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ABSTRACT

This work describes the discovery and optimization of efficient, selective, cost-
effective and proteolytic-resistant antimicrobial and antitumoral peptides. To
this end, we first identified novel cathelicidin-related peptides from the venom

gland of South American pit vipers, collectively named vipericidins.

In particular crotalicidin (Ctn), a 34-mer helical peptide from the Crotalus
durissus terrificus venom, highlighted due to its promising antimicrobial and
antitumoral properties. Its fragment Ctn[15-34] also stood out due to its overall
preserved activity, improved selectivity, serum stability and significant size

reduction.

Their mechanisms of action were stepwise characterized against Escherichia
coli and a leukemic cell line. The unusually high lifespan of Ctn[15-34] in serum
was also investigated to ascertain its structural determinants and molecular

interaction with serum proteins.

Altogether, this thesis proposes two novel bioactive peptides as potential
drug candidates to fight bacterial infections and cancer, particularly leukemia.
Beyond specific results, this thesis provides a set of valuable methodologies to

discover, optimize and evaluate bioactive molecules from natural sources.

Keywords: antimicrobial peptides, anticancer peptides, peptide-membrane

interaction, peptide optimization, peptide degradation.






RESUMEN

Esta tesis aborda el descubrimiento y optimizacién de péptidos antimicrobianos
y antitumorales eficientes, selectivos, rentables y resistentes a la proteolisis. Con
este fin, inicialmente identificamos nuevas catelicidinas en la glandula venenosa

de diferentes viboras de América del Sur, denominadas vipericidinas.

En particular la crotalicidina (Ctn), un péptido helicoidal de 34 residuos
aislado del veneno de la serpiente Crotalus durissus terrificus destacd por sus
propiedades antimicrobianas y antitumorales, asi como su fragmento Ctn[15-34],
que mostré una selectividad y estabilidad en suero mejoradas y una reduccién

de tamano considerable.

Los mecanismos de acciéon de ambos péptidos contra Escherichia coli y una
linea celular de leucemia fueron investigados. También se investigd en pro-
fundidad la inusual estabilidad en suero de Ctn[15-34], con el fin de conocer
sus determinantes estructurales y las posibles interacciones con proteinas del

suero.

En conjunto, esta tesis propone dos nuevos péptidos bioactivos como posibles
candidatos para combatir infecciones bacterianas y la leucemia, ademas de pro-
porcionar un conjunto de metodologias utiles en el descubrimiento, optimizacién

y caracterizacién de moléculas bioactivas a partir de fuentes naturales.

Palabras clave: péptidos antimicrobianos, péptidos antitumorales, interac-

ciones péptido-membrana, optimizacién de péptidos, protedlisis.
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PREFACE

Snakes are arguably among if not the most despised creatures in the entire
animal kingdom. With some exceptions to the contrary (serpents protected and
revered, even worshipped, in ancient and —a few— contemporary societies), for
the vast majority of people the notion of a creature furtively slithering underfoot,
with the added threat of a deadly, fast-acting poisonous bite, epitomizes harm,
evil and treacherousness. Some examples have been amply recorded in ancient
tradition (e.g., the serpent of Eden, Cleopatra’s viper-assisted suicide), classic
literature (e.g., Poe’s The cask of amontillado) or colloquial language (“he’s a

snake in the grass”).

Alongside this generalized perception of snakes incarnating terror and deceit,
the ancient view of the serpent as a dual archetype of good and evil (e.g., the
rod of Asclepius, Hindu mythology) has not only survived but, paradoxically,
become increasingly supported by recent evidence showing that, when properly

used, snake venoms can actually help saving lives rather than ending them.

Snake venoms are cocktails of toxins refined over millions of years of evolution,
often encoding a variety of powerful biological effects in a single component.
One is therefore entitled to consider snake venoms as rich libraries of bioactive

molecules awaiting discovery to treat human disorders. A pioneer example in
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this direction is the development of Captopril® from a peptide sequence in
the venom of the Brazilian pit viper Bothrops jararaca, and the subsequent
outpouring of a plethora of ACE inhibitors that have had a significant impact
in hypertension control since the 80s. So imagine for a moment, the possibility
of exploiting many similarly powerful bioactive components in other snake
venoms, fine-tuning them and reshaping them into drugs to treat CNS diseases
such as Alzheimer or Parkinson, cancer or infectious diseases. This is not a
wishful or inauspicious quest, as many of these scenarios are nowadays actively

explored by both public research groups and pharma companies worldwide.

An obvious question is, for starters, developing snake venom-based drugs to
treat exactly what? Among the vast therapeutic challenges of the 21%¢ century
some focus is required and two main areas come to mind, if nothing else by
their broad public perception, thus frequent appearance in media headlines:
superbugs and cancer. Firstly, we are frightfully close to running out of effective
antibiotics in critical situations, due to factors such as over prescription, non-
compliance, etc. that are fueling the emergence of superbugs. Secondly, new
cancer therapies are urgently needed to complement and/or replace current

chemotherapeutic drugs and their often undesirable side effects.

The fundamental goal of the present work is therefore to investigate snake
venoms in search for novel antimicrobial and anticancer agents. This idea
is of course far from revolutionary, as the quest for therapeutic leads from
Nature is a strategy widely exploited by pharmaceutical industry over years
(see Introduction). A more distinctive element of the present thesis, however,
is our focus on those required properties to a bioactive compound turn into a

commercial drug, beyond the therapeutic activity.

From the beginning of this project, we were tremendously aware of the vast
number (more than 3000) of peptides that are already known to fight bacteria
or tumor cells. Unfortunately, most of them do not have any chance to turn
into a drug due to selectivity, immunogenicity, bioavailability or costs issues.
Thus, we sought to find a right molecule, our initial lead, and optimize it into

a drug, overcoming such drawbacks.

Drug discovery and development process is a project for many years and it is
beyond the scope of a PhD thesis, but we kept this idea in mind along this work
by building a toolbox for bioactive drug lead discovery and refinement. We

considered, from the very beginning, additional but also compulsory properties
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for a drug-lead evolving into a commercial drug, such as selectivity, synthesis
yield, toxicity, costs and proteolytic degradation (main bioavailability drawback

of peptides).

Taken into account these ideas, the reader will easily understand the following

thesis outline:

Introductory chapter 1 is divided into three sections: i) background for the
current health problems this thesis deals with (i.e., superbugs and cancer) and
justification of the urgent need for new drugs in both fields; ii) description
of antimicrobial and antitumoral peptides as promising alternatives in the
search for novel anti-infective and cytotoxic drugs; iii) use of snake venoms as
a general drug discovery arsenal, with antimicrobial and antitumoral peptides

in particular.

Each of the subsequent chapters includes research papers (either published or
to be submitted shortly), preceded by a specific introductory section describing
key concepts necessary for better understanding the scope and the contents of

each publication.

Chapter 2 (article I) constitutes the initial publication that set this project
in motion, describing the discovery of a new family of antimicrobial peptides,
named viperidicins, from different South American snake venoms. I joined the
project during my Master thesis at Prof. David Andreu’s lab, where I had the
opportunity to work with Dr. Claudio Borges Falcao, a visiting post-doctoral
researcher from Dr. Gandhi Radis-Baptista’s lab at the Federal University of
Ceard, Brazil. The combined expertise of both groups in peptide synthesis and
venomics, respectively, fostered the successful discovery of a novel family of
pit viper-derived antimicrobial peptides, validated by both genetic studies and

synthetic replicas.

Among the various vipericidins unveiled in our initial study, the most promising
one, named crotalicidin (Ctn), was selected for further studies and optimiza-
tion. Accordingly, Chapter 3 (article II) describes the structural studies of
Ctn, its unforeseen but exciting additional anticancer activity and, especially,
its rational dissection into two fragments, one of which, named Ctn[15-34],
showed enhanced antibacterial selectivity and remarkably higher stability in
human serum than the parental peptide. This work must be regarded as a
highly successful example of structural optimization in peptide medicinal chem-

istry, in line with one of the goals of Prof. Andreu’s research, namely designing
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streamlined, minimalist synthetic versions of therapeutically promising natural

peptides.

With two promising candidates, Ctn and Ctn[15-34], at hand, we set out to
study their modes of action against bacteria and tumor cells. Thus, Chap-
ter 4 (articles IIT and IV) describes mechanistic studies underlying their
antimicrobial and antitumoral profiles. During this part of my thesis I had
the opportunity to share my work and learn from Dr. Jodo Miguel Freire,
at the time a PhD student visiting our group from Prof. Miguel Castanho’s
lab at the Institute of Molecular Medicine (IMM), University of Lisbon. Jo&ao
mentored me into the world of flow cytometry and microscopy that allowed
me to study the spatial-temporal events occurring during peptide interaction
with the tumor cell membrane. In this context, I had the opportunity of a
one-year secondment at the laboratory of Prof. Castanho in the frame of a
Marie Sklodowska-Curie Action, with the goal of acquiring expertise in the
use of biophysical techniques to study membrane-active peptides under the
supervision of Dr. Ana Salomé Veiga and with the help of Susana A. Dias.
About the same time Prof. Andreu spent a half-sabbatical at the laboratory
of Prof. David Craik, Institute of Molecular Biosciences (IMB), University of
Queensland, Australia, a worldwide reference in the study of bioactive peptides
from natural sources, particularly plants and animal (spider, snake) venoms.
This visit fostered an ongoing, fruitful collaboration between IMM, IMB and
our UPF laboratory, joining efforts to characterize the bactericidal mechanism
of both Ctn and Ctn[15-34]. Still along these lines, Chapter 4 also includes
a paper (under evaluation) in which the biophysical and biochemical studies
of the antitumoral mechanism are complemented by proteomic studies where

several putative intracellular targets in the antitumoral strike are identified.

In parallel with the above studies on mechanism of action, we also focused
attention on the proteolytic fate of both Ctn and Ctn[15-34] peptides. This
reflects another long-standing committment of Prof. Andreu’s laboratory,
namely optimizing bioactive peptide leads into entities with realistic drug
potential, which almost always implies dealing with the proteolytic limitations
of peptide therapeutics. Prof. Andreu succeeded in instilling in me the
relevance of this medicinal chemistry principle, and making me aware of the
lack of universal, standardized assays to evaluate peptide drug proteolysis,
so together we undertook the challenge of devising a plan to evaluate the

structural determinants and interactions governing the lifespan of peptides
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(in particular, Ctn[15-34]) in protease-rich fluids such as human serum. Thus,
Chapter 5 (articles V and VI) contains two articles, one aimed at defining
the structural determinants that confer Ctn[15-34] its unusual residence time
in serum, again in collaboration with the IMM Lisbon group, and a second
paper exploring Ctn[15-34] interactions with serum components by means of
proteomic analysis, completed with a validation of putative interaction with

serum carriers, helped by Dr. Sira Defaus of our group.

Finally, Chapter 6 combines the achievements with conclusions and outlook
on future work. As quite often the case in scientific endeavors, my (in hind-
sight) evidently overambitious goal of generating one (or more!) therapeutic
leads from a fascinating natural source became too tall an order for the time
constraints of a PhD project. On the other hand, the thrill of that initial
discovery has remained alive, and I trust that the following pages will allow the
reader to share in the excitement of that quest, to understand what I learned
during the journey, and to realize how fortunate I consider myself for having

had the opportunity to pursue it.






OBJECTIVES

The main goal of this thesis consists on exploring snake venom components
for the discovery and development of new antimicrobial and anti-
tumoral peptide-based therapeutic agents. Aware of the challenges to
successfully leading peptides into the market, we concentrated our efforts on

the following specific sub-objectives:

- Devising cost-effective, optimized synthetic replicas of the initial
snake venom-derived lead. Rational optimization/dissection steps of the
primary lead will be performed in order to define the minimal structural

determinants (i.e., pharmacophore) of biological activity.

- Evaluating and minimizing the potential toxicity of the proposed
peptide leads. Selectivity of the peptide candidates against bacterial /tumor
cells as a prerequisite to further development and consideration as final candi-

dates.

- Studying the metabolic processing of therapeutic peptide candi-
dates. In order to optimize the proteolytic degradation of peptide candidates,

their behavior on serum will be evaluated in depth.

- Studying the mechanism of action of the final candidates against

bacteria and tumor cells.
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ABBREVIATIONS & ACRONYMS

aa - amino acid

ACE - angiotensin-converting enzyme
ACN
ACP - anticancer peptide

- acetonitrile

AFM - atomic force microscopy
AFM
AGC - auto gain control

- afamin

Ahx - aminohexanoic acid

AMP - antimicrobial peptide
AMR
ANS - l-anilino-8-naphthalenesulfonate

- antimicrobial resistance

AP - affinity purification

AP-MS - affinity purification followed
by mass spectrometry

ApoL1l - apolipoprotein L1

ApoM - apolipoprotein M

ATCC - American Type Culture Collec-
tion

ATP - adenosine triphosphate

b- - biotin

BF - Bodi Fluor™ 488 acid

BFDR - bayesian false discovery rate
BP - band pass

CAP - cationic antimicrobial peptide
CATH

cathelin - cathepsin L inhibitor

- cathelicidin

CBG - corticosteroid-binding globulin
CD
cDNA - complementary DNA
CF - 5(6)-carboxyfluorescein
Chol - cholesterol

CI - clinical isolate

- circular dichroism

CL - cardiolipin

CLSI - Clinical and Laboratory Stan-
dards Institute

COSY - correlation spectroscopy

CPP - cell-penetrating peptide

CPZ - chlorpromazine

CRAMP
crobial peptide

- cathelicidin-related antimi-

Ctn - crotalicidin

DBP - vitamin D-binding protein
DCM
DDA - data-dependent acquisition
DIEA - N,N-diisopropylethylamine
DIPCI - N N’-diisopropylcarbodiimide
DLS - dynamic light scattering
DMEM
medium
DMF - N,N-dimetilformamide
DMPG
phospho-rac-(1-glycerol)

- dichlorometane

- Dulbecco’s modified Eagle

- 1,2-dimyristoyl-snglycero-3-

DNA - deoxyribonucleic acid

DPC - dodecylphosphocholine
DPC-d38 - [?Hzs]dodecylphosphocholine
DTT - dithiothreitol

ECs50 - half-effective concentration
EDTA - ethylenediaminetetraacetic acid
EIPA - ethyl-isopropyl amiloride

EMA - European Medicines Agency
FA

- formic acid

FACS - fluorescence-activated cell sort-
ing
FBS - fetal bovine serum

FCA - flow cytometry assay
FDA - Food and Drug Administration
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FDR - false discovery rate
Fibroblast 1BR3G
broblasts
FLIM

microscopy

- human skin fi-
- fluorescence-lifetime imaging
Fmoc - fluorenylmethyloxycarbonyl

FSC
GI - gene identification

- forward scatter

GO - gene ontology

HBTU - 2-(1H-benzotriazol-1-yl)-
1,1,3,3-tetramethyluronium hexafluo-
rophosphate

HCs50 - half-hemolytic concentration
HDL - high-density lipoprotein

HDP - host defense peptides

HeLa S3 - human cervix carcinoma
cells
HEPES - 4-(2-hydroxyethyl)-1-

piperazineethane-sulfonic acid

HL-60 - human promyelocytic leukemia
cells

HOAc - acetic acid

HPLC - high-performance liquid chro-
matography

HSA

HSQC - heteronuclear single quantum

- human serum albumin

coherence spectra

HTS - high-throughput screening
ICs50 - half-inhibitory concentration
Jurkat E6.1
lymphoblast
KEGG - Kyoto Encyclopedia of Genes
and Genomes

L-AAO - L-amino acid oxidase
LC-MS - liquid chromatography-mass

- human leukemic T-cell

spectrometry
LfcinB
LPS - lipopolysaccharide

LTA - lipoteichoic acid

LUV - large unilamellar vesicle
MAPK - mitogen-activated protein ki-

- lactoferricin

nase
MBC
tion
MBCD - methyl-3-cyclodextrin
MeCN
MHB - Mueller-Hinton broth

MHB II - Mueller-Hinton broth cation-
adjusted

- minimal bactericidal concentra-

- acetonitrile

MIC - minimal inhibitory concentration
MM6 - human monocytic leukemia cells
mRNA - messenger RNA

MRSA - methicillin-resistant Staphylo-
CoCCUS QUTEUS

MS - mass spectrometry

NF- - nuclear factor kappa-light-chain-
enhancer of activated B cells

NMR - nuclear magnetic resonance
NOE
NOESY

spectroscopy

- nuclear Overhauser effect

- nuclear Overhauser effect
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AKT pathway

nal transduction pathway that promotes

- Intracellular sig-

metabolism, proliferation, cell survival,
growth and angiogenesis in response to
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1,000,000,000,000.

