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Resum

El meu projecte de doctorat s’enmarca en l'estudi de I'estructura i la funcid de les
ribonucleases antimicrobianes humanes. Actualment, es coneixen vuit ribonucleases humanes
funcionals pertanyents a la superfamilia de ribonucleases secretades per vertebrats. Cal
remarcar, que alhora de la seva activitat per a hidrolitzar acids ribonucleics, també presenten
altres propietats biologiques com I'activitat antimicrobiana, que suggereixen una possible

funcié ancestral relacionada amb el sistema immunitari.

La proteina cationica d’eosinofils (ECP) és un dels components majoritaris dels granuls
secundaris dels eosinofils. Degut al seu gran nombre d’arginines I'ECP és una proteina molt
cationica i presenta una elevada activitat antimicrobiana vers una gran diversitat de patogens,

com bacteris, helmints i protozous.

En el nostre laboratori hem estudiat extensament el mecanisme antimicrobia de diverses

ribonucleases. Concretament, el treball desenvolupat en aquesta tesi ha permes:
i. Identificar el farmacofor de I'ECP mitjangant eines de minimitzacié racional de I'estructura.

ii. Analitzar els canvis que es produeixen a la superficie bacteriana com a conseqliéncia de
I'acci6 de I'ECP i dels seus peptids derivats. Principalment, en detallar com aquests

interaccionen amb els lipopolisacarids de la paret bacteriana.

iii. Descobrir que I'agregacié amiloid de I'ECP a la superficie de les bactéries és fonamental per

a la seva accid antimicrobiana i, en concret, per la seva activitat d’aglutinacié.

iv. Identificar factors estructurals i de seqiiencia en el domini N-terminal necessaris per I'accio

antimicrobiana de les ribonucleases conservats durant I’evolucid.

v. Caracteritzar els elements seqiiencials de les ribonucleases que determinen les propietats
antimicrobianes i d’aglutinacié mitjangant el disseny de proteines hibrides entre les

ribonucleases 2 i 3 (EDN i ECP respectivament).

vi. Descobrir que tant 'ECP com la ribonucleasa 7 presenten activitat vers micobacteris a

través d’un mecanisme similar a I’exibit enfront de bacteris gram negatius.

En conclusid, els resultats obtinguts en aquesta tesi ens permeten coneixer millor com les
ribonucleases contribueixen a I'eliminacié de diferents patdogens del nostre organisme i ens
obren noves vies pel disseny de nous agents terapeutics per combatre microorganismes

patogens.






Summary

My PhD project focuses on the structure-function analysis of human antimicrobial RNases,
Currently eight functional members have been ascribed to the vertebrate secreted RNase
superfamily. Together with their catalytic activity towards RNA substrates, other biological
properties have been reported such as the antimicrobial activity of diverse members of the

family, therefore suggesting that RNases could have an ancestral host-defence function.

The eosinophil cationic protein (ECP) is one of the major components of the secondary
granules of human eosinophils. ECP is a highly cationic arginine-rich protein, which displays a

high antimicrobial activity against pathogens, such as bacteria, helminths and protozoa.

In our laboratory the antimicrobial mechanism of action of several RNases has been

extensively studied. In particular, this work enables us to determine:
i. Identify the protein pharmacophore by rational structure minimization.

ii. Explore the effects that take place at the bacterial cell wall upon protein-interaction.
Concretely, highlight the crucial role of the lipopolysaccharide molecule in the mechanism of

action of ECP, and their N-terminal peptides.

iii. Determine that the amyloid formation at the bacterial surface is crucial for the

antimicrobial activity of the protein, and in particular, due to the agglutinating activity.

iv. Prove that the sequence and structural determinants of RNases are evolutionary conserved

at the N-terminal domain.

v. Characterize the sequence and structural determinants required for antimicrobial and
agglutinating activities Through RNase rational mutagenesis of the homologous RNases 2 and 3

(EDN and ECP respectively)

vi. Discover that either ECP or RNase 7 present antimycobacterial activity trough a similar

mechanism as proved against Gram-negative bacteria.

In conclusion, the results presented in this thesis work enable us to better understanding of
how RNases contribute on the host pathogen clearance and open a new window in order to

the design and develop new therapeutic agents as alternative antibiotics.

vii






INTRODUCTION






1. Introduction

Within the last twenty years more than 1200 antimicrobial peptides (AMPs) have been
identified or predicted from a wide variety of organisms (1-3). Most of them can are compiled
in the Antimicrobial Peptide Database (APD: http://aps.unmc.edu/AP/main.php). Generally,

AMPs contain around 30 amino acids and display a wide spectrum of activity. Although they
lack specific amino acid consensus sequences, most of them share certain common features,
such as a high content on charged and hydrophobic residues, moderate amphipathicity and
discrete conformational structures (4, 5). Likewise, larger polypeptides and proteins can also
display antimicrobial activity (6). In fact, some proteins are sources of natural peptides, which
are produced by proteolytic cleavage (7).

1.2. Diversity of structural properties of antimicrobial peptides
1.2.1. Short peptides

Structural classification of AMPs is still a controversial topic. AMPs are traditionally classified
into four structural classes: linear a-helical peptides, cyclic B-sheet peptides, B-hairpin or
looped peptides and peptides with extended structures (8). Another classification was later
suggested on the basis of their amino acid composition and structure dividing the known AMPs
into five sub-categories: anionic peptides, linear cationic a-helical peptides, linear peptides
enriched in specific amino acids, charged peptide fragments and peptides with cysteines that
form intramolecular bonding (9). However, in the present work we will use a third
classification based on structure-function relationships found using Nuclear Magnetic
Resonance (NMR). This classification is the most thoroughly accepted and cited by recent
works. AMPs are presented into three structural groups: amphipathic a-helical peptides,
amphipathic B-sheet peptides and extended peptides (Figure 1) (10, 11). In addition to this
classification we should take into account other not so well known structural groups as cyclic
peptides, globular peptides or other structures from engineered peptides.

Figure 1. Examples of the three basic types of AMPS. From left to right: The a-helical human cathelicidin
LL-37 (PDB ID: 2K60); the human B-defensin hBD-2, stabilized by three intramolecular disulfide bonds
indicated in yellow (PDB ID: 1E4Q); the tryptophan-rich bovine indolicidin (PDB ID: 1G89). Taken from
(12).



1.2.1.1. Amphipathic a-helical peptides.

This is the largest group of AMPs with more than 300 different peptides. These peptides in
general consist in linear cationic a-helical peptide of 12 to 37 residues length. Amphipathic a-
helical peptides have been isolated so far from phylogenetically distant organisms such as
fungi, nematodes, insects, teleost fish, frogs and mammals (5). The most studied
representatives of this group are cecropins, melittins, magainins and cathelicidins.

Cecropin was the first a-helical AMP isolated form insects. At the beginning of 80’s cecropins
A, B and C were isolated from the hemolymph of bacterial-challenged diapausing pupae of the
giant silk moth Hyalofora cecropia (12). In this study, Hans Boman and coworkers set the basis
of a field that nowadays comprises thousands of peptides, including more than 60 cecropin-
like molecules (13). A mammalian homolog, cecropin P1, was also been found in the small
intestine of guinea pig (14). Cecropin homologues consist of 29 -42 amino acid in length and
present two distinctive common features; the presence of a tryptophan residue in position 1
or 2, and an amidated residue at the C-terminus. In membrane mimicking environments
Cecropin A adopts an amphipathic a-helical structure with its N-terminal region connected by
a flexible hinge region to the more hydrophobic C-terminal helix (15-17).

Melittin is another well-known AMP isolated from the venom gland of the European hornet
(Vespa crabro). Melittins are peptides of 26 residues that exhibit a high antimicrobial activity
and, like ceropins, adopt a structure based on two amphipathic helices linked by a hinge upon
incubation with model membranes. Those results are well discussed in several works with
different model membranes (18-26).

An enormous number of a-helical AMPs have been isolated from glands of the skin and
mucosa of the stomach of several anurans; such as magainins, peptide-glycine-leucine amide
(PGLa), bombinins, dermaseptins, adenoregulin, phylloxin and temporins (27-35). Magainins,
isolated from the skin glands of Xenopus laevis are unambiguously the prototype of the
amphibian a-helical peptides (27). Magainins are peptides of 23 residues that display a broad-
spectrum antibacterial, antifungal, tumoricidal and immunogenic activities. Although
unstructured in water, contact with the negatively charged membranes by positively charged
amino acids in the primary structure favors the formation of an amphipathic structure,
allowing the insertion of hydrophobic residues into the membrane leading to the formation of
an a-helix secondary structure (36-39).

The cathelicidin family represents one of the most abundant AMP groups in mammals and
most mammals store several members of this diverse family in neutrophils. The cathelicidins
consist in a large and heterogeneous family of AMPs that are derived from propeptides of
more than 100 members with a well-conserved N-terminal (the cathelicidin segment) of
approximately 100 amino acids. After enzymatic cleavage, the C-terminal domain, which
embodies the antimicrobial properties, is released (40-44).

Some examples are shown in Figure 2.
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Figure 2. General features of some o-helical antimicrobial peptides from invertebrates and vertebrates. The activities recorded for the selected molecules are marked: B,
anti-bacterial; C, cytotoxic; F, anti-fungal; H, haemolytic; |, insecticide; L, lectin-like lipopolysaccharide binding; T, trypanolytic activity; and Y, lytic effect on yeast cells.
Taken from (13).



1.2.1.2. Amphipathic B-sheet peptides.

Peptides belonging to this group present an amphipatic B-sheet structure. These structures are
generally stabilized by disulfide bonds, though some of them present also short a-helical segments.
Depending on the number of cysteines (generally from 2 to 8) and their pairing pattern, they adopt a
B-sheet amphipathic conformation with triple strands, such as defensins (45-47), a B-hairpin-like
structure, like tachyplesins (48, 49) and protegrin (50) or a mixed B-sheet conformation with few a-
helices, as observed in plant defensins (47). Some examples are shown in Figure 3. Other B-sheet
cysteine-containing peptides can also display an additional constrain by cyclization as polymyxin B
(51) or arecidins (52); some examples are shown in Figure 4. In addition, within this group we found
peptides with B-hairpin or looped configuration including those which contain constrained structures
by single disulfide bond on the peptides chain, as in the case of thanatin (53).

Origin Organism Name Primary structure
Three disutfide brid Cl L= =) 4 C506
Fhv Phormia serramovae Defersin-A ATCOLLSGTGINMSACARHC LLEGNRGGYCHGKGVOVCRN
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5 Ay
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iV [ T —
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Berds Penguin Aptemodles pralagoncus ;ﬂﬂ-fz EFG L&mdmﬂumﬂﬂauluﬂﬂﬂﬂﬂﬂ:ﬂ'ﬂ
Cyclic defensing :
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= Rl | Ll |
Open-eaded defensing
Mammals Rabhit e polagi a-llcfomin  HPESCKKYCDPWEVIDGECGLINSKY [QCREK |
- cuniculiu RK-1 Ll#i ( &
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Figure 3. Structural features of selected cyclic and open-ended cyclic peptides from invertebrates and
vertebrates. The disulfide pairing is marked with black broken lines, while the head-to-tail bridging of the 6-
defensin is marked with a red broken line. The ribbon drawings are (i) Phormia defensin-A, (ii) heliomicin,
(iii) Mytilus galloprovencialis defensin-1 (MGD-1), (iv) rabbit kidney a-defensin-1 (RK-1), and (v) human B-
defensin-2 (HBD-2) and include the disulfide bridges. ASABF corresponds to Ascaris suum anti-bacterial factor
and pBD-2/Sphe-2 to penguin B-defensin-2/spheniscin-2. Taken from (13).




Origin Organism MName Activity Primary structure 3D structure
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Figure 4. Characteristics of selected 8-hairpin-like anti-microbial peptides with one and two disulfide bridges from invertebrates and vertebrates. The disulfide pairing is
marked with lines. The activities are: B, anti-bacterial; F, anti-fungal; H, haemolytic; Irh, iron-regulatory hormone; P, anti-parasitic; V, anti-viral; and Y, lytic effect on
yeast cells. The gray boxes, delineated by the cysteine residues in the thanatin and brevinin-1 sequences correspond to the so-called insect box and Rana box,

respectively. The ribbon drawing of thanatin from the insect Podisus maculiventris and of protegrin-1 from porcine leukocytes includes the disulfide bridges. Taken from

(13).



The most studied family within this group are mammalian defensins, wich are further classified into
three subfamilies, namely a-, B- and B-defensins. Both a- and B-defensins adopt a triple-stranded
antiparallel B-sheet structure constrained by three sulfide bridges (45, 54). On the other hand, 6-
defensins display a cyclized peptide backbone wiht a conserved pattern of three disulfide bridges

(55).

1.2.1.3. Peptides rich in specific amino acid residues

This group is defined by linear antimicrobial peptides with an overrepresentation of specific residues
that cannot be ascribed to any specific motif archetype. The tryptophan rich peptide indolicidin and

the histidine-rich histatin belong to this group.

Indolicidin was the first antimicrobial peptide rich in tryptophan discovered and isolated from bovine
neutrophils. It is a short peptide of 13 residues length that contains five tryptophans (56). As other
AMPs it displays a broad-spectrum antimicrobial activity against bacteria, fungi and protozoa (57).

The structure of indolicidin was solved by NMR in a negatively charged membrane model (58).

Histatins are a group of histidine-rich peptides with a length between 7 to 38 amino acids (59). They
are constitutively synthesized by the parotid and the submandibular/sublingual salivary gland in
humans and higher macaques (60). Histatins 1 and 3 are product of different genes while histatin 5 is
generated by histatin 3 proteolytic cleavage (61). These peptides display a broad-spectrum of
antimicrobial activity though they are also being studied for the treatment of fungal affections (62,

63).

1.2.2. Antimicrobial proteins

Besides classical short antimicrobial peptides, polypeptides and proteins also play a fundamental role
in the host immune defence. In the present work we investigated the human antimicrobial RNases,
which will be further analyzed in section 1.7. (Antimicrobial RNases). Two relevant examples of
antimicrobial proteins are the peptidoglycan recognition proteins (PGRPs) and lactoferrin. The first
was discovered in insects and constitute a family of variable sized proteins ranging from 20 to 120
KDa that specifically binds peptidoglycans, the main component of Gram-positive cell wall (64).
Lactoferrin is a 80 KDa iron-binding glycoprotein mainly found in biological fluids of mammals, such
as milk, saliva, tears and seminal fluid (65) but also found in the secondary granules of neutrophils. It
is believed that lactoferrin is one of the first defence system of the organism against infection.
Several studies suggest that lactoferrin could be the precursor of smaller antimicrobial peptides

through acidic hydrolysis (66). In particular, both human and bovine lactoferricin are cationic



peptides of 50 amino acid length with one to two disulfide bonds that present an enhanced

antimicrobial activity compared with its parental protein (66).

1.3. Biophysical determinants for antimicrobial activity

The discovery of shared features between AMPs is fundamental to understand how they exert their
antimicrobial action. Calculation structure-activity relationships (SAR) are a powerful tool to
characterize antimicrobial activity but also to assist classification of novel peptides. Several
approaches have been used in order to highlight those determinants, as sequence modification
methods, synthetic combinatorial libraries, template assisted methods, comparative analysis and

systematic alteration of the peptide properties (9, 67).

1.3.1. Sequence and structure.

Despite AMPs tend to adopt similar secondary structure patterns upon interaction with the
membrane they do not share consensus sequential motifs. Nonetheless, they present some common
traits like amino acid composition. For example, glycine commonly appears to be conserved in
position one protecting the peptide against aminopeptidases (68). Lysine and arginine are among the
most common amino acids present in AMPs sequence that secure the interaction between positively
charged AMPs with the negatively charged pathogen membranes. Finally, hydrophobic and aromatic

residues (mainly leucine) are also required to anchor AMPs to the membrane (69).

It is well known that another fundamental feature common to AMPs is the acquisition of a definite
three-dimensional structure upon interaction with pathogen membranes. In fact, the partition of the

peptide chains into the membranes is usually accompanied by peptide secondary folding (70).

1.3.2. Charge.

Bacterial cytoplasmic membranes are rich in acidic phospholipids, such as phosphatidyl-glicerol and
cardiolipin that confer an overall negative charge (71). In addition, other molecular counterparts are
present on the bacterial cell envelopes. Lipopolysaccharides in Gram-negative bacteria and
peptidoglycans and lipoteichoic acids in Gram-positive bacteria confer additional negative charges.
On the envelopes of fungi other highly negatively charged molecules are present, such as
phosphomanans, chitin and B-1,3-glucan. The electrostatic interaction between AMPs and the
negatively charged pathogen surfaces seem to be crucial for their antimicrobial action. Most AMPs
display a high number of lysines and arginines and contain none or few aspartic and glutamic
residues, carrying a net charge from +2 to +11 (72). There is a direct correlation between peptide

charge and potency though increasing the net charge beyond a threshold does not improve the



antimicrobial profile of AMPs, presumably due to an imbalance between charge and hydrophobicity

(73).

1.3.3. Hydrophobicity.

Peptide hydrophobic content is defined as the fraction of hydrophobic residues within a peptide.
Most AMPs display hydrophobic contents around 50%. Hydrophobicity is a crucial feature that
modulates the antimicrobial efficiency and selectivity of AMPs, because it governs the partition
degree of a peptide from water to the lipid bilayer. A fine balance between charge and
hydrophobicity is required in AMPs. In this context, a substantial reduction of hydrophobicity is
directly correlated with a low antimicrobial profile whereas a severe increase causes a loose in

selectivity towards microbial membranes, inducing eukaryotic cytotoxicity (74).

1.3.4. Amphipathicity.

Amphipathicity is defined as the distribution of hydrophobic and hydrophilic residues within a
peptide. A quantitative measure of amphipathicity is the hydrophobic moment, calculated as the
vectorial sum of individual amino acid hydrophobicity vectors, normalized to an ideal helix (75). The
archetypical conformation is the amphipathic a-helix with three to four residues per turn, which is
optimal for interaction and folding upon membrane interaction. Amphipathicity is essential for
antimicrobial activity, where the charged face drives the initial electrostatic interaction while the
hydrophobic peptide face inserts into the membrane through Van der Waals interactions. However,
an increase of the hydrophobic moment beyond a threshold causes not only the disruption of
microbial membranes but also permeabilization of host cells, often referred as haemolytic values

when erythrocytes are used as model host cells (76).

1.3.5. Polar angle.

Polar angle is defined as the relative proportion of polar and nonpolar faces within a peptide with a-
helix conformation. A hypothetical peptide with solely hydrophobic residues in one face and
hydrophilic residues on the other side will present a polar angle of 180°. Smaller polar angle leads to
a better membrane permeabilization, translocation and pore formation. Also, polar angle is directly
correlated with the overall stability of peptide-induced membrane pores (77). Therefore a correct
balance between charge, hydrophobicity, amphipathicity and polar angle is required for optimum

antimicrobial profiles.
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1.4. Mechanisms of action of AMPs

The mechanism of action mainly relies on its action at the membrane level. Negatively charged
microbial membranes drive the electrostatic interaction with the peptide where the correct span
between charged and hydrophobic residues leads the peptide to adopt amphipathic structures with
the charged side facing outward towards the phospholipid head groups and the hydrophobic side
embedded into the acyl tail core. The insertion of AMPs into the membrane leads to the membrane
disruption jeopardizing cell homeostasis. Many authors have explored the membranolytic activity of

AMPs and several mechanisms of action have been proposed (78, 79).

One mechanism consists in the membrane permeabilization through the formation of pore
structures that span the membrane. In the barrel-stave model, the pore formation is driven by the
hydrophobic domains of the peptide interacting with the acyl chains, facing inwards towards the
membrane core, whereas the charged face forms the pore lining. In this model peptide helices form
a bundle perpendicular to the membrane plane with a central lumen, where the helical peptides are
the staves of the barrel. Alamethicin is the most studied example of AMP which forms barrel-stave
stable pores (80). The toroidal model differs from the barrel-stave model as the peptides may not be
perpendicularly inserted in the lipid bilayer but always curving inwards the polar head groups of the
membrane phospholipids by electrostatic interaction (81). In the disordered toroidal pore model lipid
molecules are also curved inwards but by a more disordered process, where only one or two
peptides are located at the center of the lumen pore and the others are located at the end of the
pore at the external leaflet. That is the case of the AMP honey bee venom derived melittin (82) or
the B-hairpin-like porcine protegrin |, which forms oligomeric transmembrane B-barrels in anionic

membranes producing stable toroidal pores.

On the other hand, in the carpet model AMPs are electrostatically bound throughout the membrane
covering the surface in carpet-like manner. After a critical threshold, the additional peptides that
access to the membrane promote drastic changes in the membrane curvature, which is followed by
the membrane disruption and micellation. Several AMPs, such as cecropins and magainins, exert
their membranolytic action in a carpet-like manner (83). Other membrane perturbing effects are
induced by a-helical AMPs, where lipid segregation occurs due to membrane thinning or thickening
promoting a slow leakage of intracellular content or non- lytic membrane depolarization (84). Several
AMPs, such as temporins B and L, target oxidized lipids. Therefore, the release of reactive oxygen
species during the inflammation process could enhance the antimicrobial efficacy of some peptides

(85). The extended peptide, Phe-, His- and Gly rich peptide clavanin A permeabilizes neutral
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membranes as a regular a-helical peptide, but only in acidic conditions, by inhibitory interactions

with proteins involved in maintaining the pH gradient across the membrane (86).

Although the permeabilization of the cell seems fundamental in order to kill microbes, not all the
AMPs exert their antimicrobial function at the lipidic membrane level. Several AMPs can cross the
microbe membranes and have intracellular targets. For example, pyrrhocoricin when translocated
intracellulary acts upon interaction with the heat shock protein DNAk and GroEL, drosomicin can
inhibit DNAk and apidaecin inhibits the chaperon-assisted protein folding (83). The B-sheet AMP
tachyplesin or the a-helical buforin, besides its membranolytic function can also bind to DNA,
probably interfering with DNA-protein interactions (83, 87). The B-hairpin peptide lactoferricin can
act by inhibitory activity of the ATP proton-motive force machinery uncoupling the ATP-dependent
multidrug efflux pump (88). Finally, defensins that besides their membrane active permeabilization

can bind to the peptidoglycan lipid Il inhibiting the cell wall biosynthesis enzymes of Staphylococcus

(89).
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Figure 5. Events occurring at the bacterial cytoplasmic membrane following initial antimicrobial peptide (AMP)
adsorption. These events are not necessarily exclusive of each other. In the classical models of membrane

disruption, the peptides lying over the membrane reach a threshold concentration and insert themselves

12



across the membrane to form either peptide-lined pores in the barrel-stave model, micellar structures in the

carpet model, or peptide-and-lipid-lined pores in the toroidal pore model. Taken from (90).

1.5. Immunoregulation role of Antimicrobial peptides

The antimicrobial properties of AMPs have been extensively described in several infection models,
with a wide range of organisms, clinical fastidious isolates and reductionist systems such as model
membranes (91). Besides its direct microorganisms killing activity, AMPs can help to clear infection
based on their immunomodulatory properties related to cross-talking with both innate and adaptive
immunity, as depicted in Figure 6. One of the modulatory properties of AMPs is the LPS
neutralization activity. LPS is the mayor component of the outer membrane of Gram-negative
bacteria and the mayor effector of septic shock during infection. Several AMPs can neutralize the
adverse effects of LPS in vitro and in vivo, among them, the most studied may be cathelicidin,
defensins, polymyxin B and bactericidal permeability-increasing protein (BPI) (92). In more detail,
cathelicidins are able to i) directly interact and neutralize LPS ii) disaggregate LPS, reducing the
binding affinity to the lipopolysaccharide binding protein (LBP), and iii) inhibit the production of
proinflammatory cytokines through clearing of LPS from cell surfaces in monocyte- or macrophage-
like cells (93). Another immunomodulatory related activity is chemotaxis. The first non-microbicidal
activity described on AMPs was the chemoattraction of human monocytes by human defensins
about twenty years ago (94). Later, the a-defensins human neutrophil peptide 1 and -2 were
described as potent chemoattractors for several cellular types, such as CD4+, CD45RA+ and CD8+ T
cells, as well as dendritic cells. Human B-defensins (HBD 1, 2 and 3) are able to recruit memory T
cells, dendritic cells, monocytes and mast cells. At the same time, cathelicidins are able to recruit
memory T cells, monocytes and mast cells but not dendritic cells (9). AMPs are also found to act as
an epithelial growth factor (EGFR) in lung, as observed for LL-37 (95). In this context, another
important immunomodulatory property is the ability of some AMPs, such as LL-37, to promote
wound healing through re-epithelialization and granulation tissue formation (95). Other important
findings highlight the role of AMPs in modulating proinflamatory cytokine production. Human a-
defensins have been shown to promote the expression of inflammatory cytokines and co-stimulatory
molecules on lymphocytes. HBD3 is responsible of dendritic cell maturation and proinflamatory
cytokine modulation (96). All these novel properties of AMPs open as a new window to elucidate

new approaches based on innate and adaptive immunity regulation to fight against pathogens (97).
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Figure 6. Schematic representation of the role of antimicrobial peptides in the complex network of innate

immunity. LPS (lipopolysaccharide). Taken from (98).

1.6. Antimicrobial peptides in drug development

Currently about 40 compounds are in active clinical development, where half of them have been
launched during the last ten years. Several, either natural or synthetic AMPs have entered into and/
or completed clinical trials; some examples are shown in Table 1. For instance, the eleven residues
AMP, derived from lactoferrin, hLF1-11, was proven to be safe when injected intravenously (99).
Pexiganan, a peptide derived from magainin has demonstrated efficacy in phase Ill trials. Omiganan
(MBI-226), a derived indolicin peptide, is also in phase Il trials, and has been proven to reduce
significantly microbiological catheter colonization (100). Other peptides have completed the clinical
trials, that is the case of polymyxin used as the last-resort drug against acute multiresistant infection
of Pseudomonas spp. and Acinetobacter spp. Gramidicin S, a cationic cyclic peptide, is extensively
used as topical ointment and eye drops. Another example is the lantibiotic nisin which is currently
approved as food additive in Europe (101). Another promising application of AMPs is the elaboration
of AMP-coated devices. Solids supports would be AMPs tethered in order to prevent microbial
surface colonization. We should take into account another promising approach which has been
exploited during the last years, the usage of amyloid-forming peptides which after selective insertion
of charged amino acids adopt amphipathic structures that can be converted into membrane-
disrupting AMPs (102). One of the major problems that face AMPs-coated supports is the reduction

of the antimicrobial capability; it has been demonstrated that tethered peptides are nearly 100 times
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less active than their soluble counterparts (103). The major problems faced by AMPs into clinical
development are mainly, i) host toxicity, ii) proteolytic degradation and iii) production cost. One of
the crucial point on the development of AMPs as clinical drugs is their potential toxicity. Several
approaches are carried out in order to overcome host toxicity, such as reduction of the hemolytic
profile, animal testing or masking the peptide through inclusion into delivery vectors as liposomes
(104). The half-life of a peptide within an organism, and its liability to proteolytic degradation could
be addressed by using D-amino acids, non-natural amino acid analogues or mimetics with different
backbones structures (105). The cost of goods could be addressed by reduction of the peptide

sequence and improving the obtainment technical approaches.
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Table 1. Selected host defence peptides in drug development. Taken from (100).

Name

Pexiganan
acetate
(MS178)

Omiganan
(MX-226/
MBI-226)

Omiganan
(CLS001)

Iseganan
(1B-367)

hLF1-11

XOMA 629

PAC-113

CZEN-002

IMX942

OP-145

Ghrelin**

PMX-30063
Delmitide
(RDP58)**

Plectasin®*

HB1345

Sequence

GIGKFLKK
AKKFGKAF
VKILKK

ILRWPW
WPWRRK

ILRWPW
WPWRRK

RGGLCY
CRGRFC
VCVGR

GRRRRS
VQWCA

KLFR-(0-
naphtho
-Ala}-QAK-
(o-naphtho
-Ala)

AKRHHG
YKRKFH

(CKPY),

KSRIVPA
IPVSLL

IGKEFK
RIVERIK
RFLREL
VRPLR

GSSFLSPE
HQRVQQ

RKESKKPP
AKLQPR

Structure

disclosed

RXXXRX
XXGY

no;leuclne)

GFGCNG
PWDEDD
MQC HNH
C KSIKGYK
GGYCAKG
GFVCKC,Y)

Decanoyl-
KFKWPW

Company Description Application

MacroChem Synthetic Topical antibiotic
analogue of
magainin 2 derived
from
frog skin

Migenix/ Synthetic cationic  Topical antisepti

BioWest peptide derived prevention of

thetapattics i R Reos

Cutanea Life Synthetic cationic  Severe acne

Sclences/ peptide derived and rosaces;

Migenix from indolicidin anti-infl y

Ardea Synthetic 17-mer  Oral mucositis

Biosciences peptide derived in patients
from protegrin 1 undergoing

radiation therapy

AM-Pharma Cationic peptide Bacteraemia and
fragment fungal infections
comprising inimmuno-
amino-terminal compromised
amino acids haematopoetic
1-11 of human stem cell
lactoferricin transplant

recipients

Xoma Derivative of Impetigo
bactericidal
permeability-
increasing
protein

Pacgen Synthetic 12-mer  Oral candidiasis

Biopharma- peptide derived

ceuticals from histatin 3
and histatin 5

Zengen Dimericoctamer  Vulvovaginal
derived from candidiasis;
a-melanocyte- anti-inflammatory
stimulating
hormone

Inimex Synthetic cationic N ial
peptide derived infection, febrile
from IDR1 and neutropenia
bactenecin

OctoPlus; Synthetic Chronic bacterial

Leiden 24-mer peptide middle ear

University, derived from infection

The LL-37 for binding

Netherlands to lipopoly-
saccharides or
lipoteichoic acid

University Endogenous Airway

of Miyazaki, host-defence inflammation,

lapan; peptide chronic respiratory

Papworth infection and

Hospital, cystic fibrosis

Cambridge. UK

PolyMedix Arylamide Acute bacterial
oligomer mimetic  skin infections
of a defensin caused by

Staphylococcus
spp-

G Y <, 3, y ot 1nfl v
D-amino acid bowel disease
decapeptide
derived from HLA
class1B2702

Novozymes Fungal defensin; Bacterial

didatein i
developmentis
an amino-acid
substitiution
variant

Helix BioMedix Synthetic Acne;
lipohexapeptide broad-

antibiotic

Trial
phase

1/

Ul

Iib

b

Il (com-

pleted)

Il (com-

pleted)

Pre-
clinical

Pre-
clinical

Comments Clinical trial
identifiers
and further
information

No advantage NCT00563433

demonstrated over and

existing therapies NCT00563394

Missed primary end NCT00027248

point (infections) but a

achieved secondary NCT00231153

end pointsof

microbiologically

confirmed infections and

catheter colonization

Significant efficacy NCT00608959

in Phase |l trials for

both indications;

in Phase Il trials

No advantage NCT00022373

demonstrated over

existing therapies

Significant efficacy NCT00509938

observed in Phase |

trials; mechanism

of action appears to be

immunomodulatory

rather than antibiotic;

Phase |l trials

initiated after a

long delay

No Phase lia results A ite

‘available (trial started

in July 2008)

Phase lIb results NCT00659971

(announced June 2008):

34%increase in

primary end point

efficacy level; Phase Il

trial not initiated

Positive efficacy US Patent

results d {icati

Phase fib trialis serial number

adose-ranging 09/535066

study

Phase la trial completed Inimex.

in 2009; no Phase Il trial Pharmaceuticals

announced yet website

Clinical proof-of-efficacy  ISRCTN84220089

in Phase |l trials; ' :

no Phase Il trials

proposed yet

Peptide hormone that JPRN-

suppresses neutrophil- UMIN000002599,

dominant inflammation JPRN-

in airways of patients UMIN0O00001598

with chronic respiratory aj

infection NCT00763477

Mimetic rather than NCT01211470;

peptide; currently in PolyMedix_

Phase Il trials website

A protease-resistant,

D-amino acid-containing 5

peptide with similar ISRCTN84220089

elﬁcacy to asacol;

attempting to

improve activity

through formulation

Excellent efficacy Novozymes

demonstrated in website

animal models

Looks promising as Helix BioMedix

thisis avery small website

lipopeptide

HLA, human leukocyte antigen; IDR1, innate defence regulator 1; LL-37, human cathelicidin antimicrobial peptide LL-37.



