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Abstract 

In multicellular organisms antimicrobial peptides (AMPs) are a key component of 

the host innate immune system, hence they are also known as host defence peptides. AMPs 

demonstrate a direct antimicrobial activity against a broad range of pathogens and in some 

cases they can modulate the host immune system. Among the large number of distinct 

AMPs, the work described in this thesis is focused on a subfamily of peptides characterized 

by a high content of tryptophan and arginine residues. The tritrpticin and lactoferricin 

peptides are two important examples of this subfamily. For tritrpticin our work has focused 

on three consecutive tryptophan residues presented at the center of this peptide. An 

extensive and systematic substitution approach established that not all Trp residues were 

crucial for the antimicrobial activity of tritrpticin. However, subtle modifications of the 

sidechains of all three Trp residues could lead to changes in the mechanism of action of the 

peptide from a strong membrano-lytic to an intracellular perturbation mechanism. These 

results established the importance of the Trp residues in modulating tritrpticin’s 

bactericidal activity and its mode of action. Additionally, a new and cost-effective 

methodology for the incorporation of fluorinated Trp residues and fluorine-NMR analysis 

has opened the door for future studies of individual Trp residues in other Trp-rich AMPs. 

With regards to AMPs derived from the N-terminal region of the antimicrobial protein 

lactoferrin several contributions emerged from this thesis. First, the combination of the N-

terminal region of the bovine lactoferricin peptide (LFcin) with the C-terminal region of 

the human LFcin resulted in a chimera peptide that showed the same activity as the original 

bovine LFcin. Secondly, the use of different methods of peptide cyclization proved to be 

useful in designing peptide analogs, which exhibited similar antimicrobial activity as 
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bovine LFcin. Finally, the study of peptides derived from the first 11 residues of bovine 

and human LF (hLF11 and bLF10) established that hLF11 was not directly inhibiting the 

immune-related enzyme myeloperoxidase, as had been reported. Instead the Cys residue in 

the peptide was directly reacting with the enzyme reaction product.  
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CHAPTER 1: Introduction 
 

1.1. Antimicrobial peptides 
 
 When antibiotics were originally discovered and introduced, it was thought that 

mortality and morbidity from infectious diseases would be a thing of the past. However, the 

extensive overuse of the currently available antibiotics by the agriculture industry and the 

health care system has led to the rapid development of incurable infections. The alarming 

and constantly growing number of antibiotic-resistant bacteria constitutes one of the most 

pressing issues for public health in the world nowadays. In fact, the World Health 

Organization has recently recognized antibiotic resistance as a major threat for public 

health [1]. For these new bacterial strains the majority of currently used antibiotics have 

become ineffective. Therefore, vast efforts have been focused on the development of new 

therapeutic agents to fight against infectious diseases. Over the last 30 years the field of 

antimicrobial peptides (AMPs) has emerged as a potentially promising alternative to 

traditional antibiotics.  

 AMPs constitute a large and diverse family of peptides that are ubiquitously 

expressed in all living organisms, such as bacteria, insects, plants and animals [2,3]. These 

peptides are thought to be part of an ancient defense system against pathogens [4,5]. Most 

AMPs exhibit a broad antimicrobial activity against Gram-positive and Gram-negative 

bacteria and also against fungi, viruses and protozoa [6]. In higher organisms AMPs play a 

crucial role in the host immune system by directly killing invading pathogens or by 

modulation of the host’s immune response [2,6,7]. Extensive work in this field has already 

identified more than 5000 AMP sequences, including many naturally-derived peptide 



 
 

2 

sequences, as well as a host of peptide analogs and predicted sequences [8–11]. 

 Despite the vast diversity of AMPs sequences (Table 1.1), this family of peptides can 

be identified by some general characteristics. Most AMPs are small, ranging in size from 5-

60 amino acid residues. They generally posses a positive net charge, due to the presence of 

several basic amino acid residues such as Arg and Lys. Additionally, the cationic AMPs 

contain quite a large percentage (~50%) of hydrophobic residues. These residues are 

distributed through the sequence of the peptides in order to form an amphipathic 

conformation in either aqueous solution or in the presence of a hydrophobic/hydrophilic 

interface (Fig. 1.1) [7,12,13]. With respect to the secondary structure of these peptides, the 

majority of the AMPs exhibit an extended, flexible and random conformation in aqueous 

solution. However, when they interact with hydrophobic environments, such as the interior 

of biological membranes, most peptides acquire stable well-defined secondary structures, 

such as $-helices, %-sheets, and/or specific turns (Fig. 1.1). In fact, several classification 

schemes for AMPs rely on an identification of their membrane-bound secondary structures 

[14–16].  

 

Table 1.1. Sequence of representative AMPs. 
Peptide Sequence Source 
Magainin-2 GIGKFLHSAKKFGKAFVGEIMNS Frog 
Cecropin-B KWKVFKKIEKMGRNIRNGIVKAGPAIAVLGEAKAL-NH2 Silk moth 
Protegrin-1 RGGRLCYCRRRFCVCVGR Porcine  
Tachyplesin-1 KWCFRVCYRGICYRRCR Crab 
Histatin-5 DSHAKRHHGYKRKFHEKHHSHRGY  Saliva 
Buforin-2 TRSSRAGLQFPVGRVHRLLRK Frog 
Indolicidin ILPWKWPWWPWRR-NH2 Bovine 
Melittin GIGAVLKVLTTGLPALISWIKRKRQQ-NH2 Honey bee 
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Figure 1.1. Solution structure and electrostatic potential of selected AMPs in aqueous 
solution or bound to lipid micelles. The NMR structures (top) for magainin-2 (pdb 2MAG), 
tritrpicin (pdb 1D6X), bovine lactoferricin (LFcinB) (pdb 1LFC) and human lactoferricin 
(LFcinH) (pdb 1Z6V) were visualized by the software PyMOL. The electrostatic potential 
(bottom) for the AMPs was calculated with the software packages APBS and PDB2PQR, 
and visualized with PyMOL. Hydrophobic amino acids are colored in shades of green (Phe, 
Trp in bright green; Val, Leu, Ile, Ala in pale green. Cationic residues (Arg, Lys) are 
indicated in blue and anionic residues (Asp, Glu) are indicated in red. 
 

1.2. Mechanisms of action of AMPs 
 
 As mentioned above, the main function of the AMPs is to kill different pathogens, or 

at least inhibit their growth. This function can be exerted via direct or indirect mechanisms. 

The most studied mechanism considers the direct interaction between the peptides and the 

pathogens, followed by disruption of vital processes or essential structural elements. In this 

mode of action the interaction between the peptide and the membrane of the pathogen is 

considered to be of primary importance, as it represents the first barrier and in many cases 

the main target of the microbicidal action of the AMPs. The second mechanism involves 
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the activation/regulation of the host’s defense system. Many AMPs have the ability to 

activate and influence the immune response and this can lead to the clearance of infection 

by mobilizing host immune cells. Nonetheless, an important and crucial element of the 

antimicrobial activity of the AMPs is their ability to differentiate and selectively kill 

pathogens, while at the same time preventing the damage to host cells and tissues. This 

property will be discussed next in detail. 

1.2.1. Selectivity of AMPs 
 
 During the evolution of AMPs, some peptides have developed the ability to 

preferentially attack invading organisms while minimizing their toxic effect against the 

host cells. In the case of antimicrobial activity against bacteria, the selectivity of AMPs is 

largely based on the composition of the cell membranes (Table 1.2 and Fig. 1.2). The outer 

surface of bacteria is characterized by a net negative charge due to the presence of 

negatively charged lipopolysaccharides (LPS) in Gram-negative bacteria, as well as 

teichoic and lipoteichoic acids that are present in the peptidoglycan layer of Gram-positive 

bacteria [17]. Also, the bacterial inner membrane is negatively charged as a result of the 

relatively high content of negatively charged phospholipid headgroups, such as 

phosphatidylglycerol (PG) and cardiolipins (Fig. 1.3) [17–19]. In contrast, the outer leaflet 

of the cytoplasmic membrane in eukaryotic cells is mainly composed of zwitterionic 

phospholipid headgroups, such as phosphatidylcholine (PC) and sphingomyelin (Fig. 1.3). 

These lipids confer an overall neutral character to the outer layer of this membrane [18–

20]. However, negatively charged gangliosides can be present as a minor species as well 

(Fig. 1.2 and 1.3) [17]. It is expected that due to the strong electrostatic attraction between 

the bacterial negatively charged membrane and the positively charged AMPs, the cationic 



 
 

5 

peptides favor interacting with bacterial membrane over the eukaryotic ones [21]. 

Interestingly, the abundance of hydrophobic residues in AMPs indicates that electrostatic 

attractions are not the only force promoting the interaction between peptides and 

membranes. The hydrophobic effect between AMP’s hydrophobic residues and the 

hydrophobic core of the lipid bilayer constitutes another important element to consider 

when these peptides bind to membranes. However, the highly hydrophobic environment of 

the lipid bilayer is a common feature for both prokaryotic and eukaryotic membranes, 

indicating that hydrophobic “attraction” does not confer selectivity. Nevertheless, the 

presence of cholesterol in the cytoplasmic membrane of eukaryotic cells has been linked to 

an increased rigidity of lipid bilayers, inhibiting the AMPs from penetrating and disturbing 

the integrity of the eukaryotic membrane [21,22]. In contrast, the more fluid membrane of 

prokaryotic cells, which lack cholesterol (Fig. 1.2), is believed to facilitate the loss of 

membrane integrity upon interacting with AMPs. Despite the large amount of evidence 

supporting a membrane stabilizing effect of cholesterol when present in a homogeneous 

lipid bilayer, its role in heterogeneous lipid bilayers is not completely clear. The formation 

of lipid rafts in the presence of cholesterol has been suggested to lessen the protective 

effect of cholesterol against the membrane-disturbing effect of &-lysin [23,24]. It has been 

reported that upon formation of cholesterol-rich and ordered-lipid rafts, AMPs are still 

capable of interacting with and disturbing the cholesterol-free and disordered regions of the 

membrane [22].  
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Figure. 1.2. Schematic representation of the mammalian and bacterial cell membranes. 
Figure reprinted and adapted from [17] with permission. 
 
 
 
 
Table 1.2. Phospholipid composition (percentage of total phospholipid) of bacterial and 
human red blood cells membranes. 

Species Phospholipid composion (w%) 
 PC PE SM PG CL + lysoPG PS Others 
Gram positive        
Staphylococcus aureus - - - 57 43 - 0 
Staphylococcus epidermidis - -  90 1 - 9 
Bacillus megaterium - 40 - 40 5 - 15 
Bacillus subtilis - 10 - 29 47 - 14 
        
Gram negative        
Escherichia coli - 82 - 6 12 - 0 
Salmonella typhimurium - 60  33 7 - 0 
Pseudomonas cepacia - 82  18 0 - 0 
        
Mammalian cells        
Human erythrocytes 35 28 20   14a 3 

a Almost exclusively located in the inner leaflet of the bilayer. 
Data adated from [18,19]. 
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Figure. 1.3. Structure of common lipid components observed in mammalian and bacterial 
cell membranes. 
 

1.2.2. Membrane perturbation 
 
 As mentioned before, the bacterial membrane is considered as the main target for 

several AMPs. The direct antimicrobial activity of these peptides has been related to the 

perturbation and disruption of the cytoplasmic membrane in susceptible bacteria. 

Depolarization of the inner membrane of Gram-positive and Gram-negative bacteria 

together with the internalization of previously impermeable solutes constitutes valuable 

evidence that destabilization of the bacterial membrane occurs upon addition of AMPs [25–

30]. Moreover, the disruption of the cytoplasmic membrane after incubation of bacteria 

with AMPs has been observed by electron and atomic force microscopy [26,29,31–34]. 

The destabilization of the membrane allows for the permeation of ions and/or solutes, 

disrupting the membrane electrochemical gradient and as a result compromises the viability 

of the bacteria.  

 In order to perturb the inner membrane of Gram-negative bacteria, the AMPs first 

have to pass through the outer membrane. Several AMPs showed the ability to interact with 



 
 

8 

LPS [16,35,36], which is one of the most abundant constituents of the outer membrane 

(Fig. 1.2). The so-called “self-promoted uptake” has been proposed as the mechanism of 

internalization of AMPs through the LPS layer. In this mechanism, during the binding of 

AMPs to LPS, the peptides displace divalent cations, such as Ca2+ and Mg2+. These cations 

are required for the stability of the outer membrane as they form bridges between adjacent 

LPS molecules in the outer membrane. It has been suggested that the bulkier character of 

the peptides in comparison to Ca2+ and Mg2+ could disrupt the stability of the outer 

membrane and generate transient fractures. These fractures could allow for the passage of 

molecules through the outer membrane and even permit the uptake of the peptides itself 

[3].  

 Once in proximity to the bacterial inner membrane, the AMPs are initially attracted 

to the surface of the membrane by electrostatic forces [6]. Upon interaction with the 

membrane, the positive charged residues of the peptides are expected to interact with the 

negatively charged phospholipid headgroups. Similarly, the hydrophobic residues would 

interact with the acyl chains of phospholipids. This process is normally coupled and 

favored by changes in the secondary structure of the peptides, from a flexible random 

structure to a well-defined amphipathic conformation (Fig. 1.1) [12]. After this initial 

interaction the next steps in the membrane perturbation process are less clear, but several 

mechanisms have been proposed [12,14]. The most widely accepted and referenced 

mechanisms can be divided in two categories: the pore-forming models and the membrane 

micellization or disintegration models. Among the pore-forming models the “barrel-stave”, 

“toroidal” and “disordered toroidal” are the most commonly used models to describe and 

explain the permeabilizing activity of membrane active AMPs (Fig. 1.4). Similarly, the 
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“carpet” model is often used to explain membrane damage that is induced by AMPs that 

does not involved pore formation (Fig. 1.4).  

 
 
Figure 1.4. Proposed mechanisms of action for the membrane perturbation activity of 
AMPs. Figure reprinted and adapted from [37] with permission. 
 

 In the “barrel-stave” version of the transmembrane pore model, the peptides are 

located perpendicular to the membrane surface and they self-aggregate in order to generate 

a barrel-like and water filled pore (Fig. 1.4) [38,39]. This model has so far only been shown 

conclusively for alamethicin and may not be very representative of the majority of the 

AMPs. In the “toroidal pore” model, the peptides are also located perpendicular to the 

membrane, however, they promote a change in membrane curvature forming “wormhole” 

pores. These pores are simultaneously lined by phospholipid headgroups and peptides (Fig. 

1.4) [38–41]. Upon binding to synthetic membranes the AMPs, such as magainin and 

protegrin are believed to form toroidal pores [39–42]. The “disordered toroidal” model 

“Barrel-stave”-pore model “carpet” model

“Toroidal”-pore model “Disordered-toroidal” pore model
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considers the formation of a similar “wormhole” as described earlier, with a less ordered 

and perpendicular distribution of the peptides lining the pore (Fig. 1.4) [43]. In the “carpet” 

model, the membrane perturbation is achieved by a detergent-like disintegration and/or 

erosion of the bilayer [44,45]. During the binding process to the membrane, the peptides 

remain parallel to the surface forming a “carpet” over the bilayer. This peptide-membrane 

interaction disturbs the lipid packing and when a threshold concentration of peptides is 

reached, the erosion of the membrane takes place and the membrane is then solubilized 

(Fig. 1.4) [45]. This model was initially proposed to explain the mechanism of action of 

AMPs such as dermaseptin and crecopin P1 [44,46]. Recently, it has been suggested that 

segregation of negatively charged phospholipids induced by AMPs in heterogeneous 

synthetic membranes can also contribute to the selectivity and destabilization of lipid 

bilayers [47–49]. The formation of lipid domains lead to the development of phase 

boundary defects, lowering the membrane permeability barrier of the lipid bilayer [48]. 

Moreover the bacterial membrane is made up of PG and phosphatidylethanolamine (PE) 

headgroups (Table 1.2). PG alone can form a stable bilayer structure and also PG/PE 

mixtures. However, PE is known to form non-lamellar structures [50,51]. Thus when PG is 

segregated into domains by binding of the highly cationic AMPs the PE domains in the 

bacterial membrane could fall apart in non-bilayer structures. 

1.2.3. Intracellular targets 
 
 The existence of AMPs with considerable antimicrobial activity but with low or non-

detectable membrane perturbing effects has raised a question about bacterial targets distinct 

from the cytoplasmic membrane [52]. Buforin-2 is an example of this type of AMPs, where 

its antimicrobial activity against E. coli did not involve lysis of the bacterial membrane. In 
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addition, fluorescently-labeled buforin-2 has been found to accumulate in the cytoplasm of 

E. coli even at sub-lethal concentrations of the peptide [53]. The positively charged nature 

of most AMPs suggests that negatively charged intracellular polyelectrolyte molecules 

such as DNA and RNA could constitute additional targets. Moreover, intracellular active 

AMPs could also target specific proteins and enzymes. Therefore, several vital cellular 

processes might be compromised by the interaction of AMPs with these molecules, which 

in turn could contribute to bacterial death [52]. Currently, some AMPs have been shown to 

inhibit the synthesis of macromolecules (DNA, RNA and proteins) when the bacteria were 

incubated with sub-lethal concentrations of the peptides [52,54,55]. Similarly, several 

AMPs have been demonstrated to interact and inhibit the action of intracellular proteins 

such as DnaK [56], DNA gyrase [57] and ribosomes [58], or to impair cell division [59]. It 

is clear that in order to reach intracellular targets, the AMPs need to first pass through the 

cytoplasmic membrane. The process of peptide internalization in the partial or complete 

absence of membrane disturbances is still under investigation. Currently, the thinking is 

that the formation of fast-transient and rapidly disappearing pores in the membrane, result 

in the translocation of the peptides [52]. The toroidal-pore model allows for the pores to 

fall apart and in this manner the AMPs can end up on the inner leaflet of the membrane and 

then dissociate into the cytoplasm of the bacterial cell. A non-bilayer intermediate has also 

been proposed as a potential mechanism of peptide delivery to the cytoplasmic space [60].  

 It is important to consider that both mechanisms of antimicrobial activity, 

intracellular targets and membrane perturbation, are not necessarily independent. 

Therefore, it seems plausible that a combination of both mechanisms is actually responsible 



 
 

12 

for the death of bacteria when they are treated with AMPs. This “multi-target” approach 

could contribute to the efficacy of the antimicrobial action of the AMPs. 

1.2.3. Modulation of the immune system 
 
 The antimicrobial activity of many AMPs is highly sensitive to the concentration of 

monovalent and divalent ions in solution. In some cases when the ion concentrations 

resemble the physiological conditions (~150 mM NaCl or 300 mOsm/L), the activity of the 

peptides can be reduced or even completely abolished [7,61]. This phenomenon raises a 

number of questions regarding the role of the direct antimicrobial activity of AMPs in a 

physiological environment. However, there is strong in vivo evidence of the benefit of 

some AMPs when they are applied in animal models for bacterial infections [61–64]. This 

suggests that these AMPs can exert an indirect antimicrobial activity. Modulation of the 

host’s immune system is gaining considerable attention as a potential mechanism to explain 

this action of AMPs in vivo [7,14,61]. The process of immune regulation may involve 

activation and/or down-regulation of the host immune response. During the activation of 

the immune response, some AMPs (e.g. LL-37, hLF11 and defensins) could induce the 

production of cytokines and chemokines as well as promote the differentiation of immune 

cells [65,66]. This process drives immune cells to the site of infection and promotes 

bacterial clearance. However, persistent or deregulated activation of the inflammation 

process can give rise to adverse effects for the host. Additionally, AMPs can facilitate the 

regulation of immune response by down-regulating certain processes. The down-regulation 

of the immune response has mostly been linked to the ability of several AMPs to bind 

lipopolysaccharides (LPS or endotoxin). LPS is the major component of the bacterial outer 

membrane and as a pathogen associated molecular pattern (PAMP), it can provide an 
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extremely powerful stimulus of the host inflammatory response. It acts by binding to TLR4 

toll receptors on many white blood cells. The AMP-LPS complex formation can limit the 

ability of the endotoxin to activate the toll like receptors (TLR) signaling pathways, thereby 

preventing the onset of systemic inflammation and deadly syndromes such as sepsis [65]. 

Moreover, some AMPs have shown a LPS-independent ability to reduce the expression of 

pro-inflammatory signals [65,67].  

 

1.3. Trp- and Arg-rich AMPs 
 
 One important subfamily of AMPs is formed by peptides that are rich in Arg and 

Trp residues (Table 1.3). These two amino acid residues have been shown to play key roles 

in the antimicrobial activity of AMPs [68]. The Arg contributes to the net positive charge 

of the peptides, allowing for the preferential interaction with the negatively charged 

bacterial membranes surfaces. In contrast, the Trp residues are essential because of their 

preferential location in the interfacial region of the lipid bilayers [69,70]. Mutation of these 

two residues in the Arg and Trp-rich peptides is usually associated with a considerable 

reduction of the antimicrobial activity [71,72]. One interesting characteristic of both 

residues is their ability to form hydrogen bonds, which allows for the interaction of the 

peptide with the membrane components, such as phospholipid headgroups. This may 

explain why Arg is often preferred over Lys, as the former can form more hydrogen bonds. 

In addition, these two residues are also able to engage in cation-# interactions. These 

interactions have been found to contribute to the stability of several proteins and they may 

also be involved in strengthening protein-protein interactions [73,74]. Similarly, in the 

context of AMPs and their membrane activity, such cation-' interactions can potentially 
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help to stabilize the structure of peptides during membrane interaction. Molecular dynamic 

(MD) simulations of indolicidin interacting with dodecylphosphocholine (DPC) micelles 

revealed that its Trp-11 sidechain was involved in a persistent cation-' interaction with the 

guanidinium group of Arg-13. Similarly, the Trp-4 indole ring of indolicidin was involved 

in a transient cation-' interaction with the choline group of the DPC lipids. Both 

interactions were believed to play an important role in the stabilization of the structure of 

DPC-bound indolicidin [75]. In the case of the binding of gramicidin to 1-palmitoyl-2-

oleoyl-sn-glycero-3-phosphocholine (POPC) or 1-palmitoyl-2-oleoyl-sn-glycero-3-

phosphoethanolamine (POPE) bilayers, MD simulations detected cation-' interactions 

between the majority of the anchoring Trp sidechains and the phospholipids [76]. 

Interestingly, during the stacking that occurs between the Arg and Trp sidechains, the 

guanidinium group of Arg is able to form almost the same number of hydrogen bonds with 

the surrounding water molecules as when it is not interacting with the Trp residue. This 

phenomenon is not observed for Lys residues, which may further contribute to the higher 

antimicrobial activity of most Arg containing peptides when compared to the Lys 

substituted peptides [68,77–79]. In our research group particular interest is directed 

towards Trp- and Arg-rich AMPs, and as such the tritrpticin and LF-derived lactoferricin 

peptides constitute the main focus of this thesis. We are interested in this class of peptides 

because they are amongst the shortest known AMPs; this would make it more economical 

to produce them on a large scale. 
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Table 1.3. Sequences and sources of Trp-rich peptides studied in Dr. Vogel’s laboratory. 
Name Sequence Source 
Indolicidin ILPWKWPWWPWRR-NH2 Bovine cathelicidin 
Tritrpticin VRRFPWWWPFLRR Porcine cathelicidin 
LFcinB FKCRRWQWRMKKLGAPSITCVRRAF Bovine lactoferrin 
LFcinB4-9 RRWQWR-NH2 Bovine lactoferrin 
LFcinB4-14 RRWQWRMKKLG Bovine lactoferrin 
LFcinH GRRRRSVQWCAVSQPEATKCFQWQRNMRK

VRGPPVSCIKRDSPIQCIQA 
Human lactoferrin 

Combi-1 Ac-RRWWRF-NH2 Combinatorial chemistry 
Combi-2 Ac-FRWWHR-NH2 Combinatorial chemistry 
PuroA FPVTWRWWKWWKG-NH2 Puroindoline-A 
gp41W KWASLWNWFNITNWLWYIK-NH2 HIV glycoprotein (gp41) 
The peptides used in this thesis are indicated in bold. 
 

1.3.1. Tritrpticins 
 

Tritrpticin is a 13 amino acid residues peptide (Table 1.3), member of the 

cathelicidin family of AMPs. This peptide was discovered through the analysis of a cDNA 

library from porcine bone marrow [80,81]. The selected cDNA clone encoded a precursor, 

where the N-terminal section corresponded to a cathelin-like domain, and the C-terminal 

sequence (~100 a.a.) contained two AMPs. Tritrpticin was identified as the longest stretch 

of amphiphatic residues in this C-terminal sequence [81]. The second peptide corresponded 

to prophenin-1 (79 a.a.), which was formed by a tandem repeat of Pro- and Phe-rich 

decamers and has been isolated as an intact peptide from porcine leukocytes [82]. Although 

tritrpticin remains to be isolated from porcine neutrophils, its synthetic version shows 

potent antimicrobial activity expressed by inhibitory concentrations in the low µM range 

against bacteria and fungi [81,83]. The main characteristic of tritrpticin is the presence of 

three consecutive and centrally located Trp residues, which are responsible for giving the 

peptide its name. In addition, tritrpticin exhibits an almost palindromic sequence, with the 

positively charged Arg residues located in the N- and C-terminal regions of the peptide. 
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Tritrpticin exhibits a random and flexible structure in solution, while upon interaction with 

SDS micelles it acquires a well-defined and stable amphipathic conformation (Fig. 1.1) 

[84]. This conformation exposes the Trp residues to one side while the Arg residues face in 

the opposite direction. This structure is achieved by the formation of two turns involving 

the Pro residues [84]. 

The antimicrobial activity of tritrpticin has been studied extensively. Several papers 

have reported on the modification of the tritrpticin amino acid sequence in order to identify 

important elements of its activity. One of these modifications is the C-terminal amidation 

of tritrpticin, resulting in the peptide called Tritrp1. This peptide exhibited a two-fold 

increase in antimicrobial activity [85], probably due to the increase of the overall positive 

net charge of the peptide. The mechanism of action of tritrpticin and Tritrp1 towards 

bacterial cells has been related to the ability of the peptides to perturb and permeabilize the 

cytoplasmic membrane of susceptible bacteria. Differential scanning and isothermal 

titration calorimetric studies performed with large unilamellar and multilamellar vesicles 

(LUVs and MLVs, respectively), which emulate the negatively charged bacterial 

membranes, showed that tritrpticin and Tritrp1 strongly interacted and perturbed these 

membranes. Furthermore, the ability to interact and perturb zwitterionic membranes, 

resembling the eukaryotic cells membrane, was considerably lower [86,87]. In agreement, 

tritrpticin and Tritrp1 induced large permeabilization of negatively charged LUVs, while 

the permeabilization of zwitterionic membranes was lower [83,85,88]. Additionally, planar 

membrane studies established that tritrpticin preferentially formed cation-selective 

channels in negatively charged membranes [89]. Moreover, analysis of the direct 

antimicrobial effect of tritrpticin on Gram-positive (S. aureus) and Gram-negative (E. coli) 
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bacteria showed that the peptide induced depolarization of the bacteria membrane [88]. 

Altogether, these data strongly suggest that the antimicrobial mechanism of action of 

tritrpticin and Tritrp1 is linked to membrane permeabilization. However, the possibility of 

its membrane translocation and its binding to potential intracellular targets that could 

contribute to the antimicrobial activity has not yet been studied.  

The contribution of specific residues to the antimicrobial activity and the 

mechanism of action of tritrpticin and Tritrp1 has been analyzed by preparing different 

modified versions of the peptide sequence. Mutation of the Arg residues, by Lys or several 

non-coded amino acids identified the pivotal role of these residues in the peptide’s activity. 

It was established that the ability to form hydrogen bonds by Arg alone or when engaging 

in cation-' interactions with Trp could be partially responsible for the strong membrane 

disturbing action of the peptide [68,79]. Mutation of the Pro residues to Ala in tritrpticin 

and Tritrp1 resulted in peptides with similar or slightly higher antimicrobial activity, as 

well as higher hemolysis [83,85,88]. This increase in activity and loss of selectivity could 

be related to the changes in the SDS-bound secondary structure from a double-turn 

structure to an $-helix. Additionally, the Pro-to-Ala mutation increased the leakage of 

negatively charged and zwitterionic vesicles [83,85,88]. The increase in the membrane-

perturbing activity following the introduction of the Pro-to-Ala mutations, suggested that 

the Pro could facilitate the membrane translocation of tritrpticin, as has also been suggested 

for several peptides similar to tritrpticin [90–92]. The proposed ability of tritrpticin to 

translocate across bacterial membrane supports a dual mechanism of action with initial 

membrane permeabilization defects and subsequent intracellular effects.  
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As mentioned above one of the most important characteristics of tritrpticin is the 

presence of a centrally located cluster of three Trp residues. The influence of this cluster on 

the antimicrobial activity of tritrpticin and Tritrp-1 has been studied by simultaneous 

mutation of all three residues by Phe, Ala or Tyr [83,85,88]. Trp-to-Ala mutations resulted 

in a loss of the antimicrobial activity, which was explained by a reduction in the membrane 

permeabilizing ability of the peptide [83,88]. These results highlighted the importance of 

the aromatic character of the residues located in the center of tritrpticin. Mutation of the 

Trp residues by Phe in tritrpticin and Tritrp-1 created peptides with similar or higher 

antimicrobial activity. However, these mutated peptides had lost the ability to depolarize 

bacterial membranes as well as to permeabilize artificial LUVs [83,85,88]. These results 

indicated that Trp-to-Phe mutations induced a change in the mechanism of action of the 

peptides, which did not involve membrane permeabilization. In contrast, mutation of all 

three Trp residues by Tyr in Tritrp-1 resulted in a peptide with a lower bactericidal activity, 

which was associated with a lower level of membrane perturbation and permeabilization of 

LUVs [85,86]. Altogether, these results highlight the extraordinary ability of the Trp 

cluster to modulate not only the antimicrobial activity of tritrpticin but also its mechanism 

of action. However, despite the relevance of the Trp residues as a cluster, the role of 

individual Trp residues to the mode of action of tritrpticin has not yet been studied in 

detail. To date, only one study has mentioned individual mutations of the Trp residues in 

tritrpticin; substitutions to Tyr or Ser resulted in peptides were the antimicrobial activity 

against Salmonella typhimurium did not show substantial differences. Therefore, no 

conclusions were reported for the role of individual Trp residues regarding the anti-S. 

typhimurium activity of tritrpticin [93]. 
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1.3.2. Lactoferrin-derived peptides 
 

 Lactoferrin is an iron (Fe3+)-binding glycoprotein (~80 kDa) that is secreted 

by mammalian granular epithelial cells and found in most exocrine secretions, such as 

milk, tears, saliva, sweat, in addition to nasal and genital secretions [94–97]. LF is also 

detected in mature neutrophils where it is stored in the secondary granules and secreted 

during infection [98,99]. The structure of LF is characterized by two similarly folded lobes, 

each one with the ability to bind one ferric iron. Interestingly, the N-terminal lobe is 

characterized by a cluster of positively charged residues, constituting a rather distinctive 

positively charged patch in the electrostatic potential surface of the protein (Fig. 1.5) [100]. 

LF has been linked to several biological functions including antimicrobial, immune-

regulatory, anti-cancer and antioxidant activities [94–97,101–104]. The antimicrobial 

function of LF has received considerable attention because it includes a broad range of 

antibacterial, antifungal, antiparasite and antiviral activities [94,104] . Since most bacteria 

require iron for growth, researchers originally pointed to the iron chelating properties of LF 

to explain the ability of this protein to inhibit the growth of bacteria [105]. However, in 

vitro studies in the presence of excess iron showed that at least some of the antibacterial 

activity of LF was independent of the presence of iron [106]. This iron-independent 

antimicrobial activity was then associated with the cluster of positively charged residues in 

the N-terminal region of LF [100,107,108]. The activity of LF against Gram-negative 

bacteria has been related to its ability to bind and destabilize the outer membrane of the 

bacteria. This was possible by the electrostatic interaction between the cationic LF and the 

negatively charged LPS in bacteria [94,109]. Furthermore, the N-terminal region of LF has 

a protease-like activity, albeit inefficient, that may contribute to the degradation of 



 
 

20 

pathogen derived proteins which are required for bacterial or virus invasion of the host 

cells [94,110]. Overall, the function of LF as an antimicrobial agent in secretions and the 

epithelial surfaces seems to be related to preventing colonization of the host cells and 

limiting the adhesion and proliferation of bacteria and/or by direct killing of pathogens. 

 
Figure 1.5. Structure and electrostatic surfaces of lactoferrin (LF) proteins. Human and 
bovine LFs (hLF and bLF, respectively, gray) were depicted with bound irons (orange). 
The structures include the sequences for the LF-derived peptides located in the N-terminal 
lobe of each protein. hLF11 (hLF 1-11, red), LFcinH (hLF 1-49, red and purple), LFcinB 
(bLF 17-41, purple), LFampinH (hLF 269-285, blue) and LFampinB (bLF 268-284, blue). 
The electrostatic surface was calculated using APBS and PDB2PQR software and 
visualized in PyMOL. 

 

It has been shown that the positively charged N-terminal region of the protein can 

be a source for several antimicrobial peptides. Pepsin digestion of human and bovine LF 

(hLF and bLF, respectively) releases the lactoferricin peptides (LFcins) (Figs. 1.1 and 1.5). 

These peptides exhibit a higher antimicrobial activity in vitro in comparison to the parent 
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protein. Interestingly, bovine LFcin (LFcinB) is considerably more potent than its human 

counterpart [111–114]. Despite the in vitro antimicrobial ability of these peptides, their 

natural occurrence, distribution and role in vivo are not completely understood. An earlier 

study found LFcinB in the gastric content of a human volunteer after ingestion of bLF 

[115]. However, a more recent study has detected several small peptides, but it failed to 

identify LFcinB after in vitro digestion of bLF using human gastrointestinal juices as well 

as in vivo digestion by two adult volunteers [116]. Nonetheless, experiments with rats and 

mouse models show the generation of LFcinB in the gut [117,118]. In mucosal fluids 

antimicrobial concentrations of human LFcin (LFcinH) have not been reported, 

nevertheless, there is evidence of in vitro antimicrobial activity derived from bacterial 

protease digestion of hLF. This antimicrobial activity was observed against Pneumocystis 

pneumoniae, which expresses serine proteases with the ability to digest human apo-LF 

(between residues 78 and 79), releasing an AMP that contains the LFcinH’s sequence 

[119]. In addition to the LFcins, the N-terminal region of LF has also been used as a 

template for other AMPs. Among those peptides, LFampin (bovine LF 268-284 and human 

LF 269-285) (Fig. 1.5), are peptides with bactericidal activity against Bacillus subtilis and 

Escherichia coli and Pseudomonas aeruginosa [120–122]. Furthermore, the special 

proximity of LFcin and LFampin sequences in LF, promoted the study of the antimicrobial 

activity of a synthetic chimera peptide. This chimera peptide consisted of LFcin linked to 

LFampin and exhibited higher antimicrobial activity in comparison to the individual 

peptides [123,124]. 

Due to the higher antimicrobial activity exhibited by LFcinB in comparison to 

LFcinH and other LF-derived peptides, most of the studies in the literature have focused on 
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trying to gain an understanding of the mechanism of action of LFcinB. However, the 

mechanism of action of LFcinB in vitro is still not completely understood. Initial studies 

advocated for the presence of intracellular targets that were involved in the mechanism of 

action of LFcinB. This notion was supported by experiments showing the lack of bacterial 

cell lysis and inhibition of DNA, RNA and protein synthesis in B. subtilis and E. coli at 

sub-lethal concentrations of the peptide [55,125]. In addition, LFcinB has been found to be 

present in the cytoplasm of E. coli and S. aureus after exposure to non-lethal peptide 

concentrations [126]. Furthermore, recent studies have applied E. coli proteomic chips in 

order to identify proteins involved in two-component systems and pyruvate metabolism as 

potential intracellular targets of biotinylated LFcinB [127,128]. Nevertheless, a membrano-

lytic role of LFcinB could not completely be ruled out, based on the observation of 

membrane depolarization of E. coli [125], and the extensive membrane permeabilization 

visualized in E. coli and S. aureus cells by atomic force microscopy during incubation with 

LFcinB [34].  