Long numeric scale;

Cathelicidin - Family of peptides with
sequence homology to the cathepsin do-
main, found in the lysosomes of neu-
trophils and macrophages. Cathelicidins
act as effectors of innate immunity in ver-

tebrates.

Hippo pathway - Conserved animal
signal cascade that controls cell prolifera-

tion, growth, differentiation and death.
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the blood after coagulation. Sometimes
mistakenly considered synonymous with
plasma, serum consists of plasma but
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MAPK pathway
activated protein kinase (MAPK) cascade

- The mitogen-

is a highly conserved signal transduction
route involved in cell function regulation
including cell proliferation, differentiation

and migration.

Superbugs - In the particular context
of microbial resistance, superbug refers
to microorganisms (mainly bacteria) that
have developed a resistant phenotype to

antibiotics.

t1/2 - Time required for a substance to

be half removed by a biological process.
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2 1. INTRODUCTION

Major challenges for 215 century therapeutics

1.1.1 | The rise of antibiotic-resistant bugs

Antimicrobial resistance (AMR) has become a worldwide human health and
economic emergency, bringing to light the urgent need for new anti-infective
drugs with a long-lasting commercial life. According to the World Health
Organization (WHO), we are running out of efficient antibiotics (1). Recent
forecasts regarding human costs and economic burden associated to AMR are
quite pessimistic: by 2050, the number of deaths due to AMR will increase from
currently 700,000 a year to 10 million, becoming the main cause of death by
that year (2, 3) (see Figure 1.1). From an economic standpoint, the worst-case
scenario predicts that by that same year the worldwide gross domestic product
will globally decay by a 3.8 % average due to AMR —much worse (5.6 %) for
low-income countries— with worldwide losses rising up to $6 trillion (4). Indeed,
the magnitude of the economic impact of AMR is comparable to that of the
2008 — 2009 financial crisis.

Among the causes contributing to AMR emergence, overuse and misuse of
antibiotics stand out as the major ones (5, 6). Foresightedly, it was the
discoverer of penicillin himself, Sir Alexander Fleming, who ended his Nobel
acceptance speech with a warning for the future use of antibiotics, that we
have ignored at our peril: “The time may come when penicillin can be bought
by anyone in the shops. Then there is the danger that the ignorant man may
easily underdose himself and by exposing his microbes to on-lethal quantities

of the drug make them resistant. .. Moral: if you use penicillin, use enough.”

Moreover, inappropriate antibiotic prescribing (as prophylactics, for treating
viral infections, wrong dosage, lacking diagnostic test, etc.) adds to misuse
by patients; it has been estimated that antibiotic treatment is inappropriate,
suboptimal or unnecessary in 30 — 60 % of cases (7, 8) (Figure 1.1). Furthermore,
the agricultural industry usually supplies livestock animals with antibiotics

not only for infection control but also for growth stimulation, both practices
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Figure 1.1: Human lives and economic costs of AMR by 2050. Estima-
tion of annual deaths due to AMR by 2050 and comparison to current major
causes of death. Data and graphs adapted from the Review on Antimicrobial
Resistance (https://amr-review.org) (11). Predicted economical impact data by
2050 extracted from the World Bank Group 2017 report (4).

promoting the emergence of bacterial resistance, as both antibiotics and/or

resistant bacteria pass to humans through food consumption (9, 10).

The AMR threat has also been aggravated by pharmaceutical industry practices
and regulatory barriers. Antibiotic development has lost economic appeal for
pharma due to low price/revenue, brief usage periods, availability of cheap
generic versions and often limited commercial lifespan (new market arrivals
initially reserved for the worst multirresistant cases are gradually moved into
general usage, upon which resistances emerge and efficacy is lost) (6). These
factors make anti-infectives less profitable that other drugs, and some companies
have either held off or even entirely discontinued their R&D on this field (12,
13).

At the molecular level, AMR development may occur via spontaneous gene
mutations resulting in acquired beneficial advantage for bacterial survival,
which then get passed on to successive generations. Most commonly, AMR
appears due to horizontal gene transfer, which consists on taking up genetic
material (e.g., plasmids or transposons) encoding for AMR from strains of the
same or even different species (14). In one way or another, phenotypically
these chromosomic or extra-chromosomic changes may result in, inter alia,

reduced antibiotic uptake, increased eflux pumping, target site modification
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with consequently reduced or suppressed affinity, target overexpression, or drug
modification/inactivation by enzymatic cleavage, (for an extensive review of
AMR, refer to (15, 16)).

1.1.2 The AMR crisis opens new opportunities

In 2017, the WHO disclosed the priority pathogen list for which new antibiotics
are urgently needed (17). Critical carbapenem-resistant strains of Acinetobac-
ter baumannii and Pseudomonas aeruginosa, as well as diverse strains from
the Enterobacteriaceae family resistant to both carbapenem and 3¢ gener-
ation cephalosporin (including Klebsiella pneumonia, Escherichia coli and
Enterobacter spp., among others) were highlighted. The vancomycin-resistant
Enterococcus faecium (VRE), methicillin- and vancomycin-intermediate and
resistant Staphylococcus aureus (named as MRSA, VISA or VRSA respectively),
clarithromycin-resistant Helicobacter pylori, fluoroquinolone-resistant Campy-
lobacter and Salmonella spp., and Neisseria gonorrhoeae resistant to both
3'd generation cephalosporin and fluoroquinolone are also referred with high

priority as pathogens without proper and efficient treatment.

In such a disturbing scenario of AMR crisis, not only should current antibiotics
be more prudently used than ever but novel anti-infective drugs are urgently
imperative (18). WHO also published in 2017 a report analyzing the scarce
current pipeline of antibacterial agents under clinical development, and claiming
for more investment in basic science, drug discovery and clinical development
to fight the AMR crisis (1). Moreover, WHO reported that most agents under
clinical trials are modifications of existing drugs, thus providing only short-term
relief, and emphasized the urgent need for innovative products to treat multi-

and pan-resistant pathogens.

In response to this challenge, different approaches have been proposed to iden-
tify and design new antibacterial drugs. They include chemical modification
(prodrugs or analogs), fusion of existing antibiotic structures with one another
or with molecules overcoming resistance, or de novo design based on rational
computer-aided or HTS approaches (19, 20). Potential alternatives include
phage therapy (bacterium-specific lytic phages), lysins (bacteriophage enzymes
able to cleave the bacterial cell wall), genome editing by CRISPR/Cas9, an-

tibacterial antibodies or host defense peptides (HDPs) such as bacteriocins
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(21-24). Drugs with targets and/or modes of action different from classical
ones, and with reduced adaptative pressure to develop resistance are of par-
ticular interest. In this context, antimicrobial peptides (AMPs) stand out as
a promising alternative to fill the niche of future, novel anti-infective drugs

(extensively described in section 2.1).

1.1.3 Cancer

Despite undeniable progress over the last decades, cancer remains the paramount
challenge to the medical and research community in the 215¢ century. Costs
related to cancer are awesome, not only in human lives but also in terms of
socio-economical wellness. The statistics below (summarized on Figure 1.2),
should not just be seen as mere numerical records; underneath them lies the
suffering of families, friends and colleagues reflecting the broad impact of cancer

disease in our lives.

According to WHO, cancer is nowadays the second leading cause of death
worldwide; one out of six deaths is cancer related (25). Annual statistics from
the Global Cancer Observatory (26) for 2018 highlight 18 million new cases and
9.6 million deaths (27, 28), roughly the total population of European countries
such as Portugal or Sweden. Unfortunately, future outlooks remain unfavorable,
with the annual incidence expected to rise up to 29.5 million global cases and
16.4 deaths by 2040 (26) (Figure 1.2).

From an economic perspective, the financial costs associated to cancer are
staggering for both patients and society, and the trend is increasing. In 2014,
direct health costs associated with cancer in the EU amounted to 86 billion
(Figure 1.2), with a similar figure ($87.8 billions) for the US in the same period
(29, 30). The socioeconomic burden is expected to rise as prevalence grows,
population aging/life-span increases and new, usually expensive therapies are

introduced in the healthcare system.

Despite differences across countries regarding sex, age groups, economic class,
etc., the five predominant cancers diagnosed are lung, breast, colorectum,
prostate and stomach, with death rankings being lung, colorectum, stomach,
liver and breast cancer (26). Treatment success rates are highly correlated with
cancer type and disease stage, but on average the 5 year survival rate was ca.
67 % between 2009 — 2015 in the U.S. (31).
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Estimated annual deaths worldwide
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Figure 1.2: Cancer burden. Current global statistics and future forecasts of
cancer in terms of human lives and economic costs. Data extracted from the
Global Cancer Observatory (26) and from Wilking et al. (29, 30).

The term cancer includes a wide collection of disorders, characterized by
abnormal proliferation of cells (tumor), finally invading surrounding normal
tissues and/or spreading into distant body sites (32). Ultimately, uncontrolled
tumor progression and dissemination may lead to physical obstruction or
invasion of vital organs and often competes with healthy tissues for nutrients

and oxygen, compromising proper vital functions.

The transformation of healthy cells into tumor cells, known as carcinogene-
sis, is a complex and multistep process involving different stages (initiation,
promotion and progression). It may arise from single or combined biological
and genetic alterations and/or external factors (33). Briefly, as proposed by
Hanahan et al., cancer molecular basis may be summarized into ten distinctive
hallmarks acquired during carcinogenesis and ultimately leading to cancer cell
survival, proliferation and dissemination: (1) sustaining proliferative signaling,
(2) evading growth suppressors, (3) avoiding immune destruction, (4) enabling
replicative immortality, (5) tumor-promoting inflammation, (6) activating in-
vasion and metastasis, (7) inducing angiogenesis, (8) genome instability and

mutation, (9) resisting cell death and (10) deregulating cellular energetics (34).
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1.1.4 | Pitfalls and challenges of chemotherapy

In general, cancer treatment encompasses single or combined regimens of
surgery, radiotherapy, chemotherapy and/or biological and hormonal ther-
apy. Specifically, cancer chemotherapeutic strategies aim to inhibit or kill
accelerated-dividing cells with a minimal impact on non-neoplastic host cells.
Cytotoxic drugs exploit the aforementioned hallmarks of cancer, acting on
specific molecules that enable the uncontrolled, fast growth of cells as well as
their propagation (34, 35). Most drugs are alkylating agents, antimetabolites,
anti-tumor antibiotics or mitotic inhibitors, targeting DNA synthesis and the
cell-cycle (36).

However, chemotherapeutic drugs with such specific targets are often inactive
due to inherent genetic resistance of some tumor cells (37) or progressively anti-
tumor potency loss as tumors develop mechanisms to surpass drug cytotoxicity
(35, 38-40), acquiring a resistant phenotype (40-42). Dormant cancer cells may
also escape from drugs targeting fast-dividing cells, rendering them ineffective
and promoting potential long-term relapses (43, 44). Other cancers are located
on privileged compartments (e.g., inside the blood brain barrier or forming
large solid tumors with poor blood supply) where drug delivery becomes a

challenge.

Furthermore, conventional chemotherapeutic agents not only act on fast-growing
cancer cells, but their cytotoxic effect also affects fast-dividing healthy cells
(bone marrow, gastrointestinal tract or hair follicles among others), inducing
side effects such as fatigue, neutropenia, vomits or hair loss commonly associated
to current cancer treatment strategies. Low or even lack of specificity also limits
the realistic dosage to suboptimal treatments in order to avoid acute toxicity.
Efforts on devising new chemotherapies increasing the outcomes of cancer
patients focus on higher selectivity (to avoid off-target side effects), improved

drug delivery and low acquired resistances (preventing tumor relapses).

In this regard, cationic peptides are emerging as promising candidates for cancer
treatment, both as active therapeutics or as drug delivery systems (addressed

in the next section).
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Antimicrobial and anticancer peptides

Despite a direct connection between AMR and cancer aside from their relevance
as global health threats, a somewhat similar therapeutic approach in both
areas is gradually emerging as a promising alternative: antimicrobial and
anticancer peptides, heretofore referred as AMPs and ACPs, respectively. In
this introductory section, an overview of the main properties and characteristics
of AMPs and ACPs is described, in particular their origin, location, expression,
sequences, structures, physico-chemical properties, functions, mechanisms and

applications in clinics.

1.2.1| Why AMPs and ACPs?

In line with the urgent need of new anti-infectives linked to the AMR rise, AMPs
have attracted attention mainly by their lower propensity to induce bacterial
resistance (45). Considered as “dirty drugs”, AMPs may display different,
multiple effects, targeting the bacterial membrane while also disturbing key
intracellular biological processes (46, 47). Additionally, AMPs are able to
modulate the immune system, contributing to microbial clearance and control of
the immune response (48). Their rapid onset of killing, non-specificity for easily-
mutable targets, and multi-targeting mechanisms that include concomitant
broad anti-inflammatory action, contribute to their reduced ability to induce
drug-resistance in microorganisms (49). In addition, some AMPs display a
broad action spectrum, showing activity against viruses, fungi and parasites
(50).

In parallel, the main advantage of ACPs over conventional cancer chemotherapy
lies on their ability to target slow-growing and multidrug resistant cancer
cells (51) as well as their putative ability to confer protection against tumor
rechallenge (52). Unlike most current chemotherapy strategies, ACPs would
not be too prone to develop resistance due to their multiple and broad-spectrum
mechanism of action(53). Additionally, ACPs display (or can be engineered
to display) selectivity toward cancer cells, minimizing off-target side effects

(54). Altogether, these advantages support ACPs as promising alternatives
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to conventional chemotherapy, or be considered as adjutants with synergistic

effects to current cytotoxic drug portfolio, as already demonstrated (55, 56).

1.2.2 Cationic peptides: an overview

Different nomenclatures are found in the literature to refer to AMPs and
ACPs, such as HDPs or cationic antimicrobial peptides (CAPs). Herein the
AMP and ACP terms will be preferentially used, with HDPs used to denote
peptides from natural organisms that display anti-infective, anticancer and/or

immunomodulatory properties.

Sources of cationic peptides: HDPs are ancient weapons of the host defense
machinery virtually present throughout every kingdom and phylum, including
plants (57), animals (58), fungi (59) and bacteria (60). Despite the broad
presence in such different organisms, they share a common function: assist on

the first line of defense towards microbes (61, 62).