1.7. Antimicrobial RNases.

The RNase A superfamily takes its name from the first ribonuclease discovered, the bovine pancreatic
RNase (RNase A), and groups together all the RNases homologous found in vertebrates (106, 107).
Eight functional members, known as “canonical RNases” have been isolated from humans (Figure 7
and Table 2) (108). They present some common features i) the ability to hydrolyze RNA substrates, ii)
a unique disulfide-bond pattern that shapes its particular tertiary structure, iii) a catalytic triad,
conformed by two histidines and one lysine. It must be emphasized that, independently to their
ribonuclease activity, a variety of other biological functions have been reported. A worthy effort has
been applied in order to highlight the antimicrobial and immunomodulatory activities of the family;

suggesting that RNases could have an ancestral host-defence function (109-112).
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Figure 7. Primary sequence alignment of the human RNases belonging to the vertebrate-secreted RNase A
family. Conserved amino acids in all sequences are boxed in black. The alignment was performed using Clustal
W , and the picture was drawn using the ESPript program ( http://espript.ibcp.fr/ESPript/ ). Modified from
(113).
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Table 2. Properties of human RNases from the RNase A family. Information was taken, unless indicated, from UniProt Protein Knowledgebase data (UniProtKB;
http://www.uniprot.org). Bactericidal activity reported in the literature is indicated and classified as low, moderate or high, when a quantified reference is available.

Taken from (113).

Protein name Main source Reported bactericidal activity Known natural Postranslational modifications Proposed role
. 2
(alternative variants

name),

RNase 1 Pancreas, human endothelial None 3 N-linked glycosylation sites RNA digestion in ruminant
cells and other tissues and body (114) homologues. Unknown non
(Human . fluids digestive physiological role for
E?\lncre)atlc the human member (115)
ase

[PO7998]
128/28
RNase 2 Matrix of eosinophil large None His73/GlIn 5 potential N-glycosylation sites; Host defence against viral

inonhil specific granules, liver, lung His129/Asn C-linked mannose at Trp7 (116) infections; chemotaxis for
ijo.smc(;p ! spleen, neutrophils and (117); Tyr33 nitration (118) dendritic cells (119)

erive ’

neurotoxin, monocytes
EDN)
[P10153]
134/27
RNase 3 Matrix of eosinophil large High (nM- uM range) Arg97/Thr 3 potential N-glycosylation sites; Host defence against parasite,
(Eosinophil specific granules and also MICyg0 = 0.3-1.5 uM (related to asthma 10 purified variants of N-linked viral and bacterial infections;
Cationic Protein minoritary in neutrophils propensity and glycosylated forms (124); N- immunomodulation (126) (112,

ECP)

(tested against several Gram

negative and Gram positive species

disease induced
pathologies)

glycosylation processed upon
secretion by activated eosinophils

127) (128)

[P12724] (120) (121) (125); Tyr33 nitration (118)
133/27 (122) (123)
Gly103Arg
RNase 4 Ubiquitous, with predominance None Pyro-Glu (N-terminal GIn Unknown. mRNA cleavage?
in liver and lung cyclation) (129) (129)
[P34096]
119/28
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RNase 5
(Angiogenin)

Expressed predominantly in the
liver. Also detected in
endothelial cells, neurons,

High-moderate

(low -uM range)

multiple
substitutions
related to

Pyro-Glu (N-terminal GIn
cyclation) (133)

Angiogenesis; cell
differentiation; host defence?
(130, 134-136)

[P03950] intestinal epithelium and Contradictory reports (130, 131) amyotrophic lateral
123/24 keratinocytes sclerosis
(ALS9)(132)

RNase 6 Strong expression in lung, None R66Q 2 potential N-glycosylation sites Host defence?; RNA

followed by heart, placenta, (137) catabolism? (137, 138)
(RNase k6) kidney, pancreas, liver, brain and
[Q93091] skeletal muscle. Also expressed
127/23 in monocytes and neutrophils.
RNase 7 Expressed in various epithelial High (nM-uM range) A75P 1 potential N-glycosylation site Host defence. Skin protection.
(Skin derived tissues including skin, respiratory Broad-spectrum antimicrobial Y88H (116) Protection of respiratory,
antimicrobial tract, genito-urinary tract and, at activity against many pathogenic intestinal epithelium and

protein 2, SAP-
2)

a low level, in the gut. Expressed
in liver, kidney, skeletal muscle
and heart.

microorganisms and remarkably
potent activity (LD90 < 30 nM)
against a vancomycin resistant

urinary tract (139, 140) (141)
(142)

[Q9H1E1] /

Enterococcus faecium(139)
128/28
RNase 8 Expressed in Placenta I(-:igh-moderate) Placenta protection against

ow -uM range infection? (144) (143)

(Placental Contradictory reports. Tested K | |
RNase) against a wide bacteria spectra Unknown role not related to
[Q8TDE3] (LD90 from 0.1 to 1 uM)(143) secreted RNases (145)
127/27

1[UniProtKB ID], Mature protein/ signal peptide lengths; 2 Only natural variants in the mature protein reported in the UniProtKB are included.
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1.7.1. Eosinophil ribonucleases.

The eosinophil ribonucleases, eosinophil-derived neurotoxin (EDN or RNase 2) and eosinophil
cationic protein (ECP or RNase 3) are two main secretory components in the secondary
granules of eosinophils (the structure of these RNases is depicted in Figure 8). ECP and EDN
share a 65% sequence identity. Their genes started a diverging process about 50 million years
ago accumulating non-silent mutations in a rapid manner after gene duplication under positive
selection pressure, although retaining its structural folding, disulfide-bond pattern and the

catalytic triad (146-150). The antimicrobial and catalytic properties of both proteins have been

extensively studied and characterized (113).

Eosinophil Cationic Protein Eosinophil Derived Neurotoxin Ribonuclease A

Figure 8. Schematic diagram for ECP, EDN, and RNase A. The secondary structure elementsin ECP are helix R1
(Thr-6-11e-16), strand B1 (Asn-39-Arg-45), loop L1 (Met-0-Phe-5), helix R2 (Arg-22-Asn-32), strand 52 (Asn-70-
Ser-74), loop L2 (Ser-17-Pro-21), helix R3 (Thr-47-Gly-56), strand 3 (Va-78-11e-86), loop L3 (Tyr-33-Lys-38),
strand B4 (Arg-97-Arg-114), loop L4 (Asn-57-Asn-69), strand 55 (Pro-123-11e-133), loop L5 (Arg-75-Arg-77), loop
L6 (Asn-87-Cys-96), and loop L7 (Asp-115-Tyr-122). Taken from (151).

1.7.1.1. Eosinophil derived neurotoxin (RNase 2).

EDN was firstly isolated at the beginning of the 80’s as an eosinophil protein of 18.4kDa,
although it is also expressed in neutrophils, macrophages, liver and other tissues. EDN when
injected intrathecally into rabbits is able to reproduce the Gordon phenomenon, a non-
physiological syndrome of cerebellar dysfunction directly associated with Purkinje cell
degeneration (152). EDN displays an a + [ folding, which consists in two related lobes; each
lobe containing three-stranded anti-parallel B-sheet and an a-helix with a conserved disulfide
bridge between the central strand of the B-sheet and the a-helix (153). Several studies
reported an intimate role of EDN within the host system as antimicrobial and

immunomodulating (154-156). Although, EDN displays no significant antibacterial activity and
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only very moderate antiparasitical activity (157), EDN is active against several viruses in a
ribonuclease dependent manner, such as rhinovirus, adenovirus and, against the respiratory
syncytial virus (RSV) (158-160). EDN also acts as a modulator of the host immune system
leading immature dendritic cells (DCs) chemotaxis and maturation both in vitro and in vivo
(154, 161-163). In addition, EDN has been described as an endogenous ligand of toll-like
receptor 2 (TL2) regulating antigen presenting cells (APC), thus connecting with adaptive
immune system. EDN has been classified as an alarmin, a protein capable of activating and

modulating the host immune system (163, 164).

1.7.1.2. Eosinophil cationic protein (RNase 3).

At the beginning of the 70’s, a highly cationic arginine-rich protein (19 Arg out of 133 amino
acids, pl of 10.3) was isolated from the secondary granules of human eosinophils. Human ECP
is secreted in response to both several infectious agents and different inflammation processes
(126, 165). The protein also displays an a + B conformation formed by three a-helices at the N-
terminus and six B-sheet, stabilized by four disulfide bridges; a pattern conserved among the
RNase A family (151, 166). ECP has a number of biological activities, including a highly
antimicrobial activity against bacteria (167), and many parasites, such as helminths and
protozoa (157, 168-172), cytotoxic and neurotoxic (173), antiviral (174), antitumoral (175) and
immunoregulatory activities (176). However, in contrast to EDN, its antimicrobial properties

are not dependent on the ribonuclease activity (174).

The antibacterial activity of the protein has been extensively studied in our laboratory. ECP
displays a high antibacterial activity against both Gram-positive and Gram-negative bacteria
(167). ECP is able to interact with many molecules, inclduing the bacterial cell wall moieties, as
lipopolysaccharide (LPS) and peptidoglycan (PNG) or the glycosaminoglycans present at the
eukaryote cellular matrix, such as heparan sulphate (113, 177-179) . It has been described that
ECP is able to interact with negatively charged model membranes and subsequently produce
the disruption and aggregation upon incubation of large unilamelar liposomes (LUV) (180). The
suggested mechanism of action of ECP could be described by two main processes, during the
first step the protein interacts with the negatively charged molecular components of the
bacterial cell wall and cytoplasmic membranes; and in the second one a subsequent bacterial
agglutination and membrane destabilization occurs (181). The sequence/structural
determinants of the antibacterial properties of ECP have been located at its N-terminal 45 first
amino acids by peptide synthesis approach (120). Specifically, two separate regions lead the

process of membrane aggregation/ bacterial agglutination (8-16 residues) and membrane
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disruption (33-36 residues) (120). Further results highlight that the N-terminal hydrophobic
patch corresponding to 8 to 16 residues could be an amyloid-like prone region triggering the

formation of protein amyloid aggregates under certain conditions (182).

Other biological activities of ECP have been determined. High concentrations of ECP were
observed in the serum of patients with renal cell adenocarcinoma, suggesting that activated
eosinophils are present in the tumor microenvironment, and that the protein participates in
the tumor destruction (183). Further investigations demonstrated that ECP was able to

suppress the growth of several tumoral human cell lines (175).

ECP has a range of immunomodulatory activities, including, the suppression of both T-cell
proliferative responses and immunoglobulin synthesis by B cells, mast cell degranulation,
regulation of fibroblast activities, induction of airway mucus secretion, and interaction with

the coagulation and complement systems (124, 173, 184-186).

1.7.2. Non-eosinophil ribonucleases

Antimicrobial RNases are not only expressed in the secretory granules of eosinophils. Other
ribonucleases such as RNase 5, 7 and 8 are expressed in multiple somatic tissues. RNase 5, for
instance, is expressed predominantly in liver but also detected in endothelial cells, neurons,
intestinal epithelium and keratinocytes. RNase 7, at the same time, is found in various
epithelial tissues, such as skin, respiratory and urinary tracts. RNase 8 is expressed mainly in
placenta where it might exert its antimicrobial action (109). Those three RNases are well
studied and their antimicrobial activities are further discussed below. Other members, mainly
RNases 4 and 6 are at this date poorly studied and, although there are some evidences that

they could be involved in human host defence, there is still controversy.

1.7.2.1 Angiogenin (RNase 5).

Human angionenin (ANG) was firstly discovered as a tumor-derived protein with a potent
agiogenic activity about 25 years ago (187). ANG adopts the overall structural conformation
characteristic of the RNase A superfamily (188). Bactericidal and antifungal activities are
reported in human ANG together with their homologues in mice, (ANG1 and 4) (130). It has
been described that ANG may play a role in host-defence in bacterial challenged intestinal
tract; presenting antimicrobial activity against several gram-positive and gram-negative
bacteria (130). Recent studies highlight the antifungal activity of ANG which can suppress the

growth of C. albicans. Both are expressed after intestinal infection (189).
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1.7.2.2. Skin derived RNase (RNase 7).

At the beginning of the century a novel human epithelial ribonuclease was discovered, and
named RNase 7 (139). The protein was reported as a major antimicrobial protein of healthy
skin and is mainly produced by keratinocytes induced by bacterial challenge. RNase 7 is
expressed by epithelial tissues; such as skin, respiratory tract, genitourinary tract and in a less
amount in gastrointestinal tract (190). RNase 7 also displays the prototypical a + B RNase A
superfamily fold (191). A differential feature may be the nature of its positively charged

residues (18 Lysines of 128 amino acids), as shown in Figure 9.

RNase 7 exhibits a broad spectrum of antimicrobial activity against both Gram-negative
bacteria (E. coli and P. aeruginosa), and Gram-positive bacteria (Propionibacterium acnes, S.
aureus) and the yeast C. Albicans in a very low micromolar range. RNase 7 is extremely
effective against Enterococcus faecium with a lethal dose inferior to 30 nM (the lowest value
known so far for an antimicrobial RNase); suggesting that RNase 7 may be the central effector
of bacteria clearance at the gut epithelia (139). Recently, studies highlight that RNase 7 is a
potent antibacterial at the urinary tract participating in the clearance of several uropathogenic
bacteria (192). The antibacterial properties of the protein seem to be located at the N-terminal
portion (191). Later studies confirm and expand these findings determining that secondary
structure appears to be crucial for RNase 7 antimicrobial activity; being its structural B-sheets
1, 3 and 4 the antimicrobial determinants (193).

The mechanism of action of RNase 7 has been studied in our laboratory using a model
membrane system. The antimicrobial mechanism of action is mostly dependent on its
membrane destabilization ability. RNase 7 is not able to interact and disrupt neutral
membranes, but can induce the vesicle leakage in a submicromolar range against negatively
charged membranes (181). Different spectroscopic and imaging techniques were leading us to
dissect the membrane destabilization into three steps: vesicle content leakage, aggregation
and sample precipitation (181). At the bacterial cell wall level it has been proved that RNase 7
is able to bind the heterosaccharides from Gram-negative (lipopolysaccharide) and Gram-
positive (peptidoglycan). After recognition of the bacteria at both cell wall and membrane
level, the protein exerts its antibacterial effect producing the leakage of the cell after
destabilization of the cytoplasmic membrane without inducing the bacterial agglutination, as

ECP does (194).
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Figure 9. (A) Ribbon representation of the 3D structures of RNase 3 (1DYT.pdb) and RNase 7 (2HKY.pdb).
Molecules are colored from the N- to C-terminus. A circle highlights the active site. (B) Molecular surface
representation of RNase 3 and RNase 7. Hydrophobic residues are labeled in grey, cationic residues in
blue, anionic residues in red, cysteine residues in yellow, proline residues in orange and non-charged

polar residues in cyan. Taken from (194).

1.7.2.3. Placental RNase (RNase 8).

A decade ago a novel member of the RNase A superfamily, termed RNase 8, was discovered in
human placenta (144). Afterwards RNase 8 expression was reported in several tissues, such as
spleen, lung, testis, and liver (145). RNase 8 and RNase 7 share 78% sequence identity;
therefore, it is reasonable to speculate that RNase 8 may play a role in host-defence. In fact,
several studies do report RNase 8 antipathogenic activity against different pathogenic Gram-

positive and Gram-negative bacteria and fungi, inhibiting the growth of C. albicans (143).
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2. Aims of the thesis

The overall aim of the present work is to characterize the mechanism of action of antimicrobial
ribonucleases, focused in identifying the structural determinants required for their

antimicrobial properties. In particular, the specific aims of the thesis were:

Chapter I:

e To determine the pharmacophore of the Eosinophil cationic Protein (ECP) by a rational
structure minimization approach.

Chapter II:

e To understand the processes taking place at the bacterial cell wall upon interaction
with ECP and, in particular, to study the role of the lipopolysaccharide molecule in the
protein mechanism of action.

Chapter lll:

e To determine the role of the protein amyloid aggregation and its correlation with the
bacterial agglutination and killing.

Chapter IV:

e To identify the sequence and structural determinants of human antimicrobial RNases
conserved along evolution at their antimicrobial N-terminal domain.

Chapter V:

e To determine the role of the key antimicrobial regions on human ECP through rational
single point mutation on its homologue counterpart EDN.

Chapter VI:

e To explore the antimicrobial activity of ECP, RNase 7 and their N-terminal derived
peptides towards mycobacteria.
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GENERAL DISCUSSION AND

FUTURE PERSPECTIVES






3. General discussion and future perspectives

Antimicrobial RNases are small cationic proteins belonging to the vertebrate-secreted RNase A
family. This family comprises all the vertebrate members homologous to RNase A. In humans,
eight genes encoding for functional proteins have been identified, also known as “canonical
RNases”. Despite of the low sequence identity, between several members, as low as 30%, they
all share three main features; i) the ability to hydrolyze RNA substrates ii) a catalytic triad
composed of two histidines and one lysine iii) and a common three-dimensional structure with
three to four conserved disulfide bonds. Together with the shared RNase catalytic activity, a
variety of other biological activities, such as angiogenic, antitumoral, antiparasitic,
antimicrobial and immunomodulatory properties are reported for human ribonucleases,
suggesting their function as multifunctional proteins (113). Remarkably, several human RNases
display different antimicrobial actions against a wide range of pathogens as bacteria, fungi,
yeast and parasites, and play a direct role in host immune system as key modulators. In
particular, our lab has extensively studied RNase 3, also known as eosinophil cationic protein
(ECP). ECP is one of the major proteins in the secondary granules by eosinophils, which are
secreted during infection. ECP is a highly cationic protein which has been reported to exert
antimicrobial activity against helminths, protozoa, bacteria and fungi in a non RNase-
dependent manner (113). The protein is able to interact and disrupt pathogenic membranes
and is also able to recognize several cell wall molecules of bacteria, such as lipopolysaccharide
(LPS) and peptidoglycan (PG) and glycosaminoglycans as heparin (113, 177, 178). The
antimicrobial properties seem to be mostly retained on the first two a-helices corresponding
to the 45 first amino acids (120). ECP can also agglutinate both model membranes and Gram-
negative bacteria in a low micromolar range (181, 194). ECP would act in three different steps
that define a dynamic process of bacterial killing. First, the protein interacts with the
negatively charged cell wall molecules. Next, the protein promotes the agglutination of

bacteria and finally induces bacterial cell leakage finally killing the pathogen.

3.1. Lipopolysaccharide binding and antimicrobial activity.

In this thesis we investigated further the antimicrobial mechanism of action of ECP. It is known
that ECP is able to agglutinate Gram-negative bacteria but not Gram-positive bacteria. Also
ECP displays a high affinity to the LPS polysaccharide moiety of Gram-negative bacteria. The
LPS outer layer confers bacteria a hydrophobic protective barrier against much of the
antimicrobials, such as antibiotics, detergents and host proteins (195). However, there are

several antimicrobials that exert their antibacterial activity through direct interaction with the
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LPS molecule, such as lactoferrin or lysozyme that show a decrease in their activity when
tested with a progressively truncated LPS (196). Those facts encouraged us to investigate the
role of LPS in the antimicrobial action of ECP. We tested the antimicrobial and agglutinating
abilities of the protein against a progressively LPS truncated E. coli mutant strains (197)
(further detailed in Chapter Il). As lactoferrin or lysozyme, ECP was far more active against
rough mutants (with longer LPS core) when compared with deep-rough mutants (with shorter
LPS core) showing seven fold higher minimum inhibitory concentration (MIC) values. In
addition, ECP displayed a slower membrane depolarization and bacterial-killing kinetics on
deep-rough mutants and this strain showed a lower mortality rate. Regarding to the
agglutinating activity of the protein, ECP was unable to agglutinate the deep-rough mutant.
These evidences led us to suggest that the LPS polysaccharide moiety is essential to trigger
Gram-negative bacterial cell agglutination, which we found directly correlated with
antimicrobial activity. During agglutination the outer membrane is disrupted and causes a loss
of the membrane potential, compromising cell homeostasis. Unfortunately, the molecular
determinants required for LPS interaction are not elucidated yet. The LPS molecule is the main
responsible of septic shock during bacterial acute infection (198)., causing more than 500,000
deaths per year worldwide (92). Therefore, discovering new agents for LPS neutralization has
become a goal of general scientific interest. We suggest that ECP may be a good candidate as a
template for the development of new anti-LPS agents and we aim to pursue this investigation

by developing new peptides based on the ECP N-terminus for septic shock treatment.

3.2. Antimicrobial activity and protein aggregation

ECP was previously reported to form amyloid-like aggregates due to a hydrophobic patch at
the protein N-terminus (residues 8 to 16) (182). A single point mutation, lle 13 to Ala,
completely abolished the amyloid prone region of ECP disabling its aggregation properties.
Those previous results suggested that the role of amyloid self-protein aggregation was related
to the agglutinating properties of the protein. In this work we tested the wild type ECP and the
mutant 113A (see Chapter Il for further details). Our results directly correlated the
antimicrobial action of the protein with the agglutinating activity (199). 113A mutant showed
no agglutinating activity and low antibacterial action between ten to five times lower than wild
type ECP. These results encouraged us to further analyze the protein agglutination mechanism
at both membrane and cell level by means of fluorescent labelling and confocal microscopy.
The results obtained highlighted that the agglutination process was mediated by amyloid-like
protein aggregation. The presence of protein aggregates was also confirmed by Total Internal

Reflection Microscopy (TIRF) and binding to amyloid diagnostic dyes. Therefore, we discovered
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evidence that amyloid aggregation can be linked to bacteria clearance. Thus, we suggest that
after binding to the bacterial surface a conformational rearrangement of the protein could
expose the N-terminal patch triggering the amyloid self-aggregation process driving the
agglutination of the bacterial cell. Additionally, during last years several reports brilliantly
linked the amyloid aggregation propensity of several proteins with their antimicrobial
activities. Therefore a novel and promising new approach on the development of new
antimicrobials is the amyloid-based designed peptides (102). In consequence, we suggest that
ECP amyloid-prone region might be used as a scaffold for the development of new amyloid

based antimicrobial peptides.

3.3. Design of protein derived antimicrobial peptides

The widespread use of antibiotics as a general treatment for bacterial infections has been
guestioned as an alarming emergence of bacteria resistance develops. In this context, AMPs
are viewed as promising candidates due to their high potency, wide spectrum of activity and
vastly diverse mechanism of action. With the aim to use AMPs as therapeutic drugs against
pathogens, several approaches are studied to improve the AMPs antimicrobial features. One
of those approaches consists in the use of antimicrobial proteins as scaffolds to develop
synthetic peptides with enhanced antimicrobial activity. That is the case of human RNases and,

in particular, of ECP.

Structure-function studies of ECP showed that most of the antimicrobial activity of ECP was
largely retained by its N-terminal domain (120). This domain, encompassing residues 1 to 45, is
equipotent compared to the whole protein, retaining most of the biophysical properties, such
as membrane agglutination and leakage. Moreover, the antimicrobial action of the N-terminal
domain also depends on LPS binding as showed by the use of progressively LPS truncated
strains. Therefore the antimicrobial mechanism of action of this peptide seems to be
equivalent to its parental protein. With all these information and using rational structure-
guided minimization of the N-terminal domain we were able to define the ECP
pharmacophore, the peptide analogue ECP(6-17)~Ahx~ (23-36) (200) (where Ahx stands for
aminohexanoic acid; see Chapter |). This approach lead to a peptide with a size reduction of
40% versus the lead peptide ECP(1-45) and up to 80% from ECP with the preserved a-helical
structure of the native protein, as shown by NMR experiments. Despite of the high size
reduction, the peptide displayed a high antimicrobial activity against both Gram-positive and —
negative bacteria with a potent disruptive membrane leakage and a remarkable

lipopolysaccharide (LPS) affinity. Besides, only a very small increase in haemolytic activity was
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observed when compared to the ECP(1-45) analogue. Therefore, we found a correct balance
between size and antimicrobial features of this analogue as further reduction of the ECP(6-
17)~Ahx~(23-36) analogue strongly decreased the antimicrobial properties. Surprisingly, ECP(6-
17) ~Ahx~(23-36) mechanism of action appeared to be LPS independent, showing lower
agglutination propensity and remarkable activity against deep-rough mutants. Also, a higher
and faster membrane depolarization activity was also observed. Those results suggest that the
peptide ECP(6-17)~Ahx~(23-36) enhances lytic mechanism of action while losing the ability to

interact with LPS, probably due to its enhanced hydrophobicity.

On summary, we suggest that ECP(6-17)~Ahx~(23-36) is a good template to develop ECP-based
antimicrobial compounds against resistant strains. Certainly, more efforts are needed to
overcome the difficulties for the drug design of ECP-based peptides. Several approaches could
be tested in near future, including the synthesis of D-enantiomer variants, pegylated versions
or mimetics using non-natural amino acids to elude the natural pathogen proteases and
increase the half-life of these peptides. Finally, it is necessary to study the survival rate of
model animals challenged with bacterial infection after treatment with ECP-derived peptides
that would provide information on the toxicity, pharmacodynamics and in vivo potency,

required for later clinical trials.

3.4. Searching for conserved antimicrobial patterns.

Human RNases are small multifunctional proteins that play a crucial role in several biologic
processes, such as metabolism of RNA, angiogenesis, antimtumour, immunomodulator and
antimicrobial activities. Concerning to their antimicrobial activity human RNases share high
isoelectric points, a common feature among AMPs that is required for interaction with
negatively charged microbial surfaces. However, neither a sequential nor a structural
evolutionary pattern that embodies these antimicrobial properties has been reported yet. In
this context, as we highlighted before, the antimicrobial domain of ECP is comprised in the N-
terminal first 45 amino acids, being the residues from 24 to 45 essential for the antimicrobial
action and the residues from 8 to 16 crucial for protein aggregation and bacterial agglutination
(120). Therefore, it is tempting to hypothesize the potential role of the N-terminal domain in
the antimicrobial action of human RNases. To test this hypothesis, we synthesized the N-
terminal domain of all human RNases and thereafter tested their antimicrobial and
agglutinating activities (201) (see Chapter IV). We have found that all N-terminal domains of
human RNases with described antimicrobial activity were active against all Gram-positive and

negative bacteria species tested, presenting MIC values similar to the previously reported for
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their parental proteins (113). We also found a strong correlation between the ability to disrupt
model membranes and the antimicrobial activity. Therefore, the correlation between liposome
leakage, membrane depolarization and antimicrobial activity in bacteria suggests that the
mechanism of action of these peptides occurs at the membrane level and not by interaction
with bacteria internal targets. It is also worth mentioning that we found a significant
correlation between the peptide structure in membrane-like environments and the
antimicrobial activity, suggesting that the conformational changes that occur at the membrane

level are crucial to trigger membrane destabilization.

All peptides with antimicrobial activity also showed bacterial agglutinating activity and even
more interestingly, we found a direct correlation between the agglutinating activity and the
ability to bind LPS. This observation further supports our claim that agglutination takes place at
the external membrane of Gram-negative bacteria cell wall and that bacteria agglutination is
an essential feature for the antimicrobial action of ribonucleases. Therefore, it seems
reasonable to suggest that the N-terminal segment of human RNases might be a successful
antimicrobial template conserved along evolution to confer antimicrobial properties to
antimicrobial RNases. To test our hypothesis, we extended our search to other vertebrate
RNases by analyzing the antimicrobial profile of all secreted vertebrate RNases using the AMPA
algorithm (202). AMPA is available as a web application to assess the antimicrobial domains of
proteins, with a focus on the design of new antimicrobial drugs. The web server uses peptide
sequences to predict the antimicrobial domains of proteins and polyeptides (203). This
computational analysis shows that most RNases display a putative antimicrobial region
overlapping the antimicrobial prone region reported for human ECP. In accordance to these
results we can suggest a common evolution that took place at the N-terminal domain ascribing
a host defence role to vertebrate RNases. In any case, further experimental analysis should be
done in order to corroborate this hypothesis. Synthetic peptide and protein recombinant
expression approach of selected vertebrate secreted RNases would help us to confirm whether
the N-terminal domain of the RNase A members evolved as the antimicrobial determinant of

the family.

3.5. RNases as a scaffold to design antimicrobial proteins.

To further understand the sequence and structural determinants of the antimicrobial function
of human RNases at the N-terminal domain we compared ECP with its closest homologue, the
eosinophil derived neurotoxin (EDN or RNase 2) (204) (see Chapter V). The ancestral precursor

of EDN/ECP started to diverge about 50 million years ago by gene duplication (147). Since then
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multiple mutations have accumulated in both proteins providing their different biological
properties. ECP is highly cationic and displays an antimicrobial action against a wide range of
pathogens independently of its RNase activity. On the other hand, EDN displays a low
bactericidal activity, although it has been reported to present a high antiviral activity directly
correlated to its ability to hydrolyze the viral RNA (160). When further analysing the
antimicrobial N-terminal region of both eosinophil RNases we observed that EDN presented a
clear segregation of charged and hydrophobic residues rather than a scrambled distribution, as
is the case of ECP. We incorporated into EDN sequence two single point mutations, glutamine
34 to arginine and arginine 35 to tryptophan, building an EDN variant with a similar exposed
antimicrobial region of ECP. This EDN variant displayed an antimicrobial activity similar to ECP.
Then we designed a second variant where, in addition to the previous mutations, we
substituted the EDN threonine 12 for isoleucin, generating a hydrophobic patch at the surface
of the protein, similar to the one displayed by ECP. By enhancing the hydrophobicity of the N-
terminal region of EDN we allowed EDN to agglutinate Gram-negative bacteria, though in
lower levels when compared to ECP. The antimicrobial profile of this EDN variant is also
increased supporting the concept that the self-aggregation process is essential in the
mechanism of action of antimicrobial RNases. In this context, only few mutations were needed
to change the antimicrobial profile of these proteins, evincing that ribonucleases have a
suitable scaffold to display antimicrobial activity and suggesting that the host-defence function

of ribonucleases is not just a collateral product of evolution.

3.6. Testing antimicrobial RNases against mycobacteria.

Human antimicrobial RNases are involved in several biologic processes in host-defence. For
instance RNase 7 is expressed mainly in skin, urinary and respiratory tracts, displaying a high
antimicrobial action especially against bacteria and is reported to be one the major effectors in
skin protection (205). On the other hand, recent results linked mycobacterial tuberculosis with
eosinophil activation and ECP was found to contribute synergistically with a-defensins to
mycobacterial growth inhibition (198). These previous results lead us to consider the role of
antimicrobial RNases during mycobacterial infection. The human RNases 3 and 7, together
with their N-terminal derived peptides were tested against Mycobacterium (206) (see Chapter
VI). M. vaccae was chosen as rapid growing non-virulent and suitable working specie model.
The antimicrobial assays confirmed that both tested human RNases were able to inhibit
mycobacteria in a low micromolar range and ultrastructural analysis revealed how both
RNases promote a complete cell disruption, inclduing swelling, intracellular spillage and

membrane detachment. On the other hand, the N-terminal derived peptide from RNase 7 was

36



able to permeabilize, depolarize and displayed an antimycobacterial profile similar to the
entire protein; whereas, the N-terminal peptide of ECP displayed an even enhanced
antimicrobial profile than the parental protein. The ECP(1-45) peptide was able to almost
inhibit the mycobacterial growth at 5 uM, depolarizing and permeabilizing the mycobacterial
membranes with an increased efficiency. Those results could be explained by the comparison
of the biophysical properties of both peptides, where the ECP peptide shows a higher
isoelectric point (pl=12.61 versus 10.94) a higher positive net charge (+8 versus +7) and an
increased amphipathicity due to its scrambled cationic and hydrophobic residues. In addition,
further computational analysis applying the AMPA algorithm showed that RNase 7 N-terminus

contains an anionic residue (D39) that may disrupt the antimicrobial region.

We also observed that ECP and its N-terminal derived peptide were able to agglutinate
mycobacteria. We conclude that ECP, as shown by Gram-negative bacteria, is able to recognize
cell wall components at the surface of the mycobacterial cell that could drive the
rearrangement of the protein leading to the self-aggregation process ensuing mycobacterial
agglutination. Therefore, it is tempting to suggest that ECP self-aggregation at the bacterial
surface may trigger in vivo the xenophagy machinery contributing to the mycobacterial

clearance inside the macrophage (207).

To conclude, the results presented in this work highlight how antimicrobial RNase-derived
peptides, and in particular the ECP(1-45) peptide, could be used as a template to develop new
antimycobacterial agents. Given that current treatments against this mycobacterial infection
are expensive and cumbersome (208), it is worth to further investigate the biological role of
the antimicrobial RNases against mycobacterial diseases, such as tuberculosis. Therefore, a
deeper study of the antimicrobial action of human RNases against pathogenic species, such as

M. tuberculosis and their biological role in a macrophage infection model is required.
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CONCLUSIONS






4. Conclusions

Chapter I:

e Structure-guided minimization was applied to the N-terminal antimicrobial domain of
the Eosinophil Cationic Protein (ECP) to define the minimal requirements for
antimicrobial activity. The ECP(1-45) parental peptide was downsized to the analogue
ECP(6-17)~Ahx~(23-36), as the ECP pharmacophore.

e The results present ECP as a useful template for the development of new antimicrobial
agents.