The composition and structure of LFcinB and its relation to the antimicrobial 

activity has also been investigated. Studies performed with truncated versions of LFcinB 

have found that some of its antimicrobial activity was preserved by shorter peptides that 

minimally contained the sequence RRWQWR (bLF 20-25) [72,114,129,130]. In addition, 

the amino acids Trp and Arg were shown to be essential for the antimicrobial activity of the 

truncated LFcinB (bLF 17-31) [72]. The 3D-structure of LFcinB in solution has already 

been established by NMR studies. The peptide is characterized by an amphipathic structure 

acquired through an antiparallel %-sheet stabilized by a disulfide bridge between residues 

Cys-19 and Cys-36 [131]. The importance of the disulfide bridge for the antimicrobial 
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activity of LFcinB is somewhat controversial. A couple of studies reported similar activity 

for LFcinB and its linear counterpart as determined by minimal inhibitory concentrations 

(MIC) against Escherichia coli strains [34,112], while another study demonstrated a three 

times decrease in the MIC of the linear LFcinB analog in comparison to the cyclic LFcinB 

when tested against E. coli and Staphylococcus aureus [132].  

Despite several experiments reporting antimicrobial activity of LF in vitro, the lack 

of bactericidal studies in biologically relevant media raises questions regarding the direct 

microbicidal role of LF in vivo [133]. Nonetheless, it is important to note that several in 

vivo studies, where either bovine or human LF or its derived peptides were administered to 

animals and humans showed considerable benefits, preventing and fighting bacterial 

infections [63,64,134–137]. These studies support the concept of a protective role of LF as 

part of the host defense system. However, this protective function could result not only 

from a direct antimicrobial activity but also from a direct or indirect modulation of the 

immune response. Similar to the direct antimicrobial activity, the immuno-regulatory role 

of LF has been extensively studied as well [102,103,138]. LF has been found to be 

responsible for up- and down-regulation of cells involved in the inflammatory process, as 

well as to directly or indirectly regulate proliferation, differentiation and activation of 

immune cells [102]. In order to exert this immuno-regulatory function, LF has the ability to 

directly interact with immune cells, especially with the cell surface glycosaminoglycans. 

This interaction is considered as an important event in the inflammatory process. The N-

terminal region of human LF and in particular the sequences GRRRRS (hLF 1-6) and 

RKVR (hLF 28-31) have been found to be essential for the binding of LF to the 

glycosaminoglycans [139–141]. Also, the anti-inflammatory properties of LF have largely 
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been related to its ability to bind soluble molecules, rather than the cell surface targets. Free 

ferric iron constitutes one of these soluble molecules and if left in solution, it could be 

involved in the formation of highly reactive radicals through the Fenton reaction [102,142]. 

Additionally, LF has exhibited the ability to interact with bacterial LPS [107,109,143], and 

consequently it can down-regulate the production of cytokines (IL-1, IL-6 and TNF-$). 

Interestingly, similar regions of LF’s N-terminal: GRRRR (hLF 1-5) and RKVRGPP (hLF 

28-34) were an important determinant for the high affinity of LF for the lipid A moiety of 

LPS [107,139,144,145]. These aspects of LF activity reinforce the importance of the N-

terminal region of LF not only for the direct antimicrobial activity, but also for its immune-

regulatory activity.  

As mentioned, the N-terminal region of LF constitutes an important source of 

AMPs, but it has also been used as a template for inspiring the development of immuno-

regulatory peptides. The first 11 residues of human LF have received considerable attention 

as a potentially immuno-regulatory peptide. The synthetic peptide hLF11 (hLF 1-11; 

GRRRRSVQWCA) exhibited antimicrobial activity against several Gram-positive and 

Gram-negative bacteria and fungi. However, this antimicrobial activity was only observed 

in the absence of physiological concentrations of salt [62,146]. Despite the absence of a 

direct antimicrobial activity at physiological conditions, hLF11 exhibited the ability to 

reduce the bacterial count in an infected mouse model [62,147]. This in vivo experiment 

suggested that the antimicrobial activity of hLF11 might be related to the modulation of the 

host immune system. In vitro experiments demonstrated that hLF11 was able to direct the 

maturation of immune cells, while enhancing the secretion of pro-inflammatory signals, as 
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well as reducing the production of ROS [148–151]. All these results strongly suggest that 

hLF11 plays a crucial role in the modulation of the host immune system.  

 

1.4 Scope of this thesis 
 
 This thesis is focused on studies of two previously described members of the Trp-

rich subfamily of AMPs, LF-derived peptides and tritrpticins. In general, the studies of the 

antimicrobial activity of the peptides encompass the analysis of their bactericidal or 

bacteriostatic effects. Additionally, a series of biophysical studies are aimed at 

understanding the mechanism of action involved in this activity. Most attention will be 

focused on the possible membrano-lytic activity of the peptides. However, evaluation of 

the role of intracellular targets is also assessed in some cases. At the same time, most 

peptides undergo a template-based modification of their primary structure in order to alter 

their antimicrobial activity. This approach allows us to uncover the importance of amino 

acid residues in the peptide’s ability to kill or inhibit the growth of bacterial cells.  

Chapters 2-4 are focused on the tritrpticin peptides, where special attention is given 

to its three Trp residues. In chapter 2, systematic substitutions of each Trp residue establish 

the importance of the Trp’s location in the antimicrobial activity and the mechanism of 

action of the peptide. Substitutions with non-natural amino acids, such as hydroxy-Trp 

(Chapter 3) and fluoro-Trp (Chapter 4), are used in order to analyze the effects of more 

subtle, yet chemically well-defined modifications of the Trp’s indole on the antimicrobial 

activity and mechanism of action of tritrpticin peptides. These chemical modifications do 

not only shed light on the mechanism of action of the peptide, but in some cases they also 
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create new opportunities for applying distinct, previously underutilized biophysical 

techniques for the study of AMPs and their interactions with membranes.  

 Chapters 5 and 6 are focused on the study of the antimicrobial activity of several 

LF-derived peptides. Initially, in chapter 5 the activity of the LFcin peptides is analyzed by 

construction of chimeric peptides combining the N- and C-terminal regions of bovine and 

human LFcin. In addition, the influence of different cyclization strategies for the activity of 

LFcinB peptides is also studied, when click-chemistry and Sortase-A assisted cyclization 

are used to create new cyclic LFcin analogs. Chapter 6 focused on a different group of LF-

derived peptides, where the sequences encompass only the first (1-16) residues of the 

bovine and human LF proteins. In addition to the antimicrobial activity of these peptides, 

their ability to inhibit the enzymatic activity of myeloperoxidase (MPO) is also studied. 

The specific role of Cys residues in the MPO inhibitory activity is analyzed by substitution 

of the Cys residues to Ser as well as by the construction of dimeric peptides that are 

crosslinked through disulfide bridges. 

 Chapter 7 summarizes the main findings of this thesis. In addition it provides a brief 

description of future perspectives derived from this work, including preliminary results 

already obtained for ongoing projects. 
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CHAPTER 2: Position-dependent influence of the three Trp residues on the 
membrane activity of the antimicrobial peptide tritrpticin 

 

2.1. Introduction 
 

The presence of three consecutive Trp residues in the sequence of AMPs does not 

usually occur. In fact, tritrpticin is the only reported AMP that exhibits this characteristic, 

among more than 5000 known peptide sequences [9–11,152]. In spite of this uncommon 

feature, a study of the influence of the individual Trp residues on the antimicrobial activity 

and the mechanism of action of tritrpticin has not yet been reported. Most of the studies that 

were focused on the analysis of these residues only analyzed the simultaneous substitution of 

all three Trps. As mentioned in the introductory chapter, such studies included the mutation 

of Trp residues by Ala, Phe and Tyr [83,85–88]. The results from these earlier studies 

revealed that in order to preserve the antimicrobial activity of the peptide, this central region 

is necessary to conserve not only its hydrophobic, but also its aromatic character.  

In this chapter, an extensive and systematic approach was adopted in order to analyze 

the role of the individual Trp residues in the antimicrobial activity of tritrpticin. In addition, 

the effects of Trp substitutions on the mechanism of action of tritrpticin were evaluated for 

each analog. Initially, studies with membrane mimetics were implemented as is commonly 

done in the literature of AMPs in order to assess the mechanism of action of the peptides. 

However, to close the gap between the proposed mechanisms derived from the model 

systems and the actual mechanisms of action in living bacterial cells, membrane 

permeabilization assays were also performed with an engineered E. coli strain ML35p. This 

assay allowed us to directly correlate the location of Trp residues and their influence on the 

mechanism of action on real bacterial cells.  
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In this study, the C-terminally amidated version of tritrpticin, Tritrp1, was used as the 

reference. Tritrp1 exhibits a slightly higher antimicrobial activity in comparison to its 

precursor [79,85]. Although C-terminal amidation of tritrpticin has not been established in 

vivo, the related Trp- and Arg-rich peptide, indolicidin, is naturally C-terminally amidated 

[153]. Synthetic peptides with single, double and triple substitutions of the Trp residues in 

Tritrp1 were prepared using Tyr and Ala. The Tyr substitutions were included in this work 

to preserve the preference of the amino acid side chain for localization in the membrane 

interface [70,154]. On the other hand, Ala substitution would remove the side chains that 

contribute to preferential membrane interface binding.  

Our results show that the three Trp residues of Tritrp1 exert a position-dependent 

influence on the antimicrobial activity. This effect could be correlated with the altered in 

vitro and in vivo membrane permeabilization properties of the peptides in this study. 

 

2.2. Materials and methods 
 

2.2.1. Materials, peptides and bacterial strains 
 

Phospholipids and cholesterol were purchased from Avanti Polar Lipids 

(Alabaster, AL, USA). SDS-d25 was obtained from Cambridge Isotopes Laboratories 

(Andover, MA, USA). The peptides were purchased from GenScript Inc. (Piscataway, 

NJ, USA). They were synthesized using standard 9-fluorenylmethyoxycarbonyl (Fmoc) 

chemistry, and their identities and purities (>95%) were validated by mass spectrometry 

and HPLC, respectively. Melittin purified from honey bee venom and other chemicals were 

purchased from Sigma-Aldrich (St. Louis, MO, USA). 
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E. coli ATCC 25922 was purchased from American Type Culture Collection 

(Manassas, VA, USA). E. coli ML35p was kindly provided by Dr. Robert Lehrer at the 

UCLA David Geffen School of Medicine. 

2.2.2. Antibacterial activity 
 

The minimum inhibitory concentration (MIC) of Tritrp1 and its Trp-substituted 

analogs against E. coli ATCC 25922 was measured by the standard broth microdilution 

method [155]. Bacteria (5 $ 105 CFU/mL) were incubated overnight at 37 °C in Mueller-

Hinton broth (MHB) and in the presence of peptides diluted in a two-fold concentration 

series ranging from 0.25–128 %M in a 96-well polypropylene plate. The reported MIC 

values correspond to the minimum peptide concentration where bacterial growth was not 

observed. After overnight incubation, 10 %L from the first three wells without bacterial 

growth for each peptide in the MIC plate were diluted 1:106 in MHB, and 100 %L of this 

dilution was plated in MHB-agar. After incubation overnight at 37 °C, the minimum 

bactericidal concentration (MBC) was reported as the minimum peptide concentration 

where no colony formation was detected. 

2.2.3. 1H Nuclear magnetic resonance (NMR) spectroscopy 
 

The interaction of Tritrp1 and its Trp-substituted peptides with SDS micelles was 

studied by one-dimensional (1D) 1H NMR spectroscopy. The peptides (0.2 mM) were 

dissolved in 9:1 H2O:D2O, and the NMR spectra were acquired at 310 K in a Bruker 

Avance 700 MHz Ultrashield NMR spectrometer equipped with a Cryo-Probe (Bruker 

Corporation, Milton, ON, USA), using 2,2-dimethyl-2-silapentane-5-sulfonic acid (DSS) as 

the internal chemical reference. NMR spectra were then acquired for the peptide samples 



 
 

30 

dissolved in 30 mM SDS-d25 micelles. The pH of all of the NMR samples was between 3.5 

and 4.5. 

2.2.4. Large unilamellar vesicles (LUVs) preparation 
 

LUVs were prepared by adding the necessary volume of egg-yolk 

phosphatidylcholine (ePC), egg-yolk phosphatidylglycerol (ePG) and cholesterol dissolved 

in chloroform. Two LUV systems were prepared: ePC:ePG (1:1) and ePC:cholesterol 

(2.5:1). The organic solvent was initially removed by evaporation in a stream of nitrogen 

gas and the remaining solvent was evaporated under vacuum overnight. The lipid films 

were resuspended in Tris-buffer (10 mM Tris, 150 mM NaCl, 1 mM EDTA, pH 7.4) by 

vigorous vortexing and then freeze-thawed five times using liquid nitrogen and lukewarm 

water. LUVs of 100 nm in diameter were produced by extrusion through two 0.1-%m 

polycarbonate filters (Nucleopore Filtration Products, Pleasanton, CA, USA). Calcein-

containing LUVs were prepared by resuspending the dry lipids in Tris-buffer containing 70 

mM calcein. After LUV extrusion, free calcein was removed by gel filtration using a 

Sephadex G-50 column. The concentration of lipids in the LUVs was measured by the 

Ames phosphate assay [156], performed in triplicate. 

2.2.5. Tryptophan fluorescence and acrylamide quenching 
 

The tryptophan fluorescence was monitored using a Varian Cary Eclipse 

fluorimeter (Agilent Technologies, Santa Clara, CA, USA) equipped with a multicell 

sample holder and temperature control set to 37 °C. The peptides (1 %M) in Tris-buffer 

were excited at 280 nm (slit width: 5 nm) and the emission spectra were measured from 

300 to 500 nm (slit width: 10 nm) in the absence and presence of LUVs (30 %M). The 
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difference in the maximum emission wavelength between the peptide in buffer and in the 

presence of LUVs is taken as the blue shift. 

For the acrylamide quenching experiments, sequential additions of 5 %L of 4 M 

acrylamide stock solution (up to 0.15 M) were made to the sample containing peptide (1 

%M) and LUVs (30 %M). The tryptophan fluorescence was recorded after each acrylamide 

addition. The fluorescence intensity changes were analyzed through Stern-Volmer plots, 

where the quenching constants (Ksv) were calculated using the Equation: 

!"
!

! ! ! !"!!!!  

where Fo is the initial fluorescence of the peptide and F is the fluorescence at the 

acrylamide quencher concentration [Q]. 

2.2.6. Calcein leakage 
 

The ability of Tritrp1 and its analogs to permeabilize the phospholipid bilayer was 

measured by following the leakage of calcein induced in calcein-loaded LUVs. The 

calcein-loaded LUVs (2.5 %M) were incubated in the presence of different concentration of 

peptides (0–0.25 %M) in a 96-well plate and incubated for 15 min at 37 °C with constant 

shaking. The calcein fluorescence was measured by excitation at 485 nm and emission at 520 

nm in an Eppendorf PlateReader AF2200 (Eppendorf, Mississauga, ON, Canada). The 

fluorescence of calcein-loaded LUVs in the absence of peptide was subtracted from all 

values, and Triton X-100 (0.1%) was used to establish the fluorescence intensity of 100% 

leakage. Results were calculated as the percentage of maximum leakage. 
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2.2.7. E. coli inner membrane permeabilization 
 

The permeabilization of the bacterial inner membrane induced by Tritrp1 and its 

Trp-substituted analogs was measured as described by Epand et al. [157]. This method uses 

the E. coli strain ML35p, which constitutively expresses the cytoplasmic &-galactosidase 

enzyme and lacks the lac permease transporter. In the presence of membrane 

permeabilizing agents, the membrane impermeable substrate 2-nitrophenyl-&-D-

galactopyranoside (ONPG) is hydrolyzed by &-galactosidase, and the formation of its 

product can be monitored by absorbance at 420 nm. 

E. coli ML35p was grown at 37 °C in Luria-Bertani (LB) broth from a single 

colony until OD600 ~0.6. The cells were collected and washed three times with incubation 

buffer (10 mM Na+-phosphate, pH 7.4, 100 mM NaCl and 300 %g/mL LB) and added to a 

final OD600 of 0.3 in the presence of 0.5 mM ONPG and two-fold peptide concentration 

series in a 96-well plate. The absorbance at 420 nm of the wells was measured every 2 min 

approximately for 60 min using a Perkin Elmer Victor™ X4 multi-label plate reader 

(Waltham, MA, USA) with shaking and temperature control at 37 °C. 

2.2.8. Statistical Analysis 
 

Statistical analysis was performed using GraphPad Prism 6.0. Statistical significant 

differences between the Tritrp1 analogs and the control peptide (Tritrp1) were established 

by using one-way ANOVA and Dunnett’s post hoc test. The p-value scale is as follows: p 

' 0.05 (*), p ' 0.01 (**), p ' 0.001 (***) and p ' 0.0001 (****). 
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2.3. Results and Discussion 
 

2.3.1. Peptide Design 
 

The amino acid sequences of the peptides that were used in this study are shown in 

Table 2.1. Tyr or Ala residues were used in a systematic manner to substitute for the three 

Trp residues to introduce moderate or major changes, respectively, compared to the Tritrp1 

parent peptide. 

Table 2.1. The amino acid sequences and antimicrobial activities reported as minimal 
inhibitory (MIC) and bactericidal concentrations (MBC) for Tritrp1 and its analogs against 
E. coli ATCC 25922. 

Peptide Sequence MIC (!M) MBC (!M) 
Tritrp1 VRRFPWWWPFLRR-NH2 4 4 
Trp-to-Tyr analogs 
W6Y VRRFPYWWPFLRR-NH2 16 16 
W7Y VRRFPWYWPFLRR-NH2 8 8 
W8Y VRRFPWWYPFLRR-NH2 4 4 
W67Y VRRFPYYWPFLRR-NH2 32 32 
W78Y VRRFPWYYPFLRR-NH2 16 16 
W68Y VRRFPYWYPFLRR-NH2 16 16 
Y-Tritrp VRRFPYYYPFLRR-NH2 16–32 16–32 
Trp-to-Ala analogs 
W6A VRRFPAWWPFLRR-NH2 32–64 32–64 
W7A VRRFPWAWPFLRR-NH2 16 16 
W8A VRRFPWWAPFLRR-NH2 8 8 
W67A VRRFPAAWPFLRR-NH2 64–128 64–128 
W78A VRRFPWAAPFLRR-NH2 64–128 64–128 
W68A VRRFPAWAPFLRR-NH2 64–128 64–128 
A-Tritrp VRRFPAAAPFLRR-NH2 >128 >128 

 

2.3.2. Antibacterial Activity 
 

The antimicrobial activities of all of the peptides are shown in Table 2.1. Many of 

the peptides lost some activity against E. coli ATCC 25922 compared to the parent peptide, 

with the triple-Trp-to-Ala substitution rendering the peptide completely inactive in the 
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concentration range tested. The loss of antimicrobial activity for A-Tritrp was also 

observed in studies involving other bacterial strains [21][83]. For the remaining peptides, 

the antimicrobial activity was bactericidal rather than bacteriostatic, as indicated by the 

matching values for the MICs and minimal bactericidal concentrations (MBCs). 

The Tyr-derived peptides in general exhibited higher antimicrobial activities than 

their Ala-derived counterparts. These results indicate that at the center of Tritrp1, where the 

Trp residues are located, a certain degree of polarity and aromaticity is preferred, but not 

mandatory in order to exhibit antimicrobial activity. However, a clear pattern emerges 

when considering the single-substituted peptides. The Trp located at position 6 (Trp6) 

appears to be very important for the antimicrobial activity. Substitution of this residue by 

either Tyr or Ala induced a substantially higher loss of antimicrobial activity. In 

comparison, the substitution of Trp8 with Tyr did not affect the activity of the peptide, 

while the substitution of Trp7 plays an intermediate role for activity. 

Double substitutions with Ala residues reduced the antimicrobial activity of the 

peptides considerably, with no apparent difference between the positions of the substituted 

Trp residues. Nevertheless, the double-Trp-to-Tyr-substituted peptides’ activities enforce 

the notion of a dominant role for Trp6 and Trp7 for the antimicrobial activity, with W67Y 

being less antimicrobial than W68Y and W78Y. Interestingly, triple substitutions with Tyr 

reduced the bactericidal potency of the peptide, similarly as described by Schibli et al. [85]. 

However, this potency was close to the potency of the W67Y peptide. Likewise, several 

other antimicrobial peptides have been reported to lose bactericidal activity due to Trp-to-

Tyr mutations, e.g., indolicidin [158], synthetic hexapeptides [159], as well as lactoferricin- 

and lysozyme-derived peptides [160,161]. 
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Previous work established that the substitution of all three Trp residues with Phe 

increased the antimicrobial activity of Tritrp1 [83,85]. Since Phe, unlike Trp and Tyr, does 

not have a preference for the membrane interface [162,163], this effect was thought to be 

related to the increased hydrophobic character of the peptide. These results reinforce the 

importance of the hydrophobic and/or aromatic character of the residues located at the core 

of the peptide. 

2.3.3. 1H NMR Spectroscopy 
 

The binding of linear AMPs to lipid bilayers is normally coupled with changes in the 

conformation of the peptides. In many cases, most peptides do not adopt a single 

conformation in buffer, but they usually do so when bound to a membrane or membrane-

mimetic surface [131]. In the case of Tritrp1, it has been shown that the two Pro residues 

flanking the Trp residues are responsible for a high conformational heterogeneity, which is 

caused by cis-trans isomerization around the X-Pro (with X representing any amino acid 

residue that precedes the proline residue) bonds in aqueous environments. Upon binding to 

lipid micelles, the peptide acquired a more rigid and defined conformation, as shown by 

Schibli et al. [84,85]. In order to study the effects of membrane binding on the 

heterogeneity of the Tyr- and Ala-substituted Tritrp1 peptides, 1H NMR spectra were 

acquired. Each peptide was studied in aqueous solution and in the presence of SDS (sodium 

dodecyl sulfate) micelles, as depicted in Fig. 2.1 and 2.2. SDS micelles, while not a perfect 

membrane mimetic due to the highly complex and diverse composition of biological 

membranes, have been widely used for the NMR structure determination of AMPs in 

solution [164–166]. The size of these micelles allows for regular high resolution solution 

state 1H NMR studies to be performed [167,168]. In addition, the negatively-charged nature 
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of the SDS detergent emulates the negatively-charged surface of the bacterial membrane [164–

166,169]. The spectral region between 11.0 and 9.0 ppm in the 1H NMR spectra exclusively 

shows the resonances corresponding to the H(1 (imino) protons of the Trp indole rings, as 

shown in Fig. 2.1 and 2.2. This region is far removed from the highly crowded upfield 

regions of the spectra, allowing a direct interpretation of the conformational status of the 

Trp residues in the peptide samples. 

In aqueous solution, all of the single-substituted peptides (Fig. 2.1a and 2.2a) were 

characterized by the presence of two strong and several weaker resonances. This reflects 

the existence of different conformers in aqueous solution. The cis-trans isomerization of 

the two X-Pro bonds in all of our peptides is likely responsible for the multiple 

conformation of the peptides, as was previously described for Tritrp1 [85]. Upon binding to 

the SDS micelles, the number of H(1 resonances is significantly reduced. In most cases, 

only two strong peaks are observed, although in some cases, a weaker pair of resonances is 

still detected. These spectra indicate that all of the single-substituted peptides interacting 

with the micelles acquired a main and stable conformation. However, a minor 

conformation was still present, although it represents only a small fraction of the peptides. 

For the double-substituted peptides, a similar pattern was observed (Fig. 2.1b and 

2.2b). Due to the presence of only one Trp residue in the peptides, one strong H(1 peak 

was expected. The transition from the aqueous environment to SDS micelles was again 

accompanied by a considerable reduction in the number of peaks, again indicating a 

transition from several conformers in the aqueous environment to only one major micelle-

bound conformer (Fig. 2.1b and 2.2b). 
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Figure 2.1. One-dimensional proton NMR spectra recorded for the H(1-tryptophan region 
of single- (a) and double- (b) Trp-substituted Tritrp1 peptides with Tyr in aqueous solution 
(left) and in the presence of d25-SDS micelles (right) at 37 °C. 
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Figure 2.2. One-dimensional proton NMR spectra recorded for the H(1-tryptophan region 
of single- (a) and double- (b) Trp-substituted Tritrp1 peptides with Ala in aqueous solution 
(left) and in the presence of d25-SDS micelles (right) at 37 °C. 

 

2.3.4. Tryptophan Fluorescence Spectroscopy 
 

The fluorescence emission of the Trp indole side-chain is highly sensitive to the 

polarity of its environment, which allows for the study of the interaction between Trp-

containing peptides and lipid bilayers. It is expected that upon binding of the peptides to 

membrane mimetic surfaces, the hydrophobicity of the environment surrounding the Trp 

residues would increase, leading to a shift of the maximum emission wavelengths to lower 

values, commonly referred to as the blue shift [170]. The blue shifts induced upon the 

interaction of Tritrp1 and its Trp-substituted peptides with ePC:ePG (egg-yolk 

phosphatidylcholine (ePC), egg-yolk phosphatidylglycerol (ePG)) and ePC:Chol (egg-yolk 

phosphatidylcholine (ePC), cholesterol (Chol)) vesicles are depicted in Table 2.2. The use of a 
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zwitterionic phospholipid (PC) and cholesterol simulated the electrically neutral and 

fluidity/rigidity characteristics of a eukaryotic membrane [22,43][19,85], while the 

negatively-charged phospholipid (PG) with PC can be used to emulate the negatively-

charged surface of bacterial cell membranes, as previously indicated [85]. 

A substantial blue shift of close to 20 nm is observed for all peptides upon binding 

to ePC:ePG large unilamellar vesicles (LUVs). There is no significant trend in the blue shifts 

of the peptides in the presence of these vesicles; however, these shifts are all higher than that 

observed for Tritrp1 (14 nm). This can be partially explained by the lower maximum 

emission wavelength of Tritrp1 with ePC:ePG in buffer (351 nm) compared to 353–356 nm 

for the other peptides. This suggests that, already in aqueous solution, the presence of all 

three Trp residues simultaneously provides a slightly hydrophobic environment that 

influences its fluorescence emission maximum. In contrast, no considerable blue shifts were 

observed with ePC:Chol vesicles, suggesting that the environment of the Trp residues was not 

considerably changed in the presence of zwitterionic membranes. 

As a complement to the blue shift experiments, the peptide-lipid interactions can also 

be studied by analyzing the solvent accessibility of the Trp residues using a non-ionic 

fluorescence quencher, such as acrylamide [171,172]. This allows us to estimate the depth of 

burial of the Trp residues into the membranes. The acrylamide-induced fluorescence 

quenching characteristics for Tritrp1 and its Trp-substituted analogs in an aqueous 

environment and upon interaction with LUVs are presented in Fig. 2.3. 
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Table 2.2. Maximum emission wavelengths (!max) in buffer and blue shifts (nm) of the 
Trp-substituted Tritrp1 analogs upon binding to large unilamellar vesicles (LUVs). ePC, 
egg-yolk phosphatidylcholine; ePG, egg-yolk phosphatidylglycerol; and Chol, cholesterol. 

Peptide 
"max Blue Shift (nm) 

Buffer ePC:ePG ePC:Chol 
Tritrp1 351 14 2 
W6Y 353 18 1 
W7Y 354 17 )1 
W8Y 354 18 0 
W67Y 354 22 1 
W78Y 353 18 0 
W68Y 353 23 2 
W6A 353 19 0 
W7A 356 16 0 
W8A 355 20 1 
W67A 355 17 0 
W78A 354 18 0 
W68A 356 16 )2 

 

 

 

Figure 2.3. Stern-Volmer constants (Ksv) of the Trp-substituted Tritrp1 analogs as 
determined by acrylamide quenching experiments in: buffer (blue), ePC:ePG LUVs (red) 
and ePC:Chol LUVs (green). Results are the mean ± SD (n = 3). 
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A major reduction in the Stern-Volmer constants (Ksv) values is observed for all of 

the peptides in the presence of negatively-charged ePC:ePG vesicles, indicating that the 

Trp residues are not exposed to the aqueous solution. In contrast, for most peptides, the 

Ksv values remain mostly unchanged in the presence of ePC:Chol membranes compared to 

buffer alone. The Ksv results in the presence of ePC:Chol indicate that the Trp residues are 

not protected from the acrylamide-induced quenching. In combination with the absence of 

blue shifts (Fig. 2.3), these results could be consistent with very weak binding or the 

absence of interactions between the peptides and these zwitterionic model membranes. 

However, for W68A and W78A, a statistically significant Ksv reduction was observed in 

the presence of ePC:Chol membranes. Interestingly, these two peptides did not exhibit a 

considerable blue shift (Table 2.2). 

When comparing the results for all of the Trp-substituted peptides, no clear correlation 

between the specific Trp mutations and the blue shift or acrylamide quenching results was 

detected. However, the blue shift and acrylamide quenching results clearly illustrate a more 

favorable insertion of the Trp residues from the Tritrp1 analogs into the negatively charged 

membranes in comparison to zwitterionic membranes. 

2.3.5. Calcein Leakage from LUVs 
 

Permeabilization of the bacterial membrane has been identified as one of the 

possible mechanisms of action for Tritrp1 [85,88,89]. Several studies have established the 

ability of the peptide to disturb the lipid bilayer and induce leakage from vesicle systems 

[85,88]. In this work, the permeabilizing ability of the Trp-substituted analogs with 

ePC:ePG model membrane vesicles was evaluated by measuring the leakage of calcein 

from these synthetic vesicles of defined composition (Fig. 2.4). It should be noted that the 
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leakage percentages for Tritrp1 reported here are roughly half the value compared to those 

reported by our group in previous studies [79,85]. This is due to a change in instrumentation 

to a 96-well plate reader instead of a cuvette-based spectrofluorometer, which utilizes 

different sample stirring conditions. However, the trends observed amongst the peptides in 

the two assay systems are the same. 

 

Figure 2.4. Calcein leakage for Tritrp1 and its analogs in the presence of ePC:ePG (1:1) 
vesicles. Single-substituted peptides with Tyr (a) and Ala (c). Double-substituted peptides 
with Tyr (b) and Ala (d). Results are the mean ± SD (n = 3). 
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peptides is dependent on the position of the Trp residue being replaced (Fig. 2.4a,c). W6Y 

exhibits the lowest percentage of calcein leakage, indicating that position 6 makes a higher 

contribution to the permeabilization ability of Tritrp1. In contrast, the peptides with 
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substitutions at Trp8 (W8Y and W8A) retain the same leakage ability as Tritrp1, suggesting 

that this specific Trp is less important for membrane perturbation. The relevance of Trp7 

for membrane permeabilization seems to fall between the Trp residues at positions 6 and 8, 

as indicated by intermediate levels of leakage for W7Y and W7A. 

The results for the double-substituted peptides also support the position-dependent 

role in membrane permeabilization (Fig. 4b,d). Peptides involving Trp6 substitutions 

(W67Y, W68Y, W67A and W68A) were among the peptides that showed the least amount 

of leakage, while W78Y and W78A give rise to higher leakage. 

In order to better compare the influence of different Trp replacements on membrane 

permeabilization, two peptide-to-lipid ratios (P/L 0.025 and 0.1) were selected, and the 

results are depicted in Fig. 2.5. 

 

 

Figure 2.5. Calcein leakage results for Tritrp1 and its analogs in the presence of ePC:ePG 
(1:1) vesicles. Two different peptide/lipid (P/L) ratios are depicted as taken from Fig. 2.4, 
0.025 (blue) and 0.1 (red). Results are the mean ± SD (n = 3). 
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It is clear from Fig. 2.5 that single- and double-Trp substitutions with Tyr induce a 

position-dependent ability to permeabilize ePC:ePG membranes. The differences among the 

leakage percentages of W6Y, W7Y and Tritrp1 clearly indicate the importance of these two 

Trp residues at both P/L ratios (Fig. 2.5). A strong tendency to affect the membrane disturbing 

ability of the peptides by mutating Trp located at position 6 and 7 can be inferred, with Trp6 

being more relevant than Trp7. Mutations of Trp8 did not affect the membrane perturbing 

ability of the peptides, as detected by the lack of statistically significant difference between 

the means of W8Y, W8A and Tritrp1. These results correlate very well with the 

antimicrobial activities described in Table 2.1, where Trp6 substitutions resulted in reduced 

antimicrobial activity, and no change in bactericidal activity was observed for W8Y. A 

similar trend was also observed for the single substitutions with Ala; however, differences 

among these peptides were within their standard deviations, and only W6A vs. Tritrp1 at a 

low P/L ratio exhibited a statistically significant difference (Fig. 2.5, blue). Nevertheless, for 

the double-substituted peptides, the results indicate that W67Y, W67A and W68A induced 

considerably lower leakage than Tritrp1, again illustrating the importance of Trp6 and 

Trp7. Interestingly, the differences in leakage levels induced by double-Ala-substituted 

peptides could not be correlated directly with their antimicrobial activities, with MICs of 

64–128 %M for W67A, W68A and W78A. This could be related to the broad range of 

peptide concentrations involved, which is the result of the two-fold dilution setup of the 

MIC assays. 

The peptides with triple substitutions in the Trp residues illustrated an interesting 

phenomenon, where Y-Tritrp and A-Tritrp were observed to have similar leakage levels as 

Tritrp1. However, the antimicrobial activities of these two peptides were reduced (Table 
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2.1), especially with A-Tritrp having an MIC outside the range of our experiment (>128 

%M). For these two peptides, the membrane permeabilization of ePC:ePG vesicles does not 

seem to correlate with their antimicrobial potency. Previously reported data for Y-Tritrp 

and a peptide similar to A-Tritrp did not show considerable calcein leakage of negatively-

charged liposomes [83,85]. The difference in membrane composition and experimental 

setup might contribute to the difference observed in leakage behaviour. Lack of direct 

correlation between calcein leakage and antimicrobial activity has been observed in the 

past [173], indicating that additional experiments are needed to provide a more accurate 

description of the mechanism of action of these two Tritrp1 analogs and perhaps other 

AMPs. 

Calcein leakage experiments are normally used to illustrate the importance of the 

negatively charged membranes over the zwitterionic membranes. In this work, the 

preference of Tritrp1 and its analogs to interact with negatively charged membranes was 

initially identified by the fluorescence experiments described above (Section 2.3.4). In 

order to visualize the permeabilizing ability of the peptides in the presence of a simple 

eukaryotic model membrane, the calcein leakage experiments were performed using 

ePC:Chol (2.5:1) vesicles (Fig. 2.6). Additionally, as described for the leakage assays with 

the ePC:ePG vesicles, two peptide-to-lipid ratios (P/L) were selected, and the results are 

depicted in Fig. 2.7. 

The leakage induced by all of the Tritrp1 analogs with zwitterionic vesicles (Fig. 

2.6) was considerably lower than the leakage induced for the negatively charged vesicles 

(Fig. 2.4). These results confirm the preference of the peptides for negatively charged 

membranes, as previously described for Trp-substituted peptides with Ala and Tyr residues 
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(Table 2.2 and Fig. 2.3). Interestingly the parent peptide, Tritrp1, also exhibited a similar 

preference as described by the blue shift (Table 2.2) and acrylamide quenching 

experiments (Fig. 2.3). However, large calcein leakage was observed at P/L ratios of 0.05 

or higher (Fig. 2.6a,c). This could be an indication that a threshold peptide concentration 

(P/L > 0.025) is required in order to trigger the permeabilization process in the zwitterionic 

membranes. 

As depicted in Fig. 2.7 for the ePC:Chol membranes, all of the Trp-substituted 

peptides exhibited a lower ability to induce calcein leakage compared to the parent peptide 

(Tritrp1), even at high peptide-to-lipid ratios. These results indicate that the substitution of 

any of the Trp residues for Ala or Tyr in Tritrp1 is sufficient to impede the 

permeabilization effect on these membranes. The lack of membrane perturbing ability for 

the Tritrp1 analog peptides is in agreement with the low levels of Trp membrane insertion 

observed in the blue shift (Table 2.2) and acrylamide quenching fluorescence studies (Fig. 

2.3). Similar results have been described for several AMPs when interacting with 

cholesterol-containing membranes [22]. The lack of membrane perturbing abilities for 

these membranes suggests that our analogs might exhibit higher selectivity towards 

bacterial membranes compared to the original Tritrp1 peptide. 
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Figure 2.6. Calcein leakage results for Tritrp1 and its analogs in the presence of ePC:Chol 
(2.5:1) vesicles. Single-substituted peptides with Tyr (a) and Ala (c). Double-substituted 
peptides with Tyr (b) and Ala (d). Results are the mean ± SD (n = 3). 
 