Location and expression: To act as an initial barrier role, HDPs are typ-
ically found in surfaces directly exposed to microbes or are expressed by
immune cells (58). In fact, while some HDPs are constitutively expressed,
the majority are induced upon infection, inflammation or tissue damage (50,
63). In humans, HDPs have been naturally found in a wide range of mucosal
secretions and epithelial cells, for instance in the skin (such as the human
cathelicidin LL-37 (64), S-defensins (65, 66) or RNAses (67)), saliva (including
histatins (68) and lysozyme (69)), airway tract (also containing LL-37 (70),
B-defensins (71, 72) and RNAses (73)) and the intestinal tract (lysozyme (69),
a-defensins (74-76), RNAses (77)) among others (78). a- and S-defensins (79,
80), RNAses (81) and LL-37 (82, 83) are also secreted by immune cells such as
monocytes-macrophages, eosinophils or neutrophils in response to microbial and
proinflammatorial stimuli (84-86). In other animals, expression also occurs in
areas exposed to pathogen entry/contact. A great number of bioactive peptides
can be found in the secretory glands on frog skin (87), or those isolated from
snake venom glands (88), suggesting an overall protecting role against first

microbial contact.

Sequence diversity: In terms of amino acid sequence, mature HDPs are
greatly diverse even within evolutionary close species. This variability arises

from the microbiome diversity that the host is forced to deal with, including
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Figure 1.3: Different structures acquired by cationic peptides. Repre-
sentative examples of a) a-helical peptides, such as human LL-37 (PDB ID:
2K60); b) B-sheet containing peptides, such as cyclic gomesin (PDB ID: 1KFP);
c¢) extended peptides rich in specific amino acids, such as Trp-rich indolicidin
(PDB ID: 1G89); d) a-helix and -sheet containing peptides, such as phormicin
(PDB: 1ICA). Representations are colored by the secondary structural element;
a-helix (blue), S-sheet (green), random coil (gray). Figure information extracted
from (92).

bacteria, fungi, viruses and parasites. Due to environmental and specialized
habitats, these external invaders are highly divergent between species (89).
However, certain types of amino acid residues are more often found in AMP
and ACP sequences than others. The APD database, which contains ca. 3000
peptides (including experimentally validated bioactive peptides (90)) shows
positively charged residues such as Lys and Arg as above-random at 9.6 % and
5.8 %, respectively, as well as the disulfide bond-forming Cys (6.7 %), while
negatively charged amino acids such as Glu or Asp are detected less frequent
(< 3 %). The most enriched amino acid is Gly (11.6 %), characterized by
the lack of steric hindrance. These different contributions in composition can
be related to the global physico-chemical properties displayed by HDPs and

ultimately with their function and mode of action.

Physicochemical properties: Despite their sequence diversity, almost all
HDPs share a relatively reduced size (< 50 aa), positive global net charge and
high content of hydrophobic residues (91). The APD database (90) shows an

average length of 33 residues, an average net charge of + 3.31 at neutral pH
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and hydrophobic amino acids included with higher frequency rates than those
expected by chance (> 5 %) such as Leu (8.3 %), Ala (7.6 %), Ile (5.9 %) and
Val (5.7 %). These physicochemical properties reflect non-random compositions
allowing the peptide to fold into three-dimensional amphipathic structures that

play a crucial role in the mechanisms of action (61).

Structure: HDPs are highly diverse in 2/3D structure. A recent classification
according to their complex topology (92) includes: linear a-helical peptides
(e.g., melittin and human cathelicidin LL-37 ) (93, 94); 8-sheet-containing
peptides usually stabilized by disulfide bridges (e.g., porcine protegrin-1 or
human «a-defensins) (95, 96); peptides with a- and S-structural elements (e.g.,
human fS-defensin 1) (97); linear extended peptides rich in particular amino
acids and usually lacking any particular 3D structure (e.g., Pro/Arg-rich PR-39
or Trp-rich indolicidin) (98, 99); and finally cyclic peptides or other complex
topologies (including cyclic bacteriocin AS-48, Kalata B1 or the lanthibiotic
nisin A)(100-102) (see Figure 1.3, illustrating the vast diversity of structures).

Functions: The initial function proposed for cationic HDPs was to act as
AMPs against an exceptionally broad spectrum of pathogens comprising Gram-
positive and Gram-negative bacteria, fungi and parasites (103, 104). However,
increasing studies have demonstrated an overall capability of targeting ad-
ditional pathogens including viruses and biofilm-forming bacteria and fungi.
Additional properties such us anticancer or modulation of the immune response
have been also described (105-107). Due to their ability to translocate lipid
membranes, cationic peptides have been also exploited to act as delivery vec-
tors, in this case referred as cell-penetrating peptides (CPP) (108). Figure 1.4

summarizes the main activities of cationic peptides.

The mechanisms underlying the antimicrobial and anticancer activities are

described in detail below.
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Figure 1.4: Summary of the main functions of cationic peptides. Mod-
ified from (106, 109).

1.2.3 Mechanisms of AMPs and ACPs

AMPs in particular may contribute to the microbe clearance by three com-
plementary ways: i) direct pathogen killing by cellular membrane disruption
(110); ii) interfering with key intracellular processes such as nucleic acid and
protein synthesis or cell wall synthesis; iii) activation of immune response
against invading microorganisms through a broad array of functions, having as
ultimate goal increasing the innate immune response to assist in the removal of
the pathogen, or reduce the immune response to prevent acute inflammation

and sepsis processes related to infections (111, 112).

In parallel, ACPs may exert their effect also throughout single or a combination
of several mechanisms, quite similar to those of AMPs; direct cytotoxicity
against tumor cells, including i) membranolytic and/or ii) non-membranolytic
modes of action (113, 114); iii) anti-angiogenesis (115, 116); iv) metastasis
prevention (117); and v) recruitment of immune system cells to assist on the

tumor clearance (118).

Important details and steps on the mechanisms are summarized in the next
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pages. In addition, a description focused on the heterogeneity between bacteria,
tumor and healthy cell membranes is also available, due to their pivotal role
on AMP and ACP modes-of-action and selectivity.

| 1.2.3.1 | Plasma membrane: the “gold target”

Although all biomembranes are organized as a fluid mosaic of proteins and
phospholipids, fundamental differences exist between healthy and tumor eu-
karyotic cell membranes, as well as prokaryotic membranes. Lipid composition,
architecture, overall physicochemical properties and energetics (91, 119) are,
among others, some of the discriminative parameters that we can pinpoint.

The main differences on composition are depicted on Figure 1.5.

Bacterial cell membrane: microbial membranes tend to be highly anionic
because of their content in phosphatidylglycerol (PG), phosphatidylserine (PS)
and/or cardiolipin (CL) (120, 121). Additionally, the external presence of
lipopolysaccharides (LPS) in the outer leaflet of Gram-negative bacteria or
teichoic and teichuronic acids adhered to the surface of Gram-positive ones,
also contribute to the global negative net charge of the bacterial surface (122,
123).

Healthy eukaryotic cell membrane: in terms of lipid composition, eukary-
otic cell membranes are overall zwitterionic bilayers predominantly composed
of phosphatidylcholine (PC), sphingomyelin and glycolipids in the outer leaflet.
Nevertheless, due to their complexity and anchoring of diverse molecules
(charged glycolipids such as glycosaminoglycans, charged lipo/glycol-proteins)
they may acquire a slight negative global charge (124). Refering solely to
the lipid composition, the inner leaflet, contrary to the outer leaflet, contains
negatively charged PS and phosphatidylinositol (PI), generating a specific
asymmetry (125). Unlike bacteria, cholesterol is a major constituent of eukary-
otic plasma membranes and is evenly distributed in both leaflets, regulating

lipid membrane fluidity depending on temperature conditions (32).

Tumor cell membrane: like pathogens, tumor cell membranes typically have
a negative net charge as a result of the inclusion or overexpression of PS in
the outer membrane due to asymmetry loss, O-glycosylated mucins, sialylated
gangliosides and heparin sulfates (126-128), which promote the accumulation of

cationic peptides in the surface of malignant cells. Moreover, transformed cells
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Figure 1.5: Schematic view of plasma membrane organizations in
bacterial, mammalian, and tumor cells. LTA, lipoteichoic acid; LPS,
lipopolysaccharide; CL, cardiolipin; PG, phosphatidylglicerol; L-Lysyl PG, L-
Lysyl-phosphatidylglycerol; PE, phosphatidylethanolamine; PC, phosphatidyl-
choline; SM, sphingomyelin; PI, phosphatidylinositol; PS, phosphatidylserine.

glycoprotein

may incorporate lower levels of cholesterol in their bilayers, increasing their
fluidity (129), which may facilitate insertion and/or membrane destabilization
by peptides. Complementarily, transformed cells tend to present higher numbers

of microvilli (130) which increase the peptide-cell interaction surface.

| 1.2.3.2 | Membranolytic mechanisms of AMPs and ACPs

For both AMPs and ACPs, the mechanisms of membrane-targeting are not
fully deciphered. Different models have been proposed to describe membrane
interaction and destabilization, with the overall process divided into three
steps (91): i) initial peptide interaction with membrane targets; ii) peptide
adsorption/conformational change; iii) membrane destabilization and final cell
death (see Figure 1.6 a for the schematic representation of the membranolytic
mechanism of AMPs and ACPs).

i) Initial peptide interaction with membrane targets: it is widely ac-
cepted that the initial peptide recruitment occurs via electrostatic interactions
onto cellular surfaces. The overall cationic nature of AMPs and ACPs ensures
their accumulation at the bacterial/tumor cell membranes by directly binding
to those negatively charged components selectively expressed or overexpressed

in bacteria and tumor cell membranes (131, 132). Particularly, Hancock et al.
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have proposed a so-called “self-promoted uptake mechanism” by which cationic
peptides are attracted onto Gram-negative bacterial membranes displacing
the divalent cations associated to LPS and destabilizing their supramolecular

assembly, gaining access to the outer and inner membrane (133, 134).

ii) Peptide adsorption/conformational change: according to the two-
state model proposed by Huang, upon binding peptides accumulate on the
bilayer up to an effective threshold concentration, at which stage they shift
from being absorbed on the membrane to start entering and/or crossing the
lipid bilayer (135). Thus, a threshold can be proposed, i.e., the minimal
peptide concentration [experimentally, the minimal peptide-to-lipid ratio (P:L)]
necessary to induce biological effect (134, 136). Initial membrane-binding may
also involve additional events promoting peptide partition into membranes
such as oligomerization (i.e., human LL-37) (137), self-association (138, 139)
or conformational changes such as helical structuration (i.e., magainin 2) (140).
All these events contribute to the rearrangement into tertiary and quaternary

active conformations that precede the membrane disruption.

iit) Membrane destabilization and final death: once inserted into mem-
branes, peptides change the structure and organization of the bilayer. This
destabilization leads to bacterial or tumor cell death by permeabilization and
leakage of ions and small molecules (141). Different models for membrane
damage induction have been proposed, which involve the formation of pores
(barrel-stave and the toroidal pore model), peptide aggregation on the bacterial
surface and subsequent membrane micellization (such as the detergent-like
carpet-like model) or membrane thinning (134, 142, 143). The mechanism of
membrane permeabilization/destabilization is peptide-specific, dependent on
the peptide-lipid ratio and also on the specific nature of the target membrane
(mechanisms extensively reviewed on refs. (144, 145) for AMPs and refs. (114,
146) for ACPs).
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Figure 1.6: Summary of the principal modes of action of cationic pep-
tides. a) Membranolytic mechanisms. Main steps (peptide absorption in
the membrane, accumulation and conformational changes and final cell death
by permeabilization, from top to bottom) depicted for the principal modes of
membrane disruption proposed: 1. Aggregation model; 2. Toroidal pore model; 3.
Barrel-stave model; 4. Carpet model. b) Intracellular targeting. Examples
of key intracellular processes inhibited by AMPs and/or ACPs. Peptides are

represented as cylinders, with the hydrophilic and hydrophobic regions colored in
red and blue, respectively. Modified from (167).
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| 1.2.3.3 | Intracellular targeting mechanisms

Complementarily, AMPs and ACPs may enter the cell with or without directly
disrupting the membrane integrity, and interact with intracellular targets.
In the end they will promote as well cellular death (see Figure 1.6b). Dual
mechanisms have been described for AMPs (e.g., magainin IIT (140, 147) and
daptomycin (148, 149)) and ACPs (e.g.,peptide A(9)K (150) or temporin-1CEa
(151)). Such molecules perturb the membrane and immediately gain access to
the cytoplasm, while others do not disrupt the membrane and their cytotoxic
effect is restricted to interfering with core metabolic pathways (i.e., apidaecidin)
(152). For the latter group of peptides, however, the mechanisms to access the
cytoplasm differ between AMPs and ACPs. Eukaryotic and prokaryotic cells
present a fundamental biological difference: the lack of endocytic mechanisms
by bacteria (153).

ACPs may translocate tumor cell membranes and access intracellular compart-
ments using several mechanisms, including endocytic mechanisms or direct
diffusion through the bilayer (154, 155). Once inside the cytoplasm, ACPs
such as buforin IIb or lactoferricin B (LfcinB) typically disrupt the mitochon-
dria membrane (possibly reflecting evolutionary traces of bacterial origin) and
induce apoptosis (143, 156, 157). Other non-oncolytic mechanisms include hy-
peractivation of phospholipase A2 (158), different apoptose-induction pathways
(156), inhibition of protein synthesis (159), overexpression of tumor-suppressing

genes or underexpression of oncogenes (160), extensively reviewed in (161).

In contrast, internalization mechanisms proposed for AMPs involve spontaneous
lipid-assisted translocation (i.e., by forming a transient pore and leading to the
peptide entry during the pore disassembly) (162), and transporter-mediated
entry as described for Pro-rich peptides (for instance PR-36 or Bac7), which
exploit the inner membrane protein SbmA to efficiently penetrate Gram-
negative bacteria bilayers (47, 163, 164). Once AMPs reach the cytoplasm of
bacteria, they can interfere with nucleic acid, cell wall and protein synthesis,
or with enzymatic activity, to name just a few (extensively reviewed in refs.
(164-166)).

Overall, either as a primary mode-of-action or as a complementary mechanism
to its membranolytic action, intracellular targeting by AMPs and ACPs may

contribute to cell death and should be routinely explored during mechanistic
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studies. Considering cationic peptides uniquely as membrane-active peptides

may be too oversimplifiyed.

1.2.4| Selectivity of AMPs and ACPs

An essential requirement for any therapeutic agent is selectivity (or lack of
toxicity) for its target relative to the host tissue/cells. Ideally, the therapeutic
candidate should display high affinity for distinctive and crucial structures or
targets. To prevent resistance emergence, these targets should also be practically
immutable and common to several (if not all) microbes or tumor cells, which
would ensure broad spectrum of activity. Both AMPs and ACPs fulfill these
targeting criteria, which makes them appealing therapeutic candidates against
cancer and microbial infections. The selectivity of ACPs and AMPs is based
on their primary membrane-targeting (168, 169), but additional factors can

also contribute.

Fundamental differences exist between microbial, tumor and healthy host
cell membranes with respect of architecture, composition and energy, and
they determine the preferential toxicity (or the lack thereof) of HDPs against
pathogens and tumors. In fact, these membrane variances explain why toxic
concentrations against healthy eukaryotic cells are commonly 10-fold higher
than effective concentrations against microbes (146, 170). Plus, HDPs dis-
play an additional property contributing to their selective action: strategic
localization or expression, minimizing interaction with potentially vulnerable
host tissues (91). As explained in section 1.2.2, HDPs are constitutively or
inducibly-expressed normally on tissues exposed to microbial entrance or by
immune cells. This particular regulation regarding release and location entails

a spatial-temporal control of peptide action (171).