Chapter Il:

e Antimicrobial and agglutinating activities of ECP are directly correlated with its
interaction to the LPS moiety of the bacteria cell wall.

e Cell wall LPS is required for the agglutinating activity of either ECP or its N-terminal
peptide ECP(1-45).

e ECP(6-17)~Ahx~(23-36) displays a different mechanism of action, LPS independent,
with an enhanced membrane lytic activity respect to the parental protein.

Chapter lll:

e Cell agglutination activity of ECP is required for the antimicrobial action of the protein
and is directly correlated with bacterial mortality rates.

e Cell agglutination is mediated by protein self-aggregation at the bacteria surface.

e ECP aggregates formed on the surface of bacterial cell are of amyloid nature.

Chapter IV:

e The antimicrobial properties of human RNases are retained at their N-terminal
domain.

e The antimicrobial N-terminal domain seems to be conserved in all vertebrate RNases
suggesting that this region may have evolved to provide a host-defence function.

e These findings suggest that the N-terminal of antimicrobial RNases provide a suitable
scaffold for the development of new antimicrobial agents.

Chapter V:

e Single point mutations on the ECP closest homologue EDN can switch on the protein
bactericidal and agglutinating activities.

e Antimicrobial profile enhancement of EDN variants on bacterial killing, membrane
leakage and LPS binding, reinforces the previous hypothesis on the antimicrobial role
of ECP 24 to 45 N-terminal segment and the main role of W35 in the membrane
destabilization process.

e Agglutinating activity determined for EDN variants reinforces the hypothesis of the key
role of the hydrophobic N-terminal patch (residues 8 to 16) and, in particular, the
contribution of 113 residue for the protein self-aggregation.
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e The fact that antimicrobial and agglutinating properties were generated in EDN by only
three point mutations highlight the potential of rational design of peptide-based
antimicrobials using human RNases as a template.

Chapter VI:

e Antimycobacterial activity was determined for ECP and the skin derived RNase 7
showing that some members of the RNase A family display an effective cytotoxicity
towards mycobacteria.

e The results support a putative physiological role of RNases secreted by eosinophils
and epithelial tissues during mycobacterial infection

e The high potency of the antimicrobial and agglutinating profiles of the peptide ECP(1-
45) offers a new perspective to develop new antimycobacterial strategies.
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ABSTRACT: Sequence analysis of eosinophil cationic protein
(ECP), a ribonuclease of broad antimicrobial activity, allowed
identification of residues 1—4S as the antimicrobial domain. We
have further dissected ECP(1—45) with a view to defining the
minimal requirements for antimicrobial activity. Structure-
based downsizing has focused on both 0i-helices of ECP(1—45)
and yielded analogues with substantial potency against Gram-
negative and -positive strains. Analogues ECP(8—36) and

ECP [1-45]

[6-17]-Ahx-[23-36]

ECP(6—17)-Ahx-(23—36) (Ahx, 6-aminohexanoic acid) involve 36% and 40% size reduction relative to (1—45), respectively,
and display a remarkably ECP-like antimicrobial profile. Both retain segments required for self-aggregation and lipolysaccharide
binding, as well as the bacterial agglutination ability of parent ECP. Analogue (6—17)-Ahx-(23—36), in particular, is shown by NMR
to preserve the helical traits of the native 8—16 (0t1) and 33—36 (012) regions and can be proposed as the minimal structure capable

of reproducing the activity of the entire protein.

B INTRODUCTION

An alarming increase in bacterial resistance to classical anti-
biotics has become a serious concern among health professionals
and spurred intense efforts toward the development of new anti-
microbial leads. In this context, antimicrobial peptides (AMPs)
are viewed as promising candidates because of their substantial
potency, broad spectrum, and distinct mechanism of action.
AMPs target bacterial membranes to which they are driven by
mainly electrostatic interactions and which upon binding they
disrupt, collapsin§ transmembrane gradients and eventually
causing cell death.” Bacterial strategies for resisting AMPs require
substantial membrane (phospholipid and protein) remodeling, a
demanding task that explains the very low incidence of AMP
resistance in bacteria.?

A number of AMPs are fragments of larger proteins, either
naturally derived by proteolysis (e.g., the cathelicidins®) or
derived by peptide synthesis approaches.® In the latter case,
educated deconstruction of complex antimicrobial proteins has
allowed the identification of structural features essential for
bioactivity.®” Although this pharmacophore dissection process is
not straightforward and still requires a substantial amount of trial-
and-error, it is worthwhile in that defining such minimal struc-
tural motifs provides helpful clues for developing therapeutically
useful AMP templates.®

Eosinophil cationic protein (ECP, RNase 3) is a secretion
ribonuclease used as a model for the potential involvement of

v ACS Publications ©2011 american chemical Society

mammalian RNases in the host defense system.”'® Expressed

mainly in eosinophils and selectively released at the inflammation
area,'"'> ECP is reportedly involved in immunoregulation and
tissue remodeling processes."*"* Its broad antibacterial spectrum
includes both Gram-negative and -positive strains at a low micro-
molar range."® Although its mechanism of action is not com-
pletely understood, ECP has been described to act through a
carpet-like mechanism, causing membrane destabilization and
subsequent vesiculation.'® ECP also has high affinity for bacterial
cell wall components, such as lypopolysaccharide and peptido-
glycans,'” and a strong tendency to aggregate Escherichia coli cells."®

A previous attempt to delineate the antibacterial domain of
ECP led to the identification of the N-terminus (residues 1—45)
as the main antibacterial domain of the protein.'” We have probed
deeper into this region and in this paper describe how antimicro-
bially equipotent analogues of substantially reduced size (and con-
sequently synthetic difficulty and costs) can be successfully derived
from ECP by a structural minimization approach.

B RESULTS AND DISCUSSION

Peptide Design and Synthesis. The starting point for a
simplified ECP-derived antimicrobial lead candidate was the
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Table 1. Sequence Information” and Chemical Properties of ECP Analogues

) [M+H]"
Peptide ECP residues Sequence HF:.LC rete'ntton
ime (min) Theory Found
TT pez0%Rece 20820000 e

1 1-45 RPPOFTRAQWFAIQHISLNPPRSTIAMRAINNYRWRSKNONTFLR 3.03 (20-40%) 347991 348350
2 24-45 TIAMRAINNYRWRSKNQONTFLR 6.13 (10-45%) 2752.46 2753.28
3 1-19 RPPQFTRAQWFAIQHISLN 6.19 (15-50%) 2310.22  2311.73
4 8-45 AQWFATIQHISLNPPRSTIAMRAINNYRWRSKNONTFLR 5.72 (15-60%) 4598.43 4598.88
5 8-36 AQWFATQHISLNPPRSTIAMRAINNYRWR 6.66 (15-50%) 3509.85 3510.54
6 16-45 ISLNPPRSTIAMRAINNYRWRSKNONTFLR 5.80 (10-60%) 3616.94  3617.87
7 (6-17)~(23-36) TRAQWFATIQHIS-Ahx-STIAMRAINNYRWR 6.79 (10-60%) 3302.75 3303.29
8 (8-15)~(23-36) AQWFAIQH--Ahx--STIAMRAINNYRWR 5.60 (15-60%)  2845.49 284526
9 (8-15)~(23-31) AQWFAIQH--Ahx--STIAMRAIN 5.28 (15-60%)  2070.10  2070.00

# Secondary structure elements (based on ECP structure) shown above peptide 1 sequence. ®In parentheses, linear gradient (solvent B into A over
15 min; see Experimental Section for details) used for optimal separation. “MALDI TOF mass spectrum acquired in the linear mode.

previously defined ECP N-terminal domain comprising the first
45 residues."” ECP(1—45) (1, Table 1) preserved the antimi-
crobial properties of native ECP, bound LPS with high affinity,
and could permeabilize lipid vesicles at submicromolar concen-
tration. Dissection of this domain into two peptides containing
respectively the ol and 02 helices, namely, ECP(1—19) and
ECP(24—45) (2, 3; Table 1), met with only partial success, as
antimicrobial activity was substantially reduced in both analo-
gues, particularly in 2."” Recent NMR work on peptide 1,”° on
the other hand, showed it to be partially unstructured in water
and yet with two incipient 0t-helices closely matching 01 and 02
of native ECP, respectively, the latter expanding all the way down
to the C-terminus of 1. The a-helical trend was significantly
enhanced in the presence of lipid vesicles, as is often the case. In
light of these structural data, in our next attempt to define an ECP
antimicrobial pharmacophore we have sought to keep together,
albeit minimalistically, both a1 and 02 helical regions which, as
usual in AMPs, are expected to be involved in membrane
interaction. This hypothesis has led to a new set of analogues
(4—9, Table 1) displaying various levels of ECP(1—45) se-
quence coverage and allowing outlining of a substantially sim-
plified pharmacophore.

Three of the six new analogues entail various levels of
trimming of the 1 sequence (Table 1), from moderate (4, first
7 N-terminal residues) to more drastic (5, first 7 N-terminal plus
nine C-terminal; 6, first 15 N-terminal residues), but all main-
taining both a1 and 0.2 helical segments and an unsplit (internal)
sequence. For the other three analogues (7—9), even more
reductionistic criteria were applied, namely, dissecting out the
S—7 intervening loop residues (ISLNPPR) between o1 and 0.2
and replacing them by a flexible 6-aminohexanoic acid (Ahx)
connector, an approach proven successful in linking discontin-
uous bioactive segments of polypeptide neurotransmitters.”"**

All analogues were successfully prepared by Fmoc-based, solid
phase peptide synthesis protocols,> purified to homogeneity by
HPLC, and identified by MALDI-TOF mass spectrometry. As in
our earlier ECP dissection exercise,'” the Cys23 and Cys37
residues, disulfide-bonded respectively to Cys83 and Cys96 and
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keeping the N-terminus tied to the rest of the ECP structure,
were mutated to Ser in all analogues to prevent formation of
unwanted intra- or intermolecular disulfide-linked species.

Activity and Structure of ECP Analogues. The six new
analogues (4—9) were tested for antimicrobial activity against
three Gram-negative and three Gram-positive species (Table 2).
As a broader panel of bacteria than in a previous study' was
available, both ECP and ECP(1—4S) (1), the latter closely
matching the former in antimicrobial spectrum,'® were retested
as reference compounds, as were single-helix analogues 2 and 3.
Antimicrobial profiles were complemented by a hemolysis assay
(Table 2) as a measure of toxicity toward eukaryotic cells and by
CD spectroscopy to evaluate peptide structure in the presence of
either SDS or bacterial lipopolysaccharide (LPS) (Figure 1,
Table 3), two micelle-promoting, membrane-like environments,
the latter being the fundamental component of the Gram-
negative bacterial cell wall. In addition, assays for liposome
leakage, LPS binding, and E. coli agglutination (Table 4) were
performed, the last two regarded as descriptive parameters of
AMP activity against Gram-negative bacteria.'” The goal of such
an exhaustive comparison on both bacterial and artificial mem-
brane systems was to outline the minimal sequence conferring
antimicrobial properties to native ECP.

For analogues 1—3, the above assays corroborated previous
data,'” namely, (i) the practical equipotency of 1 and native ECP
on a representative set of bacteria, with a certain preference for
Gram-negatives and MIC values slightly in the submicromolar
range, the only exception being M. luteus (Table 2), (ii) the
decrease (1 log unit on average) of antimicrobial activity in 2 and
its virtually complete loss in analogue 3, indicative of the crucial
role of both the 0.2 and a1 helical segments, especially the former
one, (iii) a slight increase in hemolytic activity of peptides 1—3
relative to the native protein (Table 2), and (iv) a correlation
between the level of peptide structuration (representative CD
spectra in Table 3), on the one hand, and membrane lytic and
LPS binding activities (Table 4).

Among the six new analogues, the first three (4—6) displayed
various levels of sequence shortening at the N- or C-terminus or

dx.doi.org/10.1021/jm200701g |J. Med. Chem. 2011, 54, 5237-5244
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Table 2. Bactericidal (MIC,q in #M) and Hemolytic Activity (HCso in #M) of ECP and Analogues

size reduction vs 1

peptide (%)

ECP

100
S1
48
16
36
33
40
49
60

O 0 0 AN AW N =

CA(1-8)M(1—18)

bactericidal activity

Escherichia

coli

0.4 + 0.1
0.62 £ 0.07
7+1

>10

0.4S £ 0.09
1.5+03
1.5+03
0.6 £ 0.1
1.5+03
>10
1.1+£02

Pseudomonas
sp.
0.62 £ 0.07

0.6 = 0.1

7E1
>10
1.5+03
3.5£09
1.5+03
1.5+ 03
3.54+09
>10

0.6 £ 0.1

Acinetobacter

baumannii

0.6 0.1
0.6 £ 0.1
1.1+£02
>10

0.88 £ 0.07
1.5+03
3.5£09
0.88 £ 0.07
741

>10

0.88 £ 0.07

Staphylococcus

aureus

0.40 £ 0.06
0.62 £ 0.07
1.5£03
>10

0.7 £ 0.1
0.7 £ 0.1
1.5+03
0.87 £ 0.07
1.14+02
>10

0.4 + 0.1

Micrococcus

luteus

1.5+03
1.5+03
7+1
>10
1.5+03
3.5+09
3.5£09
1.5+03
>10

>10
1.5+03

Enterococcus

faecium

0.87 £ 0.07
0.87 £ 0.07
71

>10
1.5+03
1.5+03
3.5+£09
1.5£03
>10

>10
1.5+03

hemolytic
activity
>25
11.7 £ 0.2
18.7 £ 0.1
112+ 0.1
10.5+02
103 £ 0.1
10.5+£0.2
73+0.1
144 £ 0.1
152+ 0.1
7.8+£02
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Figure 1. CD spectra of representative peptides in the presence of SDS
(A) and LPS (B) micelles, as described in the Experimental Section.

both, in all cases less drastic (16—36% size reduction vs 1) than 2
or 3 above but nonetheless quite informative. Thus, N-terminally
truncated 4 underwent a minor loss in antimicrobial activity with
respect to 1 (Table 2) while maintaining comparable levels of ot-
helix structure in the presence of SDS and LPS micelles (Figure 1,
Table 3) as well as similar liposome leakage activities (Table 4).
The lower affinity of 4 for LPS (EDs of 1.58 vs 0.78 uM for 1)
appeared consistent with its reduced though still significant E. coli
agglutination activity. Further trimming of 4 at the C-terminus,
as in analogue S, entailed a loss in activity, mainly (2- to S-fold
vs 1) against Gram-negatives and less pronounced against
Gram-positives (Table 2). This loss of activity correlated with
a decrease in both liposome leakage and LPS binding abilities
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Table 3. a-Helix Content (in %) in the Presence of SDS and
LPS Micelles As Determined by CD

peptide SDS LPS
1 73.1 35.9
2 60.8 16.8
3 68.4 3.8
4 69.1 27.8
N 69.1 264
6 64.2 15.2
7 73.0 358.5
8 58.3 29.5
9 60.7 29.7

Table 4. Liposome Leakage, LPS Binding, and E. coli Agglu-
tination of Analogues 1—9

EDso (uM)
peptide liposome leakage LPS binding E. coli agglutination
1 041 + 0.06 0.78 % 0.05 ++°
2 1.25 £ 0.06 1.52 £ 0.03 —
3 ND* ND* —
4 0.40 £ 0.05 1.58 + 0.06 +¢
S 0.74 £+ 0.07 2.43 £0.05 +¢
6 0.76 £ 0.10 6.13 + 0.09 —
7 0.82 +0.10 1.60 % 0.08 +¢
8 1.63 + 0.09 1.95 + 0.03 —
9 ND* $.13 £ 0.09 -

“No activity detected below 10 4M peptide concentration. * Minimal
agglutinating concentration (MAC) below 0.5 uM. * MAC below 1 M.

(Table 4), while in contrast the ot-helical content of the peptide
in the presence of SDS and LPS micelles was practically indis-
tinguishable from that found for 4. However, further truncation
of 4 by eight extra residues at the N-terminus to give the analogue
6 not only caused a general deterioration of the antimicrobial
profile relative to 4 (Table 2) but also diminished structuration
in micelle environment (particularly LPS), a sharp loss in LPS
binding ability, and the practical disappearance of agglutination
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ability (Table 4). This last deficiency is consistent with the fact
that, in contrast to 4 and , analogue 6 lacks the region (residues
8—16) with the highest aggregation potential, as predicted by
the Aggrescan™® software and confirmed by site-directed muta-
genesis,25 while analogues 4 and § retain such a region and also
show significant agglutinating behavior. Further comparative
insights into the binding of the peptides may be obtained by
the shifts observed in Trp fluorescence upon binding to lipo-
somes or bacterial wall components such as LPS and lipoteichoic
acid (LTA). Thus, analogues 4—6 displayed substantial red shifts
in front of lipid vesicles (Table S1, Supporting Information),
while in LPS and LTA environments, significant shifts were
observed, respectively, for 4 and S and for 4 alone. Therefore,
LTA binding would not seem to correlate with antimicrobial
activity on Gram-positive strains for these peptides, whereas a
good correlation between LPS binding and antimicrobial activity
can be drawn for the Gram-negative strains.

Taking then peptide S as the smallest analogue retaining most
of the antimicrobial activity, we attempted a more radical minimi-
zation that might eventually allow the outlining of an antimicro-
bial pharmacophore. To this end, a single spacer residue of
recognized flexibility (6-aminohexanoic acid, Ahx) 22 was used to
replace the loop connecting the a1 and a2 helices, with three
new analogues (7—9) being designed and tested on such basis.
Remarkably, the antimicrobial profile of analogue 7 not just
preserved (Table 2) but indeed distinctly enhanced that of 5
against 4 out of the 6 test organisms. The superior performance
was supported by findings such as an LPS binding capacity in the
same range compared with much larger analogue 2 or 4 or an
agglutinating ability parallel to 4 and § (Table 4) and was also
fully consistent with structural data from CD, indicating an o-
helix content similar to that of peptide $ in both SDS and LPS
micelles (Table 3) and especially with NMR data showing a
remarkable preservation of native structure (see below).

Attempts at further size reduction by removal of two residues
at each end of the N-terminal 1 helix to give analogue 8 met
with a clear deterioration in antimicrobial properties, e.g., inacti-
vity toward two of the Gram-positive test organisms as well as an
abrupt drop in the activity against Acinetobacter. In tune with this,
liposome leakage activity of 8 was about 2-fold reduced relative to
any of the previous analogues, and its E. coli agglutinating ability
was again lost, as also found for the poorly performing analogue $
above. All these observations underscore the important contri-
bution of the four removed residues, particularly of Arg7, recently
shown to be involved in the binding of ECP to heparin and
glycosaminoglycan structures,* an ability that might be similarly
relevant in the interaction with the Gram-negative bacteria cell
wall. Finally, the attempt to dispense with the a2 helix at the
C-terminal section led to an analogue (9) totally unable to cause
microbial cell death below 10 uM (Table 2). These adverse
results correlated rather well with the substantial loss in helical
structure for both 8 and 9 (Table 3), with their pronounced
decrease in LPS binding (Table 4), or with the smaller red shifts
in Trp fluorescence found for 8 upon incubation with LTA or for
9 with both LPS and LTA (Table S1, Supporting Information),
the latter suggesting that binding to the cell wall envelope is
determinant in the antimicrobial action of these peptides. The
inactivity of analogue 9, C-terminally truncated from residue 31
onward, is expected on the basis of a sequence scanning algo-
rithm®® that predicts for positions downstream from Ile30, an
antimicrobial region that would logically be missing in 9. Equally
or more eloquent for the inactivity of 9 are structural factors such
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as the absence of Trp3S5, a residue known to be required for
membrane binding and 1ysis,16 or the similar lack of Arg36, which
together with Trp3S has been related to glycosaminoglycan
binding in biophysical studies'”'®*” and to antimicrobial activity
in mutagenesis studies.'>>* Also, a chimera recently constructed
by inserting the ECP(33—36) sequence (which 9 lacks) into a
nontoxic RNase was shown to endow it with some bactericidal
activity.29

NMR Solution Structure of Analogue 7. Further support for
the suitability of analogue 7 was obtained from NMR structural
studies. Although the 'H NMR spectra of 7 in aqueous solution
(pH 4.4, 25 °C) showed limited chemical shift dispersion,
indicating that no preferred stable secondary structure was
adopted, analysis of the conformational shifts (Adyy) showed
some helical tendency between Ala8-GInl4 and Ile25-Arg36,
with ~28% and ~24% helix populations in these segments
estimated from the chemical shift data,*® respectively. In dode-
cylphosphocoline (DPC) micelles the spectra showed more
disperse chemical shifts compared to the water solution (Table
$2, Supporting Information), allowing for helical regions at each
end of the Ahx linker to be clearly delineated: an N-terminal
segment spanning Arg7-His1S (population 51%) and a C-terminal
segment spanning Ser23-Arg36 (population 64%).

As is often the case with isolated peptides, conformational
equilibria preclude the interpretation of the NMR data of 7 in
terms of a single structure. Nonetheless, calculation of a limited
number of structures compatible with the experimental data is a
general and useful way to visualize the structural features of the
favored family of structures present in the conformational
ensemble of the peptide. Such a model structure is shown in
Figure 2A for analogue 7 in DPC micelles. The calculations were
done as described in Experimental Section, and statistics are
summarized in Table S3, Supporting Information. The model
structures are quite well-defined within the helical peptide
segments previously determined on the basis of Adyy. The
N-terminal ot-helical stretch approximately coincides with that
previously reported for the native o, helix of ECP (Arg7-Tle16)>*
and 1,° and the C-terminal o--helical stretch similarly matches
the native 0, helix of ECP (Cys23-Asn31)>* (Figure 2B). While
the Ahx residue is too flexible to induce a preferred relative
orientation of both helical regions and thus a clear-cut segrega-
tion of polar/hydrophobic residues, it is interesting that in most
conformers residues Trp10 and Ile13 of the N-terminal and Ile30
and Tyr33 of the C-terminal helices are oriented toward the
concave face of the structure, in a disposition similar to that
adopted by these side chains in the native ECP structure.

Final Remarks. In this work we have shown how structure-
guided minimization of the ECP(1—4S) antimicrobial domain
leads to analogues such as 4—7, with substantial size reduction
[for 7, 40% vs ECP(1—45) or 80% vs native ECP] and yet
displaying a broad, potent antimicrobial spectrum not dissimilar
to that of either ECP(1—45) or native ECP. On the basis of the
present data, analogue 7 displays an optimal balance between
antimicrobial efficacy and structural simplicity, and the NMR
evidence that it preserves to a substantial degree the a--helical
features of ECP confirms our previous proposal>**® of the ol
and 02 helices as the antimicrobially relevant pharmacophore of
ECP and hence a useful template for the development of ECP-
based AMPs. A slight increase in hemolytic activity of 7 (HCso =
7.3 £ 0.1 uM) relative to other analogues (HCso =~ 10 uM,
Table 2) is of minor concern; indeed, 7 parallels in both
antimicrobial and hemolytic activity as well as in size, a recognized
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A

Figure 2. (A) Molecular model of peptide 7 as determined by NMR
spectroscopy. (B) Helices a1 and 02 of native ECP (PDB code 2KBS).
Residues W10, 113, 130, and Y33 pointing to the helical interface are
labeled.

AMP standard such as the cecropin—melittin hybrid CA(1—8)-
M(1—18) (Table 2).**"** In conclusion, our data allow us to
propose 7 as an ideally downsized version of ECP and hence a
valuable antimicrobial lead structure.

B EXPERIMENTAL SECTION

Materials. DOPC (dioleoyl phosphatidylcholine) and DOPG
(dioleoyl phosphatidylglycerol) were from Avanti Polar Lipids
(Alabaster, AL). ANTS (8-aminonaphthalene-1,3,6-trisulfonic acid dis-
odium salt), DPX (p-xylenebispyridinium bromide), and BC (BODIPY
TR cadaverine, where BODIPY is boron dipyrromethane (4,4-difluoro-
4-bora-3a,4a-diaza-s-indacene) were purchased from Invitrogen (Carlsbad,
CA). LT (lipoteichoic acids) from Staphylococcus aureus and LPS
(lipopolysaccharides) from Eschericha coli serotype 0111:B4 were pur-
chased from Sigma-Aldrich (St. Louis, MO). PD-10 desalting columns
with Sephadex G-25 were from GE Healthcare (Waukesha, WT). Strains
used were Escherichia coli (BL2, Novagen), Staphylococcus aureus
(ATCC 502A), Acinetobacter baumannii (ATCC 15308), Pseudomonas
sp (ATCC 15915), Micrococcus luteus (ATCC 7468), and Enterococcus
faecium (ATCC 19434).

Peptides. Fmoc-protected amino acids and 2-(1H-benzotriazol-1-
y1)-1,1,3,3-tetramethyluronium hexafluorophosphate (HBTU) were
obtained from Iris Biotech (Marktredwitz, Germany). Fmoc-Rink-amide
(MBHA) resin was from Novabiochem (Laiifelfingen, Switzerland).
HPLC-grade acetonitrile (ACN) and peptide synthesis-grade N,
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N-dimethylformamide (DMF), N,N-diisopropylethylamine (DIEA), and
trifluoroacetic acid (TFA) were from Carlo Erba-SDS (Peypin, France).

Solid phase peptide synthesis was done by Fmoc-based chemistry on
Fmoc-Rink-amide (MBHA) resin (0.1 mmol) in a model 433 synthe-
sizer (Applied Biosystems, Foster City, CA) running FastMoc protocols.
Couplings used 8-fold molar excess each of Fmoc-amino acid and
HBTU and 16-fold molar excess of DIEA. Side chains of trifunctional
residues were protected with tert-butyl (Ser, Thr, Tyr), tert-butyolxy-
carbonyl (Lys, Trp), 2,2,4,6,7-pentamethyldihydrobenzofuran-S-
sulfonyl (Arg), and trityl (Asn, Gln, His) groups. After chain assembly,
full deprotection and cleavage were carried out with TFA—water—
triisopropylsilane (95:2.5:2.5 v/v, 90 min, room temperature). Peptides
were isolated by precipitation with cold diethyl ether and separated by
centrifugation, dissolved in 0.1 M acetic acid, and lyophilized. Analytical
reversed-phase HPLC was performed on a Luna C,g column (4.6 mm X
50 mm, 3 um; Phenomenex, CA). Linear gradients of solvent B (0.036%
TFA in ACN) into A (0.045% TFA in H,O) were used for elution at a
flow rate of 1 mL/min and with UV detection at 220 nm. Preparative
HPLC runs were performed on a Luna C;g column (21.2 mm X 250 mm,
10 um; Phenomenex, CA), using linear gradients of solvent B (0.1% in ACN)
into A (0.1% TFA in H,0), as required, with a flow rate of 25 mL/min.
MALDI-TOF mass spectra were recorded in the reflector or linear mode in a
Voyager DE-STR workstation (Applied Biosystems, Foster City, CA) using
o-hydroxycinnamic acid matrix. Fractions of adequate (>90%) HPLC homo-
geneity and with the expected mass were pooled, lyophilized, and used in
subsequent experiments.

Expression and Purification of ECP. Wild-type ECP was
obtained from a human ECP synthetic gene. Protein expression in the
E. coli BL21DE3 strain, folding of the protein from inclusion bodies, and
purification were carried out as previously described.*®

MIC (Minimal Inhibitory Concentration) Determination.
Antimicrobial activity was expressed as the MIC, defined as the lowest
peptide concentration that completely inhibits microbial growth. MIC
of each peptide was determined from two independent experiments
performed in triplicate for each concentration. Peptides were dissolved
in 10 mM sodium phosphate buffer, pH 7.5, and serially diluted from
10 to 0.2 M. Bacteria were incubated at 37 °C overnight in Luria—Bertani
broth and diluted to give approximately 5 x 10° CFU/mL. In each assay
peptide solutions were added to each bacteria dilution and incubated for
4 h, and samples were plated onto Petri dishes and incubated at 37 °C
overnight.

Minimal Agglutination Activity. E. coli cells were grown at
37 °C to mid-exponential phase (ODgg = 0.6), centrifuged at S000g for
2 min, and resuspended in Tris-HCI buffer, 0.15 M NaCl, pH 7.5, in
order to give an absorbance of 10 at 600 nm. A 200 uL aliquot of the
bacterial suspension was incubated with peptide at various (0.1—10 xM)
concentrations at 25 °C overnight. Aggregation behavior was observed
by visual inspection and minimal agglutinating concentration expressed
as previously described®®

Hemolytic Activity. Fresh human red blood cells (RBCs) were
washed 3 times with PBS (35 mM phosphate buffer, 0.15 M NacCl,
pH 7.4) by centrifugation for S min at 3000g and resuspended in PBS
at2 x 107 cells/mL. RBCs were incubated with peptides at 37 °C for
4 h and centrifuged at 13000g for S min. The supernatant was
separated from the pellet and its absorbance measured at 570 nm.
The 100% hemolysis was defined as the absorbance obtained by
sonicating RBCs for 10 s. HC, was calculated by fitting the data to a
sigmoidal function.

Liposome Preparation. LUVs (large unilamellar vesicles) of
~100 nm diameter were prepared from a chloroform solution of
DOPC/DOPG (3:2 molar ratio). After vacuum-drying, the lipid film
was suspended in 10 mM Tris/HCI, 0.1 M NaCl, pH 7.4 buffer to give a
1 mM solution, then frozen and thawed several times prior to extrusion
through polycarbonate membranes as previously described.'®
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Fluorescence Measurements. Tryptophan fluorescence emis-
sion spectra were recorded using a 280 nm excitation wavelength. Slits
were set at 2 nm for excitation and 5—10 nm for emission. Emission
spectra were recorded from 300—400 nm at a scan rate of 60 nm/min in
a 10 mm X10 mm cuvette, with stirring immediately after sample
mixing. Protein and peptide spectra at 0.5 #M in 10 mM Hepes buffer,
pH 7.4, were obtained at 25 °C in the absence or presence of 200 uM
liposome suspension, 200 #M LPS (assuming a 90 000 g/mol molecular
mass), or 200 uM LTA, as calculated from a 2200 molecular mass
reference value. Fluorescence measurements were performed on a Cary
Eclipse spectrofluorimeter. Spectra in the presence of liposomes were
corrected for light scattering by subtracting the corresponding LUV
background. For each condition three spectra were averaged. The
fluorescence spectra were also calculated as a function of the frequency
scale (wavenumber) and adjusted using a log normal function as detailed
previously.'®

LPS Binding Assay. LPS binding was assessed using the fluores-
cent probe Bodipy TR cadaverine (BC) as described.'” Briefly, the
displacement assay was performed by the addition of 1—2 uL aliquots of
ECP or peptide solution to 1 mL of a continuously stirred mixture of
LPS (10 ug- mL ") and BC (10 #m) in 5 mm Hepes buffer at pH 7.5.
Fluorescence measurements were performed on a Cary Eclipse spectro-
fluorimeter. The BC excitation wavelength was 580 nm, and the emission
wavelength was 620 nm. The excitation slit was set at 2.5 nm, and the
emission slit was set at 20 nm. Final values correspond to an average of
four replicates and were the mean of a 0.3 s continuous measurement.
Quantitative effective displacement values (EDs,) were calculated.

ANTS/DPX Liposome Leakage Assay. The ANTS/DPX lipo-
some leakage fluorescence assay was performed as described.'® Briefly, a
unique population of LUVs of DOPC/DOPG (3:2 molar ratio) lipids
was obtained containing 12.5 mM ANTS, 45 mM DPX, 20 mM NaCl,
and 10 mM Tris/HCI, pH 7.5. The ANTS/DPX liposome suspension
was diluted to 30 #M and incubated at 25 °C in the presence of ECP or
peptides. The percentage of leakage (%L) was determined by monitor-
ing the release of liposome content at peptide concentrations up to
10 4M after 1 h of incubation, as follows: %L = 100(F,, — Fy)/(F100 — Fo),
where F,, is the final fluorescence intensity after peptide addition (1 h) and
Fy and Fjq are the fluorescence intensities before peptide addition and
after addition of 0.5% Triton X100. EDs, was calculated by fitting the data
to a sigmoidal function.