 
 

 

Figure 2.7. Calcein leakage results for Tritrp1 and its analogs in the presence of ePC:Chol 
(2.5:1) vesicles. Two different peptide/lipid (P/L) ratios are depicted as taken from Fig. 
2.6, 0.025 (blue) and 0.1 (red). Results are the mean ± SD (n = 3). 
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2.3.6. E. coli Inner Membrane Permeabilization 
 

The use of membrane mimetic systems, such as LUVs, allows for the creation of 

well-defined lipid mixtures, but these do not represent all aspects of the highly complex 

and heterogeneous cytoplasmic bacterial membrane. Additionally, the peptide-to-lipid 

ratios used in the calcein leakage experiments might not fully represent a biological 

scenario. Despite the strong correlation previously described for ePC:ePG membrane 

permeabilization and the antimicrobial activity of Tritrp1 and its analogs, we felt that it was 

necessary to evaluate the ability to permeabilize an actual cytoplasmic bacterial membrane. 

To achieve this, we used the E. coli ML35p strain and the impermeable substrate ONPG (2-

nitrophenyl-&-D-galactopyranose) as an indicator of membrane perturbation [157]. The 

effects induced by Tritrp1 and its Trp-substituted analogs on the E. coli inner membrane 

permeability are depicted in Fig. 2.8 and 2.9. 

In these assays, the permeabilization of the E. coli inner membrane results in an 

increase of the A420 due to the hydrolysis of ONPG by &-galactosidase, an enzyme that is 

located in the cytoplasm [49][157]. An increase in the absorbance was detected over 60 

min for most peptides in this study, indicating that the membranes were permeabilized by 

the peptides. At concentrations close to their MICs, the peptides seem to trigger membrane 

permeabilization after 20 min of incubation. At concentrations less than a quarter of the 

MIC, there is generally little membrane permeabilization caused by the peptides. In 

comparison to Tritrp1 (Fig. 2.8), the Ala-derived peptides exhibited a higher level of 

membrane permeabilization at the MIC, indicating a strong tendency of these peptides to 

disturb the permeability of the inner membrane (Fig. 2.9). However, it is important to 

consider that the MIC for most Ala-derived peptides is considerably higher than Tritrp1. 
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Figure 2.8. Inner membrane permeabilization induced by Tritrp1 and Trp-to-Tyr-
substituted Tritrp1 analogs. Peptide concentrations were MIC (*), 1/2 MIC (! ), 1/4 MIC (+), 
1/8 MIC (#), 1/16 MIC (*), 1/32 MIC (,) and 0 %M (+). The MIC values for each peptide are 
derived from Table 2.1. For peptides with a range of MICs, the higher concentration was 
used. The results are the average of three independent experiments, and the standard 
deviation (SD) for two selected peptide concentrations are depicted in Fig. 2.10. 
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Figure 2.9. Inner membrane permeabilization induced by melittin and Trp-to-Ala-substituted 
Tritrp1 analogs. Peptide concentrations were MIC (*), 1/2 MIC (! ), 1/4 MIC (+), 1/8 MIC 
(#), 1/16 MIC (*), 1/32 MIC (,) and 0 %M (+). The MIC values for each peptide are derived 
from Table 2.1. For peptides with a range of MICs, the higher concentration was used. For 
A-Tritrp, the highest peptide concentration selected was 128 %M. Melittin MIC was 2 µM 
(data not shown). The results are the average of three independent experiments, and the 
standard deviation (SD) for two selected peptide concentrations are depicted in Fig. 2.10. 
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The Tyr-derived peptides exhibited membrane permeabilization profiles similar to 

Tritrp1 at their MICs (Fig. 2.8). However, compared with the well-known cytotoxic and 

membrane-active melittin peptide [174,175] (Fig. 2.9), the membrane perturbing activity of 

Tritrp1 and its analogs is not as strong and takes a longer time to build up. This indicates 

that distinct mechanisms of action different from a strong membrane permeabilization as 

showed for melittin, may be involved in the antimicrobial activity of these peptides. 

 

 

Figure 2.10. Change in absorbance ("Abs 420) after 55 min of incubation of E. coli ML35p 
in the presence of Tritrp1 and its analogs at 4 %M (blue) and at the respective MICs for 
each peptide (red). For peptides with a range of MICs, the higher concentration was 
considered. Results are the mean ± SD (n = 3). 
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concentrations were selected, the MIC of the peptide and 4 %M, the latter being used to 

compare across all Tritrp1 analogs. 

Tr
itr
p1

W
6Y

W
7Y

W
8Y

W
67

Y

W
68

Y

W
78

Y

Y-T
rit
rp

W
6A

W
7A

W
8A

W
67

A

W
68

A

W
78

A

A-T
rit
rp

0.0

0.2

0.4

0.6

0.8

!
A

bs
 4

2
0
 n

m

**

********

********

****

****

****

****

****
********

****

Tr
itr
p1

W
6Y

W
7Y

W
8Y

W
67

Y

W
68

Y

W
78

Y

Y-T
rit
rp

W
6A

W
7A

W
8A

W
67

A

W
68

A

W
78

A

A-T
rit
rp

0.0

0.2

0.4

0.6

0.8

!
A

bs
 4

2
0
 n

m ** ****

****

****



 
 

52 

At their MICs, most of the Tyr- and Ala-derived peptides induce a similar level of 

ONPG hydrolysis compared to Tritrp1, which strongly suggests that their antimicrobial 

activity involves a membrane perturbing mechanism of action (Fig. 2.10, red). However, 

some peptides (W7Y, W68Y and Y-Tritrp) show statistically significant lower membrane 

activity in comparison to Tritrp1 at their respective MICs (Fig. 2.10, red). These results 

indicate that other mechanism(s) of action may contribute to the bactericidal activity of 

these peptides. Interestingly, A-Tritrp did not have a strong permeabilization ability for the 

E. coli inner membrane at 128 %M, which correlates with its lack of antimicrobial activity, 

despite causing significant effects against the ePC:ePG vesicles in the calcein leakage 

assays (Fig. 2.4). 

Using a common concentration of 4 %M to compare across all peptides, a trend 

emerged depending on the position of the Trp substitution (Fig. 2.10, blue). Modifications 

of Trp6 substantially reduced the ability of the peptide to permeabilize the bacterial 

membrane. W6A and W6Y had a statistically significant lower permeabilizing capability in 

comparison to Tritrp1. Similarly W7A and W7Y also exhibited a considerably lower 

ability to permeabilize the inner membrane of E. coli (Fig. 2.10, blue). In contrast, the 

permeabilizing ability of W8Y was not significantly affected (Fig. 2.10, blue), suggesting 

that Trp8 is not as important for the activity of the peptide. These results indicate that the 

differences in the ability to permeabilize bacterial membranes are responsible for the 

differences in antimicrobial activity observed for the Tritrp1 analogs (Table 2.1). 

Additionally, the results are in agreement with the position-dependent effects already 

described in the calcein leakage experiments (Fig. 2.5). 
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The case of Y-Tritrp is interesting due to the statistically significant lower membrane 

permeabilization observed in E. coli. The peptide also exhibited an MIC of 16 %M (Table 

2.1) and a Tritrp1-comparable membrane disturbing ability in ePC:ePG vesicles (Fig. 2.4 

and 2.5). It is feasible that Y-Tritrp exerts its antimicrobial effect though a different 

mechanism, which, in combination with membrane permeabilization, might lead to cell 

death. A similar behavior was described for a Tritrp1 peptide analog, where all Trp 

residues were substituted by 5-hydroxy-Trp [176], as described in the next chapter. This 

peptide lacked the ability to permeabilize synthetic and bacterial membranes, but preserved 

a strong antimicrobial activity against E. coli. Its mechanism of action is not completely 

understood yet, but was related to either outer membrane destabilization or binding 

intracellular targets, which would induce the inhibition of macromolecular synthesis [176] 

(Chapter 3). 

The significantly lower ability of A-Tritrp to permeabilize the bacterial inner 

membrane (Fig. 2.10) could be correlated with the lack of antimicrobial activity against E. 

coli (Table 2.1). Considering the high percentage of calcein leakage observed previously 

for A-Tritrp (Fig. 2.5), this work suggests that permeabilization of the inner membrane of 

E. coli correlates better than calcein leakage to the antimicrobial activity. 

Altogether, our experiments show that the three Trp residues located at the core of 

tritrpticin do not make the same contribution to the antimicrobial activity. We know from 

previous work that Trp position is important for the cytotoxic activity of --helical peptides 

[177]. Similarly, the antimicrobial activity of lactoferricin-derived peptides was strongly 

dependent on its Trp residues [178]. Accordingly, in the case of Tritrp1, the Trp residues in 

each of the three positions contribute differently to the antimicrobial activity of the peptide, 
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as well as to the mechanism(s) of action that may be involved in causing bacterial death. 

The Trp residue located at position 6 was found to be the most important Trp residue for 

permeabilization in vitro and in vivo. Furthermore, this Trp proved to be crucial for the 

antimicrobial activity of Tritrp1. On the other hand, the Trp at position 8 did not have a 

substantial influence on the antimicrobial activity and membrane permeabilization 

properties of Tritrp1. 

2.3.7. QSAR Analysis 
 

An evaluation of the relative importance of the three Trp residues on the 

antimicrobial activity of tritrpticin was also attempted in silico. The use of a variety of 

amino acid descriptors for the quantitative structure-activity relationships (QSAR) analysis 

allows for the correlation of amino acids in a particular antimicrobial sequence to its 

biological potency [179,180]. A theoretical model was developed for the 15-amino acid 

residue bovine lactoferricin (LFB) peptide (FKCRRWQWRMKKLGA). This multivariate 

model, in addition to the native sequence of LFB, was developed on the basis of 

experimental results obtained for several substituted variants of the peptide, including 

substitution of its two Trp residues (for details, see [179–181]). The QSAR model was able 

to confirm that the second Trp was the most important amino acid residue for the 

antimicrobial activity of the LFB peptide [180]. When the same model was used to 

evaluate tritrpticin, Trp8 and, to a lesser degree, Trp7 were identified as the most relevant 

Trp residues for its antimicrobial activity. Unfortunately, this result did not coincide with 

our experimental data, where Trp6 was clearly shown to be more relevant for the 

antimicrobial activity against E. coli. This indicates that factors other than the three Trp 

residues also have a large effect on the antimicrobial activity of tritrpticin. Indeed Tritrp1 



 
 

55 

adopts a distinct three-dimensional micelle-bound structure when compared to the 15-

residue LFB peptides [84,85,182]. In order to validate this theoretical approach further, it 

might be interesting in the future to develop a new model based on our data reported here 

for Tritrp1. This would allow us to determine whether the new model can be useful to 

predict available data for related Trp-rich peptides, such as indolicidin and puroindolines 

[28,29,54,153,183]. 

 

2.4. Conclusions 
 

The position of the Trp residues in tritrpticin has a very important role in the 

membrane perturbing ability of this peptide. Not all residues were equally relevant for the 

antimicrobial mechanism of action. Our studies of the permeabilization of synthetic 

membranes established that Trp6 was the most important Trp residue for membrane 

disruption in contrast to Trp8. The same phenomenon was observed in a more biologically 

relevant scenario using assays that measure the permeabilization of the E. coli inner 

membrane in intact bacteria. These membrane effects were directly correlated with the 

antimicrobial potency of Tritrp1 and its Trp-to-Tyr and Trp-to-Ala analogs. These results 

not only highlight the importance of the Trp residues for the antimicrobial activity of 

Tritrp1, but also were able to assign individual contributions to each Trp depending on its 

location in the peptide sequence. This work contributes to a better understanding of the role 

of Trp residues in the antimicrobial activity of tritrpticin. 
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CHAPTER 3: Hydroxy-tryptophan containing derivatives of tritrpticin: modification 
of antimicrobial activity and membrane interactions 

 

3.1. Introduction 
 

Initial attempts to modulate the microbicidal activity of the peptides have focused 

on the modification of the amino acid sequence to enhance their antimicrobial activity and 

improve their selectivity. Simultaneously the mechanism of action of AMPs has remained a 

fundamental question, which is important in view of the fact that an understanding of this 

mechanism should allow for the rational design of better and more specific microbicidal 

agents [184,185]. Numerous studies have attempted to contribute to this question. Most of 

the models generated agree on the importance of the bacterial membrane for the activity of 

the peptides, not only because it acts as the first barrier that the peptide needs to overcome, 

but also because the membrane composition and properties can modulate their activity 

[49,186]. Most of the AMPs have been described as membrane-active agents, which imply 

that their mechanism of action involves the permeabilization or disruption of the bacterial 

membrane. However the discovery of several AMPs without apparent membrane 

perturbing effects, yet strong antimicrobial activities, generated proposals for an alternative 

mechanism of action involving intracellular targets such as DNA, RNA or proteins [16,54].  

In the case of tritrpticin its mechanism of action is believed to involve pore 

formation in bacterial membranes. This notion is based on several biophysical studies of 

the interaction of tritrpticin with synthetic model membranes, as well as on membrane 

depolarization studies with S. aureus and E. coli [83,88,89,187–190]. In addition, the 

studies in chapter 2 also exhibited the ability of Tritrp1 and several of its analogs to 

permeabilize the cytoplasmic membrane of E. coli ML35p [191]. However, a dual 
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mechanism of action combining membrane perturbation and disturbance of intracellular 

targets has also been proposed [88,192], although direct experimental support for this idea 

is lacking.  

 Numerous studies of AMPs are focused on the engineering of new peptide analogs 

that resemble the naturally occurring peptides by modification of the original peptide 

sequences with natural amino acids, D-amino acids, %-amino acids and other unnatural or 

non-coded amino acids, see for example [17,72,193–196]. In chapter 2, individual Trp 

residues were substituted with Ala or Tyr residues. These modifications resulted in 

significant changes of the antimicrobial potency of the peptides. Therefore, considering the 

high sensitivity of the peptides to the changes in their sequence, a more subtle modification 

of the Trp indole sidechains was pursued in this chapter. In this work Tritrp1 was modified 

through substitution of its Trp residues with 5-hydroxy-tryptophan (5OHW). This naturally 

occurring amino acid is well known as a metabolic intermediate in the biosynthesis of 

serotonin and melatonin [197]. While 5OHW is not used in the ribosomal biosynthesis of 

proteins, it has been employed in several studies as a fluorescence enhancement probe, due 

to its distinct fluorescence spectroscopic properties. 5OHW exhibits a red shifted 

absorbance in comparison to Trp, by the presence of a shoulder at 310 nm. This unique 

spectroscopic characteristic has allowed studies of several protein-protein interactions, 

protein oligomerization states and conformational changes, as well as investigations of the 

folding and stability of proteins [198–200].  

In the present study we determined whether 5OHW substitutions influenced the 

antimicrobial activity of Tritrp1; the sequence of the peptides studied are shown in Table 

3.1. Additionally, we studied the mechanism of action of these Tritrp1 derivatives by 
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fluorescence, circular dichroism (CD) and nuclear magnetic resonance (NMR) 

spectroscopy, differential scanning calorimetry (DSC) and various other assays. Our results 

revealed that the substitutions of individual or all three Trp residues by 5OHW did not alter 

the antimicrobial activity of the peptide. However, the mechanism of action was 

significantly changed when all three Trp residues were substituted simultaneously. 

 
Table 3.1. Sequence of Tritrp1 and its derived peptides using 5-hydroxytryptophan (5OHw). 

Peptide Sequence 
Tritrp1 VRRFPWWWPFLRR-NH2 
HW VRRFP5OHw5OHw5OHwPFLRR-NH2 
HW1 VRRFP5OHwWWPFLRR-NH2 
HW2 VRRFPW5OHwWPFLRR-NH2 
HW3 VRRFPWW5OHwPFLRR-NH2 

 

3.2. Materials and methods 
 

3.2.1. Materials, bacterial strains and peptides 
 

Nitrocefin (NCF) and 2-nitrophenyl %-D-galactopyranoside (ONPG) were obtained 

from EMD Millipore Corporation (Billerica, MA) and Sigma-Aldrich (St. Louis, MO) 

respectively. [Methyl-3H]-thymidine and [5-3H]-uridine were purchased from Perkin Elmer 

(Waltham, MA), and [ring-2-5-3H]-L-histidine was obtained from Moravek Biochemicals 

and Radiochemicals (Brea, CA). Sodium dodecyl sulfate (SDS) was purchased from EMD 

chemicals Inc. (Gibbstown, NJ) and SDS-d25 was obtained from Cambridge Isotopes 

Laboratories (Andover, MA). All other chemicals and reagents were purchased from 

Sigma-Aldrich (St. Louis, MO). 

All Tritrp1-derived peptides were purchased from AnaSpec Inc. (Fremont, CA). 

The peptides were synthesized by solid phase methods and their purity (>95%) and 



 
 

59 

molecular weight were checked by HPLC and mass spectrometry, respectively. Melittin, 

purified from honey bee venom, was purchased from Sigma-Aldrich (St. Louis, MO). 

E. coli ATCC 25922 was purchased from the American Type Culture Collection 

(Manassas, VA). E. coli CGSC 4908 was obtained from the E. coli genetic stock center 

(CGSC) at Yale University (New Haven, CT). E. coli ML35p and B subtilis 168 were 

kindly provided by Dr. Robert Lehrer at UCLA David Geffen School of Medicine and Dr. 

Sui-Lam Wong at University of Calgary, respectively. 

3.2.2. Antibacterial activity 
 

The antimicrobial activity of Tritrp1-derived peptides was measured as the minimal 

inhibitory concentration (MIC) according to the standard broth microdilution method 

previously described by Wiegand et al. [155]. Bacteria (E. coli ATCC 25922 and B. subtilis 

168) were grown in Mueller-Hinton broth (MHB), which was incubated at 5 x 105 cfu/ml in 

the presence of two-fold dilutions of MHB-dissolved peptides (0.25 to 128 µM) in a 96-

well polypropylene plate, and incubated overnight at 37°C. The MIC values reported 

correspond to the minimal peptide concentration where bacterial growth was not observed. 

In order to establish the minimal bactericidal concentration (MBC) 10 µl from the first 

three wells without bacteria growth for each peptide in the MIC plate were diluted 1:106 in 

MHB and plated (100 µl) in MHB-agar plates. After incubation overnight at 37°C the 

presence of colonies was established. The MBC values reported correspond to the minimal 

peptide concentration where no colony formation was detected. 
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3.2.3. Multilamellar vesicles (MLVs) and large unilamellar vesicles (LUVs) preparation 
 

MLVs were prepared by adding the necessary volume of DPPG or DPPC-

chloroform stock solutions (Avanti Polar Lipids, Alabaster, AL) into a glass vial in order to 

have 0.5 mg of lipids. The organic solvent was initially removed by evaporation in a stream 

of nitrogen gas and the remaining solvent was evaporated under vacuum overnight. The dry 

lipids were resuspended with warm Tris-buffer (10 mM Tris, 150 mM NaCl, 1mM EDTA, 

pH 7.4) by vigorous vortexing. For DSC studies, Tritrp1-derived peptides in aqueous 

solution were added to the MLVs suspension to achieve a peptide:lipid molar ratio of 1:10.  

LUVs were made by initially preparing MLVs, as described previously, with the necessary 

volume of ePC-, ePG- or cholesterol-chloroform stock solutions (Avanti Polar Lipids, 

Alabaster, AL) to obtain the desired ratio. Two types of LUVs were prepared, ePC:ePG 

(1:1 molar ratio) and ePC:Cholesterol (2.5:1 molar ratio). The MLVs were freeze-thawed 

five times using liquid nitrogen, followed by extrusion through two 0.1 µm polycarbonate 

filters (Nucleopore Filtration Products, Pleasonton, CA) using a mini-extruder apparatus 

(Avanti Polar Lipids, Alabaster, AL) to generate LUVs with a 100 nm diameter. Calcein 

containing LUVs were prepared by resuspending the dry lipids in Tris-buffer supplemented 

with 70 mM calcein. After LUV preparation, free calcein was removed by gel filtration 

using a Sephadex G-50 column. The concentration of lipids in the LUVs was measured by 

the Ames phosphate assay [156], performed in triplicate. 

3.2.4. Tryptophan fluorescence, blue shift (!" emi) and acrylamide quenching 
 

The tryptophan fluorescence was monitored using a Varian Cary Eclipse 

Fluorimeter (Agilent Technologies, Santa Clara, CA) equipped with a multicell sample 

holder and temperature control set to 25°C. The peptide (1 µM) in Tris-buffer was excited 
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at 280 nm (slit width 10 nm) and the emission spectra were measured at 300 - 500 nm (slit 

width 10 nm) in the presence or absence of LUVs (100 µM). The difference in the 

maximum emission wavelength between the absence and presence of LUVs is referred to 

here as the blue shift (! " emi). 

For the acrylamide quenching experiments sequential additions of 5 µl of a 4 M 

acrylamide stock solution (up to 0.15 M final concentration) were made to the sample 

containing the peptide (1 µM) and LUVs (100 µM). The tryptophan fluorescence was 

recorded after each addition of acrylamide and fluorescence intensity changes were 

analyzed through Stern-Volmer plots from where the quenching constants (Ksv) were 

calculated from the equation (1): 

Fo/F = 1+ Ksv[Q]        (1) 

where Fo is the initial fluorescence of the peptide and F is the fluorescence following the 

addition of the quencher Q.  

3.2.5. Circular dichroism (CD) spectroscopy 
 

The secondary structure of the Tritrp1-derived peptides (50 µM) in buffer (10 mM 

Tris pH 7.4) and in the presence of SDS micelles (35 mM) was assessed using a Jasco J-

810 spectropolarimeter (Jasco Inc. Easton, MD). The far-UV spectra were recorded 

between 190-260 nm in a 1 mm pathlength cuvette at room temperature, under a constant 

flow of nitrogen. The ellipticity was registered every 0.1 nm, with a scan rate of 200 

nm/min and 0.1 nm bandwidth. The final spectra represent the average of 10 consecutive 

scans.  
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3.2.6. 1H NMR studies and structure determination 
 

For NMR studies peptides (~3 mg) were dissolved in 9:1 H2O:D2O, and for the 

peptides interacting with micelles, d25-SDS was added at 1:100 (peptide:SDS ratio) 

ensuring a ratio of one peptide molecule per micelle. A one dimensional (1D) 1H NMR 

spectrum was acquired using 2,2-dimethyl-2-silapentane-5-sulfonic acid (DSS) as internal 

chemical reference and water suppression was achieved by excitation sculpting [201]. Two 

dimensional nuclear Overhauser enhancement and exchange spectroscopy (NOESY), 

correlation spectroscopy (COSY) and total correlation spectroscopy (TOCSY) spectra were 

obtained for the peptides with SDS micelles with a mixing time of 0.25 and 0.094 s for the 

NOESY and TOCSY experiments respectively. All NMR experiments were acquired on a 

600 MHz Bruker Avance spectrometer (Bruker Corporation, Milton, ON) and were 

processed with the NMRPipe software package [202]. 

The spectral analysis was performed using NMRView 5.2.2.01 [203], and chemical 

shift assignments were carried out according to Wüthrich [204]. Structural calculations 

were performed using ARIA 1.2 [205]. Additionally a manually modified version of the 

topology files in order to include the 5-hydroxy-tryptophan was used. Broad dihedral 

restraints were imposed on all of the non-Gly residues to keep the initial phi and psi angles 

within allowable regions of the Ramachandran plot. In the final ARIA calculation run 100 

structures were calculated and the 20 lowest energy structures were used for analysis using 

Procheck [206] and visualized in MOLMOL [207].  
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3.2.7. Differential scanning calorimetry (DSC) 
 

The DSC experiments of MLVs and the effects of the Tritrp1-derived peptides on 

the thermotropic phase transition were studied using a Microcal high sensitivity VP-DSC 

instrument (Malvern Instruments Inc., Westborough, MA). The final concentration of 

MLVs for each DSC experiment was 0.5 mg/ml. In order to reach equilibrium five heat 

scans (10°C/hour), between 20-60°C were performed for the experiments involving DPPC 

and DPPG. The analysis of the fifth heating scan was performed with the Microcal Origin 

Software (version 7.0). 

3.2.8. Calcein leakage 
 

Release of calcein from LUVs was registered by fluorescence spectroscopy, which 

was measured in a Varian Cary Eclipse Fluorimeter (Agilent Technologies, Santa Clara, 

CA). Calcein containing LUVs (10 µM) were incubated in Tris-buffer and the fluorescence 

was registered at 520 nm (slit width 10 nm) during 1 min, with excitation at 490 nm (slit 

width 10 nm). Next the peptide was added at different concentrations and the fluorescence 

was registered for another 15 min. At this point all LUVs were solubilized by 0.02% Triton 

X-100 and the fluorescence registered for another minute. The leakage percentage was 

calculated according to equation (2): 

% Calcein leakage = 100 x (I-Io)/(It-Io)      (2) 

where Io is the fluorescence before the addition of the peptide, I is the fluorescence at 10 

min after the addition of the peptide,  and It is the fluorescence after the addition of Triton 

X-100.  

 



 
 

64 

3.2.9. E. coli outer and inner membrane permeabilization 
 

The peptide-induced permeabilization of the outer and inner membrane in Gram-

negative bacteria was recorded as described by Epand et al. [157]. The method uses the E. 

coli strain ML35p, which in addition to being constitutive for cytoplasmic %-galactosidase, 

also expresses the plasmid-encoded periplasmic %-lactamase enzyme, and lacks the lac 

permease. The membrane impermeable ONPG substrate is hydrolyzed by the cytoplasmic 

%-galactosidase and can be monitored by absorbance at 420 nm. Similarly, the 

impermeable NCF is the substrate of the periplasmic %-lactamase, for which the hydrolysis 

can be followed by absorbance at 490 nm.  

E. coli ML35p was grown at 37°C in Luria broth (LB) media from a single colony 

until OD600 ~ 0.6. The cells were collected and washed three times with incubation buffer 

(10 mM Na+-phosphate pH 7.4, 100 mM NaCl and 300 µg/ml LB) and added to a final of 

OD600 of 0.3 in the presence of ONPG (0.5 mM) or NCF (30 µM) in a 96-well plate, 

together with peptide concentrations of 0.2 to 20 µM. The absorbance of the wells was 

measured at 420 and 490 nm for ONPG and NCF experiments, respectively, every 2 min 

during 60 min, in a Perkin Elmer VictorTM X4 Multilabel Plate Reader (Waltham, MA) 

with shaking and temperature control at 37°C. 

3.2.10. DNA mobility/gel retardation assay 
 

In order to evaluate peptide binding to DNA the agarose gel-retardation assay was 

used [208]. The plasmid DNA pET19b was purified from E. coli DH5$ cells using the 

Qiagen Plasmid purification kit (Qiagen Inc. Valencia, CA). The DNA concentration and 

purity were measured at A260 and A260/A280 respectively. Plasmid DNA (100 ng) was 
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incubated at room temperature with increasing amounts of peptides, corresponding to 

peptide/DNA ratios from 0-10 (w/w), in binding buffer (5% glycerol, 10 mM Tris, 1 mM 

EDTA, 1 mM DTT, 20 mM KCl, 50 µg/ml BSA, pH 8.0). After incubation for 1 hour, 

loading dye 5X (10% Ficoll 400, 10 mM Tris, 50 mM EDTA, 0.25% bromophenol blue, 

pH 7.5) was added to the mixture and loaded onto a 1% agarose gel in Tris-acetate-EDTA 

(TAE) buffer containing 50 µl ethidium bromide for visualization. The gels were run at 100 

V for 30 min and its image taken in a Bio-Rad Geldoc XR (Bio-Rad Laboratories, Hercules 

CA). 

3.2.11. Macromolecular synthesis inhibition 
 

The inhibition of DNA, RNA and protein synthesis in E. coli was evaluated using a 

modified protocol previously described by Patrzykat et al. [209]. Briefly, E. coli CGSC 

4908 (auxotroph for thymidine, uridine and L-histidine) was grown overnight at 37°C from 

a single colony. The overnight culture was diluted 1:103 and grown at 37°C to the 

exponential phase (OD600 ~ 0.3). At this point the cells were collected and resuspended in 

M9 minimal media [210], to OD600 0.3. Aliquots (300 µl) of the cell suspensions were 

supplemented with 9 µl of either [3H]-thymidine, [3H]-uridine or [3H]-L-histidine and 100 

mg/L of the other two unlabeled precursors. After 5 min incubation at 37°C peptides were 

added at specific concentrations (0, 0.8, 2, 4 and 8 µM), followed by incubation for 30 

more min at 37°C. At time points of 0, 5, 15 and 30 min 50 µl samples were taken from the 

cultures and incubated in 5 ml 10% trichloroacetic acid (TCA) supplemented with 200 

mg/L of all three unlabeled precursors for 40 min on ice, followed by 15 min incubation at 

37°C. The DNA, RNA and proteins were collected over vacuum using 25 mm nucleic acid 

and proteins transfer filters from Whatman GmbH (Dassel, Germany). The filters were 
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rinsed 10 times with cold 10% TCA and dried at 70°C. Each filter was placed in a 

scintillation vial with 10 ml of BCS-NA non-aqueous biodegradable counting scintillant 

(GE Healthcare, Piscataway, NJ) and the radioactive counts recorded for 1 minute in a 

Beckman LS6500 multi-purpose scintillation counter (Beckman Coulter, Brea, CA).  

In order to establish how these peptide concentrations affect the growth of E. coli 

CGSC 4908, a separate growth assay was performed. The bacterial cells were prepared as 

described before in M9 minimal media supplemented with 200 mg/L of all three unlabeled 

precursors and incubated at 37°C. At each time point, samples of 5 µl were diluted 1:4x104 

in water and 100 µl plated in LB-agar plates. After incubation overnight at 37°C, the 

number of colonies was counted. 

 

3.3. Results 
 

3.3.1. Antibacterial activity 
 

The MIC and MBC activities of the Tritrp1-derived peptides are presented in Table 

3.2. All peptides exhibited a higher antimicrobial activity towards the Gram-positive 

organism B. subtilis 168 in comparison to the Gram-negative E. coli ATCC 25922. In 

addition, the antibacterial activity of all peptides after 18 hours was shown to be 

bactericidal rather than bacteriostatic, as indicated by the similar MIC and MBC values. 

The peptide Tritrp1 had a MIC of 4 µM against E. coli, which corresponds well to 

previously reported data [85,190]. This MIC value was comparable to the 2-4 µM obtained 

for melittin, a known strong membrane-lytic peptide [211]. Individual or triple 



 
 

67 

substitutions of Trp residues by 5OHW did not have any large effects on the antimicrobial 

activity of the Tritrp1 analogs. 

 
Table 3.2. Antimicrobial activities of Tritrp1-derived peptides and Melittin reported as 
minimal inhibitory and bactericidal concentrations (µM), MIC and MBC respectively. 

 E. coli ATCC 25922 B. subtilis 168 
 MIC MBC MIC MBC 
Tritrp1 4 4 1 1 
HW 4-8 4-8 0.5-1 0.5-1 
HW1 4-8 4-8 2 2 
HW2 8 8 1 1 
HW3 4-8 4-8 1 1 
Melittin 2-4 2-4 0.25-0.5 0.25-0.5 
The values presented are the results of three independent 
experiments. 

3.3.2. Tryptophan fluorescence spectroscopy and blue shift measurements 
 

The fluorescence excitation and emission spectra for Tritrp1 and its derived 

peptides in buffer are depicted in Fig. 3.1, while the maxima wavelengths obtained from 

these spectra are presented in Table 3.3. Tritrp1 exhibited a fluorescence emission 

maximum at 349 nm, while the excitation maximum was located at 280 nm. These values 

are characteristic for Trp in a polar environment (Fig. 3.2). In comparison, the peptide with 

three 5OHW residues (HW) showed an excitation maximum wavelength at 311 nm, which 

correspond to the 310 nm shoulder observed for 5OHW amino acid in buffer (Fig. 3.2). 

However, the emission maximum of HW located at 398 nm represents an extremely red-

shifted emission in comparison to the maximum for the 5OHW in buffer located at 340 nm 

(Fig. 3.2). For the individually substituted peptides (HW1, HW2 and HW3) in buffer the 

excitation and emission maxima wavelength were similar, located around 280 and 338 nm 

respectively. 
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Figure 3.1. Normalized fluorescence spectra (excitation and emission) of Tritrp1 and its 
5OHW-analogs. The peptides (1 µM) were incubated in Tris-buffer (150 mM NaCl, 1 mM 
EDTA, 10 mM Tris pH 7.4) and the fluorescence emission spectra (300 – 500 nm) were 
registered after excitation at 280 nm (slit width 10 nm) in the presence or absence of LUVs 
(100 µM). The fluorescence excitation spectra (240 - 350 nm) were registered with 
emission adjusted to the maximum emission wavelength for each peptide (slit width 10 
nm).  
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Table 3.3. Maximum fluorescence excitation (#exc, max) and emission (#emi, max) wavelengths 
(nm) for the Tritrp1-derived peptides in Tris-buffer and blue shift ("#emi) upon binding to 
LUVs. Blue shift results are average ± S.D. (n = 3). 

 Tris-buffer Blue shift 
 #exc, max #emi, max ePC:ePG ePC:Chol 
Tritrp1 280 349 12 ± 1 5 ± 2 
HW 311 398  4 ± 2 1 ± 4 
HW1 280 337 0 ± 1 1 ± 0 
HW2 278 338 1 ± 1 1 ± 0 
HW3 280 339 2 ± 1 1 ± 0 
"#emi = #emi, max (buffer) - #emi, max (LUVs) 

 
 
 

 

Figure 3.2. Fluorescence excitation (dashed) and emission (solid) spectra of tryptophan 
and 5-hydroxy-tryptophan amino acids (1 µM) in Tris-buffer (150 mM NaCl, 1 mM 
EDTA, 10 mM Tris pH 7.4). Excitation and emission wavelengths (slit width 10 nm) for 
each spectra are depicted in the legends.  

 

The fluorescence emission spectrum of the Trp side chain is highly sensitive to the 

polarity of the environment, and its maximum wavelength (#emi, max) can be used to study 

the interactions between Trp-containing peptides and membranes. During peptide-

membrane interactions, the exposure to a more hydrophobic environment induces a 

decrease in the #emi, max of the Trp side chain, which is known as blue shift. In comparison to 

Trp, the 5OHW side chain is less sensitive to solvent polarity changes, thus limiting the 
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usefulness of 5OHW as a probe for studying peptide-membrane interactions [212]. The 

fluorescence maxima wavelength and the blue shift for all Tritrp1-derived peptides upon 

interaction with membranes are shown in Table 3.3 and Fig. 3.1. Tritrp1 exhibited a large 

blue shift (12 nm) in the presence of ePC:ePG vesicles, while a smaller blue shift (5 nm) 

was observed with ePC:Chol vesicles. In contrast, the HW peptide exhibited a similar, 

although small, blue shift for both ePC:ePG and ePC:Chol vesicles. In the case of single 

substituted peptides, no differences were observed between the presence of ePC:ePG and 

ePC:Chol vesicles. Both vesicles induced only a minor blue shift (0-2 nm). 

3.3.3. Acrylamide quenching 
 

Complementary to the fluorescence blue shift experiments, solvent accessibility 

measurements of the Trp side chain can provide information about the peptides 

environment when in buffer or in the presence of membranes. Acrylamide quenches the 

fluorescence of solvent exposed Trp residues. Its uncharged nature allows quenching 

studies involving negatively charged membranes, which can influence the behavior of ionic 

quenchers such as Cs+ and I- [213]. Both amino acids Trp and 5OHW are quenched by 

acrylamide, with slightly higher quenching levels for 5OHW as shown in the Fig. 3.3. The 

acrylamide quenching levels (represented by Ksv) for the Tritrp1-derived peptides in buffer 

or in the presence of lipid vesicles are presented in Fig. 3.4. The ePC:ePG vesicles exhibit a 

net negatively charged surface resembling bacterial cell membranes, while the use of a 

zwitterionic phospholipid (PC) and cholesterol simulated the electrically neutral and 

fluidity/rigidity characteristics of a eukaryotic membrane. All peptides interacted with the 

negatively charged ePC:ePG vesicles, exhibiting smaller Ksv values in comparison to those 

observed in buffer. In contrast, higher Ksv values were observed in the presence of 
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ePC:Chol vesicles. Interestingly the Ksv of HW in buffer was considerably lower than all 

other peptides, indicating that this peptide has unique properties.  

 

Figure 3.3. Stern-Volmer constants (Ksv) for tryptophan (W) and 5-hydroxy-tryptophan 
(5OHW) in Tris-buffer (150 mM NaCl, 1 mM EDTA, 10 mM Tris pH 7.4). Sequential 
additions of 5 µl of a 4 M acrylamide stock solution (up to 0.15 M final concentration) 
were made to the sample containing the amino acid (1 µM). The fluorescence was recorded 
after each addition of acrylamide and fluorescence intensity changes were analyzed 
through Stern-Volmer plots from where the quenching constants (Ksv) were calculated 
from the equation (1). 