In addition, several peptides have been shown to change their structure and/or
multimeric state upon first cell membrane contact, turning into active structures
(described above). This conformational transition at the membrane site also
contributes to minimize host-cell toxicity, as peptides remain on their inactive,
unstructured conformation until reaching the appropriate target, preventing

indiscriminate effects (172).
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1.2.5 The leap of AMPs and ACPs into the market

Since the pioneer work in the 1980s, leading to the discovery of cecropins,
defensins and magainins (79, 93, 173), more than 8000 potential AMP sequences
have been deposited in specialized databases. Approximately 2800 of them have
been experimentally validated (the CAMPR3 (174), accessed August 2019).
However, despite this promising number of candidates, only a few AMPs have
been approved by FDA and/or EMA, mainly for topical applications (e.g.,
classics such as bacitracin, tyrothricin, gramicidins D and gramicidin S) and

less than twenty are under clinical development (175).

Some well-known AMPs, e.g., cecropins, LL-37 and LfcinB have been also
described as ACPs, but only a few are enrolled in clinical trials (phases I and
IT): magainin 2, melittin, fish-derived pardaxin and a hybrid from magainin 3
and bombesin named MG2B (146). The search of ACPs has not been as intense
as for AMPs, and only ca. 500 entries are listed on the CancerPPD database
(176), accessed in August 2019. None of those have been yet commercialized
(this refers strictly to cationic peptides, excluding short (Fab fragment) or the
single-domain antibodies from camelids (so-called VHH), which can be also

regarded as peptides).

The known limitations of peptide-based pharmaceuticals (non-orally active,
limited bioavailability, cost) stand as major hurdles for AMPs and ACPs to
leap into the market. Strategies to address these impediments include chemical
modifications (i.e., cyclization, peptidomimetics, amino acid substitutions,
etc.), delivery systems such as nanoparticles, or conjugation to biopolymers
(discussed more in depth on chapter 5). Many successful strategies in this
regard use as launching pad a pre-optimized lead, i.e., a privileged bioactive

peptide framework found in Nature.
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Borrowing the wisdom of Nature

“Human subtlety will never devise an invention more beautiful, more simple,
or more direct than does Nature—because in her inventions, nothing is lack-

ing—and nothing is superfluous.”

Leonardo da Vinci

Time and Nature have been working along to become the best designers
ever. They have shaped an extraordinary repertoire of live organisms and
elements. During this journey, Nature has conveniently catered to our basic
needs, providing us with an arsenal of tools, including the ability to fight
against diseases. Naturally-occurring active principles have been used for
human therapeutics since early time and continue to represent a gold mine for

drug discovery.

1.3.1| Exploding natural sources for drug discovery

About half of the drugs currently used are semi-synthetic or fully synthetic
compounds based on pharmacophores found in natural reservoirs (177, 178).
In the specific case of anti-infective drugs, about two thirds in the last three
decades (1981 — 2010) are Nature-inspired molecules. This trend is even stronger
in ACP candidates, with ~ 80 % of Nature-related entities (179).

Ironically, and despite the evident advantages discussed above, use of natural
products in drug design programs was sadly neglected in the 1980s — 1990s, as
the glamour of emerging new technologies switched drug discovery paradigms
in pharmaceutical industry. Focus was particularly placed on quantity and
speed, and R&D strategies shifted mainly to the HTS of small-molecules driven
by genomics and combinatorial chemistry (180). However, and despite the enor-
mous effort and investment placed on these new methodologies, the outcome
has been far more meager than expected and the interest on natural templates
for drugs design has been rekindled (181). Also, advances in technologies such
as HPLC, MS or NMR (and combinations thereof) in recent years have helped

speed up the often laborious tasks of natural product-based drug discovery



1.3. Borrowing the wisdom of Nature 21

(178, 182): successful separation, identification and structural characterization
of active molecules in the complex natural mixtures, has led, by modern HTS
approaches, to valuable screening libraries of either crude, semi-pure or fully pu-
rified natural compounds (183, 184). Refined over hundreds of millions of years
of evolutionary pressure, the molecular prototypes found by these approaches
embed distinctive, exploitable features, including high chemical diversity, high
binding affinities, and often good bioavailability and selectivity (185, 186). For
these reasons, natural compounds have also been called “privileged scaffolds”,
to use as starting point towards the screening of libraries of analogs based on

natural parent molecules.

1.3.2| Animal venoms: a wealth of bioactive compounds

Animal venoms are a priceless source of bioactive molecules with high promise
in drug discovery (187). Venomics has indeed become a very active research
field, with pharmaceutical industry increasingly focusing attention into venom-
based drugs (188). Given the astonishing repertoire of structures and functions
adopted for self-protection and predation, animal venoms constitute natural
libraries of pre-optimized leads with high potency and selectivity for several
molecular targets involved in key physiological processes. In general, ven-
oms consist on complex molecular cocktails including mostly protein-based
molecules endowed with diverse modes of action. Some toxins affect the nervous
system, directly acting on cell-membrane ion channels or disturbing neuronal
transmission, while others impair cardiovascular and muscular processes, which

interfere with blood coagulation and homeostasis (189).

Venoms have traditionally been used in medicinal chemistry with two main
objectives: drug discovery and research tools. Venom sources range from
invertebrates such as corals (190), scorpions (191), spiders (192, 193) or ants
(194, 195), to vertebrates such as snakes or lizards (196-198). An emblematic
venom source are cone snails, from which ~ 100 compounds with therapeutic
potential have been identified (199), one of them, the w-conotoxin MVIIA,
developed after slight structural modulation into ziconatide (Prialt®), an
analgesic approved by FDA to treat chronic pain. Other FDA-approved
venom-related drugs have been isolated from the Gila monster (exenatide

~Byetta® and Bydureon®-, used for type 2 diabetes mellitus) or from the
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European medicinal leech, whose venom-components have inspired several
anticoagulants (bivalirudin ~Angiomax®— and lepirudin -Refludan®-), and the
anti-thrombotic drug desirudin (Iprivask®). Most of these venom-derived drugs
are synthetic replicas (lightly modified vs. native version) or peptidomimetics
(more substantially modified vs. native version) of different snake toxins (see
Table 1.1).

1.3.3 Harnessing snake venom molecules

Snake venoms (SV) are extremely complex mixtures of bioactive molecules
where 90 — 95 % of the dry weight corresponds to peptides and proteins, with
lipids, nucleosides, carbohydrates and metal ions making up the rest (200)
(Figure 1.7). The proteinaceous portion can be divided into enzymatic and
non-enzymatic proteins. The enzyme fraction contains proteins involved in
immobilizing the prey and assisting in its digestion such as phospholipases Ag
(PLA32s), L-amino acid oxidases (L-AAOs), metallo- and serine-proteinases,
hyaluronidases or acetylcholinesterases (200, 201). The lower-MW polypeptide
(1-10 kDa) fraction includes a whole variety of neuro-, cardio- or myotoxins
(Figure 1.7).

While the connection between snakes and medicine dates back to ancient
cultures —e.g., traditional Chinese medicine (189)—, systematic investigation
of snake-venom components as therapeutics was not properly taken up until
a few decades ago. The first hint of the potential of SVs in medicine came
in the 1970s with captopril, a first-in-class angiotensin-converting enzyme
(ACE) inhibitor for which the starting lead was the bradykinin-potentiating
peptide in the venom of the South American rattlesnake Bothrops jararaca
(202, 203). Similarly, starting leads for other SV-derived drugs (Table 1.1)
are mostly peptides and enzymes. For instance, eptifibatide (Integrilin®) is a
synthetic peptidomimetic analogs of disintegrin, a small SV-protein acting as
a glycoprotein IIb/IITa inhibitor. Ximelagatran (Exanta®), an anticoagulant
acting as thrombin-inhibitor was inspired on the cobra venom, and batroxobin
and ancrod are both thrombin-like enzymes belonging to the serine-proteinase
family. As shown in Table 1.1, most SV-based medicines approved so far are
indicated for cardiovascular syndromes or as diagnostic tools for blood-related
abnormalities. On the other hand, new applications currently being investigated

in clinical and preclinical trials focus on other areas, such as sclerosis, chronic



1.3. Borrowing the wisdom of Nature

23

Commercial drugs

Drug (commercial name)
Captopril (Capoten®)
Enalapril (Vasotec®)

Tirofiban (Aggrastat®)

Eptifibatide (Integrilin®)

Source organism Target
Bothrops jararaca ACE
Bothrops jararaca ACE

Echis carinatus Glycoprotein I1b/I1la

Sistrurus miliarius barbouri Glycoprotein ITb/I11a

Therapeutic use
Hypertension
Hypertension

Acute coronary syndromes
Acute coronary syndromes

Infarction / Ischemia / Microcirculation

Batroxobin (Defibrase®) Bothrops sp Fibrinogen dysfunctions
Platelet gel (Plateltex- Bothrops atrox Fibrinogen Platelet-induced tissue-healing
Fibrin sealant (Vivostat®) Bothrops moojeni Fibrinogen Autologous fibrin sealant in surgery
Haemocoagulase Fibrinogen Factor X /
R , Both. 1rox . H h
(Reptilase®) ofrops atrox Prothrombin emorrhage
Ximelagatran (Exanta®)* Cobra venom Thrombin Atrial fibrillation / Blood clotting
Ancrod (Viprinex®)* Agkistrodon rhodostoma Fibrinogen Heparin-induced thrombocytopenia
Drugs in clinical and pre-clinical trials
Drug name Phase Source organism Target Therapeutic use
Fibrolas
1ororase 11 Agkistrodon contortrix Fibrinogen Stroke and catheter occlusion
(Alfimeprase)
Crotoxin 1 Crotalus durissus terrificus Unknown Cancer
Natriureti tids
Cenderitide i Dendroaspis angusticeps atriuretic peptice Heart failure
receptor
RPI-MN I Naja atra Nicc?tinic HIV/ Amyotro_phic lateral sc}erosis /
acetylcholine receptor Herpes simplex keratitis
RPL78M VIl Naja atra Nicc.\tinic .Multi_plc sclerosis / Herpes simplex
acetylcholine receptor  infections / Adrenomyeloneuropathy
Nicotinic
RPI-78 preclinical Naja atra {eotnie Pain / Rheumatoid arthritis
‘ acetylcholine receptor
Prohanin  preclinical Ophiophagus hannah Nitric oxide synthase Chronic pain
Oxynor preclinical Oxyuranus scutellatus Unknown Wound healing
Natriureti Natriureti tids
& rlu.re ¢ preclinical Oxyuranus microlepidotus atriuretic peptice Heart failure
peptides receptor
Textilinin-1™ preclinical Pseudonaja textilis Plasmin Preoperative bleeding

Vicrostatin ~ preclinical

Chimeric; Echis carinatus / .
. . Integrin receptor
Agkistrodon contortrix

Cancer

Blood loss during

HaempatchlM preclinical Pseudonaja textilis Prothrombin
vascular trauma
CoVase™  preclinical Pseudonaja textilis Factor Xa Hemorrhage
Conto:rostatl preclinical Agkistrodon contortrix Integrin Breast cancer
Diagnostic tools
Product Source organism Target Assessment of:
Protac® Agkistrodon contortix Protein C activation Protein C
Reptilase® Bothrops jararaca Fibrinogen Fibrinogen
Ecarin clotting time Echis carinatus Prothrombin Meizothrombin
Textarin®/Ecarin ratio Pseudonaja textilis Prothrombin Lupus anticoagulant
Russell's viper venom- Daboia russelii Factor X Factor X
Dilute Russell’s Viper Daboia russelii Factor X, Factor V Lupus anticoagulant
Taipan Venom Time Oxyuranus scutellatus Prothrombin Lupus anticoagulant
Pefakit® APCR Factor V' Daboia russelii / Notechis scutatus  Factor V / Protein C / . . L
. . Resistance to activated protein C
Leiden scutatus Prothrombin
Botrocetin® Bothrops sp Factor VIIIa von Willebrand Factor

Table 1.1:
ket (drugs
als.

Snake venom-derived products currently on the mar-
and diagnostic tools) or in clinical and pre-clinical tri-
Information was extracted from (204-209) and updated on the corre-

sponding company website and/or the U.S. National Library of Medicine
(https://clinicaltrials.gov/ct2/home). *Withdrawn from the market.
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Figure 1.7: Snake venom composition. NFG, nerve growth factor; VEGF,
vascular endothelial growth factor; CRISPs, cysteine-rich secretory proteins;
PLA3s, phospholipases Ag; L-AAQOs, L-amino acid oxidases. Reprinted from
(200).

pain, infections or cancer (Table 1.1), thus revealing the potential of snake
toxins to serve as molecular scaffolds in diverse therapeutic fields.

Below, the antimicrobial and antitumoral potential of SVs are described with

emphasis on peptide components displaying both activities.

1.3.4| SV-antimicrobial and antitumoral components

The process of envenomation is remarkably associated with a low incidence of
microbial infections (210). This is paradoxical if one considers that a snakebite
entails the appearance of punctant wounds, and usually takes place on the
habitat of snakes, —-mud of jungles and forests—, characterized by the presence
of pathogenic bacteria. However, the ultimate goal of envenomation is to
paralyze the prey prior to its ingestion. Thus, it is reasonable to conclude
that SVs contain antibacterial agents that protect both the snake and its prey
while feeding (211). Indeed, whole venoms from the Crotalidae family have

been shown to possess antimicrobial activity against bacteria commonly found
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in snake oral cavities, such as P. aeruginosa (MIC = 80 — 160 yg/mL) and
Alcaligenes faecalis (MIC = 5 — 20 ug/mL), but also towards human pathogens
such as S. aureus (MIC = 5 — 40 pg/mL) and E. coli (MIC = 80 — 160 pg/mL)
(212). Additional studies demonstrated similar effects of SVs from a large
variety of snakes (213), such as those of the Viperidae family (i.e., Agkistrodon
rhodostoma, Bothrops atror and B. jarraca are able to inhibit bacterial growth
of clinical isolated strains of Enterococcus faecalis, Staphylococcus epidermidis
and S. aureus (MICs = 4.5 — 13 yg/mL)) (214). The whole venom of Bothrops
alternatus displays antimicrobial activity against E. coli and S. aureus strains at
low concentrations (MIC = 0.312 pg/mL and 0.625 — 10 yg/mL, respectively),
and Burkholderia pseudomallei, which causes melioidosis, is also inhibited by
venoms of Daboia ruselli ruselli (MIC = 20 ug/mL) and Pseudechis australis
(MIC = 40 pg/mL) (215).

In parallel, the ability of whole SVs to act against tumor cells was described
in the late 1980s, with the discovery of elapid, crotalid and viperid crude
venoms acting against melanoma and chondrosarcoma cell lines (216). Venoms
from B. jararaca and Crotalus durissus terrificus also exhibited antitumoral
properties, presumably by direct action on tumor cells and by modulating
inflammatory responses (217, 218). Recently, the whole venom of Ophiophagus
hannah demonstrated strong anti-cancer properties in vitro against pancreatic

tumor cells as well as antiangiogenic ability in vivo (219).

