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Abstract
In recent years, strains of bacteria with resistance to conventional
antibiotics have been emerging at an alarming rate leading to the
urgency of designing a new generation of antimicrobials. One of the
promising avenues has been antimicrobial peptides and peptoids.
Despite

intensive

research,

detailed

bactericidal

and

cytotoxic

mechanisms of AMPs are still largely unknown. In this thesis, molecular
template evolution based on the peptide sequence modifications,
biophysical studies using fluorescence labeling and NMR spectroscopy,
virtual screening utilizing large scale molecular dynamics simulations are
exploited for rational antimicrobial drug discovery. Two main classes of
drug candidates are studied, human β-defensin-3 derived linear as well
as branched peptides targeting Gram-negative bacteria and peptide
mimetics synthesized from cationic charge-modified alpha-mangostin
predominantly active against Gram-positive bacteria.
The results show that the binding affinity, partitioning into the lipid
bilayer, the ability to oligomerize and form well defined structures upon
interactions

with

biological

phases

(e.g.

bacterial

membranes,

peptidoglycans and LPS layers) may contribute to condensation of
positive charges in AMP macrostructures resulting in membrane
remodeling and eventual lysis of bacteria. The interactions between
AMPs and negatively charged lipids characteristic to the composition of
the bacterial inner membranes can cause redistribution of membrane
lipids, which in turn may result in increased membrane permeability and
bacterial lysis.
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In the case of branched peptide targeting Gram-negative bacteria, a
progressive structure accretion is observed in water, LPS, and lipid
environments. Despite inducing rapid aggregation of outer membrane
lipopolysaccharides, AMPs remain highly mobile in the aggregated
lattice. These findings suggest that AMPs possessing both enhanced
mobility in the bacterial outer membrane and spatial structure facilitating
its interactions with the membrane-water interface may provide excellent
structural motifs for developing broad-spectrum new antimicrobials.
For peptoids targeting Gram-positive bacteria, large oligomers
formed by strong hydrophobic interactions between xanthone groups
were observed in aqueous solution, lipid micelles and liposomes. The
peptoid-induced graded leakage of the content of the lipid liposomes
used to model bacterium was monitored by both florescence study as
well as solution state NMR using bacterial membrane mimicking
liposomes incorporating florescence reporter or paramagnetic molecules
inside. A novel AMP membrane targeting mechanism, a patch model,
was proposed. Once approaching bacterial membrane, an incoming
individual peptoid molecule does not directly bind to the peptoid-free lipid
surface but rather preferentially interacts with growing peptoid oligomers
(patches) already assembled on the surface. This creates a significant
concentration buildup of the disruptors in the limited surface area
resulting in the vesicle disruptions only in those liposomes where a
sufficiently large patch of AMPs has been formed hence a graded
leakage phenomenon in overall liposome ensembles. Fast growing large
peptoid patches built on bacterial membrane eventually lead to lipid
bilayer deformation and bacterial lysis. Our novel patch model provides
explanation for graded leakage observed for many AMPs, inspiring new
direction for antimicrobial drug design.

Abstract

Page XVII

NMR Structure and Activity Relationship of Defensin-Analogous Peptides

Charpter 1. Introduction
Antibacterial compound is an agent that inhibits bacterial growth or kills
bacteria. The term was first introduced by Selman Waksman in 1942, to
describe any substance produced by a microorganism that is
antagonistic to the growth of other microorganisms [1]. The discovery
and introduction of Penicillin into general clinical use in the 1940s
represents one of the landmark advances in modern medicine. Since
then, a variety of new antibiotics were launched in the drug market. The
second half of the 20th century, in particular the period from 1950 to 1960,
was truly the golden age of antibiotic drug discovery. One-half of the
drugs commonly used today were discovered in that period [2]. However,
due to lack of proper control of antibiotics usage, overwhelming dosage
applied or misusing of drugs, emerging bacterial antibiotic resistance
issue became urgent clinical and public health concern. Despite the
successful development of antibiotics, infectious diseases remain the
third-leading cause of death in the United States in 1990s [3] and the
second-leading cause of death worldwide [4]. The market size for
antibiotics was greater than $25 billion US dollars per year in 2000s [5].
Since 2005, this market was growing at an annual rate of 6.6% until 2011.
The demand of antibiotics is expected to reach USD $44.68 billion by
2016 [6]. Besides the increasing huge requirement for antibiotic drugs,
unfortunately the Food and Drug Administration (FDA) approval of new
antibacterial agents decreased dramatically. Comparing year of
1998-2002 versus 1983-1987, there are about 56% decline of new drugs
approved; meanwhile, drug resistance increased almost 5-8 folds among
various pathogens (Figure 1.1).
Introduction
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A. Increase in drug resistance among various pathogens
15

12

9
E.coli
K.pneumoniae

6

E.artogenes
3

0

B. Decrease of new drugs approved by FDA
18
15
12
9
6
3
0
1983-1987 1988-1992 1993-1997 1998-2002 2003-2007

Figure 1-1. Increased drug resistance among various common
pathogens against reduced new drug release in the market. (A)
Growing resistance of selected pathogens against the antibiotic drug,
Ciprofloxacin. Similar increase of resistance could be seen against most
of the commonly used antibiotics. Figure modified from Clinical
Microbiology and Infection, 2004, 10 (s4): 1-9 [7]. (B) The number of new
antibiotic drugs approved by FDA since 1983 to 2007, with 5 years
interval.

Figure

is

based

on

Nature

Biotechnology,

2006,

24(12):1521-1528 [8].
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In recent years, world-wide efforts are focused on developing new
classes of antibiotics in order to conquer bacterial drug resistance.
Several major drug development methods have been explored, like
classical screening through chemical libraries; structural modifications of
existing antibiotic agents; genome hunting and new route that targeting
non-multiplying, latent bacteria. By using these methods, many antibiotic
molecules are patented or in clinical trials. One of the promising classes
is the antimicrobial peptides (AMP) and peptoids. In this study, we focus
on studying the structural and activity relationship (SAR) of several newly
designed antibacterial peptides and peptoids, examine their bacterial
killing efficacy and selectivity mechanisms, as well as eventually optimize
the patented antibiotic molecules for potential clinical applications.

1.1

Introduction to antibiotics

Infectious diseases are very common human health concern which
adversely affecting life qualities. Most of the infections are caused by
bacteria, which are broadly categorized into two groups according to cell
wall structure differences, namely Gram-positive and -negative.
Gram-positive bacteria possess a thick cell wall constituting mainly
peptidoglycans

to

protect

the

cytoplasmic

membrane.

Instead, Gram-negative bacteria use lipopolysaccharides made outer
membrane for the same protection purpose. Cytoplasmic membranes of
Gram-positive and –negative bacteria are similar but very different from
mammalian cells. Bacteria membrane contains high level of negatively
charged phosphatidylglycerol (about 30%), while the mammalian cell
membrane is neutral containing phosphatidylcholine. The differences in
bacterial cell wall structures provide antibiotic susceptibility differences;
for instance, vancomycin can kill only Gram-positive bacteria and is
Introduction
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ineffective against Gram-negative pathogens
Bacterial infections could be managed and treated by a group of
compounds, known as antibiotics. Antibiotics are loosely classified into
several groups according to their bacterial targeting spectrum, route of
clinical administration, type of activity as well as chemical structure
(Figure 1.2). Broad spectrum antibiotics are effective against a broad
range of microorganisms whereas for narrow spectrum antibiotics, either
Gram-positive or negative bacteria are selected. Bactericidal antibiotics
kill the bacteria like vancomycin, fluoroquinolones in comparison to
bacteriostatic antibiotics which inhibit the growth of bacteria, for example
tetracycline and chloramphenicol.
In this chapter, the history of antibiotics development, common
antibiotics in clinical application as well as the future challenges facing
the development of new drugs will be briefly reviewed.

Introduction
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Bacterial Spectrum

Broad
Narrow

Bactericidal
Type of
Activity

Sulfonamides
Bacteristatic

Antibiotics
Systemic
Route of
Administration
Topical

Penicillins
Aminoglycosides
Tetracyclines
Chloramphenicol
Macrolides

Organic small
molecules

Rifamycins
Quinolones
Cephalosporins

Chemical
Structure

Oxazolidonones
Lincosamides

Glycopeptides
Peptides and peptide
derivatives

Lipopeptides
Polypeptides

Figure 1-2. A common scheme of antibiotics classification. Figure is
shown in a horizontal hierarchical layout and colored according to the
hierarchical layers.
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1.1.1 Historical view of antibiotics development
The word “antibiotic” came from “antibiosis”, which is a term coined in
1889 by Paul Vuillemin. Antibiosis is a biological interaction between two
or more organisms that is detrimental to at least one of them or
antagonistic association between an antagonism and the metabolic
substances produced by another, in another word, a process by which
life could be used to destroy other life.
The history of antibiotics can be traced back to the ancient times. In
ancient Egyptians, the Chinese, and Indians of central America all used
molds to treat infected wounds. In Serbia, moldy bread was traditionally
used to treat wounds and infections. Warm soil was used in Russia by
peasants to cure infected wounds. Sumerian doctors gave patients beer
soup mixed with turtle shells and snake skins. Babylonian doctors healed
the eyes using a mixture of frog bile and sour milk. Sri Lankan army used
oil cake (sweetmeat) to server both as desiccant and antibacterial.
Although widely used, people at that time did not understand the
connection of the antibacterial properties of mold and the treatment of
diseases. In the year of 1640, John Parkington recommended using
mold for disease treatment in his pharmacology book. Systematic
research of antibiotic science starts in the modern times, 1880s.
In the late 19th century, germ theory of disease became accepted
gradually. It said that some infectious diseases are caused by small
organisms, which are too small to be seen without magnification
(microorganisms), invading the human body.
In 1890s, procyanase, the first antibiotic used in hospitals were
discovered by German doctors Rudolf Emmerich and Oscar Low.
Unfortunately, the drug did not work equally well on all the patients as
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well as quite toxic to humans, therefore it is no longer used today.
In 1928, Sir Alexander Fleming observed that colonies of
Staphylococcus aureus could be destroyed by fungus Penicillium
notatum as well as discovered enzyme lysosome.
In 1935, German chemist Gerhard Domagk discovered Prontosil, the
first sulfonamide drug in the market.
Only in the year of 1942, Howard Florey and Ernst Chain invented
the manufacturing process of Penicillin G, Procaine. Penicillin, which is
probably one of the most successful drugs in the medicinal history, is
widely used nowadays. Fleming, Florey, and Chain were awarded Nobel
Prize for medicine in 1945 for their great success on Penicillin.
In 1943, American microbiologist Selman Waksman made the drug
Streptomycin, which belongs to a new class called aminoglycosides.
Streptomycin was heralded as a cure for disease like tuberculosis. The
only drawback is that the side effects were sometimes severe.
In 1950s, tetracyclines, a large family of antibiotics were discovered
as natural products. Later tetracycline became the most prescribed
broad spectrum antibiotic in the United States.
Since

then,

glycopeptide,

quinolones

and

fluoroquinolones,

cephalosporins and its five related generations were discovered and
released into drug market. Antibiotic science advanced rapidly.

1.1.2 Traditional organic antibiotics in the market
Until today, there are many antibiotics available in the pharmacy with
different bacterial selectivity. The remarkable success of antimicrobial
drugs generated a misconception that infectious diseases would be
conquered easily. However, bacteria pathogens typical exhibit high
mutation rate. A spontaneous or induced genetic mutation may happen
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at a rate of about 1 in 108 per chromosomal replication. Random genetic
mutations lead to alternation of specific bacterial cellular pathways, for
example altered site of antibiotics action, by-passed the inhibited
metabolic step, reduced intracellular drug concentration, enzymatically
inactivate the drug or overproduction of drug targets [5,9-11]. These will
result in the development of bacterial resistance. Abused usage of
antibiotics serves as environmental pressure which selects resistance.
Those survived bacteria could pass the trait to their offspring through
reproduction or spread to other individuals through horizontal genetic
transfer via conjugation, transduction, or transformation. In this way, the
evolution of a fully resistant colony takes place.
In this section, family of commonly used antibiotics, their target and
possible bacterial resistance developed are summarized below (Table 1
and Table 2).


Sulfonamides

The sulfonamide is a chemical group which contains a sulfonyl group
connected to an amine. Its general formula is RSO2NH2.
Sulfonamides are the first antibacterial drugs discovered in the early
1930s. As a broad spectrum antibiotic, sulfonamides work well against
both Gram-positive and –negative bacteria. Since its clinical usage in
1968, sulfonamides are primarily used to treat urinary tract and upper
respiratory tract infections. Due to their relatively tolerated side effects
and low costs, sulfonamides remain one of the most popular antibiotics
in the world [12].
Sulfonamide is bacteriostatic by inhibiting the synthesis of folic acid. It
has a chemical structure very similar to para-aminobenzoic acid (PABA).
Sulfonamides work as a competitive inhibitor of enzyme dihydropteroate
synthase (DHPS), which catalysis the conversion of PABA to

Introduction

Page 8

NMR Structure and Activity Relationship of Defensin-Analogous Peptides

dihydropteroate. The catalyzed reaction is a key step in folic acid
synthesis. Reduced folic acid production will lead to decreased bacterial
nucleotides quantity and subsequent reduced bacterial growth [13,14].
Resistance to sulfonamides is wide spread among bacterial strains.
Resistance might be developed due to the expression of genes encoding
alternative forms of the targeting enzyme DHPS [15], production of
DHPS in excess amount which will overwhelm sulfa inhibition, or
sometimes resuming cell division by bypassing the folic acid synthesis
process namely acquiring exogenous supplies of thymidine [16,17].


Penicillins and cephalosporins

Both penicillin and cephalosporins belong to a large group of antibiotics
family, –lactams. –lactams are the most widely used group of
antibiotics. Up to 2003, more than 50% of all commercially available
antibiotics in use are belong to the family [18].
The chemical structure of penicillin contains a five-member
thiazolidine ring fused with a –lactam ring; while in cephalosporin, a
six-member sulfer-containing dihydrothiazine ring is used together with
the –lactam ring [18]. Both of them are bactericidal by inhibiting
bacterial cell wall synthesis. –lactam ring has a structure analogous to
D-alanyl-D-alanine, which is the terminal group of peptidoglycan subunits.
DD-transpeptidases, also called penicillin-binding proteins (PBP) due to
the high binding affinity to penicillin, catalyzes cross-linking of
peptidoglycan precursors forming rigid bacterial cell wall. –lactam
antibiotics competing with D-alanyl-D-alanine bind to PBP, that results in
irreversible inhibition of PBP enzymatic activity and disrupted bacterial
cell wall [19].
Bacterial resistance to –lactam antibiotics has risen through
different mechanisms. One of the most common one is the destruction of
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the –lactam ring by enzyme –lactamase [20,21]. –lactamases
covalently react with the –lactam ring, rapidly hydrolyze it and remove
drug activity. Other resistance pathways have also been seen like (1) the
reduced penetration of drugs towards PBP target, achieved by reduced
porin channels expression in Gram-negative bacterial lipopolysaccharide
(LPS) outer membrane (2) enhanced pump out of drugs from the
bacterial periplasmic space, facilitated by the endogenous AcrAB
multidrug efflux system in E.coli and (3) altered PBP binding site leading
to reduced drug binding affinity.


Aminoglycosides,

tetracyclines,

chloramphenicols,

macrolides, lincosamides and oxazolidonones
All of the antibiotics listed in this section belong to a superfamily called
Protein Synthesis Inhibitors which are bacteriostatic. They bind to
different active sites in bacterial ribosome and prevent successful mRNA
transcription.
Aminoglycosides share common structure of amino-modified sugar.
A six-membered sugar ring with amino group substitutes is called
aminocyclitol. Aminoglycosides are named for the glycosidic bonds
between the aminocyclitol and two or more sugars with or without amino
group. Binding to A site of bacterial 30S ribosomal subunit by
aminoglycosides prevents recognition and binding between mRNA
codon to anticodon region on tRNA [22,23]. Clinically, aminoglysocides
are used for treatment against aerobic, Gram-negative bacteria.
Tetracyclines are derivatives of polycyclic naphthacene carboxamide,
which contain four hydrocarbon rings fusing together. They are
broad-spectrum antibiotics inhibiting bacterial growth by reversibly
binding to the 30S ribosomal subunit of bacteria [24]. The binding has
similar effect as aminoglycosides, blocking the association between
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tRNA and mRNA-ribosome complex at the acceptance site.
Chloramphenicols are broad-spectrum antibiotics discovered in 1949.
It was the first antibiotic which chemical synthesis was economically and
technically practical for large-scale production. Chloramphenicols bind to
23S rRNA of the 50S ribosomal subunit, inhibiting the peptidyl
transferase activity and preventing protein chain elongation [25].
Macrolides are named by their nucleus structure, a macrolide ring.
The macrolide ring is a large macrocyclic lactone ring with one or more
deoxy sugars attached. Macrolides also bind to the 23S rRNA of the 50S
ribosomal subunit, near the peptidyl transferase center. Different from
chloramphenicols which directly interfere with the tRNA binding,
macrolides block polypeptide chain elongation through steric blockage
[26].
Lincosamides binds similarly as marcrolides and chloramphenicols,
to the 50S bacterial ribosomal subunit. They cause premature
dissociation of the peptidyl-tRNA from the ribosome [27].
Core chemical element of oxazolidonones is a heterocyclic
5-membered organic ring structure containing both nitrogen and oxygen.
Different from other protein synthesis inhibitors which bind to 30S or 50S
ribosomal subunit, oxazolidonones bind to the interface between 30S
and 50S subunit preventing the formation of 70S complex, therefore
inhibit the earliest step of bacterial protein synthesis [28]. Linezoild,
approved by FDA in 2000, is one of the latest antibiotic new drugs. It
effectively targets most of the Gram-positive bacterial pathogens.
Unfortunately, resistance to linezolid has been developed quickly since
2004.
Due to the similarities in bacteriostatic mechanism, protein synthesis
inhibitors share common bacterial resistance developed. One of the most
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common ones is the alteration of target site, methylations or sometimes
point mutations on both 16S rRNA (30S ribosomal subunit) and 23S
rRNA (50S ribosomal subunit) have been observed. Altered ribosomal
active sites prevent antibiotic drugs binding therefore leading to
resistance [29,30]. Combinations of decreased bacterial membrane
permeability and active efflux of drugs are also seen in bacterial
resistance strains, to eventually decrease the antibiotic drug availability
to the target [31,32]. LPS layer in Gram-negative bacteria plays an
important role to prevent antibiotic drug penetration [33,34]. Besides that
bacteria also develop enzymes which will modify antibiotic compounds
which results in inactivation of the drug [35-37].


Rifamycins

Rifamycins are broad-spectrum bactericidal agents particularly active
against

mycobacteria

and

Gram-positive

organisms.

Rifamycin

derivatives inhibit bacterial DNA-dependent RNA synthesis by inhibiting
the –subunit of DNA-dependent RNA polymerase, which is highly
conserved among prokaryotes [38]. Missense mutations in rpoB gene
cause amino acid substitutions within rifampin-binding pocket of RNA
polymerase, which leads to bacterial resistance developed [39].


Quinolones

Quinolones are synthetic bactericidal drugs. The chemical structures of
quinolone family share common features of dual ring configuration with a
nitrogen at position 1 and a carbonyl group at position 4.
The quinolones inhibit bacterial DNA synthesis which leads to
bacterial cells death rapidly. Inhibition of bacterial DNA synthesis is
achieved at several levels. The first recognized quinolones target is DNA
gyrase, which introduces negative superhelical twists into bacterial DNA.
The enzyme is essential for initiation of DNA replication. Another level of
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targeting bacterial DNA synthesis is inhibiting the activities of bacterial
topoisomerase IV by quinolones. Topoisomerase IV functions to
separate two daughter DNA molecules after the replication cycle is
complete. Besides that, quinolones are also found to promote the
cleavage of DNA when it is in complex with either of the two targeted
enzymes [40,41].
Resistance to quinolones is developed mainly by spontaneous
mutations in genes encoding either DNA gyrase or topoisomerase IV [42].
Protection of those two enzymes by bacterial protein has also been
observed [43]. Another common resistance development scheme is by
overexpression of multidrug resistance (MDR) efflux pumps in both
Gram-positive and Gram-negative bacteria [44].

Table 1. Organic antibiotic classes, their chemical structure,
representative drugs and antibacterial mechanism.
Antibiotics class

Representative
compounds
Prontosil
Sulfisoxazole

Mechanism of
action
Inhibiting folate
synthesis

Penicillins

Ampicillin
Penicillin G

Inhibit bacterial
cell
wall
synthesis

Cephalosporins

Cefalexin
Imipenem

Aminoglycosides

Streptomycin
Kanamycin

Sulfonamides

Introduction

Chemical group

Inhibit bacterial
protein
synthesis
by
binding
to
ribosome
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(Table 1 continued)
Antibiotics class

Representative
drugs

Action
mechanism

Tetracyclines

Tetracycline
Doxycycline

Chloramphenicol

Chloramphenicol

Inhibit bacterial
protein
synthesis
by
binding
to
ribosome

Macrolides

Erythromycin
Roxithromycin

Lincosamides

Lincomycin
Clindamycin

Oxazolidonones

Linezolid
Radezolid

Rifamycins

Rifampicin
Rifabutin

Inhibit
RNA
transcription

Quinolones

Norfloxacin
Gatifloxacin

Inhibit
DNA
replication and
transcription
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Penicillins
Cephalosporin

Sulfonamides

–lactamase
hydrolysis

Enzymatic
inactivation

Reduced porin
in
channels
Gram-negative
bacteria

Decreased
permeability

sul1 and sul2
genes coding
alternative
of
forms
DHPS

Production
of DHPS in
excess
amount

Altered target Overproducti
site
on of the
target

AcrAB
Altered PBP
multidrug
binding site
efflux
system in
E.coli

Active efflux

Table 2. Major bacterial resistances developed against common organic antibiotics.
Protected
target site

Acquire
exogenous
thymidine

Bypass
inhibited
process
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Mutation or
enzymatic
methylation
on 16S rRNA

in
Mutation
16S rRNA
(Helicobacter
pylori)

Mex XY and
AB
Amr
multidrug
efflux
pumps

Altered proton
motive force in
inner
membrane

Reduced
Six class of
porin
efflux
in pumps
channels
Gram-negativ
e bacteria

N-acetylation;
O-nucleotidylation;
O-phosphorylation

Tet(X) gene

3-O-acetylation by Reduced
Multidrug
chloramphenicol
porin
efflux
in pumps
acetyltransferase
channels
Gram-negativ
e bacteria

Tetracyclines

Chloramphenicol

Ribosomal
protection
proteins

Altered target Overprod Protected
site
uction of target site
the target

Active efflux

Decreased
permeability

Aminoglycosides

Enzymatic
inactivation

Bypass
inhibited
process
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(Continued Table 2.)
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Adenylation

Lincosamides

Oxazolidonones

Phosphotransfer
ases inactivation;
Esterase
of
hydrolysis
lactone ring

Macrolides

Enzymatic
inactivation

Lipopolysacch
outer
aride
membrane in
Gram-negative
bacteria

Lipopolysacch
outer
aride
membrane in
Gram-negative
bacteria

Decreased
permeability

Efflux
pumps;
ABC
transporters

Mef,
msr
and mreA
gene for
Macrolides
efflux pump

Point
mutation or
methylation
in 23S rRNA

Dimethylation
on 23S rRNA
50S
of
ribosomal
subunit

Dimethylation
on 23S rRNA
50S
of
ribosomal
subunit

Active efflux Altered target
site
Overprod Protected
uction of target site
the target

Bypass
inhibited
process
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(Continued Table 2.)
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Quinolones

Rifampicin

Enzymatic
inactivation

in
Mutations
DNA
either
gyrase gyrA or
topoisomerase
IV parC gene

in

Qnr gene
protect
DNA
gyrase and
topoisomer
ase IV

target Overprod Protected
uction of target site
the target

Missense
mutations
rpoB gene

Active efflux Altered
site

Reduced porin MDR efflux
in pumps
channels
Gram-negative
bacteria

Decreased
permeability

Bypass
inhibited
process
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(Continued Table 2.)
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1.1.3 Future challenges for new drug development
As shown in table 1 and 2, majority of the antibiotic drug classes are
targeting either bacterial cell wall synthesis or essential metabolic
pathway (protein, DNA and RNA production). Unfortunately, resistant
bacterial pathogen stains have been observed for most of the common
antibiotics. Developing new generation drugs become an important and
urgent issue for human health concern. Recently, scientists and
biotechnological drug companies worldwide have made large effort in
antibiotics

discovery

project.

Large

number

of

promising

lead

compounds have been identified and patented [8]. Several common
methods developed for novel antibiotics discovery include:


Classic screening

Classic screening approach means the screening of large numbers of
natural and synthetic compound libraries resulting in the identification of
a lead compound [45]. Early antibiotics produced in 1940s and 1950s are
all discovered by screening through natural products. Chemical
synthesis libraries could also be fundamental sources. Oxazolidinones
and ketolides are all raised from synthetic chemical libraries. However,
for compounds in chemical libraries, toxicity and solubility might be an
issue. Inhibitors shown enzymatic activity in vitro often could not achieve
comparable effect in bacterial cells.
Through classic screening, some natural peptides are shown to be
antibiotic. Natural antibiotic peptides have the advantage of low
cytotoxicity and high solubility. However, majority of these natural
peptides inherit low efficacy and complex secondary structures including
disulfide bonds. Chemical modifications are needed for improved
antibiotic performance and large scale synthesis. A combination of
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natural-product biosynthesis and solid-phase chemistry is needed.


Structural changes to existing drugs

The short-term response from the pharmaceutical companies to
observed bacterial resistance is to focus on structural alteration of
existing molecules [46]. Many derivatives of currently available
antibiotics have been synthesized and tested for antibiotic activity
against drug resistance pathogens. Development of five generations of
cephalosporins

and

fluoroquinolones

are

successful

examples.

Structural modification strategy has the advantage of fast hit
development, but also exhibits the risk of high likelihood of resistance
development.


Genome hunting

Genome hunting approach became possible only recently with the
advance in genetic sequencing technologies and many bacterial
genomes became available. The process includes (1) identification of a
target bacterial gene which is essential for bacteria life; (2) clone gene,
express and obtain protein atomic structure; (3) identify protein active
sites, screen through small molecule libraries for binding partners; (4)
chemical modification of lead molecules and optimize binding; (5) finally
test on bacterial cell culture [47,48].
Genome hunting process provides the possibility to discover new
antibiotics with novel bacterial targets. One of the promising candidates
is antisense nucleic acids, which kill bacteria through inhibiting its gene
expression. Bacterial cell wall, as a common protection layer shared by
many bacterial species, exhibit low mutation rate due to its important
functions. It has been interesting drug target for long time. By combining
bacterial genetics research together with structural biology, developing
new antibiotics targeting bacterial cell wall become more promising.
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Targeting non-multiplying bacteria

Majority of current drugs are targeting fast dividing bacteria by inhibiting
metabolic pathway. Another group of bacteria has been paid less
attention, the non-multiplying bacteria. Although exist in small numbers,
non-multiplying bacteria play an important role in the clinical treatment.
The slow metabolic rate provides bacteria tolerance to antibiotic drugs
and prolonged treatment easily causes emergence of bacterial resistant
strains [49,50]. Designing new antibiotics targeting critical bacterial
structure rather than metabolic pathway might be very valuable.

1.2

Introduction to AMPs and their derivatives

After years of study, it was found that some naturally occurring peptides
contain antimicrobial activity, termed antimicrobial peptides. Antimicrobial
peptides are evolutionarily conserved component for the innate immune
response and are found among all classes of life. Majority of these
peptides contain broad-spectrum antimicrobial activity, actively kill both
Gram-positive and Gram-negative bacteria, even fungus.
Due to the suspicion that AMPs target bacteria membrane rather
than specific bacterial molecules, chances to develop resistance may be
dramatically decreased [51]. In addition, the cytotoxicity of human AMPs
is expected to be low due to their nature origin. With these great
advantages, AMPs are expected to be promising agents targeting
multi-drug resistant pathogens. In order to brand these AMPs into
commercial antibiotic drugs, massive studies have been done to improve
the peptides bactericidal activity and reduce sequence complexity.
Successful peptides with improved drug properties have entered
different stages of clinical trial [52,53].
Antimicrobial peptides are unique and diverse group of molecules.
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They are generally cationic, containing 12-50 amino acids in length.
Secondary structures of AMPs could be -helical, -sheet, -hairpin/loop
or extended structure [54]. In this chapter, popular AMPs in market and
under research as well as their proposed antibacterial mechanism are
briefly reviewed.

1.2.1 Antibiotic drugs composed of AMP and AMP
derivatives
After several years of great effort in antimicrobial peptide research,
scientists have developed several antibiotic drugs based on AMP or AMP
derivatives. Among all those, three have already been approved and
used in clinical medicine; more are still under clinical trial or extensive
studies.


Glycopeptides (Vancomycin)

Glycopeptides are antibiotics containing glycosylated cyclic or polycyclic
non-ribosomal peptides (Figure 1.3). Their main target is Gram-positive
bacteria and vancomycin is one of the most successful drugs.

Figure 1-3. Vancomycin structure. Peptidic bonds are highlighted
using rounded rectangle.
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Vancomycin forms extensive hydrogen bonds with the terminal
D-alanyl-D-alanine group in peptidoglycan precursors. This binding
prevents the formation of long peptidoglycan polymers also inhibits the
cross-linking of peptidoglycan, therefore avoids the proper cell wall
synthesis in Gram-positive bacteria.
Gram-negative bacteria are intrinsically resistant to vancomycin
since the LPS formed outer membrane is impermeable to large
glycopeptides. Resistant Gram-positive bacterial strains also developed
recently by producing altered D-alanyl-D-alanine groups which have
much lower affinity for vancomycin binding [55].


Lipopeptides (Daptomycin)

Lipopeptides are natural bacterial expressed molecules, which contain
aliphatic lipids connected to peptides (Figure 1.4). The designs of
lipopeptide drugs are inspired by the idea of peptides kill bacteria
through membrane disruption. Attaching hydrophobic lipid tail to peptides
may further facilitate AMPs membrane interaction therefore disruption.

Figure 1-4. Daptomycin structure. Peptidic bonds are highlighted using
rounded rectangle.
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One of the representative drugs in lipopeptide class is deptomycin,
which is used for the treatment of systemic and life-threatening infections
caused by Gram-positive pathogens. Deptomycin interacts with
phosphatidylglycerol in bacterial membrane at high affinity. It aggregates
and inserts into the membrane, causing altered membrane curvature and
eventually leakage [56].
Bacterial resistance to deptomycin is rarely reported. Targeting
bacterial fundamental structure, the cell membrane, results in low
possibility of developing resistance by mutation. The discovery of
deptomycin

provides

new

knowledge

of

AMP

antibiotics.

Phosphatidylglycerol in bacterial membrane appears to be a good drug
target, for both its low mutation rate and high specificity (not present in
mammalian cell).


Polypeptides (Bacitracin and Polymyxin B)

Polypeptide antibiotics are a chemically diverse class of antibiotics
containing non-protein polypeptide chains (Figure 1.5). Representative
antibiotics belong to polypeptide group include bacitracin targeting
Gram-positive bacteria and polymyxin B against Gram-negative
pathogens.

Figure 1-5. Polymyxin B structure. Peptidic bonds are highlighted
using rounded rectangle.
Introduction

Page 24

NMR Structure and Activity Relationship of Defensin-Analogous Peptides

Bacitracin is a mixture of related natural cyclic polypeptides. They
interact with isoprenyl pyrophosphate, which carries the peptidoglycan
building block for bacterial cell wall [57].
Polymyxin B is a mixture of two similar compounds, polymyxin B1
and polymyxin B2. It is bactericidal against most of the Gram-negative
bacteria

by

interacting

phosphatidylglycerol

with

decorated

both

LPS

cytoplasmic

outer

membrane

membrane.

and

Positively

charged polymyxin B binds to negatively charged LPS through strong
electrostatic interactions, inducing phase transitions of the latter. LPS
aggregation and phase transitions result in increased bacterial outer
membrane permeability. The endotoxin effect, caused by the presence of
lipid A (part of LPS) in blood circulation, will also be neutralized [58,59].
Once it reaches the inner membrane, the lipid portion of polymyxin B
dissolves into the bilayer through hydrophobic interactions, leading to
decreased membrane integrity [60,61].


Polymedix PMX-30063

Vancomycin, daptomycin and polymyxin B are the AMP derivative drugs
currently available in the market. There are many more AMPs or AMP
derivative compounds patented recently. PMX-30063 from PolyMedix Inc.
is one of the most promising antibiotic candidates.

Figure 1-6. Structure of PMX-30063. Peptidic bonds are highlighted
using rounded rectangle.
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PolyMedix a clinical stage biotechnology company developing
first-in-class, small molecule drugs for the treatment of serious acute
care conditions. Their lead compound PMX-30063 is designed for the
treatment of acute bacterial skin and skin structure infections caused by
Staphylococcus aureus. PMX-30063 is a new molecule which belongs to
a novel antibiotic class—host defense protein mimetics (Figure 1.6). Host
defense proteins (HDP) function as the first line of defense in host innate
immunity against microbe infections. They are evolutionary conserved
and could be found in almost all life forms including both eukaryotes and
prokaryotes. They are cationic charged amphiphilic proteins targeting
bacterial

membrane

through

electrostatic

interactions.

Although

PMX-30063 kills bacteria through membrane disruption, similar as HDPs,
its chemical structure is much simpler hence dramatically reduced its
production cost. It shows promising antibiotic activity against both
Gram-positive and Gram-negative bacteria including drug resistant
strains. Since after millions of years of evolution, no widespread
resistance to HDPs has been observed, the resistance to HDP mimetic
molecules is unlikely to evolve as well. So far, no bacterial resistance has
been developed from serial passages of bacteria with PMX-30063
treatment.
PolyMedix announced exciting clinical phase II trial results for
PMX-30063 in 2012 and name it as Brilacidin.


Lytic Biopharma, LTX-109

LTX-109 is a peptidomimetic antimicrobial drug developed by Lytic
Biopharma (Figure 1.7). Currently it is in clinical trial stage for skin
infections and nasal decolonization of MRSA.
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Figure 1-7. Structure of LTX-109. Peptidic bonds are highlighted using
rounded rectangle.

LTX-109 has demonstrated broad spectrum antimicrobial activity
against Gram-positive/-negative bacteria as well as a range of yeast and
fungal species. The compound is equally effective against antibiotic
resistant species such as methicillin resistant Staphylococcus aureus
(MRSA), vancomycin resistant Enterococci (VRE) and multi-resistant
Pseudomonas isolates. The ultra-rapid membrane lysing action of
LTX-109 leads to fast bacteria killing effect therefore reduced drug
dosage. As a result, a lower propensity to develop bacterial drug
resistance could be expected. To date LTX-109 demonstrates no in vitro
cross-resistance with other classes of antibiotics.


Genaera Crop., MSI-78

MSI-78, also known as Pexiganon, is a magainin analogous peptide
designed by the biotech company Genaera Corporation. It was used in
clinical phase III trial against diabetic foot ulcers caused by bacterial
infections [62]. Biophysical studies showed that MSI-78 forms
amphipathic –helical structure in solution (Figure 1.8) and it kills
bacteria through membrane disruptions.
In lipid micelles, MSI-78 helixes were observed to form antiparallel
dimers

held

Introduction

by

phenylalanine-

phenylalanine

interactions

[63].
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Self-association of MSI-78 helps it to create positive curvature stains
inside of bilayer membranes, thus membrane disruption. Oligomerization
of MSI-78 is critical for its toroidal-type bacteria killing mechanism.

N

C

Figure 1-8. Structure of MSI-78. 3D structure of MSI-78 is generated
using I-Tasser web-based protein structure prediction service [64].
Backbone of the polypeptide chain is shown in ribbon. Heavy side chains
of cationic amino acid residues are highlighted in green lines while the
hydrophobic ones are labeled in blue.



LL-37

In mammals, the two main families of neutrophil producing antimicrobial
peptides are cathelicidins and defensins. They are important effector
molecules for innate immunity. LL-37 is the only human cathelicidin has
beed found so far. The peptide is stored in neutrophil granules in an
inactive form and processed extracellularyly to the active peptide LL-37
and the propart cathelin [65].
LL-37 is an amphipathic, alpha-helical peptide (Figure 1.9). It lays
parallel to the bacterial surface and creates positve curvature strains in
the bilayer membrane. Toroidal pore mechanism for lipid bilayer
disruption is proposed for LL-37 [66]. Unfortunately clinical trails for
LL-37 as antibitics have been hampered by the indications that LL-37
might be toxic for mammalian cells and its antimicrobial acitivity could be
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inhibited by serum. Further modifications of the peptide is needed. LL-37
dereived peptide with removed N-terminal hydrophobic amino acids
shows decreased cytotoxicity, which might be promising for future drug
design [67].

N
C

Figure 1-9. Structure of LL-37. Figure is prepared using PDB entry
Human LL-37 structure, number 2K6O [68]. Four selected conformers
are shown in assemble. Backbone of the polypeptide chain is shown in
ribbon. Heavy side chains of cationic amino acid residues are highlighted
in green lines while the hydrophobic ones are labeled in blue.

1.2.2 Natural AMPs under extensive research
Antimicrobial peptides were discovered in early 1980s through the
identification of cecropin and magainin. To date, thousands of peptides
from different natural origin have been identified with bactericidal
property. The antimicrobial peptide database (APD) contains 2239
atimicrobial peptides [69,70]. Among them, there are 192 bacteriocin,
294 plant AMPs and 1698 peptides from animal host innate immunity.
Besides majority of them kill bacteria through targeting bacterial
membranes, their structures are very diverse. Several AMPs and their
structures are briefly reviewed.
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Cecropin

Cecropin was discovered by Boman’s group from silk moths (Hyalophora
cecropia) [71]. From whence more peptides belong to cecropin family
were found from other insects and named as bactericidin, lepisopteran,
sarcotoxin etc. Cecropins are small proteins about 31-37 amico acids
residues in length targeting both Gram-positive and –negative bacteria.
Its structure consists of mainly alpha-helixes (Figure 1.10). In vesicles,
cecropins form ion channels at low peptide to lipid ratios and large pores
are formed at high peptide to lipid ratio allowing probe molecules passing
through [72]. When approaching bacterial membrane, cecropins fold into
a more compact structure and orient its helical axis parallel to the
membrane surface [73]. A “carpet-like” model was proposed that several
cecropin monomers bind to membrane in a cooperative manner leading
to increased membrane permeability.

N

C

Figure 1-10. Structure of cecropin. 3D structure of cecropin A is
simulated using I-Tasser [64]. Backbone of the polypeptide chain is
shown in ribbon. Heavy side chains of cationic amino acid residues are
highlighted in green lines while the hydrophobic ones are labeled in blue.
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Magainin

Magainins are a class of antimicrobial peptides found in the African claw
footed frog Xenopus laevis. They were first reported by Dr Michael
Zasloff in 1987 [74]. Magainins are short peptides forming alpha-helixes
in dodecylphosphocholine (DPC) micelles (Figure 1.11). Structural
studies relieved that magainin forms selective ion channels for
monovalent cations at critical peptide to lipid ratio of 5:1 [75]. Hence, a
toroidal pore model was proposed.

N

C

Figure 1-11. Structure of magainin 2. Figure is prepared using PDB
entry magainin 2 in DPC micelles, number 2MAG [76]. Ten selected
conformers are shown in assemble. Structure of magainin 2 is
determined using solution state NMR. Backbone of the polypeptide chain
is shown in ribbon. Heavy side chains of cationic amino acid residues are
highlighted in green lines while the hydrophobic ones are labeled in blue.



Tachyplesin

Tachyplesin was a cationic peptide isolated from acid extracts of
horsehoe crab (Tachypleus tridentatus) hemocyte debris [77]. It consists
of 17 residues forming beta-sheet structure (Figure 1.12). Tachyplesin
showed broad spectrum bactericidal activity against both Gram-positive
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and –negative bacteria. It permeabilizes the inner membrane and forms
complex

with

outer

membrane

lipopolysaccharides

in

case

of

Gram-negative bacteria [78].

C

N

Figure 1-12. Structure of tachyplesin. Figure is prepared using PDB
entry tachyplesin I in DPC micelles, number 1MA5. Structure of
tachyplesin I is determined by solution NMR. Backbone of the
polypeptide chain is shown in ribbon. Beta-sheet structures are
highlighted in cyan and disulfide bond are labeled in orange. Heavy side
chains of cationic amino acid residues are highlighted in green lines
while the hydrophobic ones are labeled in blue.



Defensin

Defensins are 3-5 kDa cysteine-rich cationic peptides found in both
vertebrates and invertebrates [79,80]. They function as host defense
peptides through electrostatic interactions with the bacterial membrane,
leading to permeability changes or pore formation [81,82]. Defensins are
coded by polymorphic genes and based on their expression patterns,
defensins are broadly categorized into three classes, -β- and .
-defensins are primarily expressed in neutrophils while -defensins are
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rarely found in some leukocytes. β-defensins are most widely distributed
in leukocytes and epithelial cells. It plays an important role in human
innate immunity. Studies have shown that the antimicrobial activity of
mammalian β-defensins mainly depend on the structure and charge
distribution (Figure 1.13) but not the primary sequences [83].

N

C

Figure 1-13. Structure of human -defensin 3. Figure is prepared
using PDB entry of NMR structure of human -defensin 3 in solution,
number 1KJ6 [84]. For simplicity, one selected conformer instead of 20 is
shown. Backbone of the polypeptide chain is shown in ribbon.
Beta-sheet structures are highlighted in cyan and disulfide bond are
labeled in orange. Heavy side chains of cationic amino acid residues are
highlighted in green lines while the hydrophobic ones are labeled in blue.



Indolicidin

Indolicidin is a cationic antimicrobial peptide with unusual high content of
tryptophan and proline in its sequence. Within its 13 amino acid residue
sequence, there are five tryptophans and three prolines in the middle.
Structural studies showed that indolicidin forms extended loop on
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membrane-water interface (Figure 1.14), with Trp residues buried into
lipid membrane [85]. Insertion of the peptide hydrophobic core into lipid
bilayer suggested formation of channel aggregates thus membrane
leakage [86]. It was also proposed to kill bacterial through alternative
pathways rather than membrane disruption, inhibiting DNA synthesis of
Escherichia coli [87].
Two antimicrobial peptides drug candidates have been developed
based on indolicidin, MX-226 and MX-594AN. MX-226 is a topical
antibiotic designed for the prevention of catheter-related infections. In
2005, a confirmatory phase III clinical trial was initiated by Mignenix Inc.
MZ-594AN is developed for the treatment of acne vulgaris. It was
licensed to Cutanea Life Sciences in late 2005.

Figure 1-14. Structure of indolicidin. Figure is prepared using PDB
entry indolicidin in DPC micelles, number 1G89 [86]. Structure of
indolicidin is determined by solution NMR. 16 selected conformers are
shown. Backbone of the polypeptide chain is shown in ribbon.
Tryptophan and prolines are labeled in orange. Heavy side chains of
cationic amino acid residues are highlighted in green lines while the
hydrophobic ones are labeled in blue.
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1.2.3 Peptides and Peptoids used in this study
Extensive studies have been done to develop synthetic AMPs into
therapeutics. Three major research approaches could be distinguished,
namely template-based studies [88], biophysical modeling [89] and
virtual screening [90]. Template based studies means modification of
known AMP sequences (template) by amino acid substitutions seeking
for peptides possessing greater antimicrobial activity or reduced toxicity.
The modifications are usually local and the effect of a particular residue
substitution is context-dependent. Rigorous biophysical modeling
method aims to understand AMP activity and design improved variants
by examining peptide structures at atomic level. Choosing proper
experimental condition mimicking bacterial membrane is essential.
Virtual screening studies [91,92] require less experimental input
comparing to biophysical modeling. It provides quantifiable properties of
peptides rather than immediate interpretable models. Screening might be
limited by computational power if accurate and detailed analyses are
needed. In our studies, we explored a combination of all three major
AMP development approaches. A large scale dynamic collaboration was
built based on multi-group collaborations. AMP design and synthesis was
carried out by the organic chemistry group from our collaborator in
Singapore Eye Research Institute (SERI), their bactericidal activities and
toxicity were tested by the microbiology group also from SERI.
Biophysical modeling studies was done in house mainly using NMR
spectroscopy method and virtual screenings of AMP-bacterial membrane
interactions were simulated by molecular dynamics simulation group
from Bioinformatics Institute, A*STAR, Singapore. Two kinds of
molecules, defensin analogous peptides targeting Gram-negative

Introduction

Page 35

NMR Structure and Activity Relationship of Defensin-Analogous Peptides

bacteria and alpha-mangostin derivative peptoids against Gram-positive
bacteria, were utilized to study AMP bactericidal mechanism as well as
discover functional motifs for new generation antibiotics development.
Studies have shown that some linear analogs of human –defensin 3
(full length) exhibited higher antimicrobial activity while lower cytotoxicity
than the native protein [93]. In this study, we demonstrate that three
newly designed defensin C-terminal (R36-K45) analogous peptides, C2,
Y2, and F2, all displayed minimal cytotoxicity but very different
bactericidal efficacies (Figure 1.15). Their 3D structures and bacterial
membrane

interaction

mechanism

were

studied

using

NMR

spectroscopy and MD simulations.

Figure 1-15. Peptide sequences of human -defensin-3 C-terminal
analogous peptides. C2, F2 and Y2 peptides are aligned with original
hBD-3 peptide sequence with the substituting amino acids highlighted in
green. Acm means acetamidomethyl group (-CH2-NH-CO-CH3) added
on Cysteine side chain, to prevent the formation of disulfide bond.

Non-natural multivalent AMPs have been designed by conjugating
copies of a peptide monomer to scaffold molecules via naturally
occurring intermolecular disulfide bridges or unnatural scaffold linkers
[94]. Branched peptides have been shown to have considerable
advantages over their monomeric forms, such as maintaining high
efficacy under physiological (high salt) conditions [95,96], decreased
susceptibility to proteolytic degradation [97], improved antimicrobial
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activity [98], and low cytotoxicity [99]. However, the quantitative
structure-activity relationships of branched antimicrobial peptides are still
poorly understood at the atomic level. Structural studies of C2, Y2 and
F2 monomeric peptides showed that these peptides dimerize in the lipid
phase or in aqueous solution in a cooperative manner at concentrations
corresponding to their minimal inhibitory concentrations (MICs) [100]. A
V2 monomer peptide, which had promising activity and was very
amenable to large scale production, was chosen as a functional motif to
build a covalent dimer peptide. To maintain consistency in the peptide
series nomenclature, we identified V2 dimer peptide as B2088 (Figure
1.16).
Comparing with a variety of its analogous peptides and the
commonly used antibiotic drug gentamicin, B2088 showed outstanding
antimicrobial activity specifically against Gram-negative bacteria. More
strikingly, no resistance developed after 15 bacterial serial passages.
Neither a cytotoxic effect nor hemolysis was found at a peptide
concentration of 2 mg/ml when tested against human conjunctiva
epithelial cells. A patent have been issued for the designing of B2088 as
a lead compound against common health pathogen Pseudomonas
aeruginosa. In an attempt to understand both the mechanism of action
and the basis of cytotoxicity, spatial structure/dynamics and mobility of
the branched peptide, B2088, in various bacterial membrane mimicking
media, were studied using environment-sensitive fluorescent probes,
electron microscopy, high resolution magic angle spinning (HR-MAS),
solution NMR, and molecular dynamics simulations.
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B

A

Figure 1-16. Primary structure of V2 monomer peptide (A) and
B2088 (B). Positively charged amino acids are highlighted in red.
Several amino acids are

13

C,

15

N isotopically labeled for structural

determinations by NMR. Those labeled residues are underlined.
Branched peptide is built using lysine 9 NH group. The Lys 9 linker is in
blue color.

Methicillin-resistant Staphylococcus aureus (MRSA) is an emergent
form of S. aureus [101,102], which confers resistance to β-lactam
antibiotics

(oxacillin

and

ampicillin)

[103],

vancomycin

[104],

fluoroquinolones [105], linezolid [106], and daptomycin [107]. It is a
predominant source of infections associated with the blood, skin and
soft-tissue presenting in US emergency rooms [108,109]. The reduced
antibiotic susceptibility is widely associated with the failure of treatment,
longer hospital stays and greater health care costs [110]. An urgent and
critical need for new therapeutic antibiotics against MRSA has been
developed.
Mangosteen (Garcinia mangostana) is a tropical evergreen fruit tree
from South East Asia. It has a long history of use in the treatment of
chronic diarrhea and skin infections [111]. The major bioactive extract,
α-Mangostin, has demonstrated potent bactericidal activities against
various Gram-positive bacteria including S. aureus and MRSA [112,113].
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However, lacking of adequate selectivity hindered it from possible
therapeutic applications. The strong hydrophobic interactions between
the xanthone scaffold and phospholipid membranes as well as the very
weak electrostatic attraction towards ionic charged lipids in bacterial
membrane lead to the deficiency in the differential disruptions induced by
α-Mangostin in mammalian and bacterial membranes.
Although many of the synthetic amphiphilic antimicrobial molecules
demonstrate good antibacterial activity, there are several major concerns
for using them as drug candidates: the high production cost of peptide
synthesis comparing to organic compounds; possible enzymatic
hydrolysis of the peptidic bonds leading to decreased AMPs activity; and
systematic toxicity caused by AMP or its secondary metabolites. With
these considerations, a peptoid molecule, AM052, based on modifying
α-Mangostin structures has been developed against MRSA. Two
arginines have been incorporated into α-mangostin resulting in the
xanthone core flanked by cationic charged arginines (Figure 1.17).
Biological studies showed that AM052 has much improved selectivity
with very low MIC against MRSA but very high biocompatibility. In
attempt to understand the bactericidal mechanism against Gram-positive
bacteria, the structure, dynamics and oligomerization state of AM052 in
both aqueous solution as well as lipid environment were studied using
solution state NMR. The membrane insertion of AM052 and subsequent
graded leakage of membranes were monitored by imaging, biophysical
method and solution NMR.
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Figure 1-17. Structure of AM052. Chemical structure of mangosin
derivative AM052 is shown. All the protons are numbered. Two Arginine
residues are labeled as amino acid nomenclature.

1.2.4 Proposed AMP bactericidal mechanisms
After years of study, verities of peptides possessing anti-microbial
functions are found [114]. These peptides could be from nature host
(animal or plants) immune system or the analogous peptides, synthetic
peptide from combinatorial library, or even from some organic
engineered product containing unnatural amino acids [115]. The
promising activity of AMPs attracts interest to elucidate their bacterial
killing mechanism using both biochemical and biophysical methods. So
far, a phenomenological model, Shai-Matsuzaki-Huang (SMH) model,
which provides a broad picture of this process has been widely accepted
[116-118]. The model emphasizes the importance of AMP induced
bacterial membrane disruption via electrostatic interaction. This also
explains AMP selectivity since AMP-bacterial membrane interaction is
driven by strong electrostatic plus hydrophobic interactions while
AMP-mammalian cell membrane interaction is favored by weak
hydrophobic interactions only. Provided these understandings, more
efforts have been done to study the detail picture of AMP-membrane
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interaction. According to AMP membrane insertion structures, a number
of models have been proposed.


Carpet model

Carpet model proposes monomeric antimicrobial peptides binds to
membrane surface through electrostatic interactions, after that carpet on
surface of membrane. Membrane disruption will only occur once high
density antimicrobial peptide clusters are formed. A good example of
AMPs killing bacteria through carpet model will be cecropin P1 [119].


Barrel-stave model

Different from carpet model which requires a large number of AMPs
carpet on the membrane surface, barrel-stave model involves
perpendicular insertion and aggregation of a relatively small number of
individual peptide, also referred as staves, in a barrel-like ring structure
inside the membrane leading to a trans-membrane pore or channel
formation [120]. AMPs conformational phase transition occurs through
hydrophobic interactions between monomers [121].
Barrel-stave model requires a special class of AMPs which are long
enough to transverse through bilayer lipid membrane. For alpha helical
peptides minimal length of 22 amino acids is necessary and for beta
sheet AMP, at least 8 amino acids in beta sheet region is needed.
Alamethicin (Alm), which forms channels in bacterial membrane acting
through barrel-stave model [122].


Toroidal pore model

While barrel-stave model emphasizing the channel formation by oligomer
of antimicrobial peptides, toroidal pore model suggests the membrane
pore created by peptide-lipid interaction [123]. The presence of
negatively charged phospholipids in pore-lining reduces the repulsive
interactions between antimicrobial peptides developed by their high
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positive charges. Peptide and lipid together form well-defined pores and
local membrane exhibits positive curvature. In this model, not only
peptide concentration but actually lipid-to-peptide ratio determines the
AMP effective concentration. Many well studied antimicrobial peptides
are categorized into membrane disruption through toroidal pore model,
like magainin 2 (MSI-78) [124], mellitin and LL-37 [66].


Interfacial activity model

Recently, a new model of peptide bacteria killing mechanism has been
proposed, “interfacial activity model”. The model has been defined as
“the ability of a molecule to bind to a membrane, partition into the
membrane-water interface, and alter the packing and organization of the
lipids” [125,126]. In these papers, people showed that the membrane
permeation is the common lethal step for cationic antimicrobial peptides.
Based on the observation that antimicrobial peptides exhibit a large
variety of structures, Wimley proposed that not a particular secondary
structure (e.g. alpha-helical or beta-sheet) but the overall biophysical
properties of AMPs (e.g. amphiphilicity, isoelectric point or charge
distribution) are critical for AMP bacterial killing activity, and the
well-defined membrane local structure may not be necessary [125].


Intracellular target, alternative pathways

All the models mentioned above predict that AMPs kill bacteria through
membrane integrity perturbation. However, intracellular targets of AMPs
could not be ruled out. Gramicidin S causes membrane depolarization at
a concentration much lower than its minimal inhibitory concentrations
[127]; buforin II does not permeabilize the cytoplasmic membrane but
penetrates it and accumulates in the cytoplasm [128]. These
observations indicate that membrane depolarization might not be enough
to kill bacteria in the case of some AMPs [129]. An aggregated-pore
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model is proposed for AMP translocate into the membrane [130]. The
aggregated-pore model says that “peptides insert into the membrane
and then cluster into unstructured aggregates allowing the dynamic
formation of pores that span the membrane for short peptides” [131].
Dynamic membrane pores could help AMPs to enter bacteria and
therefore access to their intracellular target.
Although various AMP bacterial killing models have been suggested,
there are still many questions remains to be answered. One of them
would be failure to predict the activity of AMP analogous peptide. From
combinatorial library screening and our peptide synthesis experience,
peptide with very similar sequence could perform very different activity
[125,132]. It seems hard to rationalize the role of individual amino acids.
Recent literatures suggest that antimicrobial activity is not dependent on
specific amino acid sequences [115,133-136]. The activity of designed
antimicrobial peptides depend more on its structure. Research showed
that replacing one L-Leucine residues by D-Leucine causes severe
modulation of peptide activity, changed from broad-spectrum bacterial
targeting to only active against limited organisms [125]. Changing from Lto D-amino acids will not alter peptide charge, hydrophobicity, or its
length. The only significant change will be peptide structure. This finding
shows that not only local secondary structure but the overall 3D fold is
important. We explored 3D NMR structures of several AMPs in various
bacterial membrane-mimicking media. Structure and dynamics of
individual AMP molecule as well as the oligomerization states of AMPs
are found to be crucial for bacterial killing activity.
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Charpter 2. Materials and Methods
2.1 Materials
2.1.1 Peptide selection and synthesis
A series of human β-defensin-3 (hBD-3) C-terminal (R36-K45) analogues
were produced using solid phase peptide synthesis (SPPS), via either
chemical modification of two cysteine residues in the original sequence
or substitution of them with other amino acids. The series of hBD-3
C-terminal (R36-K45) analogues was derived and named by the two
amino acids in the center of the sequences, at the two Cys positions.
HPLC and ESI-MS were subsequently performed for peptide purification
and identification. Following antibacterial and cytotoxicity assays, C2, F2,
and Y2 peptides were selected for structural analyses. The original
hBD-3 C-terminal (R36-K45) sequence is RGRKCCRRKK. The C2
sequence is RGRKC(Acm)C(Acm)RRKK (Acm, acetamidomethyl group).
The

F2

sequence

is

RGRKFFRRKK.

The

Y2

sequence

is

RGRKYYRRKK.
B2088, its analogous variants, and V2 monomer peptide were
produced using the solid phase peptide synthesis method. HPLC and
electrospray ionization-MS were subsequently performed for peptide
purification

and

identification

(29).

The

sequences

were

(RGRKVVRR)2KK for B2088 and RGRKVVRRKK for the monomer,
respectively. The secondary chain of B2088 was formed through the
Lys9 -NH-group on the primary chain. The underlined amino acids were
15

N- and

13

C-double labeled. Lyophilized B2088 powder (10.3 mg) was
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dissolved in 219 l of Milli-Q water, resulting in 20 mM peptide stock.
Lyophilized monomer powder (12.5 mg) was dissolved in 478.3 l of
Milli- Q water, resulting in 20 mM stock.
Mangostin (purified of 99.4% HPLC) was purchased from
Chengdu Biopurify Phytochemicals Ltd., Chengdu, China. Amino acid
Arginine (H-Arg-OMe.2HCI), and all the other reagents and solvents for
chemical synthesis reactions were purchased from Sigma Aldrich. Thin
layer chromatograph analyses were carried out with Merck TLC
aluminium-backed sheets (silica gel 60 F254) to monitor the complete of
reaction; final product was purified via HPLC. AM052 in light yellow oil
form (12.3 mg) was dissolved in 1.415 ml of Milli-Q water, resulting in 10
mM stock solution for NMR experiments. 1H NMR (400 MHz, MeOD) δ
6.89 (s, 1H, Ar-H), 6.42 (s, 1H, Ar-H), 5.27-5.20 (m, 2H, 2CH), 4.78 (s,
2H, CH2), 4.73 (s, 2H, CH2), 4.61-4.57 (m, 2H, 2CH), 4.11 (d, J=6.4Hz,
2H, CH2) , 3.86 (s, 3H, OCH3), 3.75 (s, 6H, 2CH3), 3.40 (d, J=7.4Hz, 2H,
CH2), 3.23-3.17 (m, 4H, 2CH2), 2.02-1.96 (m, 2H, CH2), 1.85-1.80 (m,
8H, 2CH3, CH2), 1.69-1.62 (m, 10H, 2CH3, 2CH2).
Chemical synthesis of various peptides and peptidic mimetics were
done by our collaborator in Singapore Eye Research Institute (SERI), Dr
Liu Shouping group.

2.1.2 Bacterial culture used for antimicrobial
activity, bactericidal kinetics and resistance
assay
Bacteria were no more than five passages removed from the original
master lot obtained from the American type Culture Collection (ATCC) or
clinical isolates.
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For AMP antimicrobial activity assay, bacterial cells were grown in
Mueller Hinton broth overnight. An aliquot of 1 ml of adjusted inoculum in
Mueller Hinton broth was added to 1 ml of each dilution of tested
antibiotics to yield a final count of 105 to 106 cfu/ml bacteria in each tube.
The tubes were incubated at 35 °C for 16–20 h and the cloning forming
unit (cfu) of surviving bacteria was subsequently counted. A positive
control tube containing only the broth and bacteria and a negative control
tube containing only the broth were incubated. High salt conditions, 0.9%
(w/v) sodium chloride buffer and 6 hours incubation, were also tested on
selected defensin analogous peptides.
In AMP bactericidal kinetics assay, standard and gentamicin
resistant strains of P. aeruginosa (ATCC 9027 and DR 4877/07),
standard

and

clinical

isolate

stains

of

Methicillin-resistant

Staphylococcus aureus (ATCC 43300 and DR 6506) were grown
separately on tryptic soy agar plates at 35 °C for 24 h. The colonies were
then picked from the plate and re-suspended in United States
Pharmacopia (USP) phosphate buffer (pH 7.2). The suspension was
adjusted to 106/107 cfu/ml with various concentrations of B2088 or
AM052 (2.75, 5.5, 11, and 22 M) in separate tubes and incubated at
35 °C. Aliquots of 100 l samples were withdrawn at 10-, 20-, 30-, and
60-min intervals and plated on tryptic soy agar plates after serial dilution
using the same buffer. Simultaneously, the bacteria in USP phosphate
buffer without peptide addition was used as a control and plated in a
similar fashion. After 48 h, all of the plates were checked, and the
colonies were calculated to give the cfu/ml. A time kill curve was plotted
with time against the logarithm of the viable count.
AMP resistance assay was conducted in three different sets, one
each for B2088, gentamicin, and norfloxacin. The test was initiated by
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growing the reference bacteria strain of P. aeruginosa (ATCC 27853) in
the presence of various concentrations of B2088, gentamicin, or
norfloxacin that encompassed their MICs. After 20 h of incubation at
35 °C, the bacteria that showed growth in the highest concentration was
re-passaged in a fresh dilution series of B2088 or other antibiotics. The
process was repeated every 20 h for up to 18 passages, and the MICs
were determined at every passage as specified earlier.

2.1.3 Mammalian cells used for cytotoxicity and
hemolysis assay
Cytotoxicity was determined by measuring the amount of ATP generated
by viable cells in culture using the CellTiter-Glo luminescent cell viability
assay (Promega, Madison, WI). AMPs were incubated with a human
conjunctiva epithelial cell line (IOBANHC) as described previously [137].
The luminescent signal was read by a microplate reader (Tecan
GeniosPro, Tecan Asia, Singapore). Blank wells containing only medium
were included in each assay, and the reading was subtracted from each
sample and control well.
For AMP hemolysis assay, fresh rabbit red blood cells were isolated
from the whole blood of New Zealand White rabbits, by centrifugation at
3000 rpm for 10 min. Red blood cells were washed with sterile PBS and
diluted to 8% (v/v) stock solution in sterile PBS. AMPs was dissolved in
and mixed with red blood cells to prepare the desired concentration (final
v/v = 4%). The mixtures were added to 96-well plates and incubated at
37 °C for 60 min. After incubation, the mixtures were transferred into 1.5
ml Eppendorf tubes and centrifuged at 3000 rpm for 3 min. The
supernatant (100 l) was transferred into a clean 96-well plate, and the
amount of hemoglobin released was determined by measuring the
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absorbance at 576 nm with a TECAN Infinite 200 microplate reader. 2%
Triton X-100 and PBS were used as positive and negative control,
respectively.

2.1.4 Samples for microscopic imaging
To probe the damaging effect of AMPs on bacterial cells, S. aureus DM
4001 was grown on TSA Plates overnight and a suspension of 108 cfu/ml
was prepared in United States Pharmacopeia Buffer (USP Phosphate
buffer). The suspension was centrifuged at 3000 rpm for 20 min and the
pellet was washed with the same buffer. An aliquot of the bacterial
suspension was incubated with 10 μg/ml of AM052 at 35 °C for 30 min.
After incubation, the bacterial suspension was again centrifuged, washed
and prefixed in 0.5 ml of a mixed aldehyde fixative (2% glutaraldehyde
and 2% paraformaldehyde in 0.1 M sodium cacodylate buffer, pH 7.2) for
24 h. Then the suspension was washed once again in sodium cacodylate
buffer

(Electron

Microscopy

Sciences,

Washington,

USA)

and

subsequently mounted on poly-L-Lysine coated cover-slips and
post-fixed in 1% osmium tetroxide (Electron Microscopy Sciences).
Following dehydration in a graded series of ethanol, the samples were
critical-point-dried and sputter coated with 10 nm of gold. All samples
were viewed and photographed on a Philips XL30-FEG-SEM (FEI
Electron Optics BV, Eindoven, The Netherlands) at an accelerating
voltage of 10 kV at the Electron Microscopy Unit, National University of
Singapore. Bacteria incubated in USP phosphate buffer without the
addition of AM052 was used as a control and processed in the same
manner and photographed. Following the same procedure, the
destructive effect of B2088 on P. aeruginosa was recorded.

Materials and Methods

Page 48

NMR Structure and Activity Relationship of Defensin-Analogous Peptides

A suspension of LPS (extracted from P. aeruginosa 10, purchased
from Sigma, product L8643) (1 mg/ml) was incubated with B2088 (70 M)
for 2.5 h. A 1 l aliquot of this solution was placed on Formvar-coated
copper grids, stained with 1% uranyl acetate, dried, and imaged by a
JEOL 100 TEM machine. The same LPS suspension sample without
B2088 treatment was used as a control.
A suspension of DOPE-DOPG mixed liposomes (DOPE:DOPG = 3:1,
total 30mM) was incubated with AM052 (50 M) for 2.5 h. A 10 l aliquot
of this solution was placed on Formvar-coated copper grids, dried, and
imaged by a JEOL 2010 TEM machine operating at 200kV. The same
liposome suspension without AM052 treatment was used as a control.
Nano gold particles of 10 nm size (Sigma-Aldrich, Singapore) were
covalently linked to streptavidin (Invitrogen, Singapore) and then
conjugated with a 1:1 ratio of N-terminal biotinylated B2088. Nano gold
particles coated B2088 was mixed with 100 μL of P. aeruginosa for 30
mins. Subsequently the sample was washed and fixed onto Formvar
copper grids. A standard TEM sample protocol was performed. Nano
gold with nonbiotinylated B2088 was used as a control.

2.1.5 Fluorescent dyes for fluorescence emission
studies
Three kinds of fluorescent dyes were used for fluorescence emission
assays.
B2088 induced outer membrane permeabilization of Gram-negative
bacteria was studied using an N-phenyl-1-naphthylamine (NPN) assay
as reported by Loh et al. [138]. P. aeruginosa ATCC 9027 cultured
overnight was harvested (3000 rpm, 4 °C). The pellet was washed twice
using 5mM HEPES buffer (pH 7.2) and re-suspended in the same buffer
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to an A600 nm of 0.4. Bacteria were placed in a 10 mm stirred cuvette,
and NPN was added to a final concentration of 10 M. Appropriate
concentrations of B2088 were added, and the increase in fluorescence
intensity

was

monitored

on

a

Quanta

Master

fluorescence

spectrophotometer (Photon Technology International). The excitation
and emission wavelengths were set at 350 and 410 nm with slit widths at
2 and 5 nm, respectively.
Live

bacteria

were

used

for

the

depolarization

assay

of

transmembrane potential. Late log phase P. aeruginosa ATCC 9027
bacteria were harvested by centrifugation and washed twice with 5 mM
HEPES buffer, subsequently re-suspended in the same buffer (A600
0.4).

The

membrane-sensitive

fluorescence

=

probe

3,3’-dipropylthiadicarbocyanine iodide (diSC3) [139] was added to the
bacterial suspension to a concentration of 0.1 M and incubated at room
temperature for 1 h. The fluorescence emission spectrum was recorded
by monitoring the changes in emission intensity at 670 nm (at an
excitation wavelength of 622 nm) until no further changes were seen in
the intensity values. Time-dependent changes in emission intensities at
670 nm were recorded after adding various concentrations of B2088.
Membrane-permeabilizing activity of AM052 was estimated by the
extent of calcein leakage as reported previously [140]. Firstly, lipids with
DOPE/DOPG= 80/20 were dissolved in methanol/chloroform (1:2, by
volume) and was dried gently under a constant stream of nitrogen gas.
The lipid film was then further dried by placing the film under a vacuum
for at least 2 hours. The dry film was hydrated with calcein solution (80
mM calcein, 50 mM HEPES, 100 mM NaCl, 0.3 mM EDTA, pH 7.4) to
obtain the lipid concentration of 30 mM. Then, the hydrated lipids were
freeze-thawed in liquid nitrogen and warm water for 7 cycles. Extrusion
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method was used to obtain 100 nm homogeneous LUVs. Column
chromatography with Sephadex G-50 was used to separate the
calcein-loaded

LUVs

from

the

free

calcein.

Total

phosphorus

determination assay was used to estimate the concentration of the
purified calcein loaded LUVs. AM052 was dissolved in milipore water
and added into an aliquot of LUVs to obtain the desired compounds to
lipid ratios of 1/2, 1/4 and 1/8, 1/16, 1/32, 1/64, 1/128 and 1/256. The
final concentration of lipid was 50 µM. The release of calcein from the
LUVs was fluorometrically monitored using a Photon Technology
International Model 814 fluorescence spectrophotometer at an excitation
wavelength of 490 nm and an emission wavelength of 520 nm.

2.1.6 Bacterial and mammalian cell membrane
mimicking media
Various lipidic media were used to study AMP-membrane interactions.
LPS were chosen as a representative for the outer membrane in
Gram-negative bacteria, and phospholipid micelles, bicelles and
liposomes with various compositions were used to simulate the
cytoplasmic membranes of bacterial and mammalian cells (Figure 2.1).
Lipopolysaccharides extracted from P. aeruginosa were bought from
Sigma (product L8643). LPS extract powder (10 mg) was dissolved in 1
ml of Milli-Q water, resulting in 10 mg/ml stock. The average molecular
mass of LPS is 10 kDa, so the stock molar concentration was about 1
mM. Different LPS/peptide ratios were tested, ranging from 1:40 to 1:5.
An LPS/peptide molar ratio of 1:20 was finally used to acquire NMR
spectra. The final 100 l NMR sample (for HR-MAS probe) contained 10
mM B2088 and 5 mg/ml LPS.

