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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



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



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 G1GKFLHSAKKFGKAFVGE IMNS Frog
Cecropin-B KWKVFKK1EKMGRNIRNG I VKAGPATAVLGEAKAL-NH2  Silk moth
Protegrin-1 RGGRLCYCRRRFCVCVGR Porcine
Tachyplesin-1 ~ KWCFRVCYRGICYRRCR Crab
Histatin-5 DSHAKRHHGYKRKFHEKHHSHRGY Saliva
Buforin-2 TRSSRAGLQFPVGRVHRLLRK Frog
Indolicidin I LPWKWPWWPWRR-NH> Bovine
Melittin GIGAVLKVLTTGLPALISWIKRKRQQ-NH, Honey bee




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, lle, 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 Kkill
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



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].



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+IlysoPG 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 14° 3

# Almost exclusively located in the inner leaflet of the bilayer.

Data adated from [18,19].



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



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 Ca** and Mg**. 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 Ca®* and Mg®* 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



“carpet” model is often used to explain membrane damage that is induced by AMPs that

does not involved pore formation (Fig. 1.4).

Barrel-stave”-pore model “carpet” model

“Toroidal”-pore model “Disordered-toroidal” pore model

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



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
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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.

14



Table 1.3. Sequences and sources of Trp-rich peptides studied in Dr. VVogel’s laboratory.

Name Sequence Source

Indolicidin 1 LPWKWPWWPWRR-NH Bovine cathelicidin

Tritrpticin - VRRFPWWWPFLRR Porcine cathelicidin

LFcinB FKCRRWQWRMKKLGAPSITCVRRAF Bovine lactoferrin

LFcinBs.o RRWQWR-NH> Bovine lactoferrin

LFcinBs1s  RRWQWRMKKLG Bovine lactoferrin

LFcinH GRRRRSVQWCAVSQPEATKCFQWQRNMRK  Human lactoferrin
VRGPPVSCIKRDSPIQCIQA

Combi-1 Ac-RRWWRF-NH; Combinatorial chemistry

Combi-2 Ac-FRWWHR-NH; Combinatorial chemistry

PuroA FPVTWRWWKWWKG-NH> Puroindoline-A

gp41wW KWASLWNWFEN I TNWLWY IK-NH» 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 uM 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 Tritrpl. 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 Tritrpl 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 Tritrpl 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 Tritrpl 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 Tritrpl 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 Tritrpl 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 Tritrpl 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 (Fe**)-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
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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, Tritrpl, was used as the
reference. Tritrpl 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
Tritrpl 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 Tritrpl 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-d;s 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 Tritrpl and its Trp-substituted
analogs against E. coli ATCC 25922 was measured by the standard broth microdilution
method [155]. Bacteria (5 $ 10° 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 1:10° 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. 'H Nuclear magnetic resonance (NMR) spectroscopy

The interaction of Tritrpl and its Trp-substituted peptides with SDS micelles was
studied by one-dimensional (1D) *H NMR spectroscopy. The peptides (0.2 mM) were
dissolved in 9:1 H,0:D,0, 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
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dissolved in 30 mM SDS-d,s micelles. The pH of all of the NMR samples was between 3.5

and 4.5.

2.2.4. Large unilamellar vesicles (LUVSs) 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:

T
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 Tritrpl 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 Tritrpl 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 ODgoo ~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 ODggo 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 Tritrpl analogs and the control peptide (Tritrpl) 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 Tritrpl

parent peptide.

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

E. coli ATCC 25922.

Peptide MIC (M) MBC (1M)
Tritrpl VRRFPWWWPFLRR-NH, 4 4
Trp-to-Tyr analogs

weY VRRFPYWWPFLRR-NH, 16 16
W7Y VRRFPWYWPFLRR-NH, 8 8
w8y VRRFPWWYPFLRR-NH, 4 4
W67Y VRRFPYYWPFLRR-NH, 32 32
W78Y VRRFPWYYPFLRR-NH, 16 16
W68Y VRRFPYWYPFLRR-NH, 16 16
Y-Tritrp  VRRFPYYYPFLRR-NH; 16-32 16-32
Trp-to-Ala analogs

W6A VRRFPAWWPFLRR-NH, 32-64 32-64
WT7A VRRFPWAWPFLRR-NH, 16 16
WS8A VRRFPWWAPFLRR-NH, 8 8
W67A VRRFPAAWPFLRR-NH, 64-128 64-128
WT78A VRRFPWAAPFLRR-NH, 64-128 64-128
W68A VRRFPAWAPFLRR-NH, 64-128 64-128
A-Tritrp  VRRFPAAAPFLRR-NH, >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 Tritrpl, 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 Tritrpl [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. 'H 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 Tritrpl, 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 Tritrpl peptides, '"H 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 *H 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 *H 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 Tritrpl [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 Tritrpl peptides with Tyr in aqueous solution
(left) and in the presence of d,s-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-su