Due to the therapeutic potential of SVs, efforts were focused to isolate and
characterize the specific active compounds responsible for the antibacterial and
antitumoral activity. Examples include enzymes and proteins such as PLAss,
L-AAOs, metalloproteinases, disintegrins or lectins among others, and in the
context of this thesis several SV-derived cationic AMPs and ACPs complete

this arsenal of anti-infective and antitumoral components (220, 221).

| 1.3.4.1 | SV-cathelicidins

OH-CATAH: this cathelicidin, identified in the venom gland of the king cobra
(0. hannah), was the first predicted SV-CATH to be synthesized and experimen-
tally validated as AMP (88) (Table 1.2). OH-CATH exerts strong salt-resistant
antibacterial activity against Gram-positive and Gram-negative bacteria (MICs
in the 1 — 20 g/mL range) with weak hemolysis (10.8 % hemolysis observed at
200 g/mL) (88, 253). Its mode of action is, apparently, membrane-active and
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inhibition of ATP-synthase (254, 255). A collection of analogs was designed by
Zhang et al. to study the structure-function relationships of OH-CATH. The
four N-terminal amino acid residues are highly responsible for the cytotoxicity

towards eukaryotic cells while the 10-residue C-terminal span strongly influences
the antimicrobial activity (253). OH-CATH30 and OH-CM6, two downsized

versions of the parental peptide, also exhibited potent in wvitro antibacterial

activity by cell membrane disruption and were able to rescue infected mice in

a bacteremia model induced by drug-resistant E. coli (255, 256).

Source org Peptide Sequence Lenght
Ophiophagus hannah OH-CATH KRFKKFFKKLKNSVKKRAKKFFKKPRVIGVSIPF 34
BF-CATH KRFKKFFRKLKKSVKKRAKEFFKKPRVIGVSIPF 34

Bungarus fasciatus
BF-CATH30 KFFRKLKKSVKKRAKEFFKKPRVIGVSIPF 30
Naja atra NA-CATH KRFKKFFKKLKNSVKKRAKKFFKKPKVIGVTFPF 34
Annulated sea snake Hce-CATH KFFKRLLKSVRRAVKKFRKKPRLIGLSTLL 30
Crotalus durissus terrificus, . . i4in KRFKKFFKKVKKSVKKRLKKIFKKPMVIGVTIPF 34
Crotalus durisus cascavella
Bothrops atrox Batroxicidin KRFKKFFKKLKNSVKKRVKKFFRKPRVIGVTFPF 34
. . Pt-CRAMP1 KRFKKFFMKLKKSVKKRVMKFFKKPMVIGVTFPF 34
Pseudonaja textilis
Pt-CRAMP2 KRFKKFFRKLKKSVKKRVKKFFKKPRVIGVTIPF 34
Lachesis muta rhombeata  Lachesicidin KRFKKFFKKVKKSVKKRLKKIFKKPMVIGVTFPF 34
Bothrops lutzi Lutzicidin KRFKKFFKKLKNNVKKRVKKFFRKPRVIGVTIPF 34
APb-CATHI RVKRFKKFFRKIKKGFRKIFKKTKIFIG 28
Pb-CATH3 HRVKRNGFRKFMRRLKKFFAGG 22
APb-CATH4 TRSRWRRFIRGAGRFARRYGWRIA 24
CATHPbl KRFKKFFRKIKKGFRKIFKKTKIFIGGTIPI 31
CATHPb2 KRNGFRKFMRRLKKFFAGGGSSIAHIKLH 29
Python bivittatus

CATHPb3 KRFQNFFRELEKKFREFFRVYRITIGATIRF 31
CATHPb4 TRSRWRRFIRGAGRFARRYGWRIALGLVG 29
CATHPbS SPPQAMGFPPQVNVEHYIPASYSVAALTVTEEE 33
CATHPb6 RAAPQRRLRAMARLKKFAEAGGADPDSGGLRARFPER 37

Table 1.2: Experimentally validated SV-CATHs and their properties.
Net charge calculated at pH = 7 for free N-terminal and C-terminal peptides.
The biological activities described on literature for each peptide was collected
and analyzed. Hemolysis (ug/mL) was clasified as high (HCio < 50), medium
(HC1o >50 and < 100), or low (HC1o > 100). Peptides were considered active
against microorganisms or tumor cells if their MIC/ECsq is < 100 pg/mL.
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NA-CATH: this cathelicidin from the venom gland of the Chinese cobra
Naja atra (88) also demonstrated powerful salt-resistant antimicrobial activity
against Gram-positive and Gram-negative bacteria at low concentrations (ECsq
in the 0.3 — 3 g/mL range) (237-240, 257). NA-CATH is also active against
Mycobacterium, Burkholderia thailandensis (closely related to B. pseudomallei,
the causing agent of melioidosis) and Bacillus anthracis (anthrax causing
bacteria) (241-243). The last two strains are of particular relevance due to

their potential use as biological weapons.

Net charge  Hemolysis Activity Ref
15 Medium Active against Gram + and Gram - bacteria. (88,222, 223)
14 High Active against Gram + and Gram - bacteria. (224, 225)

Active against Gram + and Gram - bacteria, fungi and tumor
cells. Activation of innate immunity and antiinflamatory.
15 Low Active against Gram + and Gram - bacteria. (237-243)
Active against Gram + and Gram - bacteria and fungi.

11 High (226-236)

12 L 244,245
ow Inactive against tumor cells. Antiinflamatory. (244, )
15 High Active against Gram +, Gram - bact‘eria, fungi, parasites and (223, 246-249)
tumor cells. Overall proinflammatory
15 High Active against Gram +, Gljam - bacteria and parasites. (223, 249, 250)
Overall proinflammatory
13 High Active against Gram + and Gram - bacteria. (223)
16 n.d. n.d. (223)
15 n.d. n.d. (223)
15 n.d. n.d. (223)
14 Medium Active against Gram + and Gram - bacteria. (251)
9.1 Medium or low Active against Gram + and Gram - bacteria. (251)
9 Medium Active against Gram + and Gram - bacteria and tumor cells. (251)
13 Low Active against Gram. +and Gr}:fm - bacteria and fungi. 252)
Chemotactic and antiinflammatory.
92 Low Active against G}'am + and Gram —”bacleria and fungi. (©252)
Chemotactic and weakly antiinflammatory.
6 Low Inactive against Gram + and Gra]rT - bécleria and fungi. 252)
Immunomodulatory inactive.
9 Medium or high Active again'st Gram + ar?fi Gram - bacteria and 252)
fungi. Weakly antiinflammatory.
39 Low Inactive against Gram + and Grarr? - bécteria and fungi. ©52)
Immunomodulatory inactive.
6 Low Inactive against Gram + and Gram - bacteria and fungi. @252)

Weakly antiinflammatory.




28 1. INTRODUCTION

Indeed, in vivo studies using wax moth larvae demonstrated that NA-CATH
was able to rescue 100 % of waxworms after B. anthracis Sterne infection at
low peptide concentrations (243). In addition, NA-CATH is not only active
against planktonic bacteria, but also able to inhibit biofilm formation (240,
241) while inducing minimal hemolysis (< 2 % at 100 g/mL) (238).

Structurally, NA-CATH folds into a well-defined amphipathic o-helix between
residues Phe3 and Lys23 in the presence of TFE. The remaining 11-residue free
hydrophobic tail does not present a defined structure but appears to contribute
in the interaction with lipid membranes (258). In terms of sequence, NA-CATH
contains an imperfectly 11-residue sequence [KR(F/A)KKFFKK(L/P)K] known
as ATRA motif, repeated twice inside its full sequence and almost totally shared
by other SV-CATHs (compare sequences on Table 1.2). The ATRA motif,
when tested isolated, is also active, but the presence of a Pro residue at position
10 dramatically reduces its antibacterial potency, probably by destabilizing its
helical structure, while a Phe to Ala change at position 3 does not impair the
activity (238).

Du et al. postulated that NA-CATH was able to disrupt bacterial membrane-
like liposomes via membrane thinning or transient-pore formation (258), an
hypothesis further confirmed in vitro by Gupta el al., who described membrane
depolarization (and transient-pore formation) of Mycobacterium smegmatis
after NA-CATH treatment (242). However, Samuel et al. suggested a more
detailed mechanism changing from membrane disruption to pore-based lysis

depending on liposome lipid composition and phase (259).

BF-CATH: unlike other AMPs predicted as SV-CATHs, the purified peptide
from the Bungarus fasciatus (banded krait) venom gland is a 30-mer peptide
lacking the four N-terminal amino acid residues (Table 1.2), which suggests a
different enzymatic processing or post-processing of the 34-residue precursor
(236). The expression of BF-CATH is widespread, including stomach, trachea,
skin, muscle, heart, kidney, lung, brain, intestine, spleen, liver, ovary and

venomous glands (236).

Similar to other SV-CATHs, BF-CATH has random-coil conformation in water
solution, but adopts a-helical structure in hydrophobic or membrane-mimic
environments, specifically from residues Arg2 to Alal8 (236). BF-CATH
presents potent antimicrobial activity including a broad range of standard and

clinically isolated drug-resistant Gram-negative and Gram-positive bacteria as
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well as saprophytic fungus (236). It partially retains the antibacterial activity
in the presence of human serum (260). Interestingly, BF-CATH was less prone
to induce bacterial resistance than classical antibiotics such as ciprofloxacin
or gentamicin (233). BF-CATH demonstrated to have a membrane disruption
antibacterial mechanism (in vitro and in vivo murine models of P. aeruginosa

and Salmonella typhimurium infections) (233, 260).

In addition, BF-CATH inhibits secretion of pro-inflammatory molecules, such
as TNF-«, IL-8, IL-13, or MCP-1 and Os-~ production induced by Propi-
onibacterium acnes (acne vulgaris causing agent) (234). BF-CATH demon-
strated in vivo prevention of intestinal barrier dysfunction LPS-induced en-
dotoxemia/inflammation in mouse and weaned piglet models (228, 231). In
particular, BF-CATH seems to suppress intestinal inflammation and attenuate
ulcerative colitis by down-regulating NF-signaling pathway and/or enhanc-
ing phagocytosis of immune cells by activating STAT-1 (229, 230). Liu et
al. recently demonstrated that pretreatment with BF-CATH ameliorated
pneumonia in mice induced by P. aeruginosa by effectively activating innate
immunity (227). In parallel, BF-CATH also exhibits anticancer activity, inhibit-
ing melanoma cell proliferation in vivo and in vitro via membrane disruption
and DNA-binding, preventing transcription and translation of VEGF gene
(232).

Different strategies were addressed to study the structure-activity relationships
of BF-CATH and optimize its framework, ranging from size reduction (235,
236), to point mutations (225, 226, 261-263), which showed antimicrobial
(both planktonic and biofilm-forming strains), antitumoral, antimalarial and

antifungal properties with enhanced properties in some reported cases.

Vipericidins: the discovery of SV-CATHs, named vipericidins, in the venom
of South American snakes was described by our lab and motivated this thesis
project. The principal features of vipericidins are described in Table 1.2 in order
to allow comparisons with other SV-derived peptides but their characterization

and further details will be discussed during the next chapters of this thesis.

Other SV-CATHs: SV-CATHs were also predicted/identified in the genome
of Python bivittatus alternatively by Kim et al. and Cai et al. (see Table
1.2) leading to Pb-CATH1-5 and CATHPb1-6, respectively (251, 252). From
the set of Pb-CATHs identified by Kim et al., three of them (Pb-CATHI,
Pb-CATH3 and Pb-CATH4) encode mature AMPs that were synthesized and
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validated. These demonstrated powerful antibacterial activity against Gram-
negative bacteria (MICs from 0.5 to 8 g/mL) (251). Pb-CATH4, for instance,
induced bacterial death by toroidal pore formation and displayed low hemolysis
and cytotoxicity, as well as considerable stability in serum (251). In parallel,
CATHPD1 exhibited protection in mice infected with MRSA and VRSA, via
neutrophil-mediated bacteria clearance and immunomodulation throughout
MAPKs and NF-pathways (252).

Finally, another cathelicidin-related peptide, Hc-CATH (Table 1.2), was also
identified in the genome of the sea snake Hydrophis cyanocinctus (annulated
sea snake) (244). Unlike the overall preference of the terrestrial snake derived
CATHs for Gram-negative bacteria, Hc-CATH displays relatively equivalent
activity for both Gram-negative and Gram-positive bacteria both due to mem-
brane permeabilization (244). Hc-CATH has intrinsical structural advantages
compared to other CATHs, such as high stability in the presence of salts,
temperature and serum proteases, together with low toxicity against eukaryotic
cells (244). In a recent study, Carlile et al. demonstrated the anti-inflammatory
and bacterial load reduction of Hc-CATH in vivo, using wax moth and mouse

models of intraperitoneal and respiratory infection induced by P. aeruginosa.
(245).

| 1.3.4.2 | Defensins

Together with cathelicidins, defensins are a major group of HDPs found in
vertebrates and invertebrates exhibiting broad-spectrum activity against bac-
teria, fungi and enveloped viruses (264). Defensins are cationic, Cys-rich
peptides of 3.5 — 6 kDa, with a typical S-sheet-rich fold stabilized by three
disulfide bonds. They are divided into three major groups based on length
and Cys-pairing: «-, 8-, and 6-defensins (265). Although defensins have been
deeply studied in mammals, little information is available for those of SV origin.
Thirteen (-defensin-like sequences were described in Bothrops and Lachesis
snakes (266, 267) as well as recently in Colubridae snakes (268). However, no

details regarding their antibacterial or antitumoral potency are available.
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| 1.3.4.3 | Crotamine

Crotamine is a 42-mer neuro- and myotoxic peptide initially isolated from
the South American rattlesnake (C. durissus terrificus), whose anti-infective,
antitumoral and cell-penetrating properties have been deeply characterized
both in wvitro and in vivo (269). Structurally, crotamine is closely related to
[-defensins, displaying an «;f81a282 arrangement, with the whole structure
stabilized by three disulfide bonds (270). Crotamine displays modest antibacte-
rial activity (MICs in the 25 — 100 g/mL range against E. coli strains) and does
not induce hemolysis at high concentrations (no hemolysis observed up to 1024
g/mL) (271). Additional studies revealed antifungal activity of crotamine (12.5
— 50 g/mL) against several fungi of Candida spp., including clinically resistant
strains (272). The anticancer potential of crotamine has been also studied
in vitro and in vivo, showing selective cytotoxicity against tumor cell lines at
low concentration (~ 5 g/mL) and significant inhibition of tumor growth and

increased lifespan in a melanoma mouse model (273, 274).

