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ABSTRACT 

Cationic antimicrobial peptides (CAPs) are an important component of the innate 

immune system and are instrumental in the elimination of bacteria, viruses, protozoa, 

yeast, fungi and cancerous cells from the body.  CAPs have a net positive charge due to a 

multitude of basic residues in their primary sequences.  CAPs exert their antimicrobial 

activity primarily through the formation of pores in microbial membranes, but also play 

important immunostimulatory roles in the body.  Glycosaminoglycans (GAGs) are 

negatively charged, polydisperse linear polysaccharides found at cellular surfaces.  

Although many protein-binding interactions of the GAG family, including heparin and 

heparan sulfate, have been well-characterized, it is not known to what extent endogenous 

GAGs affect the innate immune system. 

In this work the modulatory activities of GAGs and other polyanionic 

polysaccharides (PPSs) on CAPs were probed.  Initial studies focused on interactions 

between a short peptide derived from bovine lactoferricin and GAGs.  GAGs and other 

PPSs were then tested for their ability to modulate the antimicrobial activities of a 

number of CAPs against Gram-positive and –negative organisms.  GAGs were also tested 

for the ability to modulate CAPs binding to bacterial lipopolysaccharide.  CAP affinities 

for the GAGs were determined from lipopolysaccharide competition binding assays.  

Finally GAGs were evaluated for the ability to protect CAPs from proteolytic 

degradation.  The modulatory activities of GAGs and other PPSs are largely dependent 

upon all components of the test system and, to a lesser extent, the charge of the molecule. 
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activity primarily through the formation of pores in microbial membranes, but also play 

important immunostimulatory roles in the body.  Glycosaminoglycans (GAGs) are 

negatively charged, polydisperse linear polysaccharides found at cellular surfaces.  

Although many protein-binding interactions of the GAG family, including heparin and 

heparan sulfate, have been well-characterized, it is not known to what extent endogenous 

GAGs affect the innate immune system. 

In this work the modulatory activities of GAGs and other polyanionic 

polysaccharides (PPSs) on CAPs were probed.  Initial studies focused on interactions 

between a short peptide derived from bovine lactoferricin and GAGs.  GAGs and other 

PPSs were then tested for their ability to modulate the antimicrobial activities of a 

number of CAPs against Gram-positive and –negative organisms.  GAGs were also tested 

for the ability to modulate CAPs binding to bacterial lipopolysaccharide.  CAP affinities 

for the GAGs were determined from lipopolysaccharide competition binding assays.  

Finally GAGs were evaluated for the ability to protect CAPs from proteolytic 

degradation.  The modulatory activities of GAGs and other PPSs are largely dependent 

upon all components of the test system and, to a lesser extent, the charge of the molecule. 
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CHAPTER I BACKGROUND 

1.1 Antimicrobial Peptides 

Antimicrobial peptides (AMPs) are a component of the innate immune system, a 

basic line of defense.1,2  Peptides with antimicrobial activity were first described by Zeya 

and Spitznagel in 1966 and named defensins because of their function in host defense.3,4  

AMPs act as endogenous antibiotics by direct destruction of microorganisms.  AMPs are 

polypeptides containing fewer than 100 amino acid residues and have broad antimicrobial 

activity spectra that are unique for each peptide.5  The antibiotic spectra of AMPs are 

determined by their amino acid sequence and structural conformation.6  Organisms 

producing AMP include virtually all higher eukaryotes—including plants and 

invertebrates, and also eubacteria and archea.7-9  In humans, several cell types synthesize 

and secrete AMPs -  epithelial and professional host-defense cells such as neutrophils, 

macrophages, and natural killer cells.10 

On the basis of structural homology motifs, two main families of eukaryotic 

AMPs can be described: cationic antimicrobial peptides (CAPs) and noncationic 

antimicrobial peptides.11  CAPs, the largest group of AMPs, include defensins and 

cathelicidins.  The other classes of cationic peptides are the amino acid enriched class 

(including histatins), cecropins/magainins, and peptides related to histones or 

lactoferrin.10  CAPs are multifaceted molecules that possess antimicrobial, 

chemoattractant and wound healing properties.  CAPs consist of basic and hydrophobic 

residues that allow them to interact with the membranes bacteria and fungi.12  

Additionally they can serve as chemoattractants for neutrophils, monocytes and 

lymphocytes.13-15  Antimicrobial peptides have also been implicated as positive effectors 

of wound repair.12,16-18 
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1.1.1 Modes of Actions of AMPs 

In general, antimicrobial peptides have evolved to target bacterial rather than 

mammalian cells due to a fundamental difference in the composition of the cell 

membrane.  The outer surface of Gram-negative bacteria is covered in 

lipopolysaccharides and Gram-positive bacteria present a surface of teichoic acids, 

resulting in both classes of bacteria having negatively charged cell surfaces.  In contrast, 

most mammalian cell membranes have an outer leaflet comprised of zwitterionic 

phosphotidylcholine and sphingomyelin phospholipids, while the inner leaflet is 

composed of phosphotidylserine leading to an essentially neutral surface. The negative 

charge associated with bacterial cells means that CAPs are primarily attracted to the 

pathogenic membrane rather than that of mammalian cells.19  Similar to bacteria, many 

cancer cells carry a net negative charge due to their elevated expression, relative to non-

transformed cells, of anionic molecules such as phosphotidylserine and O-glycosylated 

mucins on the outer membrane leaflet.20-23  This net negative charge allows electrostatic 

interactions to occur between CAPs and the surface of many cancer cells. 

Amphipathic α-helical peptides act via a non-receptor-mediated pathway and 

elicit the release of contents from lipid vesicles and cells (Figure 1).  Originally, they 

were though to form pores in membranes.  According to the barrel-stave model24, α-

helical bundles of six or more peptides would insert into the membrane and form a water-

filled pore, exposing the hydrophilic face of the helices to water and the hydrophobic face 

to the lipid bilayer interior.  The model was believed to apply to alamethicin, melittin, 

and δ-lysin.  However, it was subsequently shown that it is unlikely for melittin25 and 

incorrect for δ-lysin.26,27  It now appears that most peptides follow other mechanisms28,29, 

including the toroidal hole model30-32, the carpet model29,33,34, the sinking raft model26,27 

and other less structured types of pores35.  The question of whether membrane disruption 

is the function of these peptides is also still under debate.36,37  It is possible that the real 

targets are intracellular components and that membrane perturbation might be only a side 
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effect.  Nevertheless, interaction with the bilayer is essential for the function of these 

peptides38. 

   

Figure 1 CAP modes of actions: Barrel-stave model (left), carpet model (middle) and 
toroidal pore model (right).  Figures are modified from Brogden, 2005.39 

1.1.2 Degradation of AMPs by proteases 

CAPs are degraded and inactivated by a number of both host and pathogen 

proteases.  Cathepsins B, L and S inactivate β-defensins 2 and 3 by proteolytic 

degradation.40  Proteinases of significant pathogens including aureolysin of 

Staphylococcus aureus41 and elastase of Psuedomonas aeruginosa have been shown to 

degrade LL-37.42  Bergsson et al. recently demonstrated that physiological concentrations 

of LL-37 are not active against P. aeruginosa in cystic fibrosis bronchoalveolar lavage 

fluid due to proteolytic degradation of LL-37 by neutrophil elastase and cathepsin D.43  

They also demonstrated that a mixture of heparan sulfate, chondroitin sulfate and 

hyaluronic acid inhibited the proteolytic degradation of LL-37 by cathepsin D.43  These 

interactions also inhibited the antimicrobial activity of LL-37.43  Interestingly, cathepsin 

D is induced by P. aeruginosa in cystic fibrosis individuals, thus this may be described as 

another virulence factor of P. aeruginosa along with the production of elastase.44,45  

Trypsin, a serine protease found in the digestive system of many vertebrates and a 



 

 

4 

common biotechnology tool, is commonly used to evaluate the proteolytic stability of 

CAPs.46-48 

LL-37 induces degranulation in purified human lung mast cells at physiological 

concentrations and as a result induces its own degradation.  As a result of mast cell 

degranulation, β-trypstase is released, degrading LL-37 into peptides 8-18 residues in 

length.    These LL-37 fragments lost the capacity to activate mast cells, to neutralize 

LPS-induced dendritic cell activation and to kill Gram-positive and –negative bacteria.49 

1.2 Lactoferricin Peptide 

Lactoferricin is an amphipathic CAP produced by acid-pepsin hydrolysis of 

lactoferrin, a member of the transferring family of iron-binding glycoproteins.50  It is 

widely distributed in the physiological fluids of mammals and is a major component of 

polymorphonuclear leukocytes.51-53  It has multiple functions, including antimicrobial and 

anti-tumor activities and a role in immune regulation.54,55  Lactoferrin has several regions 

with high concentration of positive charge, resulting in a high isoelectric point (pI~9).56  

The most notable region of positive charges is found in the N-terminus of the polypeptide 

chain and this gives the protein some unique properties.  For example, this region 

provides a binding site for heparin and other GAGs, making it an important region for 

binding to many different cell types.57,58 

Bovine lactoferricin has attracted considerable interest because lactoferricin of 

bovine origin exhibits greater antimicrobial activity than lactoferricins of human, murine 

or caprine origin.59  Bovine lactoferricin (lactoferricin B) consists of 25 amino acids 

consisting of residues 17-41 in bovine lactoferrin.  In lactoferrin, this region forms an 

amphipathic helix with an overall positive charge.  As a peptide lactoferricin B forms a 

distorted β-sheet with a disulfide bridge.60  Lactoferricin B is active against a wide range 

of bacteria, fungi, protozoa and cancers.54,61  Many smaller fragments of bovine 

lactoferricin have been investigated for their antimicrobial activities.  The antimicrobial 
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center of lactoferricin B consists of six residues (RRWQWR-NH2) and possesses similar 

bactericidal activity to lactoferricin B.62  In our experiments we worked with a shorter 

peptide derived from bovine lactoferricin that we termed lactoferricin peptide (LP).  LP 

has a primary sequence of RRWQWRMKKLG and has similar antimicrobial activity to 

lactoferricin B.63 

1.3 Magainin II 

Magainin II was first isolated, along with magainin I, from the skin of the African 

clawed frog Xenopus laevis.64  Magainin II, along with other amphibian antimicrobial 

peptides, is stored within the neuroendocrine granular glands in the skin, and is released 

in response to stress, injury or challenge by foreign organisms.65  Accordingly, magainin 

II exhibits a wide range of potent anti-bacterial activity against a variety of Gram-

negative and Gram-positive bacteria.  Magainin II can also inhibit the growth of fungi 

and viruses and induce osmotic lysis in protozoa.64,66  Although many AMPs are 

nonspecific in their activity, magainin 2 is non-hemolytic towards human erythrocytes.64  

More recently, magainins were shown to selectively lyse tumor cells without killing 

healthy vertebrate cells.67-69 

Magainin II has a primary sequence of 23 residues and a net charge of +4.64  All-

D-magainins cause channel formation and cell lysis of the same organisms sensitive to 

the L-isomer.70,71  These results, the lack of primary sequence homology within the 

magainin family as well as a strong correlation between antibiotic activity and peptide 

amphiphilicity indicate that the structural and physico-chemical properties of magainins, 

rather than specific receptor-ligand interactions are responsible for their biological 

activity.72  The secondary structure of magainin II is not well-defined in a neutral 

aqueous environment.73  Magainin II forms a right-handed α-helix in the presence of 

organic solvents or after binding to negatively charged lipid membranes via electrostatic 

interactions.64,73-78  Helical wheel projections show that such a helix is amphipathic with 
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the polar and hydrophobic amino acid side chains neatly separated on opposite faces of 

the helix.79 

 

                       

Figure 2 Sequence (A) and secondary structure of magainin II.  Magainin II forms an 
α-helix (B) that contains cationic (red) and hydrophobic (green) domains (C).9 

Magainin II has been widely studied and reported to form pores at cell 

membranes.74,80,81  The peptide interacts and kills the cells by penetrating the membrane 

structure by arranging perpendicular to the lipid interface and adopting a helical 

conformation.31,80,81  Research has shown that the interaction is stronger if the lipid layer 

is anionic and that a critical concentration of peptide in the surface region appears to be 

required before pore formation and cell death occur.31,80,82,83  Magainin II can then self-

assemble into transmembrane pores that make the cell membrane leaky and can also lead 

to cell lysis, preferentially in bacterial cells.  The size of pores formed by magainins in 

lipid bilayers is estimated to be approximately 1 nm diameter.84,85  It has also been 

suggested that magainin II forms a toroidal pore with a diameter of 1-2 nm, inducing lipid 

flip-flop and the translocation of peptides into the inner leaflet of the bilayer coupled to 

membrane permeabilization.85,86  Magainin II at sub-MIC levels crosses the E. coli 

GIGKFLHSAKKFGKAFVGEIMNS 

A 
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cytoplasmic membrane and can be found in the cytoplasm.87  Additionally, it has been 

reported that glycosaminoglycans are not involved in the permeabilization of mammalian 

cells by magainin II.88 

1.4 Cecropins 

Cecropin was one of the first inducible insect antibacterial proteins identified in 

the study of immunity in the moth Hyalophora cecropia and proteins from this family 

have since been found to be widely distributed.89-95  The cecropin family consists of 

small, strongly basic peptides of approximately 4 kD.  Sequencing has shown that 

typically each insect has several related cecropins.96  Cecropins A, B and D are close 

homologues which consist of 35-39 residues and have been found in the pupae of the 

cecropia moth.89,97,98  Cecropin B differs from cecropin A in 5 of 39 residues.93  Porcine 

cecropin homolog is found in pig intestine and shows 64-75% homology with the two 

insect cecropins.99 

Cecropin A and B exert strong antibiotic activity against both Gram-positive and -

negative bacteria in micromolar concentrations.100,101  Cecropins have the ability to form 

specific amphipathic α-helices, which allow them to target nonpolar lipid cell 

membranes.  Upon membrane targeting, they form ion-permeable channels subsequently 

causing cell depolarization, irreversible cytolysis and cell death.79,102  Spectroflurometric 

studies show that fluorophore-labeled cecropin B binds to lipid membranes in a 

noncooperative manner, suggesting that they associate with membranes in a monomeric 

form.  The same studies indicate a localization of the N-terminus along the bilayer 

surface.103  At lethal dose concentrations the amount of radioactively-labeled cecropins 

bound to cells has been estimated to be sufficient to cover the bacterial membrane surface 

with a polypeptide monolayer.104,105  Interestingly, bacteria resistant to the antibiotic 

activity of cecropins are loaded with cecropins to a similar extent whereas nonpermissive 
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erythrocytes are not.  Therefore, factors other than binding affinity must also play an 

important role in determining the susceptibility to these peptides.105,106 

Natural cecropins show strong antibiotic acitivity against a variety of Gram-

negative and Gram-positive bacteria without lysing mammalian cell lines or yeast.89,107,108  

The cell killing activity of cecropins is not mediated through specific, chiral receptor 

interactions, but rather their ability to form α-helical secondary structures in membrane 

environments as well as with their binding affinity to liposomes.109  Additionally, 

cecropins and other related peptides have been shown to release respiratory control, to 

inhibit protein import, and at higher concentrations also to inhibit respiration.  When 

comparing the concentration-dependent effects of cecropins and its biosynthetic 

precursors, however, no simple correlation can be established between antibacterial 

activity and the uncoupling of the respiratory phosphorylation in mitochondria.110  This 

mechanism explains the specificity of this peptide for Gram-negative bacteria.104  Both 

cecropin A and cecropin B show cytolytic activity against several different human cancer 

cell lines, including leukaemia and lymphoma cells, but do not lyse normal fibroblasts, 

lymphocytes or mammalian erythrocytes at peptide concentrations that are lethal to 

transformed cells.111-113 

Cecropin A assumes a predominantly random coil conformation in water and 

adopts a highly ordered structure in 15% (v/v) hexafluoroisopropanol.101,114  The 

conformation of cecropin A is characterized by two amphipathic helical regions 

extending from residues 5 to 21 and 24 to 37 that are connected by a flexible hinge 

region.  The length and continous disruption of basic residues along one face of the 

amphipathic N-terminal helix closely resembles the amino acid distribution of magainins.  

In contrast, the central part of the C-terminal helix (25-33) is much more hydrophobic.  

The first eleven N-terminal residues have been shown to be particularly important for the 

high antibiotic activity of cecropins, although the short peptide consisting of just these 

residues is inactive.101,105,115 
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Figure 3 Sequences of cecropin A (A) and cecropin B (B) and the secondary structure 
of cecropin A (C).116  Predicted trypsin cleavage sites are on the C-terminal 
sides of basic residues. 

1.5 LL-37 

The human cathelicidin propeptide, designated 10-kDa cationic antimicrobial 

protein (hCAP18), has been identified in peripheral blood neutrophils, lung epithelium 

and alveolar macrophages.117-119  hCAP18 is composed of a conserved N-terminal 

prodomain (cathelin domain) and a C-terminal antimicrobial peptide domain.  The C-

terminal domain is released from the propeptide by proteolytic processing by proteinase 3 

to give the cationic α-helical peptide LL-37 in neutrophils and ALL-38 by prostate-

derived protease gastricin in the vagina.119-121  LL-37 has been isolated from neutrophils 

and sub-populations of lymphocytes and monocytes.117,122  LL-37 is also found in 

seminal plasma, in the lung and in keratinocytes during inflammation.118,123,124  The 

actual release of LL-37 is proposed to occur at the cell surface as, on stimulation of the 

KWKLFKKIEKVGQNIREGIIKAGPAVAVVGQATQIAK-NH2 

KWKVFKKIEKMGRNIRNGIVKAGPAIAVLGEAKAL-NH
2 
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a shorter and more hydrophobic C-terminal helix (residues
24 to 37), linked by a Gly-Pro hinge region (Figure 2A).

Structure-activity relationship (SAR) studies outline the
importance of a series of different parameters that may
influence the activity of the !-helical AMPs: charge,
helicity, size, hydrophobic moment and hydrophobicity [14].
SAR studies involve either the modification of the natural
peptides or in silico design of peptides predicted to adopt !-
helical conformations, with the purpose of increasing the

efficacy against the pathogens without generating toxicity to
the host. Although SAR studies on !-helical AMPs are
dominated by data on cecropins, similar experiments were
conducted on magainins, AMPs isolated from frog skin
secretions [33]. Efforts were devoted to improve the
therapeutic potential of cecropins by combining fragments of
different AMPs forming !-helices (cecropins and magainins)
or a fragment of Hyalophora cecropin A (often the N-
terminal amphipathic !-helical domain) with melittin.

Figure 2. Global fold of five selected insect AMPs. Hyalophora cecropin A, (A), thanatin from Podisus maculiventris (B), the antibacterial

Phormia defensin, the antifungal heliomicin from Heliothis virescens and Alo3 from Acrocinus longimanus (C). NH2 stands for the N-

terminus and CONH2 for the amidated C-terminus.

Organism of origin Name Primary structure

Hyalophora cecropia Cecropin A KWKLFKKIEKVGQNIRDGIIKAGPAVAVVGQATQIAK*

Sarcophaga peregrina Sarcotoxin IA GWLKKIGKKIERVGQHTRDATIQGLGIAQQAANVAATAR*

Drosophila melanogaster Cecropin A GWLKKIGKKIERVGQHTRDATIQGLGIAQQAANVAATAR*

Aedes aegypti Cecropin A GGLKKLGKKLEGAGKRVFNAAEKALPVVAGAKALRK

Aedes albopictus Cecropin A1 GGLKKLGKKLEGVGKRVFKASEKALPVAVGIKALGK

Anopheles gambiae Cecropin A GRLKKLGKKIEGAGKRVFKAAEKALPVVAGVKAL*

Bombyx mori Cecropin D GNFFKDLEKMGQRVRDAVISAAPAVDTLAKAKALGQ*

Pachycondylas goeldii Ponericin G2 GWKDWLKKGKEWLKAKGPGIVKAALQAATQ

Cerratitis capitata Ceratotoxin SIGSAFKKALPVAKKIGKAALPIAKAALP

Stomoxys calcitrans Stomoxyn RGFRKHFNKLVKKVKHTISETAHVAKDTAVIAGSGAAVVAAT*

Pseudacanthothermes spiniger Spinigerin HVDKKVADKVLLLKQLRIMRLLTRL

Figure 1. Primary structures of selected !-helical AMPs. The * marks C-terminal amidation. All sequences reported in the figure are from

the Swiss-Prot/TrEMBL database.
A 

B 

C
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neutrophil, hCAP-18 locates to the plasma membrane, potentially through an interaction 

with an hCAP-18 specific receptor.125 

 

 

 

Figure 4 Primary sequence of LL-37 (A) and 3-dimensional models of LL-37 showing 
hydrophilic (blue/dark gray) and hydrophobic (white/light gray) residues (B 
and C).126  Degradation pattern for LL-37 by trypsin (C-terminal side of basic 
residues) and P. aeruginosa elastase (denoted by arrows) (D).42 

As suggested by the name, LL-37 is a 37 residue peptide that adopts an α-helical 

structure in lipid membranes, micelles, and ions such as hydrocarbonate and sulfate, but 

is a random coil in pure water.127  LL-37 exhibits antimicrobial activity against a wide 

range of microbes including viruses, fungus, and both Gram-positive and Gram-negative 

bacteria, such as S. aureus and P. aeruginosa.128-130  LL-37 binds electrostatically to  

bacterial membranes, followed by insertion into and disruption of the membrane.131  
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currently known members of this group are shown inTable 1. For
the same set of six AMPs, Fig. 2 gives the helical wheel
projections. The projections show that all six peptides gain
striking amphipathic features when assuming a helical structure.
Amphipathicity is common to all antimicrobial peptides and
allows them to interact electrostatically with anionic bacterial
membranes. In each helical wheel diagram of Fig. 2, the hydro-
phobic residues (shaded gray) cluster in a certain portion of the
helix perimeter. The charged and polar residues (shaded red, blue
and white for negatively charged, positively charged, and polar
residues, respectively) populate the opposite face of the helix. All
six peptides show a ‘hydrophobic angle’ of approximately 160° of
the helix circumference.A closer inspection of the human peptide,
LL-37, reveals that in the N-terminal region, the amphipathic
faces of the helix are less perfectly formed. This suggests that the
N-terminus is less apt to form α-helical secondary structure, thus
explaining the 20–30% random coil proportion found in CD
spectroscopy (see next section).

Although CAP11 was shown to form covalently bound ho-
modimers via its C-terminal cysteine residues, it still displays a
strikingly similar helical wheel when compared to other peptides
in Fig. 2. This indicates that CAP11's covalent dimer structure
does not make it an exception. Instead, a non-covalent dimer-
ization may be expected as an important common feature that is
yet to be discovered in other systems.

Fig. 3 gives a three-dimensional model of the peptide in an
assumed perfect α-helical conformation. The C-terminal region
forms an aliphatic α-helix, which is the major recurring structural
motif present in all known α-helical AMPs. This amphiphilic
pattern does not extend through the whole molecule. Rather, the
N-terminal region consists of stretches of hydophilic and hydro-
phobic residues, which close to form two “rings” or “strips”
around the N-terminus (assuming this terminus is α-helical in
structure). The cartoon representation shown in the lower half of
Fig. 3 tries to capture this very abstract description of hydrophobic
properties. A closer examination of the three-dimensional model

Fig. 2. Helical wheel projections of the cathelicidin-derived AMPs from species that are known to possess only a single cathelicidin. They are found in (top left to
bottom right) human, rhesus monkey, rabbit, mouse, rat, and guinea pig. For sequences and references, see Table 1. Positively charged (blue), negatively charged (red),
polar (white), and hydrophobic (gray) residues are highlighted.

Fig. 3. A hypothetical ideal α-helical structure of LL-37. Surface representation
and cartoon sketch for illustrating amphipathic properties. Note that the N-
terminal region (right end) does not readily form an amphipathic α-helix.

1415U.H.N. Dürr et al. / Biochimica et Biophysica Acta 1758 (2006) 1408–1425
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Furthermore, LL-37 acts as a multifunctional immunomodulator, and has been shown to 

be chemotactic to human neutrophils, monocytes, T cells and mast cells and stimulate 

phagocytosis, reactive oxygen species production, and the synthesis of leucotriene B4 by 

neutrophils, degranulation of mast cells and induce chemokine response in monocytes, 

airway epithelia and keratinocytes.15,132-139  The mature LL-37 has been shown to be 

further degraded to shorter peptide fragments, including KR-20, KS-30 and RK-31, by 

kallikrein proteases in human sweat.  Studies suggest that proteolytically cleaved LL-37 

fragments have altered antimicrobial activity and reduced immunomodulatory host 

response compared with LL-37.140  LL-37 also binds and neutralizes lipopolysaccharide 

(LPS), thus protecting against endotoxic shock.131,141 

1.6 Glycosaminoglycans 

Glycosaminoglycans (GAGs) are linear, sulfated, negatively charged 

polysaccharides composed of disaccharide repeating units made up of an amino sugar (N-

acetylglucosamine or N-acetylgalactosamine) and an uronic acid (glucuronic acid or 

iduronic acid).  As a consequence GAGs differ according to the type of hexosamine, 

hexose or hexuronic acid unit that they contain, as well as the geometry of the glycosidic 

linkage between these units.  GAGs also differ in their sulfation pattern, as can be seen in 

Table 1.  At physiological pH, all carboxylic acid and sulphate groups are deprotonated, 

giving GAGs very high negative charge densities.142  In fact, heparin has the highest 

negative charge density of any known biomolecule.143 

GAGs are the major component of proteoglycans, which consist of a core protein 

with one or more GAGs attached.  Proetoglycans are found in the extracellular matrix, 

inserted in the plasma membrane or stored in secretory granules.  Matrix proteoglycans 

include small interstitial proteoglycans, such as decorin and biglycan, and members of the 

aggrecan family of proteoglycans (aggrecan and versican).  Some proteoglycans contain  
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GAG Major Repeating Disaccharide Unit Average 
MW (Da) 

Average 
Sulfate 

Groups per 
Disaccharide 

Heparin 

 

14,000 – 
15,000144 2.7 

Dermatan 
Sulfate 

 

25,000145 2 

Chondroitin 
4-Sulfate 

 

20,000146 1 

Chondrotin 
6-Sulfate 

 

65,000146 1 

Heparan 
Sulfate 

 

10,000147 1 

Keratan 
Sulfate 

 
20,000148 1 

Hyaluronic 
Acid 

 

1,000,000149 0 

Table 1 The most common repeating disaccharides of endogenous mammalian GAGs. 
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only one GAG chain (e.g., decorin), while others, such as aggrecan, contain more than 

100 chains.150 

All endogenous GAGs, with the exception of hyaluronic acid, are found as 

components of proteoglycans.  GAGs are covalently linked to core proteins via a specific 

trisaccharide composed of two galactose and one xylose residues.  The linker connects 

GAGs via an O-glycosidic bond to a serine residue on the core protein.  Matrix 

proteoglycans typically contain dermatan sulfate and chondroitins 4- and 6-sulfate. 