 

 

Figure 3.4. Stern-Volmer constants (Ksv) for the Tritrp1-derived peptides as determined 
from the acrylamide quenching experiments in different media: buffer (white), in the 
presence of ePC:ePG LUVs (black) and ePC:Cholesterol LUVs (dotted). Results are 
average ± S.D. (n = 3). 
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3.3.4. Circular dichroism spectroscopy 
 

The far-UV CD spectra of the Tritrp1-derived peptides in buffer and in SDS 

micelles are presented in Fig. 3.5. These micelles were selected in order to simulate the 

negative surface charge of bacterial membranes. According to the appearance of the CD 

spectra, the peptides could be divided in two groups. The first group was formed by 

Tritrp1, HW1 and HW3. Their CD profile was dominated by a strong negative band around 

226 nm. Upon interaction with SDS micelles the intensity of this negative band was 

slightly modified, while two positive bands at 207 and 195 nm appeared for Tritrp1 and 

HW1. The second group was formed by HW and HW2. In buffer HW exhibited two 

negative bands, a strong band around 205 nm and a weaker band at 230 nm. The presence 

of SDS micelles only modified the CD signal at 190 nm. HW2 showed weak signals in 

buffer with negative peaks at 200 and 228 nm. However a considerable conformational 

change was observed in the presence of SDS micelles due to the presence of negative 

bands at 190 and 215 nm. These data confirm that all peptides bind to these membrane 

mimetics. 
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Figure 3.5. Circular dichroism far-UV spectra of Tritrp1-derived peptides in aqueous 
environment (solid) and SDS micelles (dashed). The experiments were performed in 
duplicate, representative results are shown. 
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3.3.5. 1H NMR studies and structure determination 
 

In addition to the secondary structural information obtained by circular dichroism, 

1D and 2D 1H NMR spectroscopy were used to study in detail the 3D-structures induced by 

the binding of the Tritrp1-derived peptides to the SDS micelles (Fig. 3.6). 1H NMR studies 

of Tritrp1 in DPC and SDS micelles have already been reported [84], hence only the 

5OHW containing peptides were analyzed. In buffer the peptides HW1, HW2 and HW3 

exhibited at least nine resonances in the spectral region corresponding to the H(1 of the Trp 

residues (9.0 – 11.0 ppm). The presence of more than three peaks, corresponding to the 

indole-NH group of the three Trp residues in tritrpticins, is an indication of multiple 

conformations coexisting in aqueous solution as described previously [85]. Upon binding 

to micelles three main signals were clearly dominating the NMR spectra for the single 

substituted peptides. This indicates that the interaction among the peptides and the micelles 

favors the formation of a single more stable conformation. For HW, only three resonances 

were observed in buffer and in the presence of SDS micelles, indicating that only one 

conformation of the peptide was present in both cases. However, the peak intensities in 

micelles were reduced, as their linewidths increased, compared to the spectra for the other 

peptides. 
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Figure 3.6. One-dimensional proton NMR spectra for the H(1-tryptophan region of 
Tritrp1-derived peptides in aqueous solution (left) and in the presence of d25-SDS micelles 
(right) at 37°C.  

 

The 3D-structure for the main micelle-bound conformation of the peptides was 

established by 2D 1H-NMR experiments. The structures determined for the single 

substituted peptides HW1, HW2 and HW3 are depicted in Fig. 3.7. The structural statistics 

are provided in Table 3.4. The structure of HW1 in the presence of SDS micelles 

resembled the elongated boat-like structure reported previously for tritrpticin in DPC 

micelles [85]. A clear amphipathic configuration emerged from the spatial separation of the 

polar Arg residues located in the N- and C-terminal regions. These regions faced one side 

of the molecule, while the hydrophobic core formed by the Trp residues was facing the 

other side (Fig. 3.7). In comparison to HW1, HW2 and HW3 exhibited a more compact 

structure. Both N- and C-terminal regions are located closer to each other, and in the case 

Water d  -SDS
25
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of HW3 this behavior was even more pronounced (Fig. 3.7). This conformation allows for 

a more extreme amphipathic structure as depicted in the electrostatic surface charge 

distribution (Fig. 3.7).  

 

 

Figure 3.7. Solution structures of single substituted Tritrp1-derived peptides (HW1, HW2 
and HW3) in d25-SDS micelles. Overlays of the 20 lowest energy structures (left), ribbon 
representation of the backbone and tryptophan residues (middle) and electrostatic potential 
surfaces (right) were depicted using the software package MolMol. The structures are 
overlaid for the backbone atoms 4-11, with RMSDs of 0.096, 0.256 and 0.200 Å, for HW1, 
HW2 and HW3 respectively. 
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Table 3.4. Structural statistics for the final ARIA generated structures. 
 HW1 HW2 HW3 
No. of distance 
restrains 

   

Unambiguous NOEs 264 171 195 
Ambiguous NOEs 0 30 27 
Total NOEs 264 201 222 
    
RMS distances from 
ideal values 

   

Bonds (Å) 1.35x10-2 ± 8.75x10-5 1.28x10-2 ± 1.46x10-4 1.24x10-2 ± 1.11x10-4 
Angles (°) 0.80 ± 1.20x10-2 0.89 ± 2.37x10-2 0.79 ± 2.35x10-2 
Impropers (°) 0.45 ± 1.07x10-2  0.31 ± 2.36x10-2  0.29 ± 2.33x10-2  
Van der Waals 
(kcal/mol) 

305.03 ± 2.30 298.84 ± 6.61 277.59 ± 2.38 

    
Distance restrains    
Unambiguous (Å) 9.94x10-2 ± 2.24x10-4 3.08x10-2 ± 1.41x10-2 1.54x10-2 ± 3.59x10-3 
Ambiguous (Å) 0.10 ± 2.19x10-4 2.93x10-2 ± 1.57x10-2 1.54x10-2 ± 3.75x10-3 
All distances restrains 
(Å) 

3.57x10-2 ± 8.30x10-3 3.69x10-2 ± 8.34x10-3 1.49x10-2 ± 3.68x10-3 

Dihedral restrains (°) 0.46 ± 9.52x10-2 0.13 ± 0.25 0 
    
Nonbonded energies    
Total energy -78.95 ± 14.58 -72.88 ± 17.64 -84.34 ± 19.96 
Electronic (kcal/mol) -128.11 ± 14.82 -110.43 ± 18.32 -101.96 ± 19.02 
Van der Waals 
(kcal/mol) 

-58.51 ± 2.02 -74.70 ± 2.84 -76.89 ± 2.21 

    
Global RMSDs    
Backbone (Å) 0.965 1.081 0.521 
Heavy atom (Å) 1.883 1.820 1.117 
    
Ramachandran 
(%)* 

   

Most favored 44.4 44.4 44.4 
Additionally allowed 55.6 33.3 55.6 
Generously allowed 0 22.2 0 
Disallowed 0 0 0 
* Calculated by Procheck 
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3.3.6. Differential scanning calorimetry 
 

DSC of membrane models using DPPG and DPPC phospholipids was performed to 

study how the peptide-membrane interactions affect the lipid packing in MLVs (Fig. 3.8). 

DPPC and DPPG were used to emulate different biological membranes. DPPG has a 

negatively charged headgroup, which simulates the negative charge observed on the 

bacterial membrane surfaces. Similarly DPPC is a zwitterionic phospholipid that can be 

used to simulate the neutral charge of the outer leaflet of eukaryotic membranes [214].  

The DPPC lipids exhibited a main phase transition peak at 41.2°C and a pre-transition peak 

located at 34.2°C. Upon binding to DPPC lipids, all peptides modified the pre-transition 

peak, but the changes in the main transition temperature (Tm) were restricted to +/- 0.1°C 

(Fig. 3.8A). In contrast there was a stronger influence on the lipid packing in DPPG 

membranes upon interaction with the Tritrp1 and the 5OHW containing peptides (Fig. 

3.8B). DPPG lipids exhibited a main phase transition peak at 40.0°C, with a pre-transition 

peak located at 29.8°C. The pre-transition peak in all cases also disappeared, and the Tm of 

the main transition was maintained between 39.7°C and 41.2°C (Fig. 3.8B and C). 

However, there was a considerable broadening of the main transition peak accompanied by 

the appearance of shoulders or smaller peaks at lower temperatures. The latter probably 

represent the formation of peptide lipid clusters. 
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Figure 3.8. Differential scanning calorimetry scans of DPPC (A) and DPPG (B) MLVs 
interacting with Tritrp1-derived peptides at 1:10 (peptide:lipid) molar ratio. Enhancements 
of the main phase transition for DPPG in the absence or presence of peptides are also 
depicted (C). 
 

3.3.7. Calcein leakage 
 
The ability of the peptides to induce membrane permeabilization was assessed by the 

calcein leakage method in both ePC:ePG and ePC:Chol LUVs (Fig. 3.9). Tritrp1 was able 

to induce substantial leakage of entrapped calcein from ePC:ePG (Fig. 3.9A) and ePC:Chol 

(Fig. 3.9B) vesicles, as previously described [85,190]. In contrast to Tritrp1, when calcein-

containing ePC:ePG and ePC:Chol vesicles were incubated with the HW peptide almost no 

C 
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calcein leakage was observed (Fig. 3.9). The individual modifications of the three Trp 

residues indicated that the location of the substituted residues determine the effect on the 

permeabilization of the ePC:ePG membrane (Fig. 3.9A). HW2 and HW3 exhibited a 

similar, or even slightly higher tendency to induce calcein leakage than Tritrp1, while HW1 

induces calcein leakage at an intermediate level between Tritrp1 and HW. In contrast all 

three individually substituted peptides (HW1, HW2 and HW3) exhibited a similar 

intermediate level of calcein leakage in ePC:Chol vesicles (Fig. 3.9B). 

 

Figure 3.9. Calcein leakage percentage for the Tritrp1-derived peptides in the presence of 
ePC:ePG (1:1) LUVs (A) and ePC:Cholesterol (2.5:1) LUVs (B). The peptides are as 
follow: Tritrp1 (solid, " ), HW (solid, ! ), HW1 (dashed, ! ), HW2 (dashed, # ) and HW3 
(dashed, -). Results are average ± S.D. (n = 3). 
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3.3.8. E. coli outer and inner membrane permeabilization 
 

Membrane mimetic systems such as LUVs only allow the simulation of particular 

characteristics of biological membranes, as they obviously cannot fully represent the highly 

complex and heterogeneous bacterial membrane. In order to visualize the effect of our 

Tritrp1-peptides in a more biologically relevant system, the E. coli ML35p bacterial strain 

was used, and permeabilization of its inner and outer membrane was studied by following 

ONPG and NCF hydrolysis, respectively [157].  

The inner membrane permeabilization induced by all peptides is shown in Fig. 3.10 

(left). Tritrp1 (4 µM) clearly induced a considerable increase in the membrane 

permeabilization, as detected by a fast rate of ONPG hydrolysis by %-galactosidase, with a 

lag period of 10 min. This peptide concentration corresponds to the MIC value against E. 

coli ML35p (data not shown). In contrast, triple substitution of the Trp residues by 5OHW 

completely abolished the inner membrane permeabilization even at a concentration of 20 

µM. Individually substituted peptides (HW1, HW2 and HW3) exhibited a similar behavior 

among them. All three peptides induced membrane permeabilization at concentrations of 4 

and 8 µM with a time lag period of 20 – 40 min.  

The outer membrane permeabilization induced by Tritrp1 and its derived peptides is 

shown in Fig. 3.10 (right). All peptides seemed to induce similar levels of outer membrane 

permeabilization allowing NCF to reach the periplasmic %-lactamase and hydrolysis to take 

place (Fig. 3.10, right). However it is important to note that even in the absence of peptides 

there was a basal level of NCF leakage and hydrolysis, corresponding to a steady increase 

in the absorbance at 490 nm. Nevertheless it was still possible to observe differences in the 

permeabilizing ability of the peptides tested. Tritrp1 and HW were the strongest 
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permeabilizing agents for the outer membrane. A concentration of 0.8 µM was sufficient to 

induce a rapid increase in the absorbance over the basal level. The peptides HW1, HW2 

and HW3 exhibited again a similar behavior when compared to each other, inducing 

permeabilization only at 2 µM or higher concentrations.  

3.3.9. Macromolecular synthesis inhibition 
 

The inhibition of vital intracellular processes such as DNA-, RNA- and protein 

syntheses due to the action of Tritrp1 and the triple substituted HW peptide are presented in 

Fig. 3.11.  Only Tritrp1 and HW were studied here because of the marked differences 

observed in their membrane interaction and permeabilization. In contrast, the behavior of 

HW1, HW2 and HW3 was similar to Tritrp1, as detected in the earlier experiments. 

Tritrp1 was able to induce complete inhibition of the synthesis of DNA, RNA and proteins, 

at peptide concentrations as low as 0.8 µM, corresponding to 1/5 of the MIC value for E. 

coli ATCC 25922. This inhibitory effect was efficient, considering that in the first 5 min of 

incubation complete inhibition was observed (Fig. 3.11A, C and E). Higher concentrations 

of the HW peptide (2 µM) were required in order to achieve complete inhibition of the 

DNA, RNA and protein synthesis comparable to Tritrp1 (Fig. 3.11B, D and F). It is 

important to note that the peptide concentrations used in this experiment did not induce 

complete cell death over the time frame of these experiments (data not shown).  
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Figure 3.10. Permeabilization of inner (left) and outer (right) membranes of E. coli ML 
35p induced by the Tritrp1-derived peptides. Absorbance at 420 and 490 nm registered 
ONPG and NCF hydrolysis at 37°C, respectively. Peptide concentrations for Tritrp1, HW1, 
HW2 and HW3 were as follows: 8.0 (" ), 4.0 (! ), 2.0 (! ), 0.8 (# ), 0.4 (! ), 0.2 (" ) and 0 
µM (# ). HW concentrations were as follow: 20 (" ), 8.0 (! ), 4.0 (! ), 2.0 (# ), 0.8 (! ), 
0.4 (" ) and 0 µM (# ). A control without cells (-) is also depicted. The experiments were 
performed in triplicate, representative results are shown. 
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Figure 3.11. Inhibition of the macromolecular synthesis of DNA (A, B), RNA (C, D) and 
proteins (E, F) induced by Tritrp1 (left) and HW (right). Peptide concentrations were as 
follows: 8.0 (# ), 4.0 (! ), 2.0 (! ), 0.8 ($ ) and 0 µM (" ). The antibiotics (%) 
ciprofloxacin 1 µg/ml, rifampin 32 µg/ml and chloramphenicol 16 µg/ml were used as 
reference for DNA, RNA and protein synthesis inhibition, respectively. The experiments 
were performed in duplicate, representative results are shown.  
 

3.3.10. DNA mobility/retardation assay  
 

Considering that the bacterial membrane might not be the only target of Tritrp1, 

intracellular DNA has been proposed as a possible antimicrobial targets for some cationic 

antimicrobial peptides [16,54]. It is expected that due to the cationic nature of Tritrp1 and 

its derivatives (+5), they are attracted to highly negatively charged molecules such as 

DNA. The peptide-DNA interactions were studied by following the changes in DNA 

mobility during agarose electrophoresis. Binding of a peptide to DNA will considerably 
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increase the size of the molecule, affecting or even preventing its mobility through the 

agarose gel (Fig. 3.12). We observed, that Tritrp1 was the strongest DNA binder among all 

peptides; addition of only 200 ng was enough to completely inhibit DNA mobility. The 

substitution of all Trp for 5OHW residues considerably affected the interaction of the 

peptides with DNA as shown by the higher HW concentrations required to inhibit DNA 

migration in the agarose gel. For the individually substituted peptides the location of the 

Trp substitution influenced the DNA binding ability of the peptide. HW1 was highly 

affected, as larger amounts of peptide were required in order to prevent DNA migration, 

while HW2 and HW3 bound somewhat stronger to the plasmid DNA.  

                

Figure 3.12. Binding of Tritrp1-derived peptides and melittin to plasmid DNA (pET-19b) 
evaluated by the gel retardation assay. Peptide to DNA ratios (w/w) between 0-10 were 
used. The experiments were performed in triplicate, representative results are shown. 
 

3.4. Discussion  
 

Numerous studies of AMPs have focused on attempts to improve their microbicidal 

activity by substitution or modification of amino acid residues, while simultaneously 

enhancing their selectivity for prokaryote cells. In the case of tritrpticin and its C-

terminally amidated version Tritrp1, the Trp, Arg and Pro residues have been shown to be 

important for the antimicrobial activity [83–86,88,190]. Mutated versions of Tritrp1 with 
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Tyr and Phe residues replacing all three Trp revealed only small changes in microbicidal 

activity [83,85]. A similar result was obtained in this study, indicating that the addition of a 

hydroxyl group to the indole ring on all three Trp residues of Tritrp1 did not alter the 

peptide concentration required to kill E. coli cells. However MIC and MBC experiments 

cannot account directly for any changes in the mechanism of action that may accompany 

these modifications of the indole rings. 

The bacterial membrane is one of the first barriers that govern the action of any 

AMP. Hence our work focused mostly on studying the interactions between the Tritrp1-

derived peptides and different model membranes. Clearly these interactions are dominated 

by electrostatic interactions, as indicated by the preference for model membranes with 

negatively charged rather than neutral zwitterionic phospholipids headgroups. This 

behavior was also reflected by the larger fluorescence blue shifts and the smaller Ksv when 

binding to ePC:ePG in comparison to ePC:Chol vesicles, for the triple substituted (HW) 

peptide and Tritrp1. In spite of being less sensitive to the polarity of the environment 

[199,212], the 5OHW substituted peptide could still be used to confirm the interaction 

between HW and membranes (Table 3.3). However for all three individually substituted 

peptides (HW1, HW2 and HW3) the combined fluorescence maximum for Trp and 5OHW 

in buffer was close to 340 nm, indicating a more hydrophobic environment for the Trp 

residues.  This characteristic of HW1, HW2 and HW3 precluded the use of blue shift as a 

reliable indicator of peptide-membrane interactions. Nevertheless acrylamide-quenching 

experiments were successful in confirming the preference for negatively charged 

membranes for the bound peptides (Fig. 3.4). In addition to the fluorescence spectroscopy 

results, our DSC measurements also indicated a strong perturbation of the DPPG lipid 
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packing induced by the interaction with all the 5OHW-containing peptides. Such 

perturbations were minimal in the presence of zwitterionic DPPC membranes (Fig. 3.8). A 

similar preference for model membranes with negatively charged phospholipid headgroups 

was also exhibited by tritrpticin and several analogs when binding to DMPC and DMPG 

vesicles [87]. 

The binding of AMPs to membranes usually induces a conformational change in the 

peptide, which is believed to be important for their antimicrobial activity [29,215]. In this 

work all the single substituted peptides (HW1, HW2 and HW3) acquired different 

conformations upon binding to SDS micelles, as indicated by changes in their CD profile 

(Fig. 3.5). However the assignment of a specific secondary structure to these spectra is 

limited by the high content of aromatic residues that contribute to a strong band close to 

230 nm. This band has been attributed to the interaction of Trp residues with the backbone 

of the peptide and stacking of these residues [216]. Furthermore the possibility of a 

heterogeneous population of conformers also restricts the interpretation of the CD spectra, 

providing only an average of all the different conformers co-existing in a particular case. 

Surprisingly, the CD spectra of the HW peptide did not undergo considerable changes 

when adding SDS micelles, suggesting that the structure of the peptide is not highly 

modified in this environment, or that it does not bind tightly to these micelles. 

To obtain more detailed information about the possibility of multiple bound peptide 

conformations, 1D 1H NMR spectroscopy was used (Fig. 3.6). The presence of the Trp and 

5OHW residues allowed inspection of the spectral region between 11.0 and 9.0 ppm, where 

only the H(1 protons of the indole rings are detected. This portion of the 1H NMR spectra 

is far removed from the highly crowded 9.0 - 5.0 ppm region, where most of the aromatic 
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and amide proton resonances are located. In all 5OHW containing peptides, except for HW, 

the change from an aqueous environment to the SDS micelles was accompanied by a 

reduction from several structural conformers to one major conformation. Similar results 

were previously reported for tritrpticin and some of its analogs [85,208]. The presence of 

multiple structural conformers is likely related to the cis-trans isomerization of the two Pro 

residues in the parent peptide [84,85]. Interestingly again, the HW peptide displayed a 

unique behavior as it exhibited one main conformation in aqueous environment as well as 

in the presence of SDS micelles. This phenomenon might be explained by inter- and/or 

intra-molecular interactions among the 5OHW residues, stabilizing the peptide’s structure. 

Inter-molecular interactions would generate peptide dimers or oligomers, while intra-

molecular interactions would create a more stable/structured peptide. The notion that such 

interactions occur for HW is also supported by the low efficiency of acrylamide quenching 

and the extraordinary red shifted fluorescence of the HW peptide (#em, max 398 nm) observed 

in aqueous environment1.  

In order to establish the detailed 3D structures of the peptides when bound to 

micelles, 2D 1H NMR experiments were performed. However only the single substituted 

peptides could be analyzed and their structure calculated. The NMR spectra for HW proved 

to be very challenging due to low peak intensities and peak overlap, precluding the 

satisfactory assignment of the NMR resonances. HW1 preserved the turn-turn structure that 

is characteristic for its parent peptide tritrpticin bound to SDS micelles [84], and for Tritrp1 

associated with DPC micelles [85]. In contrast, HW2 and HW3 diverged from this 

structural arrangement, exhibiting less extended structures with a more compact 

                                                
1 In our laboratory similar red-shifted fluorescence maxima have been observed in other 
Trp-rich antimicrobial peptides substituted with multiple 5OHW. 
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distribution of their hydrophobic residues. HW2 conserved one of the %-turns involving 

Pro-5, while HW3 did not exhibit any obvious %-turns. These changes allowed for a closer 

proximity between the N- and C-terminal regions of the peptides, generating a more 

compact amphipathic molecule. The formation of these amphipathic structures is in 

agreement with the strong interactions between the peptides and model membranes 

revealed by the previously discussed biophysical techniques. We note with interest that in 

spite of the different micelle-bound 3D-structures, these three peptides display essentially 

the same antimicrobial activity, indicating that the differences in the backbone 

conformation per se do not dictate the activity. Rather a more general amphipathic 

structural fold seems to be mainly responsible [14]. 

The mechanism of action of Tritrp1 has been related to its ability to induce 

membrane permeabilization, as observed by calcein leakage in different membrane 

mimetic systems [85,86]. In this study the three single-substituted Tritrp1-derived peptides 

were also able to induce calcein leakage from zwitterionic and negatively charged vesicles. 

Interestingly, the Trp indole ring at position six was most important for promoting leakage 

by Tritrp1 in ePC:ePG vesicles, as shown by the decrease in calcein leakage in HW1. This 

result is in agreement with the importance of the Trp residue in position 6 for the 

membrane permeabilization and the bactericidal activity against E. coli as described in 

chapter 2 [191]. Calcein leakage was not observed upon modification of all three Trp 

residues in the HW peptide. These results are in agreement with the lack of 

permeabilization induced by Tritrp1 analogs were all Trp residues were replaced by Tyr or 

Phe residues [83,85]. Although these results suggest that membrane permeabilization might 

no longer be the main mechanism of action of the HW peptide, the fact that a very simple 
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membrane mimetic LUV system was used precludes the confident extrapolation of this 

notion to the case of bacterial membranes [217]. 

In order to evaluate permeabilization in a more realistic in-vivo setting, actual 

bacterial cells (E. coli) were used. One important aspect of this experiment [157], is that 

membrane permeabilization can be divided into two steps, perturbation of the outer and 

inner membranes. The outer membrane is sometimes overlooked in mechanistic studies of 

AMPs, when only model membrane systems are used. However in several studies this 

barrier has been shown to modify the susceptibility of Gram-negative bacteria to some 

AMPs [217–219]. The inner membrane permeabilization experiments revealed a consistent 

behavior with the calcein leakage experiments. Tritrp1 and the single substituted peptides 

were able to induce inner membrane permeabilization, while HW was unable to 

permeabilize the cytoplasmic membrane of E. coli even at a concentration of 5xMIC. 

Interestingly, the outer membrane revealed a different behavior. As expected, all peptides 

that induced inner membrane permeabilization also induced outer membrane 

permeabilization. Nevertheless, the inner membrane-inactive HW peptide could induce an 

increase in outer membrane permeabilization similar to Tritrp1 and the other analogs 

studied here. These results identified the outer membrane of E. coli as a main target for 

HW. At the same time we can conclude that Tritrp1’s antimicrobial activity does not arise 

only from the perturbation of the inner membrane but also from disruptions of the E. coli 

outer membrane.  

The strong ability of Tritrp1 to permeabilize the E. coli cytoplasmic membrane 

likely induces a complete collapse of many bacterial functions, due to the destruction of the 

electro-chemical gradient across the membrane. In this scenario, energy-dependent 
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processes such as DNA, RNA and protein synthesis would also be completely inhibited. In 

this work Tritrp1 simultaneously inhibited the incorporation of radioactively labeled 

precursors for DNA, RNA and protein, when E. coli cells were exposed to sub-lethal 

concentrations of the peptide. In addition the strong affinity of Tritrp1 for plasmid DNA 

(Fig. 3.12), indicated that if Tritrp1 is able to reach the cytoplasm of the bacteria, following 

the permeabilization of the inner membrane, the interaction with the chromosomal DNA 

would likely directly inhibit the macromolecular synthesis as well. 

HW on the other hand was also capable of simultaneously inhibiting the synthesis 

of DNA, RNA and proteins, although the process was much slower and higher peptide 

concentrations were required (Fig. 3.11). In combination with the lack of inner membrane 

permeabilization, these results suggest that the substitution of all three Trp residues by 

5OHW in Tritrp1 modified the mechanism of action of the peptide. It suggests that HW, 

similar to Tritrp1, can gain access to the periplasm through the “self-promoted uptake” 

mechanism [3]. However, once in contact with the inner membrane a non-permeabilizing 

membrane translocation process might take place, releasing HW into the cytoplasm where 

it encounters different intracellular targets. HW can indeed bind to plasmid DNA and 

partially inhibit its migration through the agarose gel, suggesting that DNA could be one of 

HW’s intracellular targets. Nevertheless, it is important to stress that the inter- or intra-

molecular interactions of HW in solution will likely modify its interactions with other 

peptide, membranes and DNA. Be that as it may, our data shows that multiple 5OHW 

substitutions had a profound effect on the mechanism of action of Tritrp1. 
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3.5. Conclusions 
 

It was possible to identify that changes in the peptide-lipid interactions were 

induced by the substitution of all Trp residues by 5OHW in Tritrp1. These changes led to a 

different mechanism of antimicrobial activity in the case of Gram-negative bacteria, which 

did not involve the permeabilization of the cytoplasmic membrane. The interaction and 

perturbation of the outer membrane was the only membrane-related effect observed for the 

HW peptide. The antimicrobial activity of HW could be the result of direct perturbation of 

the outer membrane leading to cell arrest and consequently to death. However it is also 

possible that the peptide, similar to buforin II [53], translocates through the cytoplasmic 

membrane without affecting the membrane permeability. Once in the cytoplasm, 

interactions with intracellular targets would then inhibit the synthesis of macromolecules 

(DNA, RNA and protein), resulting in bacteria death. Additionally in our work the 

importance of the cluster of three Trp residues in the tritrpticin core was confirmed. 

Moreover, the use of 5OHW as Trp substitutes proved to be useful in order to study the 

mechanism of action of Trp-rich AMPs. Furthermore, we have demonstrated that 5OHW 

can also be used as a new amino acid analog to modulate the antimicrobial activity and 

mechanism of action of other Trp-rich antimicrobial peptides. 
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CHAPTER 4: Recombinant expression, mechanism of action and antimicrobial 
activity of tritrpticin analogs containing fluoro-tryptophan residues 

 

4.1. Introduction 
 

Previous chapters in this thesis and several published studies have already 

addressed the importance of the Trp residues for the membrane perturbing and 

antimicrobial activity of the peptide. Trp to Tyr or Ala mutations studies produced less 

active peptide analogs, with a lower ability to permeabilize the cytoplasmic membrane of 

E. coli (Chapter 2) [83,85,88]. Moreover, a more conservative modification of all three Trp 

residues, involving the addition of a hydroxyl group to the indole side chain (5-hydroxy-

Trp), reduced the membrano-lytic ability of the peptide without having a major effect on its 

antimicrobial activity (Chapter 3) [176]. These results highlight the extreme sensitivity of 

the central Trp-rich region of tritrpticin to the small changes in its composition. 

Additionally, the results described in Chapter 3 indicate that well-defined chemical 

alterations of the Trp indole ring not only can affect the antimicrobial activity of the 

peptide, but can also modulate its mechanism of action. 

The analysis of the mechanism of action of AMPs has relied mostly on studies with 

several biophysical techniques, which allow us to investigate peptide-membrane 

interactions. Unfortunately, most of the techniques (eg. ITC, DSC, CD, IR and SPR) only 

provide information for the intact peptide (considered as a unit), while the information 

about individual amino acid residues in the peptide is not directly available. In order to 

obtain information about individual amino acid residues and study their influence on the 

mechanism of action of the peptides, substitution studies with other naturally occurring 

amino acids are often used. However, the extraordinary sensitivity of the biological activity 
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of AMPs to small changes in their amino acid composition imposes significant limitations 

on the interpretation of the results. The presence of Trp residues in the sequence of 

numerous AMPs allows for the use of intrinsic fluorescence spectroscopy, which is a 

powerful and sensitive biophysical approach for the study of peptide-membrane 

interactions [220,221]. This approach provides information about changes in the 

environment of Trp residues when the peptides interact with membranes. However, the 

presence of multiple Trp residues in Trp-rich AMPs limits the interpretation of 

fluorescence experiment results, as the signal constitutes an average of all Trps presented in 

the peptide.  

The results from the previous AMP substitution studies and the limitations of Trp 

fluorescence spectroscopy motivated us to use other non-natural Trp-analogs in order to 

further investigate the ability of Trp to modulate the mechanism of action of tritrpticin and 

therefore regulate its antimicrobial activity. Fluoro-Trp substitutions have been used in 

proteins and peptides for the study of protein-protein interactions, structural stability and 

dynamics measurements [222–227]. The recognition of these Trp analogs by tryptophanyl-

tRNA-synthase permits the production of fluoro-Trp containing proteins by biosynthetic 

methods [228,229]. In addition, fluorine constitutes an excellent NMR probe due to several 

properties of the fluorine-19 nucleus, which include large chemical shift dispersion, high 

sensitivity to the environment, and low background noise due to the absence of fluorine in 

biological molecules [227,230].  

 In this work we set out to produce the AMP tritrpticin, where its Trp residues are 

substituted with 4-, 5- and 6-fluoro-Trp, respectively. Unfortunately, the cost of chemical 

synthesis of peptides containing only L-fluoro-Trp is considerable, mostly due to 
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difficulties in the separation of the D- and L-enantiomers from a racemic mixture. 

Therefore an E. coli recombinant approach was adopted, using the calmodulin fusion-

protein system, recently developed by Ishida et al. [231], in order to overcome the innate 

toxicity of the AMP during biosynthesis. The use of this system in combination with a 

high-density media [232,233], and the aromatic amino acid synthesis inhibitor glyphosate 

[234], allowed us to produce tritrpticin analogs with a high level of incorporation of fluoro-

Trp. These peptide analogs preserved the antimicrobial activity and more importantly the 

membrano-lytic mechanism of action of native tritrpticin. In addition, the use of 19F NMR 

spectroscopy allowed us to establish the behavior for the Trp residues upon interacting with 

a membrane mimetic, indicating that all three Trp residues interact in a different manner 

with the membrane. 

 

4.2. Materials and methods 
 

4.2.1. Materials, bacterial strains and synthetic peptides 
 
 Fluoro-DL-tryptophans and N-(Phosphonomethyl)glycine (glyphosate) were 

obtained from Sigma-Aldrich (St. Louis, MO). Nitrocefin (NCF) and 2-nitrophenyl-%-D-

galactopyranoside (ONPG) were purchased from EMD Millipore Corporation (Billerica, 

MA) and Sigma-Aldrich (St. Louis, MO) respectively. Sodium dodecyl sulfate (SDS-d25) 

was obtained from Cambridge Isotopes Laboratories, Inc. (Andover, MA). Cholesterol, 

egg-derived L---phosphatidylcholine (ePC) and L---phosphatidylglycerol (ePG) were 

purchased from Avanti Polar Lipids, Inc. (Alabaster, AL). All other chemicals and reagents 

were purchased from Sigma-Aldrich (St. Louis, MO). Tobacco etch virus (TEV) protease 
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was expressed from the pRK793 plasmid from Addgene (Cambridge, MA) and purified as 

previously described [235]. 

 E. coli ATCC 25922 was purchased from the American Type Culture Collection 

(Manassas, VA). E. coli ML35p was kindly provided by Dr. Robert Lehrer at David Geffen 

School of Medicine at UCLA (Los Angeles, CA). 

 The peptide Tritrp1 was obtained from GenScript, Inc (Piscataway, NJ) and was 

synthesized by solid phase methods, its purity (>95%) and molecular weight were checked 

by HPLC and mass spectrometry, respectively. 

4.2.2. Recombinant production of tritrpticin and its analogs containing fluoro-tryptophans 
 
 The recombinant version of tritrpticin (recTritrp) was expressed in E. coli 

BL21(DE3) as a fusion protein with 6xHis-calmodulin containing a tobacco etch virus 

(TEV) cleavage site as described by [231]. Briefly, E. coli BL21(DE3) was transformed 

with the pET15b plasmid encoding the fusion protein (6xHis-calmodulin-Tritrp). The 

bacterial culture was grown overnight at 37°C in non-inducing media MDAG [232], which 

contained 0.36% (w/v) of all amino acids (except Cys and with only 0.005% Tyr) and was 

supplemented with ampicillin (100 mg/L). The cells were then collected by centrifugation 

and used to inoculate 100 ml of fresh auto-inducing media MDA-5052 [232], 

supplemented with ampicillin. The culture was grown overnight at 25°C allowing for 

protein expression. Fluoro-Trp exhibited low levels of incorporation in recTritrp when the 

regular auto-induction method [232] was used (data not shown). Therefore, an isopropyl %-

D-thiogalactopyranoside (IPTG) induction method in the presence of the aromatic amino 

acid synthesis inhibitor, glyphosate, was used [233,234,236]. Briefly, an overnight culture 

was prepared as described above and used to inoculate 100 ml of fresh MDAG (without 
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Trp) and supplemented with L-Trp (20 mg) and ampicillin. When the OD600 reached 4 - 5 

the cells were collected by centrifugation and resuspended in a fresh 100 ml of MDAG 

(without Trp) supplemented with glyphosate (1 mg/L). After 1 hour incubation at 37°C, 

intended to consume any remaining L-Trp, fluoro-DL-Trp (40 mg) was added and the 

culture incubated overnight at 25°C. The cells were then collected by centrifugation and 

stored at -20°C until use.  

 The cells pellets were resuspended in binding buffer (Tris 20 mM pH 7.4, NaCl 500 

mM, Imidazole 10 mM) supplemented with PMSF (3 mM) and DNase I. Cell lysis was 

performed by french pressing (1000 PSI) three times. Soluble proteins (supernatant) and 

inclusion bodies (pellet) were collected by centrifugation (38,397xg - 45 min - 10°C). The 

pellet was resuspended in binding buffer supplemented with urea (8 M) at 4°C. The 6xHis-

calmodulin-Tritrp fusion protein from the soluble fraction and inclusion bodies was 

purified by immobilized metal ion (Ni2+) affinity chromatography with IMAC Sepharose 6 

Fast flow (GE Healthcare, Pittsburg, PA) in the absence or presence of 8M urea, 

respectively. After dialysis overnight with digestion buffer (Tris 20 mM pH 7.4, NaCl 100 

mM, EDTA 1mM) the recTritrp peptides were cleaved from 6xHis-calmodulin by tobacco 

each virus (TEV) protease. Complete TEV cleavage was assessed by SDS-PAGE. Free 

recTritrp and its fluoro-Trp containing analogs were finally purified by reverse-phase 

chromatography using a 5C18-AR-300 Cosmosil column (Nacalai Tesque, Inc. Kyoto, 

Japan) with an acetonitrile/H2O gradient supplemented with TFA (0.05% (v/v)) in an 

AKTA purifier (GE Healthcare, Pittsburg, PA). The peptides were then lyophilized and 

stored at -20°C until use. The identity, purity and fluoro-Trp incorporation of the peptides 

were confirmed by MALDI-TOF mass spectrometry.  
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 The concentration of the peptides in solution was measured by absorbance at 280 

nm wavelength, considering the extinction coefficients for fluoro-tryptophans (! !"#
! !" = 

3300, ! !"#
! !" ! !"## , and ! !"#

! !" ! !"## !M-1cm-1) as reported by Wong and Eftink [237].  

4.2.3. Antibacterial activity 
 
 The antimicrobial activity of recTritrp and its fluoro-Trp containing analogs was 

measured as minimal inhibitory concentration (MIC) according to the broth micro-dilution 

method [155]. Briefly, E. coli ATCC 25922 were grown in Mueller-Hinton broth (MHB) 

and incubated at 5 x 105 cfu/ml in the presence of two-fold dilutions of MHB-dissolved 

peptides (0 – 32 µM) in a 96-well polypropylene plate, and incubated overnight at 37°C. 

The MIC values correspond to the minimal peptide concentration where bacterial growth 

was not observed. The minimal bactericidal concentration (MBC) was established by MHB 

dilution (1:106) of the three first wells without observed bacterial growth and subsequent 

plating (100 µl) on MHB-agar plates. After incubation overnight at 37°C, the MBC was 

determined as the minimal peptide concentration where colony formation was not detected. 

4.2.4. Large unilamellar vesicles (LUVs) preparation 
 
 ePC:ePG (1:1) and ePC:Cholesterol (2.5:1) LUVs were prepared by adding the 

necessary volume of lipid- and cholesterol-chloroform stock solutions in a glass vial. The 

chloroform was initially removed by evaporation in a stream of nitrogen gas and the 

remaining solvent was evaporated under vacuum overnight. The dry lipids were 

resuspended in Tris-buffer (Tris 10 mM pH 7.4, NaCl 150 mM, EDTA 1 mM) by 

vortexing, and then freeze-thawed five times using liquid nitrogen and lukewarm water. 

LUVs of 100 nm in diameter were produced by extrusion through two 0.1 µm 
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polycarbonate filters (Nucleopore Filtration Products, Pleasonton, CA). Calcein-containing 

LUVs were prepared by resuspending the dry lipids in Tris-buffer supplemented with 70 

mM calcein. After extrusion, free calcein was removed by gel filtration using a Sephadex 

G-50 column. The concentration of phospholipids in the LUVs was measured by the Ames 

phosphate assay [156], performed in triplicate. 

4.2.5. Tryptophan fluorescence, blue shift (!" max) and acrylamide quenching 
 
 The excitation and emission fluorescence spectra for all the Trp and fluoro-Trp 

containing peptides were measured in a Cary Eclipse fluorimeter (Agilent Technologies, 

Santa Clara, CA) equipped with a multicell sample holder and temperature control set to 

25°C. The change in Trp’s maximum emission fluorescence or blue shift ("#max) upon 

membrane interaction was registered for the peptides (1 µM) incubated in Tris buffer, in 

the presence or absence of LUVs (100 µM). The excitation wavelength was 280 nm (slit 

width 10 nm) and the emission wavelength was scanned from 300- 500 nm (slit width 10 

nm). 

 The Trp’s fluorescence quenching induced by acrylamide was registered after 

sequential additions of 5 µl of 4M acrylamide stock solution to a sample containing peptide 

(1 µM) in the presence or absence of LUVs (100 µM). The fluorescence changes were 

analyzed by a Stern-Volmer plot, where the quenching constants (Ksv) were calculated 

according to the equation: 

!"
!

! ! ! !"# !! ! 

where Fo is the initial fluorescence of the peptide and F is the fluorescence at the 

acrylamide quencher concentration [Q]. 
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4.2.6. Calcein leakage 
 
 The calcein leakage from LUVs induced by the peptides was followed by 

fluorescence spectroscopy in an Eppendorf PlateReader AF2200 (Eppendorf, Mississauga, 

ON). Calcein-loaded LUVs (2.5 µM) were incubated in Tris-buffer, in the presence or 

absence of two-fold dilutions (0 – 0.25 µM) of recTritrp and its fluoro-Trp analogs. The 

96-well plate was incubated for 1 hour at 37°C with shaking (10 sec) every 2 minutes. 

Fluorescence was registered by excitation at 485 nm and emission at 520 nm (slit widths 10 

nm). Results were calculated as percentage of maximum leakage considering the 

fluorescence after Triton X-100 (0.1% (v/v)) as 100%. The fluorescence of calcein-loaded 

LUVs in the absence of peptides was subtracted from all values. 

4.2.7. Inner and outer E. coli membrane permeabilization 
 
 The permeabilization of the inner and outer membranes of E. coli cells induced by 

recTritrp and its fluoro-Trp containing analogs was measured as described by Epand et al., 

[157]. In this method the E. coli strain ML35p is used, which in addition to constitutively 

expressing the cytoplasmic enzyme %-galactosidase, also expresses the plasmid encoded 

enzyme %-lactamase located in the inter-membrane space. This strain also lacks the lac 

permease, so that entry and hydrolysis of the %-lactamase substrate nitrocefin (NCF) into 

the periplasm can only occur after the formation of holes in the outer membrane. 

Hydrolysis of the impermeable 2-nitrophenyl-%-D-galactopyranoside (ONPG) by the 

cytoplasmic %-galactosidase only occurs after holes are made by the peptides in the 

cytoplasmic membrane of E. coli. The hydrolysis of ONPG and NCF can be followed by 

absorbance at 420 and 490 nm wavelengths, respectively. 

 E. coli ML35p was grown in Luria broth (LB) at 37°C from a single colony to 
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OD600 ~ 0.6. The cells were collected and washed twice in incubation buffer (Na+-

phosphate 10 mM pH 7.4, NaCl 100 mM and LB 300 µg/ml). The cells were then 

incubated at a final OD600 0.3 in the presence of ONPG (0.5 mM) or NCF (30 µM) and 

two-fold dilutions (0 - 16 µM) of recTritrp and its fluoro-Trp peptide analogs in a 96-well 

plate. The absorbance at 420 or 490 nm were registered every 2 min during 1 hour in a 

Eppendorf PlateReader AF2200 (Eppendorf, Mississuaga, ON) with temperature control 

set to 37°C and shaking (10 sec) every 2 min. 

4.2.8. 19F Nuclear magnetic resonance spectroscopy 
 
 The NMR samples were prepared by dissolving lyophilized peptides (0.2 mM) in 

H2O/D2O solutions with 10% or 90% D2O in the presence or absence of SDS-d25 (30 mM). 

Additionally, a sample with 50% D2O was obtained by mixing of the 10% and 90% D2O 

previously prepared samples. The 19F NMR experiments were performed on a Varian 

INOVA 500 MHz spectrometer equipped with a room temperature 5 mm 1H/19F switchable 

probe at a frequency of 470.18 MHz. The acquisition software VNMRJ 2.1B was used, and 

the spectra were referenced to external neat trichlorofluoromethane. Typical 1D 19F NMR 

acquisition parameters were as follows: a 20,000 Hz sweep width (42.5 ppm), a 0.35 sec 

acquisition time, a 5 sec relaxation delay time, and a 5.0 µs 90° pulse length. 1D 19F NMR 

spectra were processed with 20 Hz exponential line broadening and displayed using Mnova 

NMR.  
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4.3. Results 
 

4.3.1. Recombinant tritrpticin production and incorporation of fluoro-Trp amino acids 
 
 A recombinant E. coli pET15b-calmodulin-Tritrp expression system [231] was used 

for the production of tritrpticin in an attempt to substitute all three Trp residues of 

tritrpticin fluoro-Trp analogs (4-, 5- and 6-fluoro-Trp) using a commercially available 

racemic mixture (Table 4.1). The recombinant tritrpticin (recTritrp) represents a cost-

effective alternative to regular peptide synthesis. However, two additional N-terminal 

residues (Gly and Thr) were introduced to make the cleavage site to release recTritrp from 

the fusion protein (Table 4.1) [231]. The level of incorporation of fluoro-Trp into recTritrp 

(2060.4 Da) was determined by mass spectrometry (Fig. 4.1). Addition of three fluoro-Trp 

should increase the molecular weight (MWt) of the peptide by 54 Da. The yield for all three 

fluoro-Trp containing peptides (FW-Tritrp) was ~ 0.4 – 0.6 mg per 100 ml of culture. All 

peptides were produced with high levels of fluoro-Trp incorporation with percentages of 

91%, 92% and 87.5% for 4FW-Tritrp, 5FW-Tritrp and 6FW-Tritrp, respectively. The MWt 

of the resulting peptides (~ 2115 Da) confirmed that all three Trp residues in recTritrp 

carried the fluoro-Trp moieties (Fig. 4.1). 

 

Table 4.1. Peptide sequences and antimicrobial activity (µM) against E. coli ATCC 25922 
determined as minimal inhibitory and bacteriostatic concentrations (MIC and MBC 
respectively) in Mueller-Hinton broth. 
Peptide Sequence MIC MBC 
Tritrp1    VRRFPWWWPFLRR-NH2 4 4 
recTritrp GTVRRFPWWWPFLRR 8 8 
4FW-Tritrp GTVRRFPWWWPFLRR       (W $  4FW) 8 8 
5FW-Tritrp GTVRRFPWWWPFLRR       (W $  5FW) 8 8 
6FW-Tritrp GTVRRFPWWWPFLRR       (W $  6FW) 8 8 
Melittin GIGAVLKVLTTGLPALISWIKRKRQQ-NH2 2 2 
The values presented are the result of three independent experiments 
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recTritrp  

 
4FW-Tritrp  

 
5FW-Tritrp  

 
6FW-Tritrp  

 
Figure 4.1. MALDI-TOF mass spectrometry for recTritrp and its fluoro-Trp containing 
analogs. The expected MWt for recTritrp was 2060.4 Da, while for the triple-fluorinated 
peptides the expected MWt was 2114.4 Da. 
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4.3.2. Fluorescence spectroscopy of recTritrp and its fluoro-Trp analogs 
 
 The 4-, 5- and 6-fluoro-Trp residues conferred specific and unique fluorescence 

spectroscopic properties to the recTritrp analogs. The fluorescence emission and excitation 

spectra of the 5- and 6-fluoro-Trp containing peptides are depicted in Fig. 4.2. When 

compared with recTritrp with a maximum excitation wavelength of 280 nm, 5FW-Tritrp 

exhibited a maximum wavelength at 285 nm, while 6FW-Tritrp excitation’s maximum was 

281 nm. These values are in agreement with the values of absorbance for the free fluoro-

Trp amino acid residues, reported by Wong and Eftink [237]. The emission spectra 

exhibited a similar red-shifted behavior for the fluoro-Trp containing peptides, with 5FW-

Tritrp and 6FW-Tritrp showing emission maxima wavelengths located at 354 and 358 nm, 

respectively. In comparison, the maximum for recTritrp was located at 352 nm (Fig. 4.2 

and Table 4.2). When compared to the maximal emission wavelengths reported for free 5-

fluoro-Trp (360 nm) and 6-fluoro-Trp (366 nm) [237], the emission fluorescence maxima 

for the fluoro-Trp containing peptides was lower. The 4FW-Tritrp peptide exhibited very 

low fluorescence intensities, which was consistent with the lack of fluorescent properties 

for the free amino acid 4-fluoro-Trp [237,238]. The very low intensity fluorescence spectra 

that could be recorded for 4FW-Tritrp (Fig. 4.3), exhibited a maximum excitation and 

emission wavelengths at ~280 nm and ~350 nm, respectively. In spite of the high level of 

4-fluoro-Trp incorporation (91%) in the peptide a small percentage of regular Trp is still 

present, explaining the excitation and emission fluorescence spectra for this peptide. 
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Figure 4.2. Normalized fluorescence excitation and emission spectra for recTritrp and its 
fluoro-Trp containing analogs. For the emission spectra the peptides were excited at 280 
nm, while for the excitation spectra the emission was set to 350 nm. The peptides recTritrp 
(solid), 5FW-Tritrp (dashed) and 6FW-Tritrp (long dashed) were incubated in Tris-buffer 
at 25°C. 
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Figure 4.3. Normalized fluorescence excitation and emission spectra for 4FW-Tritrp (1 
µM) in Tris-buffer at 25°C. For the emission spectra the peptides were excited at 280 nm, 
while for the excitation spectra the emission was set to 350 nm. Inset: Fluorescence 
intensity for fluoro-Trp containing peptides (1 µM) in Tris-buffer. The samples were 
excited at 280 nm and the emission was recorded between 300 and 450 nm. 4FW-Tritrp 
(solid), 5FW-Tritrp (dashed) and 6FW-Tritrp (long dashed). 
 
 
Table 4.2. Emission maxima wavelengths (#max) and blue shift ("#max) for recombinant 
tritrpticin (recTritrp) and the 5-fluoro- and 6-fluoro-Trp containing analogs when binding 
ePC:ePG and ePC:Chol LUVs. 

 #max (nm) Blue shift (mn) 
Peptide Buffer PC/PG PC/Chol 
recTritrp 352 ± 1 9 ± 3 0 ± 1 
5FW-Tritrp 354 ± 1 10 ± 1 3 ± 1 
6FW-Tritrp 358 ± 1 9 ± 1 2 ± 1 
Results are average ± S.D. (n = 3) 
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4.3.3. Antibacterial activity 
 
 The antimicrobial activity of recTritrp and its fluoro-Trp containing analogs was 

compared to the synthetic Tritrp1 and a well known cytotoxic peptide melittin. The 

minimal inhibitory and bactericidal concentrations (MIC and MBC, respectively) were 

measured in Mueller-Hinton broth (Table 4.1). In comparison to the MIC for Tritrp1 (4 

µM), recTritrp exhibited a slightly higher MIC of 8 µM. All three fluoro-Trp containing 

peptides exhibited the same antimicrobial activity (MIC 8 µM) as recTritrp. In contrast to 

melittin (MIC 2 µM) the recTritrp and its fluoro-Trp analogs exhibited a slightly lower, but 

still considerable antimicrobial activity. This antimicrobial activity was bactericidal rather 

than bacteriostatic as shown by the same values obtained for the MICs and MBCs, for all 

peptides analyzed. 

4.3.4. Peptide-membrane interactions (blue shift and acrylamide quenching) 
 
 One of the main characteristics of most AMPs including tritrpticin is the ability to 

interact with biological membranes. Due to the high sensitivity of intrinsic Trp 

fluorescence to the polarity of the environment, this property is often used to study the 

interaction of Trp-containing peptides to membrane systems [221]. The fluorescence of 5-

fluoro-Trp and 6-fluoro-Trp is also sensitive to the polarity of the environment [239]. In a 

more hydrophobic environment the Trp and fluoro-Trp fluorescence maximum is normally 

shifted to the blue region of the spectra, a phenomenom know as blue shift ("#max) 

[170,239]. Since 4-fluoro-Trp is not fluorescent we could not study the membrane 

interaction of the 4FW-Tritrp peptide in this manner. The blue shift induced by the addition 

of recTritrp and its fluoro-Trp analogs to LUV containing samples is presented in Table 

4.2. RecTritrp, 5FW-Tritrp and 6FW-Tritrp all exhibited a considerable blue shift ("#max 9 
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– 10 nm) when binding to LUVs membranes containing negatively charged phospholipids 

headgroups (ePC:ePG). In contrast, recTritrp did not exert a blue shift when model 

membranes with zwitterionic phospholipid headgroups and also containing cholesterol 

(ePC:Chol) were present. Interestingly, 5FW-Tritrp and 6FW-Tritrp did exhibit a small 

blue shift ("#max 2-3 nm) in the presence of ePC:Chol membranes. The ePC:ePG and 

ePC:Chol LUVs were used as membrane mimetic systems attempting to emulate the 

negatively charged membrane surface of bacteria and the neutral and cholesterol-rich 

membrane outer leaflet of eukaryotic cells [85,214].  

 A complementary approach to study the interaction of AMPs with lipid bilayers is 

the analysis of the solvent accessibility of the Trp side chain in the presence of membranes 

mimetics. The fluorescent properties of solvent-exposed Trp residues can be quenched by 

acrylamide, which is an uncharged molecule appropriate for the study of the membrane 

interaction of peptides [171,172]. Similarly to Trp, we have found that the solvent exposed 

5- and 6-fluoro-Trp free amino acids can also be quenched by acrylamide (Fig. 4.4). The 

acrylamide quenching constants (Ksv) for recTritrp and its fluoro-Trp analogs upon 

binding to LUVs is shown in Fig. 4.5. In the presence of ePC:ePG vesicles the quenching 

induced by acrylamide was significantly reduced, in comparison to the Ksv values 

measured in buffer. In contrast, when incubated with ePC:Chol vesicles all peptides 

exhibited a higher quenching, similar to the Ksvs observed in buffer. 
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Figure 4.4. Stern-Volmer constants (Ksv) for tryptophan (W), 5-fluoro-tryptophan (5FW) 
and 6-fluoro-tryptophan (6FW) in leakage buffer. Ksvs were determined from acrylamide 
quenching experiments for 1 µM of the amino acids and sequential additions of 5 µl of 4 M 
acrylamide solution at 25°C. Results are average ± S.D. (n = 3). 
 

 

 

 

 
Figure 4.5. Stern-Volmer constants (Ksv) for recTritrp and its fluoro-Trp containing 
analogs. Ksvs were determined from acrylamide quenching experiments in the absence 
(white) or presence of ePC:ePG (black) and ePC:Chol (dotted) vesicles. Results are average 
± S.D. (n = 3). 
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4.3.5. Fluorine-19 NMR spectroscopy 
 
 A limitation of the use of Trp fluorescence for studies of Trp-rich peptides binding 

to biological membranes, is the fact that fluorescence spectroscopy only reports on the 

average of all Trp signals, thereby masking the behavior and contribution of individual Trp 

residues. Therefore, the role and importance of the three individual Trp residues of 

tritrpticin cannot be studied in this manner. As mentioned above fluorescence spectroscopy 

is also not an appropriate tool to study 4FW-Tritrp and its interactions with membrane 

mimetic systems. Hence we were looking for an alternative approach. 

Fluorine NMR is a powerful spectroscopic technique that has been used to study 

various aspects of protein and peptide structure and their interactions [222–227]. Some of 

the main NMR characteristics of fluorine are its large chemical shift dispersion, the 

sensitivity to its local environment and the lack of background signals from solvent or 

naturally derived molecules [227]. In aqueous solution the chemical shift of the fluorine 

nucleus is affected by the ratio of hydrogen (H) and deuterium (D) in the solvent. In the 

presence of 100% D2O an upfield shift of ~ 0.2 ppm is measured for solvent exposed 

fluorine atoms (H/D isotope effect), when compared to the spectrum recorded in 100% 

H2O [230]. In the case of free 5-fluoro-Trp a sequential increase in the chemical shift is 

observed when the deuterium concentration is increased from 10 to 90% (Fig. 4.6). Similar 

to the acrylamide quenching in fluorescence spectroscopy, these H/D isotope effects can be 

used to assess the solvent exposure of a 19F-containing aromatic amino acid residue in 

peptide-membrane interactions.  
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Figure 4.6. Fluorine H/D isotope effect for the chemical shifts of 5-fluoro-Trp in solution. 
A) 1D 19F NMR spectra for 5-fluoro-Trp in different ratios of H2O and D2O. B) Correlation 
between H/D isotope-induced chemical shift changes ("& 19F) and the D2O percentage in 
the solvent.  

 

 The 19F NMR spectra for the fluorinated recTritrp analogs in water and in the 

presence of SDS micelles are presented in Figs 4.7-4.9. For all three peptide analogs the 19F 

NMR spectra in H2O:D2O solvent exhibited more than three resonances. For most peptides 

two sets of three resonances can be identified. In the presence of SDS micelles the spectra 

are simpler and only three main resonances are detected for 4FW-Tritrp (Fig. 4.7) and 

6FW-Tritrp (Fig. 4.9), although some minor peaks are also observed. In the case of 5FW-

Tritrp only two strong peaks are detected (Fig. 4.8), with an intensity ratio of 2:1 indicating 

that the spectra for two residues overlap with each other.  

 For the peptides in aqueous solution changing the percentage of D2O from 10 – 

90% induced chemical shift between 0.09 – 0.15 ppm (Figs. 4.7-4.9 and Table 4.3). These 
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results suggest that all three fluoro-Trp residues in the peptides are exposed to the solvent 

in these conditions. After the peptides are bound to SDS micelles the chemical shift for the 

fluoro-Trp residues are less affected by changes in the D2O concentration, with changes 

ranging from 0.00 to 0.07 ppm (Figs. 4.7-4.9 and Table 4.3). Clearly under these conditions 

the majority of the fluoro-Trp residues become much less exposed to the solvent. For 4FW-

Tritrp in SDS only two peaks (a and b) experience an H/D isotope effect ("& = 0.04), while 

one peak (c) was almost not affected ("& = 0.01) (Fig. 4.7 and Table 4.3). In the case of 

5FW-Tritrp in SDS both main peaks (a and b) exhibited a small shift ("& = 0.03 and 0.07) 

(Fig. 4.8 and Table 4.3). Interestingly for 6FW-Tritrp in the presence of SDS micelles only 

one fluoro-Trp peak (b) experienced an H/D isotope effect ("& = 0.06) while the other two 

peaks (a and c) were not affected (Fig. 4.9 and Table 4.3). 
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Figure 4.7. 1D 19F NMR spectra for 4FW-Tritrp in the absence (top) or presence (bottom) 
of SDS micelles. The aqueous solutions were prepared with different ratios of H2O and 
D2O. 
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Figure 4.8. 1D 19F NMR spectra for 5FW-Tritrp in the absence (top) or presence (bottom) 
of SDS micelles. The aqueous solutions were prepared with different ratios of H2O and 
D2O. 
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Figure 4.9. 1D 19F NMR spectra for 6FW-Tritrp in the absence (top) or presence (bottom) 
of SDS micelles. The aqueous solutions were prepared with different ratios of H2O and 
D2O. 
 

Table 4.3. 19F chemical shifts changes ("&) for fluoro-Trp in recTritrp analogs induced by 
changes in the hydrogen (H) to deuterium (D) ratio in the solvent.  

Peptide Media a b/b’ c d e f 
4FW-Tritrp H2O/D2O 0.09 0.09/0.11 0.10 0.11 0.09 0.10 

H2O/D2O + SDS 0.04 0.04 0.01 - - - 
5FW-Tritrp H2O/D2O 0.13 0.14 0.13 0.12 0.15 - 

H2O/D2O + SDS 0.03 0.07 - - - - 
6FW-Tritrp H2O/D2O 0.11 0.10 0.12 0.13 0.12 0.14 

H2O/D2O + SDS 0.00 0.06 0.00 - - - 
"& = peak chemical shift (90% D2O) – peak chemical shift (10% D2O). Chemical 
shifts (ppm) for each peak were obtained from Figs. 4.7, 4.8 and 4.9. 
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4.3.6. Membrane permeabilization of LUVs 
 
 Several AMPs exert their antimicrobial activity through permeabilization of the 

bacterial cytoplasmic membrane. One approach to determine the membrane permeabilizing 

properties of the peptides is the use of calcein-loaded LUVs with different lipid 

composition. The ability of recTritrp and its fluoro-Trp containing analogs to permeabilize 

such synthetic membranes is depicted in Fig. 4.10. RecTritrp exhibited a strong 

concentration-dependent permeabilization activity against negatively charged membranes 

(ePC:ePG). Similarly, all three fluoro-Trp containing peptides exhibited a strong ability to 

permeabilize ePC:ePG membranes. However, 5FW-Tritrp and 6FW-Tritrp showed a 

slightly lower permeabilizing activity in comparison to recTritrp, although this is not 

statistically significant. As expected in the case of the zwitterionic and cholesterol-

containing membranes (ePC:Chol), recTritrp exhibited a rather low permeabilizing activity. 

A similar behavior was observed for 4FW-Tritrp, however for 5FW-Tritrp and 6FW-Tritrp 

higher levels of calcein leakage were observed when interacting with the ePC:Chol 

vesicles. For these two peptides their levels of leakage were comparable to those observed 

for the ePC:ePG membranes.  
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Figure 4.10. Percentage of calcein leakage induced by recTritrp and its fluoro-Trp 
containing analogs upon binding to ePC:ePG (A) and ePC:Chol (B) LUVs. The peptides 
are as follow: recTritrp (solid, ! ), 4FW-Tritrp (dotted, " ), 5FW-Tritrp (dashed, ! ) and 
6FW-Tritrp (dashed, # ). Results are average ± S.D. (n = 3). 
 

4.3.7. E. coli inner and outer membrane permeabilization 
 
 Membrane mimetic systems, such as LUVs only constitute a rather crude 

representation of the highly complex prokaryotic and eukaryotic cell membranes. In order 

to study the mechanism of action of the peptides in a more biologically relevant bacterial 

system, the ability of recTritrp and its fluoro-Trp containing analogs to permeabilize 

bacterial outer and inner membranes was assessed using the E. coli ML35p strain. The 

permeabilization of E. coli inner membrane induced by recTritrp and its analogs is depicted 
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in Fig. 4.11. RecTritrp induced significant permeabilization of the inner membrane in E. 

coli as visualized by the fast increase in A420. This increase in absorbance reflects 

hydrolysis of the membrane impermeable substrate ONPG by the cytoplasmic enzyme %-

galactosidase. Peptide concentrations of 4 µM (1/2 x MIC) or higher clearly allow ONPG 

to reach the cytoplasmic space where ONPG hydrolysis is thought to take place. The 

permeabilization process induced by recTritrp was triggered between 10 – 20 min of 

incubation depending of the peptide concentration, which indicates a fast action of the 

peptide at concentration close to the MIC. Similarly to recTritrp, all fluoro-Trp containing 

analogs were also able to induce a fast and strong membrane permeabilization on the inner 

membrane of E. coli. In all cases, the kinetics were similar to the absorbance kinetics 

exhibited by recTritrp at the same peptide concentrations.  

In order to reach and permeabilize the inner membrane of E. coli, all peptides have 

to first cross the outer membrane of the bacteria. Hence it seems likely that the stability and 

permeability of the outer membrane is also affected by these peptides. The data for the 

permeabilization of the outer membrane of E. coli induced by recTritrp and its fluoro-Trp 

containing analogs are shown in Fig. 4.12. Even in the absence of peptides a considerable 

increase in A490 is detected, which is related to the hydrolysis of “leakage” nitrocefin 

(NCF) by the %-lactamase. However, in the presence of recTritrp and its fluoro-Trp 

containing analogs, a further increase in the kinetics was observed, indicating that all 

peptides gave rise to an increase permeability for NCF. This process could be observed 

immediately (~ 2 min) after the addition of peptides while reaching a maximum value after 

10 min of incubation. No differences were observed among recTritrp and its fluoro-Trp 

peptide analogs in this assay. 
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Figure 4.11. Inner membrane permeabilization of E. coli ML35p as measured by ONPG 
hydrolysis (Abs 420 nm) and induced by recTritrp and its fluoro-Trp containing analogs. 
Peptides concentrations were as follows: 16.0 (" ), 8.0 (! ), 4.0 (! ), 2.0 (! ), 1.0 (# ), 0.5 
(# ) and 0 µM (" ). Results are average ± S.D. (n = 3). 
 

 

 
Figure 4.12. Outer membrane permeabilization of E. coli ML35p as measured by NCF 
hydrolysis (Abs 490 nm) and induced by recTritrp and its fluoro-Trp containing analogs. 
Peptides concentrations were as follows: 16.0 (" ), 4.0 (! ), 1.0 (# ) and 0 µM (" ). 
Results are average ± S.D. (n = 3). 
 

0.1 

0.2 

0.3 

0.4 

0.5 

0.6 

0 20 40 60 

A
bs

 4
20

 n
m

 

Time (min) 

recTritrp 

0.1 

0.2 

0.3 

0.4 

0.5 

0.6 

0 20 40 60 

A
bs

 4
20

 n
m

 

Time (min) 

4FW-Tritrp 

0.1 

0.2 

0.3 

0.4 

0.5 

0.6 

0 20 40 60 

A
bs

 4
20

 n
m

 

Time (min) 

5FW-Tritrp 

0.1 

0.2 

0.3 

0.4 

0.5 

0.6 

0 20 40 60 

A
bs

 4
20

 n
m

 

Time (min) 

6FW-Tritrp 

0.1 

0.2 

0.3 

0 20 40 60 

A
bs

 4
90

 n
m

 

Time (min) 

recTritrp 

0.1 

0.2 

0.3 

0 20 40 60 

A
bs

 4
90

 n
m

 

Time (min) 

4FW-Tritrp 

0.1 

0.2 

0.3 

0 20 40 60 

A
bs

 4
90

 n
m

 

Time (min) 

5FW-Tritrp 

0.1 

0.15 

0.2 

0.25 

0.3 

0.35 

0 20 40 60 

A
bs

 4
90

 n
m

 

Time (min) 

6FW-Tritrp 



 
 

120 

4.4. Discussion 
 
 As a prominent member of the Trp-rich family of AMPs, tritrpticin and its C-

terminal amidated version (Tritrp1) are characterized by the presence of three Trp residues 

in the center of its primary structure. These Trp residues are known to be essential for the 

antimicrobial activity of the peptide [83,85,88,176]. Earlier obtained results with hydroxyl-

Trp analogs motivated the search for other Trp analogs that might affect the antimicrobial 

activity of tritrpticin and in addition enhance our understanding of the bactericidal 

mechanism of this peptide. Fluoro-Trps presented themselves as attractive candidates due 

to their slightly higher hydrophobicity [237,240], similar size and different dipole moment 

[222,241], in comparison to Trp. An added bonus is that the presence of the fluorine atom 

in the Trp side chain allowed the use of 19F NMR spectroscopy for the study of peptide-

membrane interactions.  

 In this chapter a recombinant approach for the production of tritrpticin analogs was 

adopted. Several Trp analogs including fluoro-Trp have been successfully incorporated into 

recombinant proteins [225,227]. However, the biosynthetic incorporation of fluoro-Trp in 

AMPs has not yet been described, probably due to the toxicity of these peptides towards 

bacterial cells. In order to overcome this toxicity, AMPs can be produced as fusion proteins 

with calmodulin. In our laboratory, calmodulin has proven to efficiently promote the 

bacterial expression of several toxic peptides, including tritrpticin [231], because this 

protein binds amphipathic peptides, hence shielding their antimicrobial properties. In 

addition, incorporation of fluoro-Trp was increased by incubating the bacteria during the 

expression phase in the presence of the aromatic amino acid (Phe, Tyr and Trp) synthesis 

inhibitor glyphosate [236]. Furthermore, the use of a high-density media allowed for the 
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expression of the fluoro-Trp containing peptides in small culture volume (100 ml), 

reducing the amount of fluoro-Trp amino acids and glyphosate required. In the presence of 

glyphosate, the incorporation levels of fluoro-Trp in recTritrp were high (~ 90%) as shown 

by mass spectrometry and fluorescence spectroscopy (Figs. 4.1 - 4.3). Additionally, the 

final yields were between 0.4 and 0.6 mg per 100 ml of culture. All together, these data 

suggest that 4-, 5- and 6-fluoro-Trp were similarly and efficiently used by the E. coli 

tryptophanyl-tRNA-synthetase. Nonetheless, 4FW-Tritrp consistently exhibited the highest 

yield (0.62 mg/100 ml), while 5FW-Tritrp and 6FW-Tritrp were lower (0.37 and 0.58 mg/ 

100 ml respectively). Reported data for E. coli and Bacillus subtilis tryptophanyl-tRNA-

synthetase determined that this enzyme can activate all three fluoro-Trps, although the 

selectivity for these Trp analogs was different depending on location of the fluorine atom in 

the indole ring [240,242]. E. coli’s tRNA-synthetases exhibited the following affinities: Trp 

> 4-fluoro-Trp > 6-fluoro-Trp . 5-fluoro-Trp [242]. These data correlate with the relative 

hydrophobicities of the Trp analogs when determined in octanol/water partitioning 

experiments (Trp < 4-fluoro-Trp < 6-fluoro-Trp < 5-fluoro-Trp). They also correlate 

partially when compared with octanol/phosphate buffer partitioning results [240,243]. The 

higher yields obtained for 4FW-Tritrp could then perhaps be explained by the higher 

affinity of the tryptophanyl-tRNA-synthetase for the 4-fluoro-Trp in comparison to 5- and 

6-fluoro-Trp.  

 In comparison to the synthetic peptide Tritrp1 (MIC 4 µM) our recombinant peptide 

recTritrp (8 µM) exhibited a slightly reduced antimicrobial activity. This small reduction in 

the antimicrobial activity was expected and is related mostly to the lack of C-terminal 

amidation, although the addition of two extra N-terminal amino acid residues (Gly and Thr) 
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could also contribute. Previous work on tritrpticin showed that amidation of the C-terminal 

end, resulting in Tritrp1, exhibited a slightly lower MIC due to the removal of the negative 

charge of the C-terminal carboxyl [85]. Substitution of the Trp residues by fluoro-Trp 

resulted in peptides with the same antimicrobial activity as recTritrp. These data suggest 

that in spite of the chemical differences between Trp and its fluorinated analogs, the FW-

peptides preserved the ability to kill E. coli cells. The overall size of fluorinated Trp 

residues is similar to regular Trp, due to the similar van der Waals radii for fluorine (1.47 

Å) and hydrogen (1.2 Å) [244], similar covalent radius (0. 60 Å for fluorine and 0.30 Å for 

hydrogen) [245], and similar interatomic distance between a C-F bond (1.38 Å) and C-H 

bond (1.08 Å) [246]. Therefore, steric effects are not likely to affect the activity of the 

fluoro-Trp containing peptides. However, it is interesting to note that substantial changes in 

the dipole moments and the hydrophobicities [222,240,241,243], which are both higher for 

all three fluoro-Trp in comparison to native Trp, did not affect the antimicrobial activity of 

these peptides. Additionally, the high electronegative character of the fluorine induces 

small changes in the electrostatic potential surface of fluoro-indoles in comparison to 

regular indole (Fig. 4.13). Therefore, it is likely that cation-' and '-' interactions are 

slightly weakened for fluoro-Trp. Our observations could thus indicate that such 

interactions might not play a significant role in the bactericidal activity of recTritrp and its 

fluoro-Trp analogs. 
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Figure 4.13. Electrostatic potential surfaces for indole and its fluorinated analogs. Negative 
and positive electrostatic potential are indicated by red and blue, respectively. Figures were 
prepared with the software UCSF Chimera version 1.10.1. 
 

 Fluorescence spectroscopy has been widely used to study Trp-containing AMPs and 

their interaction with synthetic and biological membranes [220,221]. Using this biophysical 

technique we were able to study the membrane interactions of recTritrp and two of its 

fluoro-Trp containing analogs (5FW- and 6FW-Tritrp). The low quantum yield for 4-

fluoro-Trp precluded the study of 4FW-Tritrp using this technique. Similar to native 

tritrpticin and Tritrp1 [85], recTritrp and its fluoro-Trp containing analogs showed strong 

binding to negatively charged membrane surfaces as shown by the substantial blue shift 

and the reduction in the acrylamide quenching (Ksv) observed upon incubation of the 

peptides with ePC:ePG LUVs (Table 4.2 and Fig. 4.5). In spite of the increased 

hydrophobicity selectivity towards negatively charged membranes over zwitterionic 

membranes was maintained. The lower blue shifts and high Ksv values, in the fluorescence 

spectroscopy experiments suggested that recTritrp and its two fluoro-Trp analogs 

preferentially target negatively charged bilayers, such as bacterial membranes over neutral 

and cholesterol-containing bilayers such as eukaryotic membranes (Table 4.2 and Fig. 4.5). 

However, the calcein leakage results showed that 5FW- and 6FW-Tritrp had a similar 

ability to permeabilize ePC:ePG and ePC:Chol vesicles. More detailed experiments are 



 
 

124 

required to better understand the differential membrane selectivity properties of the 

fluorinated peptides.  

As mentioned above, one of the intriguing aspects of tritrpticin is the presence of a 

Trp cluster formed by three consecutive residues Trp6, Trp7and Trp8 located in the center 

of peptide. The work described in chapter 2 showed that Trp6 is the most important residue 

for the antimicrobial activity against E. coli. In contrast mutations of Trp8 did not alter the 

bactericidal activity very much, while Trp7 played an intermediate role [191]. Thus it is 

important to obtain site-specific information about the role of these three residues. 