Different derivatives of crotamine were designed such as CyLoP-1 (cytosol
localizing peptide 1) and the Nr'TPs (nucleolar-targeting peptides), with cytoso-
lic and nucleolar localization respectively, instead of the nuclear distribution
pattern of crotamine (275-277).

| 1.3.4.4 | Waprins

Waprins are a family of ~ 50-residue, Cys-rich peptides first isolated in the
venom of the Naja nigricollis (black-necked spitting cobra), named nawaprin,
and subsequently in the venom of the Indian taipan ( Ozyuranus microlepidotus),
named omwaprin (Omw) (278, 279). Omwaprin displays salt-resistant antibac-
terial activity against Gram-positive bacteria such as Bacillus megaterium and
Staphylococcus warneri (279). Two derivatives, Omwl and Omw?2, also present
modest antimicrobial, antifungical and antibiofilm activity at concentrations
ranging from 16 — 500 g/mL, presumably by a membrane disruption mechanism
with low hemolysis induction within the same concentration range (~ 10 %
hemolysis at 250 — 500 g/mL) (280). Structurally, both parental nawaprin and
omwaprin display a complex disc-like shape knotted by four disulfide bonds
(278, 281).
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| 1.3.4.5 | Other SV-AMPs and -ACPs

Additional SV-proteins and peptides whose principal function is not directly
related with bacteria or tumor clearance have demonstrated antimicrobial,
antifungal, antmitumoral, and immunomodulatory properties. This is the case
of the L-AAQO and PLA; family of proteins, major components of snake venoms
(282, 283). Other SV components displaying such a variety of activities include
metalloproteinases (284-286), cardio-, neuro- or myotoxins (287-290), disinte-
grins (291) or lectins (292-294), among others (295-297). These compounds
exert their activity through particular mechanisms of action, including direct
toxic action (PLAgs), free radical generation (L-AAOs), induction of apoptosis
(PLAss, L-AAOs and metalloproteinases), and anti-angiogenesis (disintegrins
and lectins) (295).
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2.1 Introduction

2.1.1 | Tools to discover natural bioactive peptides

The identification and/or prediction of naturally-occurring bioactive peptides
is an increasingly valuable research area. Current approaches for bioactive
peptide discovery are either empirical or computational, both methodologies
often integrated (1). The empirical approach involves isolation and identification
of peptides by means of HPLC and MS directly from available natural sources
or after pre-processing (e.g., proteolysis or fermentation) of proteic fractions
in the initial mixture (2). For its part, the computational, bioinformatics-
driven approach relies on in silico screening of -omic information (proteomic,
transcriptomic, genomic) available in databases to predict bioactive peptides
based on distinctive features, such as evolutionary conservation, specific amino-

acid composition or molecular descriptors (3-5).

Specifically, alignment methods have been extensively used for identification
of unannotated AMPs (6). For instance, the common cysteine knot motif
of cyclotides, which connects their three disulfide bonds into highly knotted
topologies, has been used for the identification of new members of this highly
stable peptide family found in plants (7). Other conserved patterns have helped
to identify new members of known families, such as cathelicidins or defensins
(8). However, this approach deals with the general low sequence homology
of AMPs, which makes it difficult to find preserved sequence motifs for the
routinely implementation of local alignments in the peptide discovery pipeline.
Alternatives such as machine learning methods able to recognize patterns based
on various descriptors (composition, physicochemical properties or structural
characteristics of amino acid residues) rather than sequence specifications have
been successfully implemented (9, 10). In fact, different machine learning-based
AMP prediction servers are available: CAMPR3 (11), AntiBP2 (12), and others
have been developed for the analysis of whole protein databases to decrypt
antimicrobial stretches (13-15). This toolbox has been extensively used to
effectively identify AMPs and other membrane-active peptides from a vast
variety of natural sources such as scorpion venom, snake toxins or the rumen

bacterial metagenome (16-19).
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In sum, nowadays we have access to a plethora of databases and bioinformatic
tools to predict bioactive peptide leads in general (20), and membrane-active
(e.g., AMPs, ACPs and CPPs) (11, 21, 22) in particular.

2.1.2 Cathelicidins

Cathelicidins are a family of structurally diverse bioactive peptides with an-
timicrobial, anticancer and immunomodulatory functions acting as effector
molecules of the innate immune system (23, 24). Members of the cathelicidin
family possess a unifying feature in their precursor form, namely a highly
homologous pre- and pro-region comprising the N-terminal signal peptide motif
and the cathelin-like domain, respectively (25, 26) (Figure 2.1). In contrast,
the C-terminal domain that encodes for the mature bioactive peptide is struc-
turally quite diverse in amino acid sequence among species (Figure 2.1) (25, 26).
While most mature cathelicidins are linear, 25-35 residue-long, amphipathic
a-helix peptides, some family members (e.g., protegrins) are smaller, 12-18
residue peptides displaying S-hairpin structures stabilized by disulfide bonds.
Others consist of sequences enriched in specific amino acids such as Trp-rich
indolicidin (27). Despite these conformational and composition variabilities,
most cathelicidins share certain physicochemical properties, including general

positive charge and amphipathicity.

Cathelicidins have been found in humans (i.e., LL-37) but also in other mam-
mals like cows, pigs, rabbits or mice (28-33), and non-mammalian vertebrates
like fish, birds or reptiles (34-36). Zhao et al. described in 2008 for the first time
the identification of cathelicidins cloned from venom gland cDNA libraries of
elapid snakes (35) and further studies confirmed their antitumor, anti-infective
and immunomodulatory properties as well as that of their derived analogs
(37-46).
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Figure 2.1: Schematic representation of the precursor structure of

cathelicidins. Adapted from (27, 47).

On the basis of the accessible techniques to discover bioactive peptides (for

instance aligning methods) and the sequence characteristics for the cathelicidin

family outlined on this chapter introduction, this project was launched with the

initial goal of screening South American snake venoms for novel cathelicidin-

related AMPs identification.
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Vipericidins: a novel family of cathelicidin-related
peptides from the venom gland of South American pit
VIpers.

SYNOPSIS
This work describes the initial step of this thesis project, namely the identifica-

tion of a new family of peptides, named vipericidins, in the venom gland of
different South American rattlesnakes by means of PCR homology screening
of cDNA libraries and gene sequencing. Identified sequences were examined
in silico for antimicrobial sequence prediction, and the putative peptides were
synthesized and experimentally validated as bacterial-selective AMPs.
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PEPTIDE
OPTIMIZATION

This chapter describes the structural dissection of crotalicidin (Ctn) into a

small, structurally and functionally optimized fragment.
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3.1 Introduction

3.1.1| Peptide size optimization

Sequence reduction is a common approach in bioactive peptide optimization,
given the possibility of lower production costs, improved synthesis yields
and faster production time. Several strategies have been applied to define
the minimal motifs or pharmacophores of bioactive peptides, ranging from

structural approaches to sequence-based dissection.

The laboratory where the current thesis was conducted has contributed many
examples of structure-guided substantial size reductions such as the downsizing
of crotamine into nucleolar-targeting peptides (Nr'TPs) (1) or the simplification
of the cysteine-rich thionin from Pyrularia pubera (PpTH) (2). In the first
instance, structural analysis of crotamine revealed close spatial proximity
between the N-terminal a-helix and the C-terminal endpiece. Such proximity
was successfully exploited to design a drastically downsized, 14-residue version
of the native peptide, named NrTP, which possessed strong cell membrane
translocating properties (1). Similarly, the cysteine-rich PpTH was dissected
into various shortened versions subsequently tested for in vitro anti-infective
activity. The 26-residue central antiparallel double helix fully preserved the
parental activity (45 % size reduction) and entailed a simplified synthesis

workflow (2).

If the peptide structure remains unknown, sequence-based approaches such as
Ala or Lys scan often prove enlightening. Sequentially downsizing at both N-
and C-termini, resulting in, e.g., single point mutation or truncated analog
libraries, often allows to define key amino acid residues or minimal stretches
that contribute to the peptide activity. For instance, Simonsen et al. conducted
an Ala scan in a prototypic cyclotide by systematically replacing each of its 23
amino acid residues with Ala, revealing a specific cluster responsible for the
insecticidal and hemolytic activity, separated from its the membrane binding
domain (3). In an attempt to define the minimal length preserving antibacterial
activity of the cecropin A-melittin hybrid peptide, Andreu et al. designed a

peptide library by sequentially truncating melittin at both termini, achieving a
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size reduction of 40 % of the 26-residue parental hybrid peptide to shortened

15-residue peptides with similar or even better antibacterial activity (4).

Other similarly inspired strategies have been implemented to accomplish pep-
tide size reduction, such as the proteolytic digestion of peptides into downsized
fragments retaining the desired biological effect, or even displaying enhanced
properties in some reported cases (5-7). In fact, this strategy to generate
bioactive peptides and/or proteolytic fragments can be found in nature, as
occurs for buforin I, an AMP that results from pepsin-mediated cleavage of

the cytoplasmic histone H2A (5), or as for cathelicidins.

3.1.2 Cathelicidin proteolytic processing

Cathelicidins remain stored in specific granules as pre-pro-peptide forms. Upon
cell activation, the sequence processing occurs and the mature, active form is
secreted (8). Peptide processing entails the cleavage of the signal peptide motif
by the universal signal peptidases and other optional cleavages: C-terminal
processing by the peptidylglycin a-amidating monooxygenase may occurs and
the cathelin domain is cleaved by different species-dependent enzymes, such
as porcine and bovine neutrophil elastase, the proteinase 3 from humans, and

presumably some prohormone convertases from the hagfish (9).

Although LIL-37 is the most commonly studied mature human cathelicidin
(encoded by a single gene, named hCAP18), differential proteolytic strategies
may be performed, yielding diverse mature active antimicrobial peptides. For
instance, once the gene product is secreted into the skin surface it may be
further processed into new small peptides different from LL-37 (10) (Figure 3.1).
Interestingly, these distinctive proteolytic-processed pieces display enhanced in
vitro antimicrobial action against skin-infective agents (S. aureus and Candida
albicans) but lose the immunostimulatory effect, compared to LL-37 (10).
Similarly, the same human propeptide derived from the hCAP18 gene and
stored in the seminal plasma may suffer an alternative cleavage by gastricsin,
rendering an alternative 38-residue AMP when incubated at pH values of the

vagina (11).

Both examples demonstrate how different proteolytic processing routes may

yield distinct or even enhanced products and illustrate how nature strategies
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Figure 3.1: Proteolytic processing of the human cathelicidin h-CAP18
into different active fragments. Apart of its processing into the mature
LL-37, the alternative proccesing of the prepropeptide form may yield different
active mature peptides. Adapted from (9, 12).

adapt to produce specific agents for particular situations optimizing “space” in

the genetic code.

Based on the cathelicidin proteolytic processing alternatives disclosed herein

and the previous illustration of how different structural and sequence-based

strategies may contribute to design optimized, shortened peptides, we proposed

a rational sequence optimization approach for Ctn involving its excision by

specific enzymes into small active fragments preserving the main activity of

the parental peptide.
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Structural dissection of crotalicidin, a rattlesnake
venom cathelicidin, retrieves a fragment with
antimicrobial and antitumor activity.

SYNOPSIS

For this work, we selected crotalicidin (Ctn) from the list of identified vipe-
ricidins (see article I) and in silico dissected the peptide with sequence op-
timization purposes. We retrieved a fragment, Ctn[15-34], with promising
antitumoral and antibacterial activity and additional enhanced selectivity and
serum stability. In parallel, we structurally characterized peptides by nuclear

magnetic resonance.
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INSIGHTS INTO
MECHANISMS

This chapter describes the antimicrobial and antitumoral mechanistic studies
of crotalicidin (Ctn) and Ctn[15-84], with special emphasis on their action at
the membrane level.
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4.1 Introduction

4.1.1| Tools to study membrane-active peptides

Within the broad family of membrane-active peptides, characterized by their
action on the lipid membranes of the target organisms, AMPs (with their
often additional performance as ACPs, CPP or even anti-viral peptides) are

particularly relevant (1-3).

The great interest and variety of applications of AMPs, ACPs, etc., has
fostered the development of biophysical methodologies to study the peptide-
lipid interactions governing the membrane-active peptide mechanism. Such
techniques range from the use of spectroscopic probes at cellular level to
membrane-mimetic systems models (4). Table 4.1, extracted from (5), illustrates

this point.

Throughout this chapter, we aimed to study the mechanism of action of
membrane-active peptides. In particular, article III deals with the study of the
events occurring at the membrane level during the bactericidal action of Ctn
and Ctn[15-34]. The set of biophysical techniques used included flow cytometry,
confocal microscopy and atomic force microscopy as well as bacterial-mimicking

membrane models.
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Selected recent illustrative papers on the application of biophysical techniques directly in bacteria to study the action of AMP

Technique AMP Bacterium Short description Ref.
Zeta-potential measurements of live bacterial cells in the presence
AFM and zeta-potential pepR and E coli of AMP. At MIC, the surface of the cells becomes neutral, and the ©)
light scattering BP100 membranes collapse. Quantitative surface roughness analyses were
performed.
FLIM AlexaFluor- E coli Direct imaging of the action of‘the lytic action of AMP in living @
430-K-14 bacterial cells.
AFM R-BP100 and E. coli and Antibacterial efficiency follows the affinity for bacterial ®
RW-BP100  S. aureus membrane and is mainly driven by electrostatic interactions.
Sub3 targets the anionic outer membrane of Gram-negative
AFM, zeta-potential light bacteria by electrostatic attraction, permeates the outer membrane,
scattering, flow cytometry, Sub3 E. coli and  and translocates the inner membrane to reach intracellular targets. ©)
fluorescence spectroscopy, S. aureus A similar mechanism is proposed for Gram-positive, with
and confocal imaging lipoteichoic acids replacing the liposaccharides as electrostatic
attractors of AMP
Steady-sate and time-
resolved fluorescence PMAP-23 E. coli The number of AMP required to kill a bacterium was estimated. (10)
spectroscopy
Magainin 2
CD and cecropin  E. coli Study of AMP conformational changes upon bacterial binding. (11)
A
Flow
cytometry/membrane
potential-sensitive dyes; E coli and Surface perturbation on cells is followed by lysis. rBPI21 has a
AFM (imaging and force rBPI21 S aureus binding pocket that may participate on the binding to Gram- (12)
spectroscopy), and negative bacteria.
zetapotential light
scattering
Describes and analyzes the kinetics of bacterial AMP-induced
. . permeabilization. Quantitative kinetic parameters on AMP binding
Time-resolved FACS pepR E. coli (13)

to bacterial membrane, cooperativity, and permeabilization are
retrieved.

Table 4.1: Biophysical techniques applied to the study of AMP mech-
anisms at the bacterial membrane level. Table modified from (5). Abbrevi-
ations correspond to: AFM, atomic force microscopy; FLIM, fluorescence-lifetime
imaging microscopy; MIC, minimal inhibitory concentration; CD, circular dichro-

ism; FACS, fluorescence-activated cell sorting.
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Article II1

Mechanisms of bacterial membrane permeabilization by
crotalicidin (Ctn) and its fragment Ctn(15-34),
antimicrobial peptides from rattlesnake venom.

SYNOPSIS

In this study, we employed a set of accurate biophysical techniques to charac-
terize with high-resolution the spatial-temporal events occurring during Ctn

and Ctn[15-34] action on the bacterial membrane.
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4.3 Introduction

4.3.1| Tools for peptide intracellular targeting studies

In the introduction to article III we have referred to biophysical techniques
commonly employed to study membrane-active peptides. A similar approach
has been chosen to study the oncolytic mechanism of action of Ctn and Ctn[15-
34] in article IV. However, as mentioned in the general introduction, AMPs and
ACPs may also additionally act by inhibition/interference with internal targets.
Studies reporting non-lytic mechanisms of AMPs and ACPs have increased in
recent years, but despite the increasing effort on such modes of action, non-lytic
features are not systematically characterized to an extent comparable with
lytic mechanisms, often only a single aspect being taken into consideration
(1). A few representative examples exploring the inhibition of key biological
metabolic routes of ACPs beyond the membranolytic action are included below

to illustrate this idea.

Mader et al. showed that LfcinB induces apoptosis and dissipation of the mito-
chondria membrane potential in leukemia cells. Further studies were addressed
to determine the role of caspases as well as the involvement of mitochondria
targeting in its apoptotic activity. Results allowed to conclude that LfcinB
triggers the mitochondrial pathway of apoptosis, and that generation of ROS
and caspase-2 activity are required to induce mitochondrial damage (2).