Heparan sulfate and chondroitin sulfate are found in membrane proteoglycans such as  

glypicans and syndecans.150  A major component of mast cell granules is the 

proteoglycan serglycan which contains heparin and chondroitin sulfate E.151-153  

Hayluronic acid is a major component of the extracellular matrix and can serve as a 

scaffold for proteoglycan aggregation, such as seen with aggrecan.154 

1.6.1 Heparan sulfate and heparin 

Heparan sulfate (HS) and heparin are linear polysaccharides consisting of uronic 

acid-(1→4)-D-glucosamine repeating disaccharide subunits. Variable patterns of 

substitution of the disaccharide subunits with N-sulfate, O-sulfate and N-acetyl groups 

give rise to a large number of complex sequences. Heparin and HS are structurally the 

most complex members of the GAG family of polysaccharides.155  Heparin is sometimes 

considered to be synonymous with HS, and, while they are similar, this is an 

oversimplification.156 

Heparin consists of repeating units of 1→4-linked uronic acid and glucosamine 

residues.  The uronic acid residues typically consist of 90% L-iduronic acid and 10% D-

glucuronic acid, both of which may contain a 2-O-sulfate group.  The amino group of the 

glucosamine residue may be substituted with an acetyl or sulfate group, or remain 

unsubstituted.142  The most common disaccharide in heparin is 2-O-sulfated iduronic acid 

1→4 linked to N-sulfated, 6-O-sulfated galactosamine.  This disaccharide accounts for up 
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to 90% of heparins from bovine lung and up to 70% of those from porcine intestinal 

mucosa.155 

HS contains predominantly D-glucuronic acid, but can also contain substantial 

amounts of L-iduronic acid.  HS contains a higher level of N-acetylated glucosamine and 

has a lower degree of sulfation as compared to heparin.  Heparin has 2.7 sulfate groups 

average per disaccharide, in stark contrast to HS which possesses on average 1 sulfate 

group per disaccharide.156  The structure of HS is incredibly polydisperse due to variable 

modifications along the polysaccharide.  Sulfation and epimerization tend to occur in 

clusters along the chain, with regions devoid of sulfate separating the modified tracts. In 

general, these modifications fail to go to completion, resulting in tremendous chemical 

heterogeneity within the modified regions.150  HS has a domain structure consisting of 

segregated blocks of repeating glucuronic acid 1→4 N-acetylglucosamine disaccharides 

(NA domains) and blocks of highly sulfated, heparin-like iduronic acid 1→4 N-sulfated 

galactosamine disaccharides (NS domains). The NA and NS domains are separated by 

NA/NS transition segments that consist of both N-acetylglucosamine and N-sulfated 

glucosamine-containing disaccharides.157  The diversity of HS structures gives rise to a 

wide range of biological functions and specific binding sequences for ligands.150 

 

Figure 5 Representation of the domains found in HS where uronic acids are represented 
by diamonds, glucosamine is represented by squares and sufate groups are 
indicated above or below the residue symbols.150 

In solution heparin exists primarily as an extended helical structure.158  Heparin 

maintains a degree of conformational flexibility due to multiple conformations of 

are the basic sequence units of heparin and HS. Of these,
IdoA(2S)-(1 4)-GlcNS(6S) (Fig. 2) is the most abundant in
heparin. For example, this disaccharide accounts for up to 90%
of heparins from bovine lung and up to 70% of those from
porcine intestinal mucosa.5 Disaccharides composed of other
combinations of the monosaccharides in Fig. 1 make up the
remainder (Fig. 2).

HS is composed of the same repeating disaccharide subunits;
however, its primary structure differs significantly from that
of heparin. The disaccharide subunits are present in different
proportions, with the GlcA/IdoA and GlcNAc/GlcNS ratios
higher and the SO4 content lower in HS, depending on cell type

Fig. 1 Monosaccharide building blocks of heparin and HS.

and degree of cell differentiation,6 giving rise to a fine structure
that can encode a high density of information.7 The unsulfated
GlcA-(1(4)-GlcNAc disaccharide sequence is the most common
in HS.8 The organization of disaccharide subunits is also differ-
ent, with HS having a domain structure consisting of segre-
gated blocks of repeating GlcA-(1 4)-GlcNAc disaccharides
(NA domains) and blocks of highly sulfated, heparin-like
IdoA-(1 4)-GlcNS disaccharides (NS domains) (Fig. 3). The

NA and NS domains are separated by NA/NS transition seg-
ments that consist of both GlcNAc- and GlcNS-containing
disaccharides.9 The diversity of HS structures gives rise to a
wide range of biological functions.

Heparin is most well known for its anticoagulant activity;
heparin has been used clinically as an anticoagulant for over
60 years.3 Other biological activities include release of lipo-
protein lipase and hepatic lipase,10,11 inhibition of complement
activation,12,13 inhibition of angiogenesis and tumor growth,14,15

and antiviral activity.16–23 The biological activities of heparin
result from its interaction with proteins, the most well char-
acterized being its interaction with antithrombin, a serine
protease inhibitor that mediates the anticoagulant activity of

Fig. 3 Scheme illustrating the domain structure of HS. The chemical
structures of the IdoA(2S)-(1,4)-GlcNS(6S) disaccharide from the NS
domain and the GlcA-(1,4)-GlcNAc disaccharide from the NA domain
are shown and the symbols used to represent the monosaccharides in
these disaccharides are defined; the other symbols are defined in Fig. 4.

Fig. 2 Major and minor repeating disaccharide sequences of heparin (top) and the unique antithrombin-binding pentasaccharide sequence
(bottom).

Nat. Prod. Rep., 2002, 19, 312–331 313
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iduronic acid.143,158,159  This conformational flexibility allows for diverse spatial displays 

of negative charge thought to facilitate specific interactions with proteins through 

induced fit binding mechanisms.160  A significant driving force behind heparin-protein 

interactions is the entropically favorable displacement of the counter-ion shell during the 

binding interaction with basic residues on the binding partner.161 

 

Figure 6 3-dimensional model of the solution conformation of a heparin 
dodecasaccharide (PDB entry 1HPN). 

The anticoagulant and antithrombotic properties of heparin involve binding to 

antithrombin, heparin cofactor II, and tissue factor pathway inhibitor.  The “minimal” 

binding sequence is a specific pentasaccharide binding site, distributed randomly in the 

unfractionated heparin, which is prevalently responsible for heparin antithrombotic 

activity.162  Heparin inhibits thrombogenesis through the inactivation of factors IIa and 

Xa.  The use of unfractionated heparin presents limitations mostly related to its 

nonspecific binding to proteins and cells. Such binding activity results in low availability 

and variable anticoagulant effectiveness.163 

1.6.2 Low molecular weight heparins 

Low-molecular weight heparins (LMWHs), as compared with unfractionated 

heparin, present superior bioavailability, much longer plasma half-life, and lower 
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incidence of side effects. For these reasons, LMWHs have become the drugs of choice for 

the treatment of deep venous thrombosis, pulmonary embolism, arterial thrombosis, and 

unstable angina over the past two decades.164 

The internal structure of LMWHs should ideally match that of the parent heparin 

in terms of monosaccharide composition, substitution pattern, and oligosaccharide 

sequence.  However, the depolymerization processes involved in the manufacturing of 

LMWHs usually involves some structural modification. Such differences are due mostly 

to modifications of the monosaccharide units at the site of cleavage and are characteristic 

for each depolymerization procedure. The monosaccharidic sequence of LMWHs can 

also be different, according to the cleavage point along the heparin polysaccharide chain. 

For example, the cleavage of heparin chains at the more heavily sulfated sites, rather than 

undersulfated sites, influences preservation and position of the specific pentasaccharide 

motif of the active site for antithrombin III along the oligosaccharidic chains.164 

 

LMWH 
Supplier 

Average MW 
(Da) Method of depolymerization 

Ardeparin 
(Centaxarin) 
Celsus 

5500 Oxidative depolymerization of heparin using 
peroxide 

Enoxaparin 
Sequoia Research 

3200 Cleavage by β-elimination of benzyl ester by 
alkaline treatment 

3 kD heparin 
(Dalteparin) 
Celsus 

3000 Nitrous acid deamination of heparin 

Ultra LMWH 
Sigma 

3000 Free-radical induced cleavage of heparin 

Table 2 Molecular weights and preparation methods for LMWHs. 
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LMWHs can be prepared by a variety of techniques.  Enoxaparin is prepared by 

β-cleavage of the benzyl ester by alkaline treatment and has an average molecular weight 

of 3200 Da.  This preparation results in a complex structure with eight possible reducing 

residues and two possible non-reducing residues.164  Centaxarin, also called ardeparin, is 

prepared by periodate-oxidation of heparin and has an average MW of 5500.  Two 

different 3000 Da heparin preparations were used in our experiments. The first 

preparation, termed 3 kD heparin in our experiments, is prepared by the nitrous acid 

deamination of heparin and is available from Celsus.  Ultra LMWH, the second 3 kD 

LMWH, is available from Sigma-Aldrich and is prepared by free-radical induced 

cleavage of heparin.  Interstingly, this type of reaction is also likely to occur in vivo.   

Mast cells store heparin in their granules and release it upon phagocytosis.  

Simultaneously, free radicals produced by the phagocytic cell could attack and 

depolymerize heparin.163  Distinct pharmacological and biochemical profiles of LMWHs 

are claimed and can be associated with structural modifications resulting from differences 

in preparative techniques.162  Despite these differences in molecular weight and 

structures, LMWHs are considered interchangeable by many health care practioners. 

1.6.3 Other GAGs 

Chondroitin sulfate is made up of major disaccharide units of glucuronic acid and 

N-acetylgalactosamine connected by β-1,3 linkages.  Sulfate groups can be found at the 

C4 or C6 position of N-acetylgalactosamine residues, thus giving populations of 

chondroitin 4-sulfate (C4S) and chondroitin-6 sulfate (C6S).  Dermatan sulfate (DS), also 

called chondroitin sulfate B, has a major disaccharide repeating unit in which iduronic 

acid and N-acetylgalactosamine are linked together by α-1,3 linkages.  In DS sulfate 

groups are found at the C4 and C6 position of N-acetylgalactosamine.  DS is less sulfated 

on average than heparin since its N-acetylgalactosamine is exclusively N-acetylated and 

its iduronic acids are primarily nonsulfated.165 C4S, C6S and DS have the potential to 
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display an enormous structural diversity, comparable to that of HS, by embedding 

multiple overlapping sequences constructed with distinct disaccharide units modified by 

different patterns of sulfation.166  Chondroitin sulfate and DS are often found as co-

polymeric structures. 

The large structural diversity of chondroitin sulfate and DS is the basis for their 

wide variety of functions.  Growing evidence suggests that CS and DS chains play roles 

in the development of the central nervous system, wound repair, infection, growth factor 

signaling, morphogenesis and cell division, in addition to their conventional structural 

roles.166  DS is found in skin, blood vessels and heart valves of humans while chondroitin 

sulfate is found primarily in cartilage, tendons and ligaments, as well as in the aeorta.142 

Hyaluronic acid (HA) is an extremely simple polysaccharide composed of 

repeating disaccharide units in which N-acetylglucosamine and glucuronic acid are linked 

together by alternating β-1,3 and β-1,4 linkages.167  HA is unique among the GAGs 

because it is not sulfated or modified in any other way throughout its length.154  HA is 

distributed widely in nature, from the capsules of Streptococcus to tissues of invertebrate 

and vertebrate organisms.  In mammals, HA is abundant in skin, skeletal tissues, the 

vitreous of the eye, umbilical cord, and synovial fluid.  HA functions as an extracellular 

molecule transmitting signals and regulates a variety of cell behaviors, such as cell 

adhesion, motility, growth and differentiation.168  HA has also recently been shown to 

play a role in wound healing.169  Excess HA accumulation has been implicated in the 

promotion of cardiovascular diseases and malignant cancers produce excessive amounts 

of HA, leading to increased serum levels.170-174  HA also acts as a lubricant of synovial 

joints and joint movement, and its function has been described as space filler, wetting 

agent, flow barrier within the synovium and protector of cartilage surfaces.175  In 

solution, HA has an extended structure.  Because of its length, it tends to entangle into a 

mesh-like structure. At a concentration of 10 mg/ml, its viscosity is about 5000 times that 

of water, which confers rigidity to tissues when HA is present at high concentrations.150 
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Keratan sulfate is a sulfated polylactosamine chain identical to the type found on 

conventional glycoproteins and mucins and found primarily in the cornea of mammals.150  

Keratan sulfate and chondroitin sulfate are components of the proteoglycan aggrecan 

found in cartilage.142  The level of keratan sulfate found in the cornea is 10 fold higher 

than it is in cartilage.176  As keratan sulfate is found primarily in the eye and cartilage, we 

chose to omit it from our studies. 

1.6.4 Preparation of GAGs 

Heparin and HS are prepared from either beef lung or porcine intestinal 

mucosa.177  DS is most commonly prepared from porcine mucosa and skin.165  C4S is 

isolated from bovine trachea and C6S is isolated from shark cartilage.178  HA has been 

traditionally extracted from rooster combs and bovine vitreous humor, but is now 

commonly prepared by bacterial fermentation.179 

Carboxyl-reduced heparin is prepared by the reaction of heparin with a water 

soluble carbodiimide (EDC), which yields a polymer in which all the uronic acid 

carboxyl groups are activated so that they can be reduced to hydroxyl groups with sodium 

borohydride.180  This results in a heparin molecule where a portion of the carboxyl groups 

of uronic acid are reduced to alcohols and where the most common disaccharide units are 

either glucose→glucosamine or idose→glucosamine.181  Methods for the selective 

removal of sulfate groups from heparin have been developed to systematically reduce 

anionic charge along the polysaccharide chain and to identify sequences that bind 

proteins.  Methods for the selective 2-O and 6-O-desulfations of heparin have been 

reported.182-184  In 1997, Jaseja et al. reported the selective 2-O-desulfonation of heparin 

following lyophilization of an alkaline solution of heparin.  A selective 6-O-desulfonation 

procedure for sulfated polysaccharides was reported in 1993 by Matsuo et al.  The 

method exposes the pyridinium salt of heparin suspended in pyridine to N,O-

bis(trimethylsilyl)trifluoroacetamide (BTSA).185  This reagent selectively removes 
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primary sulfoxyl groups to yield a silyloxyl group, which is easily desilylated by addition 

of water to obtain the hydroxyl group.  The procedure was later optimized for selective 6-

O-desulfation of heparin by Takano et al.186  In these methods the O-sulfate groups on C2 

of uronic acid or C6 of glucosamine residues are removed.  Phenoxyaniline was coupled 

to heparin using a modification of the method reported by Danishefsky et al.187  

Carboxyl-reduced heparin, 6-O-desulfated heparin, 2-O-desulfated heparin and 

phenoxyaniline heparin were prepared by other members of the Kerns lab. 

1.6.5 Other Polyanionic Polysaccharides 

Cyclodextrins are a family of cyclic oligosaccharides, and several members of this 

family are used industrially in pharmaceutical and allied applications. Cyclodextrins are 

manufactured from starch, which consists of D-glucopyranoside building blocks that 

have both α-1,4- and α-1,6-glycosidic linkages. The degradation of starch by 

glucosyltransferase generates, by chain splitting and intramolecular rearrangement, 

primary products that are cyclic oligomers of α-1,4-D -glucopyranoside, or cyclodextrins.  

Cyclodextrins are named based on the number of glucose residues in their structure, such 

that the glucose hexamer is referred to as α-cyclodextrin and the heptamer as β-

cyclodextrin.  The three-dimensional structure of cyclodextrins endows them with 

properties that are useful for pharmaceutical applications.  Because of the large number 

of hydroxyl groups on cyclodextrins, they are water-soluble.  Cyclodextrins form a cup-

like structure that has a hydrophilic cavity exterior and a hydrophobic cavity interior. 

These properties are responsible for their aqueous solubility and ability to encapsulate 

hydrophobic moieties within their cavities.188  The incorporation of 'guest' molecules in 

cyclodextrin inclusion complexes in aqueous media has been the basis for most 

pharmaceutical applications.189  Cyclodextrins are used in the pharmaceutical industry for 

a variety of reasons, including enhanced solubility, bioavailability and stability.190,191  



 

 

21 

The hydroxyl groups on cyclodextrins can be modified with a variety of substitutions, 

including sulfate groups. 

Dextrin sulfate is a sulfonated polysaccharide of α-1,4-linked glucose residues 

with α-1,6 branch points.  Dextrin 2-sulfate, marketed as Emmelle by M-L 

Laboratories PLC, inhibits the growth HIV-1 strains in a variety of human cell lines, 

lymphocytes and macrophages.192,193  Dextrin 2-sulfate interacts with target cells to 

inhibit viral entry, but does not neutralize virons directly.194  Dextrin 2-sulfate has been 

the subject of multiple clinical trials testing its efficacy as a topical anti-HIV microbicide, 

but its potential is limited due to a variable toxicity profile.195,196 

Sulodexide is a GAG obtained by a patent process from porcine mucosa.197  

Sulodexide is comprised of four naturally occurring GAG polysaccharides:  ≈80% 

electrophoretically “fast-miving” heparin, ≈20% dermatan sulfate, and lesser populations 

of “slow-moving” heparin and chondroitin sulfate.  Sulodexide has been marketed by 

Alfa Wassermann S.p.A. since 1982 for the indication of “vascular pathologies with 

thrombotic risk” in Italy and many other countries in Eastern Europe, Asia, and Central 

and South America.198  The simultaneous presence of a heparin fraction and dermatan 

sulfate provides the product with particular synergistic characteristics which increase the 

antithrombotic potential in comparison to heparin with less bleeding.199 

Dextran is high molecular weight polysaccharide produced from sucrose by 

bacteria.  Its backbone consists primarily of α-(1→6) linked D-glucose units.  Dextran 

can differ in chain length and degree of branching and ranching occurs via α-(1→3) and 

α-(1→4) branch points.  Dextran fractions of varying molecular weights can be prepared 

by partial hydrolysis.200  Dextran sulfate is a polyanionic derivative of dextran and is 

prepared by sulfating a selected fraction of dextran. Dextran sulfate was developed as an 

anticoagulant to delay clotting of blood in people who had heart disease or strokes.201  

More recently dextran sulfate has shown anti-HIV activity, and now plays an important 

role in low-density lipoprotein-apheresis.202,203 
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1.6.6 Heparin binding sequences 

The structural requirements of heparin binding and the presence of heparin-

binding motifs in various proteins are well documented.  After examining a series of 

heparin-binding sequences Cardin and Weintraub proposed that those were arranged in 

pattern XBBBXXBX or XBBXBX (where X represents hydrophobic or uncharged 

residues and B represents a basic residue).  Molecular modeling of these sequences 

predicts the arrangement of amino acids in α-helices or β-strands.204  Additional analyses 

of heparin-binding peptide sites have revealed that these consensus sequences may not 

constitute absolute requirement.  Sobel  et al. proposed a third consensus sequence, 

XBBBXXBBBXXBBX205 and Lindhardt’s group found an additional heparin-binding 

sequence, TXXBXXTBXXXTBB (where T defines a turn), in heparin-binding sites of 

growth factors.143,206  Based on studies of heparin-binding sites, Margalit et al. reported 

that a distance of approximately 20 Å between basic residues constituted a prerequisite 

for heparin binding irrespective of peptide conformation.207  Thus, spacing of basic amino 

acids in heparin-binding peptides facilitates formation of ion pairs with spatially defined 

sulpho- or carboxyl-groups in heparin and heparan sulfate.  Furthermore, N-acetyl and 

hydroxyl groups in heparin and, to a greater extent, in heparan sulfate , require matching 

residues, such as alanine, leucine or tyrosine, and glutamine or asparagine, enabling 

hydrophobic interactions and hydrogen bonding, respectively.143 

1.6.7 GAGs and proteases 

Approximately 50% of the weight of a mature mast cell consists of various 

neutral proteases stored in the cell's secretory granules electrostatically bound to 

serglycin proteoglycans that contain heparin and/or chondroitin sulfate chains.208  Cells 

with storage granules concentrate proteoglycans along with other secretory products. 

These proteoglycans typically contain highly sulfated forms of CS, although the secretory 

granules of connective tissue mast cells contain mostly heparin.  Secretory granule 
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proteoglycans are thought to help sequester and regulate the availability of positively 

charged components, such as proteases and bioactive amines.150 

Heparin is known to inhibit proteinase activity of leukocyte elastase, cathepsin G 

and trypsin.209-211  However, this inhibitory activity is not linearly dependent on dose and 

at high concentrations reversal of the inhibitory effects has been observed.212,213  

Additionally, inhibition of trypsin by heparin was dependent upon the molecular weight 

of the GAG where LMWHs are inhibitors.211  Heparin showed differential inhibitory 

activity towards P. aeruginosa elastase as well.  When a model peptide substrate was 

used no inhibition of P. aeuginosa elastase was seen.  However, inhibition of P. 

aeruginosa elastase was observed when elastin was used as the substrate.210 

1.7 Cationic antimicrobial peptide interactions with 

glycosaminoglycans 

1.7.1 Early efforts 

The earliest interaction between heparin and a CAP was reported by Thorne et al. 

where they found that the anti-herpes simplex virus activity of a lysosomal cationic 

protein isolated from ruminant neutrophils was inhibited by heparin.214  This cationic 

protein content was later identified as bactenin-5 and -7 purified from the large granules 

of bovine neutrophils.215  Interactions between bactenecin-7 and glycosaminoglycans 

were later investigated by Park et al.  They found that the P. aeruginosa-induced 

shedding of HS syndecan domains and heparin negatively modulated the antimicrobial 

activity of bactenecin-7, PR-38 and cecropin B.216 

Little et al. investigated the heparin-binding properties of a recombinant 23-kDa 

amino-terminal fragment of BPI, a Gram-negative active protein found in the azurophilic 

granules of neutrophils.217  They found that the recombinant BPI peptide has three 

separate domains.  All three domains bound heparin and LPS, but only one domain was 

responsible for the antimicrobial activity of the peptide.  The authors made note of the 
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correlation between heparin-binding and neutralization of LPS, but did not speculate the 

effect of this on the antimicrobial activity of the peptide.218 

While investigating the ability of short cecropin-melittin hybrid peptides to 

permeabilize the inner mitochondrial membrane Díaz-Achirica et al. found the heparin 

had potentiating effects at low concentrations and inhibitory effects at higher 

concentrations.  The authors postulate that heparin interactions with the peptides lead to 

further structural changes, thus altering the peptide interaction with the mitochondrial 

membrane.103  The binding of melittin to heparan sulfate induces a conformational 

change from unstructured to a predominantly α-helical structure.  Circular dichroism 

spectra for melittin binding to heparin and DS were qualitatively and quantitatively very 

similar to those obtained for melittin binding to HS.219 

James et al. found that antimicrobial peptides could be purified by exploiting their 

affinity for heparin.  Antimicrobial peptides from the skin of Xenopus laevis, such as 

magainin 1 and magainin 2, were purified using heparin-affinity HPLC.220  This 

technique has been utilized to purify antimicrobial peptides from hydra221, worms222,223, 

plants224,225, fish226, frogs227, rabbit228,229, lactoferrin from cattle230 and humans.231-235 

1.7.2 GAGs and lactoferrin-derived peptides 

Biotin-labeled heparin was examined for binding to immobilized lactoferrin.  

Binding was found to be dependant upon pH and ionic conditions and concentrations of 

sodium, calcium, copper, zinc and iron affected heparin binding to lactoferrin.  Zou et al.  

also investigated the binding of other GAGs to lactoferrin. The relative degree of heparin-

binding inhibition by GAGs for both lactoferrin and lactoferricin was heparin > HS > 

C6S > HS.  This binding pattern corresponds to their degree of sulfation, suggesting that 

the polyanionic nature of GAGs is more important than the saccharide sequence.236 

The in vitro uptake of lactoferrin by cultured cells including hepatocytes and 

macrophages, and  its  clearance in vivo, is inhibited by sulfated polysaccharides such  as 
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fucoidin and  dextran  sulfate.237-239  Mann et al. established that human lactoferrin binds 

to GAGs through a region of the protein localized to the first 33 residues of the mature 

protein. This region contains two clusters of basic residues that resemble the putative  

heparin-binding sites (BBXB) and these two regions act synergistically to facilitate 

binding between lactoferrin and GAGs.  The authors termed this GAG-binding structure 

a cationic cradle.   Lactoferrin and lactoferricin B interfere with the cellular entry of 

herpes simplex virus-1 and -2 via this binding structure.  Lactoferrin binds to heparan 

sulfate and thereby blocks the initial binding of the virus.  The antiviral activity of 

lactoferricin B is dependant on heparan sulfate, but has an additional antiviral activity 

after the initial binding of the virus to the host cell.240 

Fadnes et al. explored the effect of glycosaminoglycans on the anticancer activity 

of lactoferricin B and an idealized α-helical amphipathic peptide, KW5.  Using cell lines 

that express different amounts of GAGs at the cell surface, the colon carcinoma cell line 

HT-29 and FEMX cells, which express a larger amount of GAGs compared to HT-29 

cells.  Both peptides displayed higher cytotoxic activity against the FEMX cells.  This 

agrees with previous studies showing that an increased negative charge on the cell 

surface of target cells enhances the cytotoxic activity of lytic peptides.241,242  In addition, 

the sulfation of the GAGs was reduced by adding sodium chlorate to the culture medium 

prior to exposure to the peptides.  Chlorate reduces the overall sulfation of GAGs by 

competing with sulfate ions for binding to ATP-sulfyrolase.243  Fadnes et al. found that 

the peptides displayed a significantly greater cytotoxic activity against chlorate-treated 

cells, indicating that the negatively charged GAGs at the cell surface reduced the 

cytotoxic activity of the peptides.  The peptides also exhibited significantly higher 

cytotoxic activity against GAG-deficient pgsA-745 cells compared to wild type CHO 

cells expressing normal levels of GAGs, clearly showing that GAGs have an inhibitory 

effect of the cytotoxic activity of these peptides.  This is in contrast to reports showing 

that the anionic cell surface molecules, sialic acid and phosphatidylserine, have been 
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shown to enhance the anticancer activity of CAPs.241,242  FEMX cells express cell surface 

proteoglycans mostly substituted with chondroitin sulfate, whereas the proteoglycans at 

the surface of the HT-29 cells were mostly substituted with HS.244  Thus, the lower 

cytotoxic activity of the peptides against the HT-29 cells compared to the FEMX cells 

suggests that the inhibitory effect of GAGs is attributable to HS, not chondroitin sulfate.  

The addition of soluble heparin and chondroitin sulfate to cell cultures is widely used to 

study the interaction between various molecules and cell surface heparan sulfate and 

chondroitin sulfate.245,246  Exogenously added heparin had a stronger inhibitory effect on 

the cytotoxic activity of the peptides, compared to chondroitin sulfate.  These results 

indicate that HS can sequester the CAPs away from the phospholipid bilayer and thereby 

hinder their ability to induce cytolysis.244 

1.7.3 GAGs and cathelicidin CAPs 

The antimicrobial activity of LL-37 is inhibited by apolipoprotein A-1, other 

factors in human plasma and serum and is influenced by pH and ion composition.127,247   

The Schmidtchen group previously demonstrated that LL-37 binds to DS and heparin, 

and that these interactions block the bacteriocidal effect of the peptide.42,248  It is also 

important to note that GAGs occur in wound fluid in significant concentrations.249  

Barańska-Rybak  et al. found that plasma fractions and wound fluids affect the 

antibacterial action of LL-37 to differing degrees, where inhibition was most pronounced 

in GAG-rich wound fluids and heparin-treated plasma.250  The authors postulate that high 

GAG levels in wound fluids may affect the antimicrobial effects of LL-37 during wound 

healing in vivo and may predispose to bacterial colonization and infection. 

Endocan-1, an endothelial proteoglycan, has been shown to possess properties as 

a marker for sepsis.251  In addition, urine levels of GAGs in patients with meningococcal 

sepsis have been related to the severity of the disease.252  Nelson et al. reported that 

circulating levels of GAGs and syndecan-1 are increased in septic shock patients, 
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indicating a deranged GAG turnover.  The increased GAG levels also correlated to 

increased mortality.  Nelson et al. found that select GAGs, at concentrations present in 

the sepsis patients with a poor prognosis, inhibit the antibacterial activity of plasma, as 

well as LL-37 and BPI in vitro.  This suggests that an increased plasma GAG level per se 

could impair the innate immune system by binding locally released AMPs as well as 

activated complement fragments as previously demonstrated by Nordahl et al.253  The 

authors suggest that the inhibitory effects exerted by the negatively charged GAGs, at 

least partly, are caused by electrostatic interactions with the positively charged 

endogenous AMPs such as LL-37 and BPI.254 

Bergsson et al. demonstrated the high degree of electrostatic binding between LL-

37 and GAGs by showing that hypertonic saline can release LL-37 from 

glycosaminoglycans.43  Increased NaCl concentration is known to enhance the 

antimicrobial activity of LL-37127,129 but reduce the effect of defensins.255  Indeed, 

Bergsson et al. showed that there are synergistic effects between NaCl concentration and 

LL-37 antimicrobial activity against P. aeruginosa.43 

Recent studies have shown that small fragment HA is generated by inflammation 

or injury, inducing cytokine release from macrophages.169,256  These findings have led to 

the hypothesis that the release of HA fragments after physical or chemical trauma serves 

as an endogenous signal of inflammation in both the lung and the skin.257,258  Morioka et 

al. demonstrated that cathelicidins inhibit HA function and produce anti-inflammatory 

activity in vitro and in vivo.  The cathelicidins mCRAMP, LL-37 or two alternatively 

processed hCAP-18 peptides inhibited HA-induced cytokine release in macrophages and 

HA-mediated cell binding, and cathelicidin deficiency exacerbated the development of 

chronic allergic dermatitis.259  Preincubation of LL-37 with excess HA did not affect LL-

37-induced IL-8 release in keratinocytes, thus suggesting that the inhibitory activity of 

cathelicidins is not due to direct binding of HA.  The authors suggest that the cathelicidin 



 

 

28 

peptides may block the formation of the TLR4-CD44 complex needed for HA-induced 

cytokine release.258,259 

PR-39, the cathelicidin found in porcine leukocytes, is chemoattractive for 

neutrophils in a calcium-dependent and pertussis toxin-inhibitable reaction and 

contriburtes to wound healing by stimulating the expression of syndecans, cell-surface 

HS proteoglycans.13  Removal of HS proteoglycans from the surface of neutrophils 

eliminates their migratory response to PR-39.260  The lack of surface HS does not 

eliminate neutrophil migratory response to N-formyl-metthionyl-leucyl-phenylalanine 

(fMLP), suggesting that cell surface receptors are involved in PR-39 functions.260  PR-39 

has been identified in human-skin wound fluid and has been shown to increase levels of 

cell surface HS proteoglycans syndecan-1 and -4 in NIH 3T3 fibroblasts.16  Interestingly, 

the human wound fluid was passed through a heparin-sepharose column prior to these 

experiments, thus PR-39 was not bound by heparin in these experiments.16  PR-39 was 

also found to increase the expression of syndecan-1 in hepatocellular carcinoma cells, 

resulting in a suppression of motile activity, altered actin structure and a suppression of 

the carcinoma cells’ invasive activity.261  The modification of HS proteoglycans with 

sodium chlorate or removal of HS or chondroitin sulfates from cellular surfaces using 

heparinase or chondroitinase inhibited PR-39 induced migration of neutrophils.260  This 

indicates HS proteoglycans, likely syndecans, in cathelicidin peptide-mediated regulation 

of the antimicrobial host defense and these observations tightly link HS proteoglycans 

and PR-39 in cathelicidin-induced immunomodulatory functions.262 

Leukocyte and vascular HS proteoglycans may change the chemical structure of 

the HS chains they express in response to cathelicidins and thereby alter the 

inflammatory response with changes in chemokine and growth factor binding known to 

be important for leukocyte function, angiogenesis and tissue remodeling, but little is 

known about this possibility.  LL-37 induces keratinocyte migration via 

metalloproteinase-induced release of heparin-binding EGF from the cell surface that 
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mediates transactivation of EGFR, which stimulates this migration.263  Purified syndecan-

1 ectodomains, through their HS chains, bind tightly to peptides of the cathelicidin 

family, such as PR-39, and inhibit their antibacterial activities.248  Similar observations 

have been reported on where shed DS-domains inactivate defensins.264  Soluble heparin 

can inhibit the activity of several cytokines involved in phagocyte recruitment, suggesting 

that HS chains of shed ectodomains may act similarly.265 

LL-37 is present in large quantities, but essentially inactive against microbes in 

the cystic fibrosis lung.266  It has been demonstrated that the antimicrobial activity of LL-

37 is inhibited in vitro by lipopolysaccharide267,268 and mucins269 and in cystic fibrosis 

sputum by F-actin bundles and DNA.268  Bergsson et al. recently demonstrated that LL-

37 in cystic fibrosis bronchoalveolar lavage fluid is protected from proteolytic 

degradation by GAGs.43  However, interactions between LL-37 and a mixture of HS, 

chondroitin sulfate and HA in a 1:10 (w/w) ratio inhibited activity against P. 

aeruginosa.43  The importance of this interaction was further demonstrated when the 

antimicrobial activity of cystic fibrosis sputum was activated following the use of GAG 

lyases, disrupting the LL-37 complexation with GAGs.43  When LL-37 is free in the lung 

it is quickly degraded and inactivated by proteinase 3 and cathepsin D.43 

There is now ample evidence that HS proteoglycans participate in many aspects 

of inflammation.  Following an infectious stimulus, leukocytes and other tissue cells 

produce and release heparin-binding molecules, such as chemokines, growth factors, 

heparin-binding proteins and antimicrobial peptides, including cathelicidins that bind 

with high affinity to host or bacterial binding sites and associate with diverse HS-bindng 

domains of proteoglycans.262  Ligand affinity and concentration determine competitive 

displacement of HS-bound mediators.  Activation or inhibition of proteases and 

heparanases alter constitutive shedding of HS proteoglycans.  Binding of cathelicidns to 

HS proteoglycans may alter directly focal adhesion kinase signaling of syndefan-4; affect 

coreceptor function of syndecans and glypicans, e.g., by activation of metalloproteinase 
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and shedding of syndecan extodomains or by modification of enzymatic degradation of 

heparan sulfates by heparanase; and transactivatio of surface receptors of inflammatory 

cells, including formyl peptide receptor, FPRL1, purinergic receptor, EGFR, and 

chemokine receptors.  At the same time, binding of cathelicidins to HS and shedding of 

HS proteoglycans from cell surfaces affects microbial virulence and the antimicrobial 

potential of the peptides. 

1.7.4 GAG-binding peptides and antimicrobial activity 

Zaleski et al. investigated the ability of HA binding peptides to protect from 

Staphyloccal infection.  HA binding peptides have previously been shown to modulate 

cellular trafficking during host responses by blocking skin-directed trafficking of 

inflammatory leukocytes.270-272  The authors found that treatment with HA binding 

peptides significantly reduced bacterial burden in staphylococcal wound infections.  The 

HA binding peptides did not possess antimicrobial activity against S. aureus.  

Accordingly, the reduction in bacterial burden was attributed to the ability of the peptides 

to modulate the development of host inflammatory responses and a decrease in 

inflammation was seen at the site of infection.273 

The requirements for interactions between heparin and peptides, such as 

amphipathicity, cationicity, and select secondary structures, are remarkably similar to the 

structural features of many known AMPs.  Andersson et al. demonstrated that 

amphipathic motifs, such as heparin-binding consensus sequences exhibit potent 

antibacterial effects, exerting similar effects on bacterial membranes as endogenous 

AMPs.248  Indeed, well known AMPs contain heparin-binding motifs, evidenced by the 

heparin-binding sequence XBBXBX found in LL-37.  Heparin-binding peptides derived 

from laminin, fibronectin, histidine-rich glycoprotein, domain 5 of high molecular weight 

kininogen, von Willebrand factor, vitronectin, protein C inhibitor, complement factor C3, 

proline arginine-rich end leucine-rich repeat protein (PRELP) and thrombospondin 
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exerted antimicrobial activities against Gram-positive and Gram-negative 

bacteria.248,264,274,275  In addition, model peptides of consensus heparin-binding sequences 

exert direct antimicrobial effects against Gram-positive and Gram-negative bacteria, 

suggesting that these sequences may serve as templates for de novo synthesis of novel 

antimicrobial molecules.248,276  Heparin-binding peptides are multifunctional and are 

active growth stimulus and agiongenesis, protease inhibition, anti-angiogenesis and 

chemotaxis.143 

The antiangiogenesis activity of lactoferricin B has been attributed to the 

binding of lactoferricin B to heparan sulfate proteoglycans on the cell surface, thus 

blocking the binding of bFGF and VEGF165 to their respective receptors and thereby 

preventing receptor-stimulated angiogenesis.277  The proteoglycan involved is most likely 

glypican-1.  A comparison of binding capacities to cell surfaces between native 

lactoferricin B and a scrambled lactoferricin B peptide with the same net charge showed 

that the structure of lactoferricin B rather than its charge is a major factor in its binding to 

sell surface proteoglycans.277 

1.7.5 Virulence traits that exploit interactions between 

GAGs and AMPs 

Bacteria utilize a variety of virulence traits during infections.  Release of various 

proteinases, such as the cysteine proteinase by Streptococcus pyogenes278 modulates host 

responses involving kallikreins, coagulation factors, complement, cytokines and 

antiproteinases.279-283  Other common pathogenic bacteria, such as Pseudomonas 

aeruginosa and Entercoccus faecalis, produce the proteinases elastase, alkaline 

proteinase and gelatinase.284-288  Degradation of complement, antiproteinases and matrix 

components in vitro closely resembles the degradation pattern of these molecules in 

wound fluid in vivo.289,290 
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Park et al. showed that the P. aeruginosa virulence factor LasA enhances the in 

vitro shedding of syndecan-1, the predominant cell-surface HS proteoglycan.291  They 

later showed that the shedding of syndecan-1 is also activated by P. aeruginosa in vivo, 

and that HS chains released from syndecan-1 are the effectors of bacterial virulence.  

Park et al. found that purified syndecan-1 ectodomains, through their HS chains, bind 

tightly to CAPs of the (proline/arginine)-rich cathelicidin family, including bactenecins 5 

and 7 and PR-39.  They also showed that syndecan-1 ectodomains inhibit the 

antibacterial activity of bactenecin 7 and that heparin inhibits the antibacterial activity of 

bactenecin 7, PR-39 and cecropin B.216  Thus, inhibition of soluble, innate host defense 

factors, such as CAPs, may be one of the underlying mechanisms used by bacteria to shift 

host defense in their favor. 

Schmidtchen et al. found that growth media from P. aeruginosa or E. faecalis, as 

well as purified enzymes from P. aeruginosa, E. faecalis or S. pyogenes, release 

dermatan sulfate from the proteoglycan decorin.  DS was shown to bind α-defensin-1 

(HNP-1).  C4S and C6S were not able to displace DS from binding α-defensin-1. Only 

HS fractions with higher sulphation and iduronic acid contents and heparin could displace 

DS, suggesting that iduronic acid residues are needed to bind α-defensin-1.  In addition, 

Schmidtchen et al. found that DS could completely reverse the antimicrobial activity of 

α-defensin-1 using S. pyogenes as the test organism, while HS, C4S and C6S each 

yielded less than 20% inhibition of α-defensin-1 activity.  DS also reversed the 

antimicrobial activity of α-defensin-1 against E. faecalis and P. aeruginosa.  The authors 

conclude that pathogenic bacteria use host-derived proteoglycans to release soluble DS, 

which subsequently binds to and inactivates neutrophil-derived defensins.264 
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1.8 Bacterial Cell Wall Components 

1.8.1 Lipopolysaccharide 

The cell wall of Gram-negative bacteria contains two distinct membranes, an 

inner and an outer membrane separated by periplasm, a hydrophilic compartment that 

includes a layer of peptidoglycan.292   The inner membrane, also known as the 

cytoplasmic or cell membrane, is a symmetrical phospholipid bilayer in which proteins 

are embedded.293,294  The outer membrane is an asymmetric lipid bilayer with 

phospholipids forming the inner leaflet and lipopolysaccharides (LPS) forming the outer 

leaflet.  Proteins and lipoproteins are also inserted in the outer membrane lipid 

bilayer.292,295 

LPS is a complex glycolipid that can be structurally divided in three parts: Lipid 

A, the oligosaccharide core region and the O-antigen polysaccharide chain.  Lipid A is 

the hydrophobic moiety that anchors LPS to the outer membrane.  The core 

oligosaccharide of LPS can be further divided into inner core, composed of Kdo (3-

deoxy-D-manno-oct-2-ulosonic acid) and heptose (L-glycero-D-manno-heptopyranose), 

and outer core, which exhibits a greater structural diversity and provides the attachment 

site for the O-polysaccharide chain.296  The O-polysaccharide chains, or O-antigens, are 

responsible for conferring serogroup specificity, defined by antibodies specific to the 

different variants of this antigen.  The core and O-antigen domains are required for 

virulence and consequently are present in most clinical and environmental isolates.295  

LPS is essential for the viability of most Gram-negative bacteria and the Kdo2-lipid A 

moiety represents the minimal structure required for growth.296 

Lipid A, also called endotoxin, has powerful biological effects in mammals, 

causing fever, septic shock, and other deleterious physiological effects.  When released 

into the circulation, LPS binds to CD14 and Toll-like receptor 4 on monocytes and 

macrophages, which triggers secretion of proinflammatory mediators.  At low levels, 
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lipid A serves as an adjuvant causing polyclonal expansion of B cells, but at high levels, 

it causes morbidity and mortality.297 

1.8.2 LPS of E. coli 

Lipid A, the hydrophobic anchor of LPS, is a glucosamine-based phospholipid 

that makes up the outer monolayer of the outer membranes of most Gram-negative 

bacteria.298,299  Lipid A contains an N- and O-acylated diglucosamine bisphosphate 

backbone with chemical variation in the number of primary acyl groups and the types of 

fatty acid substituting the primary and secondary acyl groups.  There are ~106 lipid A 

residues per E. coli cell and these constitute 75% of outer membrane surface area.300 

Much of the knowledge on the structure and biosynthesis of the core 

oligosaccharide is founded on work in E. coli and Salmonella.296  The core 

oligosaccharides are conceptually divided into two regions: inner core (lipid A proximal) 

and outer core. The outer core region provides an attachment site for O antigen. Mucosal 

pathogens often lack O polysaccharides, instead producing lipooligosaccharides that 

contain a recognizable inner core from which extend one or more mono- or 

oligosaccharide branches which are equivalent to the outer core.296  The inner core of E. 

coli contains Kdo and heptose and is further substituted with non-stoichiometric 

substitutions, including rhamnose, galactose, glucosamine, N-acetylglucosamine, Kdo, 

phosphate and phosphorylethanolamine residues.301-303  Negative charges provided by the 

phosphate residues on heptose in the inner core play an important role in maintaining the 

barrier function of the outer membrane by providing sites for cross-linking of adjacent 

LPS molecules with divalent cations or polyamines.292,298,304  In addition, the negative 

charges are important in mediating interactions between LPS and the positively-charged 

outer membrane proteins.305,306 

The outer core of E. coli shows more structural diversity as might be expected for 

a region with more exposure to the selective pressures of host responses, bacteriophages, 
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and environmental stresses.298  The outer core consists of glycose residues, differing in 

the specific sugar residues and the linkages between them.  It is primarily differences in 

the outer core that define the five core types in E. coli (K12, R1-R4).307  The R1 core 

predominates among strains that cause extraintestinal infections308,309 and the R3 core is 

found in most verotoxigenic isolates such as O157:H7.310,311 

The O-polysaccharide repeat unit structures can differ in the monomer glycoses, 

the position and stereochemistry of the O-glycosidic linkages, and the presence or 

absence of noncarbohydrate substituents. O-repeat units from different structures may 

comprise varying numbers of monosaccharides, they may be linear or branched, and they 

can form homopolymers (i.e. a single monosaccharide component) or, more frequently, 

heteropolymers. In some cases, nonstoichiometric modifications (e.g. O-acetylation or 

glycosylation) complicate the identification of a precise O-repeat unit. When the LPS 

molecules extracted from any smooth LPS-containing strain are separated by SDS-

PAGE, it is apparent that there is extensive heterogeneity in the sizes of the molecules 

due to variations in the chain length of the O polysaccharides.298 

 

Figure 7 Structure of lipid A with inner core Kdo residues. 
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The structure of the O polysaccharide defines the O-antigen serological specificity 

in an organism.  E. coli produces approximately 176 O-serotypes.  Common 

monosaccharides found in the O antigens of E. coli include glucose, rhamnose, galactose 

and fucose.  A number of unusual sugars are found in the O antigens of E. coli, including 

pentoses, deoxyhexoses, lactyl substituted hexoses, heptoses and nonuloses. The number 

of sugar residues in the O-antigen repeating unit ranges from two to seven and the 

topology of the repeats may be described as linear, branched or double branched.  The 

most common topology contains four sugars in the backbone being linear or containing a 

single terminal residue in the side-chain. The 3- and 5-residue backbones are also 

common, whereas the 2- and 6-residue backbones are only present in a few cases.312 

1.8.3 LPS of P. aeruginosa 

The LPS of P. aeruginosa contains lipid A and an inner core region that are 

relatively conserved among other Gram-negative bacteria.313  The inner core structure 

contains two Kdo residues and two heptose residues with a 7-O-carbamyl group bound to 

the second heptose residue.314-316  Both lipid A and the inner core region are usually 

highly phosphorylated and may also contain substituents with free amino acids.  P. 

aeruginosa LPS has a higher phosphorus content at 4-5% compared to other Gram-

negative LPSs.  While enterobacterial LPS contains approximately 4 phosphate residues 

in the inner core region and an additional two to three in lipid A, LPS from P. aeruginosa 

can contain 10 or more residues per LPS molecule.317  The two heptose residues in the 

inner core are often phosphorylated at positions 2 and 4 of HepI and position 6 of 

HepII.318-320  Phosphate substitutents can be mono-, di- or tri-phosphates and most P. 

aeruginosa LPS containst some triphosphate.313 

The outer core of P. aeruginosa LPS is usually synthesized as two different 

isoforms or glycoforms by an individual strain.315,318,320  Both outer core glycoforms 

contain an N-ananylated galactosamine residue, three D-glucose residues and one L-
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rhamnose residue the position of which differs in the two glycoforms.  There is extensive 

O-acetylation of the hydroxyl groups in the outer core carbohydrates, but the acetates are 

not present in high amounts at any one position.  The O-antigen is attached to glycoform 

2.318 

The O-antigens of P. aeruginosa LPS diverge into at least eleven structural 

variants.315  Eleven groups of O-antigen biosynthetic gene clusters have been found 

among the 20 IATS-prototype strains analyzed, corresponding precisely with the 

chemical structures reported for the eleven serogroups.321  Typical sugars within the O-

antigen for P. aeruginosa include N-acyl derivatives of different amino sugars along with 

rhamnose.315  The monosaccharides are arranged in repeat units containing three to four 

individual monosaccharides.  The linkage of the monosaccharide in the first repeat unit to 

the rhamnose residue in glycoform 2 of the outer core is usually a 2-N-acetyl derivative 

of a 6-deoxy-D-hexosamine. 

1.8.4 Lipoteichoic acid 

Gram-positive bacteria lack an outer membrane and have a thicker peptidoglycan 

layer than Gram-negative bacteria. In Gram-positive organisms, the polysaccharide 

backbone of peptidoglycan typically contains 100 disaccharides and the peptide/peptide 

cross-bridge between strands varies.  On average, every tenth unit contains a teichoic 

acid. The teichoic acids impart a high negative charge to the cell wall, which may have a 

role in selective uptake of charged molecules or as a barrier to uptake of antibiotics. Not 

all Gram-positive organisms contain teichoic acids, but those that lack them contain other 

types of polyanionic cell wall constituents, such as succinylated lipomannan. Under 

conditions of phosphate limitation, some bacteria produce teichuronic acids containing 

glucuronic acid–glucose or galacturonic acid–glucose copolymers instead of 

polyribitolphosphate and polyglycerophosphate polymers, demonstrating the necessity of 
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charged constituents in the cell wall. Although the precise function of teichoic acids is 

unknown, mutant cells that do not synthesize these compounds are unable to grow.150 

LTA is the major amphiphilic molecule of gram-positive bacteria. The 

physiochemical properties of LTA are similar to those of LPS in gram-negative bacteria. 

Lipoteichoic acid is commonly composed of a hydrophilic backbone with repetitive 

glycerophosphate units and D-alanine or hexose substituents as well as a lipophilic 

glycolipid.322  Staphylococcal LTA consists of about 25 poly(1-3)-glycerol phosphate 

linked to a diacylglycerolipid anchor. The hydrophilic polyglycerol phosphate chain is 

long enough to penetrate the peptidoglycan, and the lipid moiety attaches the polymer to 

the surface of the cytoplasmic membrane.323  LTA from S. aureus has been shown to 

provoke secretion of cytokines and chemoattractants (TNF-α, IL-1β, IL-10, IL-12, IL-8, 

leukotriene B4, complement factor 5a, MCP-1, MIP-1α and granulocyte colony-

stimulating factor) from monocytes or macrophages.324-329  Comparison of the activity of 

LPS versus LTA showed that staphylococcal LTA is able to promote the same strong 

induction of chemoattractants (IL-8, MIP-1α, MCP-1, complement factor 5a, and 

leukotriene B4), granulocyte colony-stimulating factor, and anti-inflammatory cytokines 

(IL-10) as LPS, whereas it is a weaker inducer of TNF-α, IL-1β, and IL-6.329,330  Thus, 

staphylococcal LTA is a strong inducer of chemoattractant and granulocyte colony-

stimulating factor release, suggesting that it is not just a weak LPS-like molecule but 

indeed displays activities distinct from LPS.323 

1.8.5 Modification of cell wall components in response to 

CAPs 

Bacteria can reduce the net anionic charge of their cell wall in order to develop 

resistance to CAPs.  This decrease in negative charge reduces the affinity of CAPs for the 

bacterial membrane and conveys protection for the bacteria.331  As described above, the 

teichoic acid polymers found in Gram-positive bacteria have strong anionic properties 
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due to alternating glycerophosphate and ribitolphosphate units.332  S. aureus, S. pyogenes, 

Streptococcus agalactiae, Lysteria monocytogenes and many other bacteria can partially 

neutralize the anionic content of their cell walls by modifying their teichoic acid chains 

with D-alanine residues that bear positively charged amino groups.333-336  This 

modification limits the interaction of CAPs with the cell wall and decreases susceptibility 

to cationic host factors, such as defensins.335  S. aureus can also partially neutralize its 

cell wall by modifying membrane phosphatidylglycerol with L-lysine.337  This 

neutralization of cell surface net charge reduces binding of CAPs and other cationic host 

defense molecules.338,339 

Gram-negative bacteria neutralize their outer membranes through modifications to 

lipid A, which contains anionic phosphate groups.  S. enterica, P. aeruginosa and several 

other bacteria can incorporate positively charged aminoarabinose into lipid A, thereby 

reducing the affinity of CAPs for the molecule and rendering the bacteria resistant to 

CAPs.340,341  Bacteria also induce changes in the hydrophobicity of LPS342, alter the 

permeability of their outer membrane343 and form biofilms in order to increase their 

resistance to CAPs.344,345
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CHAPTER 2 STATEMENT OF THE PROBLEM 

CAPs are an important component of the innate immune system for their direct 

antimicrobial activity as well as their many immunomodulatory activities.  These 

peptides depend upon electrostactic binding, rather than receptor-mediated targeting, for 

their antimicrobial activity.  Additionally, there has been a great deal of interest in the 

commercial development of CAP-based antibiotics since bacteria develop resistance to 

CAPs at a much lower rate than to traditional antibiotics. Thus, it is important to 

understand any endogenous or exogenous factors that may decrease the activities of 

CAPs. 

GAGs are endogenous and exogenously used polyanionic polysaccharides (PPSs). 

Although many protein-binding interactions of the GAG family, including heparin and 

HS, have been well-characterized, it is not known to what extent these PPSs affect the 

innate immune system. The use of polyanion-based therapeutics is increasing as 

additional applications for these agents are discovered.  Traditionally polyanions, such as 

heparin and chemically and structurally-modified heparinoids, are used therapeutically as 

anticoagulants.346  In addition, polyanions are currently the basis for therapeutics in pre-

clinical and clinical development as anticancer, anti-inflammatory, anti-HIV, anti-STD 

and microbicidal agents.347,348  The increasing prevalence of polyanion-based therapeutics 

necessitates a thorough investigation for possible adverse interactions within the human 

body. 

It has recently been shown that a number of polyanions have the ability to inhibit 

the antimicrobial activity of certain CAPs.  Bacteria utilize a multitude of virulence traits 

to evade the host immune system, including the inactivation of CAPs.  A number of 

bacterial human pathogens secrete extracellular proteases that degrade cellular 

proteoglycans, resulting in the release of the highly anionic GAGs.  Dermatan sulfate and 

syndecan-1, a cell-surface heparan sulfate, are two sulfated GAGs that demonstrate this 
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type of interactions with CAPs.  Heparin has also demonstrated inhibitory interactions 

with a limited number of CAPs.  A limited number of GAGs have also been shown to 

protect a small number of CAPs from proteolytic degradation. 

The goal of this work was to work towards understand the complex and often 

overlooked relationship between innate host defenses and polyanionic therapies or 

endogenous GAGs.  While a number of interactions have been documented between 

GAGs and CAPs, this field has not been studied from a chemical and structural 

perspective.  Thus, the hypothesis of this work is that specific endogenous GAGs and 

exogenous PPSs are direct and indirect modulators of specific CAP activities. 

Given the lack of knowledge in this field when this work was initiated, the first 

goal was to analyze the ability of GAGs and other PPSs to modulate the antimicrobial 

activity of 5 CAPs – lactoferricin peptide, magainin II, cecropin A, cecropin B and LL-

37.  The second goal was to measure the affinity of the CAPs for the specific GAGs and 

PPSs to facilitate correlations of the antimicrobial activity modulatory activity.  To do 

this the affinity of cecropin A, cecropin B and LL-37 was measured for LPS for P. 

aeruginosa and E. coli and competition binding experiments were performed to measure 

the affinity of the CAPs for select GAGs.  Finally, the third goal of this work was to 

explore the ability of GAGs to protect cecropin A, cecropin B and LL-37 from 

proteolytic degradation.  Trypsin and P. aeruginosa LPS were used to test the ability of 

GAGs to modulate the proteolytic degradation of cecropin A, cecropin B and LL-37. 

Going into this work we postulated that the unique properties of specific GAGs 

and PPSs would provide optimal binding sites for individual CAPs, leading to the 

modulation of their antimicrobial activity, bacterial-membrane binding and proteolytic 

degradation.  Indeed we found that some modulatory activities of the GAGs were 

dependent upon specific structural and chemical features.  Additionally, we found that the 

modulatory activities of the GAGs were dependent upon all components of the system, as 

opposed to depending solely on the CAP interacting with the GAG.
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CHAPTER 3 INTERACTION BETWEEN 

LACTOFERRICIN PEPTIDE AND 

GLYCOSAMINOGLYCANS 

3.1 Antimicrobial activity of GAGs – Experimental 

techniques and results 

Because we are interested in studying the ability of GAGs to modulate the 

antimicrobial activity of bovine lactoferricin peptide (LP), it was important to first 

establish that GAGs have no innate antimicrobial activity.  PPSs were obtained from the 

following sources: Unfractionated heparin (Sigma H4784), heparan sulfate (Celsus HO-

03102), dermatan sulfate (Celsus DS-03123), chondroitin 4-sulfate (Sigma C9819), 

chondroitin 6-sulfate (Sigma C4384), hyaluronic acid (Fluka 53747), enoxaparin 

(Sequoia Research SRP0108755e), ardeparin (Celsus FH-03093), 3 kD heparin 

(deaminated heparin, Celsus DH-03253), dextran sulfate (MP Biomedicals 101518) and 

sulodexide (Celsus DX-03633).  Carboxyl-reduced heparin, 2-O-desulfated heparin and 

phenoxyaniline heparin amide were prepared in the Kerns laboratory as discussed in the 

background.  Overnight cultures of E. coli ATCC 33876 and S. epidermidis ATCC 14990 

were grown in Mueller-Hinton broth (Difco # 275710).  The cultures were diluted with 

1% (w/v) Peptone water minimal media (Difco 218071) pH 6.8, to an Optical Density at 

600 nm of 0.1, corresponding to a bacterial suspension of approximately 108 colony 

forming units (CFU)/mL.  These suspensions were further diluted using 1% (w/v) 

Peptone Water Minimal Media pH 6.8 to obtain a bacterial suspension of 2-7 × 105 

CFU/mL.  Aliquots of 0.1 mL of the E. coli or S. epidermidis bacterial suspensions were 

incubated with 10 and 20 µg of the GAGs in triplicate.  Sterile water was used in the 

place of GAG solution as a negative control and is shown as the “+ Growth” category in 

Figure 8.  Ciprofloxacin (Sigma Aldrich 17850) at its appropriate minimum inhibitory 

concentration was used as a positive control.  Following incubation at 37°C, growth was 
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evaluated by measuring the optical density (OD) at 600nm.  Peptone minimal media was 

used in these experiments in order to limit the interaction between the GAGs or PPSs and 

the contents of the growth medium. 

None of the GAGs tested showed antimicrobial activity against E. coli (Figure 8) 

or S. epidermidis.  Looking at the trends as the incubation time increased the GAGs 

showed positive support of bacterial growth rather than inhibition.  This is especially seen 

in the 53 hour time points (Figure 9).  Since 20 µg/well of each GAG did not inhibit the 

growth of E. coli we felt confident using this amount in assays looking at the ability of 

GAGs to modulate the antimicribial activity of LP. 

 

Figure 8 Antimicrobial activity of GAGs and other PPSs against E. coli.  PPSs were 
tested at two concentrations and growth of the bacteria was evaluated at three 
different time points.  Data is presented as the means of triplicate data points ± 
standard error.  A positive growth control, in the form of bacteria incubated 
with sterile water is shown. 
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Figure 9 Antimicrobial activity of PPSs against E. coli after 53 hours.  Data points 
represent the mean of triplicate determinations ± standard error. 

3.2 Modulation of LP antimicrobial activity by GAGs 

3.2.1 Minimum inhibitory concentrations for LP – 

experimental techniques and results 

The bacterial strains Escherichia coli ATCC 33876 and Staphylococcus 

epidermidis ATCC 14990 were used to investigate the antimicrobial activity of LP.  E. 

coli was chosen as a model of Gram-negative bacteria and S. epidermidis was used as a 

Gram-negative model.  Overnight cultures of each organism were first grown in Mueller-

Hinton Broth at 37°C.  The cultures were diluted with 1% (w/v) Peptone water minimal 

media, pH 6.8, to an OD600 of 0.1.  These suspensions were further diluted using 1% 
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(w/v) Peptone Water Minimal Media, pH 6.8, to obtain a bacterial suspension of 

approximately 2-7 × 105 CFU/mL.  A polypropylene 96-well plate, pre-sterilized with 

80% ethanol and overnight UV exposure, was used for this assay.  LP (American Peptide 

72-1-31) was dissolved in 0.01% Acetic Acid, 0.2% BSA to a final concentration of 1 

mg/mL.  Using the modified microdilution technique, a series of concentrations of LP 

was added to wells of a 96-well plate. 0.1 mL of the E. coli or S. epidermidis bacterial 

suspensions was added to the wells containing LP and the plate was sealed and incubated 

overnight at 37°C.  Again, sterile water was used as a negative control and ciprofloxacin 

at the appropriate MIC was used as a positive control.  The MIC was defined as the 

lowest concentration of the peptide at which there was no growth after 24 hours, as 

evaluated by measuring the absorbance at 600nm. 

The MIC of LP for E. coli was identified as 16.0 µg/mL (10.4 µM) and 8.0 

µg/mL (5.17 µM) for S. epidermidis. 

3.2.2 Single point screen accessing the ability of GAGs to 

modulate the antimicrobial activity of LP – experimental 

technique and results 

E. coli ATCC 33876 was used to investigate the modulation of LP antimicrobial 

activity by GAGs.  Overnight cultures were diluted as previously described using 1% 

Peptone Water Minimal Media, pH 6.8.  Using a single point screen, three concentrations 

of LP, corresponding to one-fourth the MIC, at the MIC and 2-fold the MIC (4.0, 16.0 or 

32.0 µg/mL), were evaluated for antimicrobial activity in the presence of 20 µg of 11 

GAGs.  Sterile water was used to give a positive growth control. 

In this single point screen 0.1 mL of the 2-7 × 105 CFU/mL E. coli solution was 

incubated with 20 µg of each GAG and 0.5, 2 or 4 µg LP in 1% Peptone Water Minimal 

Media, pH 6.8.  Following incubation at 37°C for 24 hours, bacterial growth was 

evaluated by measuring OD at 600nm.  The percent recovery of growth was calculated by 
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dividing the OD600 value for each well by the OD600 value for the positive growth 

controls and multiplying by 100.  We decided to focus on the ability of GAGs to 

modulate the antimicrobial activity of LP because they are found endogenously and also, 

in the case of heparin, used therapeutically. 

 

Figure 10 Single point screen accessing the modulatory activities of PPSs on the 
antimicrobial activity of LP.  LP was tested at the MIC for E. coli (16.0 
µg/mL, red) and two-fold the MIC (32.0 µg/mL, blue). 

All of the GAGs, with the exception of HA, were able to modulate the 

antimicrobial activity of LP against E. coli (Figure 10).  At the concentrations tested, DS 

and C4S were only able to reverse the antimicrobial activity of LP at the MIC while the 

other GAGs reversed the antimicrobial activity of LP at the MIC and 2-fold the MIC.  

Since this was a single point screen few other conclusions can be drawn from these 

results.  Having determined that specific GAGs modulate LP differently, we performed 

concentration-dependent studies analyzing the ability of GAGs to modulate the anti-

Escherichia activity of LP. 
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3.2.3 Concentration dependent ability of GAGs to modulate 

the antimicrobial activity of LP – experimental technique 

and results 

Heparin, carboxyl-reduced heparin, a heparin amide previously prepared in our 

laboratory, Enoxaparin, Centaxarin, HS, DS, C4S and C6S were further investigated for 

their ability to inhibit the antimicrobial activity of LP.  For these experiments 4 µg of LP 

was added to a 2-7 × 105 CFU/mL E. coli suspension in 1% Peptone Water Minimal 

Media pH 6.8.  Each GAG was added to the lactoferricin-E. coli suspension in the 

following amounts: 40, 20, 10, 5, 1.0, 0.5, 0.1 and 0 µg.  Assay volumes were kept equal 

by the addition of sterile water.  After 24 hours of incubation at 37°C growth was assayed 

by measuring the absorbance at 600nm. 

These experiments revealed three classes of LP antimicrobial activity modulators 

(Figure 11).  Heparin and the phenoxyaniline heparin amide were the best negative 

modulators of LP antimicrobial activity.  Carboxyl-reduced heparin, ardeparin 

(centaxarin) and enoxaparin were in the second class of LP anti-Escherichia activity 

modulators.  The rest of the GAGs tested, HS, DS, C4S and C6S, were in the third class 

of modulators of LP antimicrobial activity. 

These results are intriguing for a variety of reasons.  First we saw that heparin was a 

better modulator of antimicrobial activity as compared to the LMWHs tested.  Secondly, 

charge reduction of heparin affects its ability to modulate the antimicrobial activity of LP.  

When the carboxyl group is replaced with a hydroxyl group, as is the case for carboxyl-

reduced heparin, the ability of the heparinoid to negatively modulate the antimicrobial 

activity of LP was decreased.  Alternatively, when the charged group was replaced with a 

larger hydrophobic group (phenoxyaniline) the modulatory activity of the heparinoid was 

not decreased.  Additionally, the lower anionic charge of the other GAGs tested may 

explain their lesser negative modulatory activities.  Thus we can say that the molecular 
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weight molecular weight and charge of heparin contribute to the negative modulatory 

activity against the anti-Escherichia activity of LP. 

 

Figure 11 Negative modulatory activity of the GAGs on the antimicrobial activity of 
LP against E. coli.  LP was used at two-fold the MIC for E. coli.  Data 
points represent the mean of duplicate measurements. 

3.3 LP binding to GAGs 

3.3.1 LP-GAG binding studies - Experimental technique 

Tryptophan fluorescence was used as an indicator of binding interactions between 

LP and each of the six GAGs tested.  Solutions of 5.9 mM LP were incubated with each 

GAG at final concentrations between 0 and 1.0 mg/mL in tris buffer (50 mM Tris-HCl, 
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were read in a microcuvette using a PerkinElmer LS55 Luminescence 

Spectrophotometer.  Emission scans were performed using an excitation wavelength of 

280nm, an emission range of 300-400nm, excitation slit width of 5 nm, emission 

wavelength of 6.5 nm and a scanning speed of 500 nm/min.  LP emission was measured 

at 354nm.  F1-F0 values were calculated by subtracting the fluorescence or light scattering 

of the peptide alone from the fluorescence or light scattering of each sample solution.  

Percentage of maximal fluorescence (% Max F) was calculated using the following 

formula: (F1-F0/FMax)×100, where FMax is an average of the maximum fluorescence data 

points and is unique for each GAG. Each experiment was done in triplicate and the data 

were averaged.  The data were fit using a single binding site model in SigmaPlot.  From 

the binding data we compared the concentration of each GAG at which 50% maximal 

lactoferricin peptide binding is observed.  The tryptophan fluorescence binding data were 

also fit to single site saturation model using GAG molecular weights calculated based on 

average disaccharide molecular weight in SigmaPlot.  This gave us Kdapp values to 

compare for the GAGs binding to LP. 

Light scattering experiments were performed using the synchronous delta lambda 

mode with a difference between monochromators of 0 nm, scanning from 450nm to 550 

nm with emission and excitation slit widths of 2.5nm and a scanning speed of 500 

nm/min.  Light scattering was detected at 492nm. 

3.3.2 Results of LP-GAG binding studies 

The LP-GAG binding studies revealed that the GAGs have different affinities for 

LP (Figure 12).  By comparing the concentration required for 50% maximal binding we 

were able to compare the apparent affinities of the GAGs for LP (Figure 13).  In this 

comparison heparin, enoxaparin and ardeparin (centaxarin) required equal concentrations 

to achieve 50% of the maximal binding to LP.  HS and DS required significantly more to 
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achieve 50% maximal LP binding while C4S never achieved 100% binding in the 

tryptophan fluorescence assay. 

 

Figure 12 Saturation binding curves for heparin (black), enoxaparin (dotted line) and DS 
(red) binding LP generated from tryptophan fluorescence data.  Data points 
represent the means of 12 determinations (heparin) or 6 determinations 
(enoxaparin and DS) ± standard error. 

 

Figure 13 Comparision of the concentration of GAG at which 50% of maximal 
fluorescence is achieved calculated from tryptophan fluorescence data.  C4S 
did not achieve maximal binding in the range of 0-3330 µg/mL. 
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Figure 14 Saturation binding curves for GAGs binding to LP.  The fits of the one-site 
binding model are shown for heparin (A), HS (B), enoxaparin (C), ardeparin 
(D) and DS (E).  The means of 12 determinations (A), 9 determinations (B), 
or 6 determinations (C-E) ± standard error are shown. 
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GAG  Kdapp (µM)  Bmax  R2 

Heparin  3.31 ± 1.74  1.74 ± 3.31  0.8890 

Ardeparin  9.16 ± 2.66  78.8 ± 3.17  0.6653 

Enoxaparin  67.5 ± 9.16  102 ± 2.27  0.9294 

Heparan sulfate  449 ± 118  111 ± 7.96  0.7666 

Dermatan sulfate  769 ± 104  118 ± 4.89  0.9445 

Table 3 Calculated binding constants for GAGs binding LP. 

Calculating Kdapp values (Table 3) from the single binding site saturation curves 

in Figure 14 gives similar results.  Heparin and ardeparin have very similar Kdapp values 

while enoxaparin has a slightly lower affinity for LP.  Again, HS and DS have a much 

lower affinity for LP as compared to heparin and the LMWHs.  These results indicate that 

there is no difference in affinities of LP for heparin and the LMWHs. 

We postulated that aggregation of LP by the GAGs would result in the reduction 

of effective LP concentration in solution with the bacteria, thereby decreasing the 

concentration of LP to below the MIC.  To test this hypothesis, light scattering 

experiments were performed on the same solutions used to collect the tryptophan 

fluorescence affinity data.  These experiments did not detect LP-GAG aggregates that 

caused measurable light scattering, indicating that aggregation is not the likely cause for 

the modulation of the LP antimicrobial activity by the GAGs tested. 

3.3.2 Sulfate determination of heparin and LMWHs – 

Experimental technique and results 

Since heparin and the LMMHs showed distinct modulation of LP antimicrobial 

activity, but similar affinities, we postulated that heparin could have a higher degree of 

sulfation.  Furthermore, we postulated that a higher degree of sulfation would correlate to 

an increased ability to negatively modulate the animicrobial activity of LP against E. coli.  
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The sulfate content of heparin, enoxaparin and ardeparin (centaxarin) were measured 

using the methodology of Dodgson and Price.349,350  Briefly, this method involves acid 

hydrolysis of sulfate followed by the turbidimetric measurement of barium sulfate.  

Gelatin is used as a cloud stabilizer and decreases the amount of substrate needed to 

perform these measurements.  The use of a potassium sulfate standard curve allowed for 

quantitative sulfate measurements of heparin, centaxarin and enoxaparin. 

One milliliter volumes of 400µg/mL, 200µg/mL and 100µg/mL solutions of 

heparin, aredeparin (centaxarin) and enoxaparin in 2N HCl were prepared from the stock 

solutions.  One milliliter volumes of K2SO4 in 2N HCl were also prepared in 

concentrations ranging from 25 µg/mL to 5.0 mg/mL for the standard curve.  All 

solutions, including 2 N HCl for use as a blank, were transferred to glass ampules and 

were heated to and held at 105°C for 5 hours.  During this time BaCl2 (SigmaAldrich  

 

Figure 15 Potassium sulfate standard curve generated for GAG total sulfate 
determination. 
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202738) was added to a 1% (w/v) gelatin to make a 0.24 M BaCl2-gelatin solution.  In 

triplicate, 200 µL of each GAG or K2SO4 solution was added to 3.8 mL 3.8% 

trichloracetic acid, followed by the addition of 1 mL of BaCl2-gelatin solution and mixing  

for 20 minutes.  The absorbance of each sample was read at 500nm using a Shimadzu 

UV-2101PC UV-VIS scanning spectrophotometer.  A standard curve was generated 

using the absorbance values from the K2SO4 solutions (Figure 15).  Quantitative sulfate 

measurements for heparin, ardeparin and enoxaparin were calculated from this standard 

curve (Figure 16). 

 

Figure 16 Total sulfate levels of heparin, centaxarin and enoxparin samples 
calculated using the standard curve in Figure 15. 
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used to explain the difference in LP antimicrobial activity modulatory activities of 

heparin and LMWHs. 

3.3 Conclusions 

Most importantly, we demonstrated that GAGs can modulate the antimicrobial 

activity of LP, a linear CAP.  We found that there were three classes of LP antimicrobial 

activity reversal capacities.  Heparin and a phenoxyaniline heparin amide were in the first 

class of antimicrobial activity modulators.   The LMWHs enoxaparin and ardeparin as 

well as carboxyl-reduced heparin made up the second, less active class of antimicrobial 

activity modulators.  All of the other GAGs tested made up the third level of LP 

antimicrobial activity modulators, which were very poor at reversing the antimicrobial 

activity of LP.  To determine if affinity for LP correlated to the ability to reverse 

antimicrobial activity, we then measured the affinity of LP for the GAGs using 

tryptophan fluorescence.  From these experiments we found that heparin and the LMWHs 

show similar affinites for LP, despite their different abilities to modulate the 

antimicrobial activity of LP against E. coli.  DS and HS showed lower affinities for LP 

and C4S did not fully bind LP in the concentration range tested.  The binding results led 

us to question the reason for heparin’s superior reversal activity of LP antimicrobial 

activity over the LMWHs.  We postulated that heparin could have a higher anionic 

charge as compared to the LMWHs due to the depolymerization methods used to produce 

the LMWHs.  Thus, the total sulfate levels of heparin, enoxaparin and ardeparin were 

determined and all three GAGs had approximately equal sulfate levels, indicating that 

heparin does not have a higher anionic charge than the LMWHs.  Thus we conclude that 

the higher molecular weight of heparin confers a higher reversal activity against LP 

antimicrobial activity as compared to the LMWHs.  We hypothesize that more LP 

molecules can bind to a full-length heparin molecule as compared to the LMWHs.  Thus, 
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one molecule of heparin can bind more LP molecules and more efficiently block LP 

binding to the bacterial membrane. 
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CHAPTER 4 MODULATION OF ANTIMICROBIAL 

ACTIVITY OF MAGAININ II, CECROPIN A, 

CECROPIN B AND LL-37 

4.1 Antimicrobial activity of GAGs and other polyanionic 

polysaccharides – experimental technique and results 

As we were interested in the ability of GAGs and other polyanionic 

polysaccharides to modulate the antimicrobial activity of different CAPs, it was 

important to study the inherent antimicrobial activity of the GAGs, charge-reduced 

heparin analogs, LMWHs and other PPSs used in subsequent experiments.  It was 

previously shown that heparin has no significant antibacterial activity at antibiotic 

levels351.  The antimicrobial activities of the GAGs and other PPSs were measured using 

a microdilution MIC determination method modified from de Leeuw et al.352  PPSs were 

obtained from commercial sources previously mentioned and the following commercial 

sources: ultra LMWH (Sigma H3400), α-cyclodextrin sulfate (CarboMer, Inc. 400,195), 

β-cyclodextrin sulfate (Sigma T3821) and dextrin sulfate (CarboMer, Inc. 502,530).  

Carboxyl-reduced heparin and 6-O-desulfated heparin were prepared in the Kerns lab as 

discussed previously.  Overnight cultures of P. aeruginosa ATCC 27853, E. coli JM101 

ATCC 33876 or S. aureus ATCC 25923 were grown in Mueller-Hinton broth (Difco 

#275710) and diluted to an optical density of 0.1 with 10 mM sodium phosphate, pH 7.4.  

Aliquots from GAG and other PPS stock solutions were added to individual wells of pre-

sterilized 96-well polypropylene plates (Corning ClearPro #3371) and100 µL of the 

diluted bacteria solutions were added, bringing the concentration of PPSs to 0.05 or 0.1 

mg/mL in sodium phosphate, pH 7.4.  After an initial incubation at 37°C for 2 hours, 200 

µL of Mueller-Hinton broth was added to each well and the plate was sealed and 

incubated at 37°C overnight.  Optical density (OD) at 600 nm was used to measure the 

viability of the bacteria in each well.  Sterile water was used in the place of a GAG or 
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PPS to yield a negative growth control.  Ciprofloxacin at its MIC for each organism was 

used as a positive control.  A two-way paired student’s T-test was used to determine 

statistical significance. 

In these experiments the GAG was incubated with the appripriate bacteria in 

sodium phosphate buffer for 2 hours at 37°C.  This approach allowed for us to detect the 

effect of GAG binding to the bacteria in the absence of other growth medium components 

that could bind the GAGs with a higher affinity.  After the incubation Mueller-Hinton 

broth, a growth medium commonly used for MIC determinations, was added to allow us 

to detect bacterial growth in each well.  The use of the sodium phosphate buffer in these 

experiments has the advantage of simplifying the aqueous binding environment, however  

 

Figure 17 Antimicrobial activity of GAGs, charge-reduced heparin analogs and LMWHs 
versus P. aeruginosa.  Data points represent the mean of triplicate 
determinations ± standard error. 
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Figure 18 Antimicrobial activity of GAGs, charge-reduced heparin analogs and LMWHs 
versus E. coli (A) and S. aureus (B).  Measurements were done in triplicate 
and data points are shown as the mean ± standard error. 
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Figure 19 Antimicrobial activity of 6-O-desulfated heparin and other PPSs versus P. 
aeruginosa (A) and E. coli (B).  Mean of six data points ± standard error 
shown. 
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Figure 20 Antimicrobial activity of 6-O-desulfated heparin and other polyanionic 
polysaccharides versus S. aureus.  Mean of six data points ± standard error 
shown. 

it does affect the ionic strength of the aqueous binding environment.  Ten mM sodium 

phosphate buffer, pH 7.4 has an ionic strength of 0.06.  Many of the interactions between 

GAGs or other PPSs and their binding targets are dependent upon ionic interactions.   

Thus, working in buffers with low ionic strengths is best when looking for interactions 

with GAGs or other PPSs.  In addition, solutions that have a high concentration of GAG 

or PPS will have a higher ionic strength due to the large amount of sulfate groups found 

on the GAGs and PPSs used in these studies. 

0 

0.1 

0.2 

0.3 

0.4 

0.5 

0.6 

0.7 

0.8 

6-O-desulfated 
heparin 

a-cyclodextrin b-cyclodextrin Dextrin sulfate Sulodexide Dextran sulfate Growth Control 

!
 
O

D
6

0
0

 

Glycosaminoglycan 

0.05 mg/mL 

0.1 mg/mL 



 

 

62 

None of the GAGs, charge-reduced heparin analogs, LMWHs and other PPSs 

displayed antimicrobial activity at both concentrations tested (Figures 17, 18, 19 and 22).  

The differences between the P. aeruginosa growth control and β-cyclodextrin at 0.05 

mg/mL or dextran sulfate at 0.1 mg/mL were statistically significant at a significance 

level of P = 0.01.  These PPSs reduced the growth of P. aeruginosa at these 

concentrations, but not at the other concentration level tested.  2-O-desulfated heparin at 

0.05 mg/mL increased the growth of E. coli at a significance level of P = 0.01. 

Centaxarin at 0.05 mg/mL increased the growth of S. aureus at a significance level of P = 

0.01.  Many of the GAGs and other PPSs increased the growth of P. aeruginosa, E. coli 

and S. aureus.  These data suggests that GAGs and other PPSs may serve as a food 

source for the bacteria, a subject that has been briefly addressed in the literature.353-356  

Since none of the PPSs showed inherent antimicrobial activity we were able to move 

forward with experiments studying the ability of GAGs and other PPSs to modulate the 

antimicrobial activity of linear CAPs. 

4.2 Modulation of antimicrobial activity of magainin II, 

cecropin A, cecropin B and LL-37 

4.2.1 Minimum inhibitory concentrations – Experimental 

technique and results 

Minimum inhibitory concentrations for magainin II, cecropin A, cecropin B and 

LL-37 versus P. aeruginosa and E. coli were determined using the modified 

microdilution MIC method.  Briefly, overnight cultures of P. aeruginosa ATCC 27853 or 

E. coli JM101 ATCC 33876 were grown in Mueller-Hinton broth (Difco) and diluted to 

an optical density of 0.1 with 10 mM sodium phosphate, pH 7.4.  100 µL of the diluted 

bacteria solution was added to a range of concentrations of magainin II (American 

Peptide 72-2-26), cecropin A (Porcine, American Peptide 87-9-59), cecropin B 

(American Peptide 87-9-58) or LL-37 (Innovagen SP-LL37) from pre-made stock 
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solutions in pre-sterilized 96-well polypropylene plates. The plate was incubated at 37°C 

for 2 hours.  Following this incubation, 200 µL of Mueller-Hinton broth was added to  

each well and the plate was sealed and incubated at 37°C overnight.  Optical density 

(OD) at 600 nm was used to measure the viability of the bacteria in each well.  The MIC 

of LL-37 against S. aureus was also identified in the same manner.  In these experiments 

the ionic strength of the sodium phosphate buffer during the binding incubation for the 

CAPs with the bacteria was 0.06.  The MICs for magainin II, cecropin A, cecropin B and 

LL-37 against P. aeruginosa, E. coli and S. aureus are listed in Table 4. 

 

Figure 21 Magainin II MIC determination against P. aeruginosa and E. coli.  Data 
points represent the mean of duplicate data points. 
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Figure 22 Cecropin A MICs (A) and cecropin B MICs (B) against P. aeruginosa and E. 
coli.  Data points represent the mean of duplicate determinations. 
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Figure 23 LL-37 MICs against P. aeruginosa, E. coli and S. aureus.  Data points 
represent the mean of duplicate measurements. 

 
CAP P. aeruginosa E. coli S. aureus 

Magainin II 16.0 µg/mL (64.9 µM) 16.0 µg/mL (64.9µM) NA 

Cecropin A 2.5 µg/mL (6.2 µM) 2.5 µg/mL (6.2µM) NA 

Cecropin B 2.5 µg/mL (6.5 µM) 2.5 µg/mL (6.5 µM) NA 

LL-37 25.0 µg/mL (55.6 µM) 5.0 µg/mL (11.1 µM) 50.0 µg/mL (111 µM) 

Table 4 MIC values for magainin II, cecropin A, cecropin B and LL-37 against P. 
aeruginosa, E. coli and S. aureus. 

Note: NA indicates that the CAP is not active against S. aureus. 
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4.2.2 Single point screens for reversal of antimicrobial 

activity – Experimental technique and results 

Once the MICs were identified against P. aeruginosa, E. coli, and S. aureus, 

single concentration screens were performed to investigate the ability of GAGs, charge-

reduced heparin analogs and LMWHs to modulate the antimicrobial activity of the 4 

CAPs.  The reason for the single point scans was two-fold.  First, we were primarily 

interested in the ability of PPSs to negatively modulate, or reverse, the antimicrobial 

activity of the 4 CAPs studied.  To this end, magainin II, cecropin A, cecropin B and LL-

37 were incubated at two concentrations, the MIC and 2-fold the MIC, in 0.1 mg/mL PPS 

solutions and either P. aeruginosa, E. coli or S. aureus.  Secondly, we were interested in 

the ability of PPSs to positively modulate the antimicrobial activity of CAPs.  The 

secondary structures of magainin II, cecropin A and LL-37 are largely undefined in 

aqueous environments, but form α-helices when introduced to a hydrophobic 

environment, either in a hydrophobic solvent such as hexafluoroisopropanol or by 

binding to charged lipid membranes73,101,129.  We hypothesized that PPSs could positively 

modulate, or promote, the antimicrobial activity of magainin II, cecropin A, cecropin B 

and LL-37 at levels below the concentration need to kill bacteria.  In order to test this 

magainin II, cecropin A, cecropin B and LL-37 at a quarter their MIC were added to 0.1 

mg/mL PPS solutions and incubated with P. aeruginosa, E. coli or S. aureus. 

Overnight cultures of P. aeruginosa, E. coli or S. aureus were grown in Mueller-

Hinton Broth and then diluted to an absorbance of 0.1 at 600nm using 10 mM sodium 

phosphate, pH 7.4.  The bacteria solution was then further diluted to approximately 100 

CFU/mL using 10 mM sodium phosphate, pH 7.4 (ionic strength = 0.06).  Aliquots of 

CAP and PPS were added from stock solutions to wells in pre-sterilized polypropylene 

96-well plates to achieve concentrations of magainin II, cecropin A, cecropin B or LL-37 

at a quarter their MICs, at their MICs and twice their MICs in 0.1 mg/mL PPS solutions.  

100 µL of the dilutied bacterial solution was then added to the appropriate wells and the 



 

 

67 

plate was incubated at 37°C for 2 hours.  Following this incubation, 200 µL Mueller-

Hinton broth was added to the wells and the plate was incubated at 37°C overnight.  

Bacterial growth was measured using optical density (OD) at 600nm to detect the 

turbidity in the wells. Sterile water was used in the place of a GAG or PPS to yield a 

negative growth control.  Ciprofloxacin at its MIC for each organism was used as a 

positive control.  These experiments were done as single point screens in order to get an 

initial understanding for the effect PPSs have on CAPs. 

These experiments were designed to examine the ability of PPSs to modulate the 

antimicrobial activity of magainin II, cecropin A, cecropin B and LL-37 at concentrations 

below the MIC, at the MIC and above the MIC.  In some earlier experiments the MIC 

was incorrectly identified and these concentrations were not achieved.  For positive 

modulation of antimicrobial activity in the single point screens we expected to see killing 

of the bacteria at concentrations less than the MIC.  In the case of negative modulation of 

antimicrobial activity we expected to see no killing of bacteria at concentrations at or 

above the MIC.  In both cases this can be seen as reversal of antimicrobial activity.  

Magainin II showed no positive modulation of antimicrobial activity by GAGs, charge-

reduced heparin-analogs, LMWHs or other PPSs (Figure 24).  All of the PPSs tested 

were able to negatively modulate the antimicrobial activity of magainin II against P. 

aeruginosa and E. coli at 16 µg/mL, the MIC for both organisms.  In addition, all PPSs, 

with the exception of HA, were able to reverse the activity of magainin II against P. 

aeruginosa.  Only carboxyl-reduced heparin, C4S and β-cyclodextrin and, to a smaller 

degree dextrin sulfate and sulodexide, were able to reverse the activity of magainin II 

against E. coli at two times the MIC. 

Cecropin A showed no positive modulation of antimicrobial activity by GAGs, 

charge-reduced heparin-analogs, LMWHs or other PPSs (Figures 25 and 26).  In contrast 

to the modulation of magainin II, none of the non-heparin GAGs reversed the 

antimicrobial activity of cecropin A versus P. aeruginosa at 2.5 and 5.0 µg/mL.  In  
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Figure 24 Effect of GAGs, charge-reduced heparin analogs and LMWHs on the 
antimicrobial activity of magainin II at 4.0, 16.0 and 32.0 mg/mL versus P. 
aeruginosa (A) and E. coli (B).  Single data points shown. 
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Figure 25 Effect of GAGs, charge-reduced heparin analogs and LMWHs on the 
antimicrobial activity of cecropin A four-fold below MIC, at MIC and 2-fold 
above MIC versus P. aeruginosa.  Single data points shown. 
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Figure 26 Effect of GAGs, charge-reduced heparin analogs, LMWHs and other PPSs on 
the antimicrobial activity of cecropin A versus P. aeruginosa at 0.325, 1.25 
and 2.5 µg/mL.  Single data points shown. 

addition, only heparin, carboxyl-reduced heparin and β-cyclodextrin were able to reverse 

the antimicrobial activity of cecropin A versus P. aeruginosa at 5.0 µg/mL.  Only C6S 

and α-cyclodextrin were able to negatively modulate cecropin A versus E. coli at 2.5 

µg/mL.  A single point screen was not performed looking at the ability of GAGs, charge-

reduced heparin analogs, LMWHs and other PPSs to negatively modulate the 

antimicrobial activity of cecropin A at 2X the MIC versus E. coli.  These data points were 

collected in later experiments. 

Cecropin B showed very similar reversal patterns to cecropin A in the single point 

screens.  None of the GAGs, charge-reduced heparin analogs, LMWHs and other PPSs 

were able to positively modulate the antimicrobial activity of cecropin B against P. 

aeruginosa or E. coli (Figure 27).  HS, DS and C4S did not negatively modulate the 

antimicrobial activity of cecropin B versus P. aeruginosa at 2.5 or 5.0 µg/mL.  Only  
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Figure 27 Effect of GAGs, charge-reduced heparin analogs and LMWHs on the 
antimicrobial activity of cecropin B 4-fold below MIC, at MIC and 2-fold 
above MIC versus P. aeruginosa (A) and E. coli (B).  Single data points 
shown. 
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Figure 28 Effect of GAGs, charge-reduced heparin analogs, LMWHs and other PPSs on 
the antimicrobial activity of LL-37 versus P. aeruginosa (A) and E. coli (B).  
Single data points shown. 
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Figure 29 Single point screen showing the effect of GAGs, charge-reduced heparin 
analogs, LMWHs and other PPSs on the antimicrobial activity of LL-37 
against S. aureus. 

unfractionated heparin, 3 kD heparin, 2-O-desulfated heparin, β-cyclodestrin and dextran 

sulfate negatively modulated cecropin B at 5.0 µg/mL against P. aeruginosa. 

None of the GAGs, charge-reduced heparin analogs, LMWHs or other PPSs 

positively modulated the antimicrobial activity of LL-37 versus P. aeruginosa, E. coli or 

S. aureus (Figures 28 and 29).  Every PPS tested, with the exception of dextrin sulfate, 

reversed the antimicrobial activity of LL-37 at both 25.0 and 50.0 µg/mL against P. 

aeruginosa.  Interestingly, many of the LMWHs were not able to fully reverse the 

antimicrobial activity of LL-37 against P. aeruginosa.  All of the GAGs, charge-reduced 

heparin analogs, LMWHs and other PPSs, with the exception of HA and dextrin sulfate, 

showed negative modulation of LL-37 versus E. coli.  Of these, HS, C4S, C6S, and α-

cyclodextrin were not able to reverse the antimicrobial activity of LL-37 versus E. coli at 
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10.0 µg/mL.  All of the PPSs tested, with the exception of dextrin sulfate, were able to 

negatively modulate the antimicrobial activity of LL-37 versus S. aureus at the MIC. A 

single point screen was not performed looking at the ability of GAGs, charge-reduced 

heparin analogs, LMWHs and other PPSs to negatively modulate the antimicrobial 

activity of LL-37 at 2X the MIC versus S. aureus.  These data points were collected in 

later experiments. 

The results of the single concentration scans were used to direct the focus of 

future experiments.  Based on these results we decided to concentrate on the ability of 

GAGs, charge-reduced heparin analogs and LMWHs to modulate the antimicrobial 

activity of magainin II, cecropin A, cecropin B and LL-37 verus P. aeruginosa, E. coli 

and S. aureus. 

4.2.3 Concentration dependent reversal of antimicrobial 

activity by GAGs, charge-reduced heparin analogs and 

LMWHs – experimental techniques 

Concentration dependent studies were done in the same manner as the single point 

screens used to study the effect of GAGs, charge-reduced heparin analogs, LMWHs and 

other PPSs on CAP antimicrobial activity.  Briefly, cultures of P. aeruginosa, E. coli or 

S. aureus were grown overnight in Mueller-Hinton broth and diluted to an OD of 0.1 in 

10 mM sodium phosphate, pH 7.4.  The bacterial solution was then further diluted to 

approximately 100 CFU/mL using 10 mM sodium phosphate, pH 7.4 (ionic strength = 

0.06).  CAP, either magainin II, cecropin A, cecropin B or LL-37, was added to the wells 

of a pre-sterilized 96-well polypropylene plate in the appropriate volume to give a final 

concentration of 2X the MIC.  PPSs were added to wells to give a final concentration 

range of 0.25 – 200 µg/mL.  100 µL of the diluted bacterial solution and 10 mM sodium 

phosphate, pH 7.4, were added to give a volume of 200 uL in each well.  The plates were 

sealed and incubated at 37°C for 2 hours, followed by the addition of 200 uL Mueller-
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Hinton broth and an overnight incubation at 37°C.  The next day bacterial growth in each 

well, indicated by turbidity, was read using optical density at 600nm.  Sterile water was 

used in the place of a GAG or PPS to yield a negative growth control.  Ciprofloxacin 

(Sigma Aldrich 17850) at its MIC for each organism was used as a positive control.  

Many of the GAGs and PPSs investigated in this work are extremely heterogenous and 

cannot be assigned specific molecular weights.  We used the average disaccharide 

molecular weight for each GAG or PPS to calculate the molarity of the GAG or PPS.  

This allowed us to compare the antimicrobial activity modulatory potentials of all the 

GAGs and PPSs directly.  A two-way paired student’s T-test was used to determine 

statistical significance. 

4.2.4 Modulation of magainin II antimicrobial activity by 

GAGs, charge-reduced heparin analogs and LMWHs 

All but one of the GAGs, charge-reduced heparin analogs and LMWHs were 

negative modulators of the antimicrobial activity of magainin II against P. aeruginosa 

(Figure 30).  Examining the reversal pattern by class of PPS (GAG, charge-reduced 

heparin analog or LMWH), gives some insight into the structural and chemical 

requirements for reversal of the antimicrobial activity.  It is clear that heparin is the best 

GAG negative modulator of magainin II versus P. aeruginosa (Figure 31).  HA is the 

only GAG, and only PPS tested, that does not reverse the antimicrobial activity of 

magainin II against P. aeruginosa.  HS, DS, C4S and C6S reverse the antimicrobial 

activity of magainin II against P. aeruginosa with similar efficacies.  It takes 

approximately 10X more of these GAGs to reverse the antimicrobial activity as compared 

to the amount of heparin needed. 

Despite the reduction in negative charge, there is no significant difference 

between the reversal patterns of heparin and the charge-reduced heparin analogs (Figure 

3).  It takes a ratio of less than 1:1 for heparin and the charge-reduced heparin analogs to  
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Figure 30 Reversal of magainin II antimicrobial activity versus P. aeruginosa by GAGs, 
charge-reduced heparin analogs and LMWHs.  Average of duplicate data 
points shown. 

 

Figure 31 Reversal of antimicrobial acivity of magainin II versus P. aeruginosa by 
GAGs.  Average of duplicate data points shown. 
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Figure 32 Reversal of antimicrobial activity of magainin II versus P. aeruginosa by 
heparin and charge-reduced heparin analogs.  Average of duplicate data points 
shown. 

 

Figure 33 Reversal of antimicrobial activity of magainin II versus P, aeruginosa by 
heparin and LMWHs.  Average of duplicate data points shown. 
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reverse the antimicrobial activity of magainin II against P, aeruginosa.  6-O-desulfated 

heparin is slightly less efficient at modulating the antimicrobial activity of magainin II as 

compared to heparin and 2-O-desulfated heparin, indicating that sulfate group at the C6 

position of the glucosamine residues may play a key role in the binding interaction 

between heparin and magainin II.  Interestingly, molecular weight does not have any  

effect on the reversal of magainin II antimicrobial activity.  There is no significant 

difference between the reversal patterns of heparin and the LMWHs (Figure 33).   

 

Figure 34 Reversal of antimicrobial activity of magainin II versus E. coli by GAGs, 
charge-reduced heparin analogs and LMWHs.  Average of duplicate data 
points shown. 

Of particular interest are the differences between reversal patterns for magainin II 

antimicrobial activity against P. aeruginosa and E. coli.  While heparin is the best 

negative modulator of magainin II antimicrobial activity against P. aeruginosa, it shows 

no reversal of antimicrobial activity against E. coli.  HS and DS, two of the worst 
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modulators of antimicrobial activity of magainin II against P. aeruginosa, are the best 

modulators of antimicrobial activity against E. coli (Figure 34).  On the whole, the PPSs 

are less active modulators of magainin II antimicrobial activity against E. coli than 

against P. aeruginosa.  Reversal of antimicrobial activity against E. coli requires a 

PPS:magainin II molar ratio of greater than 10:1, while reversal against P. aeruginosa 

requires a molar ratio of 1:1 on average. 

4.2.5 Modulation of cecropin A antimicrobial activity by 

GAGs, charge-reduced heparin analogs and LMWHs 

Cecropin A antimicrobial activity versus P. aeruginosa (Figure 35) is reversed by 

fewer PPSs as compared to the reversal pattern for magainin II activity against P. 

aeruginosa.  In addition, fewer of the PPSs are able to completely reverse the 

antimicrobial activity versus P. aeruginosa as compared to the reversal pattern for 

magainin II.  Overall more PPS is required to reverse cecropin A antimicrobial activity as 

compared to magainin II activity against P. aeruginosa.  Again, heparin is one of the best 

negative modulators of cecropin A activity against P. aeruginosa. 

Heparin is the only GAG capable of reversing the antimicrobial activity of 

cecropin A against P. aeruginosa (Figure 36).  This may be due to the increased anionic 

charge of heparin or the unique structure of heparin.  Surprisingly HS shows no reversal 

activity.  Even though heparin and HS are commonly thought to be essentially the same 

by many researchers, HS is comprised of a much more diverse sequence. 

The charge-reduced heparin analogs show little difference in their ability to 

reverse the anti-Pseudomonas activity of cecropin A (Figure 37).  Heparin and carboxyl-

reduced heparin show no difference in their ability to modulate cecropin A activity.  2-O-

desulfated heparin much larger requires a larger ratio (approximately 100:1 on a molar 

basis) to reverse compared to heparin and carboxyl-reduced heparin, but achieves full 

reversal of  cecropin A activity.  6-O-desulfated heparin, on the other hand, reverses at a  
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Figure 35 Reversal of antimicrobial activity of cecropin A versus P. aeruginosa by 
GAGs, charge-reduced heparin analogs and LMWHs.  Average of triplicate 
data points shown with error bars omitted for ease of viewing. 

 

Figure 36 Reversal of antimicrobial activity of cecropin A versus P. aeruginosa by 
GAGs.  Data points represent the mean ± standard error of triplicate 
determinations. 
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Figure 37 Reversal of antimicrobial activity of cecropin A versus P. aeruginosa by 
heparin and charge-reduced heparin analogs.  Data points represent the mean 
± standard error of triplicate measurements. 

lower level (10:1), but cannot fully reverse the anti-P. aeruginosa activity of cecropin A.  

This indicates that both the 2-O and 6-O sulfate groups are fundamental for the 

interaction between cecropin A and heparin. 

There is no significant difference between heparin and the LMWHs using a 

significance factor of P = 0.01 (Figure 38).  Enoxaparin and ultra LMWH are less 

efficient at reversing the anti-P. aeruginosa activity of cecropin A as compared to heparin 

and the other LMWHs because they can not fully reverse cecropin A activity.  Both 

heparin and 3 kD heparin reverse cecropin A antimicrobial activity at low ratios, but they 

do not achieve full reversal until a PPS:cecropin A molar ratio of approximately 300:1. 
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Figure 38 Reversal of antimicrobial activity of cecropin A versus P. aeruginosa by 
heparin and LMWHs.  Data points represent the mean ± standard error of 
triplicate measurements. 

A surprising result was the complete inability of the PPSs tested to reverse the 

antimicrobial activity of cecropin A against E. coli (Figure 39).  This may be due to the 

two helices in the secondary structure of cecropin A (Figure 3C).  Since one α-helix is 

highly hydrophobic and the other is amphipathic it is possible that cecropin A binds too 

tightly to the E. coli outer membrane to be displaced by any of the PPSs.  Another 

possibility is that PPSs bind to cecropin A, but cannot disrupt the CAP binding to the E. 

coli membrane and subsequent antimicrobial activity.  Thus, binding of the hydrophobic 

tail of cecropin A to the bacterial cell can not be blocked by GAGs and other PPSs 

binding to the amphipathic helix. 
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Figure 39 Reversal of antimicrobial activity of cecropin A versus E. coli by GAGs, 
charge-reduced heparin analogs and LMWHs.  Means of triplicate data points 
are plotted. 

4.2.6 Modulation of cecropin B antimicrobial activity by 

GAGs, charge-reduced heparin analogs and LMWHs 

The reversal pattern for cecropin B antimicrobial activity versus P. aeruginosa 

(Figure 40) is similar to the reversal pattern for cecropin A activity against P. 

aeruginosa.  As is the case for cecropin A, fewer of the PPSs are able to completely 

reverse the antimicrobial activity versus P. aeruginosa as compared to the reversal 

pattern for magainin II.  On the whole more PPS is required to reverse cecropin B 

antimicrobial activity as compared to magainin II activity against P. aeruginosa.   Yet 

again heparin is the best negative modulator of all the PPSs tested for their ability to 

reverse cecropin A activity against P. aeruginosa. 
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Figure 40 Reversal of antimicrobial activity of cecropin B versus P. aeruginosa by 
GAGs, charge-reduced heparin analogs and LMWHs.  Means of duplicate 
data points are shown. 

Comparing the ability of GAGs to reverse the antimicrobial activity of cecropin B 

against P. aeruginosa (Figure 41) it is apparent that heparin is the only GAG able to 

negatively modulate cecropin B.  The difference between heparin and all of the other 

GAGs is statistically significant at a significance level of P = 0.05 between the molar 

ratios of approximately 300:1 to approximately 40:1.  These results mirror the results of 

GAG reversal of cecropin A activity against P. aeruginosa, but in this case heparin is 

able to completely reverse cecropin B activity in the concentration range tested. 

Heparin is the best negative modulator of cecropin B anti-P. aeruginosa activity 

when compared to the charge-reduced heparin analogs tested (Figure 42).  The 
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difference between carboxyl-reduced heparin and heparin is statistically significant at a 

significance level of P = 0.05 at molar ratios of approximately 70:1 and 35:1.  The 

reversal levels for 6-O-desulfated heparin are significantly different from those of heparin 

at a significance level of P = 0.05 for molar rations between 140:1 and 35:1.  These 

results indicate that each of the anionic groups on heparin tested is important for 

modulation of cecropin B anti-P. aeruginosa activity.  As is seen with cecropin A, the 6-

O-sulfate group on glucosamine may play a fundamental role in the interaction between 

cecropin B and heparin. 

 

Figure 41 Reversal of antimicrobial activity of cecropin B versus P. aeruginosa by 
GAGs.  Data points represent the mean of duplicate measurements. 
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Figure 42 Reversal of antimicrobial activity of cecropin B versus P. aeruginosa by 
heparin and charge-reduced heparin analogs.  Mean of duplicate data points 
shown. 
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Figure 43 Reversal of antimicrobial activity of cecropin B versus P. aeruginosa by 
heparin and LMWHs.  Data points represent the mean of duplicate 
measurements. 

A comparison of the reversal activity of heparin and the LMWHs shows that they 

all achieve full reversal of cecropin B anti-P. aeruginosa activity (Figure 43).  Heparin 

differs significantly from enoxaparin and ultra LMWH at molar ratios between 140:1 and 

35:1.  Heparin and 3kD heparin show essentially the same reversal pattern. 

Again, none of the PPSs tested were able to reverse the antimicrobial activity of 

cecropin B against E. coli (Figure 44).  As discussed previously, this may be due to the 

unique two-helix structure that cecropins form when bound to the bacterial membrane or 

in hydrophobic environments (Figure 3C).  Since the C-terminal helix is much more 

hydrophobic it likely serves as an anchor in the E. coli outer membrane.  Thus, we 
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suggest that all of the PPSs tested are unable to disrupt the binding of the cecropin C-

terminal helix to the outer membrane and, once this binding has occurred, are unable to 

bind the cationic N-terminal helix and modulate membrane permeability activity. 

 

Figure 44 Reversal of antimicrobial activity of cecropin B versus E. coli by GAGs, 
charge-reduced heparin analogs and LMWHs.  Data points represent the mean 
of duplicate determinations. 

4.2.7 Modulation of LL-37 antimicrobial activity by GAGs, 

charge-reduced heparin analogs and LMWHs 

All of the PPSs tested, with the exception of hyaluronic acid, were able to reverse 
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PPSs reversal of magainin II anti-P. aeruginosa activity, but in this case all of the PPSs 

were able to completely reverse LL-37 antimicrobial activity against P. aeruginosa.  

Additionally, all of the PPSs, except hyaluronic acid, reverse at roughly the same molar 

ratios of PPS:LL-37. 

 

Figure 45 Reversal of antimicrobial activity of LL-37 versus P. aeruginosa by GAGs.  
Average of duplicate data points shown. 

Comparing the reversal patterns of LL-37 anti-Pseudomonas activity across 

GAGs, only HA shows significant differences in ability to reverse (Figure 46).  These 

results are notably different from the GAG reversal patterns for magainin II, cecropin A 

and cecropin B against P. aeruginosa.  With the cecropins, heparin is the only GAG that 

can reverse their anti-Pseudomonas activity.  All of the GAGs except HA show some 
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ability to reverse antimicrobial activity of magainin II against P. aeruginosa, but 10X 

more GAG was needed to reverse the activity as compared to heparin.  These results 

indicate that heparin’s increased anionic charge is not necessary for better reversal of LL-

37 anti-Pseudomonas activity.  This could also be interpreted as the ability to reverse the 

antimicrobial activity of LL-37 against P. aeruginosa is dependent upon overall charge 

rather than polysaccharide structure. 

 

Figure 46 Reversal of antimicrobial activity of LL-37 versus P. aeruginosa by GAGs.  
Average of duplicate data points shown. 
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LL-37 (Figure 47).  Carboxyl-reduced heparin is significantly better at reversing the 

antimicrobial activity of LL-37 against P. aeruginosa than heparin at a molar ratio of 

approximately 40:1.  In addition, the removal of either the 2-sulfate on the uronic acid or 

the 6-sulfate on glucosamine does not significantly reduce the ability of the charge-

reduced heparin analog to reverse the anti-Pseudomonas activity of LL-37.  Again, this 

indicates that the higher anionic charge of heparin does not confer a better reversal 

activity for LL-37 anti-Pseudomonas activity. 

 

Figure 47 Reversal of antimicrobial activity of LL-37 versus P. aeruginosa by heparin 
and charge-reduced heparin analogs.  Average of duplicate data points shown. 
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Like the results for heparin and the charge-reduced heparin analogs, heparin and 

the LMWHs show similar abilities to reverse the anti-Pseudomonas activity of LL-37 

(Figure 48).  Centaxarin is the only LMWH that shows a significant difference from the 

reversal activity of heparin, and this is only at the molar ratio of 40:1.  These results 

indicate that a higher molecular weight polysaccharide, or longer heparin molecule, does 

not confer an enhanced ability to negatively modulate LL-37 antimicrobial activity 

against P. aeruginosa.  This is in contrast to the reversal of LP antimicrobial activity 

results where we saw that a longer molecular weight improved the antimicrobial 

modulatory activity of heparin. 

 

Figure 48  Reversal of antimicrobial activity of LL-37 versus P. aeruginosa by heparin 
and LMWHs.  Average of duplicate data points shown. 
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Many more of the PPSs tested show the ability to reverse the antimicrobial 

activity of LL-37 against E. coli as compared to the reversal patterns for magainin II, 

cecropin A and cecropin B (Figure 49).  In addition, a molar ratio of less than 1:1 is 

required for many of the PPSs to reverse the anti-E. coli activity of LL-37 while molar 

ratios of greater than 10:1 are required to reverse the magainin II antimicrobial activity 

against E. coli.  The most remarkable observation is that all of the PPSs, even hyaluronic 

acid, are able to reverse the antimicrobial activity of LL-37 against E. coli. 

 

Figure 49  Reversal of antimicrobial activity of LL-37 versus E. coli by GAGs, 
chemically-modified heparins and LMWHs.  Average of duplicate data points 
shown. 
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except C4S, were able to completely reverse the anti-Escherichia activity of LL-37.  

Another important result of these experiments is the strong reversal activity that DS 

exhibits against the anti-Escherichia activity of LL-37.  DS is comparable to heparin as a 

negative modulator of the antimicrobial activity of LL-37 against E. coli.  Alternatively, 

it takes approximately 400X more HS, C4S, C6S and HA as compared to heparin and DS 

to reverse the anti-Escherichia activity of LL-37.  Additionally, the only reversal activity 

that was revealed in these experiments for HA is the reversal of the antimicrobial activity 

of LL-37 against E. coli.  These data suggest that a higher anionic charge is required for 

reversal of the anti-Escherichia activity of LL-37 at low molar ratios.  On the other hand, 

even polysaccharides that lack sulfate groups, such as HA, can reverse the antimicrobial 

activity at higher molar ratios, so the higher anionic charge is not an absolute 

requirement. 

 

Figure 50  Reversal of antimicrobial activity of LL-37 versus E. coli by GAGs.  Average 
of duplicate data points shown. 
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Figure 51  Reversal of antimicrobial activity of LL-37 versus E. coli by heparin, 
chemically-modified heparin analogs.  Average of duplicate data points 
shown. 

  

Figure 52 Reversal of antimicrobial activity of LL-37 versus E. coli by heparin and 
LMWHs.  Average of duplicate data points shown. 
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Removal of anionic charge did not affect heparin’s ability to reverse the 

antimicrobial activity of LL-37 against E. coli (Figure 51).  There was no significance 

difference between the reversal patters of heparin, carboxyl-reduced heparin, 2-O-

desulfated heparin and 6-O-desulfated heparin.  These results indicate that the reversal of 

LL-37 antimicrobial activity against E. coli may be more dependant upon the structure of 

the PPS rather than the anionic charge.  Similarly, a reduction in the molecular weight of 

heparin did not change its ability to reverse the antimicrobial activity of LL-37 against E. 

coli (Figure 52). 

 

Figure 53 Reversal of antimicrobial activity of LL-37 against S. aureus by GAGs, 
LMWHs and chemically-modified heparin analogs.  Single data points shown. 
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Figure 54  Reversal of antimicrobial activity of LL-37 versus S. aureus by GAGs (A) and 
heparin and charge-reduced heparin analogs (B).  Single data points shown. 
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Figure 55 Reversal of antimicrobial activity of LL-37 versus S. aureus by heparin and 
LMWHs.  Single data points shown. 

Due to the high MIC of LL-37 against S. aureus the experiment measuring the 

concentration dependent reversal of anti-Staphylococcal activity of LL-37 by GAGs, 

charge-reduced heparin analogs and LMWHs was only done once (Figure 53).  

Furthermore many of the PPSs tested appear to have supported the growth of S. aureus, 

leading to greater than 100% recovery of growth when compared to the growth controls 

in the experiment.  These two issues make the data a little harder to interpret, but some 

generalizations can be made.  First, all of the GAGs, charge-reduced heparin analogs and 

LMWHs tested, with the exception of HA, were able to reverse the antimicrobial activity 

of LL-37 against S. aureus.  Secondly, HA was inactive as a negative modulator of LL-37 

anti-Staphylococcus activity.  Lastly, of the PPSs that reversed the antimicrobial activity 

of LL-37 against S. aureus, all were able to fully reverse antimicrobial activity except 

carboxyl-reduced heparin and enoxaparin. 
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4.3 Conclusions 

The most significant result of these experiments was the realization that the CAP 

antimicrobial activity reversal patterns were not consistent across the bacterial species 

tested.  Many respected researchers have suggested and discussed in the literature that 

such experiments reflect the affinities of the PPSs for each CAP.  By testing the ability of 

the PPSs to negatively modulate the antimicrobial activity of the CAPs against two 

bacterial species (or three in the case of LL-37), we showed that each reversal activity is 

a unique interaction between the bacterial membrane, the CAP and the PPS.  This is most 

likely due to differences in the bacterial membrane.  No specific target, besides the 

overall anionic phospholipids in the bacterial membrane, has been found for the linear 

CAPs investigated here.  In Chapter 5 the ability of GAGs to modulate cecropin A, 

cecropin B and LL-37 binding to components of Gram-negative and –positive 

membranes is investigated. 

Overall, heparin was the best negative modulator of the antimicrobial activity of 

the CAPs tested.  This is likely due to the high anionic charge of heparin.  The higher 

molecular weight of unfractionated heparin as compared with the LMWHs may also 

contribute to the better reversal activity of heparin.  HA, although much larger than the 

heparin used in our experiments, is not an effective modulator of antimicrobial activity, 

likely due to its low anionic charge. 

HS, which is commonly thought of as interchangeable with heparin by many 

researchers, shows a much reduced reversal activity as compared to heparin.  This 

implies that the higher anionic charge of heparin, or another property affected by its 

charge (such as its resulting structure) is responsible for its better reversal activity.  The 

LMWHs were overall less active at reversing the antimicrobial activity of the CAPs as 

compared to heparin.  Many medical professionals consider these therapeutic treatments 

essentially the same, thus these results may be important for elucidating why LMWHs are 

better overall therapies for anticoagulation. 
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Finally, although I have attempted to draw broad conclusions from these 

experiments, generalizations cannot be made regarding the affinities of the CAPs for the 

GAGs.  We postulate that the bacterial membrane acts as a thermodynamic sink for the 

CAPs, and that the GAGs can only block the CAP from binding the bacterial membrane 

in solution.  Thus, the results that we see in these experiments are a result of the GAGs 

reducing the effective concentration of CAPs to below the MIC at the bacterial 

membrane.  As a result, we must assume that the interactions between the CAP, bacterial 

membrane and PPS are unique and dependent upon all three components of the 

interaction. 
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CHAPTER 5 MODULATION OF CATIONIC 

ANTIMICROBIAL PEPTIDE BINDING BACTERIAL 

MEMBRANE COMPONENTS BY 

GLYCOSAMINOGLYCANS 

5.1 CAPs binding to lipopolysaccharides and lipoteichoic 

acid 

5.1.1 Experimental techniques 

The lipopolyscaccharide- (LPS) and lipoteichoic acid- (LTA) binding properties 

of cecropin A, cecropin B and LL-37 were measured using an ELISA technique modified 

from a recent paper by Senyürek et al.357  Aliquots of 125 µL of 40 ng/mL P. aeruginosa 

10 LPS (Sigma L8643) or E. coli 055:B5 LPS (Sigma L2637) in water were applied to 

the wells of a polystyrene microplates (Costar).  The plates were incubated at room 

temperature in a bio-safety cabinet until dry and then heated at 60°C for 2 hours.  The 

amount of CAP and primary and secondary antibody concentrations were optimized 

using cecropin B binding to P. aeruginosa LPS. 

A variety of ELISA methods from the literature were analyzed for optimal 

blocking and CAP binding to immobilized LPS.357-361  Plates were blocked with 300 µL 

of a 1.0 mg/mL BSA solution in tris buffer (50 mM Tris-HCl, 50 mM NaCl, pH 8.0, ionic 

strength = 0.175) for 1 hour at room temperature.  The plates were then washed three 

times using 300 µL/well of tris buffer.  Cecropin A, cecropin B or LL-37 was added at 50 

µL/well in a concentration range from 0-12.5 µM and incubated at 37°C for one hour 

with shaking.  The plates were subsequently rinsed three times with 300 µL/well of tris 

buffer.  Following this 100ng/mL primary antibody in 1.0 mg/mL BSA in tris buffer, 

rabbit polyclonal antibody to cecropin B (Abcam ab27571) for cecropin A and cecropin 

B or rabbit polyclonal antibody to LL37 (Innovagen PA-LL37100), was added at 100 

µL/well.  After a one hour incubation at 37°C with shaking the plates were washed three 
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times with tris buffer.  The secondary antibody, 100 ng/mL of goat polyclonal antibody to 

rabbit IgG labeled with horseradish peroxidase in 1.0 mg/mL BSA in tris buffer for all 

CAPs, was added at 100 µL/well and incubated at 37°C for 30 minutes.  The plates were 

washed four times with tris buffer.  Hydrogen peroxide and tetramethylbenzidene, 

components of the DuoSet IC Substrate Buffer (R&D Systems), were mixed according to 

the maufactures directions, added to the plate at 50 µL/well and incubated at room 

temperature for 30 minutes with shaking.  15 µL H2SO4 was added to each well to stop 

the action of horseradish peroxidase on the substrate, tetramethylbenzidine, and the plates 

were read at 450 nm to detect the amount of CAP bound to the immobilized LPS. 

Data were analyzed using SigmaPlot (Systat Software Inc.).  The affinity of CAPs 

for P. aeruginosa and E. coli LPS was calculated using Equations 1-4.  Equation 1 is 

used to calculate the binding constant (Kd) for one site saturation of a binding site.  

Equation 2 is used to calculate the Kd for one site saturation of a binding site and takes 

into account nonspecific binding.  Likewise, Equation 3 is used to calculate the Kd for 

saturation of a two binding site model and Equation 4 is used to calculate the Kd for 

saturation of a two binding site model plus nonspecific binding.   

Equation 1 

€ 

f x( ) =
Bmax abs x( )( )
Kd + abs x( )( )

 

Equation 2 

€ 

f x( ) =
Bmax abs x( )( )
Kd + abs x( )( )

+ Ns x( ) 

Equation 3 

€ 

f x( ) =
Bmax1 abs x( )( )
Kd1 + abs x( )( )

+
Bmax2 abs x( )( )
Kd2 + abs x( )( )

 

Equation 4 

€ 

f x( ) =
Bmax1 abs x( )( )
Kd1 + abs x( )( )

+
Bmax2 abs x( )( )
Kd2 + abs x( )( )

+ Ns x( )
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In Equations 1-4 f(x) represents the absorbance at 450 nm, x represents the concentration 

of CAP in nM, Bmax represents the binding maximum or total receptor number and Kd 

represents the binding constant. 

5.1.2 Cecropin A binding to P. aeruginosa and E. coli LPS 

The ELISA data from cecropin A binding to P. aeruginosa and E. coli LPS were 

analyzed using equations 1-4 (Tables 5 and 6).  The one site saturation plus nonspecific 

binding model was selected as the best fit for cecropin A binding to both P. aeruginosa 

LPS and E. coli LPS.  Cecropin A binds to P. aeruginosa LPS with a Kd of 356 ± 164 

nM and a Bmax of 0.46 ± 0.07.  Cecropin A binds to E. coli LPS with a Kd of 133 ± 56.5 

nM and a Bmax of 0.35 ± 0.04.  The binding data for cecropin A binding to P. 

aeruginosa LPS and E. coli LPS are shown in Figures 56 and 57. 

 

Figure 56 Cecropin A binding to P. aeruginosa LPS.  Mean of triplicate data points ± 
standard error shown.  Line shows the fit of Equation 2. 
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Figure 57 Cecropin A binding to E. coli LPS.  Data points represent the mean of 
triplicate measurements ± standard error.  Line shows the fit of Equation 2. 

5.1.3 Cecropin B binding to P. aeruginosa and E. coli LPS 

The ELISA data from cecropin B binding to P. aeruginosa and E. coli LPS were 

analyzed using equations 1-4 (Tables 7 and 8).  The one site saturation binding model 

was selected as the best fit for cecropin B binding to both P. aeruginosa LPS and E. coli 

LPS.  Cecropin B binds to P. aeruginosa LPS with a Kd of 235 ± 40.4 nM and a Bmax of 

1.66 ± 0.04.  Cecropin B binds to E. coli LPS with a Kd of 270 ± 50.0 nM and a Bmax of 

0.97 ± 0.03.  The binding data for cecropin B binding to P. aeruginosa LPS and E. coli 

LPS are shown in Figure 58. 
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Figure 58 Cecropin B binding to immobilized P. aeruginosa LPS (A) and E. coli LPS 
(B).  Means of triplicate data points ± standard error shown.  Data in A and B 
is fit to Equation 1. 

One site saturation for Cecropin B binding to P.a. LPS

[Cecropin B] (nM)

0 2000 4000 6000 8000 10000 12000 14000

A
4
5
0

0.0

0.2

0.4

0.6

0.8

1.0

1.2

1.4

1.6

1.8

2.0

A450

!

One site saturation for cecropin B binding to E.c. LPS

Cecropin B (nM)

0 2000 4000 6000 8000 10000 12000 14000

!
 A

4
5
0

0.0

0.2

0.4

0.6

0.8

1.0

1.2

A450

!

A 

B 



 

 

106 

106 

5.1.4 LL-37 binding to P. aeruginosa and E. coli LPS 

The results from LL-37 binding to P. aeruginosa and E. coli LPS were analyzed 

using equations 1-4 (Tables 9 and 10).  The one site saturation binding model was 

selected as the best fit for LL-37 binding to both P. aeruginosa LPS and E. coli LPS.  

LL-37 binds to P. aeruginosa LPS with a Kd of 69.2 ± 7.72 nM and a Bmax of 2.76 ± 

0.03.  LL-37 binds to E. coli LPS with a Kd of 224 ± 22.1 nM and a Bmax of 2.28 ± 0.03.  

The binding data for LL-37 binding to P. aeruginosa LPS and E. coli LPS are shown in 

Figures 59 and 60. 

 

Figure 59 LL-37 binding to immobilized P. aeruginosa LPS.  Data points represent the 
mean of triplicate measurements ± standard error.  The fit of Equation 1 is 
shown. 
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Figure 60 LL-37 binding to immobilized E. coli LPS.  The mean of triplicate data points 
± standard error is shown.  Data are fit to Equation 1.  

5.2 Evaluation of CAP affinity for LPS or LTA by 

competition binding assays 

 5.2.1 Experimental technique 

Competitive binding assays were performed to determine the affinity of the CAPs  
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provides a way to compare the affinities of the CAP for soluble P. aeruginosa LPS, E. 

coli LPS, S. aureus LTA and ultimately different GAGs.  Plates were prepared and 

blocked as discussed in Section 5.1.1.  Aliquots containing 0.1 µg Cecropin A, cecropin 

B or LL-37 in tris buffer containing 5 mM CaCl2 and 1.0 mg/mL BSA were incubated 

with a series of concentrations of P. aeruginosa LPS, E. coli LPS or S. aureus LTA 

(Sigma L2515) overnight at 37°C with shaking.  Three-50 µL aliquots of each sample 

were added to the plate and binding was allowed to occur for 1 hour at 37°C with 

shaking.  Following binding the plates were washed 3X with tris buffer.  A 100 ng/mL 

primary antibody solution was added at 100 µL/well and allowed to bind for 1 hour at 

37°C with shaking.  The plates were washed 3X with tris buffer at 300 µL/well, followed 

by the addition of 100 ng/mL secondary antibody at 100 UL/well.  Next the plate was 

washed 4X with 300 µL tris buffer and 100 µL/well horseradish peroxidase substrate was 

added.  After a 30 minute incubation at room temperature with shaking, 15 µL H2SO4 

was added to stop the reaction and the plate was read at 450 nm.  Negative controls where 

the CAP was omitted were used in each case. 

Data were analyzed using SigmaPlot.  The affinity of CAPs for P. aeruginosa 

LPS, E. coli LPS or S. aureus LTA was calculated using Equations 5 and 6.  Equation 5 

is used to calculate an EC50, or concentration required to displace 50% of the CAP from 

immoblized P. aeruginosa LPS or E. coli LPS, for one binding site competition.  

Equation 6 is used to calculate an EC501 and EC502 for two binding sites.  EC50 values 

can be converted to inhibition constants (Ki) using the equation of Cheng and Prusoff.362 

Equation 5 

€ 

f x( ) =min+
max−min( )

1+10x− log EC50( )  

Equation 6 

€ 

f x( ) =min+ max−min( ) F1
1+10x− log EC 501( ) +

F2
1+10x− log EC 502( )
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5.2.2 Measure of affinity of cecropin A for LPS and LTA 

by competition binding assay 

The results from the cecropin A LPS/LTA competition binding studies were 

analyzed using Equations 5 and 6 and the Kd values previously calculated (Tables 5 and 

6).  Free P. aeruginosa LPS was able to compete cecropin A off the immobilized P. 

aeruginosa LPS (Figure 61).  In addition, E. coli LPS and S. aureus LTA in solution 

were able to compete cecropin A off the immobilized P. aeruginosa LPS (Figures 62 and 

63).  P. aeruginosa LPS has an EC50 of 30000 ± 1.87 nM.  E. coli LPS has an EC50 of 

486 ± 1.27 nM and S. aureus LTA has an EC50 of 2920 ± 1.45 nM (Table 11).  It took 

much more P. aeruginosa LPS to compete off cecropin A compared to E. coli LPS and S. 

aureus LTA. 

 

Figure 61 Competition binding curve for free P. aeruginosa LPS binding cecropin A off 
P. aeruginosa LPS.  Means of triplicate measurements ± standard error.  The 
fit of Equation 5 is shown. 
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Figure 62 Competition binding curve for E. coli LPS binding cecropin A on 
immobilized P. aeruginosa LPS.  Data points represent the mean of triplicate 
determinations ± standard error.  The fit of Equation 5 is shown. 

 

Figure 63 Competition binding curve for S. aureus LTA binding cecropin A on P. 
aeruginosa LPS plates.  Mean of triplicate data points ± standard error shown.  
The fit of Equation 5 is shown. 
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Free E. coli LPS was able to compete cecropin A off the immobilized E. coli LPS 

(Figure 64).  Additionally, P. aeruginosa LPS and S. aureus LTA were able to compete 

cecropin A off the immobilized E. coli LPS plates (Figure 65).  Free E. coli LPS has an 

EC50 of 841 ± 1.24 nM while P. aeruginosa LPS gives an EC50 of 17800 ± 1.45 nM and 

S. aureus LTA gives an EC50 of 3890 ±1.51 nM (Table 12). 

 

Figure 64 Competition binding curve for free E. coli LPS binding cecropin A off E. coli 
LPS plates.  Means of triplicate data points ± standard error shown.  The fit of 
Equation 5 is shown. 
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Figure 65 Competition binding curves for P. aeruginosa LPS (A) and S. aureus LTA (B) 
competition binding cecropin A on E. coli LPS plates.  Data points represent 
the mean of triplicate measurements ± standard error.  The fit of Equation 5 
is shown in A and B. 
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these results indicate that the greater affinity of cecropin A for E. coli LPS prevents the 

negative modulation of cecropin A anti-Escherichia activity.  Since cecropin A has a 

lower affinity for P. aeruginosa LPS almost all of the PPSs tested were likely able to 

modulate cecropin A binding to the P. aeruginosa membrane, thus modulating the 

antimicrobial activity of cecropin A against P. aeruginosa.  In addition, it is surprising 

that cecropin A has a higher affinity for S. aureus LTA as compared to its affinity for P. 

aeruginosa LPS since cecropin A is not active against S. aureus and other Gram-positive 

organisms. 

5.2.3 Affinity of cecropin B for LPS and LTA measured by 

competition binding assay 

The results from the cecropin B LPS/LTA competition binding assays and the Kd 

values previously calculated (Tables 7 and 8).  Soluble P. aeruginosa LPS was able to 

compete cecropin B off the immobilized P. aeruginosa LPS plate (Figure 66).   

 

Figure 66 P. aeruginosa LPS competition binding cecropin B on P. aeruginosa LPS.  
Data points represent the mean of triplicate determinations ± standard error.  
The fit of Equation 5 is shown. 
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Figure 67 Competition binding curve for E. coli LPS binding cecropin B on P. 
aeruginosa LPS.  The means of triplicate data points ± standard error are 
shown.  Data are fit to Equation 5. 

 

  

Figure 68 Competition binding curves for S. aureus LTA binding cecropin B on 
immobilized P. aeruginosa LPS.  The means of triplicate data points ± 
standard error are shown.  The fits of Equation 5 (left) and Equation 6 (right) 
are shown. 

E. coli LPS competition binding cecropin B on P. aLPS
- one site competition

log([E.c. LPS] (nM))

0 1 2 3 4 5

A
4
5
0

0.0

0.2

0.4

0.6

0.8

1.0

1.2

1.4

A450

!

S.a. LTA competition binding cecropin B on P.a. LPS
- one site competition

log([S.a. LTA] (nM))

0 1 2 3 4 5

A
4

5
0

0.0

0.2

0.4

0.6

0.8

1.0

1.2

1.4

A450

S. aureus LTA competition binding cecropin B on P.a. LPS
- two site competition

log([S.a. LTA] (nM))

0 1 2 3 4 5

A
4

5
0

0.0

0.2

0.4

0.6

0.8

1.0

1.2

1.4

A450

!

Heparin competition binding cecropin B on P.a. LPS
- one site competition

log([Heparin] (nM))

-4 -2 0 2 4 6 8 10

A
4

5
0

0.0

0.2

0.4

0.6

0.8

1.0

1.2

1.4

A450

Heparan Sulfate competition binding cecropin B on P.a. LPS
- one site competition

log([Heparan sulfate] (nM))

-4 -2 0 2 4 6 8

A
4

5
0

0.0

0.2

0.4

0.6

0.8

1.0

1.2

1.4

A450

!

S.a. LTA competition binding cecropin B on P.a. LPS
- one site competition

log([S.a. LTA] (nM))

0 1 2 3 4 5

A
4

5
0

0.0

0.2

0.4

0.6

0.8

1.0

1.2

1.4

A450

S. aureus LTA competition binding cecropin B on P.a. LPS
- two site competition

log([S.a. LTA] (nM))

0 1 2 3 4 5

A
4

5
0

0.0

0.2

0.4

0.6

0.8

1.0

1.2

1.4

A450

!

Heparin competition binding cecropin B on P.a. LPS
- one site competition

log([Heparin] (nM))

-4 -2 0 2 4 6 8 10

A
4

5
0

0.0

0.2

0.4

0.6

0.8

1.0

1.2

1.4

A450

Heparan Sulfate competition binding cecropin B on P.a. LPS
- one site competition

log([Heparan sulfate] (nM))

-4 -2 0 2 4 6 8

A
4

5
0

0.0

0.2

0.4

0.6

0.8

1.0

1.2

1.4

A450

!



 

 

115 

115 

Additionally, E. coli LPS and S. aureus LTA were able to compete cecropin B off the 

immobilized P. aeruginosa LPS plate (Figures 67 and 68).  Soluble P. aeruginosa LPS 

has an EC50 value of 48.1 ± 1.57 nM while E. coli LPS has an EC50 value of 1140 ± 1.12 

nM and S. aureus LTA has an EC50 value of 5450 ± 4.05 nM (Table 13).  The 

competition binding curve for S. aureus LTA fit a two binding site competition model as 

well (Figure 68). 

Soluble E. coli LPS was able to compete cecropin B off of the immobilized E. 

coli LPS plate (Figure 69).  P. aeruginosa LPS (Figure 70) and S. aureus LTA (Figure 

71) were also able to compete cecropin B off of the immobilized E. coli LPS, although S. 

aureus LTA did not fully inhibit cecropin B binding to the plate in the concentrations 

tested.  E. coli LPS has an EC50 value of 888 ± 1.23 nM, P. aeruginosa LPS has an 

EC50 value of 52.8 ± 1.57 nM and S. aureus LTA has an EC50 value of 13700 ± 1.71 

nM (Table 14).  The competition binding curve for S. aureus LTA binding cecropin B on 

immobilized E. coli LPS can be fit to a one- or two-site competition binding model. 

 

Figure 69 E. coli LPS competition binding cecropin B on immobilized E. coli LPS.  
Means of triplicate data points ± standard error shown.  The line is fit to 
Equation 5. 
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Surprisingly these results do not agree with the results for the cecropin A 

LPS/LTA competition binding assays (Section 5.2.2).  We expected cecropin A and 

cecropin B to behave similarly in these experiments due to the near identical 

antimicrobial activity modulation results found in Chapter 4.  These results indicate that 

P. aeruginosa LPS has a greater affinity for cecropin B, followed by E. coli LPS and then 

S. aureus LTA.  It is possible that other components of the bacterial membrane, such as 

other anionic components, play a larger role in the binding of cecropin B to the bacterial 

membrane.  Additionally, these results suggest that cecropin B may bind to the S. aureus 

membrane in a different manner than for Gram-negative organisms.  It is interesting to 

note that cecropin B has no activity against S. aureus yet is able to bind LTA from its 

membrane. 

 

Figure 70 Competition binding curve for P. aeruginosa LPS binding to cecropin B on E. 
coli LPS.  Means of triplicate measurements are shown ± standard error.  The 
fit of Equation 5 is shown. 
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Figure 71 Competition binding curves S. aureus LTA binding to cecropin B on 
immobilized E. coli LPS.  Data points represent the mean of triplicate 
determinations ± standard error.  The fits of Equation 5 (left) and Equation 6 
(right) are shown. 

5.2.4 Competition binding assays showing LL-37 affinity 

for LPS and LTA 

Free P. aeruginosa LPS was able to completely block the binding of LL-37 to 

immobilized P. aeruginosa LPS.  The data fit models for both one- and two-site  

 

Figure 72 Competition binding curves for free P. aeruginosa LPS binding to LL-37 on 
immobilized P. aeruginosa LPS.  Data points represent the mean of triplicate 
measurements ± standard error.  Lines are the fit of Equation 5 (left) and 
Equation 6 (right). 
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Figure 73 Competition binding curves for E. coli LPS binding to cecropin B on P. 
aeruginosa LPS plates.  The mean of triplicate data points ± standard error is 
shown.  Data are fit to Equation 5. 

 

Figure 74 Competition binding curves for S. aureus LTA competition binding to LL-37 
on P. aeruginosa plates.  The means of triplicate measurements ± standard 
error are shown.  Lines are fit to Equation 5 (left) and Equation 6 (right). 
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competition binding, but there was not a substantial improvement in the fit for the two-  

binding site competition model (Figure 72).  E. coli LPS and S. aureus LTA were also 

able to completely block the binding of LL-37 to immobilized P. aeruginosa LPS 

(Figures 73 and 74).  The competition binding data for S. aureus LTA fit both one- and 

two-site competition binding models.  P. aeruginosa LPS binds LL-37 with an EC50 

value of 249 ± 1.11 nM, E. coli LPS binds with an EC50 value of 107 ± 1.24 nM and S. 

aureus LTA binds with an EC50 value of 1710 ± 1.25 nM (Table 15). 

Free E. coli LPS was able to complete block LL-37 binding to immobilized E. 

coli LPS (Figure 75).  Additionally, P. aeruginosa LPS and S. aureus LTA were also 

able to completely block LL-37 binding to immobilized E. coli LPS (Figures 76 and 77).  

The competition binding curves for S. aureus LTA fit both one- and two-binding 

competition models.  Free E. coli LPS bound LL-37 with an EC50 value of 81.9 ± 1.91 

nM while P. aeruginosa LPS bound with and EC50 value of 106 ± 1.21 nM and S. 

aureus LTA bound with an EC50 value of 92.5 ± 1.79 nM (Table 16). 

 

Figure 75 Competition binding curve for free E. coli LPS binding to LL-37 on 
immobilized E. coli LPS.  Data points represent the mean of triplicate 
measurements ± standard error.  Fit of Equation 5 is shown. 
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From these data it appears that LL-37 binds to P. aeruginosa LPS, E. coli LPS 

and S. aureus LTA with similar affinities.  This agrees with the results of the 

antimicrobial activity modulation data where almost all of the GAGs, charge-reduced 

heparin analogs and LMWHs were able to reverse the antimicrobial activity of LL-37 

against the three different organisms. 

 

Figure 76 Competition binding curve of P. aeruginosa LPS binding to LL-37 on 
immobilized E. coli LPS.  Mean of triplicate data points ± standard error 
shown.  The line is fit to Equation 5. 

 

Figure 77 Competition binding curves showing S. aureus LTA binding to LL-37 on E. 
coli LPS plates.  The mean of triplicate measurements ± standard error is 
shown.  The fits of Equation 5 (left) and Equation 6 (right) are shown. 
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5.3 Competition binding assays measuring the affinity of 

CAPs for GAGs 

5.3.1 Experimental techniques 

Competitive binding assays were employed to explore the affinity of GAGs for 

cecropin A, cecropin B and LL-37.  Since these CAPs showed different affinity for P. 

aeruginosa LPS and E. coli LPS, these ELISA experiments were done using both 

immobilized P. aeruginosa LPS and E. coli LPS.  We were especially interested in these 

experiments due to the different modulatory activities of the GAGs found when different 

target organisms were used in the antimicrobial activity reversal studies.  

Plates were prepared and blocked as discussed in Section 5.1.1.  Aliquots of 0.1 

µg cecropin A, cecropin B or LL-37 in tris buffer containing 5 mM CaCl2 and 1.0 mg/mL 

BSA was incubated with a series of concentrations of heparin, enoxaparin, HS, DS, HA 

or C4S overnight at 37°C with shaking.  Three-50 µL aliquots of each sample were added 

to the plate and binding was allowed to occur to 1 hour at 37°C with shaking.  Following 

binding the plates were washed 3X with tris buffer.  A 100 ng/mL primary antibody 

solution was added at 100 µL/well and allowed to bind for 1 hour at 37°C with shaking.  

The plates were washed 3X with tris buffer at 300 µL/well, followed by the addition of 

100 ng/mL secondary antibody at 100 UL/well.  Next the plate was washed 4X with 300 

µL tris buffer and 100 µL/well horseradish peroxidase substrate was added.  After a 30 

minute incubation at room temperature with shaking, 15 µL H2SO4 was added to stop the 

reaction and the plate was read at 450 nm.  Controls were included in these experiments 

where the CAP was omitted from the overnight incubation. 

Due to the polydisperse nature of the GAGs used in these experiments, the 

average disaccharide molecular weights for each GAG were used in all calculations.  