Materials and Methods

Page 51

NMR Structure and Activity Relationship of Defensin-Analogous Peptides

DPC (5.3 mg), together with 5.0 mg of POPG (both purchased from
Avanti Polar Lipids) was directly dissolved in 0.5 ml of 30 mM phosphate
buffer. This resulted in 3:1 DPC-POPG bacterial membrane mimicking
micelle solutions (30 mM DPC, 13 mM POPG). Mammalian cell
membrane representing micelles were produced using 5.3 mg DPC
without POPG.
DMPC (41 mg) (Avanti Polar Lipids) was dissolved in ethanol and
dried under a N2 stream. DHPC (11 mg) (Avanti Polar Lipids) was
dissolved in 30 mM phosphate buffer and used to solubilize DMPC. After
several cycles of freezing and thawing, the mixture was a 10% (w/v)
DMPC/DHPC bicelle solution with a “q” factor of 3 (DMPC:DHPC molar
ratio of 3:1). Relatively large bicelles (q=3) were made to provide a large
planar region in its discoidal structure and, hence, a better mimic to a
membrane bilayer [141,142]. The peptide stock solutions were directly
added to the lipid-containing solutions.
Two sets of liposomes were prepared for NMR experiments. To
probe

the

interactions

between

B2088

and

phosphate

bilayer

membranes, HR-MAS probe was used. POPG (10 mg) together with 28
mg of POPE powder were dissolved in chloroform, dried with N2, and
dissolved in 500 l of PBS buffer. After several cycles of freezing and
thawing, a mixed liposomal medium was prepared. Homogenous
unilamellar liposomal vesicles were obtained by passing the liposome
medium through a membrane (pore size, 0.4 m diameter) 10 times. The
NMR sample contained 2 mM peptide, 26 mM POPG, and 78 mM POPE.
Following the same method, an NMR sample with a low concentration of
POPE-POPG mixed liposomes was prepared (4 mM POPG and 6 mM
POPE).
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To monitor the AM052 induced membrane permeabilization effect,
solution-state NMR was utilized. DOPE/DOPG mixed liposomes
(DOPE:DOPG = 4:1) with 100 nm in diameter were prepared using
similar method. 10 mM, 13C labeled sodium formate solution was used to
dissolve liposomes instead of PBS buffer. After large unilamellar vesicles
(LUV) are formed, free sodium formate outside of liposomes were
removed by overnight dialysis using dialysis bag with 10 kDa cutoff. Final
NMR sample contains 10 mM liposomes with sodium formate inside.
Paramagnetic probe omniscan (GE Health) 3 M were added outside of
liposomes. A second type of liposomes was prepared using the same
method with omniscan inside and 5 mM sodium formate outside of
liposomes.

1

H and

13

C 1D spectra were recorded at increasing

concentrations of AM052 from 100-500 M.

Figure 2-1. Chemical structures of various lipids and paremagnetic
probes used in this study.
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2.2 Methods
2.2.1 Methods for AMP activity and resistance
determination
Druggabilities of AMPs are generally evaluated by several questions:
1. How well AMPs kill targeting bacterial pathogens (antimicrobial
activity assay);
2. How fast AMPs kill bacteria (bactericidal kinetics assay);
3. How toxic are AMPs to mammalian cells (cytotoxicity assay and
hemolysis assay);
4. How long the AMPs could be applied in clinical therapeutics
(bacterial resistant assay).
In our studies, all of the above questions have been addressed to select
possible antibiotic drug candidates among various defensin-analogous
peptides and alpha-mangostin derived peptoids.


Antimicrobial activity assay

Pseudomonas aeruginosa and Staphylococcus aurues were selected in
this study as representatives for Gram-negative and –positive bacteria
respectively. They were chosen as common human health threatening
pathogens which have prominent clinical impact. The emergency of
multidrug resistance strains from clinical isolates adds to a sense of
urgency in the development of alternative therapeutic agents [143,144].
Several bacterial strains from both American Type Culture Collection
(ATCC) and clinical isolates were used for antimicrobial activity assay.
Minimal inhibitory concentration (MIC) values were determined using
the broth macro dilution method modified from that described by the
Clinical and Laboratory Institute. The MIC values of defensin analogous
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peptides or alpha-mangostin derived peptoid for each clinical isolate or
reference bacteria were recorded as the lowest concentration of
antibiotics that inhibited 99% visible growth of the test organism.
The antibacterial activity could also be manifested as the logarithmic
reduction of the bacteria on exposure to the tested antibiotics. Defensin
analogous monomeric peptides that exhibited high bacterial killing
activities were subsequently selected and tested in high-salt restricted
conditions.


Bactericidal kinetics study

Bactericidal kinetics of antibiotics has a direct impact on therapeutic
duration, dosage [145] as well an indication on the bacterial killing
mechanism [146]. B2088 and AM052 were tested for bactericidal kinetics.
Reductions of bacterial counts after adding in antibiotics were examined
for every 10 minutes time interval. A time kill curve was plotted with time
against the logarithm of the viable count.


Cytotoxicity assay

The important use of AMPs would be for the eye or other mucosal
surfaces such as the lungs and mouth, all of which have an epithelial cell
covering [93]. Therefore for the cytotoxicity assays, the primary concern
was for the fragile epithelial cells.
Cytotoxicity was determined by measuring the amount of ATP
generated by viable cells in culture using the CellTiter-Glo luminescent
cell viability assay (Promega, Madison, WI). Using the luminescence of
the untreated wells as 100%, the cell viability was calculated as:

Equation 1. Cell viability calculations.
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Each condition was assayed in triplicate, and the experiments were
repeated three times.


Hemolysis assay

The hemolytic activity of the AMPs was estimated by the amount of
hemoglobin released from rabbit erythrocytes [93]. Rabbit erythrocytes
were chosen because AMP-induced toxicity easily occurs in these blood
cells when compared to human red blood cells [147].
The hemolytic activity of each sample was calculated as:

Equation 2. Hemolysis calculations.

Each condition was assayed in triplicate, and the experiments were
repeated three times.


Resistant assay

Serial passage resistant assay was designed to stimulate possible
resistance developed in bacteria under AMP treatment. Resistance
developed in a reference strain of P. aeruginosa (ATCC 27853) was
manifested as increased MICs against B2088, gentamicin, and
norfloxacin. A resistance developing curve was plotted with bacterial
serial passage against the MIC.
Antimicrobial activity assay, bactericidal kinetics studies, AMP
cytotoxicity assay, hemolysis assay and bacterial resistance studies
were done by the microbiology group in Singapore Eye Research
Institute (SERI), leading by Dr. Rajamani Lakshiminarayanan.
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2.2.2 Biophysical methods for AMP bactericidal
mechanism studies
A variety of biophysical techniques have been used to explore the
bacterial killing mechanism of AMPs. Complementary information is
provided depending on the strength and limitations of each method. In
this study, microscopic imaging, fluorescent emissions, nuclear magnetic
resonance spectroscopy and in silicon binding were utilized to assess
the interactions between AMPs and bacteria.


Microscopic imaging

High resolution microscopic imaging method could be used to visualize
the effects of AMPs on bacterial cells. Scanning electron microscopy
(SEM) has been used to demonstrate the damaging effects of B2088 and
AM052 on bacteria cells P. aeruginosa and S. sureus.
Transmission electron microscopy (TEM) could also be utilized to
explore the AMP induced phase transitions in various bacterial
membrane mimicking media. The effect of B2088 on the morphology of
LPS and the topological changes induced by AM052 on liposomes were
investigated by transmission electron microscopy.

AMP cellular

localization was also detected using nano gold particles coated B2088.
Microscopic imaging works were done in Singaproe Eye Research
Institute by Ms Sarawathi Pasmanabhan for B2088 branched peptide,
and carried in house for AM052 work.


Fluorescent emission studies

Bacterial membrane disruption could be monitored by membrane
sensitive fluorescent dyes and the membrane leakage or pore formation
could be measured by the release of liposomal entrapped calcein
probes.
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B2088 induced outer membrane permeabilization of Gram-negative
bacteria was studied using an N-phenyl-1-naphthylamine (NPN) uptake
assay as reported by Loh et al. [138]. The extent of P. aeruginosa outer
membrane disruption was manifested by an increase in fluorescence
signal as a function of time. Several fluorescence emission curves were
plotted using increasing concentrations of B2088.
Live bacteria were also used for the depolarization assay of
transmembrane potential. The membrane-sensitive fluorescence probe
3,3’-dipropylthiadicarbocyanine iodide (diSC3) was added to the
bacterial suspension.

The fluorescence emission spectrum was

recorded by monitoring the changes in emission intensity as a function of
time. Similarly to NPN uptake assay, several spectra were recorded
using various concentrations of B2088.
AM052 induced membrane disruption was monitored by the release
of calcein from the LUVs. 100% leakage was determined by addition of 2%
Triton X-100 into the LUVs. The apparent percent leakage value was
calculated using the formula:

𝐿

𝐼𝑡
𝐼∞

𝐼0
𝐼0

Equation 3. Equation for liposomal dye leakage analysis. I0 and It are
intensity before and after addition of AM052 respectively and I∞ is
intensity after addition of 2% Triton X-100.

Fluorescence emission studies were done by Mr Koh Junjie in
Singapore Eye Research Institute.
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Molecular dynamics simulations

Several sets of molecular dynamics simulations were done to explore the
AMP-AMP/AMP-membrane interactions as well as AMP induced
membrane deformation.
Six sets of Hamiltonian replica exchange molecular dynamics
(hREMD) simulations were conducted for C2, F2, and Y2 peptides with
eight replicas each at a temperature of 300 K. The details of this hREMD
method can be found in recent work [148]. The novel part of the method
is that instead of reducing the intermolecular interactions, the repulsive
part of the van der Waals interactions between the peptide atoms were
increased. The dissociation enhanced hREMD method decreases the
energy barrier between local minima which are mainly stabilized by
non-native contacts. Thus, such hREMD simulations helped to sample a
broader range of configurations of peptide oligomers. For each peptide
dimer, two hREMD simulations were performed with different initial
configurations: one begun with the NMR-derived dimer structure and the
other started with the two monomers separated. For C2 and F2 peptides,
simulations provided converged results by 100 ns, while for Y2 peptides,
150 ns simulations were needed. Twenty of each Y2/F2 dimer
conformers reconstructed from NMR data were clustered on the basis of
the pairwise RMSD with a cutoff of 1 Å. The center of the largest cluster
was selected as a representative conformer of the dimer. The two
tyrosine residues of the Y2 model were changed to two cysteine residues
to build a model of the C2 dimer. The C2, F2, and Y2 models were
separately solvated with explicit water in simulation boxes. The complex
is formed when the minimum distance between the two monomers is less
than 0.375 nm. The complex structures from the Y2 and C2 dimer
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simulations were analyzed to extract binding free energies using the
MM/GBSA protocol [149].
AMP-micelle interactions were simulated using the Gromacs
package applying the OPLS-AA (all-atom) force field [150]. The micelle
structure was modeled using 64 DPC molecules (M64) [151]. A single
DPC molecule was extracted from a 65-mer DPC micelle provided by the
Tieleman group [152]. The molecule was repeatedly copied, rotated, and
translated to generate a 64-mer DPC micelle. Two different initial setups
with regard to the relative position of the Y2 dimer within or outside of the
micelle were constructed. In these two simulations, distance restraints
with a force constant of 3000 kJ mol-1 nm-2 were imposed on the peptide
to maintain the backbone structure of the NMR model while allowing free
motion of the side chains. Electrostatic interactions were treated with the
particle mesh Ewald method with a cutoff of 9 Å, and a cutoff of 14 Å was
used in the calculation of van der Waals interactions.
To study the impact of B2088 on membrane structure, both atomic
and coarse grained simulations were performed. We first studied the
interactions of B2088 with a model micelle (DPC/POPG = 3:1) using
atomic MD simulations. The peptide was modeled using the CHARMM27
force field [153], the lipids were modeled using the CHARMM36
parameter set [154], and the water molecules were described by the
TIP3P water model [155]. The coordinates of the micelle were obtained
from a 100 ns MD simulations of the self-assembly of DPC-POPG lipid
mixtures. The peptide, B2088, was put close to the micelle and subjected
to a 200 ns MD simulations. In addition, coarse grained simulations were
also performed to study the interaction of B2088 with model membranes.
For this purpose, a model bacterial membrane consisting of 384 POPE
and 128 POPG lipids was constructed. The Martini force field [156] was
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used to model both the peptide and the lipids. Because B2088 is highly
positively charged, it is expected that electrostatic interactions will play
an important role in peptide-membrane interactions. Thus, we used the
polarizable water model recently developed by the Martini group
because this water model has been shown to correctly describe long
range electrostatic interactions [157]. In both atomic and coarse grained
simulations, a cut-off distance of 1.2 nm was used for both the
Lennard-Jones and real space electrostatic interactions, and the
particle-mesh Ewald algorithm was employed to calculate the long range
electrostatic interactions in reciprocal space. During the MD simulations,
temperature and pressure were maintained at 300 K and 1 bar,
respectively. In the case of coarse grained simulations of the
peptide-membrane system, semi-isotropic coupling was used to maintain
the pressure.
Molecular dynamics simulations were done by Prof Chardra Verma
and Dr Li Jianguo in Bioinformatics Institute (BII) A*STAR, Prof Mu
Yuguang and Dr Jiang Ping in School of Biological Sciences NTU.

2.2.3 Structure determination in aqueous solution
and different lipid media
The highly mobile structural properties of AMPs limit possible structural
determination

methods.

X-ray

crystallography,

which

requires

homogeneously, ordered molecules packed in crystal samples, is not
suitable for AMP studies. Solution NMR, in this case, gains the
advantage of determining structures of AMPs in near-native, liquid
environment, capable to probe AMP-membrane interactions as well as
monitor AMP dynamics which is thought to be critical for their function.
Structures of Y2, F2 peptides, B2088 and AM052 are determined in
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aqueous

solution

and

various

lipid

media

mimicking

bacterial

membranes (Figure 2.2). NMR experiments were performed using
Bruker Avance II 600 or 700 MHz spectrometers equipped with
cryoprobes, and summarized in table 3, 4, and 5. Residue specific
resonance assignment and assignment for NOESY cross-peaks were
performed using CARA (www.nmr.ch). 3D structures of AMPs were
reconstructed using CYANA 2.0 [158].
In aqueous solution, structure transitions of AMPs were traced
through 1H chemical shifts changes in a series of one-dimensional (1D)
homonuclear experiments with increasing AMP concentrations. DOSY
experiments were performed to estimate the oligomerization state of
AMPs, complementary to the structure transition information. In DOSY
experiments, the pulsed magnetic field gradient strength was calibrated
using the 1H signal in a 99.9% D2O sample with the self-diffusion
coefficient of HDO [(1.902 ± 0.002) × 10-9 m2/s]. A series of 1D spectra
were measured with a diffusion delay of 150 ms and increasing gradient
strength in 32 steps from 2 to 95% of Gmax. Diffusion coefficient DS is
calculated by fitting the curve of signal intensity versus variable gradient
strength.
Detergent micelles were first tried for AMP membrane structure
characterization. The isotropic, fast tumbling nature of micelles provides
well resolved NMR spectra with sharp peaks [159]. Standard NMR
samples were prepared with 500 M AMPs in DPC-POPG micelles at pH
5. Two-dimensional (2D) homonuclear TOCSY, NOESY, and ROESY
experiments were conducted with mixing times of 70, 150, and 100ms,
respectively. Data were collected for each experiment for 7 hours. 2D
1

H-13C HSQC experiments using natural abundance

13

C in 5 mM Y2 and

F2 peptides were also performed. Urea (8M) was added to each sample
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subsequently for collection of reference spectra of denatured peptides.
Micellar media produce nice NMR spectra, however, the inherent large
curvature in micelles as well as the detergent composition in nature,
micelles could not be served as ideal membrane mimicking media.
Therefore, lipid bicelles are tried for AMP structure determination.
Bicelles are composed of a mixture of detergents and lipids to form
disc-shaped aggregates, with a central lipid bilayer and a detergent
circumference [160]. The presence of natural lipids and the fact that the
surface of the central lipid region is more-or-less flat eliminate the
limitations associated with micelles [161]. Bicelles could be produced
with varying amounts of lipids an detergents (knows as q-factors, q =
[lipids]/[detergents]). Small bicelles with q factor smaller than 0.5 are
isotropic and tumbling fast [142], but high lipids content is required for
maintaining stable discoidial structures. Therefore in this study, a
relatively large q factor 3 is chosen to provide a large planar membrane
region. At high temperature, bicelles will undergoing phase transition
from liquid isotropic phase to gel-crystalline phase aligning along
magnetic field [141]. Hence, the low temperature, 10 ºC, was used for
determining Y2 structure in DHPC/DMPC bicelles. Similar structure
determination methods were used as in micelles.
Structural changes of AMPs in aqueous and lipid media were
monitored through heteronuclear [1H,15N]-HSQC experiments using 500
M 15N labeled F2, Y2 peptide or B2088.
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Figure 2-2. Schematic illustration of micelle, bicelle and lipid
membrane. Micelle consisting 64 DPC molecules is shown on left,
DMPC/DHPC mixed bicelle is shown in middle and POPC bilayer
membrane is shown on the right. Lipids acyl chains are shown in cyan
and head groups are shown in pink color.

2.2.4 Molecular dynamics of AMPs in lipid media
Mobility of peptide bond in B2088 was quantitatively monitored by
heteronuclear NOE experiment ([15N, {1H}]-NOE) and qualitatively
represented using longitudinal (T1) and transverse (T2) relaxation rates
of NH group. T1 and T2 were analyzed using 10 [1H, 15N]-HSQC spectra
with various delays. For T1, the delay time varied from 0.05 to 2.55 s,
and for T2, the delay time varied from 0.05 to 1 s.

2.2.5 AMP-lipids interactions
Binding of AMPs towards DPC-POPG mixed micelles were directly
observed through NOEs in 2D homonuclear NOESY spectra. Line
broadening effect of AM052 caused by liposomal binding was also
monitored in its 1D 1H spectra.
DOSY experiments were performed with AMPs in phosphate buffer,
DPC micelles (30 mM), and DPC-POPG (30 mM DPC and 13 mM POPG)
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mixed micelles [162]. Diffusion coefficient DS was calculated by fitting
the curve of signal intensity versus variable gradient strength. The molar
fraction of peptide in lipid (FL) was calculated using Equation 4.

Equation 4. Molar fraction of AMPs in micelles. DL and DF are the
diffusion coefficients of lipid micelles and free peptides in solution.

H-bonding and special proximity between AMPs and membranes
were detected through changes of pKa in both AMP and lipid atoms. pKa
is determined by plotting chemical shift changes of proton of interests
against corresponding increasing/decreasing pH values. pH titration
experiments were performed on the sample of B2088 in DPC-POPG
mixed micelles, starting from pH 8.77. For each 0.5 pH unit from pH 8 to
pH 1, one-dimensional 1H and two-dimensional

15

N- and

13

C-HSQC

spectra were acquired. Hydrochloride (HCl, 1 M) was used as the titrant,
and 16 titration points were obtained in total.
To date, pH titration experiments are widely used in NMR
spectroscopy. These experiments provide enormous information about
protein folding and dynamics, transient H-bonding and electrostatic
interactions between amino acid residues, which is difficult to acquire by
other methods. A novel pH titration method was proposed to automate
data acquisition in NMR spectroscopy of proteins enabling adding a new
pH dimension to existing spectroscopic dimensions (Figure 2.3). In turn
this ultra-high resolution of this new pH dimension allows for novel
mathematical transformation of pH dimension directly revealing spatial
proximity of electrostatically interacting groups. The key elements of this
novel method are automatic reading out and tracing of individual proton
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chemical shifts at different pH values and novel processing of the high
pH resolution dimension. The unique information obtained in this way is
extremely valuable for protein structural studies and drug development.

Figure 2-3. Schematic setup of novel pH titration experiment. NMR
control words which control the on and off, and the duration of the
pumping are written in the pulse sequence. These signal are transferred
to NMR spectrometer console, and output through TCU control.
Micro-pump is linked to NMR console, and signal go into pump through
TTL input. Pump control is achieved by voltage adjustment in TCU unit of
NMR console. On signal will be converted to high voltage output and
resutled in pumping. On the other hand, off signal will be converted into
low voltage output and resulted in pausing. Concentrated hydrochloride
acid or sodium hydroxide base will be pumped into NMR sample tube
which is rotating inside NMR spectrometer. pH indicators are also inside
NMR tube. Whole experiment will be done by controlling pulse sequence
only as usual. pH will be changed in well defined manner by
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programming via NMR pusle programs; and checked through reading out
chemical shift of indicators. In the figure, red and black lines represent
electronic wire. Black lines represent thin chromatographic tubing.

2.2.6 Methods

for

studying

AMP

membrane

insertion and disruption by NMR
Membrane insertion and orientation of AM052 was studied by
paramagnetic relaxation enhancement (PRE) experiment. Omniscan, a
paramagnetic probe with unpaired electrons in the central metal ions (Gd
3+), was chosen in this study due to its high water solubility, high stability,
minimal interactions with AMPs and strong paramagnetism [163]. Even
at low concentrations of Omniscan, PRE effect manifested by spectral
line broadening could be observed within 10 Å of protons which are
accessible to the probe.
The membrane topology of many AMPs and membrane proteins has
been studied using quantitative PRE characterization without any
chemical

perturbations

produced

[164].

Experimental

relaxation

enhancements are proportional to the third power of the immersion depth.
In this study, 2D homonuclear NOESY spectra of AM052 in DPC-POPG
mixed micelles were acquired with increasing concentrations of AM052,
from 1 mM to 5 mM. Intensities of resonances stemming from both
AM052 and DPC/POPG were recorded and plotted against Omniscan
concentrations. Similar pattern of enhanced relaxation rates indicates
special proximity between observed protons.
Two sets of liposome media were prepared to trace membrane
disruption induced by AM052 (Figure 2.4). One of them contains 13C
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labeled sodium formate inside of liposomes and Omniscan outside; the
other one was prepared with opposite setup. Increasing concentrations
of AM052 were added into the liposomal media. 1H and

13

C signal of

sodium formate were recorded as a function of AM052 concentrations.

Figure 2-4. Two types of liposome samples used in PRE experiment.

2.2.7 Studying AMP structure and dynamics in
heterogeneous material
Aggregation of LPS, POPE-POPG liposome and microbes were
observed upon adding in of AMPs. These aggregated materials are
anisotropic due to the slow tumbling motion. Traditional solution state
NMR for isotropic sample will not be suitable. High-resolution magic
angle spinning (HR-MAS) probe was used for structure study in these
cases [165]. Unlike the solution state cryo-probe, HR-MAS probe spins
at the magic angle (54.7º to the magnetic field B0) with high speed (about
8-10 kHz). Spinning at magic angle could remove the time-averaged
dipolar coupling Hamiltonian in anisotropic sample; therefore reduce the
severe line broadening effect. The high spinning rate helps to displace
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spinning side bands outside the spectral range of interest [166]. Using
the sample, spectra measured in solution state cryo-probe are poorly
resolved; with HR-MAS probe, spectra with sharper lines in high
resolution were achieved.