Arachnid-derived gomesin peptides have been shown to reduce viability and
proliferation of melanoma cells. In an attempt to study the underlying an-
tiproliferative mechanisms, signaling cascades known to drive proliferation of
melanoma cells such us the Hippo, AKT and MAPK pathways were investi-
gated, finally determining that gomesin peptides inhibit the MAPK pathway
and stimulate the Hippo and p53/p21 axis (3).

Cheng et al. also detected tumor cell viability decrease induced by the cationic
peptide GW-H1, accompanied by apoptosis induction and loss of the mitochon-
drial membrane potential (4). To gain insights into the apoptotic mechanism,

western blot analyses were run for evaluating the caspase-dependent apoptotic
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pathway. Additionally, two-dimensional gel electrophoresis of cell lysates incu-
bated with GW-H1 at different times followed by LC-MS/MS identification of

up-/down-regulated proteins was performed.

As concluded from the above examples, tools to address the study of internal
structures/molecular pathways/targets linked to cationic peptide-driven cellular
death usually rely on techniques limited to explore a set of pre-defined proteins
or routes, or are circumscribed to specific organelles (i.e., plasma membrane,
mitochondria), but without a broad coverage and usually lacking large-scale
studies. In this regard, biochemical affinity purification methods possibly
provide the most direct approach to finding targeted molecules (5); their
coupling to MS identification provides a valuable tool to screening without

preconceptions the ample landscape of possible AMP/ACP targets.

During the course of the project described in article V, we sought to complement
the oncolytic studies of Ctn and Ctn[15-34] with a large-scale methodology
such as affinity purification followed by proteomic identification, in order to
explore potential intracellular interactors of both peptides ultimately related

with their killing mechanism.
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Article IV

Selective tumor cell attack by crotalicidin (Ctn) and its
fragment Ctn[15-34]: insights into their dual
membranolytic and intracellular targeting mechanism.

SYNOPSIS

This work aims to characterize the antitumoral mechanism of Ctn and Ctn[15-
34] as well as their activity impairment by serum proteases. Combining pro-
teomics, flow cytometry and confocal microscopy assays, we explored both the
membranolytic and intracellular targeting mechanisms using a leukemia cell

line as a proof of concept.
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PROTEOLYTIC
SENSITIVITY

This chapter explores the underlying features influencing peptide stability in

human serum.
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5.1 Introduction

5.1.1 [ Proteolytic susceptibility of peptides

The feasibility of peptide therapeutics is very often hampered by poor bioavail-
ability, as peptide degradation by endogenous proteases results in generally short
in vivo lifetimes (1). Proteolysis can occurs at multiple locations: gastrointesti-
nal lumen, intestinal brush border, enterocytes, hepatocytes, antigen-presenting
cells and plasma. In such a scenario peptide oral delivery is usually non-viable
and even parenteral administration often requires high dosages (2). In view of
this limitations, developing protease-resistant versions is a must if therapeutic

peptides must live up to their promise.

5.1.2 Intrinsic features for proteolytic protection in Nature

Virtually all peptides are, by definition, vulnerable to proteolysis. However,
some naturally-occurring peptides are found to display partial or even full
intrinsic resistance to enzymatic digestion. Protection towards protease action
is achieved by several strategies including the presence of D-amino acids in
the sequence (3, 4), folding into highly knotted tertiary structures (5), post-
translational modifications (PTM) (6), self-assembly (7) and/or arresting by

circulating proteins (8, 9). Next, we discuss some noteworthy examples.

In bombins, amphibian AMPs, post-translational chirality inversion of one
L-amino acid into its D-enantiomer occurs. Epimerization enhances activity
and increases lifetime in serum (3). D-amino acids have also been found in

AMPs from bacteria (bacteriocins) (4) and animal venoms (10).

Many natural cyclic AMPs are also highly resistant toward protease action due
to their knotted conformations (5). Three main cyclic patterns have been found
in natural AMPs, contributing to their packaging into compact structures: i)
backbone to backbone, e.g., head-to-tail fusion such as in the cyclotides (11);

ii) backbone to side chain, as found in lasso peptides (12); and iii) side chain
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to side chain, usually via disulfide bridges, as displayed by defensins and quite
a few other AMPs (13).

Additional post-translational strategies increasing peptide stability have also
been described. Thus, C-terminal amidation is very common in natural AMPs
while N-terminal acetylation, though not so widespread, also prevents exopro-
tease action (6, 14). Several additional PMTs such as lipidation, halogenation,
glycosylation, phosphorylation or sulfation have been found also in natural

peptides, improving both stability and bioactivity (6).

Peptide self-assembly into super-structures is only rarely observed in Nature,
but mutations or modifications of the natural template may endow peptides with
self-aggregating properties and resulting lower susceptibility to proteases (7).
In particular, dimerization almost invariably decreases protease vulnerability
relative to the monomer, and strategies have been proposed in this regard
(15).

Finally, although AMP binding to serum carrier proteins protecting peptides
from enzymatic action has not been explored in depth, a few examples with
synthetic analogs demonstrate that AMPs may bind to serum proteins, includ-
ing albumin, lipoproteins or the a-1 acid glycoprotein, which improves the
lifetime in serum (8, 16-18).

5.1.3 | Peptide engineering towards proteolytic protection

Aside from a few privileged frameworks with intrinsic resistance to proteases,
most natural bioactive peptides of therapeutic interest are linear and highly
prone to degradation. Thus, modifications at different levels (peptide backbone,
amino acid side-chains or at a higher structural order), frequently inspired
in Nature, are usually attempted to overcome this main limitation, in the
transition from early natural lead to therapeutic peptide (19). Single point
amino acid replacement by non-labile units (e.g., D-amino acids, S-amino acids,
methylated amino acids, tetrasubstituted, e.g., Aib, or unusual amino acids),
different types of cyclization, N- and C-terminal blocking (acetylation, pyroglu-
tamate, C-amidation, glycosylation and so on), peptidomimetics (e.g., peptoids)
or conjugation to biopolymers (e.g., PEGylation, PASylation, HESylation), are
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some of the common strategies, reviewed in (20-23).

5.1.4 | Tools to explore proteolytic susceptibility of peptides

The current available toolbox for in vitro early evaluation of protease sus-
ceptibility is poor, limited and lacks universal standardized assays. Present
methodologies include (i) in silico prediction of peptide degradation by specific
enzymes, (ii) in vitro evaluation by HPLC and MS of reaction with either
isolated enzymes or biological matrices, (iii) in vitro assessment of biological
activity upon serum addition or pre-incubation, or (iv) in wvivo pharmacoki-
netics/dynamics studies (24-26). Unfortunately, none of these techniques
provide reliable insights, i.e., generalizable rules, of the molecular features that
regulate peptide behavior in biological fluids. This still unachieved goal of
pre-determining which enzymes and/or non-enzymatic proteins are likely to
interact with a therapeutic peptide in biological fluids would greatly contribute

to scaffold optimization in order to achieve long lifetimes.

Based on a literature revision, we addressed this last chapter with two main
goals; 1) establishing general protocols for in vitro evaluation of peptide stability,
thus contributing new methodologies to the currently available toolbox, and ii)

applying such methodologies to our case in study.
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Article V

Structural determinants conferring unusual long life in
human serum to rattlesnake-derived antimicrobial
peptide Ctn[15-34]

SYNOPSIS

This paper evaluates the structural contributions (e.g., peptide sequence ar-
rangement, terminal modification and self-aggregation) of Ctn[15-34] to its
unusual prolonged lifespan in serum as well as the impact of serum addition on

its bactericidal activity.
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5.3 Introduction

The previous introductory section (related to article V) included the gen-
eral aspects and considerations about peptide proteolysis, protease-resistance
mechanisms and general tools to address it. It highlighted the limitations of
current methodologies for in-depth studies of peptide proteolytic susceptibil-
ity /resistance issues and their behavior/interaction with biological matrixes
and their components. In the next article (article VI), we applied proteomics
to explore peptide partners in the biological matrix, specifically using as a
proof of concept human serum, the principal acellular component of blood,
with plenty of protein components to interfere with the therapeutic activity of

peptides when administered by intravenous route.






Article VI

Decoding the human serum interactome of
snake-derived antimicrobial peptide Ctn[15-34]:
Toward an explanation for unusually long half-life

SYNOPSIS

In this work we studied the potential serum interactors of Ctn[15-34], ulti-
mately acting as peptide arresting proteins conferring protection against serum
proteases. Using an affinity purification/mass spectrometry approach combined
with surface plasmon resonance, we screened and validated peptide-protein
interactions possibly affecting the peptide degradation behavior in serum. We
additionally retrieved valuable information from the proteomic analysis pointing

out to a putative immunomodulatory role of Ctn[15-34].
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ACHIEVEMENTS,
CONCLUSIONS AND
FUTURE PERSPECTIVES

The final chapter summarizes the main achievements and conclusions of the

present thesis and includes a compendium of challenges and ideas for future

work.

Contents

6.1 Achievements . . . . . . .. ... ..o 216
6.1.1 Value and impact of the discovery of vipericidins . . . 216
6.1.2 Lessons and achievements of the optimization strategy 217

6.2 Conclusions . . ... ... ... 000, 221

6.3 Future perspectives. . . . . .. ... ... o0 224




6. ACHIEVEMENTS, CONCLUSIONS AND FUTURE
216 PERSPECTIVES

6.1 Achievements

Each chapter of the present thesis has dealt with diverse questions matching
the initial objectives of our project. They can be summarized as follows: (i)
can we find bioactive peptides in snake venoms with therapeutic properties of
interest?; (ii) could we apply these natural peptides to treat microbial infections
and cancer?; (iii) can they be optimized to become more efficient and stable?;
(iv) how do these peptides work?; (v) are they stable enough against proteases
to really achieve any therapeutic effect?; (vi) what determines the proteolytic

susceptibility of peptides and how can we address it?

To answer these questions, six full papers have been presented in the preceding
sections, with an appropriate discussion. In closing, I would like to devote a
final section to briefly integrating the lessons learned so far and to evaluating

them as a whole.

6.1.1 [ Value and impact of the discovery of vipericidins

This thesis started with the initial goal of identifying CATH-related peptides
in the venoms of South America snakes. In this regard, we identified six novel
CATHs: four of them described for the first time from pit vipers (collectively
named vipericidins) and two new CATHs from an elapid snake, to add to the
three previously known elapid CATHs (article I). Since that initial discovery,
12 additional works related to vipericidins have been published (including
articles of this thesis). The most substantial part of this studies, involving Ctn
and Ctn[15-34], is summarized on Figure 6.1 and recapitulated below. Studies
focused on other vipericidins, for instance batroxicidin, the 34-mer peptide in
the venom gland of B. atroz, have found antimicrobial and anti-parasitic effect
against Trypanosoma cruzi, the causing agent of Chagas’ disease, and also an

overall proinflammatory profile (1, 2).

As summarized in Figure 6.1 and in line with our work, colleagues from Brazil
focused on additional therapeutic applications of Ctn and Ctn[15-34]. For
instance, Cavalcante et al. described their activity against opportunistic yeast

and dermatophytes, alone or in combination with conventional antifungals.
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Figure 6.1: Summary of relevant information currently available for
Ctn and Ctn[15-34]. Significant biological activities and additional key features
provided throughout this thesis (encircled) and other related works are depicted
on this figure.

Although the Ctn[15-34] fragment lost activity against dermatophytes, it
became more active against pathogenic yeasts, such as several Candida species
(MICs ~ 5 — 10 M) and synergized with amphotericin B (3). In particular, the
fragment acts through C. albicans membrane permeabilization and necrosis
(4). Like batroxicidin, Ctn showed a predominant proinflammatory profile
and was also able to induce necrosis of all developmental forms of T. cruzi
at low M range. Instead, Ctn[15-34] only preserved the activity against the
trypomastigote form of T. cruzi (2, 5). The fragment also showed antiviral
activity against infectious myonecrosis virus, an epizootic agent that threatens

the shrimp production in Brazil and for which so far no treatment exists (6).

Insights into the functionality of structural domains of SV-CATH were pre-
sented by Oliveira-Junior et al., using as a model Ctn[15-34]. As discussed
in article I, SV-CATHs contain an anionic region between the cathelin do-
main and the mature AMP domain not usually found in other cathelicidins.
By including a Glu decapeptide in the N-term of Ctn[15-34] to generate a
“pro-peptide” model, Oliveira-Junior et al. confirmed that this acidic moiety
prevents peptide antimicrobial activity (preventing also peptide action before

mature peptide release) and contributes to a more helical conformation (7).

6.1.2 | Lessons and achievements of the optimization strategy

One of our initial goals was to identify the minimal active motif of the native
peptide candidate and, from there, to obtain a shortened, optimized version. To

this end, we dissected Ctn into two fragments, based on an in silico proteolytic
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Expressed/calculated as: Ctn Ctn[15-34]
Bacterial activity MIC, E. coli ATCC 25922 0.78 3.13
. Antitumoral activity EC;s0, U937 cells 0.47 18.77
Therapeutic
effect Antifungal activity MIC, C. albicans CI from urine 40 10
Anti-parasitic 1Csp, T. cuzi, trypomastigote 0.22 9.5
. Hemolysis HC;, > 400 > 400
Toxicity .
Healthy cells toxicity TCso, PBMC 7.8 130
TCso, PBMC / MIC, E. coli
Selectivity for bacteria 30 e cott 10 42
ATCC 25922
Selectivity for tumor cells  TCsy, PBMC / ECsp, U937 cells  16.6 6.9
Selectivity TCsy, PBMC / MIC, C.
Selectivity for fungi 30 T 0.195 13
albicans CI from urine
Selectivity for parasites TCso, PBMC /1Cs, T. cuzi, 355 13.7
trypomastigote
Proteolysis ty, estimated by HPLC 71 770
Activity impairment b MIC, 12 h serum pre-
. y .p . Y incubation, E. coli ATCC - 100
Proteolysis proteolysis (bacteria)
25922
Activity impairment by ~ ICs, 12 h serum pre- 0.9 %4
proteolysis (tumor) incubation, U937 cells '
Others Synthesis ylelc'l # 8.7 25
Costs of production * 590 360

Table 6.1: Summary of relevant properties of Ctn and Ctn[15-34]. MIC,
minimal inhibitory concentration; ECso, half effective concentration; HCs, half
hemolytic concentration; TCso, half-toxic concentration; (all values expressed
in uM). t1/2, half-life; (expressed in min). #Calculated as a percentage of the
expected mg divided by the obtained mg. Price in for 5 mg of 90 % pure product,
synthesized by SPPS. Data from current rates of the UPF peptide synthesis core
facility (considerably lower than those applied by custom synthesis European
companies).

approach (article II). The dissection resulted into a totally inactive fragment,
Ctn[1-14], and the active fragment Ctn[15-34]. Initially, this result was some-
what puzzling because it was contrary to conventional wisdom, according to
which AMPs tend to be amphipathic helices, which was precisely the case with
Ctn[1-14]. Our findings were very conclusive to the contrary, in this particular
instance, showing the only relative value of in silico tools for prediction of
antimicrobial regions. In contrast, and despite its overall disordered structure,

Ctn[15-34] defied predictions and showed remarkably interesting properties.

In retrospect, the obvious question that we may ask is: did we succeed or not?

The answer is, to some extent, yes. Table 6.1 may help clarify this point.
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In respect to its therapeutic activity and selectivity, Ctn possesses overall lower
effective concentrations (against bacteria, parasites and tumor cells) but also
displays higher toxicity. If we compare both peptides in terms of selectivity,
Ctn[15-34] is more efficient on discerning bacterial and fungi cells from healthy
eukaryotic cells while Ctn displays a higher selectivity ratio for tested tumor
cells and parasites. Such disparity does not have a clear explanation, but it
might be ultimately related to the specific membrane molecules targeted by

each peptide.