 Incorporation of fluorine in the indole side chain of the Trp residues allowed the use 

of 19F NMR to study the behavior of these residues individually. The large chemical shift 

dispersion and exquisite sensitivity to the environment allowed us to discern the behavior 

of the individual fluoro-Trp residues. Additionally, 19F NMR spectroscopy allowed studies 

of 4FW-Tritrp and its interaction with membrane mimetics, which was not possible by 

fluorescence spectroscopy. Since negatively charged phospholipid headgroups are 

preferred by recTritrp and its fluoro-analog peptides (Table 4.2 and Fig. 4.5), SDS micelles 

were selected as the membrane mimetic system in the NMR experiments. SDS has been 

widely used for the NMR structure determination of several AMPs and proteins [164–

166,169]. In the case of tritrpticin and Tritrp1 the 3D-solution structure has been determine 

by NMR spectroscopy in the presence of SDS micelles [84], and the zwitterionic DPC 

micelles [85], exhibiting a RMSD of 0.77 Å (backbone residues 4-11). These results 

indicate that the SDS micelles provide a suitable membrane mimetic to study the 

conformation of the peptide. The 1D-19F NMR spectra of all three FW-peptides in 

H2O/D2O (10:90) were characterized by the presence of more than three peaks (5 -7 peaks) 
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(Figs. 4.7 - 4.9). These results indicate that the peptides are present in at least two main 

conformations in aqueous solution, due to the cis-trans isomerization of the X-Pro bonds 

that are present in recTritrp. Upon binding to the SDS micelles the number of peaks was 

reduced to three in the cases of 4FW-Tritrp and 6FW-Tritrp, while 5FW-Tritrp exhibited 

only two main peaks, indicating that all three peptides bind to the SDS micelles and that 

the peptides adopt one major conformation upon binding to the micelles. A similar 

behavior was reported for Tritrp1 and some of its analogs in 1H NMR experiments [84,85].  

19F NMR spectroscopy was also used to assess the solvent exposure of fluoro-Trp 

residues. Changing the ratio of H2O and D2O in the solvent induces a considerable shift 

("&) in the resonance of solvent exposed fluorine; also know as H/D isotope effect [230]. 

In the case of 5-fluoro-Trp a "& ~ 0.2 ppm was observed when the D2O concentration was 

increased from 10% to 90% (Fig. 4.6). This is in agreement with previous studies of 3-

fluoro-Tyr [247], and for fluoro-Trp residues [248]. In aqueous solution all fluorinated 

peptides exhibited a strong H/D isotope effect, ranging from 0.09 to 0.15 ppm (Table 4.3). 

These results indicate that all fluoro-Trp residues are exposed to the solvent. In contrast, in 

the presence of SDS micelles the H/D isotope effect was significantly reduced for all 

fluoro-Trp indicating that most fluoro-Trp become less solvent exposed (Table 4.3). The 

effects were different for each peptide and especially for each individual Trp residue. In the 

case of 4FW-Tritrp two fluoro-Trp residues exhibited a small shift of 0.04 ppm, while the 

third fluoro-Trp residue almost did not shift (0.01 ppm). Due to the probable overlap of two 

fluoro-Trp signals in 5FW-Tritrp the distinction of the H/D isotope effect over individual 

5-fluoro-Trp was not possible; however, two different sets of "& were detected. 6FW-Tritrp 

showing that two fluoro-Trp residues are completely covered from the solvent as indicated 
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by the lack of "&, while the third Trp residue exhibited a small 0.06 ppm shift. All together, 

the 19F NMR data indicate that upon interaction with SDS micelles each residue in 

recTritrp is also differently exposed to the solvent. Assignment of these NMR signals to 

specific residues in the peptides is currently ongoing and this will further enhance this 

analysis. 

The mechanism of action of tritrpticin is known to involve permeabilization of the 

biological membranes. Previous work had established that Tritrp1 has the ability to perturb 

and permeabilize synthetic and E. coli membranes [85,191]. RecTritrp exhibited similar 

ability to permeabilize negatively charged LUVs as reported for Tritrp1 [83,85,88]. 

Furthermore, recTritrp also induced considerable destabilization of E. coli’s outer 

membrane (Fig. 4.12). As well, permeabilization of the bacterial inner membrane was also 

detected (Fig. 4.11), similarly as described in chapter 2 and 3. This second 

permeabilization event, likely triggers cell death because of the loss of the transmembrane 

electrochemical potential and membrane integrity. Nonetheless, outer membrane 

destabilization can also contribute to cell death. These results indicate that recTritrp, with 

its two extra N-terminal amino acid residues and the lack of C-terminal amidation, has the 

same mechanism of action as the native tritrpticin peptide and Tritrp1. Likewise, all three 

recTritrp peptides containing fluoro-Trp exhibited similar abilities to permeabilize, not 

only synthetic negatively charged membranes (LUVs), but also the outer and inner 

membrane of E. coli (Figs. 4.10 – 4.12). It is interesting to note that despite the difference 

in chemical properties of the fluoro-Trp sidechains, the mechanism of action of these 

peptides was not affected. These results are in contrast to those observed for 5-hydroxy-Trp 

(Chapter 3), where the peptide HW-Tritrp lost the membrane perturbing and 
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permeabilizing ability [176]. The ability of fluoro-Trp to preserve the original mechanism 

of action exhibited by the native AMP suggests that these substituted Trp analogs can be 

used to study the mechanism of action of not only tritrpticin but also other Trp-rich AMPs 

(e.g. indolicidin and puroindolin).  

 

4.5. Conclusions 
 
 Our data show that it was possible to recombinantly express and purify tritrpticin 

analogs with high levels of incorporation of fluoro-Trp amino acids. The resulting peptides 

not only preserved the antimicrobial activity of the native AMP, but also conserved the 

same mechanism of action. In addition the solvent exposure experiments performed by 19F 

NMR spectroscopy established a differential behavior for the individual fluoro-Trp 

residues upon binding to SDS micelles. These results indicate that the position-dependent 

behavior of Trp affecting the antimicrobial activity, reported before for Tritrp1 (Chapter 2) 

[191], can be linked to position-dependent exposure of the Trp residues during the peptide-

membrane interactions. The combination of fluoro-Trp residues and 19F NMR spectroscopy 

proved to be extremely useful in the case of Trp-rich AMPs allowing the characterization 

of individual Trp residues going beyond the possibilities offered by fluorescence 

spectroscopy. Finally, the methodology used in this work for the expression of tritrpticin 

analogs containing fluoro-Trp analogs could be used for the cost-efficient expression of 

other AMPs incorporating several other aromatic non-natural amino acid analogs.  
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CHAPTER 5: Bovine and human lactoferricin peptides: chimeras and new cyclic 
analogs 

 

5.1. Introduction 
 

As described in Chapter 1, lactoferrin (LF) is an abundant immune related protein 

in humans and other mammals. The important role of human and bovine milk during child 

development has prompted an intense study of this protein. This work was based on the 

recognition of significant health-related effects of LF, including anti-inflammatory action, 

promotion of bone formation, inmunomodulator action and wound healing among others 

[63,64,96,102,103,249]. One of the roles of LF is the host protection against bacterial 

infections [64,96,101,105,137,250]. The antimicrobial activity of LF has mainly been 

linked to the presence of AMP sequences in the N-terminal region of the protein [250]. 

These peptides called lactoferricins (LFcins) can be released during pepsin digestion; they 

encompass residues 1-49 in human LF (hLF) and 17-41 in bovine LF (bLF). While both 

peptides exhibit higher antimicrobial activity than their parent proteins, bovine LFcin 

(LFcinB) is considerably more potent than human LFcin (LFcinH) [112,114,251]. 

Moreover, the mechanism of action of LFcinB has been controversial since evidence in 

support of membrano-lytic and intracellular actions has been reported (Chapter 1). 

Additionally, the antimicrobial activity of LFcinB highly depends on the ionic strength of 

the incubation media [111], indicating that electrostatic interactions play a key role.  

The lower antimicrobial activity of human lactoferricin (LFcinH) has been related 

to the length of the peptide and the differences in primary structure due to a relatively low 

sequence similarity (69%) when compared to LFcinB [250]. Furthermore, LFcinH and 

LFcinB exhibit different secondary structures in buffer and in lipid micelles. LFcinB is 
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characterized by a %-sheet structure when interacting with lipid micelles [131], while 

LFcinH acquires a partially $-helical conformation in a membrane mimetic system 

[250,252]. Despite the primary and secondary structure differences, both LFcin peptides 

are characterized by the presence of a disulfide bridge, generating a distinctive cyclic loop. 

The importance of these disulfide bridges in the antimicrobial activity of the LFcins 

peptides is not completely clear. Several studies reported similar antimicrobial activities for 

native and linear peptides [34,112], while another study showed a three times higher 

activity for the disulfide-bridged peptide in comparison to its linear counterpart [132].  

Cyclization of antimicrobial peptides (AMPs) has been used successfully in some 

cases to increase their bactericidal activity [159,253] or their serum stability [254]. Several 

methodologies of cyclization have been developed, however its efficiencies can be highly 

variable [255]. The application of the so-called “click chemistry” (a CuI-promoted 

alkyne/azide cycloaddition reaction) has emerged as a promising alternative for the design 

of peptide-based drugs and cyclization of antimicrobial peptides [256,257]. Another 

interesting method relies on the use of Staphylococcus aureus enzyme Sortase A. This 

enzyme recognizes the C-terminal LPETG sequence and in the presence of a N-terminal 

Gly residue induces the cyclization of the peptide, as previously shown for histatin-1 [258].  

The present study focused on the antimicrobial activity and the mechanism of 

action of LFcinB and bovine-human chimeras. The chimera peptides were intended to 

improve the LFcinH activity as well as to contribute to our understanding of the 

mechanism of action of the LFcin-derived peptides. In addition, the antimicrobial activities 

of two new cyclic LFcinB analogs were analyzed and the effects on their mechanism of 

action were investigated. This study established that only LFcinB, its cyclic analogs and 
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the chimera that included LFcinB17-25 exhibited a strong antimicrobial activity, which was 

linked to inner membrane permeabilization in E. coli. Changes in the ionic strength of the 

incubation media did not affect the peptide-membrane binding interactions, while the levels 

of membrane of permeabilization were highly sensitive to the salt concentration, explaining 

the differences in antimicrobial activity among the peptides studied. 

 

5.2. Materials and Methods 
 

5.2.1. Materials and bacterial strains 
 

E. coli ATCC 25922 was purchased from ATCC (Manassas, VA, USA) and E. coli 

ML35p was kindly provided by Dr. Robert Lehrer at UCLA David Geffen School of 

Medicine. Culture media Mueller-Hinton broth was obtained from Sigma-Aldrich (St. 

Louis, MO, USA) and tryptic soy broth was from Gibco Diagnostic (Madison, WI, USA). 

All other chemicals were purchased from Sigma-Aldrich (St. Louis, MO, USA). 

5.2.2. Solid-phase peptide synthesis 
 

Linear peptides containing the segments required for cyclization (Table 5.1) were 

manufactured by solid-phase peptide synthesis using 9-fluorenylmethoxycarbonyl (Fmoc)-

chemistry with a Syro II synthesizer (Biotage, Uppsala, Sweden) essentially as described 

previously [258]. Peptide synthesis grade solvents were obtained from Actu-All Chemicals 

(Oss, The Netherlands), the preloaded NovaSyn TGA resins from NovaBiochem (Merck 

Schuchardt, Hohenbrunn, Germany) and the N---Fmoc-amino acids from Orpegen-Pharma 

(Heidelberg, Germany) and Iris Biotech (Marktredwitz, Germany). The azide and alkyne 

building blocks for click cyclization, i.e. Fmoc-L-azydolysine (Fmoc-Lys(N2)-OH) and 
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Fmoc-L-bishomopropargylglycin (Fmoc-Bpg-OH), respectively, were obtained from 

Chiralix (Nijmegen, The Netherlands).  

5.2.3. Peptide purification 
 

Peptides were purified by preparative RP-HPLC on a Dionex Ultimate 3000 system 

(Thermo Scientific, Breda, The Netherlands) with a Grace Spring column 250 mm x 25 

mm (Grace, Deerfield, IL, USA) containing Vydac C18 TP beads 10 µm (Hesperia, CA, 

USA). Elution was performed with a linear gradient from 15 to 45% AcN containing 0.1% 

TFA in 20 min at a flow rate of 20 ml/min. The absorbance of the column effluent was 

monitored at 214 nm, and peak fractions were pooled and lyophilized. Re-analysis by RP-

HPLC on an analytic Vydac C18-column (218MS54) developed with a similar gradient at a 

flow rate of 1 ml/min revealed a purity of at least 95%. The authenticity was confirmed by 

mass spectrometry with a Microflex LRF MALDI-TOF, equipped with a gridless reflectron 

(Bruker Daltonik GmbH, Bremen, Germany) as previously described [258]. 

5.2.4. Sortase-catalysed cyclization 
 

The sortase-catalyzed cyclization was performed as described previously [258]. 

Briefly, linear peptides were equipped with the sortase A cleavage site LPETGG at the C-

terminus and a diglycine motif (GG) at the N-terminus, which served as a highly efficient 

acceptor allowing intra-molecular ligation (Table 5.1). The intra-molecular transpeptidation 

reactions were conducted with 0.5 mM of the linear peptide and 50 µM sortase A in sortase 

reaction buffer (50 mM Tris, pH 7.5, containing 150 mM NaCl and 10 mM CaCl2) at 37°C, 

until cyclization was completed as indicated by a peak-shift in the RP-HPLC elution profile 

using an analytic Vydac C18-column (218MS54) developed with a 30 to 45% AcN 

containing 0.1% TFA in 20 min at a flow rate of 1 ml/min and a band-shift in SDS-PAGE, 



 
 

132 

NU-PAGE 4-12% gels (Life Technologies, Burlington, ON, Canada). The reaction mixture 

was subsequently separated by semi-preparative RP-HPLC on a Vydac C18 column 

(218MS510), eluted with a gradient from 30 to 45% AcN containing 0.1% TFA in 20 min 

at a flow rate of 4 ml/min. This resulted in separation of the cyclic peptide from the 

remnants of linear starting peptide, and from sortase A. Peak-fractions containing the cyclic 

peptide and sortase A, respectively, were pooled, lyophilized and stored as dry powder at -

20°C.  

5.2.5. Click cyclization 
 

The peptide cyclization using the click chemistry was based on a protein 

immobilization procedure described previously [259]. Briefly, after synthesizing the linear 

LFcinB17-41 in which the Cys19 residue was replaced by bisphosphoglycerate (Bpg)-OH to 

introduce an alkyne and the Cys36 with a lysine residue in which the side group was 

terminated with an azide, the cyclization was performed on resin. To 4 eq. peptide in a 20 

ml syringe, 8 eq. 2,6-lutidine, 8 eq. 2,2-bipyridine, 4 eq. CuBr and 8 eq. of sodium 

ascorbate (all peptide grade, Actu-All Chemicals, Oss, The Netherlands) were added and 

flushed for 1 min with N2. After incubation for 24 hr at room temperature the mixture was 

flushed sequentially by DMF, H2O, MetOH, EDTA (100 mM), H2O and DMF and 

subsequently dried by flushing three times with isopropanol and DCM. Next the cyclized 

peptide was detached from the resin and purified as described [258]. 

5.2.6. Bovine-human peptide chimera synthesis 
 

The bovine-human chimera lactoferricin peptides (Table 5.1) were purchased from 

21st Century Biochemicals (Malboro, MA, USA). The peptides were synthesized by solid 

phase and the disulfide bridge between both cysteine residues was obtained through 
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oxidation. Their purity (>95%) and molecular weight were checked by HPLC and mass 

spectrometry, respectively. 

5.2.7. E. coli antimicrobial activity 
 

The minimal inhibitory concentration (MIC) of the lactoferricin-derived peptides 

against E. coli ATCC 25922 in MHB media was measured by the standard broth 

microdilution method previously described [155]. Briefly E. coli cells were incubated at 5 

x 105 cfu/ml in the presence of two-fold dilutions of MHB-dissolved peptides (0.25 – 128 

mM) in a 96-well polypropylene plate and incubated for 18 hours at 37°C. To study the 

influence of salt concentration on the peptides MIC, a modified version of the MIC 

experiment was performed similarly as previously described [260,261]. E. coli cells were 

grown in MHB to 1 x 108 cfu/ml and diluted 100 times in NaP-TSB buffer (Na+-phosphate 

10 mM pH 7.4 and TSB 1% (v/v)) with or without addition of 150 mM NaCl. Cells at 5 x 

105 cfu/ml were then incubated in the presence of two-fold dilutions of the peptides 

dissolved in the same media and incubated at 37°C. After 3 hours of incubation 100 ml of 

fresh MHB media was added and the cells were incubated for 18 hours at 37°C. The 

reported MICs correspond to the minimal peptide concentration where bacterial growth 

was not observed, for three independent experiments. 

5.2.8. Large unilamellar vesicles (LUVs) preparation 
 

LUVs composed of chicken egg derived phosphatidylglycerol (ePG) and 

phosphatidylethanolamine (ePE) at an equimolar ratio (1:1), or E. coli polar lipid extracts 

(PLE) were prepared by the extrusion method. Briefly, the necessary amount of the 

chloroform-dissolved lipids (Avanti Polar Lipids, Alabaster, AL, USA) were mixed in a 

glass vial and the organic solvent was initially evaporated under a stream of nitrogen. The 
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remaining solvent was removed under vacuum overnight. The dry lipid films were 

resuspended in 500 µl of Tris-buffer (Tris 10 mM pH 7.4, EDTA 1 mM) supplemented 

with 30 or 150 mM NaCl by vigorous vortexing. The resuspended lipids were freeze-

thawed seven times using liquid nitrogen followed by extrusion through two 0.1 µm 

polycarbonate filters (Nucleopore Filtration Products, Pleasanton, CA, USA) using a mini-

extruder apparatus (Avanti Polar Lipids, Alabaster, AL, USA). The phospholipid 

concentration of LUVs was measured in triplicate by the Ames phosphate assay [156].  

5.2.9. Tryptophan fluorescence and acrylamide quenching 
 

The tryptophan fluorescence of the lactoferricin-derived peptides at 1 µM was 

measured in Tris-buffer supplemented with 30 or 150 mM NaCl in the absence or presence 

of 100 µM ePE:ePG LUVs, in a Varian Cary Eclipse fluorimeter (Agilent Technologies, 

Santa Clara, CA, USA) at 25°C. The tryptophan residues were excited at 280 nm and the 

emission spectra registered between 300 and 500 nm, with a 10 nm slit width for excitation 

and emission. The change in the fluorescence emission maxima wavelength (blue shift) 

upon interaction of the peptides with LUVs at both salt concentrations was recorded. 

Quenching of the tryptophan fluorescence was observed by eight sequential 

additions (15 µl/each) of the neutral quencher acrylamide (4 M) to 1 µM peptide, in the 

absence or presence of 100 µM LUVs, in Tris-buffer supplemented with 30 or 150 mM 

NaCl. The emission spectra were recorded after each acrylamide addition and the 

fluorescence intensity changes were analyzed through the Stern-Volmer plots and the 

quenching constant (Ksv) were calculated using the equation: 

Fo/F = 1+Ksv[Q] 
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where Fo is the initial fluorescence intensity of the peptide and F is the fluorescence 

following addition of the quencher Q. 

5.2.10. Aggregation of LUVs 
 

The aggregation of LUVs, as induced by the lactoferricin-derived peptides, was 

registered spectrophometrically [124]. PLE or ePE:ePG LUVs at 50 µM were incubated in 

the presence of peptides at different peptide to lipid molar ratios in a 96-well plate. The 

plates were incubated at 37°C during 30 min with constant agitation (500 rpm). After 

incubation the absorbance at 400 nm was registered in a Thermo Scientific Genesys 10UV 

scanning spectrophotometer (Waltham, MA, USA). 

5.2.11. E. coli inner membrane permeabilization 
 

The permeabilization of the inner membrane in Gram-negative bacteria was studied 

as previously described [157]. This method uses the E. coli strain ML35p, which 

constitutively expresses the intracellular enzyme %-galactosidase and lacks the lac 

permease. Hydrolysis of the membrane impermeable %-galactosidase substrate 2-

nitrophenyl-%-galactoside (ONPG) occurs upon permeabilization of the bacterial inner 

membrane and is registered by absorbance of the reaction product at 420 nm. E. coli 

ML35p was grown at 37°C in LB media from a single colony until OD600 ~ 0.6. Next the 

cells were collected, washed and resuspended in NaP-TSB media or NaP-TSB 

supplemented with 150 mM NaCl. The cells were incubated at a final OD600 of 0.3 in the 

corresponding media, in the presence of ONPG (0.5 mM) and two-fold dilutions of the 

peptides (0 – 32 µM) in a 96-well plate. The absorbance in the wells was measured at 420 
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nm every 2 min, during 70 min in a Perkin Elmer VictorTM X4 multilabel plate reader 

(Waltham, MA, USA) with shaking and temperature control at 37°C.  

 

5.3. Results 
 

5.3.1. Antimicrobial activity 
 

Bovine lactoferricin (LFcinB) exhibited a strong and salt dependent antimicrobial 

activity against E. coli (Table 5.2). This activity (MIC 32 µM) was significantly higher 

than the activity of the equivalent of human lactoferricin derivative (residues 18-42 of 

human LF) in MHB media (MIC > 128 µM). In order to test the influence of the ionic 

strength on the bactericidal activity of LFcin peptides, the MIC experiments were 

performed in NaP-TSB media (low ionic strength), or NaP-TSB supplemented with 150 

mM NaCl (high ionic strength). A considerable increase in the antimicrobial activity of 

LFcinB was observed in the low ionic strength media (MIC 2-4 µM). In contrast, the 

addition of 150 mM NaCl reduced LFcinB’s activity (MIC 64 µM). Due to the lack of 

activity for LFcinH in MHB, the effects of ionic strength on this peptide were not 

determined. 

In an attempt to enhance the antimicrobial activity of LFcinH several chimera 

peptides combining sections of the corresponding human and bovine lactoferricin peptides 

were prepared (Table 5.1). Only the peptide containing LFcinB17-25 exhibited antimicrobial 

activity (MIC 32-64 µM) similar to the LFcinB in MHB media (Table 5.2). All chimera 

peptides including B17-25 displayed a strong antimicrobial activity in the low ionic strength 

media. As expected in the presence of 150 mM NaCl, most chimera peptides lose their 
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anti-E. coli activity. Only B17-25 retained a weak antimicrobial activity (MIC 128 µM) when 

incubated in the high ionic strength media.  

 

Table 5.1. Bovine and human derived lactoferricin peptides used in this study. 
Peptide (Abbreviation)  Sequence  Net charge  

LFcinB17-41 (B)    FKCRRWQWRMKKLGAPSITCVRRAF +8  
LFcinH18-42 (H)    TKCFQWQRNMRKVRGPPVSCIKRDS +6  
   
Bovine -human chimeras    
LFcinH18-24/B24-41   (H18-24)    TKCFQWQWRMKKLGAPSITCVRRAF +6  
LFcinB17-23/H25-42   (B17-23)    FKCRRWQRNMRKVRGPPVSCIKRDS +8  
LFcinB17-24/H26-42   (B17-24)    FKCRRWQWNMRKVRGPPVSCIKRDS +7  
LFcinB17-25/H27-42   (B17-25)    FKCRRWQWRMRKVRGPPVSCIKRDS +8  
   
Cyclic and linear analogs    
Click LFcin17-41         
(CLICK)* 

   FKXRRWQWRMKKLGAPSITYVRRAF +8  

Sortase LFcinB17-41       
(SRT-LFcinB)** 

 GGFKCRRWQWRMKKLGAPSITCVRRAFLPETGG +7  

Sortase cyclic LFcinB17-41 
(SRT-cyclic-LFcinB)** 

~GGFKCRRWQWRMKKLGAPSITCVRRAFLPET~ +7  

Sortase LFcinB20-35        
(SRT-Loop)** 

    GGRRWQWRMKKLGAPSITLPETGG +3  

Sortase cyclic LFcinB20-35 
(SRT-cyclic-Loop)** 

   ~GGRRWQWRMKKLGAPSITLPET~ +3  

* The residues X and Y represent the Bpg and Lys(N2), respectively, required for click cyclization 
** The residues in bold represent extra amino acid residues required for sortase A cyclization 

 
Table 5.2. Lactoferricin peptides minimal inhibitory concentration (µM) in two different 
incubation media: Mueller-Hilton broth (MHB) and sodium phosphate 10 mM pH 7.4 
supplemented with tryptric soy broth 1% (v/v) (NaP-TSB 1%) in the presence or absence 
of 150 mM NaCl. 

Peptide  MHB NaP - TSB 
1% 

NaP-TSB 1% 
NaCl 150mM 

LFcinB17-41 32 2-4 64 
LFcinH18-42  >128 N.D. N.D. 
    
Bovine -human chimeras     
LFcinH18-24/B24-41 >128 8 >128 
LFcinB17-23/H25-42 >128 4-8 >128 
LFcinB17-24/H26-42 >128 4-8 >128 
LFcinB17-25/H27-42 32-64 2-4 128 
    
Cyclic and linear analogs     
CLICK 32 1-2 32 
Sortase-LFcinB 32 4 16-32 
Sortase-cyclic-LFcinB 16 2-4 16-32 
Sortase-Loop >128 32 >128 
Sortase-cyclic-Loop >128 16 >128 

N.D. not determined 
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The use of “click chemistry”- and sortase-assisted cyclization of LFcinB did not 

considerably affect the antimicrobial potency of the peptides in comparison to the original 

disulfide-bridged LFcinB (Table 5.2). In the click peptide, the modification of the cysteine 

residues and the cyclization of the peptide occurs through a triazole link (Fig. 5.1), which 

did not affect its antimicrobial activity in MHB. In the high ionic strength media the MIC 

was two times lower. Contrary to the click peptide, LFcinB cyclized by sortase exhibited a 

slight increase in antimicrobial activity (MIC 16 µM) in MHB. This increase in activity 

was not only related to the five extra amino acid residues that are required for sortase 

recognition, as indicated by the results obtained for the linear version of the sortase-LFcinB 

peptide (MIC 32 µM). The ionic strength had a considerable effect on the antimicrobial 

activity of the sortase-cyclized peptide and its linear counterpart. Low NaCl concentration 

in the incubation media induced an increase in activity to 2-4 µM in MIC, while the 

presence of 150 mM NaCl reduced the antimicrobial activity to an MIC of 16-32 µM. 

  

Figure 5.1. Amino acid sequences of LFcinB and its cyclic analogs. The residues X and Y 
represent the Bpg and Lys(N2), respectively, required for the click cyclization. The residues 
in purple correspond to mutated or additional residues required for sortase A recognition 
and cyclization. 
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The presence of a loop motif in LFcinB, corresponding to residues 20-35 in LF 

(Fig. 5.1), warrants the question of whether the amino acids residues forming part of the 

closed loop will be sufficient to preserve the antimicrobial activity of the native LFcinB. 

The MIC experiments showed that the sortase-cyclic-loop (residues 20-35 and LPETGG) 

and its linear counterpart were unable to inhibit the growth of E. coli in MHB media and in 

NaP supplemented with 150 mM NaCl (Table 5.2). However, in low ionic strength media 

antimicrobial activity was observed, with MIC values of 32 and 16 µM for the linear and 

cyclic versions of these peptides, respectively.  

5.3.2. Membrane interactions 
 

It is expected that an increase in ionic strength in the incubation media will lead to a 

reduction in the electrostatic attractions between the negatively charged membranes of 

bacteria and the positively charged peptides due to screening effects [262,263]. We wanted 

to evaluate if the lack of antimicrobial activity at high salt concentrations was caused by a 

reduction of the peptide binding to membranes. Therefore the changes in the wavelength of 

the maximum tryptophan fluorescence for the LFcin-derived peptides (blue shift) in buffer 

and in the presence of LUVs were studied at low and high NaCl concentrations. 

Additionally the level of tryptophan exposure to the acrylamide quencher was evaluated 

under the same conditions. A mimetic system representing the negatively charged 

cytoplasmic membranes of Gram-negative bacteria was used. LUVs composed of ePE:ePG 

(1:1 molar ratio) were prepared in Tris-buffer supplemented with 30 or 150 mM NaCl, 

simulating both low and high ionic strength media, respectively. For the low ionic strength 

conditions, 30 mM NaCl had to be used in order to prevent destabilization of the ePG-

containing vesicles.  
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In general all chimera and cyclic peptides exhibited a slightly larger blue shift when 

incubated in a low ionic strength media in comparison to the high ionic strength media 

(Fig. 5.2A). However this differences were not enough to explain the changes in 

antimicrobial activity. Interestingly the inactive sortase-cyclic-loop peptide exhibited the 

lowest blue shift in the presence of 150 mM NaCl.  

 

Figure 5.2. Membrane interaction of LFcin peptides with ePE:ePG LUVs, followed by 
tryptophan fluorescence and acrylamide quenching. A) Change in the fluorescence maxima 
wavelength (blue shift) upon peptide interaction with LUVs in Tris-buffer supplemented 
with 30 mM (black) or 150 mM NaCl (white). B) Stern-Volmer constants (Ksv (M-1)) for 
the peptides as determined by acrylamide quenching in different media: Tris-buffer 
supplemented with 30 mM (black) or 150mM (white) NaCl, and LUVs in the same buffer 
supplemented with 30 mM (black dotted) and 150 mM (white dotted) NaCl. Results are 
average ± S.D. (n=3) 
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The acrylamide quenching results were consistent with the outcome of the blue shift 

experiments (Fig. 5.2B). A high Ksv constant was calculated for all peptides in buffer, but 

no statistically significant differences in the Ksv were detected when comparing both ionic 

strength media. During incubation with ePE:ePG vesicles the Ksv was drastically reduced, 

indicating that the environment of the tryptophan residues shifted to a more hydrophobic 

surrounding upon interaction with the lipid bilayer. This reduction was also not dependent 

on the ionic strength of the buffer, and all chimera peptides exhibited similar Ksv values. 

For the cyclic peptides a slightly higher Ksv were observed in the presence of vesicles, 

with the higher value exhibited for the inactive cyclic peptide corresponding to the loop 

region of LFcinB.  

5.3.3. Aggregation of LUVs 
 

As established by the tryptophan fluorescence studies, all peptides interact with the 

ePE:ePG vesicles in low and high ionic strength media. However no direct correlation 

between the antimicrobial activity and membrane interaction was observed. Vesicle 

aggregation studies can be used as another indicator of membrane perturbation [264]. 

Hence the ability of the bovine-human chimera peptides and the cyclic LFcinB analogs to 

induce vesicles aggregation was studied by following the changes in absorbance at 400 nm 

(Figs. 5.3 and 5.4). When incubated in high ionic strength media only the native LFcinB 

and the chimera containing LFcinB17-23 exhibited ePE:ePG LUVs aggregation. However 

the LFcinB ability to induce aggregation was considerable higher. In contrast, the chimeras 

containing LFcinH18-24 and LFcinB17-25 only gave rise to limited aggregation at high 

peptide to lipid ratio, while the chimera containing LFcinB17-24 did not exhibit any 

aggregation (Fig. 5.3A). The reduction of the ionic strength only increased the vesicle 
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aggregation of the peptides containing LFcinH18-24, B17-24 and B17-25 at high peptide 

concentration. In contrast, the activity of LFcinB and B17-23 was not affected (Fig. 5.3B). 

For the click and sortase-cyclic-LFcinB a strong ability to induce ePE:ePG vesicles 

aggregation was observed at high ionic strength (Fig. 5.3C). At lower ionic strength higher 

peptide concentrations were required to induce aggregation (Fig. 5.3D). In contrast, the 

cyclic peptide corresponding to the LFcinB loop region was not active (Fig. 5.3C and D). 

LUVs composed of E. coli polar lipid extracts (PLE) were also prepared in order to 

more closely mimic the bacterial membrane. Although ePE:ePG vesicles constitute an 

acceptable initial bacterial membrane model, the composition of the PLE is different with 

PE and PG accounting for 67% and 23.2% respectively. Additionally PLE contains 9.8% 

negatively charged cardiolipins. Using these vesicles, only LFcinB, click-LFcinB and 

sortase-cyclic-LFcinB were able to induce aggregation in the high ionic strength buffer 

(Fig. 5.4A and C). On the other hand, in the low ionic strength media all bovine-human 

chimera peptides exhibited an increase in the vesicle aggregation (Fig. 5.4B). Additionally, 

cyclic-click and sortase peptides required a higher peptide concentration in order to induce 

PLE vesicle aggregation. Again the cyclic loop peptide was not active in these experiments 

(Fig. 5.4C and D). 
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Figure 5.3. ePE:ePG LUVs aggregation induced by LFcin peptides followed by the 
changes in absorbance at 400 nm. LUVs incubated in the presence of LFcinB and chimera 
peptides (A and B) or cyclic LFcinB analogs (C and D) in two different media, Tris-buffer 
supplemented with 150 mM (A and C) or 30 mM NaCl (B and D). LFcin peptides: LFcinB 
(& ), B17-23 (' ), B17-24 (( ), B17-25 () ), H18-24 (! ), Click-LFcinB (dotted line, & ), SRT-
cyclic-LFcinB (dotted line, ! ) and SRT-cyclic-Loop (dotted line,' ). Results are average 
± S.D. (n=3) 

 

Figure 5.4. PLE LUVs aggregation induced by LFcin peptides followed by the changes in 
absorbance at 400 nm. LUVs incubated in the presence of LFcinB and chimera peptides (A 
and B) or cyclic LFcinB analogs (C and D) in two different media, Tris-buffer 
supplemented with 150 mM (A and C) or 30 mM NaCl (B and D). LFcin peptides: LFcinB 
(& ), B17-23 (' ), B17-24 (( ), B17-25 () ), H18-24 (! ), Click-LFcinB (dotted line, & ), SRT-
cyclic-LFcinB (dotted line, ! ) and SRT-cyclic-Loop (dotted line,' ). Results are average 
± S.D. (n=3) 
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5.3.4. E. coli inner membrane permeabilization 
 

The ability of LFcinB, chimeras and cyclic analogs to induce vesicle aggregation 

showed that membrane perturbation is related to the antimicrobial activity. However the 

mechanism of action might involve other processes distinct to vesicle aggregation such as 

membrane permeabilization. Here the permeabilization of bacterial membranes was studied 

by following the hydrolysis of the membrane impermeable %-galactosidase substrate 

ONPG [157]. E. coli in the presence of LFcinB and incubated in a high ionic strength 

media (150 mM NaCl) exhibited a strong permeabilization of the inner membrane, as 

detected by a high rate of ONPG hydrolysis, even at peptide concentrations as low as 2 µM 

(Fig 5.5, left). The low ionic strength conditions considerably increased the 

permeabilization of the inner membrane as observed by an increase in the rate of ONPG 

hydrolysis (Fig. 5.5, right). Most bovine-human chimeras caused rather low membrane 

permeabilization, considering that in comparison to LFcinB at least eight times higher 

peptide concentrations were required to observe ONPG hydrolysis in the high ionic 

strength media (Fig. 5.5, left). The peptide LFcinB17-25 exhibited the strongest 

permeabilizing effect among the chimera peptides, with 8 µM being as active as 2 µM of 

LFcinB. In contrast when incubated in the low ionic strength media all chimera peptides 

exhibited similar and strong permeabilizing activities at concentrations as low as 1 µM. 

H18-24 exhibited a slightly higher rate of ONPG hydrolysis in these conditions (Fig. 5.5, 

right). One interesting difference between LFcinB and the chimera peptides was the time 

lag period before permeabilization/ONPG hydrolysis. LFcinB induces permeabilization 

after 2 minutes in low ionic strength conditions, while most chimeras required more than 

10 minutes (Fig. 5.5, right). 
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Figure 5.5. Permeabilization of the E. coli inner membrane measured by ONPG 
hydrolysis, registering the absorbance at 420 nm. E. coli ML35p incubated in NaP-TSB 
buffer (right) or NaP-TSB supplemented with 150 mM NaCl (left) in the presence of 
LFcinB and bovine-human chimeras. Results are representative of three individual 
experiments. 
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The click and sortase cyclic peptides exhibited a similar behavior to LFcinB, with 

fast and sizeable permeabilization of the E. coli inner membrane (Fig. 5.6). This 

permeabilizing effect was highly influenced by the ionic strength of the incubation media, 

being more pronounced at low ionic strength (Fig. 5.6, right). The sortase-cyclic-loop 

peptide in comparison only induced permeabilization in the low ionic strength media (Fig. 

5.6, right), or at high concentrations when in high ionic strength media (Fig. 5.6, left). In 

order to compare the behavior of the lactoferricin-derived peptides with a known 

membranolytic AMP, the permeabilization ability of melittin was also studied under the 

same conditions. This peptide induced the highest level of permeabilization, characterized 

by an extremely high rate of ONPG hydrolysis with a time delay of only two minutes when 

incubated with 150 mM NaCl. The reduction of the ionic strength further increased the rate 

of ONPG hydrolysis and reduced the lag period (Fig. 5.6, right). 
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Figure 5.6. Permeabilization of the E. coli inner membrane measured by ONPG 
hydrolysis, registering the absorbance at 420 nm. E. coli ML35p incubated in NaP-TSB 
buffer (right) or NaP-TSB supplemented with 150 mM NaCl (left) in the presence of cyclic 
LFcinB analogs and melittin. Results are representative of three individual experiments. 
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5.4. Discussion 
 

5.4.1. Antimicrobial activity of LFcin B and its mechanism of action 
 

The mechanism of action of LFcinB is not yet completely understood. Several 

studies agree that the peptide displays a strong membrane permeabilization activity in E. 

coli based on electron microscopy, inner membrane depolarization and atomic force 

microscopy, as well as K+ leakage measurements and studies of aggregation of vesicles 

[34,125,265]. However weak permeabilization seen with synthetic membranes and the lack 

of propidium iodide uptake in E. coli did not support such a membrane disruptive 

mechanism [125]. Consequently, a mechanism of action involving intracellular targets was 

also proposed, where LFcinB was found to be localized inside E. coli and S. aureus, and 

inhibited RNA synthesis at sub-lethal concentrations [55,126].  

In this study the antimicrobial activity of LFcinB in MHB was between 3-16 times 

lower than the values previously reported [111,112,132]. However the differences in 

bacterial strains and incubation media might account for this. The mechanism of action in 

our experiments was correlated with the ability of LFcinB to induce vesicle aggregation 

and to permeabilize the E. coli inner membrane (Figs. 5.3A, 5.4A and 5.5). The 

antimicrobial activity of LFcinB was markedly influenced by the ionic strength of the 

incubation media, however some activity was preserved under high ionic strength 

conditions, indicating that LFcinB can be a useful antimicrobial peptide under 

physiological conditions. Previous studies had established that LFcinB antimicrobial 

activity was modulated by the presence of monovalent (e.g. Na+ and K+) and divalent (e.g. 

Ca2+ and Mg2+) cations, however the specific mechanism being affected by the ionic 

strength was not studied [111,114]. The current study shows that the difference in 
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antimicrobial activity at low and high salt concentrations was related with changes in the 

membrane permeabilization induced by LFcinB (Fig. 5.5). Other parameters such as 

vesicle aggregation and peptide-membrane interactions did not correlate with the 

antimicrobial activity at different ionic strengths.  

It was unanticipated that the increase in ionic strength did not affect the binding of 

the peptide to the artificial membranes (Fig. 5.2). Our fluorescence experiments indicated 

similar changes in the tryptophan fluorescence maxima wavelength (blue shift) upon 

interaction with ePE:ePG vesicles in the presence of 30 or 150 mM NaCl (Fig. 5.2A). In 

addition the quenching of the tryptophan fluorescence by acrylamide established that the 

solvent exposure of the LFcinB’s tryptophans was highly reduced when in the presence of 

LUVs in both ionic strength media (Fig. 5.2B). Together, these results indicated that 

peptide-membrane interactions were taking place and that the tryptophan residues were 

embedded in the bilayer, independently of the salt concentration of the medium. Therefore, 

these results suggest that the hydrophobic interactions could be driving the interaction 

between the peptides and membranes when in the presence of high salt concentrations. 

A similar effect in vesicle aggregation was observed for LFcinB in both ionic 

strength conditions (Fig. 5.3 and 5.4). Considerable aggregation was observed after the 

incubation of ePE:ePG or PLE vesicles with LFcinB in both high and low ionic strength 

media. The only difference detected involved the minimal peptide concentration required to 

trigger aggregation. This could be related to an increase in the zeta-potential of the vesicle 

when incubated in the low ionic strength media, increasing the electrostatic repulsion 

among the vesicles [266]. Under these conditions more vesicle-bound peptide would be 
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required to shield the negative charges of the vesicles, reducing their electrostatic repulsion 

and allowing aggregation.  

5.4.2. Bovine-human LFcin chimeras 
 

The construction of the chimera peptides based on the N- and C-terminal regions of 

bovine and human LFcins (Table 5.1), revealed that the N-terminal region of LFcinB was 

the most important peptide segment to preserve the antimicrobial activity of the native 

LFcinB. This N-terminal region needed to encompass residues 17-25 of LFcinB in order to 

exhibit maximal antimicrobial activity (Table 5.2). This result is in agreement with several 

studies showing strong antimicrobial activity of the LFcinB derived peptides containing the 

residues 17-30, 17-31 and the short hexapeptide RRWQWR after C-terminal amidation 

[72,114,123]. 

Differences in the charge of the peptides could not account for the differences in 

their antimicrobial activity or in the sensitivity to ionic strength. Similar to the peptide 

containing LFcinB17-25, the peptide containing LFcinB17-23 had the same net positive charge 

(+8) but exhibited poor antimicrobial activity (Table 5.2). The high antimicrobial activity 

of the peptide containing LFcinB17-25, similarly to the parent LFcinB peptide, was 

correlated with the ability of the peptide to induce membrane permeabilization. However 

the level of membrane permeabilization was considerably smaller in comparison to the 

original LFcinB peptide. Also the onset of ONPG hydrolysis was delayed when compared 

with the permeabilization profile of LFcinB. This time lag can be related with a slower 

transition of B17-25 from the bacterial outer surface to the inner membrane. It is interesting 

to note that all other chimera peptides (H18-24, B17-23 and B17-24) induced smaller degrees of 

inner membrane permeabilization, explaining the lack of antimicrobial activity at high 
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ionic strength. In contrast, the ability to induce vesicle aggregation was only correlated 

with the antimicrobial activity when the vesicle system was composed of PLE lipids in the 

presence of 150 mM NaCl (Fig. 5.4). These results stress the importance of membrane 

composition when studying the peptide-membrane interactions. 

5.4.3. Cyclic peptides 
 

Replacing the disulfide bridge by a triazole during the “click” cyclization of LFcinB 

did not affect its antimicrobial activity. The click version of the peptide inhibited the 

growth of E. coli in a similar manner as the disulfide-bridged LFcinB (Table 5.2). 

Furthermore the mechanism of action was also preserved as indicated by the vesicle 

aggregation and E. coli permeabilization (Fig. 5.3, 5.4 and 5.6). These results support the 

use of triazole as a stable substitute for the disulfide bridge as was previously described for 

tachyplesyn I [256]. 

The use of sortase A provided an alternative route to generate cyclic LFcinB 

peptides without affecting the antimicrobial activity. In fact, in the case of sortase-cyclic-

LFcinB the double loop structure generated by the cyclization of native LFcinB created a 

peptide with a slightly better antimicrobial activity (Table 5.2). The antimicrobial 

mechanism of this peptide also indicated a strong ability to induce vesicle aggregation and 

permeabilization of the E. coli inner membrane (Fig. 5.3, 5.4 and 5.6). On the other hand, 

the N- and C-terminal amino acid residues in LFcinB proved to be very important for its 

activity. The replacement of the sequences VRRAF and FK by the sortase recognition 

sequences LPET and GG completely abolished the antimicrobial activity of the sortase-

cyclic-loop peptide (Table 5.2). In this case the lack of antimicrobial activity was expected 

due to the loss of four positive charges resulting in an inability to interact with ePE:ePG 
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vesicles, as shown by smaller blue shifts and larger Ksv when in the presence of vesicles 

(Fig. 5.2). Additionally, the poor vesicle aggregation capabilities and a lower ability to 

permeabilize the E. coli inner membrane also explained the lack of antimicrobial activity 

(Fig. 5.3, 5.4 and 5.6). In conclusion, these data indicate that the cyclic ring motif of the 

LFcinB peptide is important for activity, but that the residues in the native peptide that are 

outside of this loop also play a role. On the other hand, the chemical nature of the linkage 

itself does not appear to have a large influence on the antimicrobial activity. 
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CHAPTER 6: N-terminal lactoferricin-derived peptides: bactericidal potency and 
scavenging activity for myeloperoxidase products 

 

6.1. Introduction 
 
 In addition to the lactoferricin peptides discussed in chapter 5, other peptide 

sequences derived from lactoferrin have also been described as active agents in the fight 

against infections. The N-terminal region of human LF, made up of residues 1-11 (hLF11), 

has been identified as an AMP that displays microbicidal activity not only against bacteria 

but also against fungal cells [62,146]. It should be noted that this antimicrobial activity has 

only been observed under sub-physiological salt concentration in vitro. In spite of the 

rather weak antimicrobial activity under physiological conditions, hLF11 was shown to 

reduce the bacterial count in mice models infected with antibiotic resistant Staphylococcus 

aureus, Klebsiella pneumoniae and Acinetobacter baumannii strains [62,147]. This 

antimicrobial effect of hLF11 in vivo, suggested that these activities of hLF11 could be 

related to a modulation of the immune system. Studies of the immunomodulatory role of 

hLF11 have shown that in addition to priming monocytes for an enhanced immune reaction 

[148], this peptide can also direct the monocyte-macrophage and monocyte-dentritic cells 

(DC) differentiation towards macrophages and DC cells with enhanced inflammatory 

response [149,150]. Additionally, the immunomodulatory effects of hLF11 in human 

monocytes and GM-CSF macrophages included reduction of ROS and increase of IL-10 

production upon LPS stimuli [151]. These effects were linked to the ability of hLF11 to 

interact and penetrate human monocytes, where they may specifically interact and inhibit 

the enzymatic action of myeloperoxidase (MPO) [151].  
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 MPO is a host-defense enzyme that is located in monocytes and neutrophils where 

it is stored in the azurophil granules. During phagosome formation in neutrophils, MPO is 

one of the enzymes discharged into the phagocytic vacuole and it is responsible for the 

initial formation of the potent antimicrobial agent hypochlorous acid (HOCl) [267]. 

However, deregulation of the MPO activity can lead to continuous production of HOCl and 

other reactive oxygen species (ROS) and such free radicals have been linked to several 

pathologies [267]. Indeed ROS induced damage of lipids, DNA and proteins has been 

observed [267,268]. Therefore, the search for specific MPO inhibitors, that allow for MPO 

activation during host defense, but that interfere with its activity during pathological 

events, constitutes an important field of research. It has been suggested that hLF11 could 

act as a specific inhibitor of the MPO activity, and that this inhibition is linked to two main 

aspects of the peptide sequence: the presence of a single Cys residue as well as the 

presence of four Arg residues. In docking studies the authors could position the peptide 

close to the active site of the enzyme, leading them to suggest that such binding events in 

the active site of MPO would lead to direct enzyme inhibition [151].  

 In this work we have studied the antimicrobial activity and MPO-peroxidation 

inhibitory ability of several analogs of hLF11, including Cys-to-Ser mutated peptides, as 

well as N-to-C-terminal cyclic and disulfide-bridged dimer versions of hLF11. In addition, 

the corresponding peptides derived form the N-terminal region of bovine LF, bLF10 and 

bLF16, were studied as well in order to establish if the N-terminal region of bovine LF 

could also be used as an antibacterial compound or as potential MPO inhibitors. The results 

show that hLF11, bLF10, bLF16 and some of their analogs could exhibit considerable 

antimicrobial activity, but only under conditions of low salt. In general, the hLF-derived 
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peptides were more active than the bLF-derived peptides. The substitution of Cys residues 

by Ser correlated with a reduction in the antimicrobial activity, which appeared to be due to 

a decreasing ability to permeabilize the bacterial inner membrane. These results highlight 

the importance of Cys in the bactericidal ability of the peptides. In contrast, cyclization and 

dimerization of the peptides resulted in a higher antimicrobial activity, although an increase 

in membrane permeabilization was only observed for the dimeric peptides. MPO 

inhibition, which was measured through TMB oxidation assays, suggested that only 

peptides with a reduced Cys residue could inhibit the peroxidase activity of MPO. We 

noted that in spite of large differences in net charge, sequence and structure all Cys-

containing peptides were able to reduce the TMB at similar concentrations, as did the free 

amino acid Cys and the reduced tripeptide glutathione. All together, these results indicated 

that the apparent MPO inhibitory effect of hLF11 and all the Cys-containing peptides 

analyzed in this work were the result of the scavenging action of the thiol group of Cys on 

the reaction product, rather than a direct action of the peptides on the enzyme. 

 

6.2. Materials and methods 
 

6.2.1. Materials, peptides and bacterial strains 
 

Myeloperoxidase (MPO) from human polymorphonuclear leukocytes was 

purchased from EMD Millipore (Etobicoke, ON, Canada). 3,3’,5,5’-tetramethylbenzidine 

(TMB) and 2-nitrophenyl-%-D-galactopyranoside (ONPG) were obtained from Sigma-

Aldrich (St. Louis, MO). Hydrogen peroxide (H2O2) at 30% was purchased from EMD 

Millipore (Etobicoke, ON, Canada). Culture media Mueller-Hinton broth (MHB) and 

tryptic soy broth (TSB) were purchased from Sigma-Aldrich (St. Louis, MO) and Gibco 
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Diagnostic (Madison, WI), respectively. All other chemicals were purchased from Sigma-

Aldrich (St. Louis, MO). 

Escherichia coli ATCC 25922 was purchased from the American Type Culture 

Collection (Manassas, VA). E. coli ML35p and Bacillus subtilis 168 were kindly provided 

by Dr. Robert Lehrer from the UCLA David Geffen School of Medicine and by Dr. Sui-

Lam Wong at the University of Calgary, respectively.  

All human and bovine N-terminal lactoferrin-derived peptides were purchased from 

21st Century Biochemicals (Malboro, MA). These peptides were synthetized by solid 

phase methods and their purity (>95%) and molecular weight were checked by HPLC and 

mass spectrometry. Melittin from honeybee venom was purchased from Sigma-Aldrich (St. 

Louis, MO). 

6.2.2. Antibacterial activity 
 

The minimal inhibitory concentration (MIC) for all peptides against E. coli ATCC 

25922 and B. subtilis 168 were measured by the standard micro-dilution method [155]. 

Briefly, in a 96-well polypropylene plate bacterial cells (5 x 105 cfu/ml) were incubated in 

MHB media in the presence of two-fold dilution of peptides (0-128 µM) and incubated 

overnight at 37°C. In order to assess the antibacterial activity at low salt concentrations a 

modified version of the standard micro-dilution method was used [260,261]. Bacterial cells 

were grown in MHB to 1 x 108 cfu/ml and diluted 100 times in NaP-TSB buffer (Na+-

phosphate 10 mM pH 7.4, TSB 1% (v/v)). The cells were then incubated at 1 x 105 cfu/ml 

in the presence of two-fold dilution of peptides dissolved in NaP-TSB buffer. After 

incubation for 3 hours at 37°C, 100 µl MHB was added and the surviving cells were 
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incubated overnight at 37°C. The reported MICs correspond to the minimal peptide 

concentration where bacterial growth was not observed. 

6.2.3. E. coli inner membrane permeabilization 
 

Permeabilization of the inner membrane of E. coli as induced by the N-terminal 

lactoferrin-derived peptides was measured as previously described [157,176]. This method 

uses the E. coli strain ML35p that in addition to constitutively expressing the cytoplasmic 

enzyme %-galactosidase also lacks the lac permease. Upon permeabilization of the bacterial 

inner membrane the 2-nitrophenyl-%-D-galactopyranoside (ONPG) substrate can be 

hydrolysed by %-galactosidase and the product of the reaction is monitored by recording 

the absorbance at 420 nm. Briefly, E. coli ML35p cells were grown in Luria-broth media 

from a single colony until OD600 ~ 0.6. After washing and resuspending in NaP-TSB 

buffer, the cells were incubated at OD600 ~ 0.3 in the presence of ONPG (0.5 mM) and two-

fold dilution of the peptides (0-32 µM) in a 96-well polystyrene plate. The absorbance at 

420 nm was measured every two min during one hour in a Eppendorf Plate Reader AF2200 

(Eppendorf, Mississauga, ON) with temperature control set to 37°C and shaking (10 sec) 

every two min.  

6.2.4. Inhibition of the MPO peroxidase activity  
 

The effect of the N-terminal lactoferrin-derived peptides on the peroxidase activity 

of MPO was assessed by using a slightly modified 3,3’,5,5’-tetramethylbenzidine (TMB) 

assay [269]. In the original assay, oxidation of TMB is driven by MPO in the presence of 

hydrogen peroxide (H2O2) and is registered by following the increase in absorbance at 652 

nm. Briefly, in a 96-well polystyrene plate, MPO (0.5 nM) was incubated in Na+-phosphate 
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80 mM (pH 5.5) in the presence of H2O2 (0.3 mM), TMB (0.2 mM) and two-fold dilution 

of peptides (0-128 µM). TMB oxidation was registered by measuring the absorbance at 600 

nm every min during a 20 min period in a Perkin Elmer Victor X4 Multilabel Plate Reader 

(Waltham, MA) with the temperature control set to 37°C and shaking (5 sec) every min. 

The slopes of TMB oxidation ("Abs 600/time) at each peptide concentration were 

calculated for the first 10 min of the reaction. The slope percentages were derived from 

considering the initial slope of TMB oxidation in the absence of peptide as 100%. 

 

6.3. Results 
 

6.3.1. Peptides design 
 

All peptides in this study were derived from the N-terminal regions of the 

antimicrobial proteins human and bovine lactoferrin (LF). In the case of hLF-derived 

peptides they encompassed resides 1-11 (hLF11), while the bLF-derived peptides included 

residues 1-10 (bLF10) or 1-16 (bLF16) (Table 6.1). Mutated versions of hLF11 and bLF10 

were produced by substitution of the Cys residues by Ser. In addition, in order to 

investigate the effect of structure perturbations we studied peptide cyclization, and N-to-C-

terminal cyclicized versions of these peptides were also analyzed. Furthermore, due to the 

possibility of dimerization by Cys oxidation, homo-dimer disulfide-linked versions of 

hLF11 and bLF10 were also prepared by oxidation. All the monomeric human LF-derived 

peptides, exhibited a net positive charge +4, while the dimeric peptide had a positive 

charge of +8 (Table 6.1). For the monomeric bovine LF-derived peptides (residues 1-10) 

the net positive charge was +3, while for the dimeric peptide the net charge was +6. It 

should be noted that the longer peptide bLF16 had a lower net positive charge of +2. 
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Table 6.1. Bovine and human N-terminal lactoferrin-derived peptides 
Peptides Sequence Charge Characteristics 
Human LF-derived    
hLF11  GRRRRSVQWCA +4  
hLF11C10S  GRRRRSVQWSA +4 Cys to Ser 
Cyclic hLF11 ~GRRRRSVQWCA~ +4 Cyclic N- to C-term 
Cyclic hLF11C10S ~GRRRRSVQWSA~ +4 Cyclic / Cys to Ser 
Dimer hLF11  GRRRRSVQWCA +8 Homo dimer Cys-Cys 
Bovine LF-derived    
bLF10  APRKNVRWCT +3  
bLF10C9S  APRKNVRWST +3 Cys to Ser 
Cyclic bLF10 ~APRKNVRWCT~ +3 Cyclic N- to C-term 
Dimer bLF10  APRKNVRWCT +6 Homo dimer Cys-Cys 
bLF16  APRKNVRWCTISQPEW +2  
 

6.3.2. Antibacterial activity 
 

The antibacterial activity of the hLF- and bLF-derived peptides was studied by 

determining the minimal inhibitory concentration (MIC) using E. coli ATCC 25922 and B. 

subtilis 168 as bacterial models for Gram-negative and Gram-positive microorganisms, 

respectively (Table 6.2). Initially, the Mueller-Hinton broth (MHB) growth medium was 

used as has been recommended by the CLSI and EUCAST for antimicrobial susceptibility 

testing of nonfastidious microorganisms [155]. As expected, all bovine LF-derived peptides 

did not exhibit antimicrobial activity against E. coli in MHB at the maximum 

concentrations used (128 µM). In the case of human LF-derived peptides, despite the lack 

of antimicrobial activity for hLF11 and its Cys-to-Ser mutant (hLF11C10S), the cyclic 

version of these two peptides exhibited weak anti-E. coli activity with MICs of 32 and 128 

µM, respectively. A considerable higher antimicrobial activity was observed for most hLF-

derived peptides against B. subtilis. hLF11 was a strong anti-B. subtilis peptide, exhibiting 

a MIC of 4 µM, while its Cys-to-Ser mutant lost most of its activity (MIC 128 µM). 

Cyclization of hLF11 resulted in a slightly higher MIC (8 µM) when compared to hLF11, 
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while cyclic hLF11C10S was not active. The dimeric version of hLF11 showed the highest 

anti-B. subtilis activity with a MIC of 1-2 µM. In contrast, all bLF-derived peptides 

remained mostly inactive against B. subtilis in MHB, although cyclic and dimeric versions 

of bLF10 exhibited a very small antimicrobial activity with MIC of 128 µM.  

 In addition to MHB, the antimicrobial activity of the LF-derived peptides was also 

tested in defined media. Sodium-phosphate (NaP 10 mM, pH 7.4) buffers supplemented 

with tryptic soy broth (TSB) 1% (v/v) or similar conditions have been used before to study 

the bactericidal activity of AMPs under conditions of low salt [260,261,270]. An increase 

in antimicrobial activity was observed for some of the peptides when incubated under these 

conditions (Table 6.2). hLF11 was now active against E. coli with a MIC of 32 µM, while 

its anti-B. subtilis activity was slightly enhanced (MIC 2 µM). However bLF10 remained 

inactive against E. coli, while against B. subtilis the peptide was now somewhat active with 

a MIC of 32 µM. Similarly as observed for the MHB media, the Cys-to-Ser mutated 

versions of hLF11 and bLF10 had reduced or no activity against E. coli and B. subtilis in 

the NaP-TSB media. Additionally, cyclization and dimerization of hLF11 and bLF10 

resulted in more active peptides. Furthermore, cyclization of the inactive hLF11C10S 

showed an important increase in antimicrobial activity against E. coli (MIC 32 µM). The 

longer peptide bLF16 had a slightly higher activity than bLF10 when incubated in NaP-

TSB media. 
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Table 6.2. Antimicrobial activity (µM) of N-terminal lactoferrin derived peptides 
determined as the Minimal Inhibitory Concentrations (MIC) in Mueller Hinton broth 
(MHB) and Na+-phosphate buffer (NaP 10 mM – TSB 1%)  
 E. coli ATCC 25922 B. subtilis 168 
Peptides MHB NaP-TSB MHB NaP-TSB 
Human LF-derived     
hLF11 >128 32 4 2 
hLF11C10S >128 >128 128 64 
Cyclic hLF11 32 4-8 8 2 
Cyclic hLF11C10S 128 8-16 >128 32 
Dimer hLF11 >128 4-8 1-2 1 
Bovine LF-derived     
bLF10 >128 >128 >128 32 
bLF10C9S >128 >128 >128 128 
Cyclic bLF10 >128 16-32 128 8 
Dimer bLF10 >128 128 128 16 
bLF16 >128 64 >128 16 
The values presented are the results of three independent experiments. 
 

6.3.3. E. coli inner membrane permeabilization 
 
 The mechanism of action of several antimicrobial peptides often involves the 

permeabilization of the cytoplasmic membrane of susceptible organisms. In this study 

peptide-induced permeabilization of the inner membrane in E. coli ML35p was detected by 

following the increase in Abs 420 nm. This provides an indication of the hydrolysis of the 

membrane impermeable substrate ONPG by cytoplasmic %-galactosidase. The low levels 

of antimicrobial activity displayed by all LF-derived peptides in MHB and the contrasting 

higher levels observed in NaP-TSB indicated the latter as the preferred incubation media 

for the permeabilization studies. The results obtained for the permeabilization induced by 

human LF-derived peptides and the control cytotoxic peptide melittin in low salt conditions 

are depicted in Fig 6.1A. hLF11 was capable of inducing membrane permeabilization as 

indicated by the increase in Abs 420 nm measured at peptide concentrations of 8 µM or 

higher. However, this effect was considerably smaller than the permeabilization induced by 
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the strong membrano-lytic peptide melittin, which was active at 0.5-8 µM. Mutation of the 

Cys residue in hLF11 resulted in significantly reduced ability to permeabilize the bacterial 

inner membrane. Similarly, the cyclic version of hLF11 has lost the ability to permeabilize 

E. coli’s inner membrane in comparison to linear hLF11. Cyclization of the Cys-to-Ser 

mutant (hLF11C10S) gave rise to a lack of membrane permeabilization even at high 

peptide concentrations (32 µM). Dimerization of hLF11 resulted in a strong ability to 

induce membrane permeabilization at peptide concentrations of 1 µM or higher (Fig. 6.1). 

In order to assess the significance of these comparisons, the average value (from three 

independent experiments) for the Abs 420 nm after 40 min incubation of E. coli ML35p 

with peptides (8 and 32 µM) are plotted in Fig. 6.1B. At 32 µM there is no differences 

among permeabilizing effects of the peptides. However, at 8 µM it is clear that only hLF11 

and dimer hLF11 exhibit strong membrane permeabiling ability, when compared to the 

melittin control peptide (Fig. 6.1B). 

The permeabilization induced by bovine LF-derived peptides is depicted in Fig. 

6.2A. In comparison to the hLF-derived peptides (Fig. 6.1), the capacity to induce 

membrane permeabilization was significantly reduced for the bLF-derived peptides. bLF10 

only induced slow membrane permeabilization at peptide concentrations of 16 µM and 

higher, and it took 30 min or longer before we could detect a rise in Abs 420 nm. The Cys-

to-Ser mutated bLF10 and its cyclic version did not exhibit any permeabilizing activity, 

while the dimeric bLF10 induced stronger but still rather slow acting membrane 

permeabilization at concentrations of 2 µM and higher. In comparison to bLF10, the longer 

peptide bLF16 could also induce a slightly stronger inner membrane permeabilization in E. 

coli (Fig. 6.2). Similarly as described for Fig. 6.1B, the average Abs 420 nm after 40 min 
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indicates that only the dimer bLF11 and to a smaller degree bLF16 exhibited a strong 

ability to permeabilize the inner E. coli membrane (Fig. 6.2B). 

 

 

 

 
 
 

 
Figure 6.1. E. coli ML35p inner membrane permeabilization induced by human N-terminal 
LF-derived peptides and melittin. A) Kinetics of membrane permeabilization registered by 
Abs 420 nm. hLF peptides concentration were as follows: 32 (" ), 16 (! ), 8 (! ), 4 (! ), 2 
(# ), 1 (# ), 0.5 (" ) and 0 µM (-). Melittin concentration were as follows: 8 (! ), 4 (! ), 2 
(# ), 1 (# ), 0.5 (" ), 0.25 (" ), 0.125 (-) and 0 µM (-). Results are representative of three 
individual experiments. B) Average Abs 420 nm after 40 min incubation in the presence of 
hLF peptides 32 (blue) and 8 µM (green), and melittin 8 µM (dotted green) and 2 µM 
(dotted blue). Results are average ± S.D. (n=3). 
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Figure 6.2. E. coli ML35p inner membrane permeabilization induced by bovine N-terminal 
LF-derived peptides. A) Kinetics of membrane permeabilization registered by Abs 420 nm. 
Peptides concentration were as follow: 32 (" ), 16 (! ), 8 (! ), 4 (! ), 2 (# ), 1 (# ), 0.5 (" ) 
and 0 µM (-). Results are representative of three individual experiments. B) Average Abs 
420 nm after 40 min incubation in the presence of bLF peptides 32 µM (blue) and 8 µM 
(green), and melittin 8 µM (dotted green) and 2 µM (dotted blue). Results are average ± 
S.D. (n=3). 
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6.3.4. Inhibition of MPO peroxidation 
 
 The reported ability of hLF11 to specifically bind and inhibit the enzymatic action 

of MPO prompted us to study the effects of hLF11 and the bLF10 analogs on this enzyme 

activity. van der Does et al. [151] have reported that both the peroxidation and chlorination 

activities of MPO were affected by hLF11. However, the MPO’s peroxidation reaction 

showed a higher selectivity for the peptides sequence, while the chlorination reaction was 

less selective, being slightly inhibited by a control peptide as well [151]. Therefore, in our 

studies we focused on the effects of the N-terminal LF-derived peptides on the peroxidase 

activity of MPO. The MPO peroxidation activity was measured by following the oxidation 

of TMB, similarly as described elsewhere [269], but with some minor modifications. This 

reaction is characterized by the formation of a cation free radical (TMB%+), which is in fast 

equilibrium with the charge-transfer complex between TMB and its diimine two-electron 

oxidation product [269,271]. The charge-transfer complex exhibits two absorbance maxima 

located at 370 and 652 nm [269,271], as shown in our experimental conditions (Fig. 6.3). 

In our hands the reconstituted MPO lost activity rapidly when incubated on ice (Fig. 6.4). 

Therefore, a 96-well plate format was used in order to assess the enzyme activity under 

different conditions at exactly the same time, and the formation of TMB oxidation product 

was then followed at 600 nm (since we did not have a 370 or 652 nm UV-Vis filter 

available).  
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Figure 6.3. Oxidation of TMB by MPO/H2O2. TMB (0.2 mM) was incubated in Na+-
phosphate buffer (80 mM pH 5.5), in the presence of MPO (0.5 nM) and H2O2 (0.3 mM) at 
37°C with constant stirring. The spectra 320-700 nm were acquired every 2 min.  
 
 
 

 
Figure 6.4. Time-dependent dependence activity of reconstituted MPO upon storage at 
4°C. MPO in NaP buffer (80 mM pH 5.5) was stored at 4°C and used at two different time 
points 0 (black) and 4 hours (gray). MPO (0.5 nM) peroxidation was measured by 
following the oxidation of TMB (0.2 mM) in the presence of H2O2 (0.3 mM) and registered 
at Abs 652 nm at 37°C with constant stirring.  
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levels of Abs 600. These results suggest that a reduced amount of TMB oxidation product 

is being produced by MPO. In addition, the reduction in Abs 600 was correlated with the 

concentrations of the Cys-containing peptides. In contrast, for the peptides were Cys was 

modified, either by mutation to Ser or by oxidation in order to produce a disulfide-linked 

homo-dimer, no reduction in the formation of the TMB oxidation product was observed, 

even at high peptide concentrations (128 µM) (Fig. 6.5 and 6.6). However, the peptide 

hLF11C10S exhibited a small reduction in Abs 600 at high concentrations of peptide (Fig. 

6.5). 

 

 

 

 
Figure 6.5. TMB oxidation by MPO/H2O2 in the presence of human N-terminal LF-
derived peptides. The peptide concentrations were as follows: 128 (! ), 64 (! ), 32 (! ), 16 
(# ), 8 (# ), 4 (" ), 2 (-), 1 (-), 0.5 (" ) and 0 µM (" ). Results are representative of three 
individual experiments.  
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Figure 6.6. TMB oxidation by MPO/H2O2 in the presence of bovine N-terminal LF-
derived peptides. The peptide concentrations were as follows: 128 (! ), 64 (! ), 32 (! ), 16 
(# ), 8 (# ), 4 (" ), 2 (-), 1 (-), 0.5 (" ) and 0 µM (" ). Results are representative of three 
individual experiments. 
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and bLF16) reduced the slope of TMB oxidation at concentrations of 8 µM or higher (Fig. 

6.8).  

 

 
Figure 6.7. Slope ("Abs 600/min) percentages calculated for the initial 10 min of TMB 
oxidation by MPO/H2O2 in the presence of human N-terminal LF-derived peptides from 
Fig 6.5. The initial slopes in the absence of peptide were considered as 100%. 
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Figure 6.8. Slope ("Abs 600/min) percentages calculated for the initial 10 min of TMB 
oxidation by MPO/H2O2 in the presence of bovine N-terminal LF-derived peptides from 
Fig 6.6. The initial slopes in the absence of peptide were considered as 100%. 
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of the TMB oxidation product because of direct inhibition effect on the enzymatic activity 

of MPO. However, the apparent MPO peroxidation inhibition could also be the result of the 

radical scavenging ability of the thiol group. In order to test this possibility the TMB 

oxidation by MPO/H2O2 were performed in the absence of peptides until saturation was 

reached (~20 min). At this point the maximum amount of TMB%+ and the charge transfer 

complex were formed, as detected by stable values of Abs 600 nm. The reduced Cys-

containing peptides, free L-Cys and reduced L-glutathione were then added at 128 µM 

(Fig. 6.11). This addition resulted in an immediate decrease in Abs 600, indicating that the 

thiol groups directly reduced the free radical TMB%+. This reduction was independent of the 

peptide sequence or structure as well as the type of molecules containing the thiol group. 

 

 
Figure 6.9. Slope ("Abs 600/min) percentages calculated for the initial 10 min of TMB 
oxidation by MPO/H2O2 in the presence of free thiol containing molecules (cysteine and 
reduced glutathione). The initial slopes in the absence of cysteine and glutathione were 
considered as 100%. 
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Figure 6.10. Slope ("Abs 600/min) percentages calculated for the initial 10 min of TMB 
oxidation by MPO/H2O2 in the presence of modified versions of cysteine, methionine, 
seleno-methionine and oxidized glutathione. The initial slopes in the absence of additional 
molecules were considered as 100%. 
 

 

 
Figure 6.11. Kinetics (Abs 600 nm) of TMB oxidation by MPO/H2O2 followed by addition 
of free thiol-containing peptides, cysteine and reduced glutathione at a final concentration 
of 128 µM. TMB (0.2 mM) was incubated in Na+-phosphate buffer (80 mM. pH 5.5), in the 
presence of MPO (0.5 nM) and H2O2 (0.3 mM) at 37°C with constant stirring. 
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addition to exhibiting bactericidal effects in vivo as well [62,146,147]. These sequential 

Arg residues were also shown to be important for the in vitro and in vivo activity of the 

hLF11 peptide [62,147]. In contrast, to the best of our knowledge similar antimicrobial 

studies have not been performed with peptides derived form the first amino acid residues 

(N-terminal region) of bLF. In this work the antimicrobial activity of bLF10 and bLF16, 

two peptide encompassing the first 10 and 16 residues of bLF, respectively, were studied 

and compared with hLF11. In the presence of a rich nutrient broth such as MHB, the 

hLF11 and bLF10 peptides were inactive at the concentration tested. However, in low salt 

concentration media hLF11 becomes active against E. coli and B. subtilis, while bLF10 and 

bLF16 are only active against B. subtilis (Table 6.2). These results indicate that the salt 

concentration can markedly influence the activity of these peptides, similar to what has 

been reported for other lactoferrin-derived peptides [270]. Several modified versions of the 

hLF11 and bLF10 peptides were prepared in an attempt to further establish the role of the 

Cys residue in the antimicrobial activity. As shown by the results obtained with the Cys-to-

Ser substitutions, the sidechains of the Cys residues in both human and bovine N-terminal 

LF-derived peptides play a very important role in the antimicrobial activity of these 

peptides (Table 6.2). This change in the antimicrobial activity could possibly be related to 

the hydrophobicity differences between Cys and Ser residues [272]. Despite the notion that 

Cys and Ser often behave alike due to the apparent chemical resemblance between their 

sulfhydryl (-SH) and hydroxyl (-OH) groups [273], the Cys is considerably less probable to 

form hydrogen bonds than Ser, and behaves more like a hydrophobic residue in proteins 

[272]. The last three residues of hLF11 (Trp-Cys-Ala) then constitute a hydrophobic motif 

in the peptide that together with the N-terminal Arg-rich motif would establish an 



 
 

174 

amphipathic character for the peptide. Considering that amphipathicity is an essential 

property for AMPs, modification of Cys by a hydrophilic residue such as Ser could perturb 

the peptide-membrane interactions. Interestingly, another modification of the Cys residues, 

in this case Cys oxidation, resulting in the formation of hLF11 homo-dimer, caused a 

considerable increase in the antimicrobial activity (Table 6.2). This increase in activity 

could be explained by the doubling of the overall positive charge of the peptide, which 

would enhance the initial electrostatic attraction between the negatively charged membrane 

of bacteria and the peptide. Moreover, dimerization of other AMPs through disulfide 

formation has often been shown to increase activity [274–276].  

In general, it was observed that the hLF11-derived peptides were more active than 

their bLF counterparts. Differences in overall positive charge among these peptides (+4 for 

hLF11 versus +3 for bLF10) could be related to these differences in antimicrobial activity. 

In addition, the presence of a Lys residue instead of Arg in the N-terminal region of the 

bLF10 peptides could also contribute to this reduction in activity. Arg residues are more 

favorable for forming hydrogen bonds when interacting with phospholipid membranes, 

which might play a role in the toxicity of the peptides [79]. However, it is important to 

stress that a strong antimicrobial activity for all peptides could only be observed in sub-

physiological salt concentrations, rendering the peptide useful as direct bactericidal agent 

only in very specific environments where the salt concentration are low, such as saliva 

[277]. 

The mechanism of action of the active human and bovine LF-derived peptides 

against E. coli in low salt conditions seems to involve a permeabilization of the bacterial 

inner membrane (Fig. 6.1 and 6.2). hLF11, bLF10 and their dimeric versions all exhibited a 
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tendency to permeabilize the E. coli membranes when compared to the less active Cys-to-

Ser mutated peptides (Fig. 6.1 and 6.2). These results support the notion than the 

hydrophobic character of the Cys plays a role in the membrane perturbation properties of 

these peptides. However, in the case of the dimeric peptides, the increase of membrane 

permeabilization ability and consequent increase in antimicrobial activity seems to be 

related to the overall increase in positive charge. The increased electrostatic attraction 

provide by the overall positive charge seems to offset the loss of the membrane perturbing 

ability that accompanies Cys oxidation.  

Cyclization of AMPs has been reported to increase the bactericidal potency of 

several linear peptides [159,253]. Therefore, in an attempt to improve the antimicrobial 

activity of the N-terminal LF peptides, N-to-C-terminal cyclization of hLF11, bLF10 and 

their Cys-to-Ser mutants was performed (Table 6.1). In most cases, cyclization resulted in 

more active peptides. However, changes in activity were dependent on the bacterial strain 

and on the incubation media (Table 6.2). In the case of human Cys-to-Ser mutated peptide 

(hLF11C10S), cyclization seems to counteract the decrease in antimicrobial activity due 

the Cys mutation, although only against E. coli incubated in low salt concentration media 

(Table 6.2). Interestingly, the increase in antimicrobial activity upon cyclization of the 

peptides was not linked to an increase in the ability to induce membrane permeabilization 

in E. coli when incubated in low salt conditions. For both, human and bovine-derived 

peptides, cyclization resulted in the same or lower levels of membrane permeabilization 

(Fig. 6.1 and 6.2). These results indicate that peptide cyclization could lead to modification 

of the mechanism of action, although further experiments will be required to support this 

notion.  
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In view of the recent reports that hLF11 could play an immune-regulatory role, the 

MPO inhibitory effects of all hLF11 and bLF10-derived peptides were analyzed in this 

study. Similar to what was described before [151], hLF11 appears to inhibit the peroxidase 

activity of MPO (Fig. 6.5 and 6.7), even though, bLF10 and bLF16 induced the same 

inhibitory effect (Fig. 6.6 and 6.8). Mutation of the Cys residue to Ser resulted in peptides 

that were unable to affect the oxidation of TMB by MPO/H2O2 confirming that the thiol 

group was essential for the inhibitory action of the peptides. Also, changes in the 3D-

structure of the peptide, as caused by cyclization, did not affect the apparent inhibition of 

MPO. In contrast, dimerization of hLF11 and bLF10 through disulfide formation resulted 

in peptides that could not inhibit the enzyme. The apparent inhibition of the MPO 

peroxidation was accomplished by all Cys-containing peptides at similar concentration (8-

16 µM), independent of their amino acid sequence (human or bovine) or their structural 

characteristics (linear or cyclic). Furthermore, free L-Cys and reduced L-glutathione 

showed the same level of inhibition of MPO at the same concentration range (16 µM) as all 

the Cys-containing LF-peptides (Fig. 6.9). All together, these results suggest that there are 

no specific interactions between these peptides and the enzyme. Moreover, addition of Cys-

containing peptides or reduced thiol-containing molecules after oxidation of TMB by 

MPO/H2O2 resulted in complete reduction of TMB%+ (TMB oxidation product) (Fig. 6.11), 

indicating that the scavenging character of the thiol groups in solution can be solely 

responsible for the observed inhibition of the MPO activity.  

In light of these new results, the importance and relevance of hLF11 as an 

immunoregulator seems to be linked to its reported ability to penetrate monocyte cells 

[151], rather than to its ability to inhibit MPO directly. The N-terminal GRRRR motif of 
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hLF has been identified as a potential nuclear localization signal, and indeed the synthetic 

peptide GRRRR coupled to rodhamine could be detected to internalize into eukaryotic cells 

[278]. It will be interesting to find out the true intracellular target of this peptide in future 

studies. 

 

6.5. Conclusions 
 
 The studies of the antimicrobial activity of the human and bovine N-terminal LF-

derived peptides allowed us to conclude that the Cys residue plays an important role in the 

bactericidal potency of the peptides upon interaction with membranes. Possibly the more 

hydrophobic character of the Cys in the C-terminal region of the peptide is required to 

preserve the amphipathic character of the peptides. The reduced Cys residue seems to be 

linked to the peptides’ ability to permeabilize the inner membrane of E. coli, suggesting a 

pivotal role for this residue in the peptide-membrane interactions. Perhaps the reduced Cys 

residue can react with exposed sulfhydryl groups in membrane transporters or other 

proteins in the cytoplasmic membrane and influence the permeability. However, it was also 

shown that if Cys disulfide cross-linking ocurred, leading to the formation of homo-dimer 

peptides, the membrane perturbing ability and therefore their antimicrobial activity was 

increased. With respect to he proposed new immunoregulatory role of hLF11 (and its 

bovine counterparts), we showed that a reduced Cys sidechain was required and sufficient 

to inhibit the MPO enzymatic activity. We suggest that no specific interactions between 

these peptides and MPO take place, and that interference with the reaction products can 

explain the earlier findings.  
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CHAPTER 7: Future perspectives and conclusions 
 

7.1. Summary and conclusions 
 
 The work described in this thesis can be divided into two main areas. The fist part 

of the thesis encompassed a detailed study of the mechanism of action of the AMP 

tritrpticin, focusing on the role of the Trp residues. While, the second part of this work 

focused on the antimicrobial and myeloperoxidase-inhibitory activity of lactoferrin-derived 

peptides. The following sections will summarize and describe the main findings of this 

work. 

7.1.1. Tritrpticin-derived peptides 
 
 Tritrpticin is an extensively studied AMP with a very unique sequence and potent 

antimicrobial activity. The almost palindromic sequence and the three consecutive Trp 

residues in the center of the peptide are some of the characteristic properties that have 

drawn considerable attention to this peptide. Unfortunately, despite a considerable number 

of studies published about tritrpticin and its analogs, there is still not a complete 

understanding of the role of the Trp residues in the antimicrobial activity and the 

mechanism of action of this peptide. Therefore, Chapters 2 - 4 in this thesis were designed 

to contribute to a more complete understanding of the role of the Trp residues in tritrpticin. 

 Mutation studies, especially alanine scanning, have been used extensively to 

identify the residues that are most important to the activity of proteins and peptides. 

Several previous studies of tritrpticin and its C-terminally amidated analog (Tritrp1) 

focused on single residue mutations of the peptide’s sequence, exposing the important role 

of residues such as Arg and Pro. However, when dealing with the Trp residues, only the 

simultaneous mutations of all three residues, has been reported. This approach established 
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the pivotal importance of this cluster of residues in the antimicrobial activity of the peptide, 

although it did not allow for an assignment of individual significance to tritrpticin’s Trp 

residues. Therefore, we elected to study the role of individual Trp residues in the 

antimicrobial activity of tritrpticin by making systematic single, double and triple 

substitutions of the Trp residues (Chapter 2). Results obtained with Ala and Tyr mutations 

established that Trp6 was the most relevant Trp residue for the antimicrobial activity, while 

Trp8 was the least important. The relevance of each Trp residue was linked to the ability of 

each peptide to permeabilize artificial and biological membranes.  

 However, Ala and Tyr have significantly different chemical properties in 

comparison to Trp, which resulted in a considerable reduction in the antimicrobial activity. 

Hence we decided to prepare peptides with well-defined non-natural amino acid 

substitutions for Trp. In Chapter 3, the use of 5-hydroxy-tryptophan (5OHW) as a 

substitute for Trp resulted in peptides with interesting characteristics. Single substitution of 

the Trp residues did not have a large influence on the activity or the mechanism of action 

of the peptide. However, triple substitution of Trp by 5OHW resulted in a peptide (HW-

Tritrp) that had similar antimicrobial activity as the original Tritrp1, but it appeared to have 

a completely different mechanism of action. The original peptide Tritrp1 was characterized 

by a strong membrano-lytic action, while HW-Tritrp was no longer capable of 

permeabilizing the inner membrane of E. coli. Nevertheless, HW-Tritrp could still inhibit 

the synthesis of macromolecules such as DNA, RNA and proteins in E. coli, suggesting 

that intracellular effects dominated the mechanism of action for this new peptide. Although 

further studies would be required in order to identify the specific intracellular target of 

HW-Tritrp, these results highlighted the extreme sensitivity of the cluster of Trp residues in 
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tritrpticin. In addition this study indicated the ability of these Trp residues to modulate the 

mechanism of action of tritrpticin without abolishing its antimicrobial activity. 

 After establishing that modifications of the Trp indole rings could have drastic 

effects on the mechanism of action of tritrpticin, a second set of chemically defined non-

natural peptide substitutions was analyzed in Chapter 4. In this case fluoro-Trp residues 

were used as substitutes of Trp. However, the high cost involved in the chemical synthesis 

of enantiomerically pure L-fluoro-Trps forced us to develop a different approach for the 

production of these peptides. An E. coli recombinant expression system using calmodulin 

as the fusion protein expression tag was recently developed in our laboratory for the 

biosynthetic production of toxic peptides. This system was then adapted to incorporate L-

fluoro-Trp from commercially available racemic mixtures into tritrpticin. The fluorinated 

peptides with all three Trp residues substituted by fluoro-Trp exhibited similar 

antimicrobial activities in comparison to the recombinant tritrpticin and also preserved the 

original membrano-lytic mechanism of action. These results suggest that fluoro-Trp could 

be used safely as a substitute of the Trp residue in order to preserve the properties of Trp-

containing peptides. It has also been suggested that fluorination exerts a protective effect 

on peptides [279]. Importantly, fluorination of the Trp residues enhanced the arsenal of 

biophysical techniques that can be used to study the role of individual Trp in the 

mechanism of action of the peptide. 19F NMR allowed us to visualize the behavior of each 

individual Trp residue when the peptide interacted with a membrane mimetic system such 

as SDS micelles. The solvent exposure of each individual Trp residue could be estimated 

and such information is not normally available from 1H, 13C or 1H, 15N NMR studies. These 

results confirm that each individual Trp plays a different role during the process of 
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membrane permeabilization. Assignments of the Trp residues in the 19F NMR experiments 

would be required to relate the specific location of the Trp with the behavior described in 

chapter 4. This work is currently under way. 

7.1.2. Lactoferrin-derived peptides 
 

The importance of lactoferrin (LF) in processes such as antimicrobial protection 

and immune response regulation in the host have motivated the study of a number of 

peptides derived from this important protein. Initially, the antimicrobial activity of the 

lactoferricin (LFcin) peptides was studied in Chapter 5, while the N-terminal LF-derived 

peptides were studied in chapter 6.  

The LFcin peptide derived from bovine LF (residues 17 – 41) exhibits a strong 

antimicrobial activity against E. coli cells, which was only slightly affected by the ionic 

strength in the incubation media. This property allowed us to suggest that LFcinB could 

play an important role in the control of infections under physiological conditions. The 

activity of this peptide seems to be related to its ability to permeabilize the inner membrane 

of E. coli under conditions of high ionic strength. The first nine residues of LFcinB appear 

to be very important for the antimicrobial activity and for the membrano-lytic potency of 

this peptide. The chimera-peptide containing the first nine residues of LFcinB and the C-

terminal region of the inactive human LFcin (LFcinH) was equally active as the original 

LFcinB. Additionally, the presence of a disulfide bridge in both human and bovine LFcins, 

which conferred their characteristic cyclic structure, motivated the study of other 

mechanism of cyclization as a substitute for the disulfide link. In this case, the use of 

“Click”-chemistry or Sortase-A-assisted cyclization proved to be valuable tools, which 

preserved not only the antimicrobial activity of the peptide but also the mechanism of 
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action. All together, these results contribute to a better understanding of the mechanism of 

action of LFcinB. 

In Chapter 6, in addition to systematic studies of the antimicrobial activity of the N-

terminally-derived LF peptides, a newly proposed potential immuno-regulatory mechanism 

of these peptides was also investigated. All the peptides in this study were derived from the 

first residues of the human and bovine LF (hLF 1-11 and bLF 1-10). The antimicrobial 

activity of these two peptides was relatively low and highly dependent on the ionic strength 

conditions. Nevertheless, the most interesting aspect of the hLF11 peptide was its reported 

ability to modulate the immune response [151]. It was suggested that this modulation is 

linked to the peptide’s ability to bind to and inhibit the enzyme myeoloperoxidase (MPO). 

However, the experiments described in this thesis established that the apparent inhibition of 

MPO peroxidation was the direct result of interaction between the reaction product and the 

sidechain of reduced Cys that were part of a range peptides used in this work. In 

conclusion, we could not find any evidence under our in vitro conditions of specific 

inhibition of the MPO enzyme, suggesting that other targets might need to be considered in 

order to explain the immuno-regulatory role of hLF11. 

 

7.2. Future perspectives 
 

In the course of my research I have started to develop an interest in the resistance 

mechanisms exhibited by several pathogenic bacteria against the action of AMPs. In 

addition, I have become intrigued by the potential of some AMPs to act as anticancer 

agents. These two aspects of AMPs will be briefly discussed in the following sections, 

including a description of the research we have developed for these topics so far and the 

preliminary results that were obtained.  
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7.2.1. Antimicrobial peptides resistance 
 
 Antibiotic resistance constitutes one of the most troublesome aspects of the fight 

against bacterial infections. The World Health Organization recently recognized bacterial 

resistance to antibiotics as a major threat to public health [1]. AMPs constitute a potential 

new source of therapeutic agents, which can help to counteract the ever-growing number of 

antibiotic resistant bacterial strains. However, evasion mechanism towards AMPs can also 

develop and these mechanisms are widely diverse, including modification of the membrane 

composition, secretion of inactivating and proteolytic proteins, expression of extrusion 

pumps, amongst others [12,280]. Therefore, in order to develop efficient antibacterial 

agents derived from AMPs it is mandatory to study the evasion mechanism that could 

evolve from the therapeutic use of these peptides.  

 An interesting and unique example of bacterial resistance is exhibited by members 

of the pathogenic families Neisseriaceae and Moraxellaceae [281]. These bacteria are able 

to colonize mucosal surfaces in the host (e.g. respiratory gastrointestinal and genitourinary 

tracts) where the iron concentrations are low due to the presence of iron-chelating host 

proteins such as lactoferrin (LF) [281,282]. In order to acquire iron, the bacteria have 

developed a membrane protein system that can bind and extract iron from LF. This system 

is composed of two membrane associated proteins, called lactoferrin-binding protein A and 

B (LbpA and LbpB, respectively) [281]. LbpA is an integral outer membrane protein, 

which is required for iron acquisition. This protein shows high homology to the transferrin-

binding protein A (TbpA), which can bind and extract the iron from host transferrin in 

order to transport it into the bacteria. LbpB is a surface exposed membrane bound 

lipoprotein, for which the function is poorly understood. The high homology of this protein 
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to transferrin-binding protein B (TbpB) suggested that LbpB might also be involved in the 

binding and transport of iron. However, studies with bacterial mutants lacking LbpA and 

LbpB showed that only LbpA was required for bacterial growth in the presence of LF 

[283,284].  

 A structural homology model, which we developed, using TbpB as template [285] 

(Fig. 7.1), showed that LbpB from N. meningitidis MC58 is a bi-lobal protein with two 

independent folded domains. Interestingly the protein contains a long cluster (65 residues) 

of negatively charged Glu and Asp residues that is located in the C-lobe of the protein. The 

extremely extended conformation of this loop in the structural model is a reflection of the 

lack of structural information for this region rather than an accurate prediction of the actual 

structure in this section of the protein. Similar clusters of negatively charged residues are 

observed in almost all LbpB proteins of N. meningitidis spp. Furthermore, a second shorter 

cluster of negatively charged residues is observed in ~30% of N. meningitidis spp. [286]. 

This second cluster is also located in the C-lobe of LbpB and has been modeled as an 

extended loop as well (Fig. 7.1). The observation that these negatively charged loops are 

not present in TbpB suggests that LbpB could exert other functions that might not be 

directly related to its role in iron uptake. Indeed, expression of LbpB by N. meningitidis has 

been linked to protection against the antimicrobial activity of the synthetic AMP hLF11 

[287]. The two negatively charged loops of LbpB from N. meningitidis were thought to be 

responsible for the resistance of the bacteria against this positively charged peptide [288]. 

In addition, LbpB was able to protect the bacteria against other cationic AMPs such as 

mCRAMP and the rationally designed AMPs IDR-1002 and IDR-1018. However, no 

protection was observed against the antimicrobial activity of Tritrp-1 and LL-37 [286]. The 
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complete 3D-structure of LbpB has not been determined yet, however, the crystal structure 

for the N-lobe of LbpB from N. meningitidis was recently reported, confirming its 

structural similarity with the N-lobe of TbpB [289].  

 

 
Figure 7.1. Structural homology model for LbpB (N. meningitidis MC58). The model was 
generated in the automated protein structure homology-modelling SWISS-MODEL server, 
which selected and used TbpB (pdb 3V8U) as the template. The sequence identity and 
similarity between LbpB and TbpB were 31.16% and 36% respectively for the aligned 
regions. 
 

In collaboration with Dr. Schryvers from the Department of Microbiology and 

Infectious Diseases at the University of Calgary we have attempted to recombinantly 

express the LbpB protein in E. coli as well as several truncated versions of it. The purified 

proteins could then be used to investigate the ability of LbpB to protect non-LbpB 

producing bacteria in vitro against a wider selection of AMPs. Additionally, we wanted to 

investigate in more detail the role of the negatively charged loops of LbpB in the protection 

against AMPs by performing in vitro protein-peptide interaction studies. The LbpB gene 

from N. meningitidis, provided by Dr. Schryvers, was cloned into a pET15b plasmid 

(Invitrogen), containing a 6xHis-tag and a TEV protease cleavage site. In addition, the N- 

and C-lobes of the protein were also individually cloned into pET15b. 6xHis-LbpB and its 
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N- and C-lobes (LbpB-N and LbpB-C, respectively) were expressed in E. coli BL21 (DE3), 

and the purification in all cases was performed by His-tag affinity on a nickel column 

followed by anion exchange chromatography. The purity of the proteins was assessed by 

SDS-PAGE (Fig. 7.2). The secondary structure of the purified 6xHis-LbpBs was evaluated 

by far-UV circular dichroism spectroscopy (CD), showing that all three proteins were 

folded in solution (Fig. 7.3).  

 

 
Figure 7.2. SDS-PAGE (12%) gel for the purified 6xHis-LbpBs protein and its two 
separate domains. The proteins were initially purified by His affinity chromatography 
followed by anion exchange (Resource Q, GE Healthcare) chromatography.  
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Figure 7.3. Circular dichroism spectra for 6xHis-LbpB and its N- and C-terminal truncated 
versions in solution. The proteins were dialyzed in Na+-phosphate (NaP) buffer (NaP 20 
mM pH 7.4) prior to the experiments. The dialyzed proteins (3 µM) were incubated in NaP 
buffer and the circular dichroism spectra were recorded on a Jasco J-810 
spectropolarimeter (Jasco Inc. Easton, MD). The far-UV spectra were recorded between 
190-260 nm in a 1 mm pathlength cuvette at room temperature, under a constant flow of 
nitrogen. The ellipticity was registered every 0.5 nm, with a scan rate of 100 nm/min and 
0.1 nm bandwidth. The final spectra represent the average of 10 consecutive scans. 

 

Before testing their ability to protect E. coli from the activity of the potent 

membrano-lytic peptide melittin the 6xHis-tag was removed from the LbpB proteins. The 

cells were incubated overnight in the presence of different concentrations of each protein (4 

-16 µM) and a fixed concentration of melittin (4 µM), after which the bacterial growth was 

assessed by OD600 (Fig. 7.4). The full-length protein LbpB could clearly protect the 

bacteria from the antimicrobial activity of melittin. A concentration of 8 µM of LbpB or 

higher was required in order to observe the protective effect of the full-length protein. In 

comparison, the N-lobe of LbpB did not protect the bacteria, while the C-lobe of the 

protein was able to confer resistance to melittin but only at the highest concentration tested 

(16 µM). These initial results indicate that LbpB in solution is able to protect E. coli from 

the antimicrobial activity of a potent cytotoxic peptide and that the C-lobe of the protein is 

involved. However, the poor protection afforded by low concentrations of LbpB-C could 
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indicate that the full-length protein is required in order to exert its maximal protective 

potential. Although it does not have a direct ability to protect the bacteria against melittin, 

the N-lobe of LbpB could be important as a structure element that through inter-lobe 

interactions stabilizes the conformation of a “fully-active” LbpB. 

 
 
Figure 7.4. Protection afforded by LbpBs against the antimicrobial activity of melittin. E. 
coli ATCC 25922 cells (5 x 105 cfu/ml) were incubated in MHB media  in the presence of 
melittin (4 µM), LbpB-NC, LbpB-N and LbpB-C in a polypropylene 96-well plate 
(overnight – 37°C). The filter-sterilized (0.2 µm) proteins were used at 16 (blue), 8 (red) 
and 4 µM (green). After overnight incubation the cultures (40 µl) were transferred to a 
polystyrene 96-well plate and the OD600 was measured. The results depicted are the 
average ± S.D. (n = 5). 

 

 After establishing that LbpB-C alone can exhibit protective effects, preliminary 

NMR studies of the interaction between LbpB-C and melittin were performed. Initially, the 

protein was isotope-labeled with 15N and the 1H, 15N HSQC NMR spectrum was acquired 

(Fig. 7.5). The large dispersion of the signals indicates the presence of a well-folded 

protein. However, due to the relatively large size of this protein domain (~40 kDa) and the 

probable presence of large unstructured loops, the NMR spectrum was extremely crowded 

in the central region (Fig. 7.5, left). Nevertheless, if a higher level for the peak intensities 

cutoff in the NMR spectrum is considered, the large number of dispersed signals is 

drastically reduced. Under these conditions, the central region of the LbpB-C NMR 
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spectrum still encompassed ~100 signals that likely include the signals belonging to the 

flexile large (65 residues) and small (30 residues) negatively charged loops (Fig. 7.5, 

right). However, further experiments, such as specific labeling with 15N-Glu and 15N-Asp 

residues, will be required in order to confirm the location of the residues involved in this 

process.  

 
 

Figure 7.5. NMR spectra recorded for the 6xHis-LbpB-C protein (left) and its potential 
loop region (right). 1H 15N TROSY-HSQC experiment for the 15N-labeled 6xHis-LbpB-C 
(! 0.5 mM) in Na+-phosphate 20 mM (pH 6.5) and NaCl 100 mM, supplemented with 0.5 
mM DSS, 0.04% NaN3 and 10% D2O. The experiment was acquired at 298 K on a 700 
MHz Bruker Avance NMR spectrometer. (See text for further explanation). 
 

The interaction between melittin and LbpB-C was assessed by titration of the 

peptide into the 15N-labeled protein (Fig. 7.6). After addition of the peptide several changes 

occurred in the NMR spectrum including peak shifting, peak intensity reduction or a 

combination of both. These changes indicate that melittin is binding directly to LbpB-C. 

This interaction seems to involve a specific group of residues of LbpB-C as not all peaks 

were affected by the titration with the peptide. However, identification of the specific 

residues involved will require the assignment of the peaks. Site-specific assignment is 

likely to be extremely difficult due to the size of the protein and the large number or Glu 

residues in the two loop regions of the protein. Nevertheless, specific labeling of LbpB-C 



 
 

190 

with 15N-Glu and residue-specific NMR assessments could be attempted in the future in 

order to identify if the interaction of melittin to LbpB involves the loop regions. All 

together, this pilot study constitutes a promising starting point to demonstrate an important 

role for the negatively charged loops of LbpB-C as part of an evasion mechanism against 

AMPs. This set the stage for further studies into the protective role of LbpB against the 

antimicrobial activity of a wide variety of AMPs.  

 

 
 

Figure 7.6. Overlay of the 1H 15N HSQC NMR spectra for the 6xHis-LbpB-C protein 
during melittin titrations. Unlabeled melittin was titrated into the 15N-labeled 6xHis-LbpB-
C (~ 0.5 mM) in Na+-phosphate 20 mM (pH 6.5) and NaCl 100 mM, supplemented with 
0.5 mM DSS, 0.04% NaN3 and 10% D2O. The LbpB:melittin molar ratios were as follows: 
1:0 (black), 1:0.5 (light blue), 1:1 (blue), 1:1.5 (purple) and 1:2 (red).The experiment was 
acquired at 298 K on a 700 MHz Bruker Avance NMR spectrometer. 
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7.2.2. Anticancer peptides  
 

Initially studies of AMPs have been focused on their properties as anti-infective 

agents. However, during the last three decades, AMPs research has evolved towards 

widening the scope of potential uses for these peptides. One prime example is the use of 

AMPs or similar peptides in the fight against cancer. Anticancer peptides (ACPs) constitute 

a new group of bioactive peptides that have the ability to kill or inhibit the growth of 

cancer cells. These peptides share many of the structural characteristics of AMPs and in 

fact several AMPs exhibit the ability to kill cancer cells in addition to being effective 

against bacteria [290,291]. One of the most interesting characteristics of AMPs as anti-

infective agents is their selectivity for prokaryotic over eukaryotic membranes. This 

selectivity is based on the differences in membrane composition [17]. The presence of 

negatively charged phospholipid headgroups (PG) in the bacterial membrane is important 

to increase the initial electrostatic attraction for cationic AMPs. Healthy eukaryotic cells 

have a predominance of zwitterionic phospholipid headgroups on the outer leaflet of their 

membranes and hence they are not normally attracted by AMPs. However, the 

characteristics of the outer membrane leaflet of eukaryotic cells are modified during the 

development of several pathologies. For instance, during the transformation from a normal 

to a neoplastic cell the outer layer of the membrane acquires an overall negatively charged 

outer surface due to an increase in phosphatidylserine (PS) headgroups, which in healthy 

cells are only present in the inner leaflet. Moreover, changes in the glycosylation patterns 

of glycoproteins and glycolipids, lead to an increase in sialic acid, which is also negatively 

charged. Additionally, the membrane surface area is normally enhanced, while the fluidity 

of the membrane is increased in some cancer types [290–294]. Under these conditions the 
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cancer cells become more susceptible to the action of ACPs, as they exert a higher 

electrostatic attraction toward positively charged peptides, similar to the bacterial 

membranes. As well, the increase in surface area would provide a larger surface for the 

peptides to bind to, while the higher fluidity of the membranes could facilitate membrane 

perturbations induced by the peptides. 

In view of the potential use of AMPs as anticancer treatment, we have performed 

initial exploratory experiments aimed at assessing the anticancer potential of AMPs 

currently in our laboratory. The anticancer activity of these AMPs was determined in 

collaboration with Dr. Aru Narendran and his research group in the Southern Alberta 

Cancer Research Institute (SACRI) in the University of Calgary. The AMPs were initially 

tested against two pediatric cancer cell lines, SEM and TIB-202, representing acute 

lymphoblastic and monocytic leukemia, respectively (Figs. 7.7 and 7.8). These preliminary 

experiments indicate that some AMPs have the potential to kill cultured cancer cells. 

Among these peptides, several analogs of tritrpticin, such as Tritrp-1, -3, -7 and -8, were 

active against both cells lines. In contrast, for the lactoferrin-derived peptides only the 

sortase-cyclized versions of bovine lactoferricin (cyclic bLFcin17-41 Sort) showed 

significant anticancer activity. In our studies, peptides such as protegrin-1 and melittin, 

which exhibited strong killing ability against SEM and TIB-202, were used as positive 

controls due to their already reported anticancer activity against cancer cell lines derived 

from other tissues [295–297]. We also analyzed the concentration-dependent activity of 

these peptides against the SEM cancer cells (Fig. 7.9). These studies demonstrated that 

most tritrpticin peptides were active against the SEM cancer cells at concentrations of 40 

µM or higher.  
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Figure 7.7. Cytotoxicity of AMPs towards cancer cells. Cells from the acute lymphoblastic leukaemia (ALL) cell line SEM 
were incubated in the presence of two concentrations of AMPs, 20 µM (gray) and 40 µM (black) for 4 days. Cell survival was 
quantified by Alamar blue assay (Invitrogen), measuring ! Abs 570 Ð 620 nm for each sample and considering 100% survival the 
! Abs in the absence of peptide (control). Experiments were performed in collaboration with Dr. Aru Narendran and Dr. Aarthi 
Jayanthan.  
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Figure 7.8. Cytotoxicity of AMPs towards cancer cells. Cell from the acute monocytic leukaemia (ACL) cell line TIB-202 were 
incubated in the presence of two concentrations of AMPs, 20 µM (gray) and 40 µM (black) for 4 days. Cell survival was 
quantified by Alamar blue assay (Invitrogen), measuring ! Abs 570 Ð 620 nm for each sample and considering 100% survival the 
! Abs in the absence of peptide (control). Experiments were performed in collaboration with Dr. Aru Narendran and Dr. Aarthi 
Jayanthan. 
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Figure 7.9. Concentration dependent cytotoxicity towards cancer cells of selected AMPs. 
Cells from the acute lymphoblastic leukaemia (ALL) cell line SEM were incubated in the 
presence of two-fold dilutions of AMPs for 4 days. Cell survival was quantified by Alamar 
blue assay (Invitrogen), measuring ! Abs 570 Ð 620 nm for each sample and considering 
100% survival the ! Abs in the absence of peptide. Experiments were performed in 
collaboration with Dr. Aru Narendran and Dr. Aarthi Jayanthan. Results are average ± S.D. 
(n = 2). 

 

Although these preliminary studies show the ability of several AMPs to kill cancer 

cells, this characteristic could be a sign of cytotoxicity against normal eukaryotic cells as 

well (although it is known that tritrpticin has low hemolytic activity). In order to discern 

the specificity of the AMPs, cytotoxicity experiments will need to be performed in the 

future with normal lymphoblasts and monocytes. If attractive candidates, with low toxicity 

towards normal cells, are detected, their activity against other cells lines derived from 

various other cancers could be analyzed further. At the same time, studies of the 
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mechanism of action of the peptides towards the susceptible cancer cells will constitute an 

interesting and challenging path for future research. 

 

7.2.3. Future research avenues  
 

Studies of AMPs and their mechanism of action against susceptible bacteria have 

greatly enhanced our knowledge about the molecular processes that are involved in the 

activity of these peptides. However, in spite of extensive efforts, the main goal of 

generating a detailed description for the mechanism of action of each AMP has remained 

elusive. The methods that are currently being used to study AMPs are insufficient to fully 

describe the action of these peptides on bacteria. Considering the importance of the 

bacterial membrane activity of most, if not all, AMPs, many studies have rightly focused 

on trying to gain an understanding of the interaction between the peptides and membranes. 

The predominant approach has been the use of simplified and artificial membrane systems 

(monolayers, micelles, vesicles and bicelles, among others). Such studies are aimed at 

discerning, at a molecular level, the different steps occurring during membrane interaction, 

perturbation and in most cases permeabilization. As expected, this approach has been very 

successful and often results in the identification of molecular determinants for peptide-

membrane interactions such as electrostatic attraction, hydrophobic interactions, 

amphipathicity, hydrogen bond formation, oligomer formation, etc. Unfortunately, there is 

not always a direct correlation between the molecular mechanisms involved in the 

perturbation of synthetic membranes and those involved in bacterial killing [298Ð300]. 

Nonetheless, some authors support the notion of a direct correlation between a biological 

effects such as bacterial killing (measured as MIC) with biophysical events such as the 
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disrupition of artificial membranes [301]. The highly complex composition of bacterial 

membranes is one of the reasons for the discrepancies that are often observed during the 

efforts to translate biophysical model membrane results into bactericidal cellular 

mechanisms [300]. Consequently, efforts should be aimed at reducing the gap between the 

artificial membrane- and bacterial-based studies [298,302].  

 In this thesis efforts were made to assess the mechanism of action of the lactoferrin-

derived and tritrpticin peptides in the actual bacteria. Both engineered E. coli strains 

ML35p and CGSC 4908 were used to assess membrane permeabilization and 

macromolecular synthesis inhibition, respectively. This approach supported a more direct 

correlation between the membrano-lytic mechanism observed in the vesicle-based studies 

and the mechanism of action involved in killing of living bacteria. However, there are still 

outstanding questions regarding the mechanism of action of some of the peptides used in 

this thesis. For example, one question is: how can the non-membrane active peptide HW-

Tritrp pass through the membrane without detectable disruption of the bacterial inner 

membrane? Another question, in this case involving the membrano-lytic peptides, is related 

to their ability to induce considerable membrane permeabilization at sub-MIC 

concentrations in E. coli. This raises the question as to how much 

permeabilization/perturbation is required in order to kill a bacteria cell. Addressing these 

questions would require further research involving interdisciplinary work between 

biophysicist and microbiologists, as well as the implementation of new biophysical 

techniques in order to study systems as complex as bacteria [300,303].  

Another aspect for further inquiry could be related to different activities of AMPs, 

distinct from their direct bactericidal activity. It has become clear that in addition to their 
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antimicrobial role, many AMPs can be involved in other processes that also contribute to 

the fight against infections [67,304]. Some AMPs have been identified as potent modulator 

of the hostÕs immune systems [7]. This immunoregulatory role of provides an extra layer in 

their antimicrobial activity, as induction of immune related signals contributes to the 

recruitment of immune cells to sites of infection and promotes bacterial clearance [61]. 

Likewise, other AMPs could be involved in blocking the immune response, thereby 

preventing the hyperactivity (over-reaction) of the immune system, which is linked to 

several pathological conditions [61,305]. These two roles suggest that some AMPs play an 

important role maintaining a proper balanced response of the immune system.  

In the case of the lactoferrin-derived peptide hLF11 and its immunoregulatory 

ability, our studies could not find evidence of any specific interactions between hLF11 and 

MPO. Rather we found that the apparent inhibition was the result of direct interactions 

between the reduced sulfhydryl group of the Cys residue in the peptides and the reaction 

product in solution. Consequently, the mechanism by which hLF11 is able to exert its 

immuno-regulatory action remains unknown and potential new targets for the action of this 

peptide need to be identified and assessed.  

Studies of the antimicrobial activity of AMPs and other antibiotics have normally 

focused on the ability of these agents to kill bacteria that grow as individual organisms 

(planktonic) in solution. However, it has been established that many bacteria are attached 

to surfaces and form biofilms, and these are more difficult to eradicate with antibiotics 

[306,307]. The biofilms are surface-attached aggregates of bacteria that produce an 

extracellular matrix that confers extraordinary resistance [307,308]. However, some AMPs 

have recently been identified as anti-biofilm agents, and this is becoming a fast-growing 
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field of research [309,310]. To the best of our knowledge no biofilm activity has been 

reported yet for tritrpticin, while a limited number of studies have addressed the anti-

biofilm activity of lactoferrin and some LF-derived peptides [101,311,312]. Therefore, a 

very interesting future perspective for these AMPs is to investigate the influence of 

tritrpticin and LF-derived peptides on biofilm formation as well as their ability to affect 

already established biofilms. Preliminary studies are currently being undertaken in our 

laboratory in collaboration with Dr. Joe Harrison from the Department of Biological 

Sciences at the University of Calgary. 

 

7.3. Final thoughts 
 
 In spite of much optimism and a promising start of the research into AMPs more 

than three decades ago, there are still no peptides that have come out of this work that are 

in clinical use. Limitations such as the cost of peptide production, and concerns about 

bioavailability, stability and toxicity are currently hindering the advance of AMPs as 

candidates for the antibiotic production pipeline. In addition, our understanding of the 

mechanism of action of these peptides so far does not allow for the design of the ÒperfectÓ 

novel antibiotic. Several questions regarding the mechanism of action of AMPs against 

bacteria in physiological conditions remain, limiting our design abilities. However, the use 

of new biophysical techniques, in combination with biological assays in vitro and in vivo, 

are aimed at enhancing our understanding of the mechanism of action of AMPs in the 

coming years. Likewise, a more holistic approach that not only considers the direct 

antimicrobial activity of AMPs but also takes into account their immuno-regulatory 

activities, might contribute to a better understanding of the action of these peptides in vivo. 
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The relationships between the membrano-lytic mechanism of action of AMPs and the 

bactericidal effects mediated through intracellular targets would also need to be clarified to 

produce more potent antimicrobial agents. However, as the resistance against currently 

used antimicrobial continues to increase, it is important to continue pursuing studies of 

AMPs as potential anti-infective agents. More research and development at all levels, from 

basic sciences to production and delivery methodologies will be required. It is then my 

hope that the combined efforts in this field would eventually lead to useful therapeutic tools 

that can contribute to a solution of this fast growing public health crisis.  
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