CD Spectroscopy. Far-UV CD spectra were obtained from a Jasco
J-715 spectropolarimeter as described.'” Mean-residue ellipticity [6]
(deg- cm?-dmol ") was calculated as

60(MRW)

0} = 10cl

where 6 is the experimental ellipticity (deg), MRW is the mean residue
molecular mass of the peptide, ¢ is the molar concentration of peptide,
and [ is the cell path length. Data from four consecutive scans were
averaged. Spectra of ECP and peptides (4—8 #M in S mM sodium
phosphate, pH 7.5) in the absence and presence (1 mM) of SDS and
LPS (1 mM, nominal MW = 90 kDa) were recorded. Samples were
centrifuged for 5 min at 10000g before use. Percentage of secondary
structure was estimated with the Jasco software, as described by Yang
et al.*” and by the Selcon software.*®

NMR Spectroscopy. Peptide 7 samples for NMR were prepared at
~1 mM in 90% H,0/10% D,0 or ~50 mM [*H;s]dodecylphospho-
choline (DPC, Cambridge Isotope Laboratories) in 90% H,0/10%
D,0. The pH was adjusted to 4.4 at 25 °C with no correction for isotope
effects. NMR experiments were performed in a Bruker AV-800 instru-
ment equipped with a cryoprobe and field gradients. All data were
acquired and processed with TOPSPIN (version 1.3) (Bruker,
Germany) at two temperatures, 25 and 35 °C. COSY, TOCSY, NOESY,
and '"H—"C HSQC spectra were acquired with standard pulse

sequences. Water suppression was accomplished with presaturation or
by using the WATERGATE module.*” Mixing times were 60 and 150 ms
for the TOCSY and NOESY experiments, respectively. The spectral
assignment of the peptide in the different solvents was performed by
following the well-established sequential-specific methodology based on
homonuclear spectra.*’

Helix population in the peptide segments was quantified from "Hy,
conformational chemical shift values, Adyq.>> To obtain the helix
percentage, the Adyq Al = Orto ™ — gy <ol values for
all the residues were averaged, divided by the Adyy, value corresponding
to 100% helix, —0.39 ppm,*' and multiplied by 100. The random coil
values were from Wishart et al.**

The 3D structure of the peptide in DPC was obtained from distance
constraints derived from a NOESY spectrum at 25 °C with 150 ms
mixing time. The NOE cross-peaks were integrated with the automatic
subroutine of the SPARKY program*® and then calibrated and converted
into upper limit distance constraints. Structures were calculated using
the CYANA (version 2.1) program44 with the distance constraints and
backbone dihedral angle ranges obtained from TALOS.* Finally, the
structures were energy-minimized and refined. Families of 50 structures
satisfactorily reproducing the experimental constraints were generated;
the best 20 of such structures on the basis of energies and Ramachandran
plot quality were selected for further analysis. All structures were
visualized and analyzed with MOLMOL.*®
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heteronuclear single quantum coherence; LPS, lipopolysac-
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Overhauser effect; NOESY, nuclear Overhauser effect spec-
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tion spectroscopy
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Table S1. Tryptophan fluorescence of peptides in the presence of lipid vesicles, LPS
micellesand LTA micelles.

Buffer DOPC:DOPG 3:2 LPS LTA
Peptide 3 max  amax  Ashift A max  Ashit  Amax A shift

(nm) (nm) (nm) (nm) (nm) (nm) (nm)
1 352 342 10 344 8 342 10
2 355 341 14 346 9 344 11
3 339 336 3 337 2 337 2
4 355 341 14 346 9 344 11
5 355 342 13 345 10 350 5
6 355 341 14 350 5 352 3
7 357 342 15 345 12 348 9
8 355 342 13 346 9 350 5
9 356 349 7 354 2 352 4

Table S2. HN and H,, chemical shifts of analog 7 in water and DPC micelles.

Residue water DPC
HN H, HN H,

Thré 3.92 4.03
Arg7 8.81 432 9.14 4.21
Ala8 8.46 422 8.58 4.14
GIn9 8.27 4.19 8.05 4.15
Trpl0 8.02 454 8.06 4.38
Phell 7.71 4.39 7.82 4.31
Alal2 7.96 4.16 7.87 4.22
1e13 7.92 4.06 7.80 3.97
GInl14 8.25 424 8.04 4.06
Hisl5 8.50 4.69 8.05 4.63
l1el6 8.21 421 7.86 4.18
Serl7 8.40 4.39 8.26 4.43
Ahx 7.98 2.32,2.32 7.94 2.47,2.23
Ser23 8.29 448 8.77 4.02
Thr24 8.18 4.36 8.30 4.05
l1e25 8.04 4.07 7.51 3.82
Ala26 8.24 4.28 8.04 4.02
Met27 8.17 4.38 8.31 4.28
Arg28 8.16 4.29 7.80 4.10
Ala29 8.17 431 7.93 4.18
11e30 8.01 4.10 8.15 3.79
Asn3l 8.38 4.67 8.23 4,50
Asn32 8.29 4.63 7.99 4.61
Tyr33 8.08 443 7.89 4.31
Arg34 7.99 417 7.89 4.11
Trp35 7.95 4.60 7.96 4.59
Arg36 7.90 413 7.93 4.14
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Table S3. Statistics of structural restraints and violations

Number of restraints:
Total distance restraints 301

Intra-residue, (i-j)=0 109
Short-range, (i-j)=1 115
Medium-range, 1<(i-j)<5 77
Long-range, (i-j)=5 0

Angular restraints (g, 1) 34

Structure calculation:

Average target function value

Average maximum distance violation (A)
Maximum dihedral angle violation (°)

RMSD values (20 conformers):

Backbone (superposition helix al: 7-15)
Backbone (superposition helix a2: 23-36)
Heavy atoms (superposition helix a1: 7-15)

0.31
0.23
1.19

Heavy atoms (superposition helix a.2: 23-36)

73

0.24
131
1.22
2.88
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Antimicrobial Action and Cell Agglutination by the Eosinophil
Cationic Protein Are Modulated by the Cell Wall Lipopolysaccharide
Structure

David Pulido,> Mohammed Moussaoui,® David Andreu,® M. Victoria Nogués,® Marc Torrent,>® and Ester Boix®

Department of Biochemistry and Molecular Biology, Universitat Autdbnoma de Barcelona, Cerdanyola del Vallés, Spain,® and Department of Experimental and Health
Sciences, Pompeu Fabra University, Barcelona, Spain®

Antimicrobial proteins and peptides (AMPs) are essential effectors of innate immunity, acting as a first line of defense against
bacterial infections. Many AMPs exhibit high affinity for cell wall structures such as lipopolysaccharide (LPS), a potent endo-
toxin able to induce sepsis. Hence, understanding how AMPs can interact with and neutralize LPS endotoxin is of special rele-
vance for human health. Eosinophil cationic protein (ECP) is an eosinophil secreted protein with high activity against both
Gram-negative and Gram-positive bacteria. ECP has a remarkable affinity for LPS and a distinctive agglutinating activity. By
using a battery of LPS-truncated E. coli mutant strains, we demonstrate that the polysaccharide moiety of LPS is essential for

ECP-mediated bacterial agglutination, thereby modulating its antimicrobial action. The mechanism of action of ECP at the bac-
terial surface is drastically affected by the LPS structure and in particular by its polysaccharide moiety. We have also analyzed an
N-terminal fragment that retains the whole protein activity and displays similar cell agglutination behavior. Conversely, a frag-
ment with further minimization of the antimicrobial domain, though retaining the antimicrobial capacity, significantly loses its
agglutinating activity, exhibiting a different mechanism of action which is not dependent on the LPS composition. The results
highlight the correlation between the protein’s antimicrobial activity and its ability to interact with the LPS outer layer and pro-

mote bacterial agglutination.

Lipopolysaccharide (LPS) is the main outer membrane compo-
nent of Gram-negative bacteria. The LPS molecule is a phos-
phorylated glycolipid composed of lipid A, also known as endo-
toxin, and a polysaccharide moiety. In turn, the latter is composed
of the inner core (comprising three heptose residues and a 3-de-
oxy-D-manno-octulosonic acid residue), the outer core (compris-
ing two glucose residues, two galactose residues, and one
N-acetylglucosamine residue), and the antigenic “O” region com-
posed of several repeats of different oligosaccharide units (Fig. 1A
and B) (2,9, 25, 27).

LPS serves as a first barrier against antibiotics by hampering the
diffusion of chemicals through the outer membrane (12). In fact,
some modifications targeting the LPS structure in Gram-negative
bacteria have been reported to confer resistant phenotypes against
antibiotics and particularly against antimicrobial proteins and
peptides (AMPs) (29). LPS, and in particular thelipid A portion, is
released during bacterial infection, inducing inflammation and
ultimately septic shock (4, 11). Unraveling the structural determi-
nants for LPS interaction can assist in the design of new antibiotics
with endotoxin-neutralizing properties (5, 15, 17).

AMPs interact with LPS competitively, displacing the divalent
cations, breaking LPS compactness, and thus furthering the trans-
port of peptides across the outer membrane (18). This process is
modulated by the LPS charge, structure, and packing of lipid acyl
chains in the outer layer (6, 24, 26). Several studies have deter-
mined that many AMPs require crossing of the outer membrane
in order to reach the inner phospholipid bilayer, where they exert
their action (7, 8, 23).

Eosinophil cationic protein (ECP) is an antimicrobial protein
stored in the secondary granules of eosinophils that has an active
role in infection control, immunomodulation, and tissue-remod-
elling processes (3, 37). ECP displays high antimicrobial activity
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and is able to specifically agglutinate Gram-negative bacteria be-
fore cell permeation occurs (30). Interestingly, in model mem-
brane studies, ECP also promotes vesicle aggregation previous to
any leakage event (36). Our previous results highlighted the cor-
relation between ECP activity and its affinity to LPS (33).

Further experimental work evidenced that the antimicrobial
domain of the protein lies in its N terminus (10, 28, 31). Indeed, a
peptide containing the first 45 N-terminal residues (peptide [1-
45]) (Fig. 1C) has been shown to retain the antimicrobial activity
of the whole protein (32). A refinement of the antimicrobial do-
main by rational structure minimization led us to the synthesis of
a shorter peptide ([6-17]-Ahx-[23-36]) that links the two first
a-helical segments (Fig. 1C) and embodies the protein pharma-
cophore (35). However, though the shortest construct can agglu-
tinate bacterial cells, its affinity for LPS is significantly reduced
compared with that of the whole protein (35).

In order to study the role of LPS in the bactericidal properties
of ECP and its derivative peptides, a wide battery of Escherichia coli
K-12 mutant strains have been tested. These mutant strains, pre-
senting distinctive chemotypes, are defective in genes involved in
the biosynthesis and assembly of LPS (20, 29). From the results
presented here, we conclude that for ECP and its N-terminal do-
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ECP Antimicrobial Action Is LPS Dependent
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FIG 1 (A and B) Chemical structure of LPS core (A) and chemotype scheme for the strains used (B). The Ra chemotype (strain D21) possesses the entire LPS
core, the Rc chemotype includes the heptose chain and a Glu residue (strain D21e7) and an additional Gal residue (strain D21e19), the Rd chemotype contains
the heptose and Kdo (strain D21f1), and the Re chemotype (strain D21f2) contains uniquely the Kdo portion. Only the D21 strain contains the phosphate

residues associated with the heptose residues. (C) Structure scheme for ECP
magnetic resonance (NMR) information (16, 21, 35).

main, both bacterial agglutination and antimicrobial activities are
correlated with the LPS structure. A peptide with a further trim-
ming of the N-terminal domain, though retaining the antimicro-
bial action, displays a different mechanism of action that is not
dependent on the LPS layer. Therefore, the protein and the N-ter-
minal antimicrobial domain can induce bacterial cell death by
action at the cell outer layer without any active transport into the
cytoplasm.

MATERIALS AND METHODS

Strains and chemicals. Escherichia coli K-12 mutants deficient in lipo-
polysaccharide (LPS) synthesis were obtained from the E. coli Genetic
Stock Center (Department of Biology, Yale University, New Haven, CT).
The Alexa Fluor 488 protein labeling kit and the LIVE/DEAD bacterial
viability kit were purchased from Molecular Probes (Eugene, OR). The
BacTiter-Glo assay kit was from Promega (Madison, WI).

Expression and purification of recombinant ECP. Wild-type ECP
was expressed using a synthetic gene for the human ECP-coding sequence.
Protein expression in E. coli strain BL21(DE3) (Novagen, Madison, WI),
folding of the protein from inclusion bodies, and purification were carried
out as previously described (1).

Peptides. Peptides [1-45] and [6-17]-Ahx-[23-36] were prepared by
fluoren-9-ylmethoxycarbonyl (Fmoc) solid-phase peptide synthesis
methods (14). All peptides were purified by high-pressure liquid chroma-
tography (HPLC) to ~95% homogeneity and satisfactorily characterized
by matrix-assisted laser desorption ionization—time of flight mass spec-
trometry (MALDI-TOF-MS).
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and derived peptides showing [6-17]-Ahx-[23-36] structure based on nuclear

Bacterial viability assays. Bacterial viability was assayed using the
BacTiter-Glo microbial cell viability kit (Promega). Briefly, ECP or pep-
tide [1-45] or [6-17]-Ahx-[23-36] was dissolved in 10 mM sodium phos-
phate buffer (pH 7.5), serially diluted from 10 to 0.1 uM, and tested
against E. coli strains (optical density at 600 nm [ODg,,] = 0.2) for 4 h of
incubation time. Fifty microliters of culture was mixed with 50 ul of
BacTiter-Glo reagent in a microtiter plate according to the manufactur-
er’s instructions and incubated at room temperature for 10 min. Lumi-
nescence was read on a Victor3 plate reader (Perkin-Elmer, Waltham,
MA) with a 1-s integration time. Fifty percent inhibitory concentrations
(ICs0s) were calculated by fitting the data to a dose-response curve.

Kinetics of bacterial survival were determined using the LIVE/DEAD
bacterial viability kit (Molecular Probes, Invitrogen) in accordance with
the manufacturer’s instructions. E. coli K-12 mutant strains were grown at
37°Cto an ODgy, 0f 0.2, centrifuged at 5,000 X g for 5 min, and stained in
a 0.75% NaCl solution. Fluorescence intensity was continuously mea-
sured after protein or peptide addition (5 uM) using a Cary Eclipse spec-
trofluorimeter (Varian Inc., Palo Alto, CA) as described previously (30).
To calculate bacterial viability, the signal in the range of 510 to 540 nm was
integrated to obtain the Syto 9 signal (live bacteria) and that in the range
0f 620 to 650 nm was integrated to obtain the propidium iodide (PI) signal
(dead bacteria). The percentage of live bacteria was represented as a func-
tion of time, and t5, values were calculated by fitting the data to a simple
exponential decay function.

Minimal agglutination concentration (MAC). E. coli cells were
grown at 37°C to an ODy, of 0.2, centrifuged at 5,000 X g for 2 min, and
resuspended in Tris-HCl buffer—0.1 M NaCl (pH 7.5) in order to give an
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absorbance at 600 nm of 10. An aliquot of 200 ul of the bacterial suspen-
sion was treated with increasing protein or peptide concentrations (from
0.01 to 10 uM) and incubated at room temperature for 1 h. The aggrega-
tion behavior was observed by visual inspection, and the agglutinating
activity is expressed as the minimum agglutinating concentration of the
sample tested, as previously described (35).

Bacterial cytoplasmic membrane depolarization assay. Membrane
depolarization was followed using a method described earlier (30).
Briefly, E. coli K 12 strains were grown at 37°C to an ODy,, of 0.2, centri-
fuged at 5,000 X g for 7 min, washed with 5 mM HEPES (pH 7.2) con-
taining 20 mM glucose, and resuspended in 5 mM HEPES-KOH, 20 mM
glucose, and 100 mM KCl at pH 7.2 to an ODy, of 0.05. DiSC3(5) was
added to a final concentration of 0.4 uM, and changes in the fluorescence
were continuously recorded after addition of protein or peptide (5 uM).
The time required to achieve half of total membrane depolarization was
estimated from nonlinear regression analysis. The same assays were per-
formed in the presence of 2 mM EDTA to perturb the LPS organization by
chelation of divalent cations.

SEM. Briefly, E. coli K-12 strain cell cultures of 1 ml were grown at
37°C to mid-exponential phase (ODg, of 0.2) and incubated with 5 uM
protein or peptides in phosphate-buffered saline (PBS) at room temper-
ature. Sample aliquots were taken for up to 4 h of incubation and were
prepared for analysis by scanning electron microscopy (SEM), as previ-
ously described (33).

Transmission electron microscopy (TEM). E. coli K-12 strains were
grown to an ODy, of 0.2 and incubated with 5 uM ECP or peptides for 4
h. After treatment, bacterial pellets were prefixed with 2.5% glutaralde-
hyde and 2% paraformaldehyde in 0.1 M cacodylate buffer at pH 7.4 for 2
h at 4°C and postfixed in 1% osmium tetroxide buffered in 0.1 M cacody-
late at pH 7.4 for 2 h at 4°C. The samples were dehydrated in acetone (50,
70, 90, 95, and 100%). The cells were immersed in Epon resin, and ultra-
thin sections were examined in a Jeol JEM 2011 instrument (Jeol Ltd.,
Tokyo, Japan).

Docking. Docking simulations were conducted with AutoDock 4.0
(Scripps Research Institute. La Jolla, CA). ECP structure 1DYT.pdb (22)
was used as receptor molecule, and LPS ligand was obtained from
1FI1.pdb (13). Water molecules were removed from the structure; hydro-
gen atoms and atomic partial charges were added using Autodock Tools.
In the first docking approach, receptor and ligand were kept rigid. The
interaction of a probe group, corresponding to each type of atom found in
the ligand, with the protein structure was computed at 0.5-A grid posi-
tions in a 90-A cubic box centered in the protein. The docking was accom-
plished using 150 Lamarckian genetic algorithm (LGA) runs, and the
initial position of the ligand was random. The number of individuals in
populations was set to 150. The maximum number of energy evaluations
that the genetic algorithm should make was 2,500,000. The maximum
number of generations was 27,000. The number of top individuals that are
guaranteed to survive into the next generation was 1. Rates of gene muta-
tion and crossover were 0.02 and 0.80, respectively. Following docking, all
structures generated for the same compound were subjected to cluster
analysis, with cluster families being based on a tolerance of 2 A for an
all-atom root mean square (RMS) deviation from a lower-energy struc-
ture.

For the second stage, the global minimum structure was subjected to
redocking under the same conditions but allowing 8 rotatable bonds (see
Fig. 7) and to cluster analysis using a box centered in the ligand with a
0.250-A grid spacing.

RESULTS

In order to study the role of LPS in the antimicrobial action of
ECP, we have evaluated four LPS-defective strains derived from E.
coli K-12 D21 lacking the O-antigen portion, the latter being used
as a control (Fig. 1A and B). The Ra chemotype (strain D21) pos-
sesses the entire LPS core, the Rc chemotype (strains D21e7 and
D21e19) does not display any further sugar moiety after the hep-
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TABLE 1 Antimicrobial activities of ECP and derived peptides with E.
coli K-12 D21 and defective strains D21e7, D21e19, D21f1, and D21£2¢

1Cs5p, uM (mean * SD)

Strain ECP [1-45] [6-17]-Ahx-[23-36]
D21 0.4 = 0.1 09 *0.4 2.5 *0.1
D21e7 0.6 = 0.1 0.9 £0.2 29 %05
D21e19 0.8 = 0.1 1.2 +0.3 35+0.3
D21f1 1.3*+0.4 14 *+0.3 1.8 = 0.6
D21f2 29+04 1.4 £0.2 1.8 £0.1

@ Antimicrobial activity was calculated by following the bacterial viability as described
in Materials and Methods.

tose portion (with only a Glu and/or Gal residue attached), the Rd
chemotype (D21f1) contains the 3-deoxy-D-manno-octulosonic
acid (Kdo) and heptose residues, while the D212 retains only the
Kdo. The D21 strain is the only one that contains the phosphate
residues associated with the LPS heptoses.

Bactericidal activity studies. At a first approach, we examined
bacterial viability at different protein concentrations using the
luminescent BacTiter Pro reagent (Promega). Viable, metaboli-
cally active cells are measured by ATP quantification using a cou-
pled luminescence detection assay. Thus, the luminescent signal is
proportional to the amount of ATP required for the conversion of
luciferin into oxyluciferin in the presence of luciferase. From 0.1
to 10 wM protein or peptide, ICs,s, defined as the concentration at
which cell viability is reduced to 50%, were determined. The re-
sults show that ECP antimicrobial activity is dependent on both
LPS length and charge (Table 1). For strains D21 to D21e19, the
antimicrobial activity is only slightly reduced, but a more severe
decrease is observed for strain D212, having the fully truncated
LPS. A comparison with the two representative ECP N-terminal
peptides (Fig. 1C) provided complementary data on the bacteri-
cidal activity modulation by the LPS outer layer. For peptide [1-
45], a modest increase in IC5s is detected when the LPS complex-
ity is reduced. In turn, peptide [6-17]-Ahx-[23-36] displays an
opposite trend compared with ECP, with strains D21f1 and D21{2
being the most sensitive to the peptide action (Table 1). Thus, LPS
polysaccharide hinders peptide [6-17]-Ahx-[23-36] action rather
than assisting it, contrary to what is observed for ECP and, to a
lesser extent, for peptide [1-45].

To further understand the role of LPS in the antimicrobial
action of ECP, we followed the time course of the bactericidal
process using the LIVE/DEAD bacterial viability kit, consisting of
a 1:1 mixture of Syto 9 and propidium iodide (PI) nucleic acid
dyes. Syto 9 can cross the cytoplasmic membrane and label all
bacterial cells, while PI can access only the content of membrane-
damaged cells, competing with and displacing bound Syto 9. The
integration of Syto 9 and PI fluorescence provides an estimation of
the viability percentage for monitoring the kinetics of the bacteri-
cidal process. On one hand, the values obtained for the cell viabil-
ity percentage after 4 h of incubation (Fig. 2A) are consistent with
the IC4,s described above (Table 1). On the other hand, the time of
half viability (#5,), defined as the time needed to reduce cell viabil-
ity to 50%, particularly increases for strain D21f2 with both ECP
and peptide [1-45] (Fig. 2B). However, for [6-17]-Ahx-[23-36],
t5, values are similar for all strains tested, suggesting that the bac-
tericidal kinetics for the latter peptide are independent of LPS
structure.

To examine the influence of LPS structure on ECP action at the
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FIG 2 Viability percentage and half time were determined with the LIVE/
DEAD kit after 4 h of incubation of mid-log-phase-grown E. coli K-12 D21,
D21e7, D21el19, D21f1, and D21f2 cultures with 5 uM protein and peptides.
The percent viability (A) and half time of viability (B) after incubation with
ECP (a),[1-45] (@), or [6-17]-Ahx[23-36] (M) are depicted. The order of the
strains on the x axis denotes increasing degrees of LPS truncation.

bacterial cell membrane, we used the DiSC3(5) fluorescent probe,
which is sensitive to membrane potential. The DiSC3(5) fluores-
cence is quenched upon interaction with intact cell membranes.
When the membrane potential is lost, the probe is released to the
medium, resulting in an increase of fluorescence that can be re-
corded as a function of time. Thus, we have measured the half-
depolarization time (#5,), defined as the time needed to achieve a
half-depolarization effect. For ECP, the depolarization is delayed
as a function of the LPS truncation grade (Fig. 3). However, pep-
tide [6-17]-Ahx-[23-36] shows similar ¢, values for all the strains
tested, suggesting that depolarization is not affected by LPS com-
position. Furthermore, the presence or absence of EDTA in the
incubation medium has no effect on membrane depolarization
(data not shown). EDTA is a chelating agent that disrupts LPS
structure by sequestrating divalent cations that tightly pack the
polysaccharide moiety of LPS. These results suggest that both ECP
and peptides by themselves may efficiently displace the divalent
cations from the outer layer.
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order of the strains on the x axis denotes increasing degrees of LPS truncation.

Finally, E. coli K-12 mutants were visualized by transmission
electron microscopy (TEM) after incubation (Fig. 4). For ECP a
complete disruption of cell integrity was observed. Outer bacterial
layers were detached, and the cell shape was considerably altered,
suggesting that ECP induces a mechanical disruption of the cell.
Material condensation appears as electron-dense granular areas
inside the cell, even in the D21f2 mutant strain. For peptide [1-
45], a similar behavior is observed, though the outer layers seem to
suffer less from mechanical disruption. Mutant strains D21f1 and
D212 appear to be less condensed, and, particularly in strain
D21f2, the outer layers seem to be well preserved. In contrast, for
peptide [6-17]-Ahx-[23-36], the outer layer morphology is not
significantly altered compared with that of control cells, and nei-
ther condensation nor material spillage outside the cell is ob-
served. It is important to highlight that no bacterial agglutination
can be observed by TEM due to sample preparation.

These results together suggest that ECP and peptide [1-45]
display similar mechanisms of action, needing the entire LPS
structure to ensure bacterial killing. In contrast, the action of pep-
tide [6-17]-Ahx-[23-36] action is hindered by complex LPS struc-
tures, suggesting a different mechanism of action.

Studies of agglutinating activity. It has been described that
ECP shows high LPS affinity and can agglutinate E. coli cells in the
micromolar range (30). To quantify the agglutinating activity, we
determined the minimal agglutination concentration (MAC), de-
fined as the minimal peptide concentration able to induce agglu-
tination in bacteria (35). Again, a correlation can be observed
between LPS core complexity and agglutinating activity (Fig. 5).
Strain D21f2, with the shortest LPS, shows no agglutination even
after 12 h of incubation with 5 uM ECP. This behavior was ob-
served for both ECP and peptides. However, peptide [6-17]-Ahx-
[23-36] needed a much higher concentration to promote bacterial
cell agglutination, perhaps due to its lower affinity for LPS (35).

With the aim of studying cell surface morphology, we exam-
ined bacterial cultures by scanning electron microscopy (SEM).
For all E. coli K-12 mutants, consistent cell damage was observed
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after incubation with both ECP and peptides (Fig. 6). For ECP,a  peptide [1-45], similar agglutination levels are observed, also
high degree of cell agglutination, for strains D21 to D21f1, is ob-  showing a high level damage at the cell surface, except for strain
served. While the characteristic baton-shaped cell morphology is  D21f2. However, for peptide [6-17]-Ahx-[23-36], only small clus-
maintained, the bacterial cell wall appears to be considerably dam-  ters of bacteria were observed, with the cell wall being only locally
aged and only strain D212 displays a low degree of agglutination, ~damaged. These observations agree with the TEM images, where
in agreement with the MAC experiments described above. For  neither material spillage nor material condensation was found.
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DISCUSSION

LPS is thought to act as a permeability barrier for antibiotics,
detergents, and host proteins (25). It has been described that
Gram-positive bacteria are more susceptible to specific antibiotics
than Gram-negative, less permeable bacteria (29). Several hypoth-
eses can explain how LPS modulates Gram-negative outer enve-
lope permeability. Nikaido and coworkers have suggested that the
carbohydrate moiety would act as a barrier against hydrophobic
molecules (25), thus explaining why the permeativity of some an-
tibiotics (e.g., cephalosporins) is proportional to their hydropho-
bicity (19). In fact, X-ray diffraction studies suggest that LPS
thickness (i.e., its polysaccharide content) is inversely propor-
tional to outer membrane permeability (29), supporting the
aforementioned hypothesis (25).

On the other hand, some AMPs (e.g., lactoferrin or lysozyme)
seem to decrease their antimicrobial activity with a progressively
truncated LPS core (26), similarly to what was observed for ECP in
the present study (Table 1). Additionally, ECP can induce the
agglutination of Gram-negative bacteria, a behavior that is not
shared with many other AMPs. Indeed, the agglutinating activity
of ECP seems to be crucial for its antimicrobial action, suggesting
that agglutination is required for bacterial killing (35).

The agglutinating activity is evidenced by SEM micrographs
showing that rough mutants, but not the D212 deep-rough mu-
tant, become clumped after treatment with ECP (Fig. 6). We thus
suggest that the LPS polysaccharide moiety is essential to trigger
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Gram-negative bacterial cell agglutination, which is directly cor-
related with antimicrobial activity (Table 1; Fig. 5). For the D21f2
deep-rough mutant, agglutination is almost insignificant, which is
translated to high MIC values, increased times to reduce cell cul-
ture viability, and slow depolarization kinetics (Table 1 and Fig. 2
and 3). We conclude from these data that ECP needs to first inter-
act with the polysaccharide moiety of LPS, triggering cell aggluti-
nation. This process will mechanically disrupt the bacterial outer
layer (Fig. 4), thus disturbing the membrane potential and bacte-
rial homeostasis. Binding affinity to LPS was previously confirmed
for the whole protein (33) and for the [1-45] peptide (32).

Simulations of docking of ECP to LPS show a high affinity for
the complex (—16.53 kcal/mol). LPS is docked on the N-terminal
cationic patch of ECP (Fig. 7A), with the protein interacting in the
interface between lipid A and the polysaccharide moiety of LPS
(Fig. 7B). Specific hydrogen-bonding contacts are observed for
Argl, Trp10, Gln14, Lys38, and GIn40 (Fig. 7C). These results may
explain the severe decrease in the antimicrobial and agglutinating
activities observed for the D21f2 mutant, which lacks the sugar
molecules shown to bind to ECP.

The results were then compared with those for the ECP [1-45]
peptide, which corresponds to the ECP antimicrobial domain lo-
cated at the N terminus (32). We have observed here that the
agglutinating activity is maintained, though it is slightly reduced
(Fig. 5). The antimicrobial activity and the mechanical disruption
of bacterial cells are also conserved (Table 1; Fig. 4). In fact, pep-
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FIG 7 Complex of ECP and LPS calculated by molecular docking. (A) Electrostatic potential map of ECP in complex with LPS. Cationic residues are colored in
blue and anionic residues in red. (B and C) Detail of the complex between ECP and LPS. Interactions are highlighted in purple. Docking simulations were
conducted with Autodock 4. Protein Data Bank (PDB) codes are IDYT for ECP (22) and 1FI1 for LPS (13). The figure was constructed using PyMOL.

tide [1-45] conserves the residues described to be crucial to bind
sulfate anions (E. Boix et al., unpublished results), as well as phos-
phorylated and sulfated polysaccharides (16, 34), which also cor-
respond to the domain identified by molecular docking (Fig. 7).

In the search for the minimum template that retains the anti-
microbial action of ECP, peptide [6-17]-Ahx-[23-36] was de-
signed and shown to conserve the antimicrobial activity against a
wide battery of bacterial strains (35). Nonetheless, we find here
that the mechanism of action is not conserved despite its equal
activity. Indeed, the shorter peptide construct has limited LPS
affinity (35). Peptide [6-17]-Ahx-[23-36] displays a significant re-
duction of bacterial agglutination and does not cause notable me-
chanical cell disruption (Fig. 4 and 5). Peptide [6-17]-Ahx-[23-
36] is more efficient in membrane depolarization (Fig. 3), which is
not affected by LPS composition, a behavior that seems to corre-
late with cell viability kinetics (Fig. 2). In this case, LPS length is
inversely correlated with MIC values (Table 1) suggesting that the
polysaccharide LPS moiety would act as a permeation barrier.
Indeed, peptide [6-17]-Ahx-[23-36] is the most hydrophobic
compound, with a hydrophobic-to-hydrophilic ratio 0of 0.9 (ratios
of 0.6 and 0.8 were calculated for ECP and peptide [1-45], respec-
tively), in agreement with the hypothesis that LPS would act as a
barrier for more-hydrophobic compounds. The mechanism of
action displayed by peptide [6-17]-Ahx-[23-36] is also more lytic,
though it turns out to be less selective for bacterial membranes,
increasing the hemolytic activity compared with that of ECP (35).
Thus, ECP and its N-terminal domain show a higher selectivity for
bacterial structures, favoring agglutination and cell wall damage
instead of having a mere cell membrane-Iytic mechanism.

In summary, we show that both ECP and its N terminus display
antimicrobial and agglutinating activities that are dependent on
LPS structure. However, the shorter peptide [6-17]-Ahx-[23-36]
displays lower agglutinating activity though retaining the antimi-
crobial activity, suggesting a different mechanism of action. We
conclude that the antimicrobial domain of ECP exerts a global
action on bacteria by mechanically disrupting the outer layer,
whereas shorter derived peptides have a more unspecific action
directly at the inner membrane level.
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Abstract

Antimicrobial proteins and peptides (AMPs) are important effectors of the innate immune system that play a vital role in the
prevention of infections. Recent advances have highlighted the similarity between AMPs and amyloid proteins. Using the
Eosinophil Cationic Protein as a model, we have rationalized the structure-activity relationships between amyloid
aggregation and antimicrobial activity. Our results show how protein aggregation can induce bacteria agglutination and
cell death. Using confocal and total internal reflection fluorescence microscopy we have tracked the formation in situ of
protein amyloid-like aggregates at the bacteria surface and on membrane models. In both cases, fibrillar aggregates able to
bind to amyloid diagnostic dyes were detected. Additionally, a single point mutation (lle13 to Ala) can suppress the protein
amyloid behavior, abolishing the agglutinating activity and impairing the antimicrobial action. The mutant is also defective
in triggering both leakage and lipid vesicle aggregation. We conclude that ECP aggregation at the bacterial surface is
essential for its cytotoxicity. Hence, we propose here a new prospective biological function for amyloid-like aggregates with

potential biological relevance.
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Introduction

Antimicrobial proteins and peptides (AMPs) represent a wide
family that contributes to the host defense system with multiple
pathogen killing strategies [1-3]. Their fast and multitarget
mechanism of action reduces the emergence of bacteria resistance
and represents a valuable alternative for common antibiotics [4,5].

The mechanism of action of AMPs has been systematically
investigated, suggesting that AMPs bind to bacteria cell mem-
branes and disrupt cell homeostasis. However, more investigations
are needed to completely understand how different structures
determine the function of AMPs [6-12]. Membrane damage is a
multifaceted mechanism that can involve different peptide
assemblies and ultimately promotes membrane permeabilization
when achieving a critical concentration [13,14]. Several authors
have highlighted the striking resemblance of membrane disrupting
mechanisms with those observed for amyloid peptides and proteins
[15-17]. In both cases, membrane composition (e.g. cholesterol
content) and biophysical properties (e.g. membrane fluidity and
curvature) were found critical for the peptide action [13,15,18—
26]. Furthermore, we have recently suggested that antimicrobial
activity could have arisen through cationization of amyloid-prone
regions [27]. In this light, some AMPs have been described to form
amyloid structures i vitro [28,29] and some amyloid peptides have
also been considered as putative AMPs [30,31]. In fact, we have
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proposed that inherent AMP aggregation properties can modulate
antimicrobial activity [32].

Interestingly, some antimicrobial proteins and peptides have
been found to agglutinate bacteria cells. In this sense, bacteria
agglutination has been ascribed to unspecific adhesion through
hydrophobic interactions, as observed for synthetic peptides
derived from the parotid secretory protein [33]. Comparative
analysis on those peptides highlighted the contributions of both
hydrophobic and cationic residues in the agglutination activity
[33]. These results suggest that some AMPs could exploit their
intrinsic aggregation properties, by triggering bacteria agglutina-
tion as part of its mechanism of action as observed for a wealth
source of AMPs in saliva, which provides a first barrier to bacteria
adherence in the oral cavity [34]. Agglutinating activity has been
reported crucial for the antimicrobial function of Eosinophil
Cationic Protein (ECP) [35], a small cationic protein specifically
secreted by eosinophil granules during inflammation processes
with diverse antipathogen activities [36-38]. ECP displays high
antimicrobial action, with a specific bacteria agglutination activity
reported for Gram-negative bacteria, at a concentration range
close to the minimal inhibitory concentration, a behavior that may
represent an effective bactericidal mechanism m vivo [39].

In order to characterize the relation between AMPs, bacteria
agglutination and amyloid aggregation, we have used ECP as a
model of study. We present here a detailed characterization of
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Author Summary

Microbial infections are reported among the worst human
diseases and cause millions of deaths per year over the
world. Antibiotics are used to treat infections and have
saved more lives than any other drug in human history.
However, due to extended use, many strains are becoming
refractive to common antibiotics. In this light, new
promising compounds, like antimicrobial proteins and
peptides (AMPs) are being investigated. Some AMPs also
show agglutinating activity; this is the ability to clump
bacteria after treatment. This feature is particularly
appealing because agglutinating peptides could be used
to keep bacteria to the infection focus, helping microbe
clearance by host immune cells. In this study, we propose
a novel mechanism to explain agglutinating activity at a
molecular level using Eosinophil Cationic Protein. We show
that the agglutinating mechanism is driven by the protein
amyloid-like aggregation at the bacteria cell surface.
Accordingly, elimination of the amyloid behavior abolishes
both the agglutinating and the antimicrobial activities.
This study provides a new concept on how Nature could
exploit amyloid-like aggregates to fight bacterial infec-
tions. Moreover, these results could also add new insights
in understanding the relation between infection and
inflammation with dementia and amyloid-related diseases
like Alzheimer.

protein-mediated bacteria agglutination and prove the contribu-
tion of an aggregation prone domain to the protein antimicrobial
action. Complementary studies on model membranes provide a
further understanding of the membrane damage process promoted
by protein aggregation.

Results/Discussion

ECP was previously reported to aggregate i vivo on both
bacterial and eukaryotic cell surface without detectable internal-
ization [39,40]. Though these findings were essential to explain the
antimicrobial and cytotoxic properties of ECP, the real nature of
the aggregation process remained unknown. Besides, the protein
has a high affinity towards lipopolysaccharides (LPS) [41] and
agglutinates all tested Gram-negative strains [42]. On the other
hand, ECP has been reported to form amyloid-like aggregates i
vitro at specific conditions due to a hydrophobic patch located at
the N-terminus. Remarkably, protein amyloid-like aggregation
was efficiently abolished by mutating Ile 13 to Ala [28]. The
screening of the protein primary structure [43-45] and the design
of derived peptides [42,46] also allocated the antimicrobial region
at the N-terminus. As the antimicrobial and amyloid active

Bacteria Agglutination by Amyloids

segments of the protein colocalize [28,35,42,46], it is tempting to
hypothesize that bacteria agglutination by ECP could be directly
dependent on an amyloid-like aggregation process. This hypoth-
esis raises some exciting questions: (i) Is cell agglutination required
for antimicrobial activity? (i) Is cell agglutination mediated by
protein aggregation at the bacteria surface? (iil) Are aggregates
formed on the surface of bacteria of amyloid nature?

Bacteria cell agglutination and antimicrobial activities

To address the first question we compared the antimicrobial
action of wild type ECP (wtECP) with the I13A mutant, previously
described to be unable to form aggregates m vitro [28]. The
antimicrobial assays reveal that, while wtECP has an average
minimal inhibitory concentration (MIC) value around 0.5-1 uM,
the T13A mutant is unable to kill bacteria even at 5 uM
concentration (Table 1). To further correlate ECP antimicrobial
and agglutination activities we studied bacteria cell cultures by
confocal microscopy using the SY'TO9/Propidium iodide nucleic
acid fluorescent labels that allow registering both cell agglutination
and viability over time. Interestingly, wtECP can agglutinate
Gram-negative bacteria before a viability decrease is observed
(Figure 1A), however no cell agglutination takes place when
bacteria are incubated with the I13A variant, even after 4 hours
(Supporting Information Figure S1). These results are also
supported by minimal agglutination concentrations (MAC) close
to the MIC values (Table 1) and by FACS experiments showing
that wtECP but not I13A mutant is able to agglutinate E. coli cells
(Figure 1B). Thus, ECP antimicrobial activity on Gram-negative
strains 1is strongly affected when abolishing the agglutination
behavior (Ilel3 to Ala mutation).

Protein aggregation on membrane models

To further analyze the protein agglutination mechanism, we
tested the wtECP and I13A mutant action on a simpler biophysical
system such as phospholipid membranes where liposome agglu-
tination is registered as a function of protein concentration. In
contrast to wtECP, I13A mutant completely looses the ability to
agglutinate membranes (Figure 2A). In particular, when following
wtECP agglutinating activity as a function of ionic strength, we
observe that liposome agglutination is enhanced at high NaCl
concentration (Supporting Information, Figure S2). These results
suggest that vesicle agglutination is promoted by hydrophobic
interactions. Even more, leakage activity in model membranes is
also lost for T13A mutant (Figure 2B), meaning that protein
aggregation on the membrane surface is important not only for
agglutination but also for later membrane permeabilization. These
results are entirely consistent with those described above for
bacteria cell cultures where the Ile to Ala mutation not only

Table 1. Antimicrobial (MIC,¢0) and agglutinating (MAC) activities of wtECP and I13A mutant in Gram-negative strains.

MIC; 00 (UM) MIC, 60 (UM)

MAC (uM) MAC (uM)

Phosphate buffer® MH medium®

Phosphate buffer® MH medium®

ECP 113A ECP 113A ECP 113A ECP 113A
E. coli 0.40%0.10 >5 0.45%0.10 >5 0.25*0.1 >5 0.25*0.1 >5
P. aeruginosa 0.60+0.15 >5 0.90+0.20 >5 0.5*0.1 >5 0.5*+0.1 >5
A. baumanii 0.75%0.15 >5 1.25+0.20 >5 1.0%+0.2 >5 1.0%0.2 >5

PBacteria were grown and incubated with proteins in Mueller-Hinton Il broth.
doi:10.1371/journal.ppat.1003005.t001
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“Bacteria were grown in LB medium and incubated with proteins in 10 mM NaH,PO,, 100 mM NaCl pH 7.4.

November 2012 | Volume 8 | Issue 11 | 1003005

838



Bacteria Agglutination by Amyloids

A bawennd

SSC-H

55C-H

FSC-H ' FSC-H

PLOS Pathogens | www.plospathogens.org 3 November 2012 | Volume 8 | Issue 11 | 1003005
89



Bacteria Agglutination by Amyloids

Figure 1. ECP but not I113A is able to agglutinate bacteria. (A) E. coli, P. aeruginosa and A. baumanii cells were incubated with 5 uM of ECP or
113A mutant in microscopy plates during 4 h and stained with syto9 (live cells, green) and propidium iodide (dead cells, red). Images were taken at 0O,
0.5 and 3 h using a Leica SP2 confocal microscopy as described in the Materials and Methods section. Scale bar represents 50 um. Arrows were
depicted to show cell agglutination. Images depicted are representative from two independent experiments. (B) E. coli cells were incubated with
5 uM of ECP or 113A mutant during 4 h and samples were analyzed using a FACSCalibur cytometer. FSC-H is the low-angle forward scattering, which
is roughly proportional to the diameter of the cell and SSC-H is the orthogonal or side scattering, which is proportional to cell granularity or
complexity. Agglutination is registered as an increase in both scattering measures. In all experiments cell cultures were grown at exponential phase
(ODgpo=0.2) and incubated with proteins in 10 mM sodium phosphate buffer, 100 mM NaCl, pH 7.4. The plots are representative of three

independent experiments.
doi:10.1371/journal.ppat.1003005.g001

abolishes the cell agglutinating activity of ECP but also its
bactericidal action.

Agglutination mediated by protein aggregation

Next, to address the question whether cell agglutination is
consistently driven by protein aggregation at the bacteria surface,
we incubated bacteria cultures with ECP and visualized the
samples using confocal microscopy. Our results show that wtECP
binds to the bacteria surface and a strong protein signal is
registered at the aggregation zones (Figure 3A). On the contrary,
though cell interaction is maintained for the I13A mutant,
agglutination is observed neither in bacteria cell cultures nor in
model membranes (Figures 3A and 3B). As expected, for model
membranes we show that only wtECP is able to promote
agglutination (Figure 3B). Therefore, we conclude that protein
aggregation on the cellular surface is required for bacteria
agglutination, which turns to be essential for the antimicrobial
action. Agglutination is also observed in the presence of 20%
plasma in a similar extent, suggesting that ECP agglutination is
likely to take place in the physiological context (Supplementary
Information Figure S3). As previously mentioned, ECP binding to
bacteria is favored by interactions with the LPS outer membrane
[35,41,47]. Consistently, we show here that LPS binding activity is
lost for the I13A mutant, when compared with wtECP (Supple-
mentary Information Figure S4).

In situ follow-up of amyloid aggregates

At this point however, the nature of the protein aggregates
remained unknown. Thus, having previously shown that ECP is
able to form amyloid-like aggregates i vitro, we decided to test if
the observed aggregates have an amyloid-like structure using the
amyloid-diagnostic dyes Thioflavin-T and Congo Red. When
bacteria cultures are incubated with non-labeled wtECP, stained
with ThT and visualized by total internal reflection fluorescence
(TIRF) microscopy, we show that wtECP amyloid-like aggregates
are located also at the cell surface (Figure 4A) similarly as what we
observe for Alexa labeled wtECP (Figure 3A). Consistently, no
staining is observed for non-incubated cultures and for the 113A
mutant (Figure 4A). Moreover, upon bacteria incubation with
wtECP, a red shift in the Congo Red spectrum is observed
(Supplementary Information Figure S5A), revealing that the
protein amyloid-like aggregation is triggered upon incubation
with bacteria cultures.

Though ECP was previously shown to form amyloid-like
aggregates i vitro only at low pH after a long incubation time
(1-2 weeks), amyloid-like structures observed here are detected
after only 4 hours of incubation. However, it is well known that
some proteins can accelerate its aggregation kinetics in the
presence of membrane-like environments [48-50]. Our results
show that wtECP is able to form fibrillar-like aggregates on model
membranes with an average size of 845%150 nm (Figure 4B),
comparable in size with the wtECP aggregates observed i vitro in
the absence of lipid membranes (~150 nm) [28]. In fact, when
tested for ThT binding, we observe aggregates with similar size

PLOS Pathogens | www.plospathogens.org

(Figure 4B). When wtECP is incubated with model membranes
and tested for Congo Red binding, we obtain again a noticeable
spectral shift (Supplementary Information Figure S5B). To
complete these results we have also performed all the experiments
detailed above using the 113A mutant and found it to be unable to
form amyloid-like aggregates (Figure 4).

Conclusions

The results presented here for ECP reinforce the hypothesis that
an amyloid-like aggregation process is taking place in the bacteria
surface that drives bacteria cell agglutination, which is essential for
the antimicrobial activity of the protein. In summary, after binding
to the bacteria surface, a rearrangement of the protein could take
place, exposing the hydrophobic N-terminal patch of the protein.
Following, the aggregation process would start promoting the
agglutination of the bacteria cells through the aggregation of the
surface-attached protein molecules. The formation of aggregates
on the bacteria surface will disrupt the lipopolysaccharide bilayer
of Gram-negative cells exposing the internal cytoplasmatic
membrane to the protein action, promoting the membrane
disruption and eventually the bacteria killing.

Cell agglutinating activity provides a particularly appealing
feature that may contribute to the clearance of bacteria at the
infectious focus. In this sense, bacteria agglutination would
prepare the field before host phagocytic cells enter in the scene
[33]. However, despite the interest in the pharmaceutical industry
to identify the structural determinants for bacteria cell agglutina-
tion, bibliography on that subject is scarce and only few
agglutinating antimicrobial proteins are described in the literature.
Excitingly, there may be other proteins and peptides with similar
characteristics that also follow the proposed model. Hence, the
agglutinating mechanism may represent a more generalized
process that may derivate in amyloid deposit formation at
bacterial infection focuses.

Besides, it has been reported that systematic exposure to
inflammation may represent a risk factor on developing Alzhei-
mer’s disease [51,52] and other types of dementia [53]. Some
studies have also demonstrated that the release of inflammatory
mediators can also cause generalized cytotoxicity. In particular,
ECP has been discovered to be cytotoxic [40,54] and neurotoxic,
causing the Gordon phenomenon after injection intratechally in
rabbits [55]. Therefore, our results suggest that the release of
inflammatory mediators after infection (like AMPs) may either
seed the aggregation processes in the brain and/or influence the
membrane biophysical properties to trigger neurotoxicity and
aggregation events.

Materials and Methods

MIC (Minimal Inhibitory Concentration) and MAC
(Minimal Agglutination Concentration) determination
Antimicrobial activity was expressed as the MIC g, defined as
the lowest protein concentration that completely inhibits microbial
growth. MIC of each protein was determined from two
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Figure 2. Liposome agglutination and leakage activity. wtECP
(circles) and I13A mutant (squares) were incubated with liposomes and
the agglutination (A) and leakage (B) were followed at increasing
protein concentrations (1-6 uM). Agglutination was measured as light
scattering (470 nm) at 90° from the beam source in a 10 mM Tris-HCl,
100 mM NaCl, pH 7.4 buffer and leakage was followed using the ANTS/
DPX assay in the same buffer as described in the Materials and Methods
section.

doi:10.1371/journal.ppat.1003005.9002

independent experiments performed in triplicate for each concen-
tration. Bacteria were incubated at 37°C overnight in Mueller-
Hinton II (MHII) broth and diluted to give approximately
5-10° CFU/mL. Bacterial suspension was incubated with proteins
at various concentrations (0.1-5 uM) at 37°C for 4 h either in
MHII or 10 mM sodium phosphate buffer, 100 mM NaCl,
pH 7.4. Samples were plated onto Petri dishes and incubated at
37°C overnight.

For MAC determination, bacteria cells were grown at 37°C to
mid-exponential phase (ODggo = 0.6), centrifuged at 5000 xg for
2 min, and resuspended in 10 mM sodium phosphate buffer,
100 mM NaCl, pH 7.4, in order to give an absorbance of 0.2 at
600 nm. A 200 uL aliquot of the bacterial suspension was
incubated with proteins at various (0.1-10 pM) concentrations at
25°C for 4 h. Aggregation behavior was observed by visual
inspection and minimal agglutinating concentration expressed as
previously described [42].

Fluorescence-Assisted Cell Sorting (FACS) assay

Bacteria cells were grown at 37°C to mid-exponential phase
(ODggpp =0.6), centrifuged at 5000 xg for 2 min, resuspended in
10 mM sodium phosphate buffer, 100 mM NaCl, pH 7.4 or the
same buffer supplemented with 20% plasma to give a final
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Figure 3. ECP and 113A mutant bind to the surface of bacteria
and membranes. (A) E. coli bacteria cells stained with Hoechst (blue
signal) were incubated with 5 uM of either wtECP or I13A mutant (both
labeled with Alexa Fluor 488; green signal) for 4 h and visualized by
confocal microscopy. In all experiments cell cultures were grown at
exponential phase (ODggo=0.2) and incubated with proteins in 10 mM
sodium phosphate buffer, 100 mM NaCl, pH 7.4. (B) 500 ul of 200 uM
LUV liposomes stained with Dil (red signal) were incubated with 5 uM
of either wtECP or 113A mutant (both labeled with Alexa Fluor 488;
green signal) for 4 h and visualized using a Leica SP2 confocal
microscope. Scale bars are 5 um length in all images and insight
captions. Images depicted are representative from two independent
experiments.

doi:10.1371/journal.ppat.1003005.g003

ODgoo = 0.2 and preincubated for 20 min. A 500 pL aliquot of the
bacterial suspension was incubated with 5 pM of wtECP or I13A
mutant during 4 h. After incubation, 25000 cells were subjected to
FACS analysis using a FACSCalibur cytometer (BD Biosciences,
New Jersey) and a dot-plot was generated by representing the low-
angle forward scattering (FSC-H) in the x-axis and the side
scattering (SSC-H) in the y-axis to analyze the size and complexity
of the cell cultures. Results were analyzed using Flow]Jo (Tree Star,
Ashland, OR).
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Figure 4. ECP but not 113A form amyloid-like aggregates on the surface of bacteria and membranes. (A) E. coli bacteria cells stained
with Hoechst (blue signal) were incubated with unlabeled wtECP or 113A mutant for 4 h, stained with ThT (green signal) and visualized by TIRF
microscopy. In all experiments cell cultures were grown at exponential phase (ODggo =0.2) and incubated with proteins in 10 mM sodium phosphate
buffer, 100 mM NaCl, pH 7.4. (B) Planar lipid bilayers prepared as described in the Materials and Methods section (stained with Dil; red signal) were
incubated with 5 uM of either unlabeled wtECP or 113A mutant for 4 h, stained with 25 uM ThT (green signal) and visualized using a Olympus
FluoView 1000 TIRF microscope. Scale bar represents 20 um (5 um in the insight caption). Images depicted are representative from two independent

experiments.
doi:10.1371/journal.ppat.1003005.9004

Bacteria viability assay

Bacteria viability assays were performed as described before [39].
Briefly, bacteria were incubated in 10 mM sodium phosphate buffer,
100 mM NaCl, pH 7.4 with 5 uM of wtECP or I13A mutant and
then stained using a syto 9/propidium iodide 1:1 mixture. The
viability kinetics were monitored using a Cary Eclipse Spectrofluo-
rimeter (Varian Inc., Palo Alto, CA, USA). To calculate bacterial
viability, the signal in the range 510-540 nm was integrated to obtain
the syto 9 signal (live bacteria) and from 620-650 nm to obtain the
propidium iodide signal (dead bacteria). Then, the percentage of live
bacteria was represented as a function of time.

Liposome agglutination and leakage assay
The ANTS/DPX liposome leakage fluorescence assay was
performed as previously described [56]. Briefly, a unique population
of LUVs of DOPC/DOPG (3:2 molar ratio) lipids was obtained
containing 12.5 mM ANTS, 45 mM DPX, 20 mM NaCl, and
10 mM Tris/HCI, pH 7.4. The ANTS/DPX liposome suspension
was diluted to 30 UM concentration and incubated at 25°C in the
presence of wtECP or I13A mutant. Leakage activity was followed
by monitoring the increase of the fluorescence at 535 nm.
For liposome agglutination, 200 uM LUV liposomes were
incubated in 10 mM phosphate buffer, pH 7.4, containing 5 to
100 mM NaCl, in the presence of 5 uM wtECP or I13A mutant

PLOS Pathogens | www.plospathogens.org

and the scattering signal at 470 nm was collected at 90° from the
beam source using a Cary Eclipse Spectrofluorimeter (Varian Inc.,

Palo Alto, CA, USA) [57].

Confocal microscopy

Experiments were carried out in 35 cm? plates with a glass
coverslip. For phospholipid membranes, 500 ul of 200 uM LUV
liposomes (prepared as described in Supplementary Information)
were incubated with 5 puM wtECP or 113A mutant for 4 h in
10 mM sodium phosphate buffer, 100 mM NaCl, pH 7.4. For
bacteria, 500 ul of E. coli cells (ODggpp =0.2) were incubated with
5 uM wtECP or I13A mutant for 4 h in 10 mM sodium phosphate
buffer, 100 mM NaCl, pH 7.4. RNase A was used always as a
negative control. Samples of both liposomes and bacteria were
imaged using a laser scanning confocal microscope (Olympus
FluoView 1000 equipped with a UPlansApo 60 x objective in 1.4 oil
immersion objective, United Kingdom). wtECP and I13A mutant
labeled with Alexa Fluor 488 were excited using a 488-nm argon
laser (515-540 nm emission collected) and Vibrant Dil was excited
using an orange diode (588-715 nm emission collected).

TIRF microscopy

To study the interaction of proteins with lipid membranes,
planar supported lipid bilayers were used (Supplementary
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Information). When using bacteria, glass coverslips were previ-
ously treated with 0.1% poly-L-lysine to ensure that samples will
adhere to the surface. 500 pl of E. coli cells (ODgpp =0.2) were
incubated with 5 uM wtECP or I13A mutant for 4 h and then
transferred to poly-L-lysine treated microscopy plates and
incubated for 15 minutes. To remove unattached cells, plates
were washed twice with 10 mM sodium phosphate, 100 mM
NaCl, pH 7.4 buffer. RNase A was used always as a negative
control. Images were captured using a laser scanning confocal
microscope (Olympus FluoView 1000 equipped with a PlansApo
60x TIRF objective in 1.4 oil immersion objective, United
Kingdom) using the same conditions as described for confocal
microscopy experiments. Thioflavin T (ThT) was used to detect
amyloid aggregates. In this case, samples were incubated for 4 h
with unlabeled proteins as described before and then incubated
with ThT at 25 uM final concentration for 15 minutes. Then,
plates were washed twice with 10 mM sodium phosphate,
100 mM NaCl buffer, pH 7.4 to remove unattached cells and
ThT excess.

Supporting Information

Figure S1 Bacteria agglutination mediated by wtECP
and the I13A mutant. E. coli bacteria cells were grown at
exponential phase (ODgop=0.2) and incubated with 0.5 uM
wtECP (A) or I13A (B) in 10 mM phosphate buffer, 100 mM
NaCl, pH 7.5 for 4 h. Images were taken using a Leica
magnificator. wtECP incubated bacteria samples were also
observed under 40x (C) and 100x (D) magnification to reveal
more details on bacteria aggregates. Images were taken using a
Leica optical microscope.

(TIF)

Figure S2 Liposome agglutination mediated by wtECP
and I13A mutant at increasing ionic strength. Liposomes
prepared as described in the Materials and Methods section were
incubated with increasing concentrations of wtECP (circles) or
I13A mutant (squares) at 5 mM (A), 50 mM (B) and 100 mM (C)
NaCl in a 10 mM phosphate buffer, pH 7.5. The formation of
liposome aggregates was followed as an increase in the light
scattering signal at 90° from the beam.

(TTF)

Figure S3 ECP is able to agglutinate bacteria cells in
plasma. E. coli cells were incubated with 5 uM of ECP during
4 h and samples were analyzed using a FACSCalibur cytometer.
FSC-H is the low-angle forward scattering, which is roughly
proportional to the diameter of the cell and SSC-H is the
orthogonal or side scattering, which is proportional to cell
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Supporting I nformation

Figure S1 Bacteria agglutination mediated by wtECP and the | 13A mutant
A B

Figure S2 Liposome agglutination mediated by wtECP and | 13A mutant at
increasing ionic strength
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Figure S3 ECP isableto agglutinate bacteria cellsin plasma.
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Figure S5 Protein aggregates bind to Congo Red dye
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PROTOCOL S1

Materials and M ethods

Materials and Strains

1,2-Dioleoyl-sn-glycero-3-phosphocholine (DOPC), 1,2-dioleoyl-sn-glycero-3-
[phospho-rac-(1-glycerol)] (DOPG), Dipalmitoil-sn-glycero-3-phosphocholine (DPPC)
and Dimiristoil-sn-glycero-3--[phospho-rac-(1-glycerol)] (DMPG) were from Avanti
Polar Lipids, Birmingham, AL. LPS from E. coli was purchased from Sigma Aldrich.
8-Aminonaphthalene-1,3,6-trisulfonic  acid disodium sat (ANTS), p-xylene
bispyridiniumbromide (DPX), BC (BODIPY TR cadaverine, where BODIPY is boron
dipyrromethane (4,4-difluoro- 4-bora-3a,4a-diaza-s-indacene) were purchased from
Invitrogen (Carlsbad, CA). Alexa Fluor 488 Protein Labelling kit and Vibrant Dil cell-
labeling solution were from Molecular Probes (Invitrogen, Carlsbad, CA). pET11
expression vector and E. coli BL21(DES3) cells were from Novagen, Madison,WI.
Strains used were Escherichia coli (BL21, Novagen), Acinetobacter baumannii (ATCC
15308) and Pseudomonas sp (ATCC 15915). Human plasma was extracted from a pool
of healthy donor’s blood.

Preparation of recombinant proteins

113A ECP mutation was incorporated using the Quick-change mutagenesis kit from
Invitrogen (Carslbad, CA). Recombinant ECP and 113A mutant were obtained as
previously described (1, 2). 113A ECP mutant was sequenced before expression and
protein identity was checked by MALDI-TOF mass spectrometry.

Protein fluorescent labeling

ECP and 113A mutant were |labeled with the Alexa Fluor 488 fluorophor, following the
manufacturer's instructions, as previously described (3). To 0.5 mL of a 2 mg/mL
protein solution in phosphate saline buffer (PBS), 50 uL of 1 M sodium bicarbonate, pH
8.3, were added. The protein isincubated for 1 h at room temperature, with the reactive
dye, with stirring, following the manufacturer's conditions. The labeled protein was

separated from the free dye by a PD10-desalting column.

LUV liposome preparation
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Large unilamellar vesicles (LUVS) containing DOPC/DOPG (3:2 molar ratio) of a
defined size (about 100 nm) were prepared as previously described (4). LUVs were
obtained from a vacuum-drying lipid chloroform solution by extrusion through 100 nm
polycarbonate membranes. The lipid suspension was frozen and thawed ten times prior
to extrusion. A 1 mM stock solution of liposome suspension in 10 mM phosphate
buffer, 100 mM NaCl, pH 7.4 was prepared.

Formation of supported lipid bilayers (S.Bs).

Supported lipid bilayers were prepared as described (5). Briefly, we dissolved DMPG
and DPPC in CHCl3/methanol 2/1(v/v) to obtain a5 mM stock solution of each lipid. 80
ul of DMPG stock solution and 120 ul of DPPC stock solution were mixed in a glass
tube to obtain a 3:2 DPPC/DOPG mixture. Then the lipid mixture was evaporated under
nitrogen and dried in a desiccator under vacuum for 2 h. The dried lipid film was
resuspended in 1 ml of a10 mM Tris, 100 mM NaCl, 3 mM CaCl, buffer adjusted at pH
7.4 with HCI to give a 1 mM final lipid concentration of multilamellar large vesicles
(MLVs) suspension. In order to obtain small unilamelar vesicles (SUVs), the lipid
suspension was sonicated to clarity (five cycles of 2 min) using a water bath sonicator at
60°C. Then, 500 ul of the SUV suspension was placed in contact with the glass
coverslip of a 35 cm? microscopy plate and heated for 45 min at 60 °C. After sowly
cooling down the system to room temperature, the samples were rinsed carefully with a
10 mM phosphate buffer, 100 mM NaCl buffer adjusted at pH 7.4 to remove the SUV

excess.

LPS Binding Assay

LPS binding was assessed using the fluorescent probe Bodipy TR cadaverine (BC) as
described (6). Briefly, the displacement assay was performed by the addition of 1-2 uL
aliquots of WtECP or I13A mutant solution to 1 mL of a continuously stirred mixture of
LPS (10 pg/mL) and BC (10 uM) in 10 mM phosphate buffer, 100 mM NaCl, pH 7.5.
Fluorescence measurements were performed on a Cary Eclipse spectrofluorimeter. The
BC excitation wavelength was 580 nm, and the emission wavelength was 620 nm. The
excitation glit was set at 2.5 nm, and the emission dlit was set at 20 nm. Final values
correspond to an average of four replicates and were the mean of a 0.3 s continuous

measurement. Occupancy factor was cal culated as described previously (6).
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Binding to Congo Red

Binding of ECP to Congo red was tested using a Varian CARY - 100 spectrophotometer
(Palo Alto, CA) to perform the spectroscopic band-shift assay. A total of 5 uL of 10
mg/mL protein solution was diluted in 45 pL of 10 mM sodium phosphate, 100 mM
NaCl, and pH 7.5 buffer containing 15 uM Congo red for recording the spectra of the
protein aone. For recording the shift after binding to liposomes, increasing
concentration of liposomes, prepared as described previously, were added to the buffer.
For recording the shift after binding to bacteria, a sufficient amount of cells was added
to the buffer to reach an ODgy = 0.2. Samples were maintained 5 min at 25 °C before
analysis. Congo Red differential spectra were obtained by subtracting both the signal
corresponding to the protein and the lipid/bacteria in the presence of the dye. Samples
incubated with the 113A mutant or lysed bacteria do not show a significant increase of
Congo Red spectral shift.
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Abstract

Vertebrate secreted ribonucleases (RNases) are small proteins that play important roles in
RNA metabolism, angiogenesis or host defense.

In the present study we describe the antimicrobial properties of the N-terminal domain
of the human canonical RNases (hcRNases) and show that its antimicrobial activity is
well conserved among their lineage. Furthermore, all domains display a similar
antimicrobial mechanism, characterized by bacteria agglutination followed by membrane
permeabilization.

The results presented here show that, for all antimicrobial hcRNases, (i) activity is
retained at the N-terminus; (ii) the antimicrobial mechanism is conserved. Moreover,
using computational analysis we show that antimicrobial propensity may be conserved at
the N-terminus for all vertebrate RNases, thereby suggesting that a defense mechanism
could be a primary function in vertebrate RNases and that the N-terminus was selected
to ensure this property. In a broader context, from the overall comparison of the
peptides’ physicochemical and biological properties, general correlation rules could be
drawn to assist in the structure-based development of antimicrobial agents.

Keywords: antimicrobial peptide, ribonuclease, evolution, innate immunity and drug
discovery.
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Introduction

RNase A-homologues comprise a vertebrate-specific superfamily that includes a wide
network of diverse gene lineages (Dyer, Rosenberg 2006). Eight human members
(known as canonical RNases) belong to the RNase A-like family (Cho, Beintema, Zhang
2005; Sorrentino 2010). They are all small secreted proteins (around 15 kDa), sharing a
typical fold, with six or eight cysteines arranged in three or four disulfide bonds (Acharya
et al. 1994; Mosimann et al. 1996; Terzyan et al. 1999; Huang et al. 2007; Kover et al.
2008; Laurents et al. 2009). All RNases include a conserved catalytic triad comprised by
two histidines and one lysine, the latter located inside the characteristic RNase signature
(CKXXNTF) (Sorrentino 2010) (Supporting Information, Figure S1).

All human canonical RNases (hcRNases) are catalytically active in a variable degree
(Sorrentino, Libonati 1997) and some of them share relevant antimicrobial properties
(Boix, Nogues 2007). However, antimicrobial and catalytic activities of hcRNases are
apparently unrelated (Rosenberg 1995; Boix, Nogues 2007; Huang et al. 2007). In
particular, studies in zebrafish (Pizzo et al. 2008) and chicken RNases (Nitto et al. 2006)
show they display antimicrobial properties independent of a catalytic activity.
Interestingly, vertebrate RNases have high isoelectric points, a common feature in
antimicrobial proteins, required for interaction with the negatively charged membranes
of pathogens (Boix, Nogues 2007; Torrent, Nogues, Boix 2009).

In summary, the presence of antimicrobial activity in diverse lineages of vertebrate
RNases suggests that host defense might be a relevant physiological role of the
superfamily (Cho, Zhang 2007). However, a sequential or structural evolutionarily
selected pattern that embodies the antimicrobial activity has not yet been reported.

In this context, we recently described that, for RNase 3, a functional antimicrobial
domain is located at the N-terminus of the protein (Torrent et al. 2010b; Sanchez et al.
2011; Torrent et al. 2011b; Boix et al. 2012). This domain can be further dissected into
two active regions: (i) residues 24 to 45 are essential for the antimicrobial action, and (ii)
residues 8 to 16 contribute to agglutination and membrane destabilization (Boix et al.
2012).

Given that many RNases display antimicrobial properties unrelated to their ribonuclease
activity, it is appealing to hypothesize that an N-terminal antimicrobial domain could be
preserved and/or refined along evolution to embody the antimicrobial activity. To test
this hypothesis, we have synthesized the N-terminal domains of all hcRNases and
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studied their antimicrobial properties. The results presented here reveal that (i)
antimicrobial activity is largely confined at the N-terminus, and that (ii) the mechanism
of action of the N-terminal domains is similar to that of the original proteins. Moreover,
complementary computational analyses suggest that the N-terminal domain in the
protein might have been selected by evolution to provide a host-defense function.
Results

Design of hcRNase-derived peptides

As the reference 1-45 segment in hcRNase 3 has been found to be the minimal domain
retaining full antimicrobial properties (Torrent et al. 2009a; Torrent et al. 2011b), in a
search for similar antimicrobial properties, peptides 1-8, comprising equivalent regions of
other RNase N-termini (residues 1-45 of hRNases 2, 6, 7 and 8; residues 1-48 of
hRNases 1 and 4; residues 1-47 of RNase 5, Table 1) were selected for synthesis. In all
cases, the peptides included the first two a-helices as well as the first 3-strand from the
parental protein. As before®, the two Cys residues in the N-terminal region, disulfide-
linked to distant Cys in the native protein, were replaced by isosteric Ser residues.
Peptides of satisfactory quality, with the expected molecular mass, were obtained after
Fmoc solid phase synthesis and HPLC purification (Table 1). Their CD secondary
structures in the presence of structuring agents (TFE and DPC micelles) were found to
be similar to those of the cognate proteins (Torrent et al. 2009a; Garcia-Mayoral et al.
2010).

Antimicrobial activity of hcRNases is retained at the N-terminus

To assess the antimicrobial activity of peptides 1-8 we determined their minimal
inhibitory concentration (MIC) for three representative Gram-negative and Gram-
positive bacteria (Table 2). Five peptides (1, 3, 4, 6 and 7) tested active against all strains,
with MIC values between 0.2 and 10 uM, a range close to that observed for several
hcRNases (Huang et al. 2007; Torrent et al. 2009a) (Boix et al. 2012). In contrast,
peptides 2, 5 and 8 were inactive against all strains. When these results are compared
with available literature data on hcRNases, a good agreement between the two sets of
data is observed (Table 2), with only peptide 8 differing from previously reported results
(Rudolph et al. 2006). As we suspected that the discrepancy observed could be due to the
inoculum size (5-10° cells/mL in our case, 5-10* cells/mL in Rudolph et al. (Rudolph et
al. 2006)), peptide 8 was reassayed using a 5-10* cells/mL inoculum and MIC values in
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the 1-10 uM range, compatible with the previous reports, were determined. Thus, we
conclude that the antimicrobial activity of hcRNases is consistently preserved at the N-
terminus.

To characterize the cell selectivity of peptides 1-8, their hemolytic activity was tested on
sheep red blood cells. For antimicrobially active peptides (1, 3, 4, 6-8), hemolytic
activities (measured as HC.,) between 10 and 20 uM were found (Table 2), while no

hemolysis (HC;,>100 uM) was detected for antimicrobially inert peptides 2 and 5. For
the most antimicrobially active peptides (3, 4, 6 and 7) MICs were 1-2 orders of
magnitude lower than HCs, suggesting that hcRNase-derived peptides are good
candidates for drug development, as already shown for RNase3 (Torrent et al. 2011b).

The antimicrobial mechanism of heRNases primarily involves the N-terminus

To characterize the antimicrobial mechanism of hcRNase-derived peptides 1-8, we first
assessed their ability to depolarize and permeabilize bacterial cytoplasmic membranes.
Results with representative Gram-negative and —positive organisms (Table 3) show that
only the peptides with high bactericidal activity (3, 4, 6, 7) can cause significant
membrane depolarization and permeabilization, in agreement with the antimicrobial
values (Table 2).

Another specific characteristic of antimicrobial proteins, already demonstrated for the N-
terminal domain of hcRNAse 3 (peptide 3) **, is the ability to agglutinate Gram-
negative bacteria, judged as important in holding pathogens at bay at the infection focus.
To test whether other hcRNase-derived peptides shared this property, their minimal
agglutinating activities (MAC) were determined (Table 4). Interestingly, all antimicrobially
active peptides (1, 3, 4, 6, 7) showed agglutinating properties to a certain degree,
suggesting that this antimicrobial feature is conserved for all hcRNases. Furthermore,
MAC values correlated well too with LPS binding affinities (Table 4, Supporting
Information Table S1), suggesting that binding to the Gram-negative bacterial cell wall
would trigger the agglutinating mechanism, as previously reported. In tune with this, no
agglutination was observed for Gram-positive S. aureus, confirming the fact that an LPS
external layer is necessary for bacterial agglutination. To further explore these
agglutinating properties, we used fluorescence-assisted cell sorting (FACS). After
incubation of E. coli cell cultures with the hcRNase-derived peptides, significant
agglutination was only observed for active peptides 1, 3, 4, 6 and 7 (Figure 1A), with
peptide 3, followed by 6, displaying the highest activity. Additionally, bacterial cells were
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incubated with SYTQO9 and propidium iodide (PI) to assess their viability simultaneously
with agglutination (Figure 1B). Results showed dead bacteria to be present only when
significant agglutinating activity was also detected, suggesting that both activities are part
of a sole mechanism. One may therefore generalize the behavior of all active hcRNase-
derived peptides as having the ability to dock onto external LPS layers and promote
Gram-negative bacteria agglutination, triggering in turn membrane depolarization and
lipid bilayer leakage, eventually resulting in cell death. For Gram-positive cells, peptides
would probably diffuse across the permeable cell wall and exert their lytic action onto the
cell membrane (Torrent et al. 2010a).

Previously we showed that the hcRNase 3 N-terminal domain (peptide 3) retains the
ability of the cognate protein to bind and disrupt model membranes (Torrent et al.
2009a; Torrent et al. 2011b). To determine whether all hcRNase-derived peptides behave
similarly, we studied the effect of the peptides on lipid bilayer models. Changes in the
tryptophan spectrum upon incubation with liposomes, a usual readout for membrane
interaction, could only be assessed for peptides bearing this residue (2, 3, 6, 7 and 8;
Supplementary Information Table S1) but in all cases showed a good correspondence
with antimicrobial activity. As reported for many other antimicrobial peptides, hcRNase-
derived peptides were able to bind anionic liposomes, whereas no significant binding was
observed for neutral ones, suggesting that electrostatic interactions are indispensable for
peptide binding to lipid vesicles.

Next, the ability of the peptides to perturb bilayer stability was tested in a liposome
leakage assay (Table 4). As expected, only active peptides displayed high leakage activity,
and values observed for liposome content release were in good agreement with those
observed for depolarization activity in bacteria (Table 3).

For a better characterization of the mechanism, the ability of hcRNase-derived peptides
to agglutinate liposomes was studied by dynamic light scattering (DLS), which allows
monitoring the vesicle size. All peptides were tested against both neutral and negatively
charged vesicles (Figure 2), but only the latter agglutinated upon peptide interaction,
again highlighting the role of electrostatic interactions in promoting agglutination. More
interestingly, the only peptides capable of promoting agglutination in this assay with
model membranes were those previously found to be active in either MAC or FACS
experiments (Table 3, Figure 1).
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In summary, results obtained using model membranes correlated well with those using
bacterial cultures, hence reinforcing our claim that bactericidal mechanisms are

consistently conserved at the N-termini of antimicrobially active hcRNases.

Vertebrate RNases share a conserved N-terminal antimicrobial domain

A next, logical step was to analyze the antimicrobial activity of the N-terminus across
vertebrate RNases. To this end, we analyzed all RNase A homologues deposited at the
Uniprot (www.uniprot.org) database using AMPA, an algorithm that scans proteins in
search of potential antimicrobial regions (http://tcoffee.crg.cat/apps/ampa/) (Torrent,
Nogues, Boix 2009; Torrent et al. 2012). Results are summarized in Figure 3, in the form
of a phylogenetic tree of vertebrate RNases together with AMPA-identified putative
antimicrobial regions at the N-termini of these proteins. It can be seen that most of these
N-termini are potentially antimicrobial, in congruence with the experimental data in this
study (Table 1). Results in Fig. 3, particularly the evolutionary distances among different
hcRNases, suggest that N-terminal regions endowed with antimicrobial properties have
been central in the function of RNases since their early origins and have accordingly

been conserved along evolution.

Discussion

RNases are widely distributed in most vertebrate organs and tissues and can exert many
different functions. Interestingly, many members of the RNase A superfamily, not only
in mammals but also in other vertebrates, like fish and amphibians (Dyer, Rosenberg
2006; Nitto et al. 2006; Cho, Zhang 2007), show antimicrobial properties apparently
unrelated to their nuclease activity. It has indeed been suggested that RNases might have
emerged as a host-defense family in vertebrate evolution (Cho, Zhang 2007).

Although the three-dimensional structure of RNase A-like proteins is highly conserved,
their amino acid sequence is quite diverse and a defined antimicrobial signature cannot
be easily delineated. This is indeed the case for most antimicrobial peptides and proteins,
sharing microbicidal properties despite low sequence similarity. Poor sequence homology
has in practice prevented the development of robust methods for predicting
antimicrobial motifs in proteins and peptides (Torrent, Nogues, Boix 2009; Torrent et al.
2012; Torrent, Nogues, Boix 2012). However, despite the lack of sequential or structural
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patterns, similar physicochemical characteristics are shared among AMPs, like a net
positive charge or the high content in hydrophobic amino acids (Torrent et al. 2011a).
Recently, we described that the antimicrobial properties of hRNase 3 are highly retained
in its N-terminal domain (Torrent et al. 2009a; Torrent et al. 2011b). This domain is
equipotent compared to the whole protein, killing both Gram-negative and Gram-
positive bacteria and retains its biophysical properties, including membrane agglutination
and leakage (Torrent et al. 2009a; Torrent et al. 2011b). More interestingly, the chemically
synthesized antimicrobial domain has a similar structure compared to its counterpart in
the native protein in membrane-like environments(Garcia-Mayoral et al. 2010). However,
as pointed below, there is no significant sequence similarity between the antimicrobial N-
terminus of hRNase 3 and those of other antimicrobial RNases (Supplementary
information text and Figures S1 and S2). For instance, the residues reported to be critical
for antimicrobial activity in hRNases 3 and 7 are not significantly conserved
(Supplementary information, Figure S1) (Boix et al. 2012). Nonetheless, all hcRNase N-
termini have a high isolectric point and similar hydrophobicity (Table 1).

In the present study, we have shown that all N-terminal antimicrobial domains of
hcRNases with described antimicrobial activity are active against both Gram-positive and
Gram-negative bacteria (Table 2). Even more interesting, in the cases where enough
experimental information on the antimicrobial activity of the proteins is available, the
peptides tested have similar activity (Table 2). We have also analyzed the biophysical
characteristics of the peptides and evaluated the correlation between their ability to
disrupt model membranes and their inherent antimicrobial activity (Tables 2 and 3).
Liposome leakage shows a good correlation with both antimicrobial activity and
membrane depolarization (Supplementary Information, Figure S7). The correspondence
between leakage and depolarization is particularly interesting as it suggests that the
antimicrobial peptides will eventually promote a disruptive action at the membrane level,
rather than interacting with internal targets in the microbes. Interestingly, there is a
significant correlation between the ability to acquire a defined structure in membrane-like
environments (e.g. SDS micelles) and the antimicrobial activity (Supplementary
Information, Figures S6 and S8), suggesting that peptides would adopt a-helical structure
to perturb the bacteria membrane integrity.

All hcRNase N-terminal peptides with antimicrobial activity also show significant
agglutination activity, suggesting that this trait might be inherent to antimicrobial
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RNases. The agglutinating activity of hcRNase 3 has been previously attributed to a high
aggregation-prone region at the N-terminus (residues 8-16) (Torrent et al. 2010a; Torrent
et al. 2010b). Removal of this corresponding hydrophobic patch inside the antimicrobial
domain drastically reduces hcRNase 3 antimicrobial activity, particularly in Gram-
negative species. A comparison of the computed aggregation propensity profiles of all
RNases shows a significant correlation between the aggregation propensity in this
particular region and the observed agglutinating activity (Supplementary Information,
Figures S3, S4 and S5), strengthening the conclusion that bacteria agglutination may be a
characteristic trait of the antimicrobial mechanism of action.

Bacterial agglutination activity is also associated with the ability to bind LPS (Table 4). In
fact, agglutination has been shown to take place in the external layers of the Gram-
negative bacterial cell wall (Torrent et al. 2008; Torrent et al. 2010a). Accordingly, we
suggested that following RNase binding to the external layers of Gram-negative bacteria,
a slight conformational change in the protein would expose the N-terminal hydrophobic
patch to the surface, thereby triggering agglutination by protein-protein interaction.
Bacterial agglutination would therefore correlate with the hydrophobic nature of the
aggregation-prone region (Supplementary Information, Figure S5). A side-by-side
comparison of the two best studied antimicrobial hcRNases, 3 and 7, corroborate this
behavior, showing that the agglutination potency is far more intense for RNase 3 than
for RNase 7 (Torrent et al. 2010a). In this light, it is reasonable to conclude that both
hcRNases and their derived peptides will act by a membrane perturbation mechanism,
which supports the hypothesis that ribonuclease activity is not required for the
antimicrobial action. Notwithstanding, we should also consider that within the context of
the whole RNase A family the distinct members would combine their diverse abilities,
and among them their catalytic activity, providing a fast and effective multifaceted
mechanism to combat pathogens simultaneously at several cellular targets. Indeed, the
most recent reviews on AMPs point at such a multifunctional working mode (Nguyen,
Haney, Vogel 2011; Yeung, Gellatly, Hancock 2011)

Other literature reports also suggest that the N-terminus of RNases might be the main
region responsible for their cytotoxicity. For example, Picone et al. have found that
increasing the positive charge at the N-terminus of bovine seminal RNase enhances
membrane interaction and antitumor activity (D'Errico et al. 2011). Interestingly, we
have also found comparable behaviors in other cytotoxic RNase families, such as the

111



contribution of the N-terminus of ribotoxin in the interaction with lipid bilayers(Alvarez-
Garcia, Martinez-del-Pozo, Gavilanes 2009).

The present experimental findings suggest that RNase N-termini might have been
selected in evolution to execute host-defense related functions, particularly those
dependent on a cytotoxic action. To strengthen this conclusion, we have analyzed the
antimicrobial profile of all secreted vertebrate RNases using the AMPA algorithm. The
analysis output (Figure 3) shows that most RNases have putative antimicrobial domains
at the N-terminal region whose sequences overlap with the antimicrobial-prone region
described for hcRNase 3. It is thus reasonable to suggest that both antimicrobial and
catalytic activities in the RNase A-like superfamily have evolved independently and that
evolution has used the N-terminal domain of RNases to develop anti-pathogen
properties. Hence, the results presented here support the hypothesis that RNases might
have emerged as a host-defense family.

In conclusion, we have shown that the antimicrobial properties of human RNases are
retained in their N-terminal domain. Despite the low sequence conservation, the latent
antimicrobial properties of this N-terminal domain in many RNase homologues suggest
that this region might have evolved to provide host-defense functions for the protein. In
this regard, antimicrobial RNases, and more specifically their N-terminal domains, would
therefore constitute suitable scaffolds useful as lead templates for the development of
wide spectrum antibiotics.

Materials and Methods

Materials and Strains

1,2-Dioleoyl-sn-glycero-3-phosphocholine  (DOPC) and 1,2-dioleoyl-sn-glycero-3-
[phospho-rac-(1-glycerol)] (DOPG), were from Avanti Polar Lipids, Birmingham, AL.
LPS from E. coli was purchased from Sigma Aldrich.
8-Aminonaphthalene-1,3,6-trisulfonic  acid  disodium salt (ANTS), p-xylene-
bispyridiniumbromide (DPX), BC (BODIPY TR cadaverine, where BODIPY is boron
dipyrromethane (4,4-difluoro- 4-bora-3a4a-diaza-s-indacene) and SYTOX were
purchased from Invitrogen (Carlsbad, CA). pET11 expression vector and E. coli
BL21(DES3) cells were from Novagen, Madison,WI.
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Strains used were Escherichia coli (BL2, Novagen), Staphylococcus aureus (ATCC
502A), Acinetobacter baumannii (ATCC 15308), Pseudomonas sp (ATCC 15915),
Micrococcus luteus (ATCC 7468), and Enterococcus faecium (ATCC 19434).

Peptide synthesis

Fmoc-protected amino acids and 2-(1H-benzotriazol-1-yl)-1,1,3,3-tetramethyluronium
hexafluorophosphate (HBTU) were obtained from Iris Biotech (Marktredwitz,
Germany). Fmoc-Rink-amide (MBHA) resin was from Novabiochem (Lalifelfingen,
Switzerland). HPLC-grade acetonitrile (ACN) and peptide synthesis-grade N,N-
dimethylformamide (DMF), N,N-diisopropylethylamine (DIEA), and trifluoroacetic acid
(TFA) were from Carlo Erba-SDS (Peypin, France).

Solid phase peptide synthesis was done by Fmoc-based chemistry on Fmoc-Rink-amide
(MBHA) resin (0.1 mmol) in a model 433 synthesizer (Applied Biosystems, Foster City,
CA) running FastMoc protocols. Couplings used 8-fold molar excess each of Fmoc-
amino acid and HBTU and 16-fold molar excess of DIEA. Side chains of trifunctional
residues were protected with tert-butyl (Asp, Glu, Ser, Thr, Tyr), tert-butyloxycarbonyl
(Lys, Trp), 2,2,4,6,7-pentamethyldinydrobenzofuran-5-sulfonyl (Arg), and trityl (Asn,
GlIn, His) groups. After chain assembly, full deprotection and cleavage were carried out
with TFA—-water—triisopropylsilane (95:2.5:2.5 v/v, 90 min, room temperature). Peptides
were isolated by precipitation with cold diethyl ether and separated by centrifugation,
dissolved in 0.1 M acetic acid, and lyophilized. Analytical reversed-phase HPLC was
performed on a Luna C18 column (4.6 mm % 50 mm, 3 um; Phenomenex, Torrance,
CA). Linear 5-60% gradients of solvent B (0.036% TFA in ACN) into A (0.045% TFA in
H,O) were used for elution at a flow rate of 1 mL/min and with UV detection at 220
nm. Preparative HPLC runs were performed on a Luna C18 column (21.2 mm x 250
mm, 10 um; Phenomenex), using linear gradients of solvent B (0.1% in ACN) into A
(0.1% TFA in H,0), as required, with a flow rate of 25 mL/min. MALDI-TOF mass
spectra were recorded in the reflector or linear mode in a Voyager DE-STR workstation
(Applied Biosystems, Foster City, CA) using a-hydroxycinnamic acid matrix. Fractions of
adequate (>90%) HPLC homogeneity and with the expected mass were pooled,
lyophilized, and used in subsequent experiments.

MIC (Minimal Inhibitory Concentration) and MAC (Minimal Agglutination Concentration)

determinations
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Antimicrobial activity was expressed as the MIC,,, defined as the lowest protein
concentration that completely inhibits microbial growth. MIC of each peptide was
determined from two independent experiments performed in triplicate for each
concentration. Bacteria were incubated at 37 °C overnight in Luria-Bertani (LB) broth
and diluted to give approximately 5-10° CFU/mL. Bacterial suspension was incubated
with peptides at various concentrations (0.1-10 wM) at 37 °C for 4 h in phosphate buffer.
Samples were plated onto Petri dishes and incubated at 37 °C overnight.

For MAC determination, bacteria cells were grown at 37 °C to mid-exponential phase
(ODgy, = 0.6), centrifuged at 5000xg for 2 min, and resuspended in LB to give an

absorbance of 0.2 at 600 nm. A 200 uL aliquot of the bacterial suspension was incubated

with peptides at various (0.1-10 uM) concentrations at 25°C for 4 h. Aggregation
behavior was observed by visual inspection and minimal agglutinating concentration was

expressed as previously described (Torrent et al. 2011b).

Hemolytic Activity

Fresh human red blood cells (RBCs) were washed 3 times with PBS (35 mM phosphate
buffer, 0.15 M NaCl, pH 7.4) by centrifugation for 5 min at 3000xg and resuspended in
PBS at 2 x 107 cells/mL. RBCs were incubated with peptides at 37 °C for 4 h and
centrifuged at 13000xg for 5 min. The supernatant was separated from the pellet and its
absorbance measured at 570 nm. T100% hemolysis was defined as the absorbance
obtained by sonicating RBCs for 10 s. HC,, was calculated by fitting the data to a

sigmoidal function.

Fluorescence-Assisted Cell Sorting (FACS) assay

Bacteria cells were grown at 37 °C to mid-exponential phase (ODy,, = 0.6), centrifuged at
5000xg for 2 min, resuspended in 10 mM sodium phosphate buffer, 100 mM NaCl, pH
7.4 to give a final ODg, = 0.2 and preincubated for 20 min. A 500 pL aliquot of the
bacterial suspension was incubated with 5 uM peptide for 4 h. After incubation, 25000
cells were subjected to FACS analysis using a FACSCalibur cytometer (BD Biosciences,
Franklin Lakes, New Jersey) and a dot-plot was generated by representing the low-angle
forward scattering (FSC-H) in the x-axis and the side scattering (SSC-H) in the y-axis to
analyze the size and complexity of the cell cultures. Results were analyzed using FlowJo
(Tree Star, Ashland, OR).
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LUV liposome preparation

Large unilamellar vesicles (LUVs) containing DOPC, DOPG or DOPC/DOPG (3:2
molar ratio) of a defined size (about 100 nm) were prepared as previously described
(Torrent et al. 2007). LUVs were obtained from a vacuum-drying lipid chloroform
solution by extrusion through 100 nm polycarbonate membranes. The lipid suspension
was frozen and thawed ten times prior to extrusion. A 1 mM stock solution of liposome
suspension in 10 mM phosphate buffer, 100 mM NaCl, pH 7.4 was prepared.

Liposome leakage assay.

The ANTS/DPX liposome leakage fluorescence assay was performed as previously
described (Torrent et al. 2007). Briefly, a unique population of LUVs of DOPC/DOPG
(3:2 molar ratio) lipids was obtained containing 12.5 mM ANTS, 45 mM DPX, 20 mM
NaCl, and 10 mM Tris/HCI, pH 7.4. The ANTS/DPX liposome suspension was diluted
to 30 uM concentration and incubated at 25 °C in the presence of peptide. Leakage
activity was followed by monitoring the increase of fluorescence at 535 nm.

(Torrent et al. 2009D).

Liposome agglutination assay

Liposome agglutination was analyzed by dynamic light scattering (DLS) using a Malvern
4700 photon correlation spectrometer (Malvern Instruments, Malvern, U.K.). An argon
laser (A = 488 nm) was used to cover the wide size range involved. Hydrodynamic radius
measurements were always carried out at a reading scattering angle of 90°. From the
intensity measurements recorded, data were processed by the CONTIN software
(Malvern) and the hydrodynamic diameter (HD), the polydispersity index (PI), and the
total number of counts were calculated. The incubation buffer was 10 mM Tris-HCI and
100 mM NaCl at pH 7.4. Measurements were performed at 25 °C, a 200 uM final

liposome concentration, and a 5 uM peptide concentration.

LPS binding assay
LPS binding was assessed using the fluorescent probe Bodipy TR cadaverine (BC) as
described (Torrent et al. 2008). Briefly, the displacement assay was performed by adding

1-2 ulL aliquots of peptide to 1 mL of a continuously stirred mixture of LPS (10 ug/mL)
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and BC (10 uM) in 10 mM phosphate buffer, 100 mM NaCl, pH 7.5. Fluorescence
measurements were performed on a Cary Eclipse spectrofluorimeter, with 580 and 620
nm as BC excitation and emission wavelengths, respectively. The excitation slit was set at
2.5 nm, and the emission slit was set at 20 nm. Final values correspond to an average of
four replicates and were the mean of a 0.3 s continuous measurement. Occupancy factor

was calculated as described previously (Torrent et al. 2008).

CD spectroscopy
Far-UV CD spectra were recorded in a Jasco J-715 spectropolarimeter as described
(Torrent et al. 2009a). Mean-residue ellipticity [0] (deg- cm*- dmol™) was calculated as
_ 6(MRW)
10cl
where 6 is the experimental ellipticity (deg), MRW is the mean residue molecular mass of

the peptide, ¢ is the molar concentration of peptide, and | is the cell path length. Data
from four consecutive scans were averaged. Spectra of peptides (4-8 uM in 5 mM
sodium phosphate, pH 7.5) in the absence and presence (1 mM) of SDS and LPS (1 mM,
nominal MW = 90 kDa) were recorded. Samples were centrifuged for 5 min at 10000xg

before use.

SYTOX Green uptake

For SYTOX Green assays, bacterial E. coli and S. aureus cells were grown to mid-
exponential growth phase (ODgy, ~ 0.6) in LB medium and then centrifuged, washed,
and resuspended in phosphate buffer. Cell suspensions (ODg,, ~ 0.2) were incubated
with 1 uM SYTOX Green (Invitrogen, Carlsbad, CA) for 15 min in the dark prior to the

influx assay. At 2-4 min after initiating data collection, 5 uM peptide was added to the
cell suspension, and the increase in SYTOX Green fluorescence was measured (485 and
520 nm excitation and emission wavelengths, respectively) for 40 min in a Cary Eclipse
spectrofluorimeter. Maximum fluorescence was that resulting from cell lysis with Triton
X-100.

Bacterial cytoplasmic membrane depolarization assay
Membrane depolarization was monitored as described earlier(Torrent et al. 2010a).
Briefly, E. coli and S. aureus strains were grown at 37 °C to an ODq,, of 0.2, centrifuged

at 5,000x%g for 7 min, washed with 5 mM HEPES (pH 7.2) containing 20 mM glucose
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and resuspended in 5 mM HEPES-KOH, 20 mM glucose, 100 mM KCI at pH 7.2 to an
ODy,, of 0.05. DiSC3(5) was added to a final concentration of 0.4 uM, and changes in
the fluorescence were continuously recorded after peptide (5 uM) addition. The
concentration required to achieve half of total membrane depolarization was estimated

from nonlinear regression analysis.
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Table 1. Physicochemical properties of the hcRNase-derived peptides

1

7

8

[M+H]+b

Retention time*©

Sequence® M T (min) Hydrophobicity®  pl
- - - KESRAKKFQRQHVDSDSSPSSSSTYSNQVVRRRNMI QGRSKPVNTFVH 563045  5628.72 4.93 -1.575 11.40
KPPQFTWAQAFETQHI NMTSQ- - - - - - QSTNAMUVI NNYQRRSKNQNTFLL 5453.32 5452.67 8.56 -1.069 10.28
RPPQFTRAQUFAI QHI SLNPP- - - - - - RSTI AVRAI NNYRWRSKNQNTFL 547834  5478.74° 5.05¢ -0.764 11.88
- - QDGWY- QRFLRQHVHPEET- GGEDRYSNL MQRRKMIL YHSKRFENTFI H 5812.31 5824.84 6.69 -1.228 10.15
- - QDNSRYTHFL TQHYDAKPQ- GRDDRYSESI MRRRGLTS- PSKDI NTFI H 5638.15  5635.76 6.43 -1.430 9.40
WPKRLTKAHWFEI QHI QPSPL- - - - - - QENRAMSG NNYTQHSKHQNTFLH 5410.85 5404.74 6.88 -1.096 10.45
KPKGMT SSQAFKI QHMQPSPQ- - - - - - ASNSAMKNI NKHTKRSKDLNTFLH 5206.90  5205.67 6.20 -1.209 10.75
KPKDMT SSQAFKTQHVQPSPQ- - - - - - ASNSAMSI | NKYTERSKDLNTFLH 5206.95  5204.59 7.48 -1.044 9.70

a |n every peptide, the underlined serine (S) residues correspond to cysteines in the native protein.

b Measured (M) and theoretical (T) molecular weights in Da.

¢ All peptides except RNase3 analyzed as described in Materials and Methods. For RNase 3, data are from ref. 12 see footnote d.
d Data from ref. 12; HPLC as described in Materials and Methods here, except that gradient is 20-45%B into A over 15 min.

e Hydrophobicity computed using the GAVY scale
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Table 2. Antimicrobial and hemolytic activities of the hcRNase N-terminal peptides

Antimicrobial activity

Hemolytic activity

MIC,y (M) HCs, (uM)
Gram-negative bacteria Gram-positive bacteria Protein
. ) . ) antimicrobial Sheep red blood cells
E. coli P. aeruginosa  A. baumanii S.aureus M. luteus  E. faecium o
activity®
1 9 9 9 5 9 5 n.r. 11.6
2 >10 >10 >10 >10 >10 10 - >100
3 04 04 0.3 0.5 0.6 0.6 +++ 9.5
4 0.3 04 0.5 0.3 12 0.8 n.r. 15.2
5 >10 >10 >10 >10 >10 >10 - >100
6 12 12 12 5 2.5 25 n.r. 17.4
7 12 12 12 10 5 25 +++ 104
8 >10 10 >10 >10 >10 >10 + 15.1

& Antimicrobial activity of the parental proteins obtained from (Boix et al. 2012). (n.r.: not reported. Antimicrobial activity has not been assayed for some proteins)
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Table 3. Depolarization and bacteria leakage 1C., values for hcRNase-derived peptides

Depolarization Bacteria leakage
(nM) (nM)
E. coli S. aureus E. coli S. aureus
1 150+10 350+13 >10 9.1+1
2 >1000 >1000 >10 >10
3 40+1 50+7 3.8+0.1 4.5+0.5
4 40+3 30+2 3.8+0.2 6.1+0.1
5 >1000 >1000 >10 >10
6 40+4 40+2 5.0+0.3 7.3+0.7
7 40+3 701 5.7+0.1 7.320.2
8 >1000 >1000 >10 >10
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Table 4. LPS affinity, agglutination activity and liposome leakage of hcRNase-derived

peptides. Values are expressed as ED,.

1
2
3
4
5
6
7

8

LPS
o MAC* Liposome Leakage (nM)
binding
(uM) DOPC DOPC:DOPG DOPG
(nM)
5.6+1.3 5.0£0.5 >1000 >1000 20677
7.1+1.0 n.d. >1000 >1000 >1000
2.9+0.3 0.9£0.1 >1000 9545 99+2
1.3+0.2 5.0£0.5 >1000 580+10 5315
n.d. n.d. >1000 >1000 >1000
1.9+0.3 1.8+0.1 >1000 210+30 86110
3.2+1.2 5+0.5 >1000 180+20 108+4
n.d. n.d. >1000 >1000 >1000

* MAC values obtained with E. coli cultures.

n.d. Not detected at the assayed concentration range (0.1-10 uM).
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Figure legends

Figure 1.

Bacterial agglutination measured by fluorescence-assisted cell sorting. E. coli cell cultures were
incubated with hcRNase-derived peptides at 5 uM concentration for 4 h and analyzed
using a FACSCalibur cytometer. Low-angle forward scattering (FSC-H) is represented in
the x-axis and the side scattering (SSC-H) in the y-axis to analyze the size and complexity
of the cell cultures. (A) Plots are colored to show cell density. Low (blue) to high (red)
cell densities are represented. The percentages of cells belonging to each quadrant are
indicated. (B) Plots are colored to show cell viability. Live cells (stained by Syto9, green)
and dead cells (stained by propidium iodide, red) are colored in the plot. Control live and
dead cells were analyzed as a reference.

Figure 2.

Liposome aggregation measured by dynamic light scattering. Liposomes containing DOPC (red),
DOPG (blue) or a 3:2 molar mixture of DOPC/DOPG (green) were incubated with 5
uM hcRNase-derived peptides and the size was measured after 15 min by DLS using a
Malvern 4700 spectrometer. The plots represent the intensity versus the liposome mean
size. For peptides 6 and 7 with DOPG liposomes, large aggregates were observed that
made it difficult to determine a defined particle mean size.

Figure 3.

Conservation of the N-terminal antimicrobial domain among vertebrate secreted RNases. The
evolutionary history was inferred using the UPGMA method (Sneath, Sokal 1973). The
optimal tree is shown. The tree is drawn to scale, with branch lengths in the same units
as those of the evolutionary distances used to infer the phylogenetic tree. The
evolutionary distances were computed using the Poisson distribution method
(Zuckerkandl, Pauling 1965)and are in units of number of amino acid substitutions per
site. All positions containing gaps and missing data were eliminated. Evolutionary
analyses were conducted in MEGAS (Tamura et al. 2011). All sequences were analyzed
using the AMPA algorithm (Torrent et al. 2012); detected antimicrobial regions in the N-
terminal domain are depicted in the figure, next to the corresponding tree branch. Each
type of RNase family is depicted in a different color.
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Introduction

RNase A was the first ribonuclease discovered and is the eponym of the vertebrate RNase A superfamily
(1, 2), which groups together all the vertebrate RNases homologous to RNase A. In humans, eight
functional members have been ascribed to the RNase superfamily and are known as “canonical RNases”
(3). All of them share common features such as the catalytic triad, composed by two histidines and one
lysine, the ability to hydrolyze polymeric RNA substrates, and a specific tertiary structure stabilized by a
unique disulfide-bond pattern (4). Notwithstanding, a variety of biological functions have been
characterized that are independent from the RNase activity. Specially, several studies have reported
significant antimicrobial activity in some family members, thereby suggesting that RNases could have an

ancestral host-defense function (4-7).

The eosinophil ribonucleases, eosinophil-derived neurotoxin (EDN or RNase 2) and eosinophil cationic
protein (ECP or RNase 3) are two main secretory components in the secondary granules of eosinophils.
Since around 50 million years ago, EDN and ECP genes have diverged after gene duplication and have
rapidly accumulated non-silent mutations under positive selection pressure while retaining their folding,
cysteine pattern and the catalytic triad essential for ribonuclease activity (8-12). The antimicrobial and
catalytic properties of both proteins have been extensively studied and characterized (13). EDN was
isolated at the beginning of the 80’s as an eosinophil protein of 18.4 kDa able to reproduce the Gordon
phenomenon when injected intrathecally into rabbits (14). Further investigations revealed an intimate
relation of EDN with the host immune system by showing that EDN was active against rhinovirus,
adenovirus and, most notably, against the respiratory syncytial virus (RSV) in a ribonuclease activity
dependent manner (15-17). However, EDN displays non significant antibacterial and very low
antiparasitical activity even at high concentrations (18). Besides, EDN also acts as a modulator of the
host immune system leading immature dendritic cells (DCs) chemotaxis both in vitro and in vivo (18-21).
Therefore, EDN has been classified as an alarmin, a protein capable of activating and modulating the

host immune system (21, 22).

On the other hand, ECP was firstly isolated at the beginning of 70’s, from the secondary granules of
human eosinophils as a highly cationic arginine-rich protein. Human ECP is secreted in response to
either infection or inflammation processes (23, 24) and displays a highly antimicrobial activity against
bacteria (25, 26), and many parasites, such as helminths and protozoa (27-32). In fact, the antimicrobial
mechanism of ECP has been extensively studied and, in contrast to EDN, its antimicrobial properties are

not dependent on the ribonuclease activity (33).

In spite of all the studies carried out before, little is known about the molecular determinants that
conferred so distinct properties to two proteins that share 65% of sequence identity. Despite ECP being

more cationic than EDN (pl 10.3 versus 8.6), cationic content by itself is not sufficient to explain the
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differences observed, as other antimicrobial RNases display pl values close to EDN though retaining

antimicrobial activities similar to ECP.

In the present study we have investigated the minimal molecular determinants that confer to ECP its
unique antimicrobial properties that distinguish it from EDN. Here we show that mutating only two
residues on EDN, Q34 to R and R35 to W, we can provide EDN with an antimicrobial activity similar to
ECP. Even more interestingly, we also show that a third mutation, T13 to |, can give to EDN agglutinating
properties intrinsically associated to protein self-aggregation in ECP. In summary, we show in this study
that single-point mutation on ribonucleases can dramatically enhance antimicrobial properties and even
generate new activities suggesting that the structure and sequence of RNases may have been

evolutionary designed to embody antimicrobial activity.

Experimental procedures

Materials and strains

DOPC (dioleoyl phosphatidylcholine) and DOPG (dioleoyl phosphatidylglycerol) were from Avanti Polar
Lipids (Alabaster, AL). ANTS (8-aminonaphthalene-1,3,6-trisulfonic acid disodium salt), DPX (p-
xylenebispyridinium bromide), and BC (BODIPY-TR cadaverine, where BODIPY is boron dipyrromethane
(4,4-difluoro-4-bora-3a,4a-diaza-s-indacene) were purchased from Invitrogen (Carlsbad, CA). LT
(lipoteichoic acids) from Staphylococcus aureus and LPS (lipopolysaccharides) from Escherichia coli
serotype 0111:B4 were purchased from Sigma-Aldrich (St. Louis, MO). PD-10 desalting columns with
Sephadex G-25 were from GE Healthcare (Waukesha, WI). Strains used were Escherichia coli (BL21,
Novagen), Staphylococcus aureus (ATCC 502A), Acinetobacter baumannii (ATCC 15308), Pseudomonas sp
(ATCC 15915), Micrococcus luteus (ATCC 7468), and Enterococcus faecium (ATCC 19434).

Expression and Purification of recombinant proteins.

Wild type ECP and EDN were obtained from human synthetic genes. All mutations were incorporated
using the Quick-change mutagenesis kit from Invitrogen (Carslbad, CA) and sequenced before
expression. Protein expression in the E. coli BL21DE3 strain, folding of the protein from inclusion bodies,
and purification were carried out as previously described (34, 35). Protein identity was checked by
MALDI-TOF mass spectrometry. Circular dichroism spectra were recorded to confirm that the

introduced mutations did not perturb the native protein overall three dimensional structure.
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MIC (Minimal Inhibitory Concentration)

Antimicrobial activity was calculated as the minimal inhibitory concentration (MIC), defined as the
lowest protein concentration that completely inhibits microbial growth. MIC of each protein was
determined from two independent experiments performed in triplicate for each concentration. Proteins
were dissolved in 10 mM sodium phosphate buffer, pH 7.5, and serially diluted from 10 to 0.2 uM.
Bacteria were incubated at 37 2C overnight in Luria-Bertani broth and diluted to give approximately
5x10° CFU/mL. In each assay protein solutions were added to each bacteria dilution and incubated for 4

h, and samples were plated onto Petri dishes and incubated at 37 2C overnight.

Minimal Agglutination Activity (MAC)

Bacterial cells were grown at 37 2C to an OD600=0.2, centrifuged at 5000 xg for 2 min and resuspended
in 10mM Tris-HCI buffer, 0.1 M NacCl, pH 7.5. An aliquot of 100 ul of the bacteria suspension was treated
with increasing protein concentrations (from 0.01 to 10 puM) and incubated at room temperature for 1h.
The aggregation behavior was observed by visual inspection and the agglutinating activity is expressed

as the minimum agglutinating concentration of the sample tested, as previously described (36).

Bacteria Cytoplasmic Membrane Depolarization Assay.

Membrane depolarization was followed using the method described earlier [33]. Briefly, bacteria strains
were grown at 37 °C to an OD600= 0.2, centrifuged at 5000 xg for 7 min, washed with 5 mM Hepes at pH
7.2 containing 20 mM glucose, and resuspended in 5 mM Hepes-KOH, 20 mM glucose, and 100 mM KCl
at pH 7.2 to an OD600=0.05 and 200 pl were transferred to a microtiter plate. DiSC3(5) was added to a
final concentration of 0.4 uM and changes in the fluorescence were continuously recorded after
addition of protein (5 uM) in a Victor3 plate reader (PerkinElmer, Waltham, MA). The time required to
achieve total membrane depolarization and half membrane depolarization (ICsp) was estimated from
nonlinear regression analysis as previously described (37). Lysis of the cells with the detergent Triton X-

100 gives maximum membrane depolarization.
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SEM (Scanning electron microscopy)

Cultures of E. coli and S. aureus (1 mL) were grown at 37 2C to mid-exponential phase (OD600 ~0.4) and
incubated with proteins (5 uM) in PBS at room temperature. Sample aliquots (500 ul) were taken after
up to 4 h of incubation and prepared for SEM analysis as described in (36). The micrographs were
viewed at a 15 kV accelerating voltage on a Hitachi S-570 scanning electron microscope, and a

secondary electron image of the cells for topography contrast was collected at several magnifications.

Fluorescent Probe Displacement Assay for LPS and Lipid A Binding to ECP.

LPS binding was assessed using the fluorescent probe BODIPY-TR cadaverine (BC) as previously
described (38). BC binds strongly to native LPSs, specifically recognizing the lipid A portion. When a
protein that interacts with LPSs is added, BC is displaced from the complex and its fluorescence is
increased, decreasing its occupancy factor. LPS-binding assays were carried out in a 5 mM Hepes buffer
at pH 7.5. The displacement assay was performed in a microtiter plate containing a stirred mixture of
both LPS (10 pg/mL) and BC (10 uM). Proteins were serially diluted from 10 to 0.1 uM. Fluorescence
measurements were performed on a Victor3 plate reader. The concentration required to achieve half
lipopolysaccharide binding (EDs,) was estimated from nonlinear regression analysis as previously

described (37).

Hemolytic Activity.

Fresh human red blood cells (RBCs) were washed 3 times with PBS (35 mM phosphate buffer, 0.15 M
NaCl, pH 7.4) by centrifugation for 5 min at 3000g and resuspended in PBS at 2:10’ cells/mL. RBCs were
incubated with proteins at 37 2C for 4 h and centrifuged at 13000g for 5 min. The supernatant was
separated from the pellet and its absorbance measured at 570 nm. The 100% hemolysis was defined as
the absorbance obtained by sonicating RBCs for 10 s. HCs, was calculated by fitting the data to a

sigmoidal function.

Liposome Preparation.

LUVs (large unilamellar vesicles) of ~100 nm diameter were prepared from a chloroform solution of
DOPC, DOPG or a DOPC/DOPG mixture (3:2 molar ratio). After vacuum-drying, the lipid film was
suspended in 10mM Tris/HCl, 0.1M NaCl, pH 7.4 buffer to give a 1 mM solution, then frozen and thawed

several times prior to extrusion through polycarbonate membranes as previously described (39).
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Fluorescence Measurements.

Tryptophan fluorescence emission spectra were recorded using a 280 nm excitation wavelength. Slits
were set at 2 nm for excitation and 5-10 nm for emission. Emission spectra were recorded from 300-400
nm at a scan rate of 60 nm/min in a 10 mm x 10 mm cuvette, with stirring immediately after sample
mixing. Protein spectra at 0.5 uM in 10 mM Hepes buffer, pH 7.4, were obtained at 25 2C in the absence
or presence of 200 uM liposome suspension, 1mM SDS micelles or 100 uM LPS micelles. Fluorescence
measurements were performed on a Cary Eclipse spectrofluorimeter (Agilent Technologies, Bath, UK).
Spectra in the presence of liposomes were corrected for light scattering by subtracting the
corresponding LUV background. For each condition three spectra were averaged. The maximum of the
fluorescence spectra was calculated by fitting the data to a log-normal distribution function as

previously detailed (39).

ANTS/DPX Liposome Leakage Assay.

The ANTS/DPX liposome leakage fluorescence assay was performed as described (39). Briefly, a unique
population of LUVs was prepared to encapsulate a solution containing 12.5 mM ANTS, 45 mM DPX, 20
mM NaCl, and 10 mM Tris/HCl, pH 7.5. The ANTS/DPX liposome stock suspension was diluted to 30 uM
and incubated at 25 °C with proteins, serially diluted from 10 to 0.1 pM in a microtiter plate.
Fluorescence measurements were performed on a Victor3 plate reader. ICsy values were calculated by

fitting the data to a dose-response curve.

Results

Design of EDN mutants

With the aim to study the molecular determinants of antimicrobial activity in the EDN/ECP lineage, we
designed and constructed two EDN mutant proteins by rational mutagenesis. Previous results in our
laboratory showed that two regions in the N-terminus of ECP are responsible for the antimicrobial
properties: one segment encompassing residues 34-45, responsible for bacteria leakage and membrane
permeation and another segment located in residues 8-16 responsible for protein self-aggregation and
bacteria agglutination (13, 40, 41). Among the former region, it is described that residues R34 and W35
are important for ECP membrane disruptive activity (42) while in the later region 113 is required for

bacteria self-aggregation (43, 44).
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To understand whether these residues could have a distinctive role in the origin of antimicrobial activity
in the ECP lineage, two EDN mutants were obtained: EDN-Q34R/R35W and EDN-T131/Q34R/R35W. The
first mutant incorporates a Trp residue in EDN to generate a RWR membrane permeabilizing tag similar
as the one observed in ECP (Figure 1). The second mutant was designed to include a hydrophobic
residue and generate an exposed hydrophobic patch at the surface of the protein that can drive protein
self-aggregation and trigger bacteria agglutination (Figure 1). The parental proteins and the mutants
were assayed by a wide battery of assays to determine the individual contribution of these mutations

and infer the molecular determinants of antimicrobial activity.

Antimicrobial and cytotoxic activities

ECP, EDN and the two mutants were tested by MIC assay for antimicrobial activity against three
representatives Gram-negative (E. coli, A. baumanii and Pseudomonas sp.) and Gram-positive (S. aureus,
M. luteus and E. faecium) species (Table 1). ECP, as previously described (45), displayed a high
antimicrobial activity in a submicromolar range against both Gram-positive and Gram-negative bacteria.
On the other hand, EDN showed only a minor or undetectable antimicrobial activity for the bacterial
species tested. In contrast, both EDN mutants Q34R/R35W and T131/Q34R/R35W displayed
antimicrobial activity on all strains and enhanced the antimicrobial activity up to 20 fold with respect to
EDN. More interestingly, mutation of EDN Thrl13 to lle enhanced even more the antimicrobial activity,

thus reflecting the contribution of the aggregation region to the protein antimicrobial mechanism.

Further investigations on the bactericidal properties of the EDN mutants were compared with ECP by
assaying the membrane depolarization activity against two bacterial model strains E. coli and S. aureus
(Table 2). ECP, as previously described (37), is able to interact with the bacteria Gram-negative and
Gram-positive envelope, and can perturb the cell cytoplasmic membrane producing half of the total
membranes depolarization at concentrations of 0.04 uM on E. coli and 0.05 uM on S. aureus. On the
contrary, its homolog protein EDN did not show any depolarization activity neither on E. coli nor on S.
aureus under the concentrations assayed. However, Q34R/R35W and T131/Q34R/R35W EDN mutants
displayed a high depolarization activity against both Gram-positive and Gram-negative strains, showing

an effect similar to ECP.

Cytotoxicity against eukaryotic cell was tested by the hemolytic assay by incubating erythrocytes with
serially diluted concentrations of ECP, EDN, and the corresponding mutants (Table 1). Notably, none of
the four proteins tested displayed any hemolytic activity below 25 uM, suggesting that the mutations

increased specifically the antimicrobial activity of the protein.
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Lipopolysaccharide binding affinity and cell agglutinating activity.

Lipopolysaccharide binding affinity was monitored using cadaverine [BODIPY-TR cadaverine (BC)]
fluorescent probe, which measures the competitive displacement of BC by the proteins tested.
Lipopolysaccharide binding affinity of ECP, EDN and the corresponding mutants were tested by
comparing their EDsy values, defined as the concentration for which half BC displacement occurs (Table
3). EDN LPS-binding was reduced 10-fold respect to ECP. However, EDN mutants Q34R/R35W and
T131/Q34R/R35W showed an enhanced LPS-binding affinity between 4 and 5 times higher than their
parental protein EDN. It is interesting to note that after protein addition at 5 uM concentration, BC was
completely displaced by ECP while EDN reduced the occupancy by only 20% at the same concentration.
More significantly, both EDN mutants decreased the occupancy by about 70%, approaching ECP effect
(Table 3). EDN mutants binding to LPS was also confirmed using LPS micelles by recording the Trp
fluorescence emission (Table 4), suggesting that only ECP and EDN mutants were able to interact with
the Gram-negative outer membrane molecule. Besides, the registered wavelength shifts for ECP and the

two mutants pointed to the direct contribution of W35 residue in the LPS interaction.

Previous results in our group described that LPS binding is required to agglutinate bacteria (46). In order
to quantify the agglutinating activity, we determined the minimal concentration of protein that was able
to agglutinate bacterial cell, defined as the minimal agglutination concentration (MAC). ECP, EDN and
their derived mutants were evaluated after incubation with all strains tested for antimicrobial activity
(Table 3). Neither EDN nor EDN-Q34R/R35W were able to agglutinate bacteria under the concentrations
tested. However, EDN mutant carrying the 113A mutation was the only mutant able to trigger bacteria
agglutination in Gram-negative cells. These results suggest that agglutination can only be triggered

when an exposed hydrophobic patch is present.

To further investigate the agglutinating activity of the EDN mutants, we analyzed bacteria cultures by
scanning electron microscopy to evaluate cell surface morphology and aggregate size and density
(Figure 2). As expected, after incubation of E. coli with EDN, cells retain their baton-shaped morphology
and do not display significant damage. In its turn, both EDN mutants promote severe envelope damage
but only the mutant that carries T13l mutation shows bacteria agglutination, registered as dense

aggregates with an average size of 10 um length.

Interaction with model membranes.

To further characterize the antimicrobial mechanism of action of the designed mutants, we have tested

their ability to interact with lipid vesicles and disrupt their structure.
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To monitor protein-lipid interaction, we monitored the intrinsic tryptophan fluorescence signal, and the
Amax Shift displacement induced by changes on the residue microenvironment. We recorded the protein
tryptophan fluorescence spectrum before and after incubation with charged (DOPG), neutral (DOPC)
and a mixture of charged and neutral (DOPC/DOPG) liposomes and also in the presence of SDS micelles
(Table 4). When the spectrum was recorded in the presence of liposomes containing negatively charged
phospholipids or SDS micelles a significant blue shift was observed for both ECP and EDN mutants, but
no appreciable shift was detected for EDN. Previous characterization of both ECP Trp structural
properties revealed that while W10 is mostly embedded inside the protein core, W35 is hyperexposed
to the solvent and can partially insert into lipid bilayers (Torrent et al., 2007). On its side, EDN shares
with ECP the buried W10 but lacks W35, showing an additional Trp at the N-terminus, W7, which is
mainly exposed to the solvent. Calculated surface accessible areas using AREAIMOL (CCP4i) were: W7
(132 A%) w10 (9 A?) for EDN and W10 (30 A% and W35 (252 A% for ECP. Therefore, the experimental
data indicate that EDN Trp residues are not involved in membrane binding, while insertion of a Trp at

position 35 is enhancing the protein lipid interaction (47).

Finally, to characterize the lipid bilayer destabilization properties of EDN and its mutants we assayed the
disruption of ANTS/DPX containing LUVs, where an increase in fluorescence can be recorded as the
vesicle leakage proceeds (Table 5). On the one hand, EDN did not promote leakage in the presence of
either charged or neutral lipid vesicles at the concentrations tested. However, EDN mutants were able
to induce high leakage activity on DOPG containing vesicles, with 1Cs values similar to ECP. It is also
worth noticing that no leakage was recorded for DOPC micelles either for ECP or EDN derived mutants

under 10 uM, showing again that electrostatic interactions drive the protein-lipid interaction process.

Discusion

Eosinophil ribonucleases, eosinophil-derived neurotoxin (EDN) and eosinophil cationic protein (ECP) are
two secretory proteins from secondary granules of eosinophils. Date back to 50 million years ago, after
the divergence of Old World from New World monkeys, a gene duplication event originated ECP and
EDN precursors, that have been accumulating non-silent mutations until now (8, 11). Non-silent
mutations rate of EDN/ECP accumulated faster than all the other known functional coding sequences
among primates, probably due to a positive selection pressure (12, 48). Many mutations, specially those
increasing the cationic nature of ECP, have been linked to its increased antimicrobial action but we
cannot ascertain which substitutions on the ancestral precursor were key in ECP to develop

antimicrobial activity.
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By peptide synthesis approaches, we have proven that the entire protein is not required to display high
antimicrobial activity (40, 41). In this context, we found that a protein N-terminal fragment conserves
both the antimicrobial and agglutinating properties of ECP. These findings allowed us to locate specific
properties to particular regions of the protein (13). Concretely, we identified a key antimicrobial region
(residues 24-45) that is essential for membrane leakage, depolarization and LPS binding. Recent work on
ECP binding domains also highlighted the involvement of the 34-38 stretch for both heterosaccharide
and lipid binding (49, 50). A second region, close to the N-terminus of the protein (residues 8-16) was

found essential for bacteria agglutination (44).

When these regions are examined for sequence conservation (Figure 3), we observe that the
antimicrobial region in both proteins is fairly well conserved excluding a highly surface exposed group of
amino acids (34-36). Therefore, this region may have been selected by evolution to explore a potential
antimicrobial domain in ribonucleases. If we compare the chemical properties of the residues in the
aforementioned region (Figure 3), we can see a distinct pattern for EDN and ECP. Whereas EDN has a
clear charge and hydrophobic segregation, ECP has scrambled both residue types along this region. This
observation is in agreement with the interfacial activity model (51), where a limited rather than an
accurate amphipathicity in proteins and peptides would confer them antimicrobial capacity. When we
mutate residues Q34 to R and R35 to W, we generate a similar charge and hydrophobic distribution in

EDN as observed in ECP, giving to this mutant an activity similar to ECP (Table 1).

If this is the case, we can then compare different antimicrobial ribonucleases and check for analogous
distributions (13). In the RNase A superfamily, we can see then that antimicrobial RNases (1,3,4,6,7)
show an imperfect distribution of hydrophobic and charged residues (Supplementary file 1). However,
non-antimicrobial RNases (2,5,8) do not show this pattern and/or accumulate negatively charged
residues that mask positive charges. This is also the case of non-mammalian antimicrobial ribonucleases

that belong to the RNase A superfamily, like onconase).

The fact that only one or two mutations are needed to change this pattern shows that ribonucleases
have a suitable scaffold to become antimicrobial proteins suggesting that this may not be a collateral
product of evolution but a true original function of ribonucleases. Indeed a close inspection of the
conserved sequence pattern in eosinophil RNases (Supplementary file 2) highlight the unambiguously

divergence at the selected mutated residues.

Similar conclusions apply when we analyze the agglutinating properties of the EDN/ECP lineage. A closer
look to the chemical properties of these regions evidences that ECP has a more hydrophobic region than
EDN (Figure 3), which may explain why only ECP has agglutinating activity. In fact, in our results only one
single point mutation T13 to | was enough to develop agglutinating properties in EDN (Table 3). We

propose that this is due to the generation of a potent exposed hydrophobic patch near the N-terminus

142



of the protein. The conservation analysis of these regions shows that, as with the antimicrobial segment,
the amino acid residues are overall well conserved (Figure 3; Supplementary file 2). Nonetheless, the
T13 by | substitution, which increases considerably the hydrophobic character of the region, is enough
to provide an agglutinating activity to EDN, though it cannot fully reproduce ECP action (Table 3). This
could be explained because EDN has an glutamic residue in position 12 that may hinder the protein-

protein interaction process required for bacteria agglutination.

Indeed, comparing this region among antimicrobial ribonucleases of the RNase superfamily members,
we identify a positive correlation between agglutinating activity and hydrophobicity of the
aforementioned patch (Supplementary file 3). Henceforth, we observe again a structural pattern in
ribonucleases to display antimicrobial related properties, reinforcing the idea that ribonucleases are a

suitable molecular scaffold to develop antimicrobial proteins.

Ribonucleases are not an exception among antimicrobial proteins. Other proteins with activities
unrelated to antimicrobials were also reported in the bibliography and a similar behavior could be
observed, where targeted point mutations triggered or abolished the antimicrobial activity (52).
However, this report evidences that evolution does not need to shape an entire protein or even a full
domain for developing antimicrobials but single substitutions in suitable exposed regions, or even
selected post-translational modifications, can modulate the antimicrobial properties (53). It should then
not be surprising that a growing number of proteins not even closely related to host defense
mechanisms could display antimicrobial activity, as it has been found for some apolipoproteins (54) or

for the Alzheimer beta peptide (55).

It is therefore of general interest to pursue the investigation on the RNase A family lineage, that can

assist us to unravel the protein structural and sequence requirements to become antimicrobial.
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Table 1. Bactericidal (MICy00) and Hemolytic Activity (HCso) of ECP, EDN and EDN mutants.

MIC100 (LM) HCso (uM)®

E.coli Pseudomonas sp. A.baumanii S. aureus M. luteus E. faecium
ECP 0.5 04 0.3 04 0.8 0.6 >25
EDN >10 10 9 >10 >10 9 >25
EDN-Q34R/R35W 1 0.8 0.5 1.5 1.5 1.5 >25
EDN-T131/Q34R/R35W 0.6 0.5 0.3 0.8 1.5 0.8 >25

# Hemolytic activity was assayed on Sheep Red Blood Cells.
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Table 2. Depolarization activity on E. coli and S. aureus cells determined by DiSC;(5) assay for ECP, EDN

and EDN mutants.

Depolarization (pM)

E. coli S. aureus
EDso Despmax EDso Despmax
ECP 0.040 + 0.001 1459 + 308 0.050 + 0.009 3628 + 289
EDN >10 n.d. >10 n.d.
EDN-Q34R/R35W 0.030 + 0.004 1218 £ 121 0.030 +0.002 2285 + 289
EDN-T13lI/Q34R/R35W  0.030 + 0.004 1381 + 155 0.040 + 0.005 2262 + 173

n.d. Not detected at the assayed concentration range (0.1-10 uM). > Maximum fluorescence value reached at the final

incubation time.
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Table 3. Minimal Agglutination Activity (MAC) and LPS Binding (EDs,) of ECP, EDN and mutants.

MAC (UM) LPS binding
E.coli Pseudomonas sp.  A. baumanii S. aureus M. luteus E. faecium EDso(LM) Yomax-
ECP 0.60 £ 0.05 0.60 £ 0.05 1.50 £ 0.05 n.d. n.d. n.d. 0.86+0.13 100
EDN n.d. n.d. n.d. n.d. n.d. n.d. 7.49 +1.06 48
EDN-Q34R/R35W n.d. n.d. n.d. n.d. n.d. n.d. 1.76 £ 0.33 74
EDN-T131/Q34R/R35W 4.50 + 0.05 4.50 £ 0.05 4.50 £ 0.05 n.d. n.d. n.d. 1.82 £ 0.41 65

®100% refers to a total displacement whereas 0% is for no displacement of the dye, indicating no binding. N.d., not detected
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Table 4. Tryptophan fluorescence in the presence of lipid vesicles, LPS and SDS micelles for ECP, EDN and mutants.

Trp fluorescence °

ECP EDN EDN-Q34R/R35W EDN-T131/Q34R/R35W

Am (nm) A (nm) Am (nm) As(nm) Am (nm) As (Nnm) Am (nm) As (Nnm)
Buffer 349 - 344 - 346 - 344 -
DOPG 341 8 341 3 341 5 339 5
DOPC 349 0 344 0 346 0 344 0
3:2 DOPC/DOPG 342 7 341 3 341 5 340 4
LPS 344 5 343 1 342 4 340 4
SDs 340 9 343 1 339 7 336 8

® Am represents the wavelength of the maximum and A the shift in the wavelength compared with the buffer.
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Table 5. Liposome leakage of ANTS/DPX LUVs by ECP, EDN and EDN mutants.

Liposome leakage (EDso in pM)

DOPG 3:2 DOPC/DOPG  DOPC
ECP 0.046+0.009 0.14+0.08 >10
EDN >10 >10 >10
EDN-Q34R/R35W 0.025+0.006 0.080+0.004 >10
EDN-T13I/Q34R/R35W 0.029+0.008 0.030+0.007 >10

153



Figure Legends

Figure 1.

Analysis of the chemical properties of ECP/EDN in antimicrobial-related regions. A molecular surface
representation shows the amino acid chemical properties of ECP (left) and EDN (right). The highly
exposed RWR in the antimicrobial region (residues 34-45) is visible for ECP in this representation. In EDN
a QRR region is observed instead, highlighting the absence of a hydrophobic residue in this region.
Besides, a clear hydrophobic patch in the aggregation region (residues 8-16) is present in ECP while
absent in EDN. Residues were colored according to their chemical properties, cationic residues in blue,

non-charged polar residues in green and hydrophobic residues in yellow .

Figure 2.

SEM micrographs for E. coli cultures incubated in the absence and presence of ECP, EDN and EDN
mutants Q34R/R35W and T13I/Q34R/R35W). Two magnifications (top and bottom panels) are shown

for each condition to visualize the extent of bacteria aggregates and cell morphology.

Figure 3.

Conservational analysis of EDN/ECP. A molecular representation of ECP (left) and EDN (right) shows the
amino acid conservation score during evolution (top) and the chemical properties (bottom) of the
antimicrobial region. The picture shows a backbone of conserved residues both for ECP and EDN.
Residues displaying high sequence variability that correspond to the amino acids analyzed in the present
study are drawn in CPK space filling representation. Interestingly, the latter residues can change the
vectorial chemical properties of the protein. By breaking down the highly segregated properties of EDN
into a more scrambled structure, we could efficiently generate antimicrobial activity in EDN.
Conservation scores were calculated using Consurf and colored according to the conservation score:
very high (purple), high (pink), low (dark blue) or very low (light blue) degree of conservation. For
chemical representation, cysteines (yellow), cationic (blue), non-charged polar (green) and hydrophobic

(red) amino acids were colored.
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Abstract

There is an urgent need to develop new agents against mycobacterial infections, such as
tuberculosis and other respiratory tract or skin affections. In this work, we have tested two
human antimicrobial RNases against mycobacteria. RNase 3, also called the eosinophil cationic
protein, and RNase 7 are two small cationic proteins secreted by innate cells during host
defense. Both proteins are induced upon infection displaying a wide range of antipathogen
activities. In particular, they are released by leukocytes and epithelial cells, contributing to
tissue protection. Here, the two RNases have been proven effective against Mycobacterium
vaccae at a low micromolar level. High bactericidal activity correlated with their bacteria
membrane depolarization and permeabilization activities. Further analysis on both protein-
derived peptides identified for RNase 3 an N-terminus fragment even more active than the
parental protein. Also, a potent bacteria agglutinating activity was unique to RNase 3 and its
derived peptide. The particular biophysical properties of the RNase 3 active peptide are
envisaged as a suitable reference for the development of novel antimycobacterial drugs. The
results support the contribution of secreted RNases to the host immune response against

mycobacteria.
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Introduction

Tuberculosis is still a global threat and one of the main infectious diseases, causing
about 2 million deaths per year (1). Nowadays the risk has further been increased by the
emergence of multidrug resistant strains in hospitals, and the growing population affected by
the acquired immune deficiency syndrome (1-3). Tuberculosis is indeed an ancient plague and
there is even fossil evidence of hominid infection. Although only 10% of infected individuals do
develop the disease, about one third of the world’s population is estimated to be latently

infected (4, 5).

Most of the species of Mycobacterium genera are environmental and non-pathogenic,
whilst others, as M. tuberculosis, are the cause of severe pulmonary diseases (6, 7). Not to
neglect are also skin affections as leprosy, or other cutaneous infections caused by M.
haemophilum, M. chelonae or M. kansasii among others, that threaten immunocompromised
patients (8). Pathogenic mycobacteria invade and dwell inside human host targets, such as
macrophages, successfully replicating inside the cells (9, 10). The final outcome of the host-
pathogen first encounter is dependent on the host immune response and a variety of
antimicrobial proteins and peptides (AMPs) secreted by innate cells are contributing to fight
the intruder. Expression of antimycobacterial peptides is induced during the host response by
a variety of innate cells, from blood to epithelial cells (4, 11). In particular, eosinophil and
neutrophil granules are engulfed by infected macrophages (12-15). Following, the secreted
AMPs and potential proteolytic products could target the macrophage intracellular dwelling
pathogens (9, 12). Human-derived AMPs showing high targeted cytotoxicity but low
immunogenicity are therefore promising antimycobacterial therapeutic agents (16). However,
research on innate immunity during mycobacterial infection is still scarce, and only few
examples of characterized AMPs are available (11, 17). In particular, upon mycobacterial

infection high levels of cathelicidin, defensin and hepcidin are reported in macrophages and
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correlated to microbe growth inhibition (11, 18, 19). Upregulation in tuberculosis patients is
observed for a-defensins in eosinophils and [-defensins secretion is triggered at airway
epithelial cells (11, 15, 20). Both active cathelicidins and defensins can be released from

precursors by in vivo proteolysis at the infection site (21-23).

Mycobacteria are also characterized by their unusual lipid-rich cell wall, composed of a
variety of unique glycoconjugates and intercalating complex lipids, offering a highly
impermeable barrier for common antibiotics. Noteworthy, the mycolic acids outer layer
provides a wax-like architecture to the cell wall that can hinder the uptake of many
antimycobacterial drugs (24). Specific features of the antimicrobial peptides and proteins
(AMPs), as low molecular weight, high cationicity, amphipatic structure, selective affinity to
prokaryotic negatively charged cell envelope, together with their immunomodulatory effects
and diverse modes of action (25), make them an interesting source of novel antimycobacterial

agents (11, 26).

In our laboratory, we are working on the mechanism of action of two human RNases
that are secreted by key effector innate cells, which are known to contribute to the host
response to mycobacterial infection (12, 15, 27, 28), and therefore envisaged to test their
potential antimycobacterial activity. RNase 3 and RNase 7 (Figure 1) are two representative
members of the vertebrate secreted RNase superfamily with a well characterized cytotoxic
action against a variety of pathogens (29-33). RNase 3, also called the eosinophil cationic
protein (ECP), is a small highly cationic protein secreted by eosinophil secondary granules with
potent antibacterial and antiparasitic activities (34, 35). Secondarily, the RNase 3 protein
expression has also been reported in stimulated neutrophils (36). We previously studied the
RNase 3 antimicrobial mechanism of action against a wide range of Gram positive and Gram
negative strains (37, 38) and designed peptide-derived pharmacophores (39, 40). As

eosinophils and neutrophils are potent host defense effector cells activated by mycobacterial
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infection (31, 41, 42) and RNase 3 was found to contribute to mycobacterial growth inhibition
(15) we committed ourselves to characterize the protein activity. When eosinophilia was first
linked to tuberculosis (43), eosinophils were regarded as mere offenders, exacerbating
pulmonary inflammation. Notwithstanding, later bibliography evidenced their protective role
contributing to bacterial clearance at the infection focus (28, 44). Eosinophils together with
neutrophils are recruited in lung granulomas (15, 45), releasing their granule content into
macrophages, where they can target intracellular pathogens (4, 13). Leukocyte granule

proteins are therefore suitable weapons to eradicate the macrophage resident bacteria.

Complementarily we have analysed RNase 7, as an antimicrobial protein secreted by a
variety of epithelial tissues (32, 33, 46-49). In particular, RNase 7 is abundantly secreted by
keratinocytes and mainly contributes to the skin barrier protection (49, 50). Indeed,
keratinocyte secreted proteins are mostly involved in the skin defense against infective

microorganisms, like M. leprae (51).

Finally, as a first approach to understand the underlying mechanism of action of both
RNases, synthetic derived peptides have been characterized. Scarce experimental work has
been applied so far to enhance the antimycobacterial properties of natural compounds and
very few examples of de novo designed peptides are currently available, as cathelicidin or
magainin analogs (19, 52). Here, we have analyzed an N-terminus RNase 3 derived peptide as a
suitable template towards further structure-based drug design applied therapy to

mycobacterial diseases.
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Materials and Methods

Materials

E. coli BL21(DE3) cells and the pET11 expression vector were from Novagen, (Madison,WI).
LIVE/DEAD bacterial viability kit was purchased from Molecular Probes (Eugene, OR). The
BacTiter-Glo assay kit was from Promega (Madison, WI). SYTOX Green and DiSC3(5) (3,3
dipropylthiacarbocyanine) were purchased from Invitrogen (Carlsbad, CA). Microplates 96-well
type were from Greiner, Wemmel, Belgium. Strain used, Mycobacterium vaccae (ATCC 15483;
CECT-3019T) (53, 54), was purchased at the Coleccion Espafiola de Cultivo (CECT), Universidad
de Valencia. Fmoc-protected amino acids and 2-(1H-benzotriazol-1-yl)-1,1,3,3-
tetramethyluronium hexafluorophosphate (HBTU) were obtained from Iris Biotech
(Marktredwitz, Germany). Fmoc-Rink-amide (MBHA) resin was from Novabiochem
(Latfelfingen, Switzerland). HPLC-grade acetonitrile (ACN) and peptide synthesis-grade N,N-
dimethylformamide (DMF), N,N-diisopropylethylamine (DIEA), and trifluoroacetic acid (TFA)
were from Carlo Erba-SDS (Peypin, France). The cecropin A —melittin (CA-M) hybrid peptide,
CA(1-8)-M(1-18): (KWKLFKKIGIGAVLKVLTTGLPALIS-NH2) was used as a control antimicrobial

peptide.

Protein expression and purification

Recombinant RNase 3 was expressed from a human synthetic gene (55). The cDNA from RNase
7 was a gift from Prof. Helene Rosenberg (NIAID, NIH, Bethesda). Genes were cloned in
pET11c. Protein expression in the E. coli BL21DE3 strain, folding of the protein from inclusion

bodies, and purification were carried out as previously described (55).
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Peptide synthesis and purification

Peptides were designed based on the 1-45 N-terminus sequences of RNase 3, peptide RN3(1-
45), and RNase 7, peptide RN7(1-45) (Figure 1). Cys residues were substituted by Ser to avoid
potential intra and intermolecular disulfide bridges. Ser residue was chosen as the best
isosteric substitute for Cys. Peptides were synthesized as previously described (40). Briefly,
solid phase peptide synthesis was done by Fmoc-based chemistry on Fmoc-Rink-amide (MBHA)
resin (0.1 mmol) in a model 433 synthesizer running FastMoc protocols. Couplings used 8-fold
molar excess each of Fmoc-amino acid and HBTU and 16-fold molar excess of DIEA. Side chains
of trifunctional residues were protected with tert-butyl (Ser, Thr, Tyr), tert-butyolxycarbonyl
(Lys, Trp), 2,2,4,6,7 pentamethyldihydrobenzofuran-5- sulfonyl (Arg), and trityl (Asn, Gln, His)
groups. After chain assembly, full deprotection and cleavage were carried out with TFA-water-
triisopropylsilane (95:2.5:2.5 v/v, 90 min, at room temperature). Peptides were isolated by
precipitation with cold diethyl ether and separated by centrifugation, dissolved in 0.1Macetic
acid, and lyophilized. Analytical reversed-phase HPLC was performed on a Luna C18 column.
Linear gradients of solvent B (0.036% TFA in ACN) into A (0.045% TFA in H20) were used for
elution at a flow rate of 1 mL/min and with UV detection at 220 nm. Preparative HPLC runs
were performed on a Luna C18 column, using linear gradients of solvent (0.1% in ACN) into A
(0.1% TFA in H20), as required, with a flow rate of 25 mL/min. MALDI-TOF mass spectra were
recorded in the reflector or linear mode in a Voyager DE-STR workstation using R-
hydroxycinnamic acid matrix. Fractions of adequate (>90%) HPLC homogeneity and with the
expected mass were pooled, lyophilized, and used in subsequent experiments. Peptide

secondary structure and biophysical properties were predicted using the PSIPRED server (56).
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Minimal Inhibitory Concentration (MIC)

Antimicrobial activity was calculated as the minimal inhibitory concentration (MIC,y,), defined
as the lowest peptide concentration that completely inhibits microbial growth. MIC of each
protein and peptide (RNase 3, RNase 7, RN3(1-45) and RN7(1-45)) was determined from two
independent experiments performed in triplicate for each concentration. A dilution of M.
vaccae stock culture was plated onto agar Petri dishes. A smooth colony was selected and
bacteria were incubated at 37°C in Corynebacterium Broth (CB) medium and diluted to give
approximately 5x10°> CFU/mL. Bacterial suspension was incubated with proteins or peptides
serially diluted from 50 to 0.1 uM at 37°C for 4 h in PBS. Samples were plated onto Petri dishes

and incubated at 37°C for 48 h and colonies were counted.

Alternatively, MIC,y of each protein and peptide was determined using the microdilution
broth method according to NCCLS guidelines (57). Briefly, bacteria were incubated at 37°C in
CB and diluted to give approximately 5x10° CFU/mL. MICs were performed in 96-well
microplates. Bacterial suspension was incubated with proteins or peptides at various
concentrations (0.1-50 uM) at 37°C in CB. Bacteria growth was recorded by optical density at

A= 550 nm after incubation at 37°C for 48 h.

Bacterial viability assays

Bacterial viability was assayed using the BacTiter-Glo microbial cell viability kit as described
(38). Briefly, proteins or peptides were dissolved in PBS, serially diluted from 50 to 0.1 uM, and
tested against M. vaccae (optical density at 600 nm [ODgg] ~ 0.2) for 4 h of incubation time. An
aliquot of 50 ul of culture was mixed with 50 pl of BacTiter-Glo reagent in a microtiter plate
according to the manufacturer’s instructions and incubated at 259C for 15 min. Luminescence

was read on a Victor3 plate reader (Perkin-Elmer, Waltham, MA) with a 1-s integration time.

170



Fifty percent inhibitory concentrations (ICs) were calculated by fitting the data to a dose-

response curve.

Kinetics of bacterial survival were determined using the LIVE/DEAD bacterial viability kit in
accordance with the manufacturer’s instructions as described (58). LIVE/DEAD bacterial
viability kit is composed by the nucleic acid dyes Syto9, which can cross intact cell membranes,
and propidium iodide (PI), which can only bind DNA and displace Syto 9 when the cytoplasmic
membrane is permeabilized. M. vaccae was grown at 37°C to an ODgy of 0.2, centrifuged at
5,000x g for 5 min, and stained in a 0.85% NaCl solution containing the probes. Fluorescence
intensity was continuously measured after protein or peptide addition (10 uM). To calculate
bacterial viability, the signal in the range of 510 to 540 nm was integrated to obtain the Syto 9
signal (live bacteria) and that in the range of 620 to 650 nm was integrated to obtain the
propidium iodide (Pl) signal (dead bacteria). Percentage of life bacteria was calculated at final

incubation time.

Bacteria Cytoplasmic Membrane Depolarization Assay

Membrane depolarization was followed using the sensitive membrane potential DiSC3(5)
fluorescent probe as described (58). After interaction with intact cytoplasmic membrane, the
fluorescent probe DiSC3(5) is quenched. Following incubation with the antimicrobial protein or
peptide, the membrane potential is lost and the probe is released to the medium ensuing in an
increase of fluorescence that can be quantified and monitored as a function of time. Bacteria
cultures were grown at 37 °C to an ODg, of 0.2, centrifuged at 5000x g for 7 min, washed with
5 mM Hepes-KOH, 20 mM glucose, pH 7.2, and resuspended in 5 mM Hepes-KOH, 20 mM
glucose, and 100 mM KCIl, pH 7.2 to an ODgy of 0.05. DiSC3(5) was added to a final
concentration of 0.4 uM and changes in the fluorescence were continuously recorded after

addition of protein (10 uM) in a Victor3 plate reader (PerkinElmer, Waltham, MA). The time
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required to achieve maximum membrane depolarization was estimated from nonlinear

regression analysis.

Bacteria cytoplasmic membrane permeation

Bacteria cytoplasmic membrane permeation was followed by the SYTOX Green uptake assay.

SYTOX Green is a cationic cyanine dye (~900 Da) that is not membrane permeable. When a
cell’s plasma membrane integrity is compromised, influx of the dye and subsequent binding to
DNA causes a large increase in fluorescence. For SYTOX Green assays, M. vaccae bacterial cells
were grown to mid-exponential growth phase (ODgy of 0.6) and then centrifuged, washed,
and resuspended in PBS. Cell suspensions in PBS (ODgy of 0.2) were incubated with 1 uM
SYTOX Green for 15 min in the dark prior to the influx assay. At 2-4 min after initiating data
collection, 10 uM of proteins or peptides was added to the cell suspension, and the increase in
SYTOX Green fluorescence was measured (excitation wavelength at 485 nm and emission at
520 nm) for 40 min in a Cary Eclipse spectrofluorimeter. Bacteria cells lysis with 10% Triton X-

100 gives the maximum fluorescence reference value.

Minimal Agglutination Activity (MAC)

Bacterial cells were grown at 37 2C to an ODgqy of 0.2, centrifuged at 5000x g for 2 min and
resuspended either in PBS or CB media. An aliquot of 100 pl of the bacteria suspension was
treated with increasing protein/peptide concentrations (from 0.01 to 50 uM) and incubated at
259C for 1h. The aggregation behavior was observed by visual inspection and the agglutinating
activity is expressed as the minimum agglutinating concentration of the sample tested, as

previously described (38).
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Transmission electron microscopy (TEM)

TEM samples were prepared as previously described (59). M. vaccae was grown to an ODgyg of
0.2 and incubated at 372C with 10 uM proteins or peptides in PBS for 4h. After treatment,
bacterial pellets were prefixed with 2.5% glutaraldehyde and 2% paraformaldehyde in 0.1M
cacodylate buffer at pH 7.4 for 2 h at 4°C and postfixed in 1% osmium tetroxide buffered in
0.1M cacodylate at pH 7.4 for 2 h at 4°C. The samples were dehydrated in acetone (50, 70, 90,
95, and 100%). The cells were immersed in Epon resin, and ultrathin sections were examined in

aJeol JEM 2011 instrument (Jeol Ltd.,Tokyo, Japan).

SEM (Scanning electron microscopy)

SEM samples were prepared as previously described (59). Bacterial culture of M. vaccae were
grown at 37 2C to mid-exponential phase (ODgy ~ 0.2) and incubated with proteins or peptides
(10 uM) in PBS at 372C. Sample aliquots (500 ul) were taken after up to 4 h of incubation and
prepared for SEM analysis. The micrographs were viewed at a 15 kV accelerating voltage on a
Hitachi S-570 scanning electron microscope, and a secondary electron image of the cells for

topography contrast was collected at several magnifications.

Results and Discusion

A better understanding on the mechanism of action of AMPs effective against
mycobacterial infection is a promising approach to develop alternative drugs, such as anti-
tuberculosis agents. Current treatments against tuberculosis are expensive, mostly long and
cumbersome, end even occasionally ineffective (1). Unfortunately, only few insights have been
done to apply peptide based drugs in mycobacterial diseases therapies (19). In the present

study we have considered two human antimicrobial RNases, secreted by innate cells, as
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eosinophils, neutrophils and keratinocytes, which mostly contribute to fight mycobacterial

infections.

Human host defense RNases against mycobacteria

Bactericidal activity of RNase 3 and RNase 7 has been extensively documented against
a wide range of Gram-negative and Gram-positive bacteria (30, 33, 38, 60). Here, both the
eosinophil secreted RNase 3 and the skin derived RNase 7 were envisaged as good candidates
to contribute to the host defense against mycobacterial infections. In order to assess their
potential antimycobacterial activity we evaluated the protein effect on bacteria viability.
Mycobacterium vaccae was chosen as a rapid growing non-virulent and suitable working
specie model (61). Although the specie infects cattle (62) and is generally considered
nonpathogenic to humans, few cases of cutaneous and pulmonary infection in farm workers

have also been reported (63).

Interestingly, experimental data indicated that RNase 3 and RNase 7 were indeed able
to totally inhibit mycobacterial growth in a low micromolar range, showing MIC;, values from
10 to 20 uM (Table 1). The same results were reproduced when tested in both PBS and CB
broth, either plated in Petri dishes or incubated in microtiter plates (results not shown).
Following, the microbial cell viability was assayed using the BacTiter-Glo luminiscent approach.
Mycobacterial cells metabolically active, and thus viable, were measured by ATP quantification
using a coupled luciferin/oxyluciferin in the presence of luciferase, where luminescence is
proportional to ATP and hence to the number of viable cells in the culture. Comparison of 1Csq
values for RNase 3 and RNase 7 showed comparable results (Table 1). Therefore the assays
confirmed the antimycobacterial activity of the two tested human ribonucleases; both being
able to totally inhibit bacterial viability in a low micromolar range as depicted by the MIC and
ICso values. This is the first characterization of the antimycobacterial activity of human secreted

RNases. The results reinforce the previous preliminary studies on the eosinophil role during
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mycobacteria infection and in particular on the contribution of eosinophil secretion proteins

(15).

Active N-terminal derived Peptides

Following, we envisaged the identification of the proteins’ functional domain. Both
RNases, sharing a low sequence identity (~40%), adopt the same three dimensional overall
fold, where nonconserved residues are mostly surface exposed (Figure 1C). Previous works
have outlined that the main determinants for the human RNases antimicrobial action are
clustered at the N-terminus region and derived peptides were designed as potential lead
pharmacophores (39, 40, 64, 65). Accordingly, synthetic peptides corresponding to the first 45
residues of both RNases, encompassing the first al-a3 helices (Figure 1), were tested against
M.vaccae. Experimental data indicated that the peptides RN3(1-45) and RN7(1-45) retained
most of the full protein antimicrobial properties. Interestingly, the RNase 3 derived peptide

was even more effective than the parental protein, showing a very promising behavior.

While the RN7(1-45) peptide emulated the MIC value of the whole protein, RN3(1-45)
achieved MIC values at half peptide concentrations, leading to mycobacteria total lethality at
10 uM. Cell viability assay corroborated that RN7(1-45) displayed the same effectiveness than
the parental RNase 7 and RN3(1-45) produced 50% of mortality at a lower concentration,
below 5 uM. The peptide was even more active than the tested cecropin A-Mellitin (CA-M)
control peptide, a potent antimicrobial peptide with pore forming ability, effective against a

wide range of bacterial strains (66, 67).

The RN3(1-45) peptide was previously proven to display a high antimicrobial on a wide range
of Gram negative and Gram positive strains (40). To better interpret the particularly high
bactericidal propensity of the RN3(1-45) peptide, its biophysical properties were analyzed in
relation to its counterparts (Figure 1). The peptide was observed to be mostly unstructured on

aqueous solution and adopt a defined a-helix secondary structure on a lipid environment, as
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deduced from previous circular dichroism (CD) analysis (40) and NMR studies (68). NMR
spectroscopy identified a first a-helix matching the protein al and a second a-helix covering
the protein a2-a3 region (Figure 1A) and expanding to the C-terminus (68). Prediction of
RNase 7 peptide secondary structure also suggested equivalent matching helical structures.
Moreover, the CD spectrum of the RN7 (1-45) peptide corroborated that its structuration is
promoted by a lipid environment. A high affinity of both peptides for anionic phospholipids
and a lipid bilayer disruption activity was registered when working on lipid vesicles as model
membranes (40). Side by side comparison of both peptides mechanism of action on liposomes
also supported a distinct behavior. In particular, a high lipid vesicles agglutination activity for
the RN3(1-45) peptide, not shared by the RN7(1-45) peptide, was observed (38) (M. Torrent, D.
Pulido, J. Valle, M.V. Nogués, D. Andreu and E. Boix, submitted for publication). A hydrophobic
patch, identified as an aggregation prone region, unique to the RNase 3 N-terminus (Figure 1B)
could also facilitate its action at the lipid rich mycobacterial wall level. Comparison of the two
peptides physicochemical properties highlights the RNase 3 peptide amphipatic and cationic
character, showing a higher pl (pl =12.61 versus 10.94) and positive net charge (+8 versus +7).
The RN3(1-45) peptide amphipatic character is mostly enhanced by a pronounced alternating
profile of cationic and hydrophobic residues (Figure 1B). Moreover, when scanning both
peptide sequences using the AMPA antimicrobial server (69) a wider propensity stretch is
identified in RNase 3. A closer look at the respective amino acid composition reveals the
presence of an unfavored anionic residue at the RNase 7 N-terminus (Asp39), which would
disrupt the antimicrobial region. Besides, the RNase 3 N-terminus includes an hyperexposed
Trp residue (Trp35), which was proven to directly contribute to the protein membrane
destabilization (70). On the other hand, we cannot discard that the higher efficiency of the
RNase 3 N-terminus peptide in relation to the parental protein is indicative of a physiological
role where the eosinophil granule protein once engulfed by macrophages can undergo

proteolysis (9).
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Bacteria viability assays

The promising preliminary results encouraged us to further investigate the protein and
peptides mechanism of action at the bacteria cell level. Based on our previous
characterization work on the RNases peptides action on Gram negative and Gram positive
bacteria (40, 64), we have analyzed here the peptide cytotoxic mechanism on mycobacterial
cells. We first compared the proteins and N-terminus peptides ability to depolarize the
mycobacterial cell membrane. Maximum depolarization values working at the [Cs
concentration were calculated. Comparative analysis showed a poor depolarization effect for
both RNases (Table 2). The corresponding RNase 7 peptide, RN7(1-45), also depolarized as
poorly as its parental protein, with only a 6.5% of the maximum reference value, suggesting a
non-traditional pore forming mechanism of action. On its turn, the RN3(1-45) peptide was able
to depolarize at values over 60% (Table 2), significantly increasing its permeabilizing ability on
mycobacterial cells in comparison with the parental protein. The RN3(1-45) effectiveness was
even higher than the antimicrobial control peptide CA-M, with a high membrane
depolarization activity against a wide range of Gram-positive and Gram-negative (67, 71). We
suggest that the particular biophysical properties of the RNase 3 peptide can better overcome
the complexity of the mycobacterial wall barrier, reaching more easily the cytoplasmic

membrane.

Further insight into the membrane permeabilizing effect of both proteins and their
derived peptides was performed using the SYTOX Green assay. SYTOX Green
uptake/fluorescence was monitored as a function of time after adding 10 uM of protein and
peptides (Figure 2). Total permeabilizing effect was calculated after 40 min incubation (Table
2) showing that the RN3(1-45) peptide presented the best permeabilizing effect with a 50%
value, whereas both RNases achieved a lower permeabilizing value (around 30%) and the

RNase 7 peptide only permeabilized the 20% of the total cell population. On the other hand,
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the membrane permeabilization time course profile indicated a similar timing for all the tested
samples, confirming that the protein interaction with cell membrane and subsequent
permeabilizing effect is a rapid event, taking less than 5 minutes to produce half of the

maximum membrane depolarization value.

Following, in order to analyze the kinetics of the tested peptides on mycobacterial
population, we used the LIVE/DEAD bacterial viability kit. Live bacteria population was
estimated from the Syto 9 fluorescence dye, which can cross intact cell membranes, while
dead bacteria, with damaged membranes, were stained with the Pl fluorescent marker. By the
integration of Syto 9 and PI fluorescence we determined the viability percentage as a function
of the incubation time upon addition of 10 uM of proteins and peptides, monitoring the
bacteria killing process. The viability percentage was calculated at the final incubation time.
Similar reduction percentages of the mycobacterial population viability were registered for
both RNases, the RN7(1-45) and CA-M peptides (Table 2). Again, the RN3(1-45) peptide
displayed a higher performance, and was able to almost abolish the mycobacterial population
within the registered time, with only a 6 % of final survival; the results being consistent with

the aforementioned MIC values and ICs, values (Table 1).

Bacteria agglutination assays

Another key antimicrobial property thoroughly studied in our laboratory is the capacity
of human RNase 3 to induce bacterial cell agglutination (37, 58, 59). The RNase 3 agglutinating
activity, not shared with RNase 7, is specific towards Gram-negative bacteria and is dependent
on the protein primary structure (37, 38). A sequence stretch responsible for the protein self
aggregation was spotted at the RNase 3 N-terminus (72) and the N-terminal derived peptides
partially retained the bacteria agglutinating ability (38, 40). In order to assess the agglutinating
activity on M.vaccae cultures we determined the minimal agglutination concentration (MAC),

defined as the minimal concentration able to induce agglutination. Only RNase 3 and the

178



corresponding RN3(1-45) peptide were able to induce mycobacterial cells to agglutinate at a
1uM concentration in both PBS and CB broth media (Table 1). No agglutination was observed
for RNase 7 and its derived peptide RN7(1-45), neither for the CA-M reference peptide, even at
the maximum concentration range tested. Complementary work on the peptides behavior on
model membranes also revealed a specific vesicle agglutinating ability for the RNase 3 peptide,
not shared by the RNase 7 counterpart (M. Torrent, D. Pulido, J. Valle, M.V. Nogués, D. Andreu
and E. Boix, submitted for publication). Comparison of the peptides hydrophobicity and
aggregation prone profiles within the RNase A family context corroborated that the active
segment is unique to the RNase 3 N-terminus, explaining its cell agglutination properties
(Figure 1B). Moreover, the enhanced membrane destabilization activity of the RN3(1-45)
peptide (Table 2) may partly rely on its aggregation propensity, where a local peptide self-
aggregation at the mycobacterial surface could promote the membrane damage. We can also
hypothesize that the induction of bacteria cell agglutination by the eosinophil granule protein
self-aggregation may trigger in vivo the autophagy path contributing to the mycobacteria

clearance inside macrophages (73, 74).

Ultrastructural analysis of damage at the mycobacteria cell envelope

Finally, to better characterize the protein and peptide action at the mycobacterial cell
envelope electron microscopy techniques were applied. Treated cells were visualized by
electron transmission microscopy (TEM) and scanning electron microscopy (SEM). M. vaccae
cells were micrographied by TEM after 4 h incubation with 10 uM of both RNases and the
RN3(1-45), RN7(1-45) and CA-M peptides (Figure 3). All proteins and peptides at the assayed
conditions produced a complete disruption of the cell integrity, bacteria swelling, intracellular
material spillage, bacterial cell wall layer detachment and alteration of cell morphology.
Finally, we applied electron scanning microscopy (SEM) with the purpose to visualize the cell

surface and the cell population behavior (Figure 4). The methodology also proved useful to
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assess the agglutination activity by evaluating simultaneously the size and density of the
bacteria aggregates. Upon RNase 3 incubation big dense bacterial aggregates were observed,
where cells were badly damaged, showing frequent blebs and partial loss of their baton shape
morphology. Cultures treated with the RN3(1-45) peptide also presented tight-dense
aggregates with visible loss of membrane integrity and cell morphology. On their side, RNase 7
and its derived peptide RN7(1-45) displayed similar damage on mycobacterial cultures but
without visible agglutination. Likewise, the CA-M antimicrobial peptide showed no
mycobacterial agglutination, but severe cell damage, with blebbing and partial loss of cell

content.

The high antimycobacterial and cell agglutinating activity of the RN3(1-45) peptide
opens a new research field to explore its particular mechanism of action at the mycobacterial
wall at the molecular level. Additionally, considering our previous observation of amyloid-like
aggregates at the bacterial surface (37) and the location of an amyloid prone region at its N-
terminus (72), we are also planning to inspect in a mycobacterial infection model whether the
eosinophil granule protein can undergo in vivo an ordered self-assembly process, as recently

nicely reported for another human antimicrobial peptide contributing to innate immunity(75).

Conclusions

Little is known about the mechanism of action of antimicrobial peptides against
Mycobacterium species. In this work we have assessed the antimycobacterial activity of two
human RNases that are secreted by innate cells during respiratory tract and skin infection. The
eosinophil RNase 3 and skin RNase 7, together with their synthetic N-terminus peptides, were
assayed against Mycobacterium vaccae to characterize their underlying mechanism of action.

The results represent the first characterization of the cytotoxicity of two RNase A family

180



members towards mycobacteria. In particular, the RN3(1-45) peptide, showing both a high
antimicrobial activity and agglutinating properties, offers new perspectives to develop
antimycobacterial agents. Further work on other mycobacteria species with a more clinical
approach is envisaged. We hypothesize that both innate cells secretion proteins may target in

Vivo the mycobacteria dwelling inside macrophages or other host cell types.
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Table 1. Antimicrobial and agglutinating activities of RNase 3, RNase 7, and their
corresponding N-terminal derived peptides on M. vaccae®.

Protein/peptide MIC100 ICso MAC
(LM) (LM) (LM)
RNase 3 20.0+1.0 11.6 +0.2 1.0+0.1
RNase 7 20.0£0.5 9.3+1.2 >50
RN3(1-45) 10.0+0.5 42+0.2 1.0+0.1
RN7(1-45) 20.0+0.8 9.54+0.3 >50
CA-M" 20.0+1.0 10.3+0.3 >50

a

Minimal Antimicrobial Concentration (MICyq), bacteria viability (ICsg) and Minimal
Agglutinating Activity (MAC) were calculated as described in Materials and Methods. MICyq
values were calculated by CFUs counting on plated Petri dishes. Mean values + SEM are
indicated. All values are averaged from three replicates of two independent experiments. The
standard error of the mean is indicated.

*The cecropin A-melittin hybrid peptide (CA-M) was used as a control.
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Table 2. Percentage of viability, membrane permeabilization and membrane depolarization
activities of RNase 3, RNase 7 and their N-terminus derived-peptides on M. vaccae®.

Protein/peptide Bacteria Viability

Membrane Membrane depolarization
(%) permeabilization (s)° (%)°
RNase 3 55.1+0.6 359+0.1 8.8+0.1
RNase 7 48.7+1.8 28.8+0.1 41+0.2
RN3(1-45) 6.8+0.8 50.0+1.2 63.2+1.8
RN7(1-45) 55.1+15 19.3+0.1 6.5+0.2
CA-MP 44.8+1.6 27.3+0.1 44.7+1.3

®Bacteria viability was determined using the LIVE/DEAD kit; membrane permeabilization using
the SYTOX Green assay and membrane depolarization activity using the DiSC3(5) probe, as
described in Materials and Methods. Mean values + SEM are indicated. All values are averaged
from three replicates of two independent experiments.

*The cecropin A-melittin hybrid peptide (CA-M) was used as a control.

‘Percentages were calculated referred to the maximum value corresponding to the positive
control (10% Triton X-100).
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FIGURE LEGENDS

Figure 1. A) Comparison of the blast alighment of RNase 3 and RNase 7 primary sequences.
Secondary structure of RNase 3 is depicted (4A20 PDB, (76)). Strictly conserved residues are
boxed in red and conserved residues, as calculated by a similarity score, are boxed in white.
The first 45 residues corresponding to RNase 3 and RNase 7 peptides are green boxed.
Cysteine pairings for disulfide bridges are numbered below. The figure was created using the
ESPript software (77). B) Sequence alighment of RN3(1-45) and RN7(1-45) peptides. Residues
are coloured according to their hydrophobicity using the sequence alignment editor Jalview
(78) and the aggregation prone regions predicted by both Aggregscan (79) and WALTZ (80) are
boxed in white. C) Graphical representation of RNase 3 and 7 three dimensional structures.
Coordinates were taken from the 4A20 PDB ((76)) and 2HKY PDB ((81)) respectively. The
surface representation was colored using the CONSURF web server (http://consurf.tau.ac.il/)
featuring the relationships among the evolutionary conservation of amino acid positions inside
the RNase A family. Residues were colored by their conservation score using the color-coding
bar at the bottom image. Residues were colored in yellow when not enough information was

available.

Figure 2. Membrane permeabilization was determined by SYTOX Green uptake after
incubation of M. vaccae culture cells with 10 uM of proteins and peptides: RNase 3(m), RNase
7(e), RN3(1-45)( A, RN7(1-45)(V, or CA-M(¢) are depicted as a function of time. Maximum

fluorescence reference value of 64 + 0.4 was achieved for 10% Triton X-100.

Figure 3. Transmission electron micrographs of M. vaccae incubated for 4 h in the presence of
10 uM of proteins and peptides. (A) Control cells, (B) RNase 3, (C) RN3(1-45), (D) CA-M, (E)
RNase 7, and (F) RN7(1-45). The magnification scale is indicated at the bottom of each

micrograph.

Figure 4. Scanning electron micrographs of M. vaccae incubated for 4 h in the presence of 10
UM of proteins and peptides. (A) Control cells, (B) RNase 3, (C)RN3(1-45), (D)CA-M, (E) RNase

7, and (F) RN7(1-45). The magnification scale is indicated at the bottom of each micrograph.
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Fluorescence Arbitrary Units (AU)
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