The impact of downsizing on the general mode of action was practically in-
significant. Ctn[15-34] preserved the overall membrane-disruptive ability of
Ctn against bacterial and tumor cells (articles IIT and IV). Nevertheless,
slight differences on their permeabilization kinetics were detected. In addition,
the enriched cellular processes retrieved from the proteomic study of peptide
interaction with tumor cell lysates (article IV) showed shared pathways shared
by Ctn and Ctn[15-34], but also some exclusive routes for each peptide. These
slight differences have been addressed in depth on each paper. In short, differ-
ences found may be due to the variability of charge, amphipathic conformation

and structure between both peptides.

From a manufacturing perspective, we can consider the downsizing into Ctn[15-
34] a success (Table 6.1). The 40 % reduction in size entails a significant
reduction in costs, production time and synthetic efficacy. More significantly,
the half-life in human serum was greatly improved in the shortened version
(Table 6.1), a beneficial quality attribute as a therapeutic drug candidate. In
particular, articles V and VI dealt with the specific determinants of Ctn[15-
34] half-life and both suggest that this peptide still maintains antibacterial
activity up to 12 h in presence of human serum. Similar results were obtained
for its antitumoral activity, but interestingly the parental peptide showed
almost the same ability to induce tumor cell death after 12 h pre-incubation

with serum.

Altogether, we can consider the rational dissection of Ctn to give Ctn[15-34] a
success. Alternative or additional optimization strategies should be considered
in order to improve its selectivity for tumor cells and parasites. Additional
in vivo pharmacokinetic experiments will also clarify on the stability and
bioavailability issues (see future perspectives in the next pages). In summary,

a take-home message can be drawn from this dissection exercise: peptide size
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reduction based on proteolytic studies can contribute to the rational design

and optimization of initial lead candidates.
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Conclusions

This work allowed us to conclude that:

1. Vipericidins are a new family of peptides with cathelicidin struc-
ture present in snakes of the Viperidae family. Cathelicidin-related
peptides were isolated for the first time from pit vipers by means of venom
gland ¢cDNA libraries screening and sequencing. The alignment of vipericidins
with other snake-derived cathelicidins from elapid snakes demonstrated a re-
markable conservation among sequences encoding for mature peptides. It
also revealed the presence of a distinctive anionic region intercalated between
the cathelin and the mature peptide domain, not present in other vertebrate
cathelicidins. Phylogenetic analysis nested these reptilian cathelicidins within
a larger group including those from ungulate mammals, marsupials, turtles,

birds and primitive rodents.

2. Synthetic replicas of mature vipericidins were developed and
functionally characterized as AMPs and/or ACPs. Two vipericidins
(Ctn and batroxicidin) were efficiently synthesized by SPPS and confirmed as
antibacterial agents, showing preference for Gram-negative strains. Ctn also
induces strong decrease in tumor cell viability. Their therapeutic activity in the
low M range, together with their low ability to induce hemolysis, portray them
as attractive prototypes for new therapeutic agents, particularly crotalicidin

(Ctn).

3. In membrane-like environments, Ctn displays a well-defined he-
lix at residues 3-21 followed by an unstructured C-terminal stretch.
These findings provide valuable clues in terms of structure-activity
relationships. The structure analysis of Ctn by CD and NMR of Ctn suggests
an overall random coil conformation in aqueous solution that shifts to a highly
helical organization when enclosed in micelles resembling biological membranes.
Results also point out to a key role of the N-terminal amphipathic helix in the
initial interaction and recruitment into biological membranes. In contrast, the
C-terminal, hydrophobic disordered stretch holds a multidisciplinary role: it
may act as an anchor to insert within membranes once the peptide is located
in bacterial or tumor cell surfaces and also serves as an interaction domain

with protein carriers in serum.
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4. Dissection of Ctn at Vall4 retrieved an helical N-terminal inactive
fragment, Ctn[1-14], and an structurally disorganized C-terminal
fragment, Ctn[15-34], that not only retains the main activity of
Ctn but also shows some enhanced properties. Ctn[15-34] presents
a higher half-life in human serum, less hemolytic effect, size reduction and
hence easier /lower-costs of production than Ctn. In addition, this fragment re-
tains, to a reasonable extent, the antimicrobial behavior against Gram-negative
strains of Ctn and its activity against some tumor cells such as myeloid leukemia
cell line U937. Ctn[15-34] also presents enhanced selectivity for bacteria, while

Ctn shows better selectivity for tumor cells.

5. Ctn and Ctn[15-34] induce bacterial death by disrupting the
membrane. Using F.coli strain as bacterial model and applying a set of high-
resolution techniques, we confirmed the membranolytic ability of both peptides
and characterized /monitored the mechanism steps. The membranolytic process
includes: 1) initial recruitment by electrostatic interactions with anionic compo-
nents (i.e., lipopolysaccharide, phosphatidylserine and cardiolipin); ii) peptide
accumulation up to an effective threshold concentration; iii) final membrane
destabilization and induction of cell death with ensuing leakage of cytoplasmic

content.

6. Ctn and Ctn[15-34] attack tumor cells by a plausible dual mecha-
nisms, combining membrane disruption and inhibition of key intra-
cellular processes. Despite slight differences, overall Ctn and Ctn[15-34] are
internalized by endocytosis and locate preferentially at the tumor cell mem-
brane and nucleus. Cell death occurs by permeabilization of the membrane
and/or interference with vital processes such as metabolism of proteins and

DNA, cell cycle, signal transduction and/or programmed cell death.

7. Ctn and Ctn[15-34] appear to exert complementary immunomod-
ulatory properties. The AP-MS studies used to explore intracellular tumoral
targets as well as serum interactors identified a set of proteins functionally
related to immune-system processes. The role of these proteins and pathways
in the context of Ctn and Ctn[15-34] bioactivity remains to be elucidated in

future studies.

8. Ctn and Ctn[15-34] can exert their therapeutic activity in the
blood stream after intravenous administration without rapid sup-

pression of activity by serum proteases. Our studies on protease-rich
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fluids ruled out oral administration of Ctn[15-34] but support an intravenous
route of administration. Bioactivity determination in serum suggests that
peptides retain activity during a large enough interval to exert therapeutic

effect before complete degradation.

9. Structural determinants and binding to serum proteins explain
the unusual prolonged half-life in serum of Ctn[15-34]. Despite being
a linear peptide a priori susceptible of rapid clearance by proteases, Ctn[15-34]
in fact shows a ca. 12 h half-life in human serum. C-terminal amidation and
the constitutive sequence layout mentioned above in #3 are crucial for its
slow degradation. Five serum carriers (two members of the albumin family,
two apolipoproteins and a globulin) with peptide-arresting potential were
identified and validated as Ctn[15-34] interactors, presumably at the C-terminal
hydrophobic stretch.

10. The proteolytic proneness of peptides is governed by diverse fac-
tors, often overlooked in proteolytic studies. Key events such as peptide
aggregation or protein binding may be crucial to modulate protease activity
against peptides. Structural determinants intrinsic to the peptide framework
also play a role. In this regard, this thesis provides a set of methodologies to
address such issues that ultimately may contribute to design peptide replicas

with desired and optimized lifespan in proteolytic-rich fluids.

11. AP-MS analysis must be take into consideration in studying the
therapeutic potential of peptides. Affinity purification followed by mass
spectrometry identification has been used to explore tumor intracellular targets
of Ctn and Ctn[15-34] as well as to investigate serum interactors modulating
Ctn[15-34] half-life. The methodology allowed us to gain important insights

into the molecular effectors responsible for bioactivity.
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Future perspectives

Research is a continuous dynamic process. Completion of this work has unveiled
a miscellanea of additional ideas and experiments that must unfortunately be

left for future endeavors. They can be gathered into two main groups:
i) Extending the present results:

1. Exploring alternative mechanisms of action contributing to the
bactericidal action. The membranolytic activity of Ctn and Ctn[15-34] was
evaluated, but alternative killing mechanisms should be investigated. Additional
screening by proteomic and/or transcriptomic experiments, for instance, might
shed light on those proteins/pathways modulated by peptides and ultimately

inducing bacterial death.

2. The membranolytic mechanism of Ctn and Ctn[15-34] may be
further investigated. The specific orientation/location of peptides on/inside
the membrane and their specific mode of membrane destabilization could
be explored by high resolution molecular techniques such as molecular dy-
namic simulations, by super-resolution light microscopy or (cryogenic) electron

microscopy.

3. The endocytic routes used by Ctn and Ctn[15-34] to enter into
tumor cells must be further characterized. While we obtained some
insights into the specific internalization route into tumor cells using specific
endocytic inhibitors, increasing evidence of their lack of specificity suggest the
need for additional approaches to unequivocally define a route of entry, such as

knocking down of critical endocytic proteins.

4. Additional analysis and validation of peptide interaction with
retrieved tumor intracellular proteins are required. The AP-MS ap-
proach used to investigate Ctn and Ctn[15-34] intracellular targets was used
to get initial insights into putative pathways altered by peptides and should
be considered as a screening tool rather than a way to identify individual
targets. Due to the large number of proteins retrieved and the difficulties
foreseen to validate the contribution of each protein to the antitumoral activity,
complementary approaches should be used as well. One must keep in mind that

the AP-MS experiments were conducted on cell lysate incubated with peptides,
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a setup that does not represent physiological conditions. Other methodologies
such as transcriptomics or 2D gel electrophoresis of protein extracts from tumor
cells incubated with peptides would be desirable to delimit the set of putative

targets.

5. The immunomodulatory role of Ctn and Ctn[15-34] should be
explored in depth. Some clues were indirectly obtained throughout our
work suggesting a immunomodulatory role of Ctn and Ctn[15-34]. Specific
proteins were revealed by proteomic studies to possibly be involved in such
activity. Still, it would be of particular interest to further define the specific
immunomodulatory role of Ctn and Ctn[15-34] and explore the molecular

pathways/effectors already retrieved by the AP-MS assays.
ii) Suggestions for future work:

6. The spectrum of action of Ctn and Ctn[15-34] may be further
analyzed. Additional activities of peptides can be further explored, for instance

their ability to fight biofilm-forming bacteria or to act against solid tumors.

7. Microbial resistance to Ctn and Ctn[15-34] should be evaluated.
Although both peptides, due to their mode of action, are expected to induce
less bacterial and /or tumor cell resistances than conventional antibiotic drugs,

experimental confirmation to this extent is recommendable.

8. In vivo studies are required. Effectiveness in animals (i.e., bacteremia
and leukemia models), immunogenicity, safety and toxicity of Ctn and Ctn[15-
34], as well as their pharmacokinetics and biodistribution in vivo are neces-

sary.

9. Additional peptide optimizations may be considered. Although we
have quite successfully optimized the sequence of Ctn and apparently defined
a minimal motif preserving its bioactivity, one can not exclude that further
structural manipulation can bring forth unexpected benefits. Reengineering
to improve peptide selectivity for pathogenic rather than commensal bacteria

remains an attractive challenge.

10. Alternative drug delivery strategies (peptide encapsulation). In
the event that in vivo studies of the intravenous administration of free Ctn or
Ctn[15-34] do not match our in vitro findings of protease resistance, peptide
encapsulation (e.g., liposomes or nanoparticles) would be an appealing route

to explore.



6. ACHIEVEMENTS, CONCLUSIONS AND FUTURE

226

PERSPECTIVES

REFERENCES

1. Mello CP, Lima DB, Menezes RR, Ban-
deira IC, Tessarolo LD, Sampaio TL, et al.
Evaluation of the antichagasic activity of
batroxicidin, a cathelicidin-related antimicro-
bial peptide found in Bothrops atrox venom
gland. Toxicon. 2017;130:56-62.

2. Oliveira-Junior NG, Freire MS, Almeida
JA, Rezende TMB, Franco OL. Antimicrobial
and proinflammatory effects of two viperi-
cidins. Cytokine. 2018;111:309-16.

3. Cavalcante CS, Falcao CB, Fontenelle RO,
Andreu D, Radis-Baptista G. Anti-fungal ac-
tivity of Ctn[15-34], the C-terminal peptide
fragment of crotalicidin, a rattlesnake venom
gland cathelicidin. The Journal of antibiotics.
2016;70(3):231-7.

4. Cavalcante CSP, de Aguiar FLL,
Fontenelle ROS, de Menezes R, Martins
AMC, Falcao CB, et al.
candidacidal mechanism of Ctn[15-34] - a

carboxyl-terminal, crotalicidin-derived pep-

Insights into the

tide related to cathelicidins. Journal of

medical microbiology. 2018;67(1):129-38.

5. Bandeira ICJ, Bandeira-Lima D, Mello
CP, Pereira TP, De Menezes R, Sampaio TL,
et al. Antichagasic effect of crotalicidin, a
cathelicidin-like vipericidin, found in Cro-
talus durissus terrificus rattlesnake’s venom
gland. Parasitology. 2017:1-6.

6. Vieira-Girao PRN, Falcao CB, Rocha I,
Lucena HMR, Costa FHF, Radis-Baptista
G. Antiviral Activity of Ctn[15-34], A
Cathelicidin-Derived Eicosapeptide, Against
Infectious Myonecrosis Virus in Litopenaeus
vannamei Primary Hemocyte Cultures. Food
Environ Virol. 2017;9(3):277-86.

7. Junior NGO, Cardoso MH, Candido ES,
van den Broek D, de Lange N, Velikova N, et
al. An acidic model pro-peptide affects the
secondary structure, membrane interactions
and antimicrobial activity of a crotalicidin
fragment. Sci Rep. 2018;8(1):11127.



APPENDIX

Contents:

Appendix I New potent membrane-targeting antibacterial peptides from

viral capsid proteins.







Appendix 1

New potent membrane-targeting antibacterial peptides
from wviral capsid proteins.



Dias SA, Freire JM, Pérez-Peinado C, Domingues MM,
Gaspar D, Vale N, et al. New Potent Membrane-Targeting
Antibacterial Peptides from Viral Capsid Proteins. Frontiers
in  microbiology.  2017;8:775-775. DOI.  10.3389/
fmicb.2017.00775



https://doi.org/10.3389/fmicb.2017.00775
https://www.frontiersin.org/articles/10.3389/fmicb.2017.00775/full

	Acknowledgements
	Abstract
	Resumen
	Preface
	Objectives
	List of Publications
	Glossary
	List of Figures
	List of Tables
	INTRODUCTION
	Antibiotic resistance and cancer, two major challenges for 21st century therapeutics
	The rise of antibiotic-resistant bugs
	The AMR crisis opens new opportunities
	Cancer
	Pitfalls and challenges of chemotherapy

	Tackling two global crises with a common strategy: antimicrobial and anticancer peptides
	Why AMPs and ACPs?
	Cationic peptides: an overview
	Mechanisms of AMPs and ACPs
	Selectivity of AMPs and ACPs
	The leap of AMPs and ACPs into the market

	Borrowing the wisdom of Nature
	Exploding natural sources for drug discovery
	Animal venoms: a wealth of bioactive compounds
	Harnessing snake venom molecules
	SV-antimicrobial and antitumoral components


	FROM VENOMS TO PEPTIDE DRUGS
	Introduction
	Tools to discover natural bioactive peptides
	Cathelicidins

	Article I

	PEPTIDE OPTIMIZATION
	Introduction
	Peptide size optimization
	Cathelicidin proteolytic processing

	Article II

	INSIGHTS INTO MECHANISMS
	Introