D =

0.99),28,29 fluorescein in 0.1 N NaOH (D = 0.95)30 and coumarin 343 in ethanol (D = 0.64)31 were

used as standards for rhodamine B-, carboxyfluorecein-, and coumarin 343-derivatives of HD5,

respectively. The stock solutions of the fluorophores were prepared in DMSO, aliquoted, and

stored at -20 'C. The concentrations of the stock solutions were verified using the reported

extinction coefficients. 28-31 The aliquots of the standards were subjected to only one freeze-

thaw cycle. To determine the relative quantum yields, the concentrations of the respective

references were adjusted such that the Amax of the reference matched the Amax of the sample

(absorbance value between 0.04 to 0.06). Then, the emission spectrum of each solution was

recorded using a wavelength at which the absorption traces of both standard and sample

overlap as the excitation wavelength. The quantum efficiencies of fluorophore-conjugates were

calculated using the equation 1

( ,2 Abs
x_ =x (Astd (1

x std/s 1 2 Abs
std 1 std) Abs

where ID and (estd are the relative quantum yield of the sample and reference, respectively; Ix

Istd are the integrated emission of the sample and reference, respectively; rl and flstd are the

refractive indices of the sample and reference solvents, respectively; Abs, and Absstd are the

absorbance of the standard and reference at the wavelength of excitation. On the basis of the

experimental protocol, the Absstd/Absx ratio is 1.
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v. Antimicrobial Activity Assays. Antimicrobial activity (AMA) assays were performed

using a micro-drop colony forming units (CFU) method described previously. 3 The bacteria were

grown overnight in TSB (without dextrose) medium. The overnight cultures were diluted 1:100

and grown in TSB (without dextrose) to an OD600 = 0.6 for Escherichia coli and OD600 = 0.5 for

Staphylococcus aureus. The bacterial cultures were centrifuged (3500 rpm x 6 min, 4 0C) and

resuspended in AMA buffer (10 mM sodium phosphate buffer, pH 7.4, supplemented with 1%

v/v TSB (without dextrose)). The process was repeated once to remove any residual medium.

The OD600 was measured again and adjusted to 0.6 and 0.5 (2.5 x 108 CFU/mL) for E. coli and S.

aureus respectively, and the cultures were further diluted 250-fold to a cell count of 1 x 106

CFU/mL. AMA assays were performed in 96-well plates. Each well contained 10 LtL of stock

peptide solution (10x concentration in Milli-Q water) and 90 [IL of bacterial culture (1 x 106

CFU/mL). For the control wells containing no peptide, 10 [tL of Milli-Q water was combined with

90 [tL of the bacterial culture. The assay plates were incubated for 1 h (130 rpm, 37 *C). For

assays with fluorophore-labeled peptides, the plates were incubated in the dark (covered with

aluminum foil). After incubation, a 20- tL aliquot from each well was diluted with 180 [L of

AMA buffer in a new 96-well plate to obtain a 101 dilution. This 10-1 dilution was serially diluted

in AMA buffer to obtain 10-2, 10 , and 10-4 dilutions. From each dilution, a 5-pL aliquot was

spotted on TSB (without dextrose) agar plates. The agar plates were air dried at room

temperature for 30 min, subsequently incubated at 37 C for 16 h, and the resulting colonies

were counted.

2C. Results and Discussion

i. Pseudoprolines Improve the Synthesis of HD5. Fmoc-based solid-phase synthesis of

HD5 was performed manually using Fmoc-Arg(pbf)-Novasyn@TGA resin (0.19 mmol/g) and

standard Fmoc amino acids. In the absence of pseudoprolines (11AT, 'ES and "LS), HD5 was not

identified in the crude mixture (data not shown). Therefore, following the solid-phase peptide

synthesis procedure reported previously for disulfide mutants generated in the Nolan Lab by
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Dr. Piotr Kaczmarek, pseudoproline residues were introduced in the peptide sequence at

regular intervals (HD5: ATCYCRTGRC " ATRES " LSGVCE " ISGRLYRLCCR). This modification

afforded full-length HD5, but the synthesis needed further optimization as many undesired side

products were identified (Figure 2.2A). Therefore, the synthesis was repeated in order to

optimize the yields.

The optimized synthesis of HD5 was performed on a 0.25 mmol of arginine-preloaded

resin. The pseudoprolines were employed in order to minimize the aggregation of the peptide

on the resin. A few changes from the initial synthesis procedure were made for a rapid

synthesis. i) The overall duration of deprotection (3 x 7 min), coupling (2 x 10-15 min) and wash

steps (3 x 3 min) were significantly reduced from previous synthesis. ii) The synthesis was

performed such that resin shrinkage, storage and swelling steps are avoided in the middle of

the synthesis. iii) The capping of unreacted N-termini by 1-acetylimidazole was omitted. Fmoc-

Cys(trt)-OH, Fmoc-Arg(pbf)-OH and the difficult amino acids as identified from initial

optimization, such as Fmoc-Glu(OtBu)-OH at position 21, were coupled three times each and

the rest of the amino acids were double-coupled. The pseudoprolines were coupled multiple

times until the maximum loading was achieved (as confirmed by resin cleavage on 10 mg-scale

and LC-MS). After the completion of synthesis, a 0.005-mmol portion of resin was cleaved for

analysis by HPLC to confirm the presence of product. The reaction yield improved significantly

with the desired HD5 peak as major peak. The crude peptide (8.3 mg; 46% yield) was reduced in

the presence of excess TCEP and purified to achieve 1 mg (6%) of the desired peptide (1:

HD5red). The side products of the reaction indicated in Figure 2.2B were identified as truncation

peptides (2: ISGRLYRLCR, 3: LSGVCEISGRLYRLCR) that also had a cysteine deletion at the C-

terminus (Table 2.1). The resin containing Fmoc-HD5 was stored and employed for further N-

terminal modifications.
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Figure 2.2. Optimization of manual Fmoc-based solid-phase peptide synthesis of HD5.
Analytical HPLC traces of A) first synthesis of HD5 and B) optimized manual solid-phase
peptide synthesis of HD5. Star ( ) indicates the peak corresponding to the desired HD5red.

Table 2.1. ESI-MS of Major Peaks Observed in HPLC Trace of Crude HD5 from Figure 2.21B.

Peak Retention Time Observed mass Possible fragments Calculated mass

(min) a m/z [M+H]+ m/z [M+H]+

1 15.6 1237.68 ISGRLYRLCR 1237.51

2 19.5 1825.02 LSGVCEISGRLYRLCR 1824.95

3 20.8 3585.67 HD5red 3585.70

a Retention time corresponds to the analytical run with a gradient of 10-60% B for 30 min at 1

mL/min [A: water (0.1% TFA), B: acetonitrile (0.1% TFA)].

ii. Design and Synthesis of Fluorophore-modified HD5 Derivatives

In order to study the cellular localization of HD5 using fluorescence microscopy, we

sought to generate a family of fluorophore-modified HD5 derivatives. The fluorophores should

possess good photophysical properties, be easily synthesized or obtained commercially, and

should not affect the structural and functional properties of HD5. The fluorophores coumarin

343 (1), 5(6)-carboxyfluorescein (2) and a rhodamine B derivative (3) were selected for HD5

modification. These fluorophores can be obtained in gram quantities and possess photophysical
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properties compatible with the microscopy experiments. Of note, the folding and antimicrobial

activity assays of the tryptophan mutants (Appendix 1) suggested that modifications at the

termini of HD5 are tolerated.

Considering the ease of modifying the N-terminus vs. the C-terminus in Fmoc-based

solid-phase peptide synthesis, free amine at the N-terminus of HD5 was selected for appending

the fluorophores having carboxyl functional group using peptide-coupling reagents (Scheme

2.3). The fluorophores were appended to peptide on the resin. The modified peptides were

simultaneously subjected to global deprotection and cleavage using the TFA cleavage mixture.

The reduced form of the peptides was purified from the crude peptide mixture, and the desired

peptides were obtained by oxidative folding. The folding reactions each afforded a single major

Scheme 2.3. Design of a Family of N-terminal Fluorophore-modified HD5 Coniugates.
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peak, similar to unmodified peptide HD5red that folds to the desired regioisomer HD5ox (Figure

2.3). The regiospecific disulfide linkages in HD5 (Figure 1) are important not only for structural

integrity but also for the antimicrobial activity of HD5.10'"" Therefore, in order to probe the

effect of loss of disulfides and tertiary structure, we also synthesized linear peptides (e.g., HD5-

TE), with cysteine residues capped with 2-iodoacetamide (Scheme 2.3, Figure 2.4)26 and

HD5[Serhexa].

A B
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HD5
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R-HDS

3.5 h

2 h

1 h

0 h

R-HD5
red

E
C

C

D

E
C

0

C

-0

R-HD5

C-HD5

FL-HD5

HD5

5 10 15 20 25 3
Retention Time (min)

FL-HD5 3h

1h

0.5h

Oh

FL-HD5
re

0

10 1A 20 25 30 - 1'O 1 2 2' 30
Retention Time (min) Retention Time (min)

Figure 2.3. Purification and refolding of fluorophore-modified HD5 analogues. Analytical
HPLC traces of A) reduced forms of fluorophore-labeled HD5; B) oxidized forms of
fluorophore-labeled HD5; oxidative folding reaction of C) R-HD5 and D) Fl-HD5. Dashed lines

(---) in C and D traces indicate the retention times of respective reduced and final oxidized

forms of peptides.
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Figure 2.4. Analytical HPLC trace of purified HD5[Serhexa]. The sample was subjected to a

gradient of 10- 60% of solvent B over 30 min at a flow rate of 1 mL/min.

Scheme 2.4. Design of Arg-Lys HD5 Variants and their Fluorophore-conjugates.
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Linear analogues
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Figure 2.5. The HPLC traces of the purified linear analogues and Arg-)Lys mutants of HD5.

Analytical HPLC traces for the purified A) linear fluorophore-peptides and B) Arg->Lys

mutants.

In order to investigate the influence of position of fluorophore attachment on the

antimicrobial activity of HD5 and the labeling pattern, a new family of HD5 analogues was

synthesized (Scheme 2.4). Motivated to append fluorophores at other positions, we selected

Arg4Lys mutations to site-specifically modify with rhodamine B derivative. The previous work

by Lu et al.2
,1

4 and Froy et a/.35 with Arg->Ala mutants and Arg->Lys double mutants suggested

that R9, R13 or R32 might retain some activity when mutated to lysine compared to other

arginine residues in the sequence. Further, positions R9 and R13 were selected as their side-

chains were directed away from the dimer interface of native HD5,x as observed from the NMR

analysis and crystal structure (PDB: 2LXZ, 1ZMP). Hence, the syntheses of HD5[R9K] and

HD5[R13K(] were undertaken. To couple the fluorophore on the resin similar to synthesis of N-

terminal modifications, we sought to incorporate an orthogonal protection of lysine using an

Alloc-group during assembly of HD5 on resin. Alloc deprotection and coupling of fluorophore to

the Fmoc-HD5[R9K] and Fmoc-HD5[R13K] afforded fluorophore-labeled peptides. Subsequent
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to Fmoc-deprotection, the peptides were cleaved off the resin following global deprotection

and purified on HPLC (Figure 2.5).

Table 2.2. HPLC and Mass Spectrometry of HD5 and its Derivatives Employed in this Work.

Peptide Retention Calculated Mass Observed Mass Overall/folding

Time (min)a [M+H]+m/zb [M+H]+ m/z Yield (%)C

HD5red 20.4 3585.67 3585.76 6 %

H D5ox 15.3 3579.62 3579.62 4% / 70%

H D5-TE 16.6 3928.92 3928.91 72%

C-HD5red 23.9 3854.76 3854.77 6%

C-HD5ox 20.2 3848.72 3848.72 2% / 28%

FL-HD5red 22.2 3944.72 3944.72 10%

FL-HD5ox 18.2 3938.67 3938.67 6% / 58%

FL-HD5-TE 18.6 4287.60 4287.60 97%

R-HD5red 24.7 4179.99 4179.98 9%

R-HD5ox 22.3 4173.93 4173.94 7% / 87%

RHD5-TE 22.1 4523.10 4523.10 100%

R-HD5[R9K]red 24.2 4151.99 4152.14 4%

R-HD5[R9K]ox 21.9 4145.93 4145.94 1% / 25%

R-HD5[Rl3K]red 24.3 4151.99 4152.12 4%

R-HD5[R13K]ox 22.1 4145.93 4145.94 2% / 50%

HD5[R9K]red 19.9 3558.62 3558.63 13%

HD5[R9K]OX 15.1 3552.62 3552.63 4%/ 30%

HD5[R13K]red 19.9 3558.64 3558.64 12%

HD5[R13K]ox 15.2 3552.62 3552.63 3%/25%
a Retention times obtained from analytical RP-HPLC using a gradient 10-60% B over 30 min, 1 mL/min.
b Calculated by using PROTEIN CALCULATOR v3.3 (http://www.scripps.edu/~cdputnam rotcalc.html).
C The overall yield is calculated by using the resin loading (mmol/g) as the theoretical yield. The folding
yield is for the oxidative folding reaction alone. When only one value is listed, it is the overall yield.
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Figure 2.6. Fluorophore-HD5 derivatives span wide range of absorption and emission

spectra. A) Absorbance and B) fluorescence spectra of fluorophore-modified HD5 conjugates

(1 LiM) measured in 75 mM HEPES, 100 mM NaCl and pH 7.4. Samples were excited at the

absorption maxima of the respective peptides. Emission spectra are normalized to the

intensity of FL-HD50 x for depiction. Emission spectra were obtained at 25 "C with a slit width

of 1.4 nm.

iii. Photophysical Characterization of Fluorophore-HD5 Derivatives.

The photophysical properties of modified peptides should be compatible with

physiological buffer conditions for the purposes of microscopy experiments. An ideal

fluorophore should be bright and photostable in the physiological conditions for the duration of

the experiment. The photophysical properties of desired fluorophore should be minimally

perturbed upon appending the fluorophore to peptide. Therefore, a comprehensive

photophysical characterization of family of fluorophore-modified peptides was performed.

Extinction Coefficient Determination. The concentrations of fluorophore-labeled

peptides obtained from quantitative amino acid analysis were utilized for extinction coefficient

determination. The samples were submitted for amino acid analysis at the Dana Farber Cancer

Institute. The concentrations of iodoacetamide-capped peptides were determined from the

mass of peptide dissolved in the Milli-Q. In order to study the effect of appending fluorophore

to HD5, each parent fluorophore, fluorophore-modified HD5 and some standard fluorophores

were studied. All measurements of modified peptides were acquired under simulated
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physiological condition (75 mM HEPES, 100 mM NaCl, pH 7.4). The extinction coefficients of the

peptides were determined and compared to the extinction coefficients of the standards (Table

2.3). The photophysical properties of modified peptides were compared in other solvents to the

standards (Table 2.3). The extinction coefficients of the modified peptides were lower than the

parent fluorophores. Absorption maxima of the modified peptides were slightly red-shifted

compared to the parent fluorophores (Table 2.3). The extinction coefficients of the rhodamine

B-modified Arg-Lys mutants were lower than N-terminal rhodamine B derivative.

Quantum Yield Determination. The emission spectra of modified peptides were

acquired in buffer (75 mM HEPES, 100 mM NaCl, pH 7.4). Quantum yields of the modified

peptides were determined with respective standards along with the parent compounds. The

quantum yields of C-HD50 x were determined with coumarin 343 (P = 0.64, in ethanol)3 ' as

standard. Quantum yields of FL-HD5,x and FL-HD5-TE were determined with fluorescein (P =

0.95, in 0.1 N NaOH) 30 and finally R-HD50 x, R-HD5-TE, R-HD5[R9K]ox and R-HD5[R13K]ox were

measured with rhodamine 101 (P = 1.0, in methanol)" as respective standards. In order to

study the effect of coupling of fluorophore to peptide, the parent fluorophores, coumarin 343

(1), 5(6)-carboxyfluorescein (2) and rhodamine B piperazine conjugate (3) were also studied.

The fluorescence emission of the peptide conjugates is lower in buffer compared to the

solvents used for their respective standards, indicating a solvent effect (Table 2.3). The

emission spectra of respective standards were also acquired in buffer to verify if the reduced

emission in buffer is a result of fluorophore modification. Coumarin 343 (1) had displayed lower

emission in buffer compared to the ethanol, and rhodamine 101 also exhibited lower emission

in buffer compared to methanol (Table 2.3). It was observed that there was no significant

difference in the emission of fluorescein in buffer (pH = 7.4) compared to the emission in 0.1 N

NaOH.

The quantum yields of the peptides (Table 2.3) were subsequently determined. The

observed quantum yields of rhodamine B derivative (3) indicate that the emission is quenched

in aqueous solvents (P = 0.28, buffer) compared to the organic solvent (P = 0.43, methanol).
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Thus, the lower quantum yield observed for R-HD50 x ((D = 0.22) in buffer is not entirely due to

peptide coupling but also due to the solvent effect. A similar solvent effect was observed for C-

HD5ox ((D = 0.32, buffer).

FL-HD50 x has lower quantum yield ((D = 0.28, buffer) than the unmodified fluorophore

even though carboxyfluorescein had negligible effect of solvent ((D = 0.74, buffer) indicating

that the peptide coupling had effected FL-HD5 fluorescence, and resulted in some degree of

quenching. R-HD5[R13K]ox displayed lower quantum yield ((F = 0.12, buffer) compared to R-

HD5[R9K]ox ((D = 0.20, buffer) and R-HD5x ((D = 0.22, buffer).

Table 2.3. Photophysical Characterization of Fluorophore-modified HD5-derivatives.

Compound Xex Extinction kem Quantum yield Brightness
coefficient (D X E)

(nm) P (M-1 cm-1) (M1 cm-)

R-HD50x 568 54500 585 0.22 (0.01) (n = 3)0 11400

R-HD5-TE 567 63600 589 0.31 (0.02) (n = 4) 19590

R-HD5[R9K]OX 566 28400 584 0.20 (0.02) (n = 6) 5680

R-HD5[R13K]OX 567 19500 587 0.12 (0.02) (n = 6) 2350

Rhodamine B derivative (3) 565 67600 587 0.28 (0.01) (n = 2) 18900

Rhodamine 101 (MeOH)b 567 120000 588 0.99 (n = 1) 118800

FL-H D5 0x 500 44800 522 0.28 (0.04) (n = 6) 12500

FL-HD5-TE 497 29100 522 0.64 (0.01) (n = 3) 18600

5(6)-Carboxyfluorescein (2) 492 73700 515 0.74 (n = 1) 54600

Fluorescein (0.1 N NaOH) b 490 76900 512 0.95 (n = 1) 73050

C-H D50 x 456 21500 494 0.32 (0.02) (n = 7) 6900

Coumarin 343 (1) 429 36200 487 0.58 (0.005) (n = 3) 21200

Coumarin 343 (EtOH) b 443 44000 486 0.64 (n = 1) 28200

n = total number of trials for quantum yield determination. The error is the standard deviation of the

mean for n independent measurements. The values are obtained from reported literature.24,28,29,31
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In general, the photophysical properties indicated that 1) the emission of the

fluorophores was lower in the buffer (75 mM HEPES, 100 mM NaCl, pH 7.4) compared to the

solvents used for quantum yield measurements of respective standards, and 2) the quantum

yields of modified peptides were lower than both the standards and their parent fluorophores.

Nevertheless, the synthesized fluorophore-modified peptides (Table 2.3) were bright and

suitable for microscopy-based experiments. These observations further emphasize the

importance of the characterization of photophysical properties of fluorophore-appended to

peptides, before employing them for elaborate microscopy experiments.

iv. Antimicrobial Activity Assays of HD5 and its Derivatives

In order to assess the effect of modifying HD5 with a fluorophore on function, the

antimicrobial activity of the fluorophore conjugates was evaluated using a colony forming units

(CFU/mL) counting assay. The antimicrobial activities of modified peptides along with native

HD5 were determined against E. coli ATCC 25922 and S. aureus ATCC 25923.

The antimicrobial activity assay against E. coli (1 x 106 CFU/mL) (Figure 2.6) indicated

that HD5ox (4 [M) displayed most potent activity and this synthetic HD5x had similar activity as

HD5Ox obtained from recombinant overexpression.3" 0 The fluorophore-conjugated derivatives

displayed attenuated activity as R-HD50x (16 [M) > C-HD5,x (28 riM) >> FL-HD5ox (>128 [M).

The assay against S. aureus (Figure 2.7) also revealed a similar trend with HD5Ox (2 tM)

displaying most potent activity, and the modified peptides exhibited an attenuated activity as

R-HD5ox (8 [tM) > C-HD50x (>28 riM) >> FL-HD5ox (>128 iiM). The antimicrobial activity assays

indicated that 1) fluorophore-conjugation attenuates the antimicrobial activity of HD5 and 2)

the activity of conjugated peptides follows a trend in loss of activity with increasing negative

charge on the fluorophore (R-HD50x > C-HD50x >> FL-HD50x). The variation observed in the

antimicrobial activities of fluorophore-modified peptides could be a result of either appended

parent fluorophore itself or any structural changes of HD5 due to fluorophore modification (e.g.

change in the oligomeric state of HD5).
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Finally, in order to verify the significance of site of fluorophore modification on the

antimicrobial activity and localization of HD5OX, another family of HD5 analogues with

rhodamine B modification on internal side chains as opposed to N-terminus was examined. The
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Arg-Lys mutants were tested for antimicrobial action both with a rhodamine appended and

unmodified forms. It was observed that the activity of these unmodified HD5[R9K]ox (MIC = >16

,M) and HD5[R13K]0 x (MIC = 16 tM) were more active than their fluorophore modified

S. aureus ATCC25923
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analogues against S. aureus. The Arg-*Lys mutants were less active against E. coli, and both the

fluorophore-labeled and unmodified peptides exhibited similar antimicrobial activity.

The linear peptides, as expected based on the published work, 0 were less active against

both E. coli and S. aureus than their oxidized counterparts (Figures 2.7 and 2.8). When activity

of HD5-TE (16 tM) and R-HD5-TE (25 LtM) against E. coli (> two log- and > four log-fold of

CFU/mL reduction, respectively) was compared to activity against S. aureus (< log- and < two

log-fold CFU/mL reduction), the loss of activity was more pronounced against S. aureus. This

result is in accordance with prior work, where as a general trend, it was observed that the

activity of HD5 and its variants against Gram-negative bacteria were less dependent on the

overall tertiary structure compared to Gram-positive bacteria.0 '3 6 ,3 7

2D. Summary

We established robust protocols for the synthesis and purification of HD5 and other

analogues, including fluorophore-modified HD5 derivatives. The fluorophore-modified HD5

conjugates harboring rhodamine and coumarin display desirable photophysical properties and

antibacterial activity against E. coli and S. aureus. These peptides enabled the studies of HD5

localization presented in Chapter 3.
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Chapter 3

Visualizing the of Attack of Escherichia coli by the Antimicrobial Peptide Human

Defensin 5

Published in part in Chileveru, H. R., Lim, S. A., Chairatana, P., Wommack, A. J., Chiang, I - L.,
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3A. Introduction

Human defensins are established contributors to immunity, and many exhibit broad-

spectrum in vitro antimicrobial activity; however, details pertaining to the physiological

function of each peptide are often unclear. 1-3 Human defensin 5 (HD5) is the most abundant

Paneth cell antimicrobial peptide,4 and it exhibits broad-spectrum antimicrobial activity in

vitro.5 8 In this Chapter, we focus on a fundamental and outstanding question: how does HD5

kill bacteria?

How defensins kill bacteria as well as how in vitro antibacterial activity relates to the

physiological milieu are questions of current interest and debate.2 The oxidized ca-defensins

display remarkable similarity in their tertiary structure, and most characterized to date are

cationic and amphipathic.9 Moreover, defensins from various organisms have the capacity to

disrupt bacterial cell membranes.- On the basis of early investigations, including seminal

structural studies of HNP3,13 a working model whereby defensins kill bacteria by non-specific

membrane destabilization was presented.'" Over the years, this type of model was

generalized for many defensins and other antimicrobial peptides.2 Nevertheless, defensins

exhibit remarkable diversity in primary sequence, and recent studies support alternative

mechanisms of action for some family members. Fungal plectasin, 4 oyster defensin,15 and

fungal copsin16 bind lipid 11 and block cell wall biosynthesis. The human defensins human

neutrophil peptide 1 (HNP1, c-defensin)17 and human 1-defensin 3 (HBD3)1 8 are also reported

to bind lipid 11 to varying degrees.' 9 Studies of HBD3 attributed the in vitro antibacterial activity

against Staphylococcus oureus to lipid I binding and subsequent cell wall lysis.18 Recently,

Human P-defensin 2 (HBD2) was found to localize at septal foci of Enterococcus faecalis and

disrupt virulence factor assembly. 2 0 Although human ca-defensin 6 (HD6) lacks antimicrobial

activity in vitro, it is proposed to serve a host-defense function by self-assembling into a web-

like structure termed "nanonet" that captures bacteria in the intestinal lumen. A recent

study identified that the reduced form of HD6 exhibits antimicrobial activity.2 3 Taken together,

these investigations highlight tremendous variation in defensin mechanism of action despite
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similar tertiary structures, and demonstrate that membrane permeabilization is only one of the

many factors that contribute to the in vitro antimicrobial activities demonstrated by this vast

peptide family.

Paneth cells,2 4 located in the crypts of Lieberkuhn, contain granules that store two a-

defensins, HD5 and HD6, as well as other antimicrobial peptides, proteases, and a labile zinc

pool of unknown function.25 ,2 6 The enteric a-defensin HD5 (Figure 3.1), the focus of this thesis,

is an abundant constituent of small intestinal Paneth cell granules; 12-1 it has been estimated

that up to 450 tg/cm 2 is stored in the ileal mucosa, with concentrations of 50 - 250 Ltg/mL,30 in

the range of minimum inhibitory concentration (MIC) for HD5 in vitro. Moreover, transgenic

mice expressing HD5 are more resistant to Salmonella challenge than wild-type mice,3 1 and

studies of the resident intestinal microbiota suggest that HD5 contributes to controlling its

31,32
composition. ' In humans suffering from ileal Crohn's disease, an inflammatory disorder of

the small bowel, a deficiency in Paneth cell defensins is observed.4 Despite these compelling

observations, the antimicrobial mechanism of action of HD5 is not well understood.

HD5 is a 32-residue peptide with an overall charge of +4 at neutral pH (Figure 3.1). Over

the past decade, structure-activity relationship studies of HD5x evaluated the importance of

HD5X
(PDB 2LXZ)

N

ATCYCRTGRCATRESLSGVCEISGRLYRLCCR
5 10 15 20 25 30

1 Coil 132 Turn 13

Figure 3.1. Structure of the HD5x monomer determined by solution NMR (PDB 2LXZ)56 and

amino acid sequence. The regiospecific disulfide bond linkages and secondary structure are

indicated.
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quaternary structure,, 33 disulfide linkages 34,3s cationic residues, 36 the canonical c-defensin salt

bridge between [Arg6 ] and [Glu14], 37 and chirality 38 for its in vitro bactericidal activity. Results

from several recent studies probing interactions between HD5Ox and E. coli support a model

whereby (i) the Gram-negative outer membrane serves as a permeability barrier for HD50 x39'40

and (ii) the inner membrane becomes damaged as a result of HD5Ox exposure. 34

In the studies described in this Chapter, we utilize microscopy to investigate the attack

of HD5OX on Gram-negative bacteria. We detail a systematic study to investigate the effect of

HD5 on various bacteria and examine their response to various HD5 analogues. We observe

that E. coli treated with native HD5OX exhibit distinct morphologies that include clumping, cell

elongation, and formation of one or more cellular blebs typically at the cell poles or division

site. We demonstrate that similar morphological changes occur for other Gram-negative

bacteria, including the opportunistic human pathogens Acinetobacter baumannii and

Pseudomonas aeruginosa, following HD5Ox exposure. Employing a family of fluorophore-HD5

conjugates described in the Chapter 2, we report that rhodamine- and coumarin-modified

HD5Ox enter the E. coli cytoplasm. Moreover, the localization of these fluorophore-HD5

conjugates preferentially at cell poles and cell division sites in E. coli, suggests a possible

intracellular target at these sites.

3B. Experimental Methods and Materials

L. Chemicals, Solvents, and Buffers. Propidium iodide, FM4-64, and FM1-43 were

obtained from Molecular Probes. Sodium phosphate was obtained from BDH Chemicals. TSB

without dextrose was obtained from Becton Dickinson (BD). HD5 was either (i) overexpressed

from E. coli BL21(DE3) cells as described previously,34 or (ii) synthesized by Fmoc solid-phase

synthesis as reported in Chapter 2.8,34 HD5-CD from HD5red or HD5OX, HD5[E21S]Ox, cryptdin-4

and HD5-TE were prepared as described elsewhere.8 '4 LL-37 and rhodamine-modified LL-37

were purchased from Bachem Americas, Inc. Melittin and colistin sulfate were obtained from
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Enzo Life Sciences Inc. All peptides were stored at -20 "C. The peptide stock solutions and

buffers for antimicrobial activity assays are prepared as described in Chapter 2.

ii. Antimicrobial Activity Assays. Antimicrobial activity (AMA) assays were performed in

96-well plates using a micro-drop colony forming units (CFU) method described previously in

Chapter 2.8 The bacteria were grown overnight in TSB (without dextrose) medium with

antibiotics when necessary and the cultures were diluted further (Table 3.1) to a cell count of 1

x 108 CFU/mL or 106 CFU/mL.

Table 3.1. Strains and Growth Conditions Employed in this Work.

Strain Source AMA Growth medium

dilution factor "

E. coli 25922 ATCC 1:200 TSB w/o dextrose

E. coli CFT073 ATCC 1:200 TSB w/o dextrose

A. baumannii 17961 ATCC 1:200 TSB w/o dextrose

K. pneumoniae 13883 ATCC 1:100 TSB w/o dextrose

P. aeruginosa PA01 Prof. Katharina Ribbeck, MIT 1:100 TSB w/o dextrose

E. coli K-12 Keio collection4 2 1:200 TSB w/o dextrose

MG1655/ pDKR2 (dsbAss-

sfgfp) 43transformed in E. coli K-12

pBBR1(MCS5)-Pac-gfp 44

transformed in E. coli 25922

1:200

1:200

a The AMA dilution factor indicates the dilution of each mid-log phase
antimicrobial activity assays to achieve 1 x 106 CFU/mL.

TSB w/o dextrose,

50 [g/mL

kanamycin

TSB w/o dextrose,

10 tg/mL

gentamycin

culture employed in the

iii. Scanning Electron Microscopy. For the preparation of samples for scanning electron

microscopy (SEM), AMA assays were performed as described above except that each sample

well contained a higher starting bacterial count (1 x 108 CFU/mL), and a total five wells of 100

,tL each were set up per condition. After incubation at 37 *C for 1 h, the contents of the five

wells for each condition were combined and centrifuged (8000 rpm x 5 min, 4 "C). The resulting
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bacterial cell pellet was resuspended and fixed in modified Karnovsky's fixative (2.0%

paraformaldehyde and 2.5% glutaraldehyde in 0.067 M sodium phosphate buffer, pH 7.3)

overnight at room temperature. The sample was then centrifuged (8000 rpm x 5 min, 4 'C) and

the pellet was resuspended gently in 0.5 mL of 133 mM sodium phosphate buffer, pH 7.3. A

glass coverslip (12 mm, round) was bathed in 0.5 mL of 0.1% aqueous poly-L-lysine

hydrobromide (Polysciences) for at least 1 h. The excess poly-L-lysine was removed by blotting

with filter paper and the coverslip was bathed in the bacterial sample for at least 1 h. The

coverslip was then washed with 0.5 mL of 0.133 M fresh sodium phosphate buffer, pH 7.3. The

sample on the coverslip was then dehydrated in multiple steps using 0.5 mL of ascending

concentrations of EtOH, (30%, 50%, 70%), three rounds of 95% and two steps of 100% (200

proof) EtOH for 10 min at each step. The sample was further dried in 0.5 mL of 2:1 (EtOH:

HMDS), 1:1 (EtOH: HMDS), 1:2 (EtOH: HMDS) mixtures and 3 rounds of 100% HMDS for 15 min

at each step. The last HMDS was removed and the sample was allowed to dry in a dust-free

environment. Then, the sample was mounted on specimen support stubs using double-stick

carbon tape. The sample was sputter coated with 5 nm of gold. The stubs were stored in a dust-

free and dry environment. The images were acquired either at 10-kV or 15-kV accelerating

voltage using JEOL 6010LA scanning electron microscope at the Institute for Soldier

Nanotechnologies, MIT (Cambridge, MA).

iv. Transmission Electron Microscopy. E. coli ATCC 25922 (1 x 108 CFU/mL) were treated

with either Milli-Q water (no peptide control) or 40 !tM HD5OX (10 wells x 100 IlL) following the

standard AMA assay described above. The samples for each condition were pooled and were

centrifuged (13000 rpm x 10 min, 4 0C), and the pellet was resuspended in 0.1 M sodium

cacodylate buffer, pH 7.4 (containing 2% gluteraldehyde, 3% paraformaldehyde, 5% sucrose).

The samples were further processed at the W.M. Keck Biological Imaging Facility of the

Whitehead Institute (Cambridge, MA). The samples were rinsed in 0.1 M cacodylate buffer

(containing 7.5% sucrose), treated with Palade's osmium (1% osmium tetroxide) for 1 h, and
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rinsed in deionized water before staining with Kellenberger's uranyl acetate. The pellet was

dehydrated in a series of ascending ethanol solutions from 50 to 100%, and embedded in epoxy

resin. The resin was cured at 60 0C for 24 h. Thin sections were cut mounted on formvar coated

grids and stained with uranyl acetate and lead citrate. The TEM images were collected on FEI

Technai Spirit Transmission Electron Microscope.

v. General Methods and Image Analysis for Phase-contrast and Fluorescence Microscopy

Phase-contrast Microscopy. For morphology studies, standard AMA assays were

performed in 96-well plates (100 [L sample volume per well) using 1 x 108CFU/mL of bacteria.

Following each 1-h incubation, a 5-pL sample from each condition was placed on 1% agarose

pads and each sample was topped with a coverslip. To prepare the agarose pads, 1% w/w

agarose was mixed with AMA buffer and heated, and 100 LtL of the heated liquid agarose was

poured onto a glass microscope slide and allowed to cool and solidify before use. Imaging was

performed in the W.M. Keck Biological Imaging Facility of the Whitehead Institute (Cambridge,

MA). For light microscopy studies of samples treated with HD5Ox, HD5-TE, HD5-CD, HD5[E21S]OX,

and other AMPs, a Zeiss Axioplan2 upright microscope was employed.

Assay Conditions for Fluorescence Microscopy Experiments. Bacteria (180 [IL of a 1 x

108 CFU/mL culture suspended in 10 mM sodium phosphate buffer, 1% TSB without dextrose,

pH 7.4) were placed on a poly-D-lysine coated MatTek plate, and 20 [LL of a 10x peptide stock

solution was added. The AMA assay was performed following the standard method except that

the plates were incubated in the dark for 1 h (130 rpm, 37 *C). For microscopy experiments,

stock solutions of parent fluorophores, propidium iodide, and FM dyes were prepared in DMSO,

aliquoted, and frozen at -20'C. For experiments using parent fluorophores or other dyes (e.g.

propidium iodide), the DMSO stock solution of each dye was diluted with AMA buffer (10 mM

sodium phosphate buffer, 1% TSB without dextrose, pH 7.4) to afford a 10x working

concentration and a 20-IL aliquot was added to the plate. For all experiments, the final DMSO

concentration was <5% v/v. The bacteria on the MatTex plate were thoroughly yet gently
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washed with AMA buffer (3 x 3 mL), which removed detached bacteria and excess fluorophore.

Then, 3 mL of AMA buffer was added and the plate was covered and sealed with parafilm.

When membrane-labeling FM dyes were employed, the bacteria (108 CFU/mL) were incubated

with the indicated dye (2 tg/mL) for 15 min at room temperature, subsequently washed with

AMA buffer (3 x 3 mL) and imaged. For time-lapse experiments, the bacteria (1 x 108 CFU/mL in

AMA buffer) were incubated at 37 0C on MatTek plates for 15 min and excess unbound bacteria

were removed by gentle wash steps with AMA buffer (3 x 3 mL). The bacteria were covered

with 1 mL of AMA buffer and the plate was subsequently positioned on the microscope stage,

maintained at 37 "C using an incubation chamber. To the immobilized cells, 2 mL of HD5Ox (30

tM stock resulting in a final 20 tM HD5ox) in AMA buffer was added to the plate and image

acquisition was initiated immediately.

Fluorescence Microscopy. For the time-lapse studies, images were collected on a Nikon-

TE 2000 U wide-field inverted microscope fitted with an incubation enclosure. The images were

obtained with a Hamamatsu ORCA CCD camera. Texas Red (ex: 532-587 nm, em: 608-683 nm,

red channel) and GFP (ex: 457-487 nm, em: 502-538, green channel) filters were used. Confocal

microscopy was performed with an Andor Spinning Disk Confocal microscope. The confocal

microscopy data were collected using Andor IQ acquisition software and Andor iXion+ EMCCD

cameras. Excitation lasers set at 488 and 561 nm were used for the green and red channels,

respectively. All images were collected, irrespective of microscope, using 100x oil-immersion

objective lenses.

Image Analysis. Image analysis was performed with the ImageJ software. Fluorescence

background subtraction was performed using rolling ball method with a radius of 150 pixels.

The cell outline was manually identified and used to define the region of interest (ROI). From

the identified ROI, ImageJ was used to measure cell length. When cells exhibiting particular

morphologies were counted, cells of length >5 tm were categorized as elongated. Cells with

blebs were manually identified and counted.
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Image Processing and Analysis for GFP Intensity Distribution Studies: The intensities of

the fluorescence images to be analyzed were set to a minimum of 0 and a maximum of 3500.

The images were then converted to 8-bit tiff files and the ROls were analyzed using ImageJ.

Time-lapse Experiments: The time-lapse data were collected and the cells were aligned

using registration Linear Stack Alignment with the SIFT plugin.

Intensity Profiles and Surface Plots: The fluorescence intensity profiles along the cell

length and at the cell poles of bacteria treated with fluorophore-HD5 conjugates were plotted

using 8-bit tiff files of cropped single cells. Using the line tool and plot profile tool, the intensity

profiles were plotted to indicate the localization of labeled peptide with respect to the cell

membrane. The 3D surface plots were obtained using imageJ.

3C. Results and Discussion

L. HD5 Causes Distinct Morphological Changes in Escherichia coli. For morphology

studies, we selected to image Gram-negative E. coli. This microbe is a commensal microbe of

the human gut as well as a pathogen of the gut and urogenital tract, and a number of studies

have probed the antibacterial activity of HD5OX against this strain.5 , 34 ,37 In AMA assays, the

concentration of HD5x required to kill E. coli (e.g., lethal dose 99.99% or 4-fold log reduction in

CFU/mL) depends on the number of colony forming units. Our standard AMA assay for

evaluating HD5OX activity employs mid-log phase bacteria at =1 x 106 CFU/mL cultured in an

AMA buffer (10 mM sodium phosphate buffer pH 7.4, 1% v/v TSB without dextrose). Under

these conditions, the concentration of HD5Ox required to kill 99.99% of E. coli is Z4 tM

depending on the precise starting CFU/mL. Treatment of mid-log-phase E. coli ATCC 25922 (1 x

106 CFU/mL) with HD5ox (2 and 4 [IM) under standard AMA assay conditions resulted in marked

changes to the bacterial morphology observable by phase-contrast microscopy that included

the formation of large bulges, hereafter called blebs (Figure 3.2).
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Figure 3.2. HD5x affects the morphology of E. coli under standard AMA assay conditions. E.

coli ATCC 25922 (1 x 106 CFU/mL, mid-log phase) were treated with 0 - 4 tM HD5x at 37 C

(10 mM sodium phosphate buffer, pH 7.4, 1% v/v TSB w/o dextrose) for 1 h. A)

Quantification of number of cells displaying morphological changes upon HD5,x treatment.

B) Antimicrobial activity of HD5x (n = 3, standard deviation). C) Morphology of HD5OX treated

E. coli. Scale bar = 5 tm.
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Figure 3.3. Antimicrobial activity of HD5x against E. coli (108 CFU/mL). The assay was

performed with E. coli ATCC 25922 (1 x 108 CFU/mL, mid-log phase) treated with 0 - 40 tM

HD5OX at 37 'C (10 mM sodium phosphate buffer, pH 7.4, 1% v/v TSB w/o dextrose) for 1 h (n

= 3, standard deviation).
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Figure 3.4. HD5Ox causes distinct morphological changes in E. coli that include bleb

formation, cellular elongation, and clumping. A) Phase-contrast and the SEM images of E.

coli ATCC 25922 (1 x 108 CFU/mL) in the absence (-HD50 x) or presence (+HD5x) of 20 [tM

HD5Ox, scale bar= 5 Ltm. B) Phase-contrast and the SEM images of single cells illustrate the

various morphologies caused by HD5x, scale bar = 2 tm.
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To facilitate visualizing more cells per experiment, we modified the standard AMA

conditions and employed a greater number of cells (1 x 108 CFU/mL) and higher concentrations

of HD5ox (0-80 riM). Under these conditions, HD5Ox displays AMA, and =2-fold log reduction in

CFU/mL is observed following treatment of the E. coli with 40 LtM HD5Ox (Figure 3.3). Moreover,

the E. coli displayed distinct morphological changes as observed in the preliminary experiment

(Figure 3.2 and 3.4). On the basis of this similarity, we employed the modified conditions with

greater cell density and higher HD5ox concentration for further imaging experiments. The

morphologies observed under these conditions included cellular elongation and the formation

of blebs (Figure 3.4). Clumping of E. coli was also observed. Bacterial cells with lengths of 5 [tm

or greater were categorized as elongated, and cells with lengths in the 10-15 Ltm range were

periodically observed following HD5Ox treatment. The blebs were typically localized at the cell

division sites and cell poles; however, some bacteria displayed blebs along the cell body, and

some bacteria exhibited multiple blebs per cell. The blebs remained intact during the

centrifugation and wash steps required for scanning electron microscopy (SEM) sample

preparation. Indeed, the blebs as well as what appeared to be outer membrane vesicles (Figure

3.5) and cellular debris (vide infra) were markedly apparent in SEM images (Figure 3.4). Neither

blebs nor elongation were observed for untreated cells, and the number of cells exhibiting

these morphological changes increased with increasing HD5Ox (0-80 [tM) (Figure 3.6). Following

exposure to 20 pM HD5Ox, z17% of cells exhibited blebs and 2% were elongated (n = 212 cells).

These values increased to =30% and 4% at >40 [tM HD5ox, respectively (n = 203 cells). We

performed time-course experiments where E. coli were exposed to 20 [iM HD5Ox on the

microscope stage and imaged over time (=2 h). Many of the treated cells displayed blebs, and

the blebbing cells did not lyse over the course of this experiment (Figure 3.7). Propidium iodide

(PI) uptake was therefore employed to evaluate the viability of HD5ox-treated cells, and the cells

exhibiting blebs were labeled with PI, which indicated that bleb formation correlated with cell

death (Figure 3.8). The morphological changes observed for E. coli ATCC 25922 were

comparable to those we recently reported for E. coli K-12.
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Figure 3.5. E. coli treated with HD5x display membrane vesicles as well as large blebs. The

arrow in each SEM image points to the observed membrane vesicles. E. coli ATCC 25922 (1 x

10 CFU/mL, mid-log phase) were treated with 40 1M HD5x at 37 'C (10 mM sodium

phosphate buffer, pH 7.4, 1% v/v TSB without dextrose) for 1 h prior to fixation. Scale bar = 1

Im.
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Figure 3.6. Quantification of the morphological changes induced by HD5x treatment on E. coli

ATCC 25922. The cells (1 x 108 CFU/mL) were treated with varying concentrations of HD5x for

1 h at 37 0C (10 mM sodium phosphate buffer, pH 7.4, 1% (v/v) TSB). A) Quantification of

unaffected as well as elongated and bleb morphologies for mid-log phase and B) stationary-

phase E. coli. The number above each bar indicates the number of cells counted.
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Figure 3.7. Time-lapse imaging of E. coli ATCC 25922 (1 x 107 CFU/mL, mid-log phase)

treated with 20 pM HD5ox at 37 C (10 mM sodium phosphate buffer, pH 7.4, 1% v/v TSB

without dextrose). The phase-contrast image panels indicate the sample incubated for 15

min (left) and 160 min (right) after addition of HD5Ox. Scale bar = 5 tm.
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a

Figure 3.8. E. coli treated with HD5X that display morphological changes (e.g., blebs) are

not viable as indicated by propidium iodide (PI) uptake. E. coli ATCC 25922 (1 x 10'

CFU/mL, mid-log phase) exposed to 20 LM HD5x (+HD50 x) or control (-HD50 x) for 1 h at 37
0C, 130 rpm (10 mM sodium phosphate buffer, 1% v/v TSB without dextrose, pH 7.4), were

stained with 5 ptg/mL PI for 15 min prior to imaging. Scale bar = 5 pIm. Excitation

wavelength: 561 nm.

116

A ' 90



0 iM HD5X

X-1-064

40 xM HD50X

a -

Mid-log phase
10,

106

_j 10'

0510,
10

10'

004

[HD5 ](!tM)

Stationary phase
10'

10,

310

0101

101

[HD5 ](uM)

Figure 3.9. HD5x is less active against stationary phase than mid-log phase E. coli ATCC

25922. Cultures were grown to either mid-log phase or stationary phase, and the E. coli (1 x

10 CFU/mL) were treated with 40 itM HD5x for 1 h at 37 'C, 130 rpm (10 mM sodium

phosphate buffer, 1% v/v TSB without dextrose, pH 7.4). Scale bar = 5 rIm. The panels on the

right of phase contrast images indicate the surviving colonies in the AMA assay performed

with E. coli ATCC 25922 (1 x 106 CFU/mL) in either mid-log phase or stationary phase.

The susceptibility of E. coli to HD5x depends on the growth phase, and stationary phase

cultures exhibit resistance to HD5x relative to mid-log phase cultures as observed for other

defensins.61 In this work, treatment of mid-log phase E. coli with 4 LtM HD5.< resulted in a =4-

fold log-reduction in CFU/mL whereas only =2-fold log-reduction was observed for stationary

phase E. coli (Figure 3.9). In agreement with this trend, fewer morphological changes were

observed for stationary phase cells treated with HD5ox (Figures 3.6 and 3.9). Taken together,

the microscopy and antimicrobial activity assays with HD5X and E. coli provided a correlation

between bacterial susceptibility and altered cellular morphology.

117

I

W)
U)

CL

0)
*0

C)

0

Co

Am



Untreated HD50X Cryptdin-4

-I

a c

Collistin Melittin LL 37

D E

de f

Figure 3.10. The consequences of various antimicrobial peptides on E. coli morphology. E.

coli ATCC 29522 (1 x 108 CFU/mL, mid-log phase) were exposed to each peptide (20 LIM) for

1 h at 37 0C (10 mM sodium phosphate buffer, pH 7.4, 1% (v/v) TSB) prior to imaging. Top

panels, (A-F) scale bar = 5 Im; bottom panels, (a-f) scale bar= 2 LIm.

ii. Treatment of E. coli with Other AMPs Does Not Result in the Bleb Morphology. We

questioned whether other antimicrobial peptides confer the same morphological changes

observed for HD5x under the experimental conditions used in this work. Prior biophysical

studies proposed the ability of the murine Paneth cell defensin cryptdin-4 to induce negative

curvature on bacterial membranes, resulting in structures called blebs or pores.45 The E. coli

treated with cryptdin-4 (20 IM) did not form large blebs as observed for HD5x (Figure 3.10).

Likewise, E. coli did not exhibit blebs following exposure to the pore-forming antimicrobial

peptide melittin4
1 (20 ptM), the LPS-associated membrane-destabilizing peptide colistin4

1 (20

tM), or the pore-forming antimicrobial peptide human LL-374 8 (20 LIM) (Figure 3.10). The

bacteria treated with LL-37 were somewhat elongated relative to the untreated control cells.

Small membrane protrusions (< 100 nm wide) and surface roughness observed for bacteria
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treated with AMPs such as magainin 24' and Bac8c 50 have been described as blebs. To the best

of our knowledge, larger blebs (~=1- m wide), formed preferentially at poles and cell division

sites as observed for HD5Ox, have not been reported for a human host-defense peptide. Certain

outer membrane protrusions of defensin-treated bacteria are reported in literature as

blebs. 19' 1 The most similar bleb morphologies we identified in the literature are the bulges that

result from 1-lactam treatment.5 2 Moreover, a knockout mutant of eIyC, 53 an inner-membrane

protein involved in peptidoglycan synthesis from the Keio Collection, and some Tol-Pal mutants

of Caulobacter crescentus,54 are reported to display large blebs. On the basis of this modest

AMP screen, we concluded that HD5Ox affects E. coli differently than the other AMPs considered

in this work, including the murine ca-defensin cryptdin-4. Although morphology comparisons

alone do not provide detailed insight into antibiotic mechanisms, our imaging results suggest

that the mechanism of action of HD5Ox against E. coli cannot be explained fully by membrane

permeabilization.

iii. HD5Ox Causes Similar Morphological Changes in Other Gram-negative Organisms.

HD5OX exhibits broad-spectrum antibacterial activity ',', and whether its mechanism of action is

general or strain-specific remains unclear. Several structure/activity relationship studies

indicated that HD5Ox operates by different mechanisms for Gram-negative and -positive

organisms, but these studies were limited to comparisons between E. coli and Staphylococcus

oureus.34,35 , 38 To delineate whether HD5Ox perturbs the morphologies of other Gram-negative

strains, four human pathogens, Acinetobacter baumannii 17978, Klebsiella pneumoniae 13883,

Pseudomonas aeruginosa PA01, and E. coli CFT073, were evaluated along with the laboratory

strain E. coli K-12 (Figure 3.11). As for non-pathogenic E. coli ATCC 25922 and K-12, bleb

formation, elongation, and clumping were observed for the pathogenic strains. We previously

reported that A. baumannii exhibits relatively high sensitivity to HD5OX. 8 In accordance with this

observation, A. baumannii displayed blebs at 10 tM HD5Ox (Figure 3.12). P. aeruginosa is less

susceptible to HD5Ox killing,8 and blebs were only observed with 40 LtM of HD5ox (Figure 3.12).
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Figure 3.11. The effect of HD5X exposure on the morphology of Gram-negative bacteria.

Each microbe (1 x 108 CFU/mL, mid-log phase) was exposed to HD5x (20 p(M except for P.

aeruginosa where 40 piM was used) for 1 h at 37 0C (10 mM sodium phosphate buffer, pH

7.4, 1% v/v TSB) prior to imaging. Scale bar= 5 pim. Additional images are provided in Figure

3.12.
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Figure 3.12 Pseudomonas aeruginosa PA01

observed at relatively high concentrations (40

displays blebs even at relatively low (10 tiM)

A'

14 / *

40 tiM

-F
r

is less sensitive to HD5x and blebs are only

LiM) of HD5x. Acinetobacter baumannii 17978

concentrations of HD5X. P. aeruginosa and A.

baumannii (1 x 108 CFU/mL, mid-log) were treated with HD5x for 1 h at 37 0C, 130 rpm (10

mM sodium phosphate buffer, 1% v/v TSB without dextrose, pH 7.4). Scale bar = 5 am.
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Figure 3.13. The presence of metal salts in the assay buffer attenuates morphological change

as well as antibacterial activity. E. coli ATCC 25922 (1 x 108 CFU/mL, mid-log phase) were

treated with 40 LiM HD5x for 1 h at 37 'C, 130 rpm (10 mM sodium phosphate buffer, 1%

v/v TSB without dextrose, pH 7.4) in the presence of NaCl (200 mM), CaC 2 (2 mM), MgC 2 (1
mM), or ZnC 2 (80 pM). Scale bar = 5 tm. The panels on the right present the results of

antimicrobial activity assays (1 x 106 CFU/mL E. coli) performed in the presence of NaCl,

CaCI 2, MgC 2, or ZnCI 2.
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iv. Salt and Divalent Metal Ions Attenuate HD5-induced Morphological Changes. The in

vitro antimicrobial activity of many defensins is attenuated by the presence of salt and divalent

cations.55 This phenomenon is commonly attributed to a disruption of electrostatic interactions

between the cationic defensin and anionic bacterial cell membrane. 2 Like many defensins, the

antibacterial activity of HD5OX is attenuated by milli-molar concentrations of sodium chloride.6

We observed that NaCl prevents bleb formation and other morphological changes associated

with HD5OX activity. Indeed, E. coli co-treated with HD5OX (40 tiM) and NaCl (200 mM) displayed

a smooth morphology similar to that of the untreated control (Figure 3.13). The divalent cations

Ca(II), Mg(II) and Zn(ll) also blocked HD5OX activity (Figure 3.13). This effect was most potent for

Zn(ll) where a 2:1 Zn(II):HD50 x molar ratio resulted in a loss of antibacterial activity and HD5ox-

associated morphologies. This observation is of broad interest because the Paneth cell

25
granules, which harbor HD5, also contain a labile zinc pool of unknown function.

v. Disulfide Bonds Are Necessary for the Bleb Morphology. The canonical c-defensin

disulfide array provides a three-stranded 1-sheet fold to each HD5OX monomer. This compact

structure orients the positively charged residues on one face of the peptide and the

hydrophobic residues on the opposite, rendering HD5OX amphipathic.56 To investigate the

structural requirements for HD5Ox activity, we evaluated the consequences of treating E. coli

with three HD5 derivatives, HD5-TE, HD5-CD, and HD5[E21S]ox, selected to probe the disulfide

array as well as quaternary structure. HD5-TE is a linear disulfide-null analogue where the six

cysteines are carboxymethylated with 2-iodoacetamide.57 Defensins have the propensity to

self-associate, and in prior work we reported that HD5Ox forms tetramers at neutral pH.56 HD5-

CD is a C2-symmetric covalent dimer of HD5Ox with a cationic surface that results from

intermolecular disulfide exchange between the Cys5-Cys 20 disulfide bonds (canonical Cys"-

8Cysv) of two HD5 monomers. We also prepared and characterized HD5[E21S]ox, a new HD5Ox

mutant that forms a non-covalent dimer, but not a tetramer, at neutral pH.4
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Figure 3.14. E. coli morphologies in the presence
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D5 derivatives

HD5-TE

reveal that the disulfide

bonds are necessary for bleb formation. E. coli ATCC 25922 (1 x 108 CFU/mL, mid-log phase)

was exposed to each peptide for 1 h at 37 0C (10 mM sodium phosphate buffer, pH 7.4, 1%

v/v TSB) prior to imaging. Scale bar = 5 ptm.

HD5-TE HD5O
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Figure 3.15. No blebs are observed following treatment of E. coli ATCC 25922 with HD5-TE.
The cells treated with HD5-TE become elongated and more corrugated (highlighted in

boxes). E. coli ATCC 25922 (1 x 108 CFU/mL, mid-log phase) were treated with 20 LIM and 40

aM of HD5-TE or HD5x for 1 h at 37 'C, 130 rpm (10 mM sodium phosphate buffer, 1% v/v

TSB without dextrose, pH 7.4) prior to fixing and subsequent SEM imaging. Scale bar = 2 Ltm.
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E. coli treated with HD5-CD or HD5[E21S]0 x were indistinguishable from those treated

with HD5x (Figure 3.14), in agreement with antimicrobial activity assays where both

HD5[E21S]0 x and HD5-CD killed E. coli.41 In contrast, the antimicrobial activity of linear and

unstructured HD5-TE against E. coli was attenuated (2-fold log reduction of CFU/mL at 16 IM)

relative to HD5x. HD5-TE did not cause bleb formation (Figure 3.14); however, SEM revealed

that the cells treated with HD5-TE were corrugated and frequently elongated (Figure 3.15).

These results highlight the importance of cysteine residues housed in disulfide linkages in the

overall antimicrobial activity of HD5 and the induced morphological changes.

vi. Blebs Accumulate the Cytoplasmic Contents. The blebs observed in this work are

reminiscent of the cellular morphologies that result from treatment of E. coli with r-lactams,

and E. coli strains expressing GFP have proven to be useful in imaging studies of P-lactam

action.5 2,58 Guided by this work, we investigated the contents as well as time-dependent

formation of the blebs by employing an E. coli strain that expresses cytoplasmic GFP (E. coli

cyto-GFP). Mid-log phase E. coli cyto-GFP formed blebs following exposure to HD5x. The blebs

Phase Fluorescence Overlay

L0

LO

Figure 3.16. Treatment of E. coli cyto-GFP with HD5OX reveals that the cytoplasmic contents

leak into the blebs. E. coli cyto-GFP (1 x 10 CFU/mL, mid log phase) were exposed to 4 M

HD5x for 1 h at 37 C [10 mM sodium phosphate buffer (pH 7.4) and 1% (v/v) TSB] prior to

imaging. Scale bar = 5 Lm.
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displayed GFP emission, and the GFP emission from the cell body was markedly reduced,

suggesting that cytoplasmic contents localized to the blebs (Figure 3.16). Some additional

phenotypes were observed for dividing cells. In several instances where a dividing cell exhibited

a bleb at the cell division site, the GFP localization differed between the daughter cells (Figure

3.17).

Phase GFP P1 Overlays

+HD5

Figure 3.17. GFP distribution and propidium iodide (PI) labeling of select daughter cells

(indicated by yellow and white arrows). E. coli cyto-GFP (1 x 108 CFU/mL, mid-log phase)

treated with 20 tM of HD5x for 1 h at 37 0C, 130 rpm (10 mM sodium phosphate buffer, 1%

v/v TSB without dextrose, pH 7.4) were subsequently incubated with 5 Lg/mL of PI for 15

min prior to imaging (Excitation wavelengths: 561 nm, P1; 488 nm, GFP). Scale bar = 2 Ltm

Moreover, for cells with blebs at the cell division site, the GFP intensity in the region

between the two daughter cells was relatively weak, indicating that the presence of a

membrane at the division plane. In agreement with this observation, labeling HD5 0x-treated E.

coli ATCC 25922 with the membrane-binding dye FM4-64 confirmed the presence of this

membrane (Figure 3.18). Cell viability, as observed by PI uptake, was inversely correlated to the

overall GFP fluorescence intensity of the bacteria (Figure 3.19). When E. coli cyto-GFP (1 x 108

CFU/mL) were treated with HD5, (20 LtM) and subsequently stained as a result of PI uptake (5

.tg/mL), the cells with brighter GFP emission and fewer morphological defects exhibited less PI

labeling relative to cells that were affected by HD5x. In agreement with studies using E. coli

ATCC 25922 (Figure 3.6), negligible changes in morphology and GFP localization were observed

for HD5 0x-treated E. coli cyto-GFP in stationary phase.
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Figure 3.18. Membrane labeling of HD5 0x-treated bacteria using FM dyes. E. coli ATCC 25922

(1 x 108 CFU/mL, mid-log phase) treated with 20 tM of HD5Ox for 1 h at 37 0C, 130 rpm (10
mM sodium phosphate buffer, 1% v/v TSB without dextrose, pH 7.4) were incubated with 2
tg/mL of FM4-64 (top panels) or FM1-43 (bottom panels) for 15 min prior to imaging

(Excitation wavelengths: 561 nm, FM4-64; 488 nm, FM1-43). Scale bar = 5 m.
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Figure 3.19. Cell viability of E. coli cyto-GFP treated with HD5Ox by propidium iodide (P1)
uptake. E. coli cyto-GFP (1 x 108 CFU/mL, mid-log phase) treated with 20 M of HD5x or for 1

h at 37 0C, 130 rpm (10 mM sodium phosphate buffer, 1% v/v TSB without dextrose, pH 7.4)
were incubated with 5 tg/mL of PI for 15 min prior to imaging (Excitation wavelengths: 561
nm, P1; 488 nm, GFP). Scale bar = 5 ptm.
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Figure 3.20. The E. coli growth phase influences cell length and mean cell intensity following

treatment with HD5x. E. coli cyto-GFP (1 x 108 CFU/mL) were treated with HD5X (0, 20, 40,

and 80 IM) for 1 h at 37 'C, 130 rpm (10 mM sodium phosphate buffer, 1% v/v TSB without

dextrose, pH 7.4). The morphology and mean intensity were analyzed using lmageJ. Red

dotted lines indicate the mean values for the untreated control.
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Figure 3.21. Time-lapse imaging of E. coli cyto-GFP (1 x 107 CFU/mL, mid log phase) treated

with 20 [pM HD5x at 37 0C [10 mM sodium phosphate buffer (pH 7.4) and 1% (v/v) TSB].

Scale bar = 5 Vm.

To obtain quantitative comparisons, the GFP intensity and morphological changes for

both mid-log phase and stationary-phase E. coli cyto-GFP were analyzed (Figure 3.20). The

mean cell length for the mid-log phase cells increased from 2.8 0.8 pm to 3.4 1.0 tm

(Student's t-test: t-value = 6.32, t-probability = <0.0001) with increasing HD5x (0-80 [iM), and

the mean GFP fluorescence intensity decreased accordingly (155 48 units to 93 47 units).

Only minor changes in both cell lengths (3.0 0.8 pim to 2.9 0.7 tm) (Student's t-test: t-value

= 1.97, t-probability = 0.049) and mean intensities (112 38 units to 139 53 units) were found

when stationary phase cells were treated with HD5OX. To obtain temporal information on bleb

formation and GFP redistribution, we performed time-course experiments where E. coli cyto-

GFP were treated with HD5OX on the microscope stage and collected images over a 2 h period

(Figure 3.21). The replication time for E. coli in the standard AMA buffer (10 mM sodium

phosphate buffer, pH 7.4, 1% v/v TSB without dextrose) on a MatTek plate ranged from 90-120

min at 37 0C. These cultures were unsynchronized, and bleb formation occurred at different

time points depending on the cell. Blebs were observed immediately for some cells whereas

others formed blebs after ~30 min exposure to HD5x. After the appearance of one or more
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blebs, GFP intensity in the cell body diminished in all cases observed. Although dividing E. coli

were observed for untreated cells (Figure 3.21, top panels), cells that were affected by HD5x no

longer divided (Figure 3.21, bottom panels).

vii. Membrane Composition of the Blebs and Observation of Outer Membrane Vesicles.

The composition of the membrane surrounding the blebs of HD5 0x-treated E. coli was

investigated by fluorescence imaging of an E. coli strain harboring a plasmid encoding

periplasmic GFP (E. coli peri-GFP) as well as transmission electron microscopy (TEM) of E. coli

ATCC 25922. These studies afforded several phenotypes and suggested that two different types

of blebs form (Figure 3.22). Some cells exhibited a ring of GFP emission around the blebs, which

indicated that both the outer and inner membranes surrounded the bleb and were in tact.

Other cells presented uniform GFP emission throughout the bleb. Possible explanations for this

phenotype include (i) only the outer membrane surrounded the blebs or (ii) the inner

membrane surrounded the bleb, but was damaged and leaked the periplasmic contents into

the bleb.
Phase Fluorescence Overlay
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Figure 3.22. Treatment of E. coli peri-GFP with HD5ox reveals two types of GFP distribution in

the blebs. E. coli peri-GFP (1 x 108 CFU/mL, mid-log phase) were exposed to 20 LtM HD5x for

1 h at 37 0C (10 mM sodium phosphate buffer, pH 7.4, 1% v/v TSB without dextrose) prior to

imaging. Excitation wavelength: 488 nm. Scale bar= 5 tm. The cells highlighted in boxes are

representative of the two types of distributions.
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Figure 3.23. TEM images of E. coli ATCC 25922 (1 x 108 CFU/mL) treated with HD5X. (A)

Untreated cells and (B-F) cells treated with 20 LtM HD5x were incubated for 1 h at 37 C, 130

rpm (10 mM sodium phosphate buffer, 1% v/v TSB without dextrose, pH 7.4) prior to

fixation. Scale bar = 200 nm.
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TEM imaging revealed that the blebs are membrane bound; however, it was difficult to

confirm whether one or both membranes surround each bleb (Figure 3.23). TEM also revealed

profound changes to the E. coli cell surface upon HD5OX treatment, including vesicles

surrounded by a membrane that often clustered in chain-like arrangements (Figure 3.23F).

During phase-contrast imaging of HD5 0x-treated bacteria, we frequently observed surface-

appended structures resembling debris. We attribute these structures, at least in part, to outer

membrane vesicle (OMVs) on the basis of TEM and SEM studies (Figure 3.5). Formation of

OMVs (~20-200 nm wide) is an important bacterial stress response pathway, and OMVs

contribute to pathogenesis. 59 Thus, we speculate that E. coli may attempt to evade HD5Ox by

generating and shedding OMVs, along with HD5x, into the extracellular space.

viii. HD5x Enters the E. coli Cytoplasm and Localizes to the Cell Poles and Division Site. On

the basis of the AMA assay results described in Chapter 2, we first investigated the cellular

localization of R-HD50x. This peptide exhibited slightly attenuated antimicrobial activity relative

to native HD5ox (Chapter 2, Figures 2.6 and 2.7). We observed HD5ox-like morphological

changes, including bleb formation, for E. coli ATCC 25922 (Figure 3.24) and E. coli CFT073

(Figure 3.26). Intracellular fluorescence was also observed. Co-labeling studies with the

membrane-binding dye FM1-43 revealed that the FM1-43 emission profile enclosed a

significant portion of the R-HD50x fluorescence intensity profile (Figures 3.24 and 3.25), which

indicates that the peptide penetrated the outer and inner membranes and entered the

cytoplasm. In most of the cells examined by fluorescence microscopy, the rhodamine emission

was most intense at the poles and division plane. This type of labeling pattern was not observed

for R-HD5-TE or rhodamine-modified LL-37 (Figure 3.27), both of which provided uniform

cytoplasmic fluorescence.
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Fluorophore-HD5
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Membrane dye

Figure 3.24. Fluorescence imaging of E. coli treated with fluorophore-HD5ox conjugates and

membrane dyes. E. coli ATCC 25922 (1 x 108 CFU/mL, mid log phase) treated with R-HD5x

(20 iM), C-HD50 x (20 [pM), and FL-HD50 x (8 plM) at 37 C [10 mM sodium phosphate buffer

(pH 7.4) and 1% (v/v) TSB] and incubated with 2 tg/mL FM1-43 for the R-HD50 x sample and 2

pig/mL FM4-64 for both C-HD50x and FL-HD50 x samples prior to imaging. The boxed cells are

depicted in Figure 3.25. Scale bar = 5 tm.
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Figure 3.25. Intensity profiles and surface plots of the boxed cells depicted in Figure 3.24.

Fluorescence intensities along the cell poles (dashed line 1) and across cell (dashed line 2)

are plotted. Surface plots were generated using ImageJ software. Scale bar = 1 tm.
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E. coli CFT073
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Figure 3.26. E. coli CFT073 treated with R-HD50 x also display preferential labeling at cell

poles (white arrows) and division septa (yellow arrow). E. coli CFT073 (1 x 108 CFU/mL, mid-

log phase) was exposed to 20 tM of R-HD50 x for 1 h at 37 0C (10 mM sodium phosphate

buffer, pH 7.4, 1% v/v TSB without dextrose) prior to imaging. Excitation laser: 561 nm. Scale

bar = 5 Ltm.
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Figure 3.27. Labeling pattern of other rhodamine B-labeled peptides. E. coli ATCC 25922 (1 x

108 CFU/mL, mid-log phase) was exposed to 20 tM of each peptide for 1 h at 37 0C (10 mM

sodium phosphate buffer, pH 7.4, 1% v/v TSB without dextrose) prior to imaging. Excitation

wavelength: 561 nm. Scale bar = 5 ptm.
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When E. coli were treated with R-HD50 x under conditions that result in attenuated HD5x

activity (Chapter 2), different labeling patterns were observed. For instance, the presence of

NaCI (200 mM) resulted in rhodamine emission only at the cell surface, indicating that R-HD5x

did not enter E. coli (Figure 3.28). Stationary-phase E. coli treated with R-HD50 x exhibited

diminished intracellular fluorescence relative to mid-log phase cells (Figure 3.28). Taken

together, these observations support a model whereby HD5Ox must overcome the outer

membrane permeability barrier and enter the cytosol to exert its full capacity to kill bacteria.

Phase Fluorescence Overlay

R-HD50 A

14
R-HD50X+

NaCI

R-HD5 +
Stationary phase

Figure 3.28. Effect of growth phase and salt on the labeling pattern of R-HD50 x. E. coli ATCC

25922 (1 x 108 CFU/mL) in mid-log phase or stationary phase were exposed to 20 iM of R-

HD5x for 1 h at 37 'C (10 mM sodium phosphate buffer, pH 7.4, 1% v/v TSB without

dextrose) in the absence or presence of 200 mM NaCI prior to imaging. Excitation

wavelength: 561 nm. Scale bar = 5 p(m.

135

'I



Phase Fluorescence Overlay

rhodB \
alone

rhodB
+ HD50-

rhodB
+ HD5-TE

Figure 3.29. Cellular uptake of parent fluorophore rhodamine B. E. coli ATCC 25922 (1 x 108

CFU/mL, mid-log phase) was exposed to 20 tM of rhodamine B or rhodamine B and peptide
(20 [LM) for 1 h at 37 0C (10 mM sodium phosphate buffer, pH 7.4, 1% (v/v) TSB without
dextrose) prior to imaging. Excitation wavelength: 561 nm. Scale bar = 5 rim.

Co-incubation of E. coli with a 1:1 molar ratio of rhodamine B and HD5ox resulted in

uniform cytoplasmic staining whereas treatment of E. coli with rhodamine B alone resulted in

negligible cellular fluorescence (Figure 3.29). This result suggested that HD5x treatment

allowed for rhodamine B entry as a result of membrane permeabilization, and confirmed that

covalent attachment of rhodamine to HD5OX is essential for observing fluorescence localized to

the cell poles and division site. The R-HD5[R13K]0 x conjugate provided a similar labeling pattern

as R-HD50x and thereby indicated that localization of the rhodamine-HD5ox conjugate is not an

artifact resulting from a particular site of rhodamine attachment (Figure 3.27). Moreover, C-

HD5x preferentially labeled the cell poles and cell division sites, and co-labeling with the

membrane-binding dye FM 4-64 confirmed its cytoplasmic localization (Figures 3.24 and 3.25).
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The fact that the same labeling pattern was observed for HD5OX modified with either rhodamine

or coumarin, taken with these modified peptides causing the same morphological changes as

observed for unmodified HD5OX, provides a strong indication that the localization is a result of

HD5x, and not the fluorophore. It should be noted that FL-HD50x, which provided no in vitro

antibacterial activity against E. coli at the highest concentration evaluated (128 [tM), did not

enter E. coli. Rather, the peptide afforded a punctate labeling pattern on and around the

bacterial surface (Figures 3.24 and 3.25). We attribute this phenomenon to the overall negative

charge of the fluorescein moiety.

The fluorescence imaging studies of HD5OX may be considered in the context of other

AMPs that have been examined by similar approaches to probe uptake and mechanism of

action. For instance, fluorescence microscopy revealed that buforin 11 entered the bacterial

cytoplasm without permeabilizing the inner membrane.60 A rhodamine derivative of the only

human cathelicidin, LL-37, attacked septating E. coli more readily than non-septating cells and

permeabilized the bacteria via a carpet-model of membrane destabilization.61 ,62 A fluorophore-

labeled lantibiotic was shown to interact with lipid 11 of B. subtilis 168. Recent imaging studies

of Cy3-derivaitzed HBD2 indicated that HBD2 preferentially localizes to the nascent poles and

cell division site of Enterococcus faecalis.20 This focal labeling pattern was attributed to the

binding of the HBD2 to anionic lipids in these regions. The cell poles and division site of E. coli

are also enriched in negatively charged phospholipids that include cardiolipin and

phosphatidylglycerol." Whether HD5x also binds to anionic lipids at the cell poles of E. coli

and/or another target in these locales is currently unknown. In this regard, as discussed in

Chapter 5, we investigated the effect of anionic lipid composition on the antimicrobial activity

of HD5ox.

3D. Summary and Outlook

In this Chapter, we defined how the antimicrobial peptide HD5Ox affects the morphology

of E. coli and other Gram-negative bacteria. We established that HD5Ox causes distinct
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morphological changes to E. coli as well as K. pneumoniae, A. baumannii, and P. aeruginosa that

include bleb formation, cellular clumping, and elongation. We also demonstrated that other

AMPs, including human LL-37 and murine ca-defensin cryptdin-4, do not cause such

morphologies. Taken together, these observations indicate that HD5OX kills E. coli by a different

mechanism than the other peptides examined in this work. Our results highlight the importance

of treating host-defense peptides individually, and not generalizing cell-killing mechanisms.

Defensins are often described as membrane-disrupting peptides. Our prior

investigations indicate that HD5Ox traverses the outer membrane and subsequently damages

the inner membrane of E. coli.3 4 ,4 0 In this work, the insights gained from utilizing fluorophore-

HD5Ox conjugates modified with rhodamine or coumarin support a model that HD5Ox enters the

E. coli cytoplasm. Because the cytoplasm is a reducing environment, intracellular reduction of

the HD5ox disulfide array to liberate free cysteine residues may occur. Deciphering whether

such redox chemistry contributes to altered cellular morphologies and cell killing warrants

exploration. The cytoplasmic localization also supports the possibility that HD5Ox (or the

reduced form) has an as-yet undiscovered intracellular target. Indeed, the intracellular staining

pattern at the cell poles and cell division site routinely observed for E. coli treated with R/C-

HD5Ox suggests the locale of a possible target. On the basis of this localization, coupled with the

elongation phenotype observed for E. coli and other Gram-negative microbes, we reason that

HD5x may exert antimicrobial activity by affecting cell division. Further investigation is required

to address this notion.
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Chapter 4

Antimicrobial Activity and HDSO-mediated Phenotypic Effects in Gram-positive

Bacteria
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4A. Introduction

HD5Ox displays broad-spectrum antimicrobial activity against bacteria, and fungi." The

antimicrobial activity of cationic peptides, including defensins is often attributed to bacterial

membrane permeabilization by either pore formation or bacterial membrane destatbilization.3

However, recent studies have supported other alternative mechanism of actions for defensins.

For instance, Plectasin and oyster defensin bind to lipid 11 and interfere with the peptidoglycan

biosynthesis. Even human defensins such as HNP1 and HBD3 bind to lipid II, albeit to a lesser

extent.4 HBD2 induces dislocation of bacterial virulence factor assembly machinery from the

septa.5 HD5Ox and HNP1 can cause unfolding of bacterial toxins.6 Considering such diverse

pathways of bacterial killing, further investigation of the mechanism of bacterial killing by HD5

is needed. In Chapter 3, we examined the effect of HD5 treatment on Gram-negative strains

and studied the localization of HD5Ox during bacterial killing.'' We observed distinct

morphological changes induced by HD5 0x-treated Gram-negative bacteria (bleb formation,

clumping and elongation of cells). These morphological changes were not observed in bacteria

treated with other antimicrobial peptides such as LL37, colistin, melittin. Certain Gram-negative

bacteria including "no ESKAPE" pathogens Acinetobacter baumannii and Pseudomonas

aeruginosa also displayed the distinct morphological changes upon treatment with HD5Ox. 7

Therefore, we questioned the antimicrobial activity of HD5 on other organisms, and set out to

explore the effects of HD5Ox on the Gram-positive bacteria.

Several questions need to be addressed regarding the antimicrobial activity of HD5. How

does HD5 kill Gram-positive bacteria? Are there similar modes of killing at play for Gram-

positive and Gram-negative bacteria? Are membrane permeabilization and lysis the primary

modes of killing of HD5? Does HD5 cause similar phenotypes as pore-forming LL37 and

melittin? Several prior studies have addressed the antibacterial activity of HD5 against Gram-

positive bacteria. Some of the results suggested different modes of antimicrobial action of

HD5Ox against Gram-positive and Gram-negative bacteria."1 For instance, the antibacterial

activity of L-HD5 and D-HD5 varied against Gram-positive bacteria, specifically S. aureus,
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12although similar activities were observed against Gram-negative bacteria. In another study,

the antimicrobial activity of mutants of HD5 lacking one or more disulfide linkages was

completely abrogated against Gram-positive bacteria (S. aureus); whereas, the mutants

retained antimicrobial activity against Gram-negative bacteria (E. coli) compared to the native

peptide.9 Consequently, we set out to probe the mechanism of action of HD5 against a set of

Gram-positive strains.

In this Chapter, we examined the phenotypic effects observed in selected Gram-positive

bacteria treated with HD5 and other AMPs. We probed the effect of HD5ox on Gram-positive

bacteria Staphylococcus aureus, Enterococcus faecalis, and Bacillus subtilis. S. aureus is a "no

ESKAPE" pathogen, causes nosocomial infections and exhibits antibiotic resistance.1 E. foecalis

is an opportunistic pathogen responsible for majority of the urogenital infections (UTI) acquired

in the hospitals.13-1 5 In contrast, B. subtilis is a non-pathogenic spore-forming bacteria

commonly found in soil and even consumed in large quantities in the Japanese food natto.16

The genome of B. subtilis, a model Gram-positive organism, is one of the most studied only

after E. coli; Therefore, we employed this strain to study antimicrobial action of HD5Ox. 17

4B. Experimental Section

L. Media and Buffers. S750 media was prepared as described previously except that

concentration of MOPS was 50 mM and ZnCl 2 was excluded. We decided to exclude the zinc

salts in the S750 media preparation because the antimicrobial action of HD5Ox against E. coli was

attenuated by mere two equivalents of added zinc in the AMA buffer (Chapter 2).CHILE The

final composition of the MODIFIED S750 media is 5 mM potassium phosphate (pH 7.0), 10 mM

(NH 4 ) 2 SO4 , 50 mM MOPS (adjusted to pH 7.0 with KOH), 20 mM potassium glutamate (pH 7.0),

2 mM MgC 2, 0.7 mM CaC1 2, 50 [tM MnC1 2, 5 tM FeC1 3, 2 IIM thiamine, and 100 mM glucose.18

Sodium phosphate was obtained from BDH Chemicals.

Peptides. HD5Ox and HD5[Ser hexa were synthesized by Fmoc solid-phase synthesis as

reported in Chapter 2.1'9 LL-37 was purchased from Bachem Americas, Inc. Melittin and colistin
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sulfate were obtained from Enzo Life Sciences Inc. All peptide stock solutions were prepared in

Milli-Q water, aliquoted, and stored at -20 "C. The peptide solutions and buffers for

antimicrobial activity assays were sterile-filtered (0.2- tm filter) prior to the assays. Known

masses of LL37, melittin and colistin were dissolved to prepare stock solutions of these

peptides. Peptide concentrations of HD5ox and HD5[Serhexa] were determined using calculated

extinction coefficients as described in Chapter 2.

ii. Antimicrobial Activity Assays. Antimicrobial activity (AMA) assays were performed

using a micro-drop colony forming units (CFU) method described previously in Chapter 2.1

Table 4.1. Strains and Growth Conditions

Strain Source Growth medium Agar plate conditions
S. aureus ATCC 25923 ATCC TSB w/o dex TSB (w/o dex)-agar
E. faecalis 1375 Prof. Richard Kolter, BHl media BHI-agar

B. subtilis PY79

Harvard University

Prof. Alan Grossman, MIT S750 minimal media LB-agar

S. aureus and E. faecalis were grown overnight in TSB (without dextrose) and BHI media

respectively (Table 4.1). The overnight cultures were diluted 1:100 in respective media and

grown in to an OD600 = 0.6. The bacterial cultures were centrifuged (3500 rpm x 6 min, 4 *C) and

resuspended in AMA buffer (10 mM sodium phosphate buffer, pH 7.4, supplemented with 1%

v/v TSB (without dextrose)). The process was repeated once to remove residual medium. The

OD600 was measured again and adjusted to 0.5 (2.5 x 108 CFU/mL), and the cultures were

diluted further to a cell count of 1 x 108 CFU/mL or 1 x 106 CFU/mL for the assays performed at

higher and lower CFU/mL, respectively.

For culturing B. subtilis, a single colony from freshly streaked LB-plate was grown in S750

media to an OD60 0 = 1.0 (1x 108 CFU/mL). This culture was further diluted to OD600 = 0.05 in

fresh 10 mL of S750 media in 250 mL flask and grown to OD600 =0.4 - 0.6. Depending on the
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starting CFU/mL needed for the assay, and the assay conditions, the culture of B. subtilis was

filtered (cellulose nitrate filter units, 0.2- tm) and resuspended to the desired CFU/mL in either

S750 media or AMA buffer. For B. subtilis, bacteria were filtered and resuspended when possible

as centrifugation causes drop in CFU/mL and loss of viability.

iii. General Methods and Image Analysis for Microscopy

Phase-contrast microscopy, scanning electron microscopy (SEM) and transmission electron

microscopy (TEM) were performed as described in Chapter 3. The image analysis was

performed using ImageJ.

4C. Results and Discussion

L. HD5 Displays Antimicrobial Activity Against Various Gram-positive Strains. The effects

of HD5Ox treatment on three Gram-positive strains, including the opportunistic pathogens

Staphylococcus aureus and Enterococcus faecalis, and non-pathogenic Bacillus subtilis, were

studied. These bacteria allowed us to examine the morphological changes induced by HD5Ox in

strains displaying different shapes. The strains represent a sperical S. aureus, oval-shaped E.

faecalis and rod-shaped B. subtilis. The antimicrobial activity was measured against bacteria

(106 CFU/mL) treated with HD5OX (0 - 8 tM), and the data were compared with antimicrobial

activity data for HD5[Ser exa], LL37, melittin, and colistin (Figures 4.1 and 4.2). c-Helical peptide

LL37 is the only human cathelicidin peptide, and its antimicrobial activity is attributed to pore-

formation and carpet models of bacterial membrane destabilization.19-21 Melittin, another c-

helical pore-forming peptide (from bees) was employed as another control.' We also

selected colistin (polymixin E), a peptide that causes LPS-mediated membrane disruption and

thereby bacterial cell death in Gram-negative bacteria. Consequently, colistin is less active

against Gram-positive strains.24,2s

149



S. aureus. In agreement with previous studies, HD5x displayed antimicrobial activity

against S. aureus (MIC = 4 tM) (Figures 4.1).9 Melittin (MIC = 4 VM) and LL37 (MIC = 8 riM)

displayed potent activity against S. aureus. Based on the previous study employing HD5[Serhexa,

a linear HD5 mutant peptide with Cys -> Ser mutations, it was demonstrated that the disulfide

linkages of HD5 are essential for the antimicrobial activity of HD5 against S. aureus.9 In

agreement, HD5[Ser hea] did not display antimicrobial activity (no reduction in CFU/mL) in the

concentration ranges tested (0 - 8 tM). Moreover, as expected, when treated with colistin, no

antimicrobial activity against S. aureus was observed in the concentration tested.

A B
S. aureus ATCC 25923 E. faecalis 1375

10 710 71
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Figure 4.1. Antimicrobial activity of the peptides against S. aureus ATCC 25923 and E. faecalis

1375 strains. The bacteria (106 CFU/mL) A) S. aureus and B) E. faecalis were treated with

peptides (0 - 8 LtM) at 37 C (10 mM sodium phosphate buffer, pH 7.4 supplemented with 1%

TSB w/o dextrose) for 1 h, (n = 3, standard deviation).

E. faecalis. When E. faecalis was treated with the peptides, a similar trend was observed

in antimicrobial activities compared to S. aureus treated bacteria (Figures 4.1). Lower activity of

HD5Ox and LL37 was observed against E. faecalis 1375 (8 tM, < 3-log reduction in CFU/mL)

compared to S. aureus (MIC = 8 tM). Similar to S. aureus, melittin was potent against E. faecalis
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(MIC = 4 piM), whereas no AMA was observed for colistin and HD5[Ser xa] (no reduction in

CFU/mL) against E. faecalis.

B. subtilis. For determining the antimicrobial activity of the peptides against B. subtilis,

the AMA assays were performed in both the standard AMA buffer (10mM sodium phosphate

buffer supplemented with 1% TSB without dextrose, pH 7.4) and S75o medium (Figures 4.2).

When the AMA assay was performed in either the standard AMA buffer or S75o media, similar

trends were observed. When treated with HD5x (4 KM), melittin (4 tM), and LL37 (2 IM)), 4 -

log reduction in CFU/mL of B. subtilis was observed. However, no antimicrobial activity was

observed for colistin and HD5[Serhexa] (no reduction in CFU/mL) against B. subtilis. The

antimicrobial activity of HD5x against B. subtilis in a defined growth medium (S7s0 media)

allows us to study the cellular processes such as macromolecule biosynthesis processes and cell

division in the presence of HD5Ox. Considering the activity of HD5OX against B. subtilis in S75o

media containing milli-molar concentrations of divalent cations, we further investigated the

effect of NaCl on the AMA of HD5x.

A B. subtlis PY79 in AMA buffer B B. subtilis PY79 in S7 media

10 7 10 8

16 107
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10510
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14103 1
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0 1 2 3 4 5 0 2 4 6 8 10

Concentration (pM) Concentration (pM)

-- HD5 1 . M
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Figure 4.2. Antimicrobial activity of the peptides against B. subtilis PY79. The bacteria (106

CFU/mL) were treated with peptides (0 - 8 PtM) at 37 'C for 1 h, in A) 10 mM sodium

phosphate buffer, pH 7.4 supplemented with 1% TSB w/o dextrose and B) S75o media. Three

independent antimicrobial assays are reported (n = 3, standard deviation).
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Figure 4.3. Antimicrobial activity of HD5x in the presence of NaCl. The bacteria (108

CFU/mL) A) S. aureus ATCC 25922, and B) B. subtilis PY79 were treated with HD5x (0 and 8

LIM) in 10 mM sodium phosphate buffer, pH 7.4 supplemented with 1% TSB containing 0,

20, 50, 100 and 150 mM NaCl for 1 h at 37 'C at 130 rpm (n = 3, standard deviation).

ii. HD5Ox is Less Sensitive to NaCI Against Gram-positive Strains. The antimicrobial

activities of various human defensins against Gram-negative bacteria are more susceptible to

salt concentration in the assay buffer. In contrast, their antimicrobial activity against Gram-

positive bacteria is less affected by salt. 426, Several invertebrate defensins are more active

against Gram-positive bacteria or fungi.4 The effect of NaCl and divalent cations on the

antimicrobial activity of HD5X against E. coli, a Gram-negative bacteria was examined in

Chapter 3.7 Notably, the antimicrobial activity of HD5Ox against E. coli, and the induced

morphological changes were attenuated in the presence of salt and divalent cations.7 In order

to further examine the effect of salt on the antimicrobial activity of HD5x, the Gram-positive

bacteria B. subtilis and S. aureus (106CFU/mL) were treated with HD5x (8 pM) in AMA buffer

containing NaCl (0 - 150 mM) (Figures 4.3). Against S. aureus, the activity of HD5x (8 uM) was

retained (>1-log reduction of CFU/mL) even in the presence of high salt (50 mM NaCI).

152



Specifically, the antimicrobial activity of HD5x (8 IM, > 2-log reduction in CFU/mL) was

retained against B. subtilis even at physiologically relevant salt concentrations (150 mM NaCI).

iii. Antimicrobial Activity at Higher CFU/mL for Microscopy. In order to examine the

morphological changes induced in bacteria upon treatment with HD5Ox, antimicrobial activity of

HD5x and other peptides at 20 pM was determined against a higher CFU/mL (108 CFU/mL) of

bacteria (Figure 4.4). At these peptide concentrations, a similar trend in the activity against S.

aureus and E. faecalis at both higher (Figure 4.4) and lower CFU/mL (Figure 4.1) was observed.

HD5X (20 riM) was active against S. aureus (~ 6-log reduction in CFU/mL) and E. faecalis (> 3-log

reduction in CFU/mL). The pore-forming (-helical peptides melittin and LL37 were highly potent

against both strains. In order to study the killing kinetics, the antimicrobial action was

monitored over 2 h (Figure 4.5). The peptides exert their antibacterial activity by the initial 1 h,

and most of the killing is complete by 1 h of treatment with the peptides. For the purposes of

the microscopy experiments, 1 h treatment with the peptides is sufficient to observe the
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Figure 4.4. Antimicrobial activity of the peptides against A) S. aureus ATCC 25922 and B) E.

faecalis 1375. The bacteria (108 CFU/mL) were treated with peptides (20 pM) in 10 mM

sodium phosphate buffer, pH 7.4 supplemented with 1% TSB for 1 h at 37 "C at 130 rpm (n

3, standard deviation).
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morphological changes induced by these peptides.

iv. HD5 0x-induced Morphological Changes in S. aureus ATCC 25923. To probe the

morphological changes displayed by S. aureus upon treatment with HD5x and other AMPs, we

A
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HD5 LL37 Melittin
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10 10 - 10

10" 10' 10'

10 10 - 10

10 102 10

10 i , 10 101 10
0 ' 10 2010 20 10 20

Concentration (pM) Concentration (pM) Concentration (pM)

B
E. faecalis 1375

HD5 LL37 Melittin
10 10 10<

10 10 10

10, 10 10

10" 10 10

10' 10 10-L 10>

10 It 102

102 10

10 1
0 5 10 20 0 5 10 20 10 5 10 20

Concentration (pM) Concentration (pM) Concentration (pM)

1 h
*2h

Figure 4.5. Antimicrobial activity of the peptides against A) S. aureus ATCC 25922 and B) E.

faecalis 1375 determined over 2 h. The bacteria (108 CFU/mL) were treated with peptides (0,

5, 10 and 20 LtM) in 10 mM sodium phosphate buffer, pH 7.4 supplemented with 1% TSB at

37 'C at 130 rpm and surviving colonies were measured at 1 h and 2 h (n = 3, standard

deviation).
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incubated S. aureus (108 CFU/mL) with either HD5OX (20 and 40 tM), or LL37 (20 riM). These

peptide concentrations afforded >4-log reduction of CFU/mL (Figure 4.4).

Untreated S. aureus displayed smooth morphology as evident in phase-contrast, SEM

and TEM images. In the phase-contrast images of S. aureus treated with HD5OX, clumping of

bacteria was observed (Figure 4.6). Further morphological changes were not clearly

distinguishable by phase-contrast microscopy for S. aureus. Therefore, SEM (Figure 4.7) and

TEM (Figure 4.8) were employed in subsequent studies. The SEM images revealed that S. aureus

treated with HD5OX displayed a rugged surface with protrusions. The pronounced clumping of

bacteria was also observed in the presence of HD5OX. When the ultrastructure of bacteria

treated with HD5OX was examined using TEM, abnormal bacterial membranes resembling

mesosomes were highly prominent, notably at the cell septa, along with an increase in cell wall

thickness (Figure 4.8). Mesosomes are distinctive structures primarily comprised of the plasma

membrane and these mesosomes were thought to assist in the oxidative phosphorylation.2 8 As

a result, the mesosomes were considered to be the "bacterial mitochondrion". However, the

exact functions of these mesosomes are not yet determined. The formation of mesosomes in S.

aureus upon treatment with antimicrobial peptides29 3- including defensins such as HNP132 has

been reported. Furthermore, The cell wall thickening was also observed in bacteria treated with

a mixture of HNP1 and HNP2.3 As expected, the bacteria treated with inactive peptide

HD5[Serhexa] resembled the untreated bacteria.

LL37 induced bacterial lysis and cellular debris was observed in both SEM and phase-

contrast images (data not shown). Of the bacteria that were not yet lysed and remained still

intact, it was difficult to distinguish any morphological changes induced by LL37 from the SEM

images alone (Figure 4.7). When the ultrastructure was examined in more detail in the TEM

images, S. aureus treated with LL37 display surface disintegration, lysis and separation at the

septa, along with thinning of cell wall also reported previously (Figure 4.7). . All of these

morphological and ultra-structural changes are in agreement with the current models of pore-

1r35
formation and subsequent lysis of bacteria as the mode of action of LL37 . Recently, such cell
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wall degradation (particularly at the septa), observed upon treatment with treated with

peptides such as Pep5 and O-defensins (RTD1 and RTD2) was attributed to membrane

disruptions and activated autloysins."' HBD1, HBD2 and HBD3 treated S. aureus also

displayed cell wall disintegration and prominent lysis.14

Untreated 20 p.M HD5[Serhexa]

20 M Melittin 20 M HD5O

Ax

Figure 4.6. Phase-contrast images of 5. aureus ATCC 25923 treated with various peptides.
The morphology of 5. aureus (1lx 108 CFU/mL) incubated in the absence (untreated) or in the

presence of peptides (20 PiM) at 37 0C (10 mM sodium phosphate buffer, pH 7.4, 1% v/v TSB

w/o dextrose) for 1 h. Scale bar = 5 pim.
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Figure 4.7. SEM images of S. aureus ATCC 25923 treated with various peptides. The

morphology of S. aureus (1 x 108 CFU/mL) incubated in the absence (control) or in the

presence of HD5x (20 M and 40 LIM), HD5[Ser hex] (20 ptM and 40 LtM) and LL37 (20 LtM) at

37 C (10 mM sodium phosphate buffer, pH 7.4, 1% v/v TSB w/o dextrose) for 1 h. Scale bar

= 1 LIm.
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Figure 4.8. TEM images of S. aureus ATCC 25923 treated with various peptides. The

ultrastructure of S. aureus (1 x 108 CFU/mL) incubated in the absence (untreated) or in the

presence of HD5x (40 pM) and LL37 (20 ptM) at 37 0C (10 mM sodium phosphate buffer, pH

7.4, 1% v/v TSB w/o dextrose) for 1 h. Scale bar = 200 nm.
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v. HD50.- induced Morphological Changes in E. faecalis 1375. E. faecalis is one of the

leading causes of hospital aquired urinary-tract infections (UTIs); 13 E. faecalis can survive in

nutrient limited conditions, making it a major problem for root canal infections.' The

bacteria (1 x 108 CFU/mL) were treated with HD5Ox (0, 10 and 20 tM), LL37 (10 and 20 tIM) and

HD5[Serhexa] (20 and 40 LiM). E. faecalis treated with HD5Ox displayed clumping along with

chain-like phenotype when monitored using phase-contrast microscopy (Figure 4.9). In order to

further investigate the morphological changes, SEM (Figure 4.10) and TEM microscopy (Figure

4.11) were employed. Upon treatment with HD5x, clumping of the bacteria was observed in

the SEM images (Figure 4.10). The clumped cells displayed what appears to be a chain-like

morphology, along with surface protrusions resembling blebs. As expected, HD5[Ser h]

treated bacteria displayed smooth morphology similar to untreated bacteria.
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When the ultra-structure was examined by employing TEM, the surface of the untreated

E. faecalis was smooth with occasional surface extensions at potential cell septa (Figure 4.11A).

The cell septa at division site was fully formed in diploid cells that had started second round of

division (Figure 4.11D). In contrast, more significant surface protrusions were observed in

bacterial samples treated with HD5Ox. The membrane in certain cells was disrupted to form an

extended structure resembling a bleb (Figure 4.11C). When the ultrastructure of untreated

bacteria was examined, initiation of new cell septa was observed only when the old septa was

completely formed (Figure 4.11D). However, upon treatment with HD5Ox, many cells displayed

abnormal division septa, including 1) incompleted division septa formation with extra

membranous structures at the septa (Figure 4.11F, arrow head), 2) initiation of new division

septa where old septa are incomplete (Figure 4.11F, white arrows). The bacteria treated with

LL37 lyzed and cell membrane disruption was clearly observed (Figure 4.11B).

Recently, upon treatment with HBD2, disruption of focal targeting of protein synthesis

machinery in E. faecalis was demonstrated.5 HBD2 causes disruption of virulence factor

assembly potentially by interacting with anionic lipids at the cell septa. The absence of mprF, a

gene responsible for modification anionic lipids, and thereby the surface charge of E. faecalis,

was shown to attenuate the focal targeting by HBD2. One another resitance mechanism

employed by E. faecalis against antimcirobial peptides is to redirect the AMPs away from the

septa, as demonstarted in daptomycin-resistant E. faecalis.40 Daptomycin is a cell membrane-

targeting cationic antimicrobial lipo-peptide.41 Future studies will be directed at identifying the

site of action and mechanism of action of HD5Ox against E. faecalis.
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Figure 4.10. SEM images of E. faecalis 1375 treated with various peptides. The morphology

of E. faecalis (1 x 108 CFU/mL) incubated in the absence (control) or in the presence of HD5x

(20 LiM and 40 LtM), HD5[Serhexa] (20 LLM and 40 pAM) and LL37 (20 LM) at 37 'C (10 mM

sodium phosphate buffer, pH 7.4, 1% v/v TSB without dextrose) for 1 h. Scale bar = 1 ptm.
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Figure 4.11. TEM images of E. faecalis 1375 treated with various peptides. The ultrastructure

of E. faecalis (1 x 108 CFU/mL) incubated in the absence (untreated) or in the presence of

HD5Ox (20 tM) and LL37 (10 uM) at 37 C (10 mM sodium phosphate buffer, pH 7.4, 1% v/v

TSB w/o dextrose) for 1 h. Scale bar = 200 nm. Black arrows indicate old septal planes, white

arrows indicate new septal planes, and black arrowheads indicate morphological changes

induced by peptides.
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vi. HD50x-induced Morphological Changes in B. subtilis PY79. Considering that HD5.x

retained the antimicrobial activity against B. subtilis, even at high salt concentrations, we

performed the subsequent AMA assays and microscopy studies using S750 media. When treated

with HD5x, B. subtilis did not display loss of phase (Figure 4.12). In contrast, LL37-treated cells

displayed clear lysis, as illustrated by the loss of phase and formation of ghost cells. In the

phase-contrast microscopy the empty cell envelopes of Gram-negative bacteria are termed

bacterial ghost cells. The ultra-structural changes induced upon treatment with HD5x and LL37

were also examined (Figure 4.13). Strikingly, the LL37-treated bacteria displayed lysis and cell

wall and membrane breaks. In contrast, the cells seemed to be intact upon treatment with

HD5x and the cell wall thickness appears to be increased. The cell septa appear to accumulate

extra-membranous structures similar to other Gram-positive strains treated with HD5x. From

the morphological and phenotypic studies, it appears that the mechanism of action of HD5x

differs from the pore-forming peptide LL37. Further studies are required to understand the

exact mechanism of action of HD5x against B. subtilis.

Untreated 20 plM HD50 20 pM LL37

O<N
Figure 4.12. Phase-contrast images of B. subtilis PY79 treated with HD5ox and LL37. The

morphology of B. subtilis (1 x 108 CFU/mL) incubated in the absence (untreated) or in the

presence of peptides (20 IM) at 37 'C (S75o media) for 1 h. Scale bar = 5 LIm.
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Figure 4.13. TEM images of B. subtilis PY79 treated with HD5X and LL37. The ultrastructure

of B. subtilis (1 x 108 CFU/mL) incubated in the absence (untreated) or in the presence of

HD5x (10 tiM and 20 tM) and LL37 (10 p(M) at 37 0C (10 mM sodium phosphate buffer, pH

7.4, 1% v/v TSB w/o dextrose) for 1 h. Scale bar = 200 nm. Arrows indicate mesosomes at

septal planes and arrowheads indicate lysis and membrane disruption.

164

r

C

Untreated

X



4D. Summary and Future Directions

In this study, the antimicrobial activity of HD5X was studied against selected Gram-

positive strains and compared with other well-studied antimicrobial peptides that either form

pores or disrupt bacterial cell membranes. We determined the HD5 0x-induced phenotypic

effects in bacteria by examining their morphology using various microscopy techniques. These

morphological changes indicated that HD5ox kills bacteria via a mechanism different from the

pore-forming peptides LL37 and melittin.

Previous studies have indicated that the antimicrobial activity of HD5x against Gram-

positive bacteria is dependent on the disulfide linkages and is attenuated upon changing the

chirality (D-HD5 0 x). Notably, the antimicrobial activities of various human defensins against

Gram-positive bacteria are less susceptible to salt concentration in the assay buffer compared

to activity against Gram-negative bacteria.2' 4,26 ,27 We have also shown that the AMA activity of

HD5Ox is less sensitive to salt concentration in buffer. These results suggest a specific bacterial

target for HD5Ox. Further efforts to identify the site of action of HD5 and the mechanism of

action of HD5 are needed.

We established the activity of HD5 against B. subtilis in S750 medium. This result

provides a condition where the antimicrobial activity of HD5Ox can be studied in a growth media

that allows active cell growth. Previous studies have employed 10 mM sodium phosphate

buffer, pH 7.4 supplemented with 1% TSB. This buffered condition can only be used to

determine the killing of bacteria that are maintained in metabolically active state. However, we

could not actively measure the effect of HD5Ox on actively replicating cells. In future, we aim to

study the effect of HD5 on cell division and other cellular processes using B. subtilis grown in

S75Q medium.
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Chapter 5

Investigation of HDSOX Interaction with the Bacterial Cellular Components

Published in part in Moser, S., Chileveru, H. R., Tomaras, J., and Nolan, E. M.

Chembiochem, 2014, 15, 2684-2688.
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5A. Introduction

The mechanism of action of cationic antimicrobial peptides is often generalized and

attributed to their interaction with negatively charged bacterial membranes."' In accordance,

certain antimicrobial peptides such as melittin and colistin belong to this category, and cause

pore-formation and bacterial membrane destabilization, respectively. 3 ,4 However, such broad

generalization of the cell killing mechanisms for all AMPs is unwarranted, and each peptide

needs to be investigated individually.2 Indeed, several recent studies have indicated other

potential targets for defensins that include lipid I and bacterial toxins.s 7 Therefore, studying

the mechanism of action of HD5Ox requires understanding its effect on various bacterial cellular

processes, and identifying the affected cellular components. From our work using fluorophore-

HD5 conjugates described in Chapter 3, we visualized the localization of HD5Ox near the cell

poles and cell septa of Escherichia coli.8 This localization pattern prompted us to further study

the influence of HD5Ox on processes such as cell division. With the help of the extensive family

of HD5OX derivatives, we decided to probe the effect of inner- and outer membrane

composition on the antimicrobial action of HD5Ox. Herein, we describe the results of these

efforts.

The outer membrane (OM) of Gram-negative bacteria is an asymmetric lipid bilayer. 9 "

The outer leaflet is composed mainly of lipopolysaccharides (LPS) and the inner leaflet is

primarily composed of phospholipids.'0 Other constituents of the OM include lipoproteins and

membrane-associated proteins such as porins."' LPS is comprised of membrane-associated

Lipid A, a core composed of specific sugar units and enterobacterial common antigen (ECA).'"

LPS provides a permeability barrier and prevents entry of hydrophilic compounds." Moreover,

certain AMPs such as colistin, permeabilize the bacteria mediated by binding to the Lipid A

portion of LPS and inserting into the OM.4' Colistin (polymixin E) is a cationic cyclic

docapeptide with a fatty-acid chain appended at the N-terminus.' 3 Colistin binds to anionic

lipopolysaccharide (LPS) molecules and disrupts the OM of Gram-negative bacteria, leading to

cell death.14 Certain AMPs play an important role in mitigating endotoxin (LPS)-mediated cell
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15 16
shock. 5 For instance, LL37 binds to LPS and suppresses inflammatory responses.

Comparatively, the effect of OM composition on the activity of HD5x is not clearly understood.

Recently, as a result of a bacterial library screening, Dr. Simone Moser was able to show that

the bacteria with compromised OMs are more susceptible to HD5x treatment. Therefore, we

examined the effect of OM composition on the morphological changes induced by HD5x.

Several defensins such as HNP1-3 and cryptdin-4, also permeabilize the inner membrane

(IM) and cell death is often attributed to disruption of this membrane. 7 ' Dr. Yoshitha

Wanniarachchi, performed the first studies on inner membrane permeabilization cause by

HD5Ox using E. coli ML35, a lactose impermeable strain expressing a cytoplasmic r-galactosidase

enzyme (also discussed in Appendix 2).19,20 The enzymatic cleavage of its substrate o-

nitrophenyl-@3-galactopyranoside (ONPG), results in the release of o-nitrophenol, a

chromophore having absorption maximum at 405 nm. The substrate added to the assay is

available for the enzyme only after the bacterial inner-membrane is compromised. Thus, the

integrity of the inner membrane can be evaluated by the measurement of absorbance at 405

nm of the cleavage product (Scheme 5.1).20

Scheme 5.1. Determination of Inner Membrane Permeabilization Employing E. coli ML35
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The IM is composed of a phospholipid bilayer, and the anionic phospholipids cardiolipin

(CL) and phosphatidylglycerol (PG) are predominantly localized at the cell poles and cell septa.

These phospholopids provide necessary stabilization of characteristic curvature of the cell poles

and cell septa.' 2 Considering the localization of HD5 at the cell poles and septa, we examined

the role of anionic lipid composition on the AMA and localization of HD5Ox by employing

mutants lacking these anionic lipids that were kindly provided by Prof. Douglas Weibel at the

University of Wisconsin, Madison.

We also examined the effect of HD5Ox on cell division. The localization of fluorophore-

labeled HD5Ox along with the formation of blebs at cell division sites suggested a potential

target at these sites. Cell division in E. coli requires formation of the FtsZ ring (Z-ring). FtsZ, a

tubulin homologue, forms the Z-ring and recruits various other Fts proteins to initiate the cell

division and form the cell divisome (the protein assembly driving the cell division).2 3 '2 4 In order

to probe the effect of HD5Ox on the cell division process, we examined the effect of HD5Ox on

the Z-ring. Lastly, preliminary growth and assay conditions were established for Coulobacter

crescentus, another well-studied model organism for studying the effect of HD5Ox on the cell

division process.2 s

5B. Experimental Section

i. Peptides and Other Materials. Sodium phosphate was obtained from BDH Chemicals.

HD5OX and its analogues including fluorophore-modified HD5 derivatives were synthesized as

reported in Chapter 2.26,2' The peptide solutions and buffers for antimicrobial activity assays

were sterile-filtered (0.2- tm filter) prior to the assays. Peptide stock solutions were prepared in

Milli-Q water, aliquoted, and stored at -20 0C until use. The concentrations of peptides including

fluorophore-labeled peptide stock solutions were determined as described in Chapter 2.
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Table 5.1. Sources and Genotype of Various Strains Employed in this Study.

Strain Genotype Source Growth conditions

MG1655 Wild-type parent strain Prof. Douglas Weibel, TSB (w/o) dextrose

laboratory stock University of Wlsconsin2

MG1655(BKT12) MG1655 AcIsABC::FRT-kan-FRT Prof. Douglas Weibel, TSB (w/o) dextrose

University of WIsconsin21  (50 tg/mL of kan)

UE53 MG1655 Ipp-2 Aara714 Prof. Douglas Weibel, TSB (w/o) dextrose

rcsF::mini-Tnl0 cam University of Wlsconsin21

UE54 UE53 ApgsA::kan Prof. Douglas Weibel, TSB (w/o) dextrose

University of WIsconsin21  (50 tg/mL of kan)

FtsZ-GFP E. coli K12 (CR34; thr-1 leuB6 Prof. Susan Lovett, TSB (w/o) dextrose

thyA) attb::[pBADftsZ::GFP] Brandeis University28

C. crescentus C. cresentus CB15 (ATCC Prof. JoAnne Stubbe, PYE-media

19089) MIT29

ii. General Methods and Image Analysis for Phase Contrast and Fluorescence Microscopy

Antimicrobial Activity Assays. Antimicrobial activity (AMA) assays were performed

described previously in Chapter 2.26 The hypersensitive strains from the Keio Collection and

imp4213 were grown overnight in TSB (without dextrose) medium with 25 tg/mL of

27kanamycin. MG1655 (BKT12) and UE54 strains were grown overnight in TSB (without

dextrose) medium with 50 tg/mL of kanamycin; whereas, the wild type strains MC4100, E. coli

K-12, MG1655 and UE53 were grown in TSB (without dextrose) in the absence of antibiotics

(Table 5.1). Caulobacter crescentus CB15 was grown in peptone yeast extract (PYE) media. The

overnight cultures were diluted 1:100 and grown in TSB (without dextrose) and appropriate

antibiotics when necessary, to an OD600 ~0.6. The bacterial cultures were centrifuged (3500 rpm

x 6 min, 4 *C) and resuspended in AMA buffer (10 mM sodium phosphate buffer, pH 7.4,

supplemented with 1% v/v TSB (without dextrose)). The process was repeated once to remove

any residual medium. The OD600 was measured again and adjusted to 0.6 (2.5 x 108 CFU/mL),

the culture was diluted 2.5-fold to afford 1 x 108 CFU/mL. AMA assays were performed in 96-

well plates. Each well contained 10 iiL of stock peptide solution (10x concentration in Milli-Q
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water) and 90 tL of bacterial culture (1 x 108 CFU/mL). For the control wells containing no

peptide, 10 [IL of Milli-Q water was combined with 90 uL of the bacterial culture. The assay

plates were incubated for 1 h (130 rpm, 37 "C). For assays with fluorophore-labeled peptides,

the plates were incubated in the dark (covered with aluminum foil).

Growth Conditions for Caulobacter crescentus CB15 (ATCC 19089). C. crescentus CB15

(ATCC 19089) was obtained from Prof. JoAnne Stubbe at MIT. The bacteria were streaked on

peptone-yeast extract (PYE) media-agar plate (- 3 days, 30 0C), and a single colony was picked

and grown to saturation in PYE media (- 60 h, 30 0C). The culture was diluted 1: 500 and grown

to an OD600'0.2 (- 16 h, 30 *C) (1 x 108 CFU/mL). The culture was centrifuged and resuspended

(2 x 3500 rpm x 5 min at 4 "C) in 10 mM sodium phosphate buffer supplemented with 1% TSB

(without dextrose), pH 7.4. The AMA assay was set up in 96-well plates for both the phase-

contrast and SEM imaging as described in Chapter 3.

Synchronization of C. crescentus CB15.29 A 6-mL culture of C. crescentus were grown to

OD600 ~0.4, centrifuged (2 x 3500 rpm x 5 min at 4 0C) and resuspended in 600 [tL of 10 mM

sodium phosphate buffer supplemented with 1% TSB (without dextrose), pH 7.4. The bacterial

culture (600 [tL) was mixed with 600 [tL of Percoll (Sigma Aldrich) and gently mixed. The mixture

was centrifuged at 10,000 x g for 20 min at 20 "C. The supernatant was gently removed and

lower fraction afforded synchronized swarmer cells. A 5-ptL aliquot from the lower fraction of

cells was plated on 1% agarose pads for phase contrast microscopy. The remaining

synchronized cells from the 6-mL culture were resuspended in 500 [IL of fixative and subjected

to SEM imaging as described in Chapter 3.

Phase Contrast Microscopy. Following each 1-h incubation in the AMA assay, a 5-[IL

sample from each condition was placed on 1% agarose pads and each sample was covered with

a coverslip. A Zeiss Axioplan2 upright microscope was employed for imaging and the data was

acquired at W.M. Keck Biological Imaging Facility of the Whitehead Institute (Cambridge, MA).
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Assay Conditions for Fluorescence Microscopy Experiments. Fluorescence microscopy

experiments were performed by using either agar pads or poly-D-lysine coated MatTek plates.

For images acquired using agar pads, the standard AMA assays were performed in 96-well

plates as described above except that the plates were covered in aluminum foil, and 5-pL of

each final sample was plated on the 1% agarose pad as described above. All experiments were

performed with 1 x 108 CFU/mL E. coli. For images acquired using MatTex plates, the bacteria

(180 kL of a 1 x 108 CFU/mL culture suspended in 10 mM sodium phosphate buffer, 1% TSB

without dextrose, pH 7.4) were placed on a poly-D-lysine coated MatTek plate, and 20 tL of a

10x peptide stock solution was added. The AMA assay was performed following the standard

method except that the plates were incubated in the dark for 1 h (130 rpm, 37 "C). Then, the

bacteria on the MatTex plate were thoroughly yet gently washed with AMA buffer (3 x 3 mL),

which removed detached bacteria and excess fluorophore. Then, 3 mL of AMA buffer was

added and the plate was covered and sealed with parafilm.

Fluorescence Microscopy and Image Analysis. Confocal microscopy was performed with

an Andor Spinning Disk Confocal microscope. The confocal microscopy data were collected

using Andor IQ acquisition software and Andor iXion+ EMCCD cameras. Excitation lasers set at

488 and 561 nm were used for the green and red channels, respectively. All images were

collected, irrespective of microscope, using 100x oil-immersion objective lenses. Image analysis

was performed with the ImageJ software. Fluorescence background subtraction was performed

using rolling ball method with a radius of 150 pixels.

iii. Scanning Electron Microscopy (SEM). For SEM imaging of the synchronized cells,

Caulobacter Crescentus cells were either synchronized or treated with HD5ox. The samples were

fixed and SEM imaging was performed following the protocol described in Chapter 3.
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5C. Results and Discussion

L. Effect of HD5Ox on E. coli Mutants with Defective Outer Membrane. To identify the

cellular pathways and components affected by HD5OX treatment, Dr. Simone Moser designed an

unbiased genetic screen using the Keio Collection,27 a library of mutants of E. coli K-12, where

each of the non-essential genes are replaced by a kanamycin resistance cassette.12 The AMA

was performed in the presence and absence of HD5OX, and a normalized fitness ratio (termed )

was determined to characterize the susceptibility of the strains to HD5Ox. Strains that are as

susceptible to HD5Ox as the WT are characterized by ci = 1, and hypersensitive strains by i < 1.

Employing such a classification, from this bacterial library screening, strains corresponding to

thirty-one genes were identified as hypersensitive to HD5Ox treatment. 2 In order to examine

the effect of HD5ox on the morphology of hypersensitive mutants from the screening, eight

strains that are most sensitive to HD5Ox treatment were selected. These selected strains

correspond to knockouts in genes IpcA, gmhB, rfaE, rfaD, rfaF, surA, secB and to/B (Table 5.2)

involved in LPS biosynthesis and Overall membrane biosynthesis. We observed distinct

morphological changes including bleb formation, elongation and clumping of E. coli ATCC 25922

when treated with HD5Ox as described in Chapter 3. Untreated strains Keio WT (BW25113) and

hypersensitive mutants display smooth morphology. Correspondingly, when treated with HD5Ox

(40 jiM), selected hypersensitive strains displayed similar morphological changes as the WT

(BW25113) including blebs formation (Figure 5.1 and 5.2).

Table 5.2. Corresponding genes and affected pathways in selected hypersensitive strains.

Gene knockouts Pathway/process affected

/pcA, rfaE, gmhB, rfaD, and rfaF Lipid A biosynthesis

surA, and secB Membrane assembly and Unfolded protein binding

surA, secB, and tolB Protein transport and establishment of protein localization
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Figure 5.1. Morphology of the hypersensitive mutants treated with HD5ox. (A-C) Phase-

contrast images of untreated bacteria (1 x 108 CFU/mL) indicate smooth morphology, and

(D-F) in the presence of 40 tM HD5x display blebs. Scale bar= 5 Im. (d-f) Phase-contrast

images of single cells further illustrate the bleb formation caused by HD5OX. Scale bar = 2 Lim.

Bacteria were treated with HD5x in standard AMA buffer (10 mM NaPB, 1% TSB w/o

dextrose, pH 7.4) at 37 C for 1 h with shaking at 130 rpm.
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Figure 5.2. HD5,,x causes similar morphological changes in hypersensitive mutants (A/pcA,

AgmhB, AsurA, AsecB, ArfaF and ArfaE)l. (A-F) Phase-contrast images of untreated bacteria (1 x

10 8 CFU/mL) indicate smooth morphology. Scale bar= 5 ptm. (G-L) Upon treatment of bacteria

with 40 uM HD5,,x, all the strains show similar morphological changes as WT (bleb formation).

(g-1) Phase-contrast images of single cells illustrate the bleb formation caused by HD5ex. Scale

bar = 2 ptm. Bacteria were treated with HD5,,x in standard AMA buffer (10 mM NaPB, 1% TSB

w/o dextrose, pH 7.4) at 37 C for 1 h with shaking at 130 rpm.
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Notably, of these hypersensitive mutants, the top five strains most sensitive to HD5OX

treatment (with lowest normalized fitness ratio $) were a set of mutants corresponded to LPS -

biosynthesis and outer membrane biosynthesis. Moreover, HD5Ox was able to bind to the LPS,

albeit to a lower extent than colistin.4'1 On the basis of these results, we postulated that the

LPS layer on the OM weakly binds to and prevents the uptake of HD5OX. Thereby, the OM acts as

a permeability barrier for HD5OX uptake and antimicrobial action.

A mutant strain E. coli imp4213,0 which is characterized by a leaky outer membrane,

was selected in order to test our hypothesis that strains with compromised OM are more

susceptible to HD5Ox treatment. Dr. Simone Moser examined the antimicrobial activity of HD5ox

against the parent strain (MC4100) and imp4213. As expected, the leaky strain (3-log reduction

in CFU/mL for imp4213) was more susceptible to HD5ox (8 rM), compared to parent strain (1-

log reduction in CFU/mL for MC4100). 12 The treatment of E. coli ATCC 25922 with rhodamine-

and coumarine-derivatives of HD5Ox resulted localization at the cell poles and cell division sites

(Chapter 3). However, FL-HD50x was both completely inactive (>128 tM) and only labeled the

surface of bacteria. One hypothesis is that FL-HD50x cannot overcome the permeability barrier

of OM. Alternatively, it may have lost its binding affinity to an as-yet unidentified target on the

membrane. In order to probe the effect of the permeability barrier on the uptake of FL-HD5ox,

imp4213 was employed (Figure 5.3). The uptake and labeling pattern of both FL-HD50 x (20 [tM)

and R-HD5ox (20 itM) was examined in imp4213 (108 CFU/mL) and compared with the uptake in

WT (MC4100) strain. A distinct localization pattern at cell poles and cell divisions sites was

observed for R-HD50x treated imp4213 and the WT (MC4100) strains, similar to the labeling

pattern in E. coli 25922. As expected, FL-HD5ox (20 tM) labeled the WT bacteria only on the

surface. Moreover, leaky E. coli imp4213 were significantly labeled by FL-HD50x compared to

the WT strain (Figure 5.3), and the labeling was uniform inside of the cell. Previously, a diffuse

labeling pattern was also observed when E. coli were co-treated with HD5Ox and the parent

fluorophore (rhodamine derivative (3)) as described in Chapter 3. Therefore, the diffuse

labeling pattern suggested that the loss of permeability barrier facilitated the uptake of FL-
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HD50X. Compared to the specific labeling pattern of R-HD50,,, the diffuse labeling pattern of FL-

HD5Ox also suggests a loss of binding interaction between FL-HD50 x and potential bacterial

target. It needs to be verified if FL-HD50,, retained any antimicrobial activity against 1mp4213.
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Figure 5.3. Effect of GM permeability barrier on FL- and R-HD50)x uptake and localization. E.

co/i imp4213 and WT (MC4100) (108 CFU/mL) were treated with HD5 analogues (20 tM) in

standard AMA buffer (10 mM NaPB, 1% TSB w/o dextrose, pH 7.4) at 37 TC for 1 h with

shaking at 130 rpm. A 5-iil- suspension from each sample was plated on 1% agarose pads and

imaged at (Ex: 488 nm and Ex: 561 nm for GFP and RFP channels, respectively). Scale bar = 5

Li M.
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ii. Effect of Membrane Lipid Composition on the Uptake and Labeling of R-HD50o. The

bacterial membranes are composed of distinct negatively charged phospholipids such as

cardiolipin (CL) and phosphatidylglycerol (PG). These lipids are asymmetrically distributed and

are concentrated at curved surfaces such as the cell poles and cell division sites. Considering

our observation of R-HD50 x labeling at near cell poles and cell septa (Chapter 3), it is possible

that the interaction of HD5Ox with these anionic lipids causes the observed labeling patterns of

R-HD50x. In order to probe how the lipid composition affects the localization of HD5Ox, we

examined (i) E. coli BKT12, a strain that is deficient in CL production, and (ii) E. coli UE54, a

strain with mutation in pgsA, a gene essential in the synthesis of both CL and PG (Table 5.1).

The mutation of pgsA is lethal for E. coli. However, another mutation in Ipp, an outer

membrane lipoprotein, results in the survival of the ApgsA strain.31 The effect of HD5Ox on the

morphology of (iii) E. coli UE53, the parent strain with mutation in lpp alone was also tested.

These strains were kindly provided by Prof. Douglas Weibel at University of Wisconsin,

Madison. The localization of anionic lipids in these mutants was confirmed with anionic lipid

specific dye 10-N-nonyl acridine orange (NAO).

Similar to the WT (MC4100), HD5ox-treated (20 ptM) E. coli BKT12 displayed blebs (Figure

5.4), indicating that loss of CL does not affect the morphological changes induced by HD5.

When the localization of HD5ox was probed in BKT12, the bacteria were highly labeled at the

cell poles and cell division sites by R-HD50x (20 tM) (Figure 5.5); Thus, loss of CL did not perturb

the labeling of R-HD50x. When treated with R-HD5cx, E. coli UE53 (Alpp2), a strain used for

constructing UE54 (Table 5.1), displayed punctate labeling on the bacteria (Figure 5.5). In

contrast, E. coli UE54 (ApgsA) treated with HD5ox did not display blebs. Furthermore, R-HD50x

entered the bacteria and was uniformly distributed. Therefore, loss of both CL and PG results in

loss of the specific labeling pattern. One possible explanation for these results could be that

HD5Ox binding to the anionic lipids regulates the uptake and labeling of HD5x at the cell poles

and cell division site. However, one caveat to this interpretation is that the anionic lipids

themselves govern the specific localization of various proteins,32
,
33 one or more of which could
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bind HD5x. Recently, the dislocation of certain polar membrane proteins, including the

chemoreceptor assemblies, was observed in mutants without the anionic lipids (CL) and (PG)."

When these lipid localizations were disrupted, the localization of membrane-associated

chemoreceptor proteins was also disrupted. Intriguingly, the observed labeling pattern of R-

HD5x is similar to the localization pattern of chemoreceptor YFP-CheR in respective anionic

lipid knockout mutants, including more diffuse labeling in UE54 .

0 plM HD5,,

4
20 plM HD5()
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Figure 5.4. Effect of anionic lipid composition of E. coli on the HD5OX induced morphological

changes. The anionic lipid knockout mutants (BKT12 and UE54) and their parent strains

(MG1655 and UE53) (108 CFU/mL) were treated with HD5x (20 aM) in standard AMA buffer

(10 mM NaPB, 1% TSB w/o dextrose, pH 7.4) at 37 0C for 1 h with shaking at 130 rpm. A 5-piL

suspension from each sample is plated on 1% agarose pads and imaged. Scale bar = 5 im.
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Figure 5.5. Effect of anionic lipid composition of E. coli on the localization of R-HD50 x. The

anionic lipid knockout mutants (BKT12 and UE54) and their parent strains (MG1655 and UE53)

(108 CFU/mL) were treated with R-HD50 x (20 [tM) in standard AMA buffer (10 mM NaPB, 1%

TSB w/o dextrose, pH 7.4) at 37 'C for 1 h with shaking at 130 rpm. A 5-LtL suspension from

each sample is plated on 1% agarose pads and imaged (Ex: 561 nm for RFP channel). Scale bar

= 5 Lum.
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iii. Effect of HD5x on the Cell Division Process. FtsZ is a tubulin homologue that forms a

ring structure at the mid-cell and recruits many other cell division proteins. This process results

in the formation of a protein complex called the divisiome.2 E. coli expressing FtsZ-GFP was

kindly provided by Prof. Susan Lovett, at Brandeis University, Waltham. The protein

overexpression was induced with 0.2% arabinose. In untreated bacteria, the formation of the

FtsZ ring was clearly observed at the mid-cell (Figure 5.6). In contrast, when the bacteria were

treated with HD5ox, the FtsZ-GFP rings were not observed in the cells displaying blebs. Rather,

overall diffuse labeling was observed (Figure 5.6). Also, the number of cells with FtsZ rings was

lower compared to the untreated cells. These results further strengthen our hypothesis that

HD5x treatment interferes with the cell division process.
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Figure 5.6. Effect of HD5Ox on the FtsZ ring formation. E. coi expressing FtsZ-GFP (108

CFU/mL) were treated with 0 mM and 20 mM of HD5Qx in standard AMA buffer (10 mM

NaPB, 1% TSB w/o dextrose, pH 7.4) at 37 C for 1 h, 130 rpm. A 5-pL of each sample is

plated on 1% agarose pads and imaged. (Ex: 488 nm for GFP channel). Scale bar = 5 tm.
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iv. Development of Methods to Study the Effect of HD5Ox on the Cell Division using

Caulobacter crescentus. In order to further study the effect of HD5x on the cell division

process, we chose a model organism, Caulobacter crescentus. C. cresentus, a Gram-negative

bacteria, undergoes asymmetric cell division resulting in a stalked cell and a swarmer cell.2 s Cell

division is thoroughly studied in C. cresentus ,435 making it a model organism for examining the

effect of HD5X on the cell division process. First, we probed the morphological changes in C.

crescentus induced upon treatment with HD5x. Like other Gram-negative bacteria, C.

crescentus displayed morphological changes such as bleb formation, clumping and elongation

upon treatment with HD5x (Figure 5.7). C. crescentus can be synchronized by using a Percoll*

(Sigma) gradient procedure as shown in Figure 5.8.36 Thus, in future work, we aim to employ

synchronized cells in studying the effect of HD5x on the cell division through time-lapse

C. cresentus
0 tM HD50X 40 pM HD5UX

4__ I W IOFP

C:

U

) )

Figure 5.7. Morphology of HD5x treated C. crescentus CB15. C. crescentus (108 CFU/mL) were

treated with 0 IM and 40 IM of HD5x in standard AMA buffer (10 mM NaPB, 1% TSB w/o

dextrose, pH 7.4) at 30 C for 1 h, 130 rpm. A 5-iL of each sample is plated on 1% agarose pads

and imaged (top panels-phase contrast, Scale bar = 5 pm) and (5 x 100 iL) samples were fixed

overnight and processed for SEM (Scale bar: bottom left panel= 5 pM and right panel = 1 pM).
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microscopy experiments. These experiments may indicate that a particular step in the cell

division process is affected the most when treated with HD5x.

Unsynchronized Synchronized with PercollV gradient

TS (/ etoe H74.T hssseso,60P L.f Pe ,l wa ade anIitr a

4-j~.)

swaurer 5e.8. A -L eor n feynchronization samplecnusC35.A6mLclues we .resplated (On6 -%

agarose pads and imaged. Scale bar = 5 ptm.

5D. Summary and Outlook

In summary, we examined how the composition of the E. colI inner- and outer

membranes affects the localization of HD5ex, and various morphological changes induced by

HID5ex. We also examined the effect of HD50x on cell division process. From these studies, our

current hypothesis is that HD5ex needs to cross the outer membrane barrier and permeablize

the inner membrane for the peptie to exert its antimicrobial activity. The peptide could either

interact with a potential target near the cell poles and septa that is either on or close to the

cytoplasmic membrane of bacteria. Alfter possibility is that the peptie might cause slow

membrane damage and disruption, and thereby result in cell death.
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Upon treatment with HD5, blebs were observed predominantly at cell poles and cell

septa, FtsZ ring formation is affected, along with elongation of bacteria. All these results

indicate that HD5 affects cell division. With the establishment of assay conditions where the

antimicrobial activity of HD5Ox in actively growing cells (Bacillus subtilis and C. crescentus) can

be examined, in future we aim to further study the effect of HD5OX on cell division.
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Appendix I

Tryptophan Mutants of HD5
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A1.A. Introduction

In an initial study, we appended tryptophan, a natural fluorophore, at various positions

including C-terminus, N-terminus or at both termini. Site-directed mutagenesis of the plasmid

containing native HD5 sequence was performed to obtain the tryptophan mutants. In this

regard, a C-terminal tryptophan mutant, (HD5-W), a N-terminal tryptophan mutant, (W-HD5), a

double tryptophan mutant (W-HD5-W), and a ENLYFQW-HD5-W mutant, were obtained. The

mutants were overexpressed, purified, and characterized. The N-terminal modification retained

antimicrobial activity the most, suggesting that further modification of HD5 (including

fluorophores) can be appended at the N-terminus.

A1.B. Experimental Section

i. Chemicals, Solvents, and Buffers. All solvents, reagents, and chemicals were purchased

from commercial suppliers in the highest available purity and used as received. Oligonucleotide

primers were synthesized by Integrated DNA Technologies (Coralville, IA), and subjected to

standard desalting protocol and used as received. A Biorad MyCyclerthermocycler was

employed for all polymerase chain reactions (PCR). Chemically competent E. coli TOP10 and

BL21(DE3)cells were prepared in-house via standard protocols. A Qiagen miniprep kit was

employed for plasmid isolations. PfuTurbo DNA polymerase was purchased from Stratagene; T4

DNA ligase from New England Biolabs; and all restriction enzymes were purchased from New

England Biolabs. Staff of the Biopolymers Facility, MIT (Cambridge, MA), performed DNA

sequencing. HPLC-grade acetonitrile (MeCN) and HPLC-grade trifluoroacetic acid (TFA) were

purchased from either EMD Chemicals or Alfa Aesar. ULTROL-grade HEPES was purchased from

Calbiochem; guanidine hydrochloride from AMRESCO, Inc; and sodium phosphate was obtained

from BDH Chemicals.

Peptides. HD5 was overexpressed from E. coli BL21(DE3) cells containing a plasmid

encoding pET-28b-Met-HD5, and HD5x was purified following His6-tag cleavage and oxidative
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folding as described previously.' The tryptophan mutants of HD5 were obtained as described

below. All peptides were stored in powdered form at -20 *C.

The peptide solutions and buffers for antimicrobial activity assays were sterile-filtered

(0.2- tm filter) prior to the assays. Peptide stock solutions were prepared in Milli-Q water,

aliquoted, and stored at -20 0C until use. Peptide concentrations were routinely determined

using calculated extinction coefficients (Table A1.3) and a BioTek Synergy HT plate-reader

outfitted with a BioTek Take 3 Micro-Volume Plate.

ii. General Methods

HPLC. Preparative-scale HPLC was performed on an Agilent PrepStar 218 instrument outfitted

with an Agilent ProStar 325 dual-wavelength UV-Vis detector, and a Luna 100 A C-18 column

(10-pm pore, 21.2 x 250 mm, Phenomenex) at a flow rate of 10 mL/min. An Agilent 1200 series

instrument equipped with an autosampler set at 4 0C and column compartment set at 20 0C

was employed for analytical and semi-preparative HPLC. Analytical HPLC was performed using a

Clipeus C-18 column (5-pm pore, 4.6 x 250 mm, Higgins Analytical, Inc.) operated at a flow rate

of 1 mL/min. For semi-preparative HPLC, a Zorbax C-18 column (5-pm pore, 9.4 x 250 mm,

Agilent Technologies, Inc.) at a flow rate of 5 mL/min was employed. For each HPLC system,

solvent A was Milli-Q water containing 0.2% TFA that was passed through a 0.2-pm filter before

use and solvent B was HPLC-grade MeCN containing 0.2% TFA.

ESI-MS. ESI-MS was performed on a LC/MS system comprised of an Agilent 1260 LC outfitted

with a Poroshell 120 EC, C-18 column (2.7-pm pore, 3.0 x 50 mm, Agilent Technologies, Inc.)

and connected to an Agilent 6230 TOF system housing an Agilent Jetstream ESI source. LC/MS-

grade water and MeCN containing 0.1% formic acid (Fluka Chemicals) were used as solvent A

and solvent B, respectively. The samples were run at a flow rate of 0.4 mL/min using a gradient

of 5-95% of solvent B over 5 min.
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iii. Cloning, Overexpression and Purification of Tryptophan mutants of HD5. A plasmid

containing the desired gene of interest corresponding to native HD5, in pET28b as previously

reported, was obtained from Dr. Yoshitha Wanniariachi in the Nolan Lab.' In this plasmid pET-

28b-Met-HD5, the TEV protease site at the N-terminus of HD5 corresponding to ENLYFQG was

mutated to His6-ENLYFQM-HD5 in order to incorporate a methionine residue.

The nucleotide sequence of pET-28b-Met-HD5.

Ndel -ENLYFQ- -HD5 - stop - Xhol (E. coli) optimized sequence:

CATATGGAGAACTTGTA TTTCCAA GCGACTTGCTATTGTCGTACCG
GTCGTTGTGCAACCCGTGAGAGCCTGAGCGGTGTGTGTGAAATCAGCGGCCGTCTGTATC
GCCTGTGCTGCCGTTAACTCGAG

Site-directed Mutagenesis of HD5. A modified Quick-change site-directed mutagenesis

protocol (Stratagene) was employed to generate the HD5 mutants (Table A1.1). For the first

round of mutagenesis, pET-28b-Met-HD5 was used as the template.' The primers and primer

pairings used for HD5 tryptophan mutants W-HD5, HD5-W, W-HD5-W and ENLYFQ-W-HD5-W

are listed in Tables A1.1 and A1.2. The amino acid sequence of these peptides are given in Table

A1.3. The PCR amplification was performed with PfuTurbo DNA polymerase and the residual

plasmid was digested with Dpnl as reported previously.' For a 50- IL PCR reaction, 2 UL of DpnI

was added in two-step additions of 1 tL each at t = 0 and 1.5 h and the reaction was continued

for 3 h at 37 "C. The Dpnl digests were transformed into chemically competent E. coli TOP10

cells. Overnight cultures (5 mL, 50 Ltg/mL kanamycin) were grown from single colonies, and the

plasmids were extracted and purified by using a Qiagen miniprep kit. To an aliquot of 10 tL of

the plasmid from the mini-prep, 2 tL of 1 iM T7 terminator primer was added and the samples

were analyzed by DNA sequencing (MIT Biopolymers Laboratory, Cambridge, MA). The DNA

sequences and presence of the desired mutation(s) were verified by DNA sequencing. We
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discovered that we obtained a plasmid encoding ENLYFQ-W-HD5-W by accident, as confirmed

by the DNA sequencing.

Table A1.1. Primers Employed for Site-Directed Mutagenesis.

Primer Sequence

P1 5'-GAACTTGTATTTCCAA GCGACTTGCTATTGTCG-3'

P2 5'-CGACAATAGCAAGTCGC TTGGAAATACAAGTTC-3'

TTHSP1 5'-CATATGGAGAACTTGTATTTCCAA GCGACTTGCTATTGTCGTA- 3'

TTHSP2 5'-TACGACAATAGCAAGTCGC TTGGAAATACAAGTTCTCCATATG- 3'

MTHSP1 5'-CATATGGAGAACTTGTATTTC 6 GCGACTTGCTATTGTCGTA- 3'

MTHSP2 5'-TACGACAATAGCAAGTCGC A( GAAATACAAGTTCTCCATATG- 3'

MHTSP1 5'-GTATCGCCTGTGCTGCCGT G GAGCACCACCACCACCAC- 3'

MHTSP2 5'-GTGGTGGTGGTGGTGCTC ACGGCAGCACAGGCGATAC- 3'

MHSSP1 5'-GTATCGCCTGTGCTGCCGTTAA GAGCACCACCACCAC- 3'

MHSSP2 5'-GTGGTGGTGGTGCTC TTAACGGCAGCACAGGCGATAC- 3'

a The codons containing the mutations are underlined and highlighted in red.

Table A1.2. Templates and Primer Pairings Employed in Site-Directed Mutagenesis.

Template Product Primer Pairing

pET28b-ENLYFQ-G-HD5'

pET28b-ENLYFQ-M-HD5

pET28b-ENLYFQ-M-HD5-Stop

pET28b-ENLYFQ-M-HD5-W-Stop

pET28b-ENLYFQ-W-HD5-W-Stop

pET28b-ENLYFM-W-HD5-W-Stop

pET28b-ENLYFQ-M-HD5-Stop

pET28b-ENLYFQ-W-HD5-Stop

pET28b-ENLYFQ-M-HD5-W-Stop

pET28b-ENLYFQ-W-HD5-W-Stop

pET28b-ENLYFM-W-HD5-W-Stop

pET28b-ENLYFM-W-HD5-Stop-Stop

P1, P2 1

TTHSP1, TTHSP2

MHTSP1, MHTSP2

TTHSP1, TTHSP2

MTHSP1, MTHSP2

MHSSP1, MHSSP2
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Overexpression and Purification of HD5 and Tryptophan-HD5 Mutants. The plasmids with the

desired mutations were transformed in to chemically competent E. coli BL21(DE3) cells. Single

colonies of the transformed cells were selected and grown to saturation in LB media with 50

tg/mL of kanamycin. For the cell freezer stock, 500 iiL of cell culture mixed with 500 [tL of 50%

glycerol was stored at -80 "C. Overexpression and purification of the His6-tagged and

corresponding reduced mutant peptides were conducted as described previously for His6-Met-

HD5.1 Following the established protocol,' the starter culture from these cells was grown to

saturation overnight in LB media supplemented with 50 [tg/mL of kanamycin at 37 "C, 150 rpm

for 16 h. The starter culture was diluted 1:100 into LB media with 50 tg/mL of kanamycin. The

secondary culture was grown to OD600 ~ 0.5 at 37 "C, 150 rpm before induction with 500 tM

IPTG, and incubated for 3-4 h until OD600 reached 1.0-1.5. The cells were then centrifuged at

4200 rpm, 4 *C for 30 min. The cell pellets from cultures (3 x 2-L, 6-L cell cultures) (~10 g) were

combined in 50-mL pre-weighed falcon tubes and stored at -80 "C until further use. The 6-L cell

pellets were thawed on ice and re-suspended in 30 mL of cold lysis buffer (10 mM Tris, 100 mM

NaH2PO 4, 6 M GuHCI, pH 8.0). To this mixture, the protease inhibitor phenylmethyl sulfonyl

fluoride PMSF (-3 mM) was added before sonicating for 1 min (at 10% amplitude with pulse on

for 1 s and pulse off for 4 s). The sonication was repeated twice, each with the addition of PMSF

(-3 mM). The crude lysate was centrifuged at 13000 rpm at 4 *C for 30 min. The clear

supernatant was then added to prewashed Ni-NTA resin (6 mL of slurry washed thrice with 10

mL of Milli-Q water) from Qiagen. This mixture was incubated with gentle shaking for 1.5 h at 4

*C. The resin was then loaded on to a column and washed with 30 mL of cold wash buffer (20

mM Tris, 300 mM NaCl, 6 M GuHCI, pH 8.0). His-tagged-peptide was subsequently eluted with

30-40 mL of the cold elution buffer (10 mM Tris, 100 mM NaH 2PO4, 200 mM NaCl, 1 M

imidazole, 6 M GuHCI, pH 6.5). The eluent was placed in a membrane (3500 MWCO) and

dialyzed against 5% acetic acid (4 L) for 24 h and 0.1% acetic acid (4 L) for another 24 h before

lyophylization. The His6-tagged HD5 mutants (170-230 mg) were stored as powder at -20 0C

until further use. In order to check the purity of the peptides, each sample was dissolved in 100
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iiL of buffer (75 mM HEPES, pH 8.2) and reduced using TCEP (5 [tL of 100 mM stock), and

analyzed using analytical RP-HPLC C18 column.

CNBr Cleavage of His6-tagged HD5 and Trp-HD5 Mutants and Isolation of Reduced Peptides.

His6-tagged peptides (170-230 mg) were dissolved in 80% formic acid at 2 mg/mL in a 500 mL

round bottom flask. A solution of CNBr (20 mg/mL dissolved in 80% formic acid) was added

slowly to dilute the solution to a final peptide concentration of 1 mg/mL, and the reaction

mixture was stirred at room temperature for 5 h. The reaction was quenched with 340-460 mL

of Milli-Q water to dilute peptide. The solution was transferred to an acid-resistant membrane

(3500 MWCO) and dialyzed against 20 L of Milli-Q water for (2 x 24 h). The sample was then

lyophilized to dryness. The crude product (~ 80-90 mg) was dissolved in 20 mL of buffer (75 mM

HEPES, pH 8.2) with gentle mixing for 3 h at room temperature. A 1-mL aliquot of 100 mM TCEP

was added and the solution was further incubated for 15 min, and quenched with 6 mL of 6%

TFA. The product was then purified by semi-preparative RP-HPLC using a gradient of 10-40% B

over 15 min (A: 0.2% TFA/water and B: 0.2% TFA/acetonitrile), which afforded pure reduced

forms of tryptophan-HD5 mutants (10-12 mg).

Oxidative Folding and Purification of HDSred and Tryptophan Mutants. Following the reported

procedure,' isolated reduced forms of tryptophan-HD5 mutants (2 mg/mL) were dissolved in of

8 M GuHCl containing 3 mM reduced and 0.3 mM oxidized glutathione. The peptide solution

was adjusted to pH 8.3 by the drop wise addition of 0.25 M NaHCO 3 to a final concentration of

0.5 mg/mL of peptide, and the mixture was incubated at room temperature for 4 h. HD5OX and

the oxidized tryptophan mutants were purified by semi-preparative RP-HPLC using a gradient of

10-60%B over 30 min (A: 0.2% TFA/water and B: 0.2% TFA/acetonitrile) to yield pure HD5OX ("1

mg).
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iv. Inner-membrane Permeability Assay using E. coli ML35. Inner-membrane permeability

assays were performed using E. coli ML35.2 An overnight culture of bacteria (E. coli ML35) was

grown in trypticase soy broth (TSB) without dextrose for 17 h at 37 0C. The culture was diluted

1:100 times into a culture tube containing 6 mL of fresh TSB without dextrose. The culture was

grown for 2 h at 37 "C until an OD600 - 0.6 (2.5 x 108 CFU/mL) was attained. The cells were

centrifuged at 3500 rpm, 4 0C for 10 min and the supernatant was removed. The cells were

washed with 10 mM sodium phosphate buffer supplemented with 1% TSB without dextrose at

pH 7.4, described in previous Chapters as "AMA buffer". All solutions including the AMA buffer

that are required for the assays were sterile filtered through 0.2- tm filters before the assay.

Upon centrifugation of the cells at 3500 rpm, 4 *C for 10 min, the cells were resuspended twice

in AMA buffer to obtain an OD600=0.44 (1.25 x 108 CFU/mL). The bacterial culture was further

diluted 1:100 into 5 mL of AMA buffer. The assay was set up in a 96-well plate with each well

containing 80 uL of bacterial culture, 10 VL of 10x stock peptide solution and 10 [tL of 25 mM o-

nitrophenyl--galactopyranoside (ONPG), added in the above order. The 96-well plate was

incubated at 37 *C for 2 h with gentle shaking and the absorbance at 405 nm was recorded

every 5 min using a plate reader.

v. Circular Dichroism Spectroscopy. Peptides were dissolved in buffer (5 mM sodium

phosphate, pH 7.0) to a final concentration of 20 [IM (300 [IL) and transferred to a quartz CD

cell (Hellma) with a path length of 1 mm. The CD spectra were collected over a wavelength

range from 260-190 nm at 1 nm intervals (10 s averaging time, three independent scans). The

spectral data were averaged using Excel (Microsoft Office 2011). The CD spectrum for each

peptide was also obtained in the presence of 10 mM sodium dodecylsulfate (SDS) to analyze

the change in the secondary structure in the presence of a membrane mimic. To 300 [L of each

peptide solution, 3 [IL of 1 mM SDS was added and the sample was incubated for ~2.5 h at

room temperature before the CD spectrum obtained.
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A1.C. Results and Discussion

L. Design of Tryptophan Mutants and Site-directed Mutagenesis of HD5. The tryptophan

mutants were designed to contain tryptophan residues at either one or both termini: N-

terminal mutant, W-HD5; C-terminal mutant, HD5-W; and both termini, W-HD5-W (Table A1.3).

The pET28b-Met-HD5 plasmid was used as template for site-directed mutagenesis (Table A1.1).

Mutations in two codons at the C-terminus of pET28b-ENLYFQM-HD5-Stop afforded pET28b-

ENLYFQ-M-HD5-W-Stop (HD5-W). Similarly, when mutagenesis of two codons at the N-

terminus of pET28b-ENLYFQ-M-HD5 was performed to obtain W-HD5 (pET28b-ENLYFM-W-

HD5-Stop), the PCR product did not possess the desired mutation. Even with desired mutation,

the transformation into E. coli BL21(DE3) gave abnormal colonies, which were killed upon

induction with IPTG. As a result, first the pET28b-ENLYFQ-M-HD5-W-Stop (M-HD5-W) was used

as template to obtain pET28b-ENLYFQ-W-HD5-W-Stop (ENLYFQ-W-HD5-W) that was further

mutated to get the pET28b-ENLYFM-W-HD5-W-Stop (W-HD5-W). This pET28b-ENLYFM-W-HD5-

W-Stop was then used as template to get pET28b-ENLYFM-W-HD5-Stop-Stop (W-HD5) (Table

A1.2).

ii. Overexpression and Purification of Tryptophan-HDS Mutants. The plasmids were

transformed into E. coli BL21(DE3) cells and the peptides were overexpressed by following the

reported procedure as described for His6-M-HD5. 1 The overexpression from 12 L of E. coli

BL21(DE3) cultures afforded: W-HD5 (270 mg, 90 mg), HD5-W (190 mg, 80 mg), W-HD5-W (270

mg, 130mg) and ENLYFQW-HD5-W (170 mg, 70 mg) corresponding to yield after Ni-NTA column

purification and yield after CNBr cleavage, respectively. After CNBr cleavage of the His6-tag, the

peptides were treated with excess TCEP (100 mM) in 75 mM HEPES, pH 8.2 buffer and the

reduced form of the peptides were collected by RP-HPLC (Figure A1.1). The peptides were

folded following the standard folding procedure as for HD5. The tryptophan mutants folded to

single peaks. The peptides were purified and later confirmed by the mass spectrometry analysis

shown in Table A1.4.
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Table A1.3. Molecular Weights (MW) and Extinction Coefficients for HD5 and Tryptophan
Mutant Peptides.

Peptide Sequence MW E278

(Da)a (M'cm') b

HD5Ox ATCYCRTGRCATRESLSGVCEISGRLYRLCCR 3582.1 3181

HD5red ATCYCRTGRCATRESLSGVCEISGRLYRLCCR 3588.2 2800

W-HD50x WATCYCRTGRCATRESLSGVCEISGRLYRLCCR 3768.4 8781

W-HD5red WATCYCRTGRCATRESLSGVCEISGRLYRLCCR 3774.4 8400

HD5-Wox ATCYCRTGRCATRESLSGVCEISGRLYRLCCRW 3768.4 8781

HD5-Wred ATCYCRTGRCATRESLSGVCEISGRLYRLCCRW 3774.4 8400

W-HD5-Wox WATCYCRTGRCATRESLSGVCEISGRLYRLCCRW 3954.61 14381

W-HID5-Wred WATCYCRTGRCATRESLSGVCEISGRLYRLCCRW 3960.61 14000

ENLYFQW-HD5-Wox ENLYFQWATCYCRTGRCATRESLSGVCEISGRLYRLCCRW 4748.2 15781

ENLYFQW-HD5-Wred ENLYFQWATCYCRTGRCATRESLSGVCEISGRLYRLCCRW 4752.2 15400

" Molecular weights were calculated by using PROTEIN CALCULATOR v3.3 available at

http://www.scripps.edu/-cdputnam/protcalc.htmI.b Extinction coefficients (278 nm) were calculated by

using PROTEIN CALCULATOR v3.3.

During initial preparations, the yields of reduced forms of tryptophan mutants (5-10 mg)

were low compared to native HD5 (10-12 mg of HD5red). The lower yield was attributed to

solubility problems of the tryptophan mutants potentially because of hydrophobic tryptophan

residues. The problem of incomplete reduction and precipitation of tryptophan mutants was

solved by the addition of 6 M GuHCI to the 75 mM HEPES, pH 8.2 buffer solution prior to

purification of the reduced peptides. This GuHCI addition not only increased the solubility, but

also pushed the reaction towards the complete reduction of the peptide. After optimization of

solubility, His6-tagged W-HD5-W peptide was cleaved and purification of the peptide afforded

50 mg of W-HD5-Wred (Table A1.4 and Figure A1.1).
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Table A1.4. HPLC Retention Time, Calculated
Mutant Peptides.

and Observed m/z Values for HD5 and Tryptophan

203

Peptide HPLC retention Calculated m/z Observed m/z
time (min) ' (Monoisotopic) b (Monoisotopic) b

HD5OX 16.1 3579.62 3579.62

HD5red 21.5 3585.67 3585.76

W-HD5ox 16.5 3765.70 3765.71

W-HD5red 21.0 3771.75 3771.76

HD5-W0 x 17.4 3765.70 3765.71

HD5-Wred 22.1 3771.75 3771.74

W-HD5-Wox 18.5 3954.61 3954.60

W-HD5-Wred 22.6 3960.61 3960.59

ENLYFQW-HD5-Wox 20.3 4746.14 4746.14

ENLYFQW-HD5-Wred 26.1 4752.18 4752.18

a Retention times determined by using analytical RP-HPLC on a C18 column and a gradient of

10-60% B in 30 min. bm/z values for peptides calculated using MolE-Molecular Mass Calculator
v2.02 available at http://library.med.utah.edu/masspec/mole.htm.

The folding assay of the reduced mutants with GSH/GSSH gave single peaks in the HPLC

traces indicating the formation of single isomers. The oxidized products were purified by RP-

HPLC and analyzed by ESI-MS. The retention time of ENLYFQW-HD5-W (hydrophobic Trp

residues) was greater than the retention times of other mutants as expected (Table A1.4 and

Figure A1.1).
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Figure A1.1. The analytical HPLC traces of the purified tryptophan-HD5 mutants in their A)
reduced forms and B) oxidized forms. The samples were subjected to a gradient of 10-60 %

solvent B at a flowrate of 1 mL/min for 30 min and absorbance was measured at 220 nm.

I
iii. CD Spectroscopy of HD5 and Tryptophan Mutants. Circular dichroism (CD) spectra of

HD5x and the folded HD5 tryptophan mutants were obtained to characterize the secondary

structure and ascertain whether these peptides adopt the characteristic f3-sheet conformation

in the presence of a membrane mimic (SDS). In the absence of SDS, the peptides adopt random

coil structures with peak around 200 nm. In the presence of SDS, the CD spectra of native HD5OX

and N- and C-terminal tryptophan mutants exhibited a new peak ~209 nm, which is indicative

of more P-sheet structure. In contrast, the peak shifted to only ~203 nm in case of N-terminal

short peptide tagged-HD5 (ENLYFQW-HD5-W) compared to other mutants, indicating the

structure of tagged- mutant did not alter much or could not be easily detected upon addition of

SDS (Figure A1.2).
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Figure A1.2. CD spectra of A) W-HD5,x, B) HD5-WOx, C) HD5x and D) ENLYFQW-HD5-Wo, in the

absence and presence of 10 mM SDS (5 mM sodium phosphate buffer, pH 7.0).
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Figure A1.3. Representative inner-membrane permeabilization assays employing E. coli ML-

35 (1 x 106 CFU/mL) in AMA buffer (10 mM sodium phosphate buffer containing 1% TSB (w/o

dextrose), pH 7.4, 37 C) containing 2.5 mM ONPG and 0, 0.5, 1, 2, 4 pM of A) HD50X and B)

W-HD50 x C) HD5-Wox D) W-HD5-Wx and E) ENLYFQW-HD5-Wx. As a control, water was

added to a well containing bacteria in AMA buffer. Absorbance at 405 nm was monitored at

5 min intervals.
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iv. Inner-membrane Permeability Assay. The assay was performed using E. coli ML35,

which possesses a P-galactosidase enzyme in the cytoplasm (Chapter 5, Scheme 5.1). The assay

was performed with the tryptophan mutants obtained along with native HD5 (Figure A1.3). The

antimicrobial activity of the mutants containing single tryptophan at termini was retained

compared to ENLYFQ-W-HD5-W (a six-amino acid tag containing mutant) having no activity in

the concentration ranges tested. The results indicated that inner membrane damage occurs

when treated with mutants with tryptophan on the termini of HD5. Although, appending a

larger molecules such as a peptide tag-might completely attenuate the activity.

A1.D. Summary and Outlook

HD5 displays potent antimicrobial activity against broad-range of pathogens. -6 To

probe the structural and functional properties of the HD5 fluorescence-based techniques were

considered as described in Chapters 3 and 5. In order to study the effect of a fluorophore on

the proper folding of the peptide, initial studies were performed with tryptophan appended to

the termini to obtain W-HD5, HD5-W, W-HD5-W and ENLYFQW-HD5-W. The folding assays

revealed that all the mutants including those with the N- and C- terminal tryptophan, folded

into single isomers. The E. coli ML35 assay performed with mutants and HD5 suggested that W-

HD5, HD5-W and W-HD5-W retained some of the antibacterial activity. In contrast, appending a

short peptide-tag on N-terminus (ENLYFQW-HD5-W) completely attenuated activity in the

concentration range tested. In summary, the antimicrobial activity was retained the most in N-

and C-terminal tryptophan mutants, making the termini as ideal positions for further

modification of HD5.
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Tools to Study HD5
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A2.A. Introduction

The mechanism of antimicrobial action of defensins, as with other cationic antimicrobial

peptides (AMPs), was initially proposed to be mediated by pore-formation or bacterial

membrane destabilization leading to cell death.' Recently, several other modes of antibacterial

activity of these AMPs involving inhibition of cell wall biosynthesis, 2 activation of autolysins,3

binding to intracellular components such as DNA,4 and inhibition of processes such as

transcription, translation and replication5 were identified. One major concern in delineating

the mode of action is identification of primary mode of killing and differentiating the secondary

effects that result from AMP action. As a result, direct target identification might assist in

identification of mechanism of action of AMPs.

In order to study the mechanism of action of HD5, we successfully designed, synthesized

and analyzed fluorophore-modified HD5 analogues (Chapter 2). Employing these analogues, we

visualized the attack of HD5 on Gram-negative bacteria (Chapter 3) and demonstrated that

HD5Ox entered bacterial cytoplasm and accumulated near cell poles and cell septa. In order to

examine the bacterial cellular targets of HD5Ox, we initiated preliminary studies on the effect of

HD5Ox on certain bacterial cellular processes (Chapter 5). However, we needed more reagents

and tools to detect the specific bacterial target interacting with HD5. For this purpose, we

appended 1) affinity tags such as biotin on HD5 for affinity-based enrichment of the target; and

2) an orthogonal functional group such as azide-moiety that can be used to append desired

functional moieties using click chemistry. In future, employing these diverse tools, we aim to

identify the bacterial targets of HD5.

A2.B. Experimental Section

i. Chemicals, Solvents, and Buffers. All solvents, reagents, and chemicals were purchased

from commercial suppliers in the highest available purity and used as received. 5-

azidopentanoic acid was purchased from Bachem Americas, Inc. D-Biotin, Fmoc-y-amino butyric

acid (Fmoc-ABU-OH), EDT, and TIS were purchased from Sigma Aldrich. Piperidine was obtained
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from Alfa Aesar. Fmoc-Arg(pbf)-Novasyn@TGA resin was purchased from EMD Chemicals.

Fmoc-protected amino acids were'purchased from AAPPTec, LLC. All peptide-coupling reagents

were obtained from AK Scientific, Inc. HPLC-grade acetonitrile (MeCN) and HPLC-grade

trifluoroacetic acid (TFA) were purchased from either EMD Chemicals or Alfa Aesar. Guanidine

hydrochloride was purchased from AMRESCO, Inc; and sodium phosphate was obtained from

BDH Chemicals. All reagents and buffers used for antimicrobial assays were sterile-filtered

through 0.2-km filters. A calibrated BioTek Take3 multi-well plate was used for determination

of peptide concentration.

ii. General Methods

HPLC. Preparative-scale HPLC was performed on an Agilent PrepStar 218 instrument outfitted

with an Agilent ProStar 325 dual-wavelength UV-Vis detector, and a Luna 100 A C-18 column

(10- tm pore, 21.2 x 250 mm, Phenomenex) at a flow rate of 10 mL/min. An Agilent 1200 series

instrument equipped with an autosampler set at 4 C and column compartment set at 20 "C

was employed for analytical and semi-preparative HPLC. Analytical HPLC was performed using a

Clipeus C-18 column (5-Itm pore, 4.6 x 250 mm, Higgins Analytical, Inc.) operated at a flow rate

of 1 mL/min. For semi-preparative HPLC, a Zorbax C-18 column (5-[lm pore, 9.4 x 250 mm,

Agilent Technologies, Inc.) at a flow rate of 5 mL/min was employed. For each HPLC system,

solvent A was Milli-Q water containing 0.1% TFA that was passed through a 0.2-rim filter before

use and solvent B was HPLC-grade MeCN containing 0.1% TFA.

ESI-MS. ESI-MS was performed on LC/MS system using Agilent 1260 LC fitted with Agilent

Poroshell 120 EC, C-18 column (2.7-pm pore, 3.0 x 50 mm, Agilent Technologies, Inc.) and

connected to an Agilent 6230 TOF system housing an Agilent Jetstream ESI source. LC/MS-grade

water containing 0.1 % formic acid as solvent A and LC/MS grade acetonitrile containing 0.1 %

formic acid as solvent B were used as the solvent systems for all of the LC/MS analysis. All

samples were run at a 0.4 mL/min flow rate with a gradient of 5%-95% B for 15 min.
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iii. Antimicrobial Activity Assays. Antimicrobial activity (AMA) assays were performed

6
using a micro-drop colony forming units (CFU) method described previously in Chapter 2. For

the microscopy experiments, 5- iL aliquot from each sample was plated on 1% agarose pads

and topped with a coverslip prior to imaging.

Data Collection for Microscopy Experiments. The data collection was performed in the

W. M Keck facility in the Whitehead Institute using Zeiss Axioplan2 microscope fitted with 100x

objective. Images were obtained with the Hamamatsu ORCA CCD camera. Image analysis was

performed with ImageJ software.

iv. Fmoc-based Solid-phase Peptide Synthesis. HD5 was synthesized using the Fmoc-based

solid phase peptide synthesis following the optimized procedure reported in the Chapter 2. The

synthesis was performed on a 0.2-mmol scale of arginine-preloaded Fmoc-Arg(pbf)-

Novasyn@TGA resin. The psuedoprolines were retained in the sequence (HD5: ATCYCRTGRC"

ATRESM'LSGVCElISGRLYRLCCR) as previously reported (Chapter 2). Following the addition of

final amino acid residue, the resin was divided and portions of Fmoc-protected HD5 on the

resin were used for N-terminal Biotin coupling and azido-functionalized HD5.

A2.C. Results and Discussion

L. Fmoc-based Solid-phase Peptide Synthesis of Fmoc-HD5. The flow-based solid-phase

peptide synthesis of HD5 was performed and the Fmoc-HD5 on the resin (0.2 mmol scale, 3 g

wet weight) was divided into three portions of 1 g each. A test-scale cleavage was performed

on the Fmoc-protected HD5 to confirm the complete synthesis (Figure A2.1). A 500 mg portion

(0.0345 mmol) of the resin was Fmoc-deprotected and cleaved off resin to obtain 80 mg of

crude peptide (64 % overall yield). The crude peptide was reduced in the presence of reducing

agent TCEP and purified using preparative HPLC column to achieve 19 mg (15% overall yield) of

HD5red (ESI-MS m/z calcd [M+H] : 3579.7, Obs [M+H]+: 3579.6). The folding of 19 mg of HD5red

afforded 7 mg (6 % overall yield) of HD5ox (ESI-MS m/z calcd [M+H]+: 3585.7, Obs [M+H]+:
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3585.7). The other portions of Fmoc-protected HD5 on the resin was used for N-terminal biotin

coupling and azido-functionalized HD5.

Fmoc-HD5

C
NC

0 crude Fmoc-HD5

10 15 20 25 30 35

Retention Time (min)

Figure A2.1. Analytical HPLC trace of crude Fmoc-HD5 in the presence of TCEP. Sample was

run at a gradient of 10-60% B for 30 min at a flow rate of 1 mL/min.

ii. Azido-functionalized HD5 (N 3-HD5)

Synthesis of N-terminal Azido-functionalized HD5 (N 3-HD5). The synthesis of Azido-HD5 was

performed on a 0.064-mmol scale of Fmoc-HD5 on resin. The Fmoc-deprotection was

performed using 20% piperidine in DMF. The N-terminal free amine was coupled to the 5-

azidopentanoicacid (90 iL, 10 eq, 0.645 mmol) dissolved in DMF containing the HATU (10 eq),

HOAt (10 eq) and DIPEA (20 eq). The reaction was performed twice with HATU for 30 min each

before leaving another overnight coupling reaction with PyAOP to ensure complete coupling.

The peptide was cleaved from the resin with global deprotection using the standard cleavage

mixture. The peptide was precipitated from the cleavage mixture and redissolved in a

water/acetonitrile (1: 1) mixture containing 0.1 N HCI. This solution was lyophilized. Cleavage

resulted in 130 mg, 54% overall yield of crude peptide from 0.0645-mmol scale of synthesis.

When the crude peptide was subjected to analytical HPLC column, the desired peptide was
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identified (Figure A2.2A) along with a few other peaks. The crude mixture was subjected to

purification using preparative HPLC column, resulting in 17 mg, 7% overall yield of N 3-HD5red

(Figure A2.2B). Oxidative folding of 17 mg N 3 -HD5red afforded 8 mg, 4% overall yield of N 3-HD5 0 x

(Figure A2.2B).

Antimicrobial Activity and the Morphological Changes Induced by N 3-HD5. The antimicrobial

activity of N 3-HD5 was determined against E. coli ATCC 25922. Surprisingly, the AMA activity of

N 3-HD50 x was completely abrogated even at 40 iM (no loss of CFU/mL), compared to native

HD5x (at 8 LM, 4-log reduction of CFU/mL). When the morphology of E. coli treated with N 3-

HD5x was examined, the characteristic morphological changes induced by HD5x such as bleb

formation was not observed (Figure A2.4).

A B

E E

C14 N -HD5reN N -HD5
3H Hd ox

0 0n(

10 15 20 25 30 35 5 10 15 20 25 30

Retention Time (min) Retention Time (min)

Figure A2.2. Analytical HPLC traces of A) crude N 3-HD5 peptide and the desired peptide N 3 -
HD5red is highlighted with an asterix (*); and B) N 3-HD5red peptide and N 3-HD50 x peptide.
Absorbance at 220 nm is reported. Samples were subjected to a gradient of 10-60% B for 30
min at flow rate of 1 mL/min.
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Figure A2.3. Antimicrobial activity of N 3-HD50 x, HD5Ox and HD5-TE against E. coli ATCC 25922.

The bacteria (1 x 106 CFU/mL) were treated with peptides for 1 h at 37 'C, 150 rpm (10 mM

sodium phosphate buffer, 1% v/v TSB w/o dextrose, pH 7.4) (mean SD, n = 3).

Untreated 20 pM N 3 HD50X

Figure A2.4. N 3-HD5ox-induced morphological changes in E. coli ATCC 25922. The bacteria (1

x 108 CFU/mL) were either untreated or treated with N 3-HD5cx (20 LIM) for 1 h at 37 'C, 150

rpm (10 mM sodium phosphate buffer, 1% v/v TSB w/o dextrose, pH 7.4) prior to imaging.

Scale bar = 5 tM.

iii. Synthesis of Biotin-Abu-HD5 (B-HD5). The synthesis of Biotin-Abu-HD5 was performed

on a 0.0274-mmol scale of Fmoc-HD5 resin. After Fmoc deprotection, the N-terminus of HD5

was coupled twice with Fmoc-ABU-OH (95 mg, 10 eq, 0.28 mmol) dissolved in 5 mL of DMF

containing HATU (10 eq), HOAt (10 eq) and DIPEA (20 eq). The Fmoc-group was removed before
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addition of D-biotin (70 mg, 10 eq, 0.28 mmol) activated with HATU (10 eq), HOAt (10 eq) and

DIPEA (20 eq). The coupling reaction was performed thrice before cleaving the Biotin-Abu-HD5

from the resin. The crude peptide was precipitated off the cleavage mixture using precooled

ether. The peptide pellet was redissolved in 0.1 N HCI containing water and acetonitrile (1: 1)

mixture. The solution was lyophilized to obtain 70 mg of crude peptide (65 % overall yield) as a

white powder. The crude peptide dissolved in 75 mM HEPES, 6 M GuHCI, pH 8.2 was reduced

using TCEP before quenching reaction with 6% TFA solution (Figure A2.5A). The reduced

peptide was purified on preparative HPLC column to obtain 14 mg (13 % overall yield) of B-

HD5red. The purified peptide was characterized by both analytical HPLC (Figure A2.5B) and ESI-

MS (m/z calcd [M+H]': 3898.9, Obs [M+H]+: 3598.9). A 4-mg portion of B-HD5red was folded

using GSH and GSSG oxidative folding mixture, a single major peak of desired product was

observed. The reaction mixture was purified on preparative RP-HPLC column to afford 2.5 mg

(62% folding yield) of BHD5ox. The final product was subjected to analytical HPLC column (Figure

A2.5B) and ESI-MS (m/z calcd [M+H]+: 3892.7, Obs [M+H]+: 3892.8) to verify purity.

A B

BHD5

F- E
C C

N\ CN B

a) a)
~0
o 0crude Biotin-ABU-HD5 

BHD5

10 15 20 25 30 35 5 10 15 20 25 30 35

Retention Time (min) Retention Time (min)

Figure A2.5. Analytical HPLC traces of A) crude Biotin-ABU-HD5 (BHD5) from the synthesis
(the desired BHD5red is highlighted with an asterix (*) and B) purified BHD5red and BHD5x.
Samples were subjected to a gradient of 10-60% B for 30 min at a flow rate of 1 mL/min.
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iv. Synthesis of Linear Peptide BHD5-TE with Carboxymethylation using 2-lodoacetamide

Capping. BHD5red was dissolved at a 0.5-mg/mL concentration in 470 iL of 0.6 M Tris. HCI, 6M

GduHCI, pH 8.6 containing 30-[tL aliquot of freshly prepared (75 xM) TCEP. To this mixture, a 75

,L of a 400-LM stock solution of 2-iodoacetamide was added in dark and incubated for 2 h. The

reaction was monitored using analytical HPLC and the reaction mixture was purified on a semi-

preparative RP-HPLC column to obtain the desired BHD5-TE. The synthesis was performed on a

2-mg scale of B-HD5red to obtain 2 mg of BHD5-TE (Figure A2.6A) and formation of BHD5-TE

(Figure A2.6A) was confirmed by ESI-MS (m/z [M+H]' calcd 4241.16, Obs [M+H]+: 4241.12).

Table A2.1. HPLC Retention Time, Calculated and Observed Mass of HD5 and its Derivatives

Peptide Retention Calculated mass Observed mass b Overall/folding Yield '

time (min) a [M+H]* m/z [M+H]* m/z (%)

HD5red 20.4 3585.67 3585.76 6%

HD5Ox 15.3 3579.62 3579.62 4 %/70 %

HD5-TE 16.6 3928.92 3928.91 72%

BHD5red 21.6 3898.81 3898.92 13 %

BHD5Ox 16.4 3892.73 3892.75 8 %/62 %

BHD5-TE 17.4 4241.16 4241.12 90%

N 3-HD5red 21.1 3712.81 3712.81 7%

N 3-HD50 x 17.3 3706.42 3706.42 4%/ 57%

' Retention times were determined on analytical C18 RP-HPLC column with a gradient of 10-60% B run

for 30 min at a flow rate of 1 mL/min [A: water (0.1% TFA), B: acetonitrile (0.1% TFA)]. b MolE-Molecular

Mass Calculator v2.02 available at http://library.med.utah.edu/masspec/mole.html was used for

calculating m/z values for peptides. ' The yields are calculated based on the resin loading as the

theoretical 100% yield.
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Figure A2.6. A) Analytical HPLC traces (absorbance at 220 nm) of BHD5red and BHD5-TE.
Samples were subjected to a gradient of 10-60% B for 30 min at flow rate of 1 mL/min. B)

Antimicrobial activity of the Biotin-HD5 analogues against E. coli ATCC 25922). The bacteria

(1 x 106 CFU/mL) were treated with peptides for 1 h at 37 'C, 150 rpm (10 mM sodium
phosphate buffer, 1% v/v TSB without dextrose, pH 7.4) (mean SD, n = 3).

v. Determination of Localization of HD5X using Biotin-HD5 Derivatives

Morphological Changes Induced in Bacteria Treated with Biotin-HD5 Analogues. For the

identification of a bacterial target interacting with HD5, we synthesized and characterized

biotin-HD5 analogues, BHD5Ox and BHD5-TE. B-HD50 x (at 16 piM, > 4-log reduction in CFU/mL)

was active against E. coli ATCC 25922 and retained its antimicrobial activity. As expected, the

linear BHD5-TE (at 32 tM, 1-log reduction in CFU/mL) was less active against E. coli ATCC 25922

(Figure A2.6B). In accordance with the AMA results, the morphology of E. coli treated with B-

HD5Ox displayed blebs and other morphological changes specific to native HD50 x (Figure A2.7).

Linear BHD5-TE analogue did not induce the bleb formation; moreover, the morphology was

very similar to the HD5-TE treated bacteria (Figure A2.7). These results indicate that the biotin

analogues can be used as promising surrogates for studying the localization of HD5x and HD5-

TE. Commercial streptavidin-probes for both TEM imaging and fluorescence microscopy are

available. One limitation of this method is the presence of active uptake mechanisms of
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biotinylated-peptides. To overcome this limitation, knockout mutants of these transport

pathways were studied for the localization of biotinyated-HD5 analogues.

Control B-HD5 B-HD5-TE

0 pM 20 pM 40 pM 20 pM 40 pM

W.I I _

Figure A2.7. Morphology of E. coli treated with biotin-HD5 analogues. E. coli ATCC 25922

(108 CFU/mL) were treated with control (0 LIM), B-HD50e (20 LtM and 40 ptM), and B-HD5-

TE (20 LIM and 40 LIM), [both top and bottom panels] in standard AMA buffer (10 mM

sodium phosphate buffer, 1% TSB w/o dextrose, pH 7.4) at 37 C for 1 h with shaking at

130 rpm. A 5-piL suspension from each sample is plated on 1% agarose pads and imaged.

A high-affinity biotin transporter in E. coli K-12 is identified as YigMj'9 a membrane

protein. By employing a knockout mutant of this protein (available in Keio Collection),' the

uptake and labeling of HD5 was further probed using biotinylated analogues (Figure A2.8).

Upon treatment with the biotin analogues, the AyigM mutant displayed similar morphological

changes as the parent strain. Therefore, these biotin-HD5 analogues can be employed for

further localization studies.
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Untreated HD50X BHD50 HD5[Serhexa] BHD5-TE

gipi

2%V/

Figure A2.8. Morphology of AyigM treated with biotin-HD5 analogues. AyigM (108 CFU/mL)
untreated and bacteria treated with 20 LiM of peptides in standard AMA buffer (10 mM
sodium phosphate buffer, 1% TSB w/o dextrose, pH 7.4) at 37 C for 1 h with shaking at 130
rpm, and plated on 1% agarose pads and imaged. Scale bar = 5 pm and 2 Ltm: top and
bottom panels respectively.

A2.D. Summary and Outlook

In summary, we were able to generate HD5 derivatives by appending many desired

functionalities such as biotin and azido-functional groups at the N-terminus of HD5. Biotin

modifications provide a handle on HD5 for applications involving target identification,

localization of HD5 and affinity-based assays. The biotin modification did not abrogate the

antimicrobial activity of HD5x. E. coli treated with BHD5x and BHD5-TE displayed similar

morphological changes as HD5ox and HD5[Ser hexa].

In this study, we also generated azido-functionalized HD5 (N 3-HD5). The antimicrobial

activity of N 3-HD5 0 x was however completely abrogated. Similar loss of activity was observed

when the N-terminus of HD5 was modified with fatty acid moieties (Chapter 5). Further studies

are needed to understand the effect of N-terminal alkyl-chain modifications.
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Previously, the focus on HD5 as detailed in Chapter 1, was directed at identifying the

structural elements that influence the antimicrobial action of HD5. In this direction, the effect

of disulfide linkages, salt-bridge forming residues, arginine residues, and the hydrophobic

residues on the AMA assays were studied. Moreover, the lectin-like behavior in binding to the

glycoproteins and self-aggregation/oligomerization properties of HD5 was demonstrated. The

ability of HD5 to permeabilize the inner membrane of E. coli was also indicated. However, the

exact mechanism of antibacterial action of HD5 was not clearly understood. We therefore

focused on identifying the site(s) of antimicrobial action of HD5 and studying the corresponding

bacterial response(s) in order to gain new insights into the antimicrobial mechanism of HD5.

One of the main difficulties in studying HD5 has been obtaining significant amounts of

HD5 with native disulfide linkages (Chapter 2). Further, modification of HD5 to obtain

analogues, including HD5 derivatives harboring fluorophores or other functional moieties,

required a robust solid-phase peptide synthesis procedure, and optimizing this synthesis was a

focus of this thesis. HD5 and fluorophore-modified derivatives were synthesized using a manual

Fmoc-based solid-phase peptide synthesis protocol. Considering that HD5 is a 32-residue

peptide, modifying the peptide with any fluorophore might alter its properties, including its

antimicrobial activity. In the literature, we noticed that when fluorophore-labeled AMPs were

employed in studies of uptake or mechanism, the effects of fluorophore modification on the

structure and function of the peptides were not considered in detail. Therefore, we prepared a

family of fluorophore-modified HD5 analogues and evaluated the antimicrobial activity and

photophysical properties of these peptides. These studies revealed fluoroprhore modifications

that disrupted the antimicrobial activity (e.g. FL-HD50x) and those that minimally altered the

properties of HD5 (e.g. R-HD50x). With this family of HD5 analogues in hand, the effect of HD5

on the morphology of various bacteria and their responses to HD5 treatment were investigated.

When studying defensins, certain limitations needed to be considered when developing

assays. For example, nutrient-rich growth media regularly used for standard AMA assays of

antibiotics is not typically not useful for studies of defensins. HD5, and many characterized
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defensins, are not active under these conditions. Rather, the in vitro antimicrobial activity of

defensins is typically studied using bacterial cultured in a buffer (e.g., sodium phosphate buffer,

MOPS buffer) containing a nutrient supplement (e.g., 1% TSB). These conditions maintain the

bacteria in metabolically active state over the course of the assay (typically 1 h).1 Although the

data is not included in this thesis, we observed that antimicrobial activity of HD5 against E. coli

was attenuated when the assay buffer was not supplemented with 1% TSB. This observation is

in agreement with prior literature"2 and suggests the importance of the metabolic state of E.

coli for the activity of HD5. Moreover, the antimicrobial activity of many defensins, including

HD5, against E. coli is highly affected by the presence of salt in the AMA buffer.2-5 However, it

appears that the antimicrobial activity of defensins against Gram-positive strains is less affected

by the presence of salt (Chapter 4). This differential susceptibility of HD5 towards the salt

concentration in assay buffer was not explored previously in detail. Furthermore, the

importance of disulfide linkages for the AMA activity of HD5 differs against Gram-positive

versus Gram-negative strains. These observations along with other results, suggest different

modes of action of HD5 against Gram-positive and Gram-negative bacteria. For this reason, we

decided to investigate the effect of HD5 on both Gram-negative and Gram-positive bacteria.

We studied the effect of HD5 on E. coli, a model Gram-negative organism (Chapter 3).

HD5 induced distinct morphological changes such as bleb formation (0.5-1 im diameter),

clumping and elongation of bacteria. The blebs were observed mainly at the cell poles and cell

division sites. Moreover, the distinct morphological changes were also observed in other Gram-

negative bacteria. These morphological changes suggest that the HD5 kills Gram-negative

bacteria via a common mechanism of action and the bacteria might be responding to HD5

treatment by displaying the blebs and surface protrusions. The outer membrane vesicle (OMV)

formation (20-200 nm diameter) is a general bacterial resistance mechanism by which the

bacteria excrete the antimicrobial agents and prevent them from entering the bacteria. The

bleb formation resembles the outer membrane vesicle formation, albeit in much larger size.

The bacteria also display clumping and more extracellular structures resembling biofilm like
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structures. These phenotypes could indicate a coping mechanism employed by bacteria in order

to evade HD5 action by clumping and preventing the AMP entry.

Phenotypes such as bleb formation in bacteria were difficult to compare to the

literature reports, as there are few studies detailing various bacterial phenotypes caused by

AMPs and, in particular, defensins. In the literature, terms such as blebs, protrusions, or bulges

have been used to describe morphologies caused by AMPs without clear definitions. The

studies employing defensins often indicate blebs when referring to the outer membrane vesicle

like structures of 20 - 200 nm protruding from the surface of bacteria. These structures, along

with bulges comprised of the outer membrane alone with diameters as big as 1 tm, were also

reported following treatment of nontypeable Haemophilus influenzae (NTHi) and E. coli with

certain defensins. An observation that puzzled us was the ultrastructure of the blebs formed in

E. coli upon treatment with HD5. In the studies employing cytoplasmic-GFP expressing E. coli

strains (Chapter 3), bacteria upon treatment with HD5 displayed blebs containing GFP emission.

Inner membrane permeabilization causes the redistribution of cytoplasmic contents observed

in the blebs. Similarly, periplasmic-GFP expressing E. coli strains displayed blebs of both

phenotypes of ring-like GFP emission and uniform overall distribution. A ring-like distribution of

fluorescence could result from blebs composed of both inner and outer membranes, whereas

uniform distribution from outer membrane alone or both membranes albeit with

permeabilization of inner membrane. Thus, the blebs seemed to be comprised of sometimes

one membrane alone, and more often seemingly both inner and outer membranes. These

structures of blebs raise the questions such as 1) is the integrity of peptidoglycan layer

maintained upon treatment with HD5? 2) Are the phospholipid, LPS and protein composition of

these blebs altered? 3) The composition of the outer membrane governs the uptake of HD5Ox,

and the LPS-deficient strains are more susceptible to HD5Ox treatment than the parent strain;

thus, is HD5 interacting with the lipid or protein components of the blebs or both? 4) Is HD5

entry in to the bacteria prevented by exclusion of the blebs from cytoplasmic contents? 5)

What are the structural elements of HD5 that are required for the bleb formation?
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The localization of HD5 with fluorophore-modified HD5 derivatives at the cell poles and

division sites indicates a potential target at these sites. The potential target could be the anionic

phospholipids such as CL and PG present at these sites. In order to address this hypothesis, E.

coli deficient in the anionic lipids were subjected to HD5 treatment and we studied the

phenotypes of these bacterial along with localization of labeled-HD5 derivatives (Chapter 5).

Although we initially considered CL anionic lipids to be potential interacting moieties at cell

poles and cell septa, we found that the E. coli mutant lacking CL displayed WT-like phenotypes

upon treatment with HD5, and R-HD50 x was localized at cell poles and cell septa similar to WT.

However, when the mutant lacking both anionic lipids was subjected to HD5 treatment, bleb

formation was not observed and a uniform labeling pattern inside the bacteria was observed.

This result suggests the following possibilities: 1) both the anionic lipids CL and PG are required

at cell poles and cell septa, and interact with HD5ox, resulting in bleb formation and localization

patterns at these sites; or 2) these anionic lipids themselves regulate the localization of a

potential protein target of HD5 thereby regulating the localization of HD5 and bleb formation.

Currently, both hypotheses are equally possible and further studies are required to identify the

exact target and mechanism of action of HD5.

In the studies employing S. aureus, E. faecalis and B. subtilis as three representative

Gram-positive strains, we observed other phonotypes caused by HD5 treatment (Chapter 4).

These phenotypes observed in all three bacterial strains include clumping of bacteria,

membrane perturbations (commonly referred to as mesosome formation), and clear

differences in the ultrastructures of HD5-treated and pore-forming LL37-treated bacteria.

Although characterization of the phenotypes of defensin-treated S. cureus is reported, this

work has not been extended to additional different Gram-positive strains. Evaluating the

phenotypes of different strains treated with AMPs might provide insights into the mechanism

of action of these peptides against various bacteria. In this respect, we observed another

general trend: the thickness of the PG layer as evidenced from the TEM studies is markedly

greater for HD5-treated bacteria compared to the LL37-treated bacteria or even the untreated
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bacteria. However, more quantitative analyses are needed to firmly indicate any statistical

significance of such differences in the PG thickness. We can at least conclude that

morphological changes induced by HD5 are quite different from a pore-forming peptide LL37.

How these morphological differences correlate to the mechanism of action of HD5 needs to be

studied further.

When exploring the different susceptibility of Gram-negative and Gram-positive bacteria

to the salt concentration in the AMA buffer, we observed that in general, HD5 retains AMA

activity against Gram-positive bacteria even in the presence of higher NaCI concentrations. It is

to be tested whether this difference in AMA activity is due to the membrane compositions

alone (absence of LPS) or another cause. Currently, our hypothesis is that the HD5

antimicrobial action is due to the effect of HD5 on the cytoplasmic membrane and/or

components near this cytoplasmic membrane including cell division machinery. For HD5 to

encounter its targets in Gram-negative bacteria, HD5 needs to overcome the outer membrane

(LPS) barrier, and in the presence of higher NaCl and divalent cations that strengthen integrity

of LPS layer, this barrier is difficult to overcome. However, in case of LPS-deficient or defective

strains of Gram-negative bacteria, HD5 can enter bacteria more readily. Similarly, in case of

Gram-positive strains with no outer membrane, we can hypothesize that even at higher NaCl

concentrations, HD5 can penetrate/damage the cytoplasmic membrane. Further studies are

required in this direction to confirm our hypothesis.

In the field of defensins, and in case of HD5 in particular, the following questions are yet

unanswered. 1) Is the membrane damage a primary requirement for bacterial cell death? 2) Are

other processes such as transcription, translation or replication/division affected? 3) In the

human gut, how are the physiological conditions such as presence of mucin, redox

environment, other AMPs influencing the antimicrobial activity of HD5? How do these

morphological changes such as bleb formation, clumping and surface protrusions in bacteria

influence the other factors of human innate immune responses? Are there other AMPs that

induce similar phenotypes in bacteria as HD5? In conclusion, we need more fundamental
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studies on understanding the attack of these antimicrobial peptides on bacteria and determine

the bacterial responses to such peptides in order to widen our knowledge on the host-

pathogen interactions.
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