Data were analyzed using SigmaPlot.  The affinity of CAPs for the GAGs was calculated 

using Equations 5 and 6. 
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5.3.2 Competition binding studies for cecropin A and 

GAGs 

Heparin, HS, DS, enoxaparin and C4S were able to block cecropin A binding to 

immobilized P. aeruginosa LPS (Figures 78, 79 and 80).  HA was not able to block 

cecropin A binding to the immobilized P. aeruginosa LPS (Figure 78).  The competition 

binding data for enoxaparin and C4S fit both the one- and two-site competition binding 

models.  Cecropin A showed no affinity for the GAGs DS and HA. 

 
 

 

Figure 78 Competition binding curves showing heparin (A), HS (B), DS (C) and HA (D) 
binding cecropin A on immobilized P. aeruginosa LPS.  The fits of Equation 
5 are shown. 
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The calculated binding constants for the competition binding curves of the GAGs binding 

cecropin A on P. aeruginosa LPS is shown in Table 17.  In order of highest affinity to 

lowest the GAGs rank heparin > HS > enoxaparin > C4S > HA and DS. 

  

Figure 79 Competition binding curves for enoxaparin binding cecropin A on P. 
aeruginosa LPS.  The fits of Equation 5 (left) and Equation 6 (right) are 
shown. 

  

Figure 80 Competition binding curves for C4S binding cecropin A on immobilized P. 
aeruginosa LPS.  The fits of Equation 5 (left) and Equation 6 (right) are 
shown. 
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Figure 81 Competition binding curves showing heparin (A), enoxaparin (B), HS (C), DS 
(D) and HA (E) binding cecropin A on immobilized E. coli LPS.  The fit of 
Equation 5 is shown in A-E. 
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All of the GAGs tested, with the exception of HA were able to block cecropin A 

binding to immobilized E. coli LPS (Figures 81 and 82).  The competition binding 

curves for C4S blocking LL-37 binding to immobilized E. coli LPS fit both the one- and 

two-binding site competition models (Figure 82).  The calculated binding constants for 

the GAG-cecropin A-immobilized E. coli LPS competition binding studies are shown in 

Table 18.  Heparin had the highest affinity, followed by HS, enoxaparin, DS, C4S and 

HA. 

These results are surprising based on the results of the cecropin A antimicrobial 

reversal data.  In those experiments heparin was the only GAG able to modulate the 

antimicrobial activity of cecropin A.  Here all of the GAGs, with the exception of HA, 

show affinity for cecropin A.  Additionally, DS shows a higher affinity for cecropin A 

when competing with P. aeruginosa LPS as compared to heparin. 

  

Figure 82 Competition binding curves showing C4S binding cecropin A on immobilized 
E. coli LPS.  The fits of Equation 5 (left) and Equation 6 (right) are shown. 
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5.3.3 Competition binding studies on cecropin B binding to 

GAGs 

All of the GAGs tested, with the exception of HA, showed affinity for cecropin B 

when competing with immobilized P. aeruginosa LPS (Figures 83, 84, 85 and 86).  The 

competition binding data for HS, HA and C4S and cecropin B on immobilized P. 

aeruginosa LPS fit the binding models for one- and two-sites (Figures 84, 85 and 86). 

Only the C4S competition binding data were a significantly better for the two-site 

competition binding model.  The calculated binding constants for the GAGs binding 

 

 

Figure 83 Competition binding curves showing heparin (A), enoxaparin (B) and DS (C) 
binding to cecropin B on immobilized P. aeruginosa LPS.  The fits of 
Equation 5 are shown. 
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cecropin B on immobilized P. aeruginosa LPS is shown in Table 19.  The GAGs in order 

from best affinity to worst are: heparin > HS > enoxaparin > DS > C4S > HA. 

 

Figure 84 Competition curves for HS binding cecropin B on immobilized P. aeruginosa 
LPS.  Means of triplicate data points ± standard error are shown.  The fits of 
Equation 5 (A) and Equation 6 (B) are shown. 

 

Figure 85 Competition binding curves for HA binding to cecropin B on immobilized P. 
aeruginosa LPS.  Data points represent the mean of triplicate measurements ± 
standard error.  The fits of Equation 5 (left) and Equation 6 (right) are 
shown. 
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Figure 86 Competition binding curves for C4S binding cecropin B on immobilized P. 
aeruginosa LPS.  Means of triplicate determinations ± standard error shown.  
The fits of Equation 5 (left) and Equation 6 (right) are shown. 

All of the GAGs, with the exception of HA, are able to compete with E. coli LPS 

to bind cecropin B. The competition binding curves for enoxaparin, DS and C4S are 

better fit to a one-site competition binding model (Figure 87).  Surprisingly, heparin and 

heparan sulfate both fit a two-site competition binding model better than a one-site 

competition binding model (Figures 88 and 89).  Both heparin and HS appear to have a 

high affinity binding site and a much lower affinity binding site for cecropin B.  The 

calculated binding constants for the GAG competiton binding curves are presented in 

Table 20. 

In the cecropin B competition binding studies heparin shows some of the highest 

affinity for the CAP, along with the LMWH and HS.  It is intriguing to note that both 

heparin and HS fit the two-site competition binding model better with immobilized E. 

coli LPS.  It is possible that the conformation of cecropin B bound to E. coli LPS allows 

it to be accessible to multiple binding sites on these two GAGs, while the conformation 

of cecropin B bound to P. aeruginosa LPS does not allow for this.  Ultimately there are 

many binding sites along each GAG due to the high degree of heterogeneity, especially 

on HS. 
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Figure 87 Competition binding curves for DS (A), C4S (B), HA (C) and enoxaparin (D) 
binding to cecropin B on immobilized E. coli LPS.  Means of triplicate data 
points ± standard error shown.  The fits of Equation 5 are shown. 
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Figure 88 Competition binding curves for heparin binding cecropin B on immobilized 
E.coli LPS.  Data points represent the means of triplicate determinations ± 
standard error.  The fits of Equation 5 (left) and Equation 6 (right) are 
shown. 

 

 

Figure 89 Competition binding curves for HS binding to cecropin B on immobilized E. 
coli LPS.  Data points represent the mean of triplicate measurements ± 
standard error.  Lines are fit to Equation 5 (left) and Equation 6 (right). 
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5.3.4 Competition binding studies for LL-37 and GAGs 

In contrast to the competition binding studies for cecropin A and cecropin B, all 

of the GAGs tested were able to block the binding of LL-37 to P. aeruginosa LPS 

(Figure 90).  Although heparin, enoxaparin and HA fit both the one- and two-site 

competition binding models, only heparin showed a significantly improved fit for the 

two-site competition binding model.  The calculated binding constants for the GAGs 

competing LL-37 off of immobilized P. aeruginosa LPS is shown in Table 21.  For the 

one-site competition binding model the GAGs rank in order of highest affinity to lowest 

DS > enoxaparin > HS > HA > heparin > C4S. 

All of the GAGs, except C4S, were able to compete with immobilized E. coli LPS 

to bind LL-37 (Figure 91).  The calculated binding constants for these competition 

binding curves are shown in Table 22.  Only the enoxaparin competition binding curve 

fit the two-site competition binding model, but with little improvement over the one-site 

model.  In order of highest affinity to lowest the GAGs rank: DS > heparin > HS > 

enoxaparin > HA > C4S. 

DS shows the highest affinity for LL-37 on both immobilized P. aeruginosa LPS 

and E. coli LPS.  This is surprising based on the results of the LL-37 antimicrobial 

activity modulatory activities of the GAGs.  Based on the results of those experiments we 

would expect all of the GAGs, with the exception of HA, to show approximately equal 

affinities for LL-37 on either immobilized P. aeruginosa LPS or E. coli LPS.  In these 

experiments we see that HA shows affinity for LL-37.  These experiments also 

demonstrate that there is a clear difference between the GAG affinities for LL-37.  In 

addition, it is interesting to note that enoxaparin binding to LL-37 on either immobilized 

P. aeruginosa LPS or E. coli LPS can fit a two-site competition binding model.  It is 

possible that its lower molecular weight and therefore smaller size results in it binding 

closer to the immobilized LPS surface and allows it to come into contact with two LL-37 

molecules. 
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Figure 90 Competition binding curves for heparin (A), enoxaparin (B), HS (C), DS (D), 
HA (E) and C4S (F) binding to LL-37 on immobilized P. aeruginosa LPS.  
The means of triplicate data points ± standard error are shown.  The fits of 
Equation 5 are shown. 
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Figure 91 Competition binding curves for heparin (A), enoxaparin (B), HS (C), DS (D), 
HA (E) and C4S (F) binding to LL-37 on immobilized E. coli LPS.  Means of 
triplicate data points ± standard error shown.  The fits of Equation 5 are 
shown. 
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Binding Model  Kd (nM)  Bmax  Kd2 (nM)  Bmax2  N.s.  R2 

One site saturation  652 ± 186  0.584 ± 0.028        0.8344 

One site saturation + nonspecific  356 ± 164  0.460 ± 0.0720      1.18 ×10‐5 ± 7.41 × 10‐6  0.8427 

Two site saturation  25.7 ± 48.5  0.179 ± 0.0820  3180 ± 2480  0.515 ± 0.0816    0.8737 

Two site saturation ± nonspecific  25.7 ± 55.8  0.179 ± 0.110  3180 ± 6880  0.515 ± 0.539  7.07×10‐13 ± 2.84×10‐5  0.8737 

Table 5 Binding constants calculated from cecropin A saturation of immobilized P. aeruginosa LPS. 
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Binding Model  Kd (nM)  Bmax  Kd2 (nM)  Bmax2  N.s.  R2 

One site saturation  396 ± 96.5  0.513 ± 0.0191        0.8528 

One site saturation + nonspecific  133 ± 56.5  0.353 ± 0.0377      1.753×10‐5 ± 4.334×10‐6  0.8924 

Two site saturation  55.7 ± 45.6  0.261 ± 0.0634  7060 ± 6950  0.448 ± 0.138    0.8959 

Two site saturation + nonspecific 
DNC 

Table 6 Binding constants calculated from cecropin A saturation of E. coli LPS. 

Note: DNC indicates that the data did not converge to the binding model. 
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Binding Model  Kd (nM)  Bmax  Kd2 (nM)  Bmax2  N.s.  R2 

One site saturation  235± 40.4  1.655 ± 
0.0395 

      0.930
5 

One site saturation + 
nonspecific 

235 ± 56.6  1.66 ± 0.119      3.92×10‐14 ±1.24×10‐5  0.930
5 

Two site saturation  235 ± 7240000  0.832 ± 
3020000 

235 ± 7320000  0.823 ± 
3020000 

  0.930
5 

Two site saturation ± 
nonspecific 

235 ± 3020000  0.849 ± 
3160000 

235 ± 3220000  0.807 ± 
3160000 

1.55×10‐14 ±1.62×10‐5  0.930
5 

Table 7 Binding constants calculated from cecropin B saturation of P. aeruginosa LPS. 
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Binding Model  Kd (nM)  Bmax  Kd2 (nM)  Bmax2  N.s.  R2 

One site saturation  270 ± 

49.9 

0.969 ± 

0.0255 

      0.9220 

One site saturation + 
nonspecific 

270 ± 

70.3 

0.969 ± 

0.0781 

    2.47×10‐14 ±  

8.04×10‐6 

0.9220 

Two site saturation  270 ± 

8530000 

0.492 ± 

1220000 

270 ± 

8810000 

0.476 ± 

1220000 

  0.9220 

Two site saturation ± 
nonspecific 

270 ± 

74800 

0.501 ± 

10.7 

270 ± 

80100 

0.468 ± 

10.7 

6.92×10‐15 ± 

6.95×10‐11 

0.9220 

Table 8 Calculated binding constants for cecropin B binding to immobilized E. coli LPS. 

 

 

 

 

 

 

 



 

 

138 

 

Binding Model  Kd (nM)  Bmax  Kd2 (nM)  Bmax2  Ns  R2 

One site saturation  69.2 ± 7.72  2.76 ± 0.0348        0.9691 

One site saturation + 
nonspecific 

66.4 ± 9.77  2.73 ± 0.0844      5.56×10‐6  0.9693 

Two site saturation  69.2 ± 1580000  1.39 ± 
1350000 

69.2 ± 1590000  1.38 ± 
1350000 

  0.9691 

Two site saturation + 
nonspecific 

66.4 ± 3470000  1.38 ± 
9260000 

66.4 ± 3520000  1.35 ± 
9260000 

5.56×10‐6  0.9693 

Table 9 Binding constants calculated for LL-37 binding to P. aeruginosa LPS. 

 
 
 
 
 
 
 
 
 
 
 
 
 



 

 

139 

Binding Model  Kd (nM)  Bmax  Kd2 (nM)  Bmax2  Ns  R2 

One site saturation  225 ± 

22.1 

2.28 ± 

0.0317 

      0.9780 

One site saturation + 
nonspecific 

220 ± 

30.5 

2.26 ± 

0.0959 

    3.31×10‐6  0.978 

0 

Two site saturation  226 ± 

4630000 

1.14 ± 

1240000 

226 ± 

4650000 

1.14 ± 

12400000 

  0.9780 

Two site saturation + 
nonspecific 

220 ± 

23100000 

1.16 ± 

1300000 

220 ± 

24200000 

1.10 ± 

1300000 

3.31×10‐6  0.9780 

Table 10 Calculated binding constants for LL-37 binding to E. coli LPS. 
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One site competition  Two site competition 
Free ligand  Kd 

[Cecropin 
A] (nM)  EC50 (nM)  Ki (nM)  R2  EC501 (nM)  EC502 (nM)  Ki1 (nM)  Ki2 (nM)  R2 

P. 
aeruginosa 

LPS 

356  500  29900 ± 
1.87 

13200  0.8962  DNC 

E. coli LPS  356  500  486 ± 1.27  216  0.9461  DNC 

S. aureus LTA  356  500  2920 ± 
1.45 

1300  0.8996  DNC 

Table 11 Binding constants calculated from LPS and LTA competition binding studies on cecropin A binding to immobilized P. 
aeruginosa LPS. 

Note: DNC indicates that the data did not conform to the binding model. 
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One site competition  Two site competition 
Free ligand  Kd 

[Cecropin 
A] (nM)  EC50 (nM)  Ki (nM)  R2  EC501 (nM)  EC502 (nM)  Ki1 (nM)  Ki2 (nM)  R2 

P. 
aeruginosa 

LPS 

133  500  17800 ± 
1.55 

3740  0.9117  467 ± 32.9  41400 ± 
9.32 

98.3  8700  0.9153 

E. coli LPS  133  500  841 ± 1.24  177  0.9626  DNC 

S. aureus LTA  133  500  3890 ± 
1.51 

818  0.8764  DNC 

Table 12 Calculated binding values from LPS and LTA competition binding studies on cecropin A binding to immobilized E. coli 
LPS. 

Note: DNC indicates that the data did not converge to the binding model. 
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One site competition  Two site competition 
Free ligand  Kd 

[Cecropin 
B] (nM)  EC50 (nM)  Ki (nM)  R2 

EC501 
(nM) 

EC502 
(nM) 

Ki1 (nM)  Ki2 (nM)  R2 

P. 
aeruginosa 

LPS 

253  522  48.1 ± 1.57  15.7  0.8096  DNC 

E. coli LPS  253  522  1140 ± 
1.12 

374  0.9889  DNC 

S. aureus LTA  253  522  5450 ± 
4.05 

1780  0.3774  63.6 ± 
36.9 

23400 ± 
15.3 

20.8  7640  0.402 

Table 13 Calculated binding values from LPS and LTA competition binding studies on cecropin B binding to immobilized P. 
aeruginosa LPS. 

Note: DNC indicates that the data did not converge to the binding model. 
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One site competition  Two site competition 

Free ligand  Kd 
[Cecropin 
B] (nM)  EC50 (nM)  Ki (nM)  R2  EC501 

(nM) 
EC502 
(nM) 

Ki1 (nM)  Ki2 (nM)  R2 

P. 
aeruginosa 

LPS 

270  522  52.8 ± 1.57  18.0  0.814  DNC 

E. coli LPS  270  522  888 ± 1.23  3300  0.965  DNC 

S. aureus LTA  270  522  13700 ± 
1.71  

4690  0.7984  0.156 ±  
1×10178 

16900 ± 
1.99 

0.0532  5760  0.8057 

Table 14 Binding constants calculated from LPS and LTA competition binding assays on cecropin B binding to immobilized E. coli 
LPS. 

Note: DNC indicates that the data did not converge to the binding model. 
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One site competition  Two site competition 

Free ligand  Kd 
[LL‐37] 
(nM)  EC50 (nM)  Ki (nM)  R2  EC501 

(nM) 
EC502 
(nM) 

Ki1 (nM)  Ki2 (nM)  R2 

P. 
aeruginosa 

LPS 

69.2  445  249 ± 1.11  33.6  0.9875  98.4 ± 
1.74 

1100 ± 
2.25 

13.2  148  0.9902 

E. coli LPS  69.2  445  107 ± 1.24  14.4  0.9524  DNC 

S. aureus LTA  69.2  445  1710 ± 
1.25 

230  0.956  54.0 ± 1.77  6080 ± 
1.35 

7.27  818  0.9808 

Table 15 Calculated binding constants for LL-37 binding to P. aeruginosa LPS. 

Note: DNC indicates that the data did not converge to the binding model. 
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One site competition  Two site competition 

Free ligand  Kd 
[LL‐37] 
(nM)  EC50 (nM)  Ki (nM)  R2  EC501 

(nM) 
EC502 
(nM) 

Ki1 (nM)  Ki2 (nM)  R2 

P. 
aeruginosa 

LPS 

226  445  106 ± 1.21  35.7  0.9635  DNC 

E. coli LPS  226  445  81.9 ± 1.91  27.6  0.6910  DNC 

S. aureus LTA  226  445  92.5 ± 1.79  31.1  0.7127  23.2 ± 4.09  4200 ± 
8.61 

7.81  1410  0.7547 

Table 16  Calculated binding constants for LL-37 binding to E. coli LPS. 
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One Site Competition Two Site Competition 
Free ligand  Kd (nM) 

[Ligand] 
(nM)  EC50 (nM)  Ki (nM)  R2  EC501 (nM)  EC502 (nM) 

Ki1 
(nM) 

Ki2 (nM)  R2 

Heparin  356  499  10.8 ± 2.07  4.51  0.7080  DNC 

Enoxaparin  356  499  125 ± 1.33  55.3  0.9483  1.31×10‐3 ± 
6.37×10136 

162 ± 

1.43 

5.83× 

10‐4 

71.8  0.9620 

Heparan 
sulfate 

356  499  43.4 ± 1.56  18.1  0.8825  DNC 

Dermatan 
sulfate 

356  499  DNC  DNC 

Hyaluronic 
acid 

356  499  DNC  DNC 

Chondroitin 
4‐sulfate 

356  499  197000 ± 1.42  87400  0.9171  6.00 ± 6.48  237000 
 ± 1.48 

2.67  106000  0.9360 

Table 17 Binding constants calculated for GAG competition binding assays on cecropin A binding to immobilized P. aeruginosa 
LPS. 

Note: DNC indicates that the data did not converge to binding model. 
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One Site Competition Two Site Competition 
Free ligand  Kd (nM) 

[Ligand] 
(nM)  EC50 (nM)  Ki (nM)  R2 

EC501 
(nM) 

EC502 
(nM) 

Ki1 
(nM) 

Ki2 (nM)  R2 

Heparin  133  499  67.4 ± 2.86  14.2  0.5450  DNC 

Enoxaparin  133  499  171 ± 1.32  39.4  0.9507  DNC 

Heparan 
sulfate 

133  499  77.0 ± 2.06  16.2  0.7235  DNC 

Dermatan 
sulfate 

133  499  349 ± 1.69  73.5  0.8429  DNC 

Hyaluronic 
acid 

133  499  DNC  DNC 

Chondroitin 
4‐sulfate 

133  499  202000 ± 1.62  46500  0.8544  2.12 ± 
119 

222000 ± 
1.74 

0.489  51100  0.8616 

Table 18  Binding constants calculated for GAG competition binding assays on cecropin A binding to immobilized E.coli LPS. 

Note: DNC indicates that the data did not converge to binding model. 
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One Site Competition Two Site Competition 
Free ligand  Kd (nM) 

[Ligand] 
(nM)  EC50 (nM)  Ki (nM)  R2 

EC501 
(nM) 

EC502 
(nM) 

Ki1 
(nM) 

Ki2 (nM)  R2 

Heparin  253  522  0.324 ± 2.27  0.106  0.6343  DNC 

Enoxaparin  253  522  37.5 ± 1.33  12.3  0.9498  DNC 

Heparan 
sulfate 

253  522  3.74 ± 2.26  1.22  0.6821  2.87 ± 
3.05 

8300 ± 
1330000 

0.938  2710  0.6929 

Dermatan 
sulfate 

253  522  45.9 ± 1.40  15.0  0.9253  DNC 

Hyaluronic 
acid 

253  522  132000 ± 9.97  43000  0.188  16.6 ± 
76.3 

463000 ± 
64.2 

5.41  151000  0.2362 

Chondroitin 
4‐sulfate 

253  522  1790 ± 3.50  584  0.566  2.90 ± 
12.1 

694000 ± 
1.82 

0.948  227000  0.8344 

Table 19 Calculated binding constants for GAG competition binding studies for cecropin B binding to P. aeruginosa LPS. 

Note: DNC indicates that the data did not converge to the binding model. 
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One Site Competition Two Site Competition 
Free ligand  Kd (nM) 

[Ligand] 
(nM)  EC50 (nM)  Ki (nM)  R2 

EC501 
(nM) 

EC502 
(nM) 

Ki1 
(nM) 

Ki2 (nM)  R2 

Heparin  133  522  67.4 ± 2.86  14.2  0.5450  58.8 ± 

5.32 

5100000 ± 
3.14 

20.1  17400  0.7122 

Enoxaparin  133  522  35.3 ± 1.31  12.1  0.9535  DNC 

Heparan 
sulfate 

133  522  59100 ± 1.54  20200  0.8859  8.49 ± 

6.38 

77300 ± 

1.58 

2.90  26400  0.9129 

Dermatan 
sulfate 

133  522  279 ± 1.60  95.4  0.8721  DNC 

Hyaluronic 
acid 

133  522  DNC  DNC 

Chondroitin 
4‐sulfate 

133  522  694000 ± 1.60  237000  0.8333  DNC 

Table 20 Binding constants calculated from GAG competition binding curves on cecropin B binding to immobilized E. coli LPS.   

Note: DNC indicates that the data did not converge to the binding model. 
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One Site Competition Two Site Competition 
Free ligand  Kd (nM) 

[Ligand] 
(nM)  EC50 (nM)  Ki (nM)  R2 

EC501 
(nM) 

EC502 
(nM) 

Ki1 
(nM) 

Ki2 (nM)  R2 

Heparin  69.2  445  999000 ± 2.67  134000  0.5141  78.3 ± 
3.25 

7220000 ± 
24.3 

10.5  972000  0.7352 

Enoxaparin  69.2  445  185 ± 1.37  24.9  0.9367  170 ± 
1.56 

47100 ± 
6740 

22.9  6330  0.9375 

Heparan 
sulfate 

69.2  445  192 ± 1.79  25.8  0.810  DNC 

Dermatan 
sulfate 

69.2  445  92.7 ± 1.55  12.5  0.8681  DNC 

Hyaluronic 
acid 

69.2  445  286000 ± 1.24  38500  0.9650  22.3 ± 
17.6 

323000 ± 
1.27 

3.00  43500  0.9698 

Chondroitin 
4‐sulfate 

69.2  445  220000000000 ± 
101112.373 

29560000000  0.7606  DNC 

Table 21 Binding constants for GAG competition binding assays for LL-37 binding immobilized P. aeruginosa LPS. 

Note: DNC indicates that the data did not converge to the binding model. 
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One Site Competition Two Site Competition 
Free ligand  Kd (nM) 

[Ligand] 
(nM)  EC50 (nM)  Ki (nM)  R2 

EC501 
(nM) 

EC502 (nM) 
Ki1 
(nM) 

Ki2 (nM)  R2 

Heparin  226  445  114 ± 1.71  38.4  0.8232  DNC 

Enoxaparin  226  445  249 ± 1.50  83.9  0.9002  240 ± 
1.78 

86100 ± 

227000000 

80.6  29000  0.9004 

Heparan 
sulfate 

226  445  167 ± 1.32  56.3  0.9472  DNC 

Dermatan 
sulfate 

226  445  63.9 ± 1.73  21.5  0.8049  DNC 

Hyaluronic 
acid 

226  445  265000 ± 1.51  89100  0.8839  DNC 

Chondroitin 
4‐sulfate 

226  445  2.31 ± 624  0.777  0.0279  DNC 

Table 22 Binding constants calculated from GAG competition binding curves on LL-37 binding to immobilized E. coli LPS. 

Note: DNC indicates that the data did not converge to the binding model. 
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5.4 Correlation between LL-37 affinity for 

glycosaminoglycans and the ability of glycosaminoglycans 

to reversal of antimicrobial activity of LL-37 

Scatter plots were used to correlate the concentration of GAGs required to reverse 

the antimicrobial activity of LL-37 against both P. aeruginosa and E. coli with the Ki 

values calculated for the GAGs binding LL-37 competitively on either P. aeruginosa or 

E. coli LPS (Figures 92 and 93).  Fitting these data to a linear regression can identify 

correlation.  The fits of the linear regression to both sets of data can be seen in Figures 

92 and 93. 

 

Figure 92 Correlation plot comparing the concentration of GAG required to reverse the 
antimicrobial activity of LL-37 against P. aeruginosa vs. the Ki value for each 
GAG binding LL-37 on P. aeruginosa LPS.  A linear fit is shown for the data. 
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Figure 93 Correlation plot comparing the concentration of GAG required to reverse the 
antimicrobial activity of LL-37 against E. coli vs. the Ki value for each GAG 
binding LL-37 on E. coli LPS.  A linear fit is shown for the data. 

Looking at the correlation plots in Figures 92 and 93, we can see that the affinity 

of LL-37 for the GAGs correlates more strongly to the ability of the GAGs to reverse the 

antimicrobial activity of LL-37 against E. coli.  However, not all of the data points show 

strong correlation, such as in the case of Enoxaparin.  In Figure 93 Enoxaparin has a low 

Ki value, indicating a high affinity for LL-37, yet it requires a larger concentration to 

reverse the antimicrobial activity of LL-37 against E. coli as compared to heparin and 

DS, two GAGs that have similar Ki values.  Correlations for the concentration of GAGs 

required to reverse the antimicrobial activity of cecropins A and B with the Ki values 

calculated for the GAGs binding either cecropin competitively on P. aeruginosa or E. 
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coli LPS could not be examined due to the low number of GAGs that reversed the 

antimicrobial activites of the cecropins against P. aeruginosa and E. coli. 

5.5 Conclusions 

In these experiments I measured the affinity of cecropin A, cecropin B and LL-37 

for components of Gram-negative and –positive membranes.  This provided insight into 

the affinity of the CAPs for the bacterial membranes of P. aeruginosa, E. coli and S. 

aureus.  I found that there were significant differences between the affinities of cecropin 

A and cecropin B for the Gram-negative and –positive components, a result that wasn’t 

expected based on the similarity of the peptide sequences.  Cecropin A has a higher 

affinity for E. coli LPS while cecropin B has a higher affinity for P. aeruginosa LPS.  

Based on the results of the antimicrobial activity reversal data we expected to see that 

both cecropins show higher affinities for E. coli LPS.  In addition, both cecropins showed 

affinity for S. aureus LTA, despite having no antimicrobial activity against this organism.  