Equation 5. Dipolar coupling constant between I and S spin. ℏ is the
reduced Planck constant,

I and S are the gyromagnetic ratios of spin I

and S respectively. rIS is the inter-spin distance. Θ is the angle between
the inter-spin vector and the external magnetic field. When Θ equals to
54.7º, dipolar coupling constant DIS equals to zero.
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All NMR experiments are summarized in Table 3, 4, and 5.
Table 3. NMR experiments done for C2, Y2, and F2 peptides.
Experiment

Sample

1D 1H

C2, Y2 and F2
Increasing [C] from 10-500 M
In both aqueous buffer and 30mM DPC

DOSY

C2, Y2 and F2
5 or 500 M in aqueous buffer
500 M in 30 mM DPC micelle
500 M in 30 mM DPC-13 mM POPG micelle

[1H, 13C]- HSQC

5 mM Y2 and F2 peptide
30 mM DPC-13mM POPG micelle

1

H-1H TOCSY

500 M Y2, F2 and C2 peptide
Aqueous buffer
30 mM DPC-13mM POPG micelle

1

H-1H NOESY

500 M Y2 and F2 peptide
Aqueous buffer
30 mM DPC-13mM POPG micelle
10% (w/v) DMPC-DHPC bicelle (q=3)

1

H-1H ROESY

500 M C2 peptide
30 mM DPC-13mM POPG micelle
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Table 4. NMR experiments done for B2088.
Experiment

Sample

1D 1H

B2088, V2 monomer
Increasing [C] from 10-500 M
Aqueous buffer
30mM DPC-13 mM POPG micelle (pH=8.77-1)

DOSY

B2088, V2 monomer
5 or 500 M in aqueous buffer
500 M in 30 mM DPC micelle
500 M in 30 mM DPC-13 mM POPG micelle

[1H, 13C]- HSQC

500 M B2088 (13C, 15N double labeled)
1.5 mM POPG-500 M POPE liposome
30 mM DPC-13mM POPG micelle (pH=8.77-1)
10 mM B2088 (13C, 15N double labeled)
500 M LPS micelle (HR-MAS)

[1H, 15N]- HSQC

500 M B2088 (13C, 15N double labeled)
Aqueous buffer
30 mM DPC-13mM POPG micelle (pH=8.77-1)
(T1 delay 0.05-2.55s, T2 delay 0.05-1s)
2 mM B2088 (13C, 15N double labeled)
4 mM POPG-6 mM POPE liposome (HR-MAS)
26 mM POPG-78 mM POPE liposome (HR-MAS)
10 mM B2088 (13C, 15N double labeled)
500 M LPS micelle (HR-MAS)
2 mM V2 monomer (13C, 15N double labeled)
7×109 cfu/ml bacteria P. aeruginosa (HR-MAS)
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15

N {1H} NOE

500 M B2088 (13C, 15N double labeled)
30 mM DPC-13mM POPG micelle
10 mM B2088 (13C, 15N double labeled)
500 M LPS micelle (HR-MAS)
2 mM B2088 (13C, 15N double labeled)
4 mM POPG-6 mM POPE liposome (HR-MAS)

1

H-1H TOCSY

500 M B2088 and V2 monomer
30 mM DPC-13mM POPG micelle

1

H-1H NOESY

500 M B2088 and V2 monomer
Aqueous buffer
30 mM DPC-13mM POPG micelle
10 mM B2088 (13C, 15N double labeled)
500 M LPS micelle (HR-MAS)

N NOESY (3D) 500 M B2088 (13C, 15N double labeled)

15

30 mM DPC-13mM POPG micelle
10 mM B2088 (13C, 15N double labeled)
500 M LPS micelle (HR-MAS)
HNCA (3D)

500 M B2088 (13C, 15N double labeled)
30 mM DPC-13mM POPG micelle
10 mM B2088 (13C, 15N double labeled)
500 M LPS micelle (HR-MAS)
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Table 5. NMR experiments done for AM052.
Experiment

Sample

1D 1H

AM052
Increasing [C] from 10 M -5 mM
Aqueous buffer
500 M AM052
30 mM DOPC liposome
24 mM DOPE-6 mM DOPG
AM052 100-500 M
8 mM DOPE-2 mM DOPG (13C formate inside)
3 mM Omniscan
AM052 100-500 M
8 mM DOPE-2 mM DOPG (Omniscan inside)
5 mM 13C formate

DOSY

AM052
10 M or 5 mM in aqueous buffer

1

H-1H NOESY

500 M AM052
Aqueous buffer
30 mM DPC-13mM POPG micelle
(Omniscan 1-5 M)
500 M AM052
24 mM DOPE-6 mM DOPG

TIPSY

1 mM AM052
Aqueous buffer
293-343K, pH 8.5-3
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Charpter 3.

Results

Defensins are short cationic peptides serving as an important component
of the innate immune system [80,167]. The low degree of sequence
similarity among members of the mammalian β-defensin family, in
addition to the highly conserved structures as well as similarities of
charge density, suggests that their antimicrobial activity may depend on
the structure and charge distribution rather than their primary sequence
[83]. Due to bactericidal activity of AMPs is primarily driven by
electrostatic interactions with the membranes [81,82], the C-termini of
human -defensin 3, which has the highest charge density in the peptide,
has drawn great attention for AMP research. Several analogous peptides
with properties that are appropriate for therapeutic application have been
designed [93]. The structural and activity relationship of those peptides
has been studied using various chemical-physical methods and results
are presented below.

3.1 Structure-dependent charge density as a
determinant of antimicrobial activity of peptide
analogues of defensin
Our studies started from natural AMPs and their linear peptide analogs.
The strategy to design those peptides is described in Introduction section
(Chapter 1.2.3) [93]. Three hBD-3 C-terminal (R36-K45) analogues
peptides, C2, Y2, and F2, were selected to study their structures and
activity relationship using NMR spectroscopy and MD simulations.
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Results have shown that the ability of AMPs to accrete a well-defined 3D
structure featuring a compact density of positive charges leads to a more
efficient bactericidal activity. The work has been published in
Biochemistry 2009 [100].



Antibacterial Activity Assays

Various hBD-3 C-terminal (R36-K45) analogous peptides were designed
(Table 6) and proved to exhibit differential antibacterial activities against
the common human pathogen P. aeruginosa ATCC 9027 (Table 7).
Studies have shown that AMP bactericidal activity could be hindered by
increasing salt concentration [168], presumably through interfering
AMP-bacterial membrane interactions [169]. Therefore high salt
restricted conditions have been tested on selected peptides as well and
results are shown in table 7. The Y2 peptide exhibited high antibacterial
activity in the low micro-molar range under both normal and high-salt
conditions compared to the others. A dramatic increase in the activity of
Y2 was detected at concentrations from 3.2 to 6.3 μg/mL (2.5-5.0 μM) or
12.5 to 25 μg/mL (10-20 μM) in either condition respectively. A structural
transition of Y2 in the concentration range of 5-20 μM might result in its
remarkably increased activity. In contrast, low antibacterial activities
were observed for C2 and F2 peptides. Up to AMP concentration of 100
μM, no detectable transitions to a high-activity state were observed in
either peptide. Y2, C2 and F2 peptides were selected for subsequent
structural studies.
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Table 6. Various hBD-3 C-terminal (R36-K45) analogous peptides
synthesized for antimicrobial activity studies.
Peptide

Sequence

Original hBD-3

RGRKCCRRKKa

C2

RGRKC(Acm)C(Acm)RRKKb

F2

RGRKFFRRKK

H2

RGRKHHRRKK

Y2

RGRKYYRRKK

W2

RGRKWWRRKK

a

Modified amino acid residues are highlighted in red.

b

Acm is

acetamidomethyl group added to Cysteine thiol to prevent disulfide bond
formation.

Table 7. Assays of antimicrobial activity of Defensin's derived
peptides against P. aeruginosa ATCC 9027 (log reduction)a
Low salt (4 hours)
Conc. (g/ml)

C2

F2

H2

200

0.41

0.33

0.29

100

0.57

0.61

0.62

50

0.63

0.87

High salt (6 hours)
Y2

Y2

W2

4.19
3.07

4.07

1.06

25

2.39

3.31

0.48

12.5

2.10

0.49

0.09

6.25

2.02

0.49

0.08

3.125

0.33

a

Peptides were incubated with P. aeruginosa ATCC 9027 for 4 hours at

22.5 ºC. A 0.5 log reduction equals 68% of the bacteria killed, and a 3 log
reduction means 99.9% of the bacteria were killed. Error bars constitute
30% of measured value, and therefore not indicated in table.
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Cytotoxicity and Hemolytic Activity against Mammalian Cells

Different from bacterial membrane, which constitutes mainly the neutral
phospho-ehanolamine (about 70%) and the negatively charged
phospho-glycerol (about 30%), mammalian cell membrane is largely
neutral made by neutral lipids phospho-choline. Since AMPs are cationic,
their binding strengths towards mammalian cell membrane are expected
to be lower due to the weaker electrostatic attractions. Both the
cytotoxicity and hemolytic activity of hBD-3 analogs were tested on
mammalian cells. Up to 200 μg/ml of C2, F2 or Y2 peptide, no significant
decrease of viable cell number or cell lysis were observed in contrast to
native hBD-3, which is found to be very toxic (Figure 3.1 and Figure 3.2).

Figure 3-1. Cytotoxicity assay of C2 (■), F2 (Δ), and Y2 (●) peptides
for human conjunctival epithelial cells. Reported values are means of
performed triplicate experiments with variation bars representing the
standard deviation.
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Figure 3-2. Hemolytic effects of AMPs on rabbit erythrocytes. The
hemolytic activities were calculated as a percentage of the total cell lysis.
Solid rectangle line represents C2 peptide, solid triangle line represents
F2 peptide, hollow square line represents Y2 peptide, and hollow dot line
represents hBD-3. The experiments were repeated 3 times and the data
presented were the average of all experiments.



Lipid Phase Partition of the Peptides

Translational diffusion coefficients (DS) of the C2, F2, and Y2 free
peptides, peptides in micelle solution and micelles were measured
separately using Diffusion Ordered Spectroscopy experiments (DOSY)
[170] (Table 8). Both DPC and DPC-POPG mixed micelles were used to
represent mammalian and bacterial cell membranes, respectively.
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Table 8. Translational diffusion rates of C2, F2, Y2 peptides and
lipids measured by DOSY experiments.
Dsa(10-10m2s-1)

C2

F2

Y2

Free peptide

2.37±0.10

2.31±0.23

2.01±0.03

Peptide in DPC

1.89±0.26

1.92±0.04

1.59±0.06

DPC

0.99±0.10

0.99±0.10

0.99±0.10

Peptide in DPC-POPG

0.90±0.24

0.91±0.24

0.92±0.18

DPC-POPG

0.92±0.25

0.92±0.25

0.92±0.25

a

Ds is the translational diffusion coefficient. In three conditions, Ds of

peptides are shown on top, while the lipids diffusion rates are shown in
bottom. All samples are measured at peptide concentration of 500 μM, in
30 mM sodium phosphate buffer, 30 mM DPC micelles or 30 mM DPC, 3
mM POPG mixed micelle solution, pH=5.

Molar fractions of peptides bound to micelles (FL) were calculated
using the measured diffusion coefficients in Table 8 [171]. The results
are shown in Table 9. This parameter reflects the affinity of the peptides
bind to lipid membranes. For all peptides, partitioning into the
mammalien cell membrane mimicking zwitterionic DPC micelles was
only ∼40%, in contrast to the full localization into the same lipid phase
doped with anionic POPG lipids which has similar charge property to the
bacterial cells. This observation was consistent with their high
antimicrobial activity and low cytotoxicity.
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Table 9. Peptide lipophilicity measurement (FL)

a

FL is the molar fraction of peptides bound to the lipid phase.



Structural Transitions in C2, F2, and Y2

Diffusion coefficients of C2, F2, and Y2 were measured at both high (500
μM) and low (5 μM) peptides concentrations in phosphate buffer (Table
10). Surprisingly to notice that for all three peptides, the translational
diffusion rates at 500 μM peptide concentration was just about half of the
rates at 5 μM. Stokes-Einstein equation says the molecule diffusion rate
is in reverse proportion to its molecular size if we assume the final
structures of the peptides are globular [172,173]. This means at
concentrations above 500 μM, all three peptides form stable dimers while
at concentrations below 10 μM monomeric forms predominate in
aqueous solution.

Table 10. Translational diffusion coefficients of C2, F2 and Y2
measured by NMR.

a

Ds is the translational diffusion coefficient.
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To monitor peptide monomer-dimer transition and its structure
changes, 1D 1H spectra of C2, F2, and Y2 were recorded at increasing
peptide concentrations from 10 to 500 μM, both in the presence and
absence of DPC micelles. Peptides’ structural transitions could be
reflected by changes in the 1H chemical shifts. Figure 3.3 shows 1D
proton spectra of Y2 and F2 peptides in 30 mM DPC micelles solution.
Proton resonance peaks showed gradual changes are labeled in red. At
peptides concentration of 20 μM (Figure 3.3 B, F), resonances stemming
from both the structure form of lower concentrations (Figure 3.3 A, E) as
well as higher concentrations (Figure 3.3 C, G) could be detected,
indicating the slow (on the time scale of 1H chemical shifts) kinetic
regime of exchange rate between these two conformations. It also
suggests that the structural transitions are likely induced by dimerization
of peptides. C2 peptide shows similar spectral change only at
concentration of 500 μM, which is much higher than the transition
midpoint of Y2 and F2.
1D spectra ofY2 and F2 in water showed structural monomer-dimer
transitions as well over the concentration range of 50-100 μM. This
indicated that DPC micelles could promote peptide dimerization at lower
concentrations than in aqueous solution, presumably stabilizing the
peptide dimer at the surface of the lipid membrane. A similar effect was
also observed for the C2 peptide. The monomer dimer transition ofY2
correlated with its cooperatively increased activity in the same
concentration range. In contrast, the C2 peptide, which exhibits only low
antibacterial activity at all the concentrations that were studied,
underwent the dimerization transition at much higher concentrations. In
addition, F2 dimerizing at low concentrations but lacking high bactericidal
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activity suggests that features other than the dimerization ability are also
important determinants for the activity of these peptides.

A

E

B

F

C

G

D

H

Figure 3-3. 1D 1H spectra of Y2 (A-D) and F2 (E-H) as a function of
concentration in the presence of 30 mM DPC at 25 ºC. The
concentrations of the peptides are 10 μM (A and E), 20 μM (B and F), 50
μM (C and G), and 500 μM (D and H). 1H peaks are assigned and
labeled. Unknown peaks which could not be assigned are labeled with
asterisks. Gradually changing proton resonance peaks are highlighted in
red. Spectra in each column share the common axis labeled at the
bottom (D and H).
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3D NMR Studies of F2, Y2 and C2 peptides

3D structures of Y2 and F2 peptides in DPC-POPG mixed micelles were
reconstructed using 2D homonuclear NOESY spectra (Figure 3.4). Two
protons in methylene groups of amino acids’ side chains showed
systematic chemical shift degeneracy in Y2 peptide but not in F2,
suggesting more restricted side chain mobility in F2. More short to
inter-mediate range NOEs were observed in F2 amide region, whereas
only sequential NOEs were show for Y2 peptide. This indicates F2
peptide adopts more helical structure in contrast to the turn or β-sheet
conformation predominantly presents in Y2.
Initially, 63 and 72 NOEs were identified and used for structural
calculations of the Y2 and F2 monomers respectively. Subsequently, 14
NOEs for Y2 and 20 NOEs for F2 which could not be fit into monomeric
structures were assigned as inter-monomeric constrains and used for
dimeric structure calculations.
C2 in DPC-POPG mixed micelles exhibited a significantly overall
smaller number of NOEs with remarkably reduced cross-peak intensities
in comparison to the diagonal ones. The high dynamic property of C2
prompted us to measure 2D ROESY spectra for structural studies. The
2D ROESY spectrum of C2 unfortunately still shows much reduced
structurally significant number of ROEs. For example, the NOEs between
H Y6 to NH R8 and H R8 to NH F5 highlighted in Figure 3-4 (both A and
B) are missing in the case of C2 peptide (Figure 3.5 B). This prevents
unambiguous 3D structure reconstruction of the C2 dimer.
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A

C

B

D

Figure 3-4. 2D NOESY spectra of Y2 (A and C) and F2 (B and D). Y2
or F2 peptide (500 μM) was dissolved in DPC-POPG mixed micelles, 30
mM phosphate buffer (pH 5). Amide-aliphatic proton regions are shown
in panels A and B, and diagonal portion regions are shown in panels C
and D. The proton specific assignments of individual NOESY
cross-peaks are indicated. In panels A and B, inter-molecular NOEs
between peptide monomers and peptide-detergent are highlighted in
pink and green, respectively. In panel C, a particular NOE which may
indicate the formation of a hydrogen bond between the Tyr 6 side chain
on one monomer and the Arg 8 backbone on the other monomer of the
dimeric structure is highlighted in red.
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A

B

Figure 3-5. (A) 2D NOESY spectra of Y2 peptide in the presence of
DMPC/DHPC bicelles, and (B), 2D 1H ROESY spectra of C2 peptide
in the presence of DPC-POPG mixed micelles. Only amide to aliphatic
proton regions are shown in either spectrum. Spectra were collected
using 500 μM peptide sample, pH=5. Spectrum in (A) was collected at 10
ºC. The proton specific assignments of individual cross-peaks are
indicated.

To demonstrate the structures obtained are close to native state and
avoid the undesired artifact from large lipid phase curvature effect from
micelles, relatively large bicelles (q=3) with maximized planar lipid bilayer
surface were used for structural study as well (see Material and Method,
Chapter 2.1.6). Low temperature, 10 ºC, was used correspondingly for
maintaining the isotropic tumbling of the large bicellar phase. The NMR
structures of Y2 in bicelles showed high similarities to the ones
calculated using DPC-POPG mixed micelles, thus ruling out the effect of
accessible surface curvature on the oligomerization and structure of Y2.
The NOESY spectrum of Y2 in bicelles can be found in the Figure 3.5 A.
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ΔC and ΔC chemical shifts plots clearly show the differences in
secondary structures of Y2 and F2 (Figure 3.6). Both ΔC and ΔC
patterns in F2 and Y2 peptides are generally opposite to each other,
indicating the prevalence of helical structure in F2 and turn or -sheet
structure in Y2.

A

B

C

D

Figure 3-6. Peptide secondary chemical shift plot (C and
Cregion). Both Y2 and F2 peptides’ secondary structures in lipids
environment (DPC-POPG mixed micelles) were compared to those in
urea added as a reference. Panels A and C are plotted for Y2 peptides,
while panels B and D are plotted for F2 peptides.

20 selected best fit structures with lowest energy for each Y2 and F2
peptide in dimeric conformation are shown in Figure 3.7. For each
peptide, the dimeric structure is built on the antiparallel assembly of two
monomeric peptide chains. Y2 peptide is predominantly extended except
Results
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for the two turns shown at amino acid residues number 3 and 6. Charged
residues at both termini of the peptide are highly mobile, while the
hydrophobic tyrosine residues in the middle are constrained serving as
the dimeric interface. The F2 dimer is formed by two helix like monomers
twisted around each other. Again the monomeric interface was stabilized
by the aromatic Phe residues in the central region. Structures of F2 and
Y2 peptides are summarized in Figure 3.8 and Table 11.

A

B

C

D

Figure 3-7. NMR structures of dimeric Y2 and F2 peptides in the
presence of DPC-POPG mixed micelles. Panels A and B are super
positions of 20 Y2 and F2 conformers, respectively; panels C and D are
representative conformers of Y2 and F2 peptides. Dimeric interfaces of
F2 and Y2 peptides are indicated by red rectangle. Heavy atom side
chains of aromatic and charged amino acid residues are colored in gold
and orange. The backbone of individual monomers in the dimeric
structure is colored royal blue and dark green and numbered accordingly.
Figures were prepared using Molmol [174].
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A

B

Figure 3-8. Structure summary of Y2 (A) and F2 (B) peptides. J
coupling constants are measured in Hz.

Table 11. Structural statistics of F2 and Y2 peptides.

a

Pairwise r.m.s. deviation was calculated for all 20 final Y2 and F2 dimer
structures.
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Molecular Dynamics simulations

AMP charge densities were suggested to be important factors for their
antibacterial activities [83], local charge distribution and density within C2,
Y2 and F2 dimers were analyzed in molecular dynamics simulations. The
radius of gyration of charged points (cRg), which reflects the distribution
of charges within the peptides, was calculated (Figure 3.9). Charge
densities of the peptides were estimated using Equation 6. The charge
density of Y2 shows 30% increase than that of C2 or F2. The charge
density of the original hBD-3 C-terminal peptide (R36-K45) (Protein Data
Bank entry 1KJ6 [84]) was also calculated and showed comparable
result to that of C2 and F2.

̅̅̅̅̅
Equation 6. Equation for the charge density calculations. Q is the
total charge of a peptide dimer (Q=14e for all peptides). The average c̅̅̅̅g
for C2 and F2 dimers is 14.9 ± 0.25 Å each, and the average c̅̅̅̅g of the
Y2 dimer is 11.9 ± 0.28 Å.

Figure 3-7. Distribution function of the radius of gyration for
charged points in C2, F2 and Y2 dimers.
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Average binding free energies for Y2 and C2 dimers were also
calculated (data not shown, refer to [100]). Y2 dimer is more stable. Its
lower free energies mainly originate from the - stacking of the aromatic
side chains of four tyrosine residues resulting in a better packing
conformation.
The interactions between Y2 peptide and DPC micelles were also
explored by long MD simulations. Strong interactions between charged
amino acids and DPC polar head groups were observed. One snapshot
obtained at the simulation time of 50 ns demonstrated close contacts
between the side chains of positively charged residues (Arg 1, Arg 3, Lys
4, Arg 7, and Arg 8) and the DPC phosphatidylcholine groups (Figure
3.10). Such interactions are expected to be even stronger for bacterial
membrane lipids which have negatively charged head groups.

Figure 3-8. Representative snapshot of the Y2-DPC configuration in
the 30 ns long MD simulations run. The Y2 dimer is highlighted in
ribbon. DPC molecules are labeled according to atoms. This figure was
prepared with PyMol [175].
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3.2 Progressive

structuring

of

a

branched

antimicrobial peptide on the path to the inner
membrane target
AMP bactericidal mechanism studies using linear hBD-3 peptides
suggested that charge density is a determinant for the activity and
selectivity of AMPs; meanwhile hydrophobicity is important for
AMP-membrane interactions. Among those hBD-3 linear derivatives, V2
and Y2 peptides showed high bacterial killing efficiency but very low
cytotoxicity against mammalian cells. V2 was selected as a functional
motif due to its higher hydrophobicity. To lower the effective antimicrobial
concentrations by improving charge density, two monomer peptides were
linked at the K9-NH group, forming the branched peptide B2088.
Progressive structure accretion of B2088 was observed in water,
LPS, and lipid environments. Despite inducing rapid aggregation of outer
membrane lipopolysaccharides, B2088 remain highly mobile in the
aggregated lattice (see below results). These findings suggest that AMPs
possessing both enhanced mobility in the bacterial outer membrane and
spatial structure facilitating its interactions with the membrane-water
interface may provide excellent structural motifs for developing
broad-spectrum new antimicrobials. The work has been published in
Journal of Biological Chemistry, 2012 [176].



Antimicrobial Activities of B2088 and Its Analogous Peptides

Linearized B2088 (linear V2 dimer), truncated B2088 (truncated V2
dimer), B2088 with modified neutral spacers (V3 dimer and L2 dimer),
and modified C termini (V2–1A dimer, V2–1D dimer, and V2–1K-amide
dimer) were designed and chemically synthesized. Antimicrobial
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activities of those peptides against Gram-negative bacteria strains were
tested and compared with B2088 (Table 12).

Table 12. Minimal inhibitory concentrations of B2088 and its
analogous variants against Gram-negative ATCC strains.
Activity (M)a
minimal inhibitory concentration
Peptides

Sequences

P.

aeruginosa E.coli

ATCC 27853

ATCC 25922

V2 monomer

RGRKVVRRKK

>39

39

B2088 (V2 dimer)

(RGRKVVRR)2KK

2.75

2.75

Linear V2 dimer

RGRKVVRRKKRRVVKRGR

10.91

10.92

Truncated V2 dimer

(KVVRR)2KK

>32.22

16.11

V3 dimer

(RGRKVVVRR)2KK

2.51

2.51

V2-1A dimer

(RGRKVVRR)2KA

5.60

5.60

V2-1D dimer

(RGRKVVRR)2KD

5.49

5.49

V2-1K-amide dimer

(RGRKVVRR)2KK-NH2

5.46

5.46

L2-dimer

(RGRKLLRR)2KK

2.66

5.33

a

Measurements have been done in triplicates, with the error bar within

30%.

Besides V3 dimer and L2 dimer, B2088 showed lower MIC values
than the rest of the peptides. Peptides with modified charge state (V2–1A
dimer and V2–1D dimer) and amphiphilicity (truncated V2 dimer) showed
increased MICs, indicating that amino acid composition is important for
antimicrobial activity as stated in the interfacial activity model. On the
other hand, peptides with similar amino acid composition but different
three-dimensional structure also show lowered antimicrobial activity, like
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linear V2 dimer. This suggests that exploring peptide structure and
peptide-lipid interactions at an atomic level was necessary for
understanding the structure-function relationship of this peptide series.
V3 dimer and L2 dimer showed comparable activity to B2088. The
amphiphilicity and chemical composition of those peptides are similar to
those of B2088, suggesting that a similar antimicrobial mechanism could
be expected. We selected B2088 for further study as a representative
molecule that is also comparatively easy to produce.
The V2 monomer peptide displayed weak antimicrobial activity
against E. coli and P. aeruginosa comparing to B2088 (Table 12 and
Table 13). The activity was attributed to the cooperative formation of a
non-covalent dimer in aqueous solution and at the lipid-water interface
[100].

The

antimicrobial

activities

of

B2088

peptides

against

Gram-negative reference bacteria and clinical isolates were tested and
compared to gentamicin, a well-known aminoglycoside targeting
Gram-negative bacteria that is used in the ophthalmology clinic (Table
13). B2088 showed lower MIC values than both the monomer peptide
and gentamicin. It was also active against gentamicin-resistant clinical
isolate P. aeruginosa DR4877/07. Importantly, at the concentrations
corresponding to the MIC values, B2088 did not undergo oligomerization,
as was shown by NMR diffusion experiments.
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Table 13. Minimal inhibitory concentration of B2088 against various
Gram-negative ATCC and clinical isolates.
Minimal inhibitory concentrationa

Pathogen strains

B2088

Monomer

Gentamicin

P.aeruginosa ATCC 9027b

2.75

>39

N.Dc

P.aeruginosa DR4877/07

5.5

N.D

837.5

5.5

N.D

N.D

2.75

N.D

N.D

2.75

N.D

N.D

E.coli ATCC25922b

2.75

39

N.D

E.coli DU46381R

2.75

N.D

N.D

2.75

N.D

1.63

Source: sputum
P.aeruginosa DM023104
Source: eye
P.aeruginosa DR15013
Source: wound
P.aeruginosa DU14476/07
Source: urine

Source: urine
E.coli DB16027
Source: blood
Unit of MIC is M. bReference organisms from American Type Culture

a

Collection (ATCC) strains. All the others are clinical isolates with source
indicated. cN.D is not determined.

In experiments tracking kinetics of antibacterial activity, B2088
displayed rapid killing ability against the reference P. aeruginosa ATCC
9027, reducing an inoculum by more than 6 log cfu/ml in less than 10 min
at

2

times

the

MIC

value

(Figure

3.11

A).

Even

for

the

gentamicin-resistant strain P. aeruginosa DR4877/07, reduction of >105
organisms could be achieved using less than 10 M B2088 within 20 min
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(Figure 3.12), suggesting that a membrane-targeted action is likely.
Resistance of P. aeruginosa ATCC 27853 against B2088 was also
tested (Figure 3.11 B). Over more than 17 bacterial passages, the MIC
value of B2088 only rises about 4 times higher, whereas for gentamicin,
bacteria developed 32 times MIC resistance, and for norfloxacin, more
than 64 times higher MIC concentration was needed to inhibit the
bacteria growth. Both bacterial killing kinetics and the resistance assay
suggest the likelihood of a membrane-targeting action by B2088.

B

A

Figure 3-9. A, time kill kinetics of B2088 against P. aeruginosa ATCC
9027. B, bacterial resistance assay of B2088 and conventional
antibiotics against P. aeruginosa ATCC 27853. The x axis represents
the bacteria serial passage number, whereas the y axis represents fold
increase in MIC. Black dotted line, V2 dimer peptide; red line with square,
Norfloxacin; blue line with triangle, Gentamicin.

Figure

3-10.

Time-kill

kinetics

of

B2088

against

Gentamicin-resistant clinical isolates P. aeruginosa DR4877/07.
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Cytotoxicity of B2088 against Mammalian Cells

Human conjunctiva epithelial cells were chosen for an in vitro cytotoxicity
assay (Figure 3.13 A). Even at a peptide concentration of 200 g/ml (i.e.
88 M), 16–32 times higher than B2088 MIC values for various
pathogens, B2088 was found safe (86% cell viability), indicating a high
therapeutic index. Hemolytic activity of B2088 was tested using rabbit
red blood cells. Up to peptide concentrations of 2 mg/ml, no hemoglobin
release was detected (Figure 3.13 B). Applying B2088 to the rabbit eye
in vivo, no clinically detectable effect was seen on corneal wound healing
in a rabbit model (Figure 3.14). Wound healing is a critical issue with the
cornea as the presence of a wound increases the likelihood of infection
and further visual loss, consequently testing corneal wound healing is an
important indicator of biocompatibility of a new therapeutic agent [177].

A

B

Figure 3-11. A, cytotoxicity assays using human conjunctiva cells
with the monomer or B2088 peptides showed these peptides to be
safe. Reported values are means of performed experiments with error
bars representing the square deviation; B, hemolysis assay of B2088
against rabbit erythrocytes.
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Figure 3-12. In vivo studies of B2088 (1 mg/ml) on rabbit corneal
wound healing. No significant effects of B2088 at 1 mg/ml on wound
closure were observed, showing a high level of safety.



Lipid Phase Partition of B2088 and Monomer Peptide

To characterize the affinity of B2088 and its monomeric precursors for
the lipid phase, translational diffusion coefficients (DS) for free peptides
and

peptide

micelle

complexes

were

measured

using

DOSY

experiments [170]. Pure DPC and mixed DPC-POPG micelles were used
to represent mammalian and bacterial cell membranes, respectively.
Table 14 shows the molar fractions of peptides bound to micelles (FL)
calculated using the measured diffusion coefficients [162]. This
parameter reflects the lipophilicity and affinity of the peptides for the lipid
membranes. Partitioning in zwitterionic DPC micelles was only 50% for
all studied peptides, in contrast to the full localization into the same lipid
phase doped with anionic POPG lipids. This observation was consistent
with their high antimicrobial activity and low cytotoxicity.
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Table 14. B2088 and its monomeric peptide lipid phase partitioning.
FLa(100%)
DPC
DPC-POPG

Monomer

B2088

47.65

67.94

100

100

a

FL, molar fraction of peptide that binds to lipid phase.



B2088 Interacts with Bacterial Outer and Inner Membranes

We investigated the interactions of B2088 with bacterial outer and inner
membranes using membrane probes. NPN, a membrane-impermeable
dye, was used to determine if the peptide acted on the outer membrane
of P. aeruginosa ATCC 9027. As an impermeable hydrophobic molecule
with weak fluorescence in buffer, disruption of the outer membrane
allowed the dye to partition toward the inner membrane with enhanced
fluorescence [178,179]. Figure 3.15 A shows that the addition of B2088
to the intact bacteria leads to an abrupt increase in the NPN fluorescence
intensity. At a concentration of 5.3±0.1 M, B2088 led to a 50% increase
(PC50) in NPN fluorescence emission intensity. This concentration
corresponded to the previously determined MIC values, implying a
correlation between outer membrane disruption and bacterial killing.
We next examined the effect of B2088 on the bacterial inner
membrane using the membrane potential-sensitive fluorescent dye
diSC35. This dye is taken up by the bacteria and self-quenched as the
dye concentrates in the cytoplasmic inner membrane. Any disturbance of
the membrane potential gradient across the inner membrane will result in
the release of the dye and increased fluorescence intensity [180,181].
Figure 3.15 B shows the peptide concentration-dependent fluorescence
dequenching of diSC35 upon the addition of B2088 to intact bacterial
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cells. Below the MIC values, minimal change in the fluorescence
intensity was observed. However, above the MIC value, upon the
addition of B2088, a significant increase in fluorescence signal was
observed immediately followed by a plateau phase. The maximum
change in fluorescence intensity was reached in less than 10 min, under
which conditions time kill assays showed a 99% reduction in bacteria
viability.

Figure 3-13. Effect of B2088 on P. aeruginosa ATCC 9027. A, outer
membrane permeabilization monitored by NPN uptake. The increase in
fluorescence intensity of NPN is plotted against the concentration of
B2088. The graph is fit to a sigmoidal function, and PC 50 was estimated.
B, depolarization of inner membrane monitored by diSC35 assay.



B2088 Structure and Dynamic Studies with Bacterial Outer
Membrane LPS Extract

Lipopolysaccharides are negatively charged molecules decorating the
outer leaf of the outer membrane of Gram-negative bacteria. P.
aeruginosa LPS extract was used to study peptide/bacterial outer
membrane interactions. In a wide range of explored concentrations
above the MIC values, the addition of B2088 immediately caused
turbidity in an otherwise clear and stable solution of LPS micelles. Under
TEM, we observed the LPS assembly transformed from a ribbon-like
structure into large polymorphous aggregates (Fig. 3.16).
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Figure 3-14. The LPS assembly transition induced by adding B2088
was observed by TEM. A, without B2088, LPS formed a ribbon-like
assembly, soluble in solution; B, after adding in B2088, LPS formed large
amorphous aggregates, which precipitated out from solution.

The three-dimensional structural analysis of B2088 in polymorphous
LPS was carried out using NMR. Residual dipole-dipole interactions and
magnetic anisotropy of the heterogeneous LPS precipitated by B2088
resulted in broadened and featureless

1

H solution NMR spectra.

However, the use of the HR-MAS technique in combination with
residue-selective

15

N and

13

C labeling of B2088 enabled us to obtain the

structure of B2088 in complex with LPS. Under these conditions, a
[1H-15N]-HSQC spectrum of selectively

13

C,

15

N-labeled B2088 showed

four well resolved cross-peaks with chemical shifts displaced from those
found in aqueous solution. A minor conformation of the peptide was also
detectable in the spectrum (Figure 3.17). The observed resonances were
assigned

to

particular residues using two-dimensional NOESY,

three-dimensional HNCA, and

15

N-resolved NOESY experiments. The

assignment was extended to well resolved 1H resonances stemming
from the unlabeled residues. Three-dimensional structure of the peptide
was reconstructed using the program CYANA 3.0.
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B

A

C

D

E

F

G

H

Figure 3-17. Ensembles of NMR conformers of B2088 in LPS
(peptide/LPS molar ratio = 1:20) (A) and in DPC-POPG mixed
micelles (peptide/DPC/POPG = 1:30:13) (B). Backbones of primary
and secondary chains are labeled in blue and cyan, respectively. The
side chains of charged amino acids are shown in orange. The Lys 9 side
chain linking the primary and secondary chains is highlighted in gold.
[1H,

15

N] - HSQC spectra of B2088 in aqueous solution (C), LPS (D),

and DPC-POPG mixed micelles (E). In E, the secondary chain that is
more tightly structured is labeled in cyan with a prime. Additional peaks
coming from a minor conformation are highlighted in pink. F-H, [1H,
15

N]-HSQC spectra of B2088 peptides in POPG-POPE liposomes

(peptide/POPG ratio equals 1:1, 1:12 or 1:13).

Intra-molecular dynamics were assessed via
HNOE relaxation and

15

N T1, T2 (Table 15),

13

C chemical shifts measurements (Figure 3.18)

for four backbone amide moieties and a side-chain moiety of Arg 3.
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Table 15. 15N backbone relaxationa of B2088 in LPS.

T1 (s)
T2 (s)
HNOE

Arg 3b
1.41
0.93
-2.32

Lys 4
1.06
0.50
-1.01

Val 6c
1.08
0.43
-1.07

Val 5
1.06
0.43
-0.80

Arg scd
3.57
1.41
-5.92

a

T1, T2, (15N) and 1H/15N heteronuclear NOE experiments performed on a

700 MHz spectrometer. bAssignment of cross-peaks is shown in [1H,
15

N]-HSQC (Figure 3.18).

c

The resonances for the second chain

(residues 11-18) in the branched structure are overlap with resonances
of the first chain (residues 1-8). dArg sc: Arginine side-chain group.

A

B

C

D

E

F

Figure 3-18. Secondary
15

13

C chemical shifts (upper panel) and 1H,

N HNOE (lower panel) for the

15

N backbone residues and Arg 3

side chain of B2088. Left, middle and right panels correspond to the
peptide in LPS, in liposomes (B2088/POPE/POPG = 1:3:1), and in
DPC-POPG mixed micelles, respectively. Dark and light blue bars
represent the backbone of primary and secondary chains of the peptide
in DPC-POPG, respectively. In LPS and liposomes, the chemical shifts of
two branched chains are spectroscopically unresolved.

In polymorphous large LPS aggregates, B2088 adopted an extended
conformation with spectroscopically indistinguishable primary and
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secondary chains. Val residues were significantly more dynamically
restrained than flanking Arg and Lys residues. Arg side chains showed
the highest flexibility, implying that the Arg guanidinium groups were not
immobilized by electrostatic interactions with the oppositely charged LPS.
Although no direct inter-chain NOEs were detected, it appeared likely
that in water and LPS, the peptide exhibited a compact structure
mediated by hydrophobic interactions between Val side chains, resulting
in restricted backbone dynamics at the central hydrophobic residues.
The translational diffusion rates in water indicated that the hydrodynamic
radius of B2088 might be in close correspondence to that found for the
structurally compact dimer of the non-covalently linked monomer
peptides (Table 16) [100]. In addition, the translational diffusion rates of
B2088 in water showed no concentration dependence, indicating that
B2088 did not further dimerize, presumably due to the absence of
surface-exposed hydrophobic groups.

Table 16. Translational diffusion coefficients of B2088 and its
monomeric peptide in phosphate buffer.
Dsa(10-10m2s-1)

Monomer

B2088

5 M

5.32±0.17

2.30±0.20

500 M

2.67±0.10

2.30±0.20

Dimer

Monomer

Oligomerization states
a

Ds is the translational diffusion coefficient.

To test whether the aggregation of LPS was only due to the effect of
electrostatic neutralization of LPS by countercharged groups of the
peptide, calcium chloride was used to induce LPS aggregation. The
results showed that to induce the same degree of LPS precipitation, a
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300-fold higher concentration of calcium chloride was needed. These
findings emphasized the importance of the underlying three-dimensional
structure of the branched AMP compared with linear AMPs and hydrated
cations.
Although the translational diffusion rates of B2088 in aggregated
LPS matrix was of considerable interest, the Z-gradient pulsed field
strength available in the commercial HR-MAS probe was not sufficient
for quantitative measurements of the rates. Nevertheless, data showed
that while maintaining the high rotational diffusion rate, the translational
diffusion of the peptide was significantly impeded in LPS but not
quenched entirely. We propose that maintaining high mobility in
heterogeneous condensed phase enables the peptide to penetrate
through the LPS-decorated bacterial outer membrane and diffuse into
the bacterial inner membrane, as was shown by environment - sensitive
fluorescent assays. Serving as bacterial membrane extensions, LPS
molecules effectively enlarge the reactive surface of the bacteria in
relationship to the volume; interacting with LPS through strong
electrostatic attractions also helps B2088 to achieve effective high
concentrations at the bacterial outer membrane.



B2088 Structure and Dynamic Studies in Bacterial Inner
Membrane Mimics

To explore conformational transitions and dynamics of the peptide in lipid
phases, we used neutral and negatively charged micelles mimicking the
lipid composition of mammalian cell membrane as well as bacterial inner
membrane, respectively. The binding affinity of B2088 to mixed micelles
was explored using DOSY experiments. The peptide showed only weak
partitioning into the neutrally charged DPC micelles. Admixture of POPG
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(DPC/POPG = 3:1) increased the total negative charge of micelles,
causing full partitioning of the peptide into the lipid phase. This was
accompanied by accretion of a compact three-dimensional structure of
the peptide shown in the HSQC spectrum (Figure. 3.17 E) and HNOE
data (Figure 3.18 F). Moreover, primary and secondary chains of B2088
manifested different structural associations because the degeneration of
resonances stemming from those chains was abolished in the HSQC
spectrum (Figure 3.17 E). We determined the detailed three-dimensional
structure of B2088 in DPC/POPG micelles (Figure 3.17 B) using NOEs
and 13C chemical shifts (Figure 3.18 C). In this structure, the primary
backbone chain was folded back around the secondary chain with four
Val residues occupying the core positions with NOE constraints from Arg
7’ (secondary chain) to Val 5 and Arg 8’ to Arg 3 proving the spatial
proximity between the two chains. Differential structural association
between the two chains implied that the covalent branched linkage might
provide a new structural quality surpassing just a means to facilitate
chemical association.
Several studies have described a strong link between the cationic
charge on a peptide and its antimicrobial activity [81]. In addition, the
local charge distribution and density within the peptide have been
hypothesized to be important factors [83]. We had earlier developed a
metric of the peptide charge density as the ratio of the total charge on the
peptide and its volume [100]. Our findings suggested a strong correlation
between charge density and antimicrobial activity. Thus, we compared
the charge density of the monomer and B2088 based on their structures
in DPC-POPG micelles (Figure 3.19). Remarkably, B2088 in DPC-POPG
micelles had a 30% greater charge density than the monomer, implying a

Results

Page 105

NMR Structure and Activity Relationship of Defensin-Analogous Peptides

direct connection between three-dimensional structure and antimicrobial
activity.

A

B

C

D

Figure 3-15. 3D NMR structures of monomer peptide (A,B) and
B2088 (C,D) in the presence of DPC-POPG (30 mM DPC and 13 mM
POPG) mixed micelles. A and C are the super-position of 20
conformers; B and D are a representative conformer. The N- and
C-termini of peptides are indicated. Backbones of individual chains are
labeled in light and dark blue and numbered accordingly. Side chains of
Val and charged amino acids are highlighted in purple and red. The Lys 9
linker side chain in B2088 is represented in balls and sticks form.

The nature of lipid/peptide interactions was explored by pH scanning
experiments using NMR and MD simulations utilizing both atomic and
coarse grained membrane models (Figure 3.20). 1H chemical shifts of
the peptides and lipids were recorded as a function of pH in the range
from 1 to 9 in a series of one dimensional 1H and two-dimensional [1H,
15

N]- HSQC spectra. The pKa values of peptide backbone amide

Results

Page 106

NMR Structure and Activity Relationship of Defensin-Analogous Peptides

moieties of individual amino acids and Arg side chains, as well as 1H of
DPC/ POPG were estimated via numerical data interpolation and
differentiation (Figure 3.20 D, E). We found that the intrinsic basic pKa of
Arg guanidinium groups and acidic pKa of lipid protons near phosphate
groups (1H) were shifted toward each other in the peptide-micelle
complex, suggesting electrostatic interactions or hydrogen bonding
between these groups. Atomic simulations using peptides in DPC/POPG
mixed micelles showed transient hydrogen bonds between peptide
Arg/Lys side chains and lipid phosphate groups. Arg manifested greater
hydrogen bonding ability than Lys (Figure 3.20 B). This is probably due
to the fact that the guanidinium group of Arg can form double hydrogen
bonds with PO4 groups, which is energetically more favorable than the
hydrogen bond between Lys side chain and lipids [182,183]. Coarse
grained simulations using POPG-doped bacterial membrane models
showed that B2088 initially solvated in water, rapidly adsorbed onto the
negatively charged membrane surface, and remained at the membrane
water interface (Figure 3.20 C). Moreover, B2088 showed clear
preferential interactions with anionic POPG rather than zwitterionic DPC
and POPE, leading to redistribution of membrane lipids and the
emergence of POPG-rich domains (Figure 3.22). These may decrease
the membrane stability, eventually resulting in membrane depolarization
that is observed in the fluorescent assays.
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A

B

D

C

E

Figure 3-16. A, chemical groups of B2088 and DPC found in close
proximity with the peptide solubilized in DPC/POPG micelles.
Dashed red lines represent hydrogen bonds between the DPC PO4
group and Arg/Lys side chains. An arrow represents NOEs observed in
the NOESY spectrum between Val 1H and DPC 1H (Figure 3.21). PO4
groups are shown in yellow. Arg guanidinium groups are shown in green,
and the NH3 groups of Lys are shown in cyan. B and C, MD simulations
of B2088 in lipid bilayer and DPC/POPG micelles, respectively. D
and E, chemical shifts as a function of pH for 1HN of Arg 13 and 1H
of DPC, respectively. The fitted titration curves and the numerical first
derivatives are shown.
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B

A

Figure 3-17. A) 1H-1H NOESY spectrum of B2088 in DPC-POPG
(fingerprint region). NOE cross-peaks between 1HN Valine residues and
1

H are highlighted in red. B) Illustration of space proximity between

valine backbone and DPC 1H phosphate group.

A

B

C

D

Figure 3-18. Initial configuration of the upper leaflet of the bacterial
membrane (A and B) and final configuration of the upper leaflet at 2
μs (C and D). Peptide: yellow and green spheres; POPG: red lines;
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POPE: blue lines. Blue and red spheres are phosphate beads of the
POPE and POPG lipids, respectively.

Retaining high rotational mobility of B2088 in lipids enabled the
extension of structural studies of the peptide to POPE/ POPG mixed
liposomes. In accordance with other studies of AMPs in lipid vesicles
[184], at concentrations above 0.1 mM, B2088 caused immediate
turbidity in an otherwise clear solution of mixed liposomes with
POPE/POPG = 3:1 used to mimic bacterial anionic membranes. Due to
the large size and complex morphology of the resulting magnetically
anisotropic and inhomogeneous peptide/liposome solutions, HR-MAS
NMR was employed in order to detect resolved NMR spectra. We found
that at the stoichiometric ratio of B2088/POPE/POPG = 1:39:13, the
peptide exhibits reduced rotational diffusion rates and intra-molecular
dynamics comparable with that found in DPC/ POPG micelles (Figure
3.17). With an increase in the relative peptide concentration of
B2088/POPE/POPG = 1:3:1, accelerated rotational diffusion of the
peptide similar to that found in LPS accompanied by chemical shift
changes in the [1H,15N]- HSQC spectra was detected (Figure 3.17 F and
Table 17). Analysis of the spectra showed that at lower peptide
concentrations, two sets of cross peaks stemming from predominantly
membrane-bound and membrane-dissociated states of the peptide,
respectively, could be detected. Only one set of coalescent resonances
was observed at intermediate peptide concentrations (Figure 3.18 G).
This indicated the slow to intermediate (in chemical shift time scale)
exchange of peptide bound to and dissociated from the lipid surface.
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Table 17. 15N backbone relaxation of B2088 in liposome.

T1 (s)
T2 (s)
HNOE

Arg 3b
1.45
1.08
-2.98

Lys 4
1.25
0.58
-1.40

Val 5
1.05
0.53
-0.93

Val 6c
1.00
0.48
-1.15

Arg scd
3.70
1.15
-7.38

a

T1, T2, (15N) and 1H/15N heteronuclear NOE experiments performed on a

700 MHz spectrometer. bHNOE is calculated by the peak intensity in the
saturated spectrum divided by that in the unsaturated spectrum. cThe
resonances for the second chain (residues 11-18) in the branched
structure are overlap with resonances of the first chain (residues 1-8).
d

Arg sc: Arginine side-chain group.



Comparison of interactions of B2088 with liposomes and
bacterial membranes

To compare the interaction affinities of B2088 towards liposomes in
biophysical studies and to living bacteria in biological assays,
stoichiometric ratios of B2088 binds to lipids in both conditions were
calculated and compared. In the NMR experiments studying the structure
and dynamics of B2088, peptide concentration of 1.6 mM was used.
Saturated B2088 membrane binding was only observed with the total
lipid concentration at 104 mM. Prepared liposome medium has
homogenized vesicle diameter of 100 nm and the average surface area
of lipid head group is about 55 Å. Taking into account that liposome
vesicles have bilayer lipid membranes, on average only 0.056 peptide
could be found per every 1 nm2 of liposome surface. Hence, maximum
stoichiometric ratio of B2088 binds to liposomal lipids is 1 to 32.
Biological assays are carried out at bacterial concentration of 106
cfu/ml. We assume that a P. aeruginosa cell is on average 2 m wide and
2-5 m long in size. Taking into account that the average surface size of
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bacterial membrane phospholipids (POPE or POPG) is about 55 Å, the
number of lipids is estimated to be in the range of 45-90×1012. From
bactericidal assay we estimated the B2088 peptide MIC value is 5.5 M,
thus the number of peptide molecules is estimated as 33×1014 per 1 ml of
bacterial culture. From these data we calculate that, on average, 100
peptide molecules bind to 1 nm2 of the bacterial surface, or,
approximately 80 peptide molecules per 1 lipid molecule constituting the
bacteria membrane.
In summary, at a ratio of B2088/POPE/POPG = 1:39:13 about 0.056
peptide molecules were bound to 1 nm2 of the liposome surface (1
peptide to 32 lipids). This can be compared with 105 peptide molecules/1
nm2 of the bacterial surface (82 peptides to 1 lipid) estimated from our
standard bacterial sterilization experiment. These numbers clearly
indicate a significantly lower affinity of B2088 to model liposomes in
comparison with the surfaces of live bacteria, which is corroborated the
calculations performed in the other studies [115].
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3.3 Oligomerization of xanthone derivatives lead
to bacterial membrane disruption
Our studies of the linear hDB-3 peptides (see Chapter 3.1) showed that
the aggregated charge density might serve as a predicting determinant
of the activity of AMPs. The branched dimeric peptide B2088 with the
particularly high charge density shows significantly improved bactericidal
activity against Gram-negative bacteria. However, AMPs consisting of
only genetically encoded amino acids bear inherent bio-instability and
highly biodegradable. In particular vulnerable is the peptide bond
between Lys and Arg which might be rapidly cleaved by the bacterial and
environmental trypsin-type serine proteases, thus inactivating AMP. We
directly observed this by adding 2 mM isotopic labeled V2 monomer
peptide into 7×109 cfu/ml bacteria P. aeruginosa in cell suspensions. The
time series of

15

N-HSQC spectra were acquired to trace the possible

changes in chemical structure of the V2 monomer peptide using
HR-MAS probe (Figure 3.23). The Arg 3 cross-peak disappeared after
one hour, while the Lys 4 cross-peak completely shifted to the new
position after two and a half hours. This observation was interpreted as
the digestion of peptides by cleaving the amide bond between Arg 3 and
Lys 4. To prove the result, after two and a half hours incubation, the
molecular weight of the resulting peptides was measured by mass
spectrometery.

The

peptide

weight

decreased

by

the

amount

corresponding to three terminal amino acids verifying the proposed
cleavage pattern.
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A

B

C

D
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F

Figure 3-19.

15

N-HSQC spectra of V2 monomer peptide in bacteria

Pseudomonas aeruginosa. Assigned peaks are from

15

N-isotopic

labeled residues Arg 3, Lys 4, Val 5 and Val 6. Spectra are arranged in
time series. Top left spectrum (A) is acquired initially, and bottom right
spectrum (F) is acquired after 2.5 hours, leaving half an hour interval
between two adjacent spectra. Peaks showing significant change (Arg 3
and Lys 4) are highlighted in red.

To avoid the undesired bio-degradation, AMP mimetics composed of
natural amino acids attaching to organic xanthone group were designed.
Xanthone scaffolds are known to exhibit anti-microbial properties
whereas showing high cytotoxicity at the same time [111,140].
Biophysical studies showed xanthones form high-order oligomers due to
stacking in the aromatic rings [140]. Charged amino acids fused to
the xanthone scaffold were chemically attached in the attempt to improve
the selectivity of the product [185]. Promising bactericidal activity against
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Gram-positive bacteria mainly MRSA as well as dramatically decreased
cytotoxicity were observed when two Args were used as the modifying
group. The resulting lead compound is named as AM052 for the
consistency in our chemically-derived series (chemical structure of
AM052 could be found in Introduction section, Chapter 1.2.3). The
oligomerization states of AM052, dynamic properties and membrane
interactions were studied using NMR spectroscopy, facilitated by
fluorescent emission studies, transmission electron microscopy and
molecular dynamics simulations.



Antimicrobial properties of AM052 against Gram–positive
and –negative bacteria

Antimicrobial properties of AM052 were tested against both MRSA and P.
aeruginosa, which are the representatives of Gram-positive and –
negative bacteria respectively. LTX-109, a peptidomimetic antimicrobial
drug developed by Lytic Biopharma which kills bacteria through
membrane lysis action, was used for cross comparison. Selectively of
AMPs were calculated using minimal inhibitory concentration (MIC) of
AMPs against bacteria divided by hemolysis concentration of AMP on
mammalian red blood cells (Table 18 and Table 19).
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Table 18. AM052 minimal inhibitory concentration and selectivity
against MRSA*.
Antibiotics

MRSA clinical 6506

MRSA ATCC 43300

MIC

MIC

Selectivity

Selectivity

AM-052

3.125

75.84

3.125

75.84

LTX-109

4-8

22-44

4-8

22-44

* MRSA: Methicillin-Resistant Staphylococcus aureus (MRSA). LTX-109
is a peptidomimetic antimicrobial drug developed by Lytic Biopharma
(Figure 1-7).

Table 19. AM052 minimal inhibitory concentration and selectivity
against P. aeruginosa.
Antibiotics

P.A* clinical 4877

P.A ATCC 14476

MIC

MIC

Selectivity

Selectivity

AM-052

25

9.48

25

9.48

LTX-109

4-8

22-44

16

11

* P.A: Pseudomonas aeruginosa

The results summarized in Tables 15 and 16, AM052 show indeed
significantly reduced cytotoxicity and promising bactericidal activity
against Gram-positive bacteria MRSA. Its selectivity is even better than
that of LTX-109, which is the drug in clinical trials against MRSA.
Whereas for Gram-negative bacteria, significantly higher MIC values of
AM052 were seen. This could be explained by the reduced molecular
dynamics and mobility in the postulated higher order oligomers of AM052
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formed by stacking in the aromatic rings. According to our previous
studies [176], large oligomers of AMPs might be locked in the
lipopolysaccharide

layer

of

the

Gram-negative

bacterial

outer

membranes resulting in the decreased accessibility of AMPs to the
cytoplasmic membrane showing the markedly decreased bactericidal
effect.



AM052 induced bacterial cytoplasmic membrane leakage

To explore the effect of AM052 on bacterial cytoplasmic membranes,
both fluorescence emission studies and NMR spectroscopy were utilized.
A mimic of the bacterial cytoplasmic membrane was reconstructed using
large unilaminar vesicles constituting 80% DOPE mixed with 20%
DOPG.
In fluorescence emission studies, a florescence dye calcein was
encapsulated in liposomes with the minimal florescent intensity. Upon the
membrane disruption, calcein leaks out from the vesicles showing
quantitatively increased florescent emission intensity (Figure 3.24 A)
which is used to quantify the amount of the disrupted liposomes.
Dye leakage from the LUVs showed that AM052 can induce
membrane disruption starting from AM052-to-lipids ratio of 1:64. With the
increased AM052 concentrations, calcein leakage increased from 10% to
80% at AM052-to-lipids ratio of 1:8. Upon addition of AM052, an
immediate dye leakage event was observed within 50 seconds coincided
with its fast bacterial killing kinetics. Interestingly, leakage equilibrium
was reached not much longer, on average within 200 seconds upon
addition of AM052. No further dye leakage was observed after that
regardless of the AM052 concentration added. When the graph of the
AM052 concentration added versus the percentage of calcein leakage
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reached at equilibrium, a close to linear curve rather than hyperbolic
curve was observed (Figure 3.24 B). This means at lower AM052
concentrations, only a fraction of liposomes were disrupted by saturated
AM052 binding leaving the rest of vesicles intact presumably caused by
non-equal distribution of AM052 binding to liposomes. Liposomes with
saturated AM052 binding leaked immediately while some others
remained undamaged due to insufficient amount of AM052 molecules
bound to the membrane surface to form a membrane disruptive patch
(see our proposed patch model of liposomal disruption).

A

B

Figure

3-20.

AM052

induced

leakage

of

artificial

bacterial

membrane—calcein leakage assay. A. Percentage of calcein release
as monitored through time series with increasing AM052-to-lipids ratio.
0.2% of DMF was used in control experiment. B. Percentage of calcerin
release at equilibrium plotted against applied AM052 concentration.
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The AM052-induced bacterial membrane leakage was explored by
NMR

spectroscopy

using

DOPE/DOPG

mixed

liposomes

with

excapsulated reporter molecules. Two set of parallel experients were
designed, sodium formate entrapped inside of lipsome when the
paramagnetic chelator omniscan free in solution or the opposite
preparation. Line broadening of the 1H and

13

C signals from sodium

formate will be seen once the ominiscan got in spacial proximity to the
formate group due to membrane disruption.
In the experimental setup with sodium formate encapsulated in the
liposomes, peak intensity of the formate resonance started to drop after
the concentration of AM052 beyond 100 M (Figre 3.25). A gradual
decrease of the formate signal intensity with the gradual increase of
AM052 concentration was observed rather than all-or-none type of
spectra change. The results are in good agreement with the florescence
emission studies, which showed cumulative liposomal leakage with
increased AM052 concentration. Graded leakage observed in both NMR
and fluorescence emission studies proved unequal binding of AM052 to
liposomes.
The other set of NMR experiments using omniscan encapsulated
inside of liposome while sodium formate free in solution showed similar
results. Gradual line broadening effect was seen from formate signals.
Signal from free formate in solution completely vanished after adding 500
M of AM052. This suggests AM052 induced membrane disruption was
large enough to allow bulky molecules like omniscan to leak out. Large
amount of omniscan (about 10 mM) released from liposomal vesicles
caused severe line broadening beyond detection of any signal.
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A

B

Figure 3-21. Omniscan-induced line broadening of 1D 1H spectra (A)
and 1D

13

C spectra of sodium formate (B) in DOPE/DOPG mixed

liposomes. Signal intensity of formate resonances plotted against
increasing AM052 concentration.



Imaging study showing membrane disruption induced by
AM052

In order to visualize the AM052 induced changes in bacterial cytoplasmic
membrane, transmission electron microscopy were utilized using
DOPE/DOPG mixed liposomes (Figure 3.26). Intact individual liposome
(A) and liposome clusters (B) were observed under TEM as control.
Upon addition of 50 M AM052, liposome membrane disruption was
observed. Intact liposomes started to lose their shape from single spot or
very closely located spots, suggesting densely localized binding of
AM052 rather than even distribution of AM052 all over the membrane.
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A.

B.

C.

D.

Figure 3-22. Transmission electron microscopy images showing
AM052 induced uneven membrane disruption and liposome
aggregation. A. 3 mM liposome as control; B. 30 mM liposome as
control; C. 3 mM liposome plus 50 M AM052; D. 30 mM liposome plus
50 M AM052.



Oligomerization states of AM052

Since membrane patches formed by AM052 aggregation are critical for
its bactericidal activity, oligomeric states of AM052 were studied in detail.
Both the size of AM052 oligomers as well as the oligomer formation were
explored by NMR spectroscopy using DOSY and titration experiments.
The translational diffusion coefficients of AM052 at high (5 mM) and
low (50 μM) concentrations in aqueous solution were measured in DOSY
experiments. Results are listed in Table 20. Surprisingly, the diffusion
rate of AM052 at 50 μM was approximately double than that at 5 mM.
According to the Stokes-Einstein equation, the peptide diffusion rate is in
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the reverse proportion to the molecular size. Studies have shown that the
Stokes-Einstein number for planar molecule is about half that found for
the group of spherical molecules [186]. Taking into account that the
AM052 molecule is planar rather than spherical, this means at
concentrations of 5 mM in aqueous solution, AM052 forms stable
oligomers of the spherical shape. The longest length of AM052 is about
2.8-3.0 nm in a fully extended conformation, and the inter-planar
distance is about 0.35-0.40 nm according to our MD simulations (Figure
3.27). Therefore, oligomers consisting on average of 7 monomers of
AM052 are expected which is also in good agreement with the MD
simulations.
To monitor the oligomerization transition of AM052, 1D 1H spectra of
AM052 were recorded at increasing concentrations from 10 μM to 5 mM
(Figure 3.28). Gradual built up of AM052 oligomers could be reflected by
the continuous changes in the 1H chemical shifts. Resonances from Arg
residues displayed prominent changes in 6-9 ppm region and peaks from
protons on xanthone rings also show traceable changes in either
chemical shifts or broadened lines. These observations suggest slow to
intermediate exchange rate (on the time scale of 1H chemical shifts) of
the AM052 oligomerization states. Gradual changes in the 1D 1H spectra
over large AM052 concentrations ranges suggests the formation of
AM052 oligomers is heterogeneous and concentration dependent.

Table 20. Translational diffusion coefficients of AM052 in aqueous
buffer.
Dsa(10-10m2s-1)

50 M

5 mM

AM052

3.20±0.12

1.80±0.10

a

Ds is the translational diffusion coefficient.
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Figure 3-23. MD simulations of AM052 in aqueous solution.
Molecules of AM052 are shown in lines and colored according to the
elements. In total 20 monomers of AM052, 3 major clusters of AM052
oligomers are observed. The average size of an oligomer contains 5 to 7
monomers.
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Figure 3-24. 1D 1H spectra of AM052 as a function of concentration
in aqueous solution at 25 ºC. 1H peaks are assigned and labeled.
Assignment annotation is according to Figure 3.29. Unknown peaks
which could not be assigned are labeled with asterisks. Concentrations
of AM052 are highlighted on the right of figures. Spectra share the
common axis labeled at the bottom (E).
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Aggregation of AM052 monomers packed in different orientations
could be observed in the 1H-1H 2D homonuclear NOESY spectrum
(Figure 3.29). Sharp NOE cross peaks between both symmetrically and
anti-symmetrically

stacked

AM052

monomers

could

be

clearly

distinguished from each other suggesting slow exchange kinetics in
AM052 oligomers or co-existence of heterogeneous oligomers consisting
of AM052 monomers packed in different orientation. Less NOE cross
peaks showing contacts between anti-symmetrical AM052 monomers
(for example 9-19, 23-H’ and 15-24) were observed comparing to the
ones from symmetrical contacts (for example 9-4, 25-H’, 15-22 and
22/23-34), and majority of them are weaker in peak intensity compared to
the

later

as

well.

This

might

suggest

that

symmetrical

or

close-to-symmetrical orientations are relatively predominant contact form
in the AM052 oligomers. Protons exhibit inter-monomeric cross-peaks in
the NOESY spectrum also displayed most prominent changes in the
resonance frequency in the 1D 1H spectra with the increasing AM052
concentrations, indicating these protons are important contacts from
AM052 oligomeric interface.
Observation of the AM052 oligmers by NMR spectroscopy is in a
good agreement with the aggregation clusters detected by transmission
electron microscopy and florescence emission spectroscopy, indicating
perhaps the importance of accretion of AM052 patches on the bacterial
surface required for membrane disruption. It also proves that the
oligomer model built based on NMR constrains and supported by MD
simulations might be physiologically relevant.
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A

B

Figure 3-25. 2D homonuclear NOESY spectrum of AM052 in
aqueous solution.

1

H specific assignments of individual NOESY

cross-peaks are labeled in A according to the annotation in B. Complete
proton resonances assignments were done based on J couplings
between chemical groups (2.1.1) as well as NOEs. Inter-molecular NOEs
between

AM052

monomers

are

highlighted.

NOEs

between

symmetrically stacked monomers are labeled in red while cross peaks
from anti-symmetrical contacts of AM052 monomers are highlighted in
blue.
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Selectivity of AM052 towards bacterial membrane against
mammalian cell membrane

Figure 3-26. 1D

1

H spectra of AM052 in DOPE/DOPG mixed

liposomes (A), DOPC liposomes (B) and aqueous solution (C). 1H
resonances from AM052 and lipids are assigned and labeled.

AM052 showed differential chemical shift perturbation in bacterial and
mammalian

cell membrane mimicking liposomes (Figure

3.30).

Comparing to AM052 in aqueous solution, severe line broadening of
AM052 in both Arg as well as aliphatic regions were observed in 1D 1H
spectra when mixing with DOPE/DOPG liposome medium. Line width of
AM052 becomes comparable to the ones originated from liposomes,
meaning the similarly slower tumbling rate of AM052 and liposomes. In
contrast, resonances of AM052 1H remain sharp and observable in
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DOPC liposomes indicating that the majority of AM052 is found free in
solution outside of the lipid interface of liposomes. The detected full
partition of AM052 into DOPE/DOPG liposomes while free diffusion of
AM052 in DOPC liposomes indicate significant difference in the binding
affinity. Preferential binding of AM052 to the bacterial membrane over
that to the mammalian cell membrane may in part explain its improved
selectivity (high antimicrobial activity with low cytotoxicity).


AM052 penetrates into bacterial cytoplasmic membrane

Many studies have shown that AMPs kill bacteria through interacting with
the cytoplasmic membranes [187,188], AM052 structures and its
membrane interactions were studied in both DPC-POPG mixed micelles
and DOPE/DOPG mixed liposomes.
Figure 3.31 and 3.32 show the 2D 1H-1H homonuclear NOESY
spectra of AM052 in micelles and liposomes respectively. Numerous
NOEs between AM052 and lipids were observed in both spectra
(highlighted Figure 3.31 and 3.32). Two arginine residues in AM052 form
stable interactions with lipids, in particular the CH2 groups near
phosphorus. These are induced by the strong electrostatic interactions
between the positively charged Arg NH2 side chains and negatively
charged phosphorus group in lipids. More NOEs were observed between
AM052-POPG/DOPG than AM052-DPC. The observation could be
expected since AM052 exhibits stronger electrostatic attraction forces
with the negatively charged PG lipid head groups rather than the
switter-ionic head groups of PC or PEs. The NH2 terminal groups of Arg
side chains (H and H) displayed strong NOEs with protons close to the
lipid head group whereas NH groups of Arg backbone showed NOEs
with protons near to the lipid tail. The observed NOE pattern suggests
the membrane penetration of AM052, namely the hydrophobic xanthone

Results

Page 128

NMR Structure and Activity Relationship of Defensin-Analogous Peptides

groups penetrate deeply into membrane bilayer leaving the terminal
group of Arg side chains facing to the membrane-water interface. The
driving force of AM052-bacterial membrane interaction is likely to be the
combination of hydrophobic and electrostatic interactions. The observed
AM052-membrane insertion pattern is different from its initial membrane
binding which mainly depends on the electrostatic attractions between
Arg side chains and lipid head group. This suggests after binding, while
Arg side chains remains interacting with lipids heads, xanthone groups
flip from polar water into non-polar lipid membrane bilayer forming strong
hydrophobic interactions with lipid aliphatic chains.

A

B

C

Figure 3-27. 2D 1H-1H NOESY spectrum of AM052 in DPC/POPG
mixed micelles. Only amide fingerprint region of the NOESY spectrum
is shown (A). Proton specific assignment of diagonal peaks and
cross-peaks from AM052 are labeled in black; NOEs between AM052
and lipid protons are highlighted in green and cross-peaks between
AM052 monomers are shown in red. Assignment is labeled according to
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B and C.

B

A

C

Figure 3-28. 2D 1H-1H NOESY spectrum of AM052 in DOPE/DOPG
mixed liposomes. Proton specific assignment of cross-peaks are
labeled in black; selected NOEs between AM052 and lipid protons are
marked (A). Assignment is labeled according to B and C.

To study insertion of AM052 in the mimic membranes at the atomic
resolution, the paramagnetic probe omniscan was used. A series of 2D
1

H-1H NOESY spectra of AM052 in DPC-POPG mixed micelles was

acquired with increasing omniscan concentrations from 0 to 5 mM
(Figure 3.33). Paramagnetic Gd+ in solution will enhance the transverse
relaxation rate of protons in the proximity to the center of relaxation.
Provided sufficiently long inter scan delay in the acquisition of NOESY
spectra is employed, the enhanced 1H 1/T2 relaxation rate could be
manifested by the resonance line broadening effect and the decreased
peak intensities.
Figure 3.33 summarizes signal intensity changes of selected protons
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stemming from both AM052 and DPC molecules. AM052 and the
corresponding chemical groups in DPC displayed very similar decay rate
in signal intensity. The changes in signal intensity clearly show that
chemical groups on micelle surface were mostly affected in contrast to
protons buried inside which are least affected. The signal intensity of the
DPC head groups, a and b, dropped by almost 80% after adding in 5 mM
of omniscan. In contrast, proton resonances from the CH2 groups in DPC
aliphatic tail still remain at the level of 60% of the peak intensity at the
same omniscan concentration of 5 mM. This means omniscan molecules
are free in solution and only protons on membrane-water interface are
accessible to its relaxation center. Arg side chains of AM052 (H and H)
show same trends of dependency of the concentration of the
paramagnetic reagent as the DPC head groups (proton a, b and c)
(Figure 3.33 D). Though the isoprenol groups on hydrophobic xanthone
rings (proton number 1, 2, 22, and 23) display same changing trends as
DPC aliphatic tail (proton e and d) (Figure 3.33 A) which is much slower
signal delay rate than the ones in Arg side chain. The peak intensity
decrease pattern shows good agreement with the NOE pattern observed
in NOESY experiment. Both of them suggest when AM052 interacting
with cytoplasmic membrane, hydrophobic xanthone groups

insert

deeply till the aliphatic tail of lipids leaving hydrophilic terminal protons of
Arg side chains interacting with the membrane surface.
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A

B

C

D

Figure 3-29. Omniscan induced line broadening of 2D NOESY
spectra of AM052 in DPC/POPG mixed micelles. 1H signal intensity of
individual resonance was plotted against paramagnetic probe omniscan
concentration. Reference signal intensities were read from 1D 1H spectra
of AM052 in DPC/POPG mixed micelles without adding in omniscan.
Intensity changes of resonances from both AM052 and lipids were traced
and grouped according to the signal decay rate. Four groups (A, B, C,
and D) are shown in the figure (see figure caption).



Two-state equilibrium in AM052 oligomers

Due to the importance of AM052 oligomerization for its bactericidal
activity, the dynamics of AM052 oligomers was studied in detail. We
expect that the oligomeric state of the compound will be modulated by
the temperature, which can be analyzed by NMR. A novel TIPSY
(Temperature Induced Projection SpectroscopY) experiment was
performed [189]. Series of 1D 1H spectra of AM052 in aqueous solution
were acquired with increasing temperature from 293K to 343K, one
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spectrum per each degree. The acquired spectra were then the Radon
transformed resulting in a 2D spectrum with the proton resonance
frequency in one dimension and temperature coefficient (ppb/K) in the
other dimension (Figure 3.34 A).
The TIPSY spectrum showed clearly different chemical shift
dependence of AM052 protons on the temperature variation. Protons
from Arg residues all show negative temperature coefficients (moving
upfield with the increasing temperature) while protons directly attached
to xanthone rings (protons number 9 and 15) exhibit positive temperature
coefficients (moving downfield) (Figure 3.34 B). Studies have shown that
amide protons in H-bonding usually display temperature coefficient more
positive than -4.5 ppb/K [190], whereas temperature coefficients from -10
to -6 ppb/K, usually indicative of the lack of intra-molecular hydrogen
bonds [191]. Therefore, Arg residues on both sides of AM052 molecule
are unlikely involved in hydrogen bonds for oligomer formation and the
highly positive temperature coefficients for proton number 9 and 15 are
likely due to the strong ring current effect in the xanthone group [192].
More interestingly, protons from the isoprenol groups showed
irregular peaks on TIPSY spectrum and when the resonances are
overlaid in the 1D spectra, bi-phasic moving of the peaks were observed
(Figure 3.34 C). Below 308K, chemical shifts of protons (19, 5 and 24)
moved towards downfield but when the temperature increased beyond
308K, they displayed upfield shift. The non-uniform moving of the proton
chemical shifts suggests there is one or more states existing at
equilibrium with the AM052 oligomers. It is likely that the oligomerization
reaction might include multi-state equilibrium.
Based on the different temperature coefficients of AM052 protons,
one could suspect that the main driving force for the oligomerization of
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AM052 molecules is the hydrophobic interactions from xanthone and its
attached isoprenol groups; but not the electrostatic interactions or
H-bonds involving Arg residues.

A

B

C

Figure 3-30. TIPSY (Temperature Induced Projection SpectroscopY)
spectrum of AM052 in aqueous solution (A). Overlay of the selected
1D 1H spectra (10K between each spectrum) showing proton resonances
movement from 5-9 ppm (B) and 3.9 ppm (C) are also shown.
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Charpter 4. Discussion
Defensins are natural AMPs charactierized by evolutionally conserved
cationic charges and cysteine disulfide bridge patterns. Studies have
shown that disulfide bridges are not critical for defensins’ antibacterial
activity but rather important for their overall structural stability and
chemotaxis activity [193]. Similar effects have been found in other
antimicrobial peptides, like tachyplesin and polyphemusins [147,194].
Designing AMPs with removed disulfide bonds could minimize the
immunogenic propensity of promising drug candidates.

3.1 Charge density is critical for AMP bactericidal
selectivity and efficacy
In our study [100], we showed that a human β-defensin-3 C-terminal
(R36-K45) analogous peptide, Y2, exhibits higher antibacterial activity
against the Gram-negative bacterium P. aeruginosa and lower
cytotoxicity targeting mammalian cells compared to the native protein.
The underlying physicochemical properties distinguishing Y2 from the
other peptides sharing high sequence similarities but very low
bactericidal activities (F2 and C2) mainly include the difference in
propensities to oligomerize on lipid membrane surface and the ability to
accrete unique structures upon peptide membrane binding. Molecular
dynamics simulations showed that Y2 and F2 dimers are more stable
than that of C2. This originates mainly from the  stacking and
hydrophobic interactions between the aromatic side chains of Tyr and
Phe residues. Furthermore, the Tyr residues are also involved in
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intra-molecular hydrogen bonds with surrounding polar groups of
membrane lipids that further stabilizes the compact configuration. A
recent study of MSI-78 showed that dimerization of the MSI-78 peptide
enhances its selectivity by increased the electrostatic attractions to
bacterial membranes as well as reduced affinity for mammalian cell
membranes [63].
The prominent structural difference between Y2 and F2 dimers
underlines the difference in their activity. The compact structure of Y2
results in a higher charge density. The strong correlation of antibacterial
action and surface charges has been well-studied, and the importance of
electrostatic interactions between cationic peptides and bacterial anionic
membranes are high-lighted [195-198].
Studies have shown that β-defensins exert their antimicrobial activity
by an electrostatic charge-based mechanism [84,199]. A recent study
[200] has shown that clustering of anionic lipids in the bacterial
membrane might cause a phase boundary defect which is responsible
for increased membrane leakage and permeability. Our study of
defensing-derived linear peptides confirmed the importance of charge
density for AMP activity. High charge density caused strong electrostatic
interactions potentially leading to the suggested phase boundary defect
in the bacterial cytoplasmic membrane. Structural parameters such as
compactness and charge density could be used as filters for designing
novel antibacterial peptides or peptide mimetics.

3.2 AMPs targeting Gram-negative bacteria remain
high mobile in outer membrane LPS layer
Many AMPs induce rapid membrane depolarization are not effective
against Gram-negative bacteria due to the impermeable LPS layer in the
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bacterial outer membrane [181]. Branched peptide B2088 showed
promising bactericidal activity against P. aeruginosa.
In our study, B2088 was used to observe antimicrobial peptide
permeation through bacterial outer membrane LPS while inducing LPS
phase transition. This was followed by structural transition of the AMP
upon interaction with the inner membrane, which resulted in membrane
disruption leading to bacterial death. Interestingly, we noticed that this
peptide exhibited different binding affinities to bacterial inner and outer
membranes. To explore its significance, binding affinities of AMPs
toward bacteria cells and bacterial outer/inner membranes were
assessed based on B2088 experimental data and compared with
previous literature. In order to establish a comprehensive comparison,
both the dissociation constant, Kd, and the molecular stoichiometric ratio
in the complex were analyzed, providing binding affinity data
emphasizing both the “quality” (nature and strength) of binding at
equilibrium and their relative quantities (Table 21).

Table 21. Binding affinities of AMP to bacteria-related media.
Stoichiometric
ratio
Estimated dissociation Other
constant, Kd
workb

Our
work

AMP/LPS

2 M

3:1

5:1

AMP/membrane lipids

2 M

1:50

1:32

10 nMa

100:1

82:1

AMP/live bacteria
a

Estimated from AMP diffusion tracking [201] by assuming that the

apparent concentration of AMP at which a qualitative change in AMP
dynamics at the bacterial surface is observed. b See reference [126,202]
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Estimates of the activities (effective concentrations) of antimicrobial
peptides in typical bacterial susceptibility tests showed that AMPs have
to accumulate with a tremendous excess of peptides per membrane lipid
molecule in order to induce the bactericidal effect [115]. The majority of
known potent antimicrobial peptides exhibit bactericidal activity at or
above the micro-molar range of concentrations in common bacterial
sterilization assays, reaching a peptide/lipid ratio of 100:1. In our assays
of B2088, we estimate that an excess of more than 100 peptide
molecules/1 nm2 of the bacterial surface (82 peptides to 1 lipid molecule)
is needed for the efficient inhibition of bacterial growth followed by cell
lysis. The maximum saturation concentrations of AMP on the bacterial
membranes are determined by the molecular affinities of AMPs to the
interaction surfaces. Those affinities can vary wildly from the absence of
interactions in the pH neutral membranes of mammals to highly sticky
surfaces presented by bacterial membranes enriched with negatively
charged lipids, like phosphatidylglycerol and cardiolipin. In typical
membrane binding experiments, there are about 1000 AMPs bound to
each large uni-lamellar vesicle, which in turn may contain around
100,000 lipids [126,202]. When using giant uni-lamellar vesicles, a small
number of giant uni-lamellar vesicles are exposed to 1–10 M peptides
[203,204]. Even in the stoichiometric excess of AMPs in solution, the
saturation (equilibrium) concentration of AMP on the surface does not
exceed 1 AMP per 20 lipids [115]. This is supported by our
measurements of the equilibrium binding constants of B2088 to
liposomes, indicating an average of 0.056 peptide molecules bound for
each 1 nm2 of the liposomal surface (1 peptide to 32 lipids). Apparently,
the surface of liposomes or vesicles cannot provide sufficient affinity to
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accommodate the tremendous excess of AMPs required to disrupt
membrane integrity, even in the presence of negatively charged lipids.
Our experiments suggest that interactions with LPS may provide an
additional increase in the affinity of AMPs to the complex bacterial
surfaces.

The

net

compounding

effect

of

several

concurrent

electrostatically mediated weak interactions of AMPs with LPS and
negatively charged lipid membranes is a significant increase in net
binding affinities and concomitantly equilibrium concentrations of AMPs
on the bacterial surfaces as is exemplified in combinatorial chemistry
producing higher affinity ligands from lower affinity molecular fragments
[205]. Previously, it was estimated that the dissociation constant of AMPs
interacting with LPS was in the low micro-molar range [206,207], similar
to the affinity level found for the interactions between AMPs and bacterial
membrane lipids [72]. However, significantly stronger binding of AMP to
live bacteria complex interfaces, typically in the sub-micro-molar range,
are estimated from experiments tracing AMP movements in the presence
of bacterial surfaces [201]. These smaller dissociation constants can
usually be explained through higher stoichiometric binding ratios allowing
more AMPs at their recipient surfaces. A combination of interactions with
LPS resulting in 3 AMPs per molecule of LPS [208,209] and inner
membrane binding resulting in 1 AMP per 50 molecules of lipids [115]
might enhance binding of AMPs to the composite surfaces consisting of
LPS and lipids delivering a remarkably high equilibrium excess of AMPs
per bacterial lipid molecule typically found in bacteria susceptibility tests
(100:1). Our experimental observations are in good agreement with
these estimates, suggesting that a combination of interactions of B2088
with LPS (peptide/LPS ratio = 5:1) and the inner membrane mimics
(peptides/lipids = 1:32) might provide significant enhancement of affinity
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to reach the stoichiometric ratios required for the bactericidal effect
(Table 21).
Remarkably, upon interaction of AMPs with LPS, liquid expanded
domains in the bacterial outer membrane were replaced by liquid
condensed domain structures [181,210-212]. In atomic force microscopy,
transformation of LPS assembly from ribbon-like structures into large and
densely packed multi-lamellar aggregates was seen upon the addition of
AMPs [213]. In our experiments, the full absorption of B2088 into the
LPS was detected. Interactions with B2088 caused an LPS phase
transition from isotropic micelle solution to large insoluble aggregates.
AMPs strongly attracted by LPS but locked into the polymorphous outer
membrane showed no antimicrobial activity [181,214]. B2088 retains its
rotational molecular mobility, slowed down translational diffusion, and
three-dimensional structure resembling that found in aqueous solution.
The high molecular mobility of B2088 enabled it to permeate through the
bacterial outer membrane and accumulate at the surface of the inner
membrane at sufficient concentrations. Although LPS can increase total
affinity of AMPs to bacterial surfaces, it is not clear how AMPs shall
penetrate though oppositely charged medium without being locked.
Although “self-promoted” uptake via displacement of LPS-binding
divalent cations has been proposed [215,216], LPS phase transition
seems critical for providing space to facilitate permeation of AMPs.
These observations support the interfacial activity model, which
states that the antimicrobial activity of an antimicrobial peptide depends
on “the ability of a molecule to bind to a membrane, partition into the
membrane-water interface, and alter the packing and organization of the
lipids.” Here we propose to extend this interfacial model to include more
complex interfaces, such as LPS/mixed lipids. We showed that B2088
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retained translational and rotational mobility at a complex interface. This
appears to directly correlate with the peptide’s efficacy, helping to
achieve significantly higher surface concentrations, which are required
for its antimicrobial activity.
Sufficiently high concentrations of AMPs at the bacterial membrane
promotes structural compaction in B2088, as observed by NMR, and
may facilitate membrane remodeling. Upon association with the bacterial
inner membrane, B2088 adopts a significantly more compact structure,
facilitating full absorption into the membrane through extensive transient
hydrogen bonds. Rather than a highly flexible structure in aqueous
solution and LPS, the primary and secondary chains of B2088 show
different

chemical

shifts

and

tight

packing

in

the

inner

membrane-mimicking micelles. In our MD simulation studies, such
structural accretion helped to increase the strength and number of
peptide-membrane lipid interactions, therefore resulting in redistribution
of membrane lipids. Other studies reported similar concentrationdependent structural transitions associated with AMP activity [217].
Changes of peptide orientations relative to the membrane were observed
in both -helix-forming [218-220] and -sheet-forming [221] peptides. A
two-state model of the effect of AMPs on bacterial lipid membranes was
proposed [121].
In fact all previously proposed models call for sufficiently high
concentrations of AMPs on the surface in order to form super-molecular
structures (as in the “carpet model” or “barrel stave model”) [119,222]. In
our own efforts of designing AMPs, we found that covalent linkage of
monomeric AMPs contributed to a significant increase of antimicrobial
activity [94,223]. Higher covalent oligomerization generally tends to
increase affinities to lipid surfaces [224]. However, large peptide
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oligomers are prone to be blocked in the LPS condensed phase,
whereas a non-aggregated conformation is preferred for membranepermeating activity [181]. In our hands, higher order AMPs also tend to
be more cytotoxic, reflecting their increased interactions with mammalian
membranes. B2088 retains its monomeric state in various media, which
is in agreement with biophysical observations of other AMPs
[63,225,226]. The trend in designing AMPs toward higher covalent order
might be limited by increased cytotoxicity and can be counteracted by
designing lower order AMPs, maintaining high mobility in LPS and
providing higher concentrations at the lipid surfaces of bacteria.

3.3 AMPs targeting Gram-positive bacteria forms
high

order

oligomers

via

hydrophobic

interactions
Many AMPs studies have observed that antimicrobial molecules
accumulated on bacterial membrane surface and critical structural
transitions of AMPs happened once the concentration reached certain
threshold [121,227].
In our studies, phase transition of AM052 structural orientations in
bacterial membrane was observed. AM052 selectively binds to bacterial
membrane surface through electrostatic interactions between Arg
residues and negatively charged bacterial lipids head group. After initial
binding, xanthone groups of AM052 penetrate into bacterial membranes
due to strong hydrophobic interactions between its aromatic ring and
aliphatic lipid tails and probably also facilitated by the membrane
disruption effects of Arg side chains.
Oligomerization of AM052 was also directly detected by NMR
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spectroscopy in aqueous solution; and indirectly suggested by
florescence emission spectroscopy, TEM and NMR in bacterial
membrane mimicking lipids media. AM052 forms high order oligomer
consisting 5 to 7 copies of monomer on average. The oligomers are
heterogeneous in both monomer copy number as well as stacking
orientations relative to each other. Two-state equilibrium was identified in
oligomer formation kinetics, which might correspond to the oligomer
heterogeneity or AM052 structural phase transition upon interacting with
bacterial membranes. Though no strong inter-molecular H-bonds were
observed, AM052 oligomers are mainly stabilized by hydrophobic
interactions between xanthone groups.
Distinguished from previously proposed carpet model [54,198,228],
non-equilibrium binding of AM052 towards membrane mimicking
liposomes was observed indicating a “patch model” which emphasizes
the difference in binding affinity. Namely, when AM052 molecule
approaches to the bacterial membrane, it exhibits higher binding affinity
to preformed membrane patches consisting small AM052 oligomers
rather than single monomer copies on bacterial membrane surface.
Therefore, a correlation between the increase in liposomal leakage and
increased AM052 concentration was observed in both florescence
emission studies as well as NMR experiments.
Similar leakage kinetics was observed before and two membrane
disturbance models were proposed: graded leakage and all-or-none
disruption [51,229]. Graded leakage refers to all of the vesicles release
portions of their contents [184] whereas all-or-none model suggests a
fraction of vesicles release all of their contents leaving the rest remained
intact [126]. Studies of vesicle permeabilization by AMPs frequently show
a partial transit leakage behavior: upon addition of AMPs, a rapid burst of
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the leakage occurs followed by a cessation before all the contents have
been released. If adding in more antimicrobials later, a second burst of
the leakage will typically occur [115]. This suggests that vesicle
permeabilization by most AMPs must be a non-equilibrium event and
majority of the proposed AMP bactericidal mechanistic models, which
are essentially equilibrium models, fail to fully explain the partial
transitive leakage phenomenon. The novel “patch model” qualitatively
may explain the observed leakage by non-equilibrium binding of
antimicrobials toward lipid membranes and predict the membrane
leakage kinetics by affinities of

AMPs to form oligomers(AMPs in fast

growing oligomers with higher monomer binding affinity disrupts bacterial
cytoplasmic membrane faster) (Figure 4.1).
As predicted by many of the previous models, when AMPs bind to
the bacterial membrane with equal affinity, the curve plotting vesicle
leakage percentage against AMP concentrations should be hyperbolic
(Figure 4.1 A). Unfortunately, in reality this type of curves is very rarely
seen. If the AMP monomer binding affinity increases in a cooperative
manner as the “patch model” expected, the lager AMP oligomer has
stronger attraction force, then the curve will be sigmoidal or close to that
as observed in most of the experiments using various AMPs (Figure 4.1
B and C).

A

B

C

Figure 4-1. AMPs induced membrane leakage. Percentage of vesicle
membrane leakage was plotted against AMP concentrations. A.
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predicted curve according to traditional carpet model assuming
additional AMPs bind to bacterial membrane with equal affinity; B.
experimental observed data from other studies [115]; C. experimental
observed data in this study using AM052.

In good agreement with the previous AMP studies, the newly
proposed “patch model” foresees the oligomerization of antimicrobials on
bacterial membrane surface followed by subsequent necessary
structural transitions. Unlike the carpet model, the patch model
emphases the change in AMP membrane binding affinity hence explains
the partial membrane leakage kinetics. This proposed new model is
essentially nonlinear, may yield to mathematical analysis and thus
provide better quantitative description of the AMP bacterial membrane
disruption mechanism offering novel optimization parameters for the
antimicrobial drug development.

Discussion
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Conclusions
This study aims to explore the bactericidal mechanism of AMPs hence
provides insights for new generation antimicrobial drug discovery.
Cationic linear defensin C-terminal analogous peptides were used to
study the selectivity and general requirements for AMP bactericidal
activity. Branched peptide with unnatural peptide bond, B2088, was used
to study AMPs targeting Gram-negative bacteria in detail; and peptide
mimetics, AM052, with organic xanthone group attached by Arginine
residues was selected for discover AMP bacterial membrane disruption
mechanisms in Gram-positive bacteria.
In general, AMPs target bacterial membrane rather than mammalian
cell membrane through strong electrostatic interactions. Cationic
charged AMP will preferentially bind to bacterial membrane which is
heavily decorated by negatively charged PG lipids, but not mammalian
cell membrane which mainly consists of zwitterionic phosphatidylcholine.
Electrostatic interactions are relatively strong force ensure the selective
binding is fast and accurate therefore minimize the possible cytotoxicity.
Once binding to bacterial membranes, most of the AMPs exhibit
structural transitions. Accrete well defined structures upon interactions
with biological phases contribute to compactization of positive charges
within biological membranes. Intensive interactions between AMPs with
negatively charged lipids cause the redistribution of membrane lipids,
which in turn results in increased membrane permeability and bacterial
lysis. Structural parameters such as compactness and charge density
could be used as filters in the design of novel antibacterial peptides or
small molecule mimics.
Conclusion
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In the case of Gram-negative bacteria, complications come from the
densely packed lipopolysaccharide in bacterial outer membrane, which
serves as an impermeable barrier for antibiotics. Studies have shown
that cationic AMPs could cause phase transitions of the LPS layer.
Strong binding between AMP and LPS would block large AMP oligomers
from penetrating outer membrane thus decrease accessibility of bacterial
cytoplasmic membrane by AMPs. Therefore, to target Gram-negative
bacteria, possessing enhanced mobility in the bacterial outer membrane
becomes critical property for antimicrobial drug development.
For Gram-positive bacteria, which do not have the LPS-rich bacterial
outer membrane, accessibility to the cytoplasmic membrane becomes
less critical issue for AMP design; but maximizing interactions with
membranes comes to be the key concern. Hence, strong and static
interactions with membranes are more favorable rather than remaining
high mobility and molecular dynamics property for antimicrobials. Van
der Waals interactions, which govern the kinetics of AMP oligomerization
as well as AMP-membrane contacts, become major parameter to be
optimized for developing new drug.

Conclusion
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Appendix
Table 22. Intermolecular NOEs in F2 peptide.
Seq no.

a.a.

Prot

Seq no.a

a.a.

Prot

Uplb

4

Lys

H

8’

Arg

H

4.87

2

Gly

H

8’

Arg

Q

3.61

2

Gly

H

8’

Arg

Q

3.81

3

Arg

Q

9’

Lys

H

4.01

5

Phe

H

8’

Arg

Q

4.24

8

Arg

H

10’

Lys

Q

5.50

4

Lys

H

5’

Phe

Q

5.50

6

Phe

H

8’

Arg

H

5.50

3

Arg

Q

5’

Phe

H

4.75

3

Arg

H

5’

Phe

H

5.50

4’

Lys

H

8

Arg

H

4.87

2’

Gly

H

8

Arg

Q

3.61

2’

Gly

H

8

Arg

Q

3.81

3’

Arg

Q

9

Lys

H

4.01

5’

Phe

H

8

Arg

Q

4.24

8’

Arg

H

10

Lys

Q

5.50

4’

Lys

H

5

Phe

Q

5.50

6’

Phe

H

8

Arg

H

5.50

3’

Arg

Q

5

Phe

H

4.75

3’

Arg

H

5

Phe

H

5.50

a

Two monomeric peptides in the F2 dimer are annotated differently by

using the prime sign;

b

Upper limit distances are used for dimer

intermolecular constrains.
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Table 23. Intermolecular NOEs in Y2 peptide.
Seq no.

a.a.

Prot

Seq no.a

a.a.

Prot

Uplb

4

Lys

H

8’

Arg

H

5.50

6

Tyr

Q

9’

Lys

H

5.50

6

Tyr

Q

8’

Arg

H

5.50

6

Tyr

H

8’

Arg

Q

4.31

5

Tyr

H

8’

Arg

Q

4.30

5

Tyr

H

8’

Arg

H

3.77

5

Tyr

H

9’

Lys

H

4.39

4’

Lys

H

8

Arg

H

5.50

6’

Tyr

Q

9

Lys

H

5.50

6’

Tyr

Q

8

Arg

H

5.50

6’

Tyr

H

8

Arg

Q

4.31

5’

Tyr

H

8

Arg

Q

4.30

5’

Tyr

H

8

Arg

H

3.77

5’

Tyr

H

9

Lys

H

4.39

a

Two monomeric peptides in the F2 dimer are annotated differently by

using the prime sign;

b

Upper limit distances are used for dimer

intermolecular constrains.
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