Another surprising result was that LL-37 has similar affinities for P. aeruginosa LPS, E. 

coli LPS and S. aureus LTA.  We expected the affinities to show significant differences 

based on the MIC values determined for LL-37.  This likely indicates that there are 

additional binding components on the bacterial membrane involved in the antimicrobial 

activity of LL-37. 

All of the GAGs tested showed affinities for cecropin A, cecropin B and LL-37.  

Overall, heparin showed the highest affinity for cecropin A, cecropin B and LL-37 on 

immobilized P. aeruginosa and E. coli LPS.  Although CAP affinities were calculated for 

the GAGs, these results do not completely agree with the results from the reversal of 

antimicrobial activity experiments.  Since we are working with a very simple 

representation of the bacterial membrane, this indicates that other factors may play a role 

in the CAPs binding to the bacterial membrane.  Since specific bacterial membrane 

targets for cecropin A, cecropin B and LL-37 have not been elucidated it is difficult to 
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postulate what other components of the bacterial membrane GAGs are blocking the CAPs 

from binding.  Yet again, these results indicate that GAG interactions with CAPs are 

complex and are dependent upon all factors of the system. 

I also looked for a correlation between the concentration of GAG required to 

reverse the antimicrobial activity of LL-37 and the calculated affinities of LL-37 for each 

GAG.  No clear correlations were evident between the affinity of LL-37 for the GAGs 

and the ability of the GAGs to negatively modulate the antimicrobial activity of LL-37. 

Since the ionic strength of the buffer used in the ELISA affinity assays is higher than the 

ionic strength used in earlier studies, it is possible that the affinity of LL-37 for each 

GAG in the two studies differs.  Overall, these results indicate that the simplified models 

that we are using are not sufficient to be able to predict the ability of GAGs to modulate 

the antimicrobial activity of LL-37 based upon the affinity of LL-37 for each GAG. 

Due to the highly basic properties of these peptides, it is likely that they bind to 

many targets non-specifically.  While the affinity experiments presented in this chapter 

indicate that some or all of the GAGs have high affinities for the linear CAPs studied in 

this work, this affinity clearly does not solely account for the ability of slect GAGs to 

modulate the antimicrobial activity of these CAPs.  As has been suggested in this chapter, 

it is likely that a combination of factors, one being the affinity of the CAP for a GAG, 

results in the antimicrobial activity modulatory effects of the GAGs on each CAP. 
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CHAPTER 6 PROTECTION OF CATIONIC 

ANTIMICROBIAL PEPTIDES FROM PROTEOLYTIC 

DEGRADATION BY GLYCOSAMINOGLYCANS 

6.1 Inhibition of trypsin and Pseudomonas aeruginosa 

elastase by glycosaminoglycans 

Before we could test the ability of GAGs to protect cecropin A, cecropin B and 

LL-37 from proteolytic degradation we had to test the ability of GAGs to inhibit trypsin 

and P. aeruginosa elastase.  Heparin is a potent regulator of serine proteases in the 

coagulation cascade.155  In addition, heparin and other GAGs are known to inhibit human 

neutrophil elastase and interact with cathepsin G and protect against inhibition.363,364  

Furthermore, Redini et al. showed the P. aeruginosa elastase (PAELA) is not inhibited 

by heparin.  However, the authors noted that PAELA showed inhibition by heparin when 

elastin, rather than a labeled peptide was used at the substrate for PAELA.210 

6.1.1 Experimental techniques 

The Pierce Quanticleave protease assay kit (#23236) was used to detect the 

activity of trypsin.  This kit uses succinylated casein as the substrate for proteases and 

trinitrobenzenesulfonic acid (TNBSA) to detect primary amines exposed by protease 

cleavage.  Dixon plots were used to determine the trypsin inhibitory activities of each 

GAG.  For this assay, two different concentrations of substrate are used with a fixed 

amount of trypsin and range of concentrations of GAGs.  Succinylated casein in the 

amount of 100 or 50 µg was added to a 100 mM-0.01 mM GAG concentration range, 

TNBSA and 38.8 U trypsin in 50 mM sodium borate buffer, pH 8.0, in a 96-well 

microplate.  The absorbance at 450 nm was read every 30 seconds in a BioTek ELx808 

microplate reader for a total of 30 minutes.  Each reaction condition was done in 

triplicate.  Since this experiment is sensitive to free amines and many of the GAGs 

contain some primary amines, controls wells of GAG, TNBSA and trypsin were run.  
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Following the experiment, the initial velocity (V0) of each reaction condition was 

calculated by determining the slope of the A450 vs. time plots.  To correct for the signal 

caused by GAG alone the initial velocity of the GAG controls was subtracted from the 

initial velocity of the samples, giving a corrected V0 for each reaction condition.  The 

Grubbs test (Equation 7) was used to detect outliers in the data and a critical value of 

2.21 or 2.29, depending on the number of samples in the data set, was used to exclude 

values.  Less than half of the data sets had a data point excluded. 

Equation 7 

€ 

Z =
mean − x

SD
 

Following the calculation of V0 for the two concentrations of succinylated casein 

with each GAG, the Dixon plots were created.  To do this, 1/V0 for each GAG data set 

was plotted against the GAG concentration and fit to a linear regression equation.  The 

inhibition constant (Ki) for the GAG is calculated from the X-coordinate at the 

intersection of the two linear fit lines (Figure 94). 

A modified TNBSA-based assay was used to detect the effect of GAGs on 

PAELA activity.  Rao et al. reported that succinylated elastin can be used as a substrate 

in the assay described above to measure the activity of elastase.365  Since different 

inhibition potentials for heparin were seen depending on the substrate used by Redini et 

al., we chose to use succinylated elastin to measure the inhibition of PAELA by 

GAGs210.  Succinylated elastin was prepared according to the method of Rao et al.  

Briefly, soluble elastin (Sigma #E6527) was dissolved in 50 mM sodium borate buffer, 

pH 8.0, and 0.04 (w/w) succinic anhydride was added.  The mixture was stirred at room 

temperature for 1 hour while maintaining the pH of the solution at 8.0 with the addition 

of 1M NaOH.  Following the reaction the product was dialyzed extensively in 50 mM 

sodium borate buffer, pH 8.0.  The concentration of succinylated elastin was determined 

using the Pierce Micro BCA protein assay kit (product #23235) and soluble elastin 
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standards.  The degree of succinylation was tested using TNBSA and no primary amines 

were detected after 30 minutes at 37ºC. 

 

Figure 94  Example of a Dixon plot and determination of the inhibition constant. 

The effect of GAGs on the activity of PAELA was measured much in the same 

way as for trypsin activity. Succinylated elastin in the amount of 100 or 50 µg, 0.2 U 

PAELA, a 100 mM-0.01 mM GAG concentration range and TNBSA were added to the 

wells of a 96-well microplate.  The absorbance at 450 nm was read every 30 seconds in a 

Biotek ELx808 microplate reader for a total of 30 minutes and each reaction condition 

was done in triplicate.  Controls for GAGs with TNBSA were also ran.  V0 and Ki values 

were calculated for PAELA activity as described for trypsin activity.  GM6001, a matrix 

metalloproteinase inhibitor that has activity against PAELA, was also used in these 

experiments as a positive control.366  Due to the polydisperse nature of the GAGs used in 

these experiments, the average disaccharide molecular weight was used in all calculations 

for these experiments. 

[Inhibitor] 

1
/V

0
 

-Ki 



 

 

159 

159 

6.1.2 Results 

The Ki values for heparin, enoxaparin, ardeparin, DS and HA against trypsin are 

shown in Table 23.  Heparin, enoxaparin and HA showed some inhibition of trypsin 

while ardeparin and DS did not.  HA was the most potent inhibitor of trypsin tested, but it 

is still not a very active trypsin inhibitor. 

 

Glycosaminoglycan  Calculated Ki 

Heparin  7.02 M 

Enoxaparin  207 mM 

Ardeparin  No inhibition 

Dermatan sulfate  No inhibition 

Hyaluronic acid  1.78 mM 

Table 23 Calculated inhibition constants for GAGs inhibiting trypsin. 

The calculated Ki values for heparin, HS, DS, C4S, C6S, HA and GM6001 

against PAELA are shown in Table 24.  Heparin, DS, HA and GM6001 inhibited 

PAELA while HS, C4S and C6S showed no inhibition.  GM6001 was the most potent 

inhibitor tested followed by HA. 

Although we saw some inhibition of trypsin and PAELA by GAGs, the lowest Ki 

for a GAG was in the mM or greater range.  However, much more protease was used in 

the protease inhibition experiments than in the CAP protection assays and it is possible 

that the GAG levels approached the inhibition constant.  With this knowledge we 

continued the experiments and measured the ability of GAGs to protect cecropin A, 

cecropin B and LL-37 from proteolytic degradation.  Knowing that it took large amounts 

of GAG to inhibit trypsin and PAELA gave us confidence that we would see protection 

of the CAP instead of inhibition of the protease in the next experiments. 
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Glycosaminoglycan  Calculated Ki 

Heparin  5.10 mM 

Heparan sulfate  No inhibition 

Dermatan sulfate  19.2 mM 

Chondroitin 4‐sulfate  No inhibition 

Chondroitin 6‐sulfate  No inhibition 

Hyaluronic acid  3.39 mM 

GM6001  70.1 nM 

Table 24 Calculated inhibition constants for GAGs inhibiting P. aeruginosa elastase. 

6.2 Protection of CAPs from trypsin degradation by GAGs 

6.2.1 Experimental technique 

To monitor the protection of cecropin A, cecropin B and LL-37 from proteolytic 

degradation by a range of concentrations of GAGs we chose to use polyacrylamide gel 

electrophoresis (PAGE).  This method has been utilized in the past by Schmidtchen et al. 

to measure the degradation of LL-37 by bacterial proteinases.42  This method had the 

advantage of being able to run multiple samples at once for a relatively low cost.  

However, because we chose to use this method, multiple experiments were not run and 

only single data points were collected from the experiments.  Tris-tricine PAGE was used 

because we were interested in separating the CAPs from the smaller peptides produced 

by trypsin or PAELA cleavage367. 

The optimal concentration of trypsin or PAELA was first determined.  Eight 

micrograms of Cecropin A, cecropin B or LL-37 were incubated with a range of 

concentrations of trypsin or PAELA in for 30 minutes at 37ºC.  Loading buffer was 

added and the samples were boiled for 5 minutes to inactivate the protease and denature 

the CAP and protease.  The samples were loaded onto Bio-Rad 16.5% tris-tricine Ready 

Gels (catalog #161-1125) along with two low molecular weight markers (MWMs).  The 
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gels were ran in a Bio-Rad mini-PROTEAN gel electrophoresis cell using an initial 

voltage of 30 V and a running voltage of 100 V.  Following electrophoresis, the gels were 

fixed using a methanol/acetic acid solution and visualized using Pierce GelCode Blue 

stain reagent.  After destaining the gels were dried usig gel drying frames and scanned.  

Two amounts of protease were chosen to follow the protection of the CAPs by GAGs. 

To measure the protection of cecropin A, cecropin B or LL-37 from proteolytic 

degradation 8 µg CAP was incubated with a range of concentrations of GAG and trypsin 

or PAELA for 30 minutes at 37ºC.  The samples were prepared by adding loading buffer 

and boiling to denature and inactivate the enzyme, run on tris-tricine gels, visualized and 

scanned as described above.  The image processing program Image J was used to 

measure the pixel values for each band on the gels.  The percentage of intact LL-37 was 

calculated for each GAG-CAP sample and graphed using excel. 

6.2.2 Protection of LL-37 from trypsin degradation by 

GAGs 

The optimal incubation time and concentrations of trypsin were chosen to study 

the degradation of LL-37 by trypsin (Figure 95).  A 30 minute incubation time showed 

the digestion of LL-37 more clearly than a 15 minute incubation time.  A 30 minute 

incubation time was subsequently used for all other experiments.  In these experiments 

we were interested in following the overall protection of LL-37 as well as determining if 

select peptides were protected by specific GAGs.  Thus two concentrations of trypsin 

were used in the protection studies.  1 BAEE unit trypsin (Lane 7, Figure 95) was chosen 

to follow the overall protection of LL-37 because this amount of trypsin was sufficient to 

completely degrade LL-37.  100 mU BAEE trypsin (Lane 8, Figure 95) was used to 

determine if select peptides were protected by specific GAGs because this amount of 

trypsin yielded smaller peptides after a 30 minute digestion period and these were visible 

on the tris-tricine gel. 
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Figure 95 Concentration-dependent trypsin digestion of LL-37.  15 minute (A) and 30 
minute (B) digestions shown.  Lanes 1-2: MWMs, Lane 3: LL-37, Lanes 4-10: 
LL-37 + trypsin. Lane 4 contains 1000 U.  1:10 trysin dilutions were used in 
subsequent lanes, giving 1 mU trypsin in lane 10. 

The tris-tricine gels for GAGs protecting LL-37 from 1 U trypsin are shown in 

Figures 96 and 97.  Although the protection of LL-37 from 100 mU trypsin was also 

followed using tris-tricine gels, the sensitivity of the gels and Image J were not sufficient 

to determine if specific peptides were protected. 
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The percentage of LL-37 protected from trypsin degradation by the GAGs can be 

seen in Figure 98.  Surprisingly, heparin was one of the least effective GAGs at 

protecting LL-37.  DS, C4S and C6S were all able to protect LL-37 from trypsin 

degradation at less than 1:1 molar ratios.  In fact, C4S and C6S protected LL-37 from 

trypsin degradation down to 0.01:1 molar ratios.  HA was slightly better at protecting LL-

37 than heparin while HS was slightly worse than heparin at protecting LL-37 from 

trypsin degradation.  It is also surprising to note that C6S, enoxaparin and ardeparin have 

optimal protection concentrations.  This is very evident with enoxaparin and ardeparin in 

Figure 97 D&E. 

Based on the results of the antimicrobial activity modulation we would expect to 

see little difference between the abilities of the GAGs to protect LL-37.  However, based 

on the results of LPS binding modulation we would expect C4S to be the worst GAG 

tested for protecting LL-37 against trypsin degradation. 

 

 

Figure 96 Tris-tricine PAGE showing concentration-dependent protection of LL-37 
from trypsin degradation by heparin (A) and HS (B).  Lanes 1-2: MWMs, 
Lane 3: LL-37, Lane 4: LL-37 + 1 U trypsin, Lanes 5-14: LL-37, 1 U 
trypsin + GAGs. 
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Figure 97 Tris-tricine PAGE showing concentration-dependent protection of LL-37 
from trypsin degradation by DS (A), C4S (B), C6S (C), HA (D), enoxaparin 
(E), and ardeparin (F). Lanes 1-2: MWMs, Lane 3: LL-37, Lane 4: LL-37 + 1 
U trypsin, Lanes 5-15: LL-37, 1 U trypsin + GAGs. 
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Figure 98 Concentration-dependent protection of LL-37 from trypsin degradation by 
GAGs (A) and heparin and LMWHs (B). 
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6.2.3 Protection of cecropin A from trypsin degradation by 

GAGs 

Based on the results of the cecropin A digestion with trypsin (Figure 99) we 

chose to use 5.5 U trypsin to measure the total protection of LL-37 and 550 mU to 

monitor the protection of specific peptide fragments by specific GAGs.  Cecropin A is 

more resistant to trypsin degradation than LL-37, as evidenced by the larger amount of 

trypsin needed to completely degrade cecropin A. 

 

Figure 99 Concentration-dependent digestion of cecropin A by trypsin.  Lanes 1-2: 
MWMs, Lanes 3-4: cecropin A, Lanes 5-13: cecropin A + trypsin.  Lane 5 
contains 5,500 U of trypsin.  1:10 dilutions of trypsin were used in subsequent 
lanes, where lane 13 has 55 nU of trypsin. 

For cecropin A, heparin is the best GAG tested at protecting from trypsin 

degradation (Figures 100 and 101).  DS does not protect cecropin A from trypsin 

degradation and while HA provides approximately the same level of protection for 

cecropin A and LL-37.  Interestingly, there is a significant difference between the ability 

of the LMWHs to protect cecropin A from degradation, as opposed to what was seen for 

LL-37.  These results are in line with the result of the antimicrobial activity modulation 

where heparin was the best negative modulator of antimicrobial activity.  These results 

are also in line with calculated affinities of cecropin A for the GAGs.  Heparin had the 

lowest calculated EC50, followed by enoxaparin, DS and HA.  Only ardeparin showed a 

slight optimal protection window of concentrations in these experiments. 
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Figure 100 Tris-tricine PAGE showing concentration-dependent protection of 
cecropin A from trypsin degradation by heparin (A), enoxaparin (B), 
ardeparin (C), dermatan sulfate (D) and hyaluronic acid (E).  Lanes 1-2: 
MWMs, Lane 3: cecropin A, Lane 4: cecropin A + 5.5 U trypsin, Lanes 5-
13: cecropin A, 5.5 U trypsin and GAGs. 
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Figure 101 Concentration-dependent protection of cecropin A by heparin, dermatan 
sulfate and hyaluronic acid (A) and heparin and LMWHs (B). 
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6.2.4 Protection of cecropin B from trypsin degradation by 

GAGs 

As for the other CAPs tested, a range of concentrations of trypsin was tested to 

determine the best amount to be used for experiments studying the ability of GAGs to 

protect cecropin B from trypsin degradation (Figure 102).  Five hundred and fifty mU of 

trypsin was the amount selected to measure the protection of cecropin B from trypsin 

degradation.  Fifty-five mU was the amont selected to observe the protection of select 

peptide fragments by specific GAGs. 

 

Figure 102 Concentration-dependent digestion of cecropin B by trypsin.  Lanes1-2: 
MWMs, Lane 3: cecropin B, Lanes 4-13: cecropin B + trypsin.  Lane 4 
contains 55,000 U of trypsin.  1:10 dilutions of trypsin were used in 
subsequent lanes, where lane 13 has 55 nU of trypsin. 

For cecropin B, heparin is the best GAG tested for protection from trypsin 

degradation.  Even though heparin achieves the highest level of protection, heparin, 

ardeparin and HA all show protection of cecropin B starting at a molar ratio of 1:1.  

Again, a large difference between cecropin A and cecropin B was seen.  Unlike what was 

seen for cecropin A, 3 of the 4 GAGs tested appear to have a concentration range of 

optimal protection (Figures 104 and 105).  This is also surprising give the fact that some 

of the GAGs with the optimal protection windows, such as DS and HA, did not display 

this type of protection for the other CAPs tested with trypsin degradation. 
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Figure 103 Tris-tricine PAGE showing concentration-dependent protection of 
cecropin B by heparin (A), ardeparin (B), dermatan sulfate (C) and 
hyaluronic acid (D).  Lanes 1-2: MWMs, Lane 3: cecropin B, Lane 4: 
cecropin B + 550 mU trypsin, Lanes 5-13: cecropin B, 550 U trypsin + 
GAGs. 
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Figure 104 Concentration-dependent protection of cecropin B from trypsin 
degradation by GAGs. 

6.3 Protection of LL-37 from Pseudomonas aeruginosa 

elastase degradation by glycosaminoglycans 

As was done for LL-37, cecropin A and cecropin B with trypsin, LL-37 was 

incubated with a range of concentrations of PAELA.  This allowed for the determination 

of the best amounts of PAELA to use to study the protection of LL-37 from PAELA 

degradation by GAGs (Figure 105).  Ten mU PAELA was selected to measure the 
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complete protection of LL-37 by GAGs and 1 mU PAELA was selected to study the 

protection of select peptide fragments by GAGs. 

 

Figure 105 Concentration-dependent PAELA digestion of LL-37.  Lanes 1-2: MWMs, 
Lane 3: LL-37, Lanes 4-14: LL-37 + PAELA.  Lane 4 contains 10.0 U of 
PAELA.  1:10 dilutions of PAELA were used in subsequent lanes, where 
lane 14 contains 1.0 nU PAELA. 

The results of LL-37 protection from PAELA degradation (Figures 106, 107 and 

108) are very similar to the results for the protection of LL-37 from trypsin degradation.  

Here again we see that all concentrations of C4S and C6S are able to completely protect 

LL-37 from PAELA degradation.  All of the C4S and C6S concentrations tested were 

able to protect LL-37 from trypsin degradation.  Both DS and HA are able to protect LL-

37 from PAELA degradation at lower molar ratios than heparin.  Moreover, heparin is the 

worst GAG tested for protection of LL-37 against PAELA degradation.  Another 

interesting result of these experiments is that DS, enoxaparin and ardeparin show an 

optimal range of concentrations for LL-37 protection.  This is unique considering the fact 

that DS did not show an optimal range of concentrations for protection of LL-37, 

cecropin A or cecropin B against trypsin degradation.  While all of the other GAGs 

achieve complete LL-37 protection against PAELA at a molar ratio of approximately 

10:1, it requires approximately 100X more heparin to achieve full protection of LL-37.  

These results are not consistent with either the LL-37 antimicrobial activity modulation 

activities of GAGs or the calculated affinities of the GAGs for LL-37. 
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Figure 106 Tris-tricine PAGE showing concentration-dependent protection of LL-37 
from PAELA degradation by heparin (A), HS (B), DS (C), C4S (D) and 
C6S (E).  Lanes 1-2: MWMs, Lane 3: LL-37, Lane 4: LL-37 + 10 mU 
PAELA, Lanes 5-15: LL-37, 10 mU PAELA + GAGs. 
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Figure 107 Tris-tricine PAGE showingconcentration-dependent protection of LL-37 
from PAELA degradation by HA (A), enoxaparin (B) and ardeparin (C). 
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Figure 108 Concentration-dependent protection of LL-37 from PAELA degradation 
by GAGs (A) and heparin and LMWHs (B). 
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6.4 Conclusions 

I found that a portion of the GAGs tested inhibit trypsin and PAELA.  Hyaluronic 

acid was the most potent inhibitor with nM inhibition constants for trypsin and PAELA.  

Heparin showed \inhibitory activity against both trypsin and PAELA, while enoxaparin 

inhibited trypsin and DS inhibited PAELA.  Thus it is possible that these GAGs are 

inhibiting the proteolytic activity of trypsin and PAELA instead of protecting the CAPs.  

However, these experiments were an initial investigation into the inhibitory activity of 

GAGs against trypsin and PAELA.  To achieve more reliable results I would suggest 

calculating an inhibitory constant from a more complex model of enzyme inhibition than 

a Dixon plot. 

These data shows that GAGs have the ability to protect cecropin A, cecropin B 

and LL-37 from proteolytic degradation.  Schmidtchen et al. previously reported the LL-

37-protective activities of DS, C4S and C6S against PAELA42.  However, the protective 

abilities of heparin, HA and LMWHs were not measured and the researchers did not 

examine the protective abilities in a concentration-dependent manner. 

C4S and C6S exhibited the best proteolytic degradation protective activites.  The 

was a surprising conclusion given that C4S has the lowest calculated affinity for the 

CAPs and they are some of the least active GAGs tested for negative modulation of CAP 

antimicrobial activity.  It is very possible that LL-37 forms a complex with C4S or C6S.  

The tris-tricine gels show this possibility where a higher molecular weight band is 

detected in lanes with higher C4S or C6S concentrations. 

Another surprising result was the low protective activity of heparin.  Based on the 

calculated affinities for the CAPs and heparin’s ability to negatively modulate the CAP 

antimicrobial activities at low heparin:CAP molar ratios we would have expected heparin 

to be one the best GAGs tested for protection from proteolytic degradation.  That being 

said, heparin was the best GAG tested at protecting cecropin A from trypsin degradation. 
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Finally, many of the GAGs tested showed optimal concentration ranges for 

protection of CAP degradation by proteases.  There are several possibilites to explain this 

phenomenon, but the simplest may be that this is an effect of the experimental tecniques 

used.  We chose to use tris-tricine PAGE to measure the ability of the GAGs to protect 

CAPs from proteolytic degradation with the knowledge that there were some 

disadvantages to the method.  Since we only have single data points for these 

experiments it is possible that repeating the experiments and reporting the data using 

error bars would eliminate this effect.  Our results could also be improved by using a 

more quantitative method, such as HPLC, to follow the amount of LL-37 protected from 

trypsin in PAELA degradation.  Interactions between the CAP and GAG could also 

explaing the optimal protective concentration ranges observed.  It is possible that the 

GAGs and CAP formed aggregates at specific concentrations, thus shielding and 

protecting the CAPs from the protease.  It is also possible that binding between the CAP 

and GAG caused changes in the secondary structure of the CAP, thus masking the 

protease cleavage sites of the CAPs. 

These data indicates that GAGs can protect CAPs from proteolytic degradation, 

but this is just an initial study.  As stated above, these experiments need to be repeated to 

ensure that this is not a singular phenomenon observed.  Additionally, further work is 

needed to investigate the reason for the optimal GAG protective concentration ranges 

observed.  This work indicates that GAGs may play a physiological role in protecting 

CAPs from proteolytic degradation at cell surfaces and following CAP release from 

storage vesicles.  It also suggests that heparinoids and other polymers based on GAGs 

could serve as protective molecules for CAP therapeutics. 
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CHAPTER 7 CONCLUSIONS AND FUTURE 

DIRECTIONS 

In this work I showed that GAGs and other PPSs modulate the antimicrobial 

activities, proteolytic degradation and bacterial membrane component binding of CAPs.  

When we first started this work we expected to find that specific GAGs were the best 

universal modulators due to their charge and structure.  Instead we found that the 

modulatory activity of the GAG is dependent upon the three components in the system: 

the bacteria, the CAP and the GAG, for example.  In this case the modulatory activity of 

the GAG on the antimicrobial activity of the CAP is dependent upon the affinity of the 

CAP for the GAG, the affinity of the CAP for the bacteria and the affinity of the bacteria 

for the GAG.  In some cases, such as what is seen with the lack of antimicrobial activity 

modulation against E. coli, the affinity of the CAP for the target is too great to be 

disrupted by the PPSs. 

Especially for cecropin A and cecropin B, where they have the amphipathic helix 

and hydrophobic helix in their structure (Figure 3), we hypothesize that the bacterial 

membrane acts as a thermodynamic sink for the peptide.  No matter the concentration 

used, none of the GAGs were able to modulate the antimicrobial activity of the cecropins 

against E. coli.  These results indicate that the cecropins bind tightly to the bacterial 

membrane through their hydrophobic helix and GAGs cannot disrupt the antibacterial 

activity because the peptide is already anchored in the membrane.  The GAGs were able 

to disrupt the cecropins binding to immobilized E. coli LPS, indicating that other 

bacterial membrane components likely play key roles in anchoring cecropin A and 

cecropin B to the membrane. 

The α-helical rod-shaped peptides investigated in this work, magainin II and LL-

37, were more susceptible to the modulatory activities of the GAGs and PPSs.  However, 

these peptides are still selectively modulated by the more anionic GAGs.  Although 
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several groups are now looking at interactions between CAPs and GAGs, much of what 

they report may be oversimplified compared to the interactions between endogenous 

CAPs and GAGs in vivo. 

While this work indicates that GAGs can protect CAPs from proteolytic 

degradation, a more detailed study is needed to draw specific conclusions.  Additionally, 

in the past 5 years interest has shifted from the antimicrobial activity of CAPs to their 

immunostimulatory activities.  Since GAGs are found in abundance at cell surfaces and 

in secretory granules it is very likely that GAGs will modulate the immunostimulatory 

activities of CAPs as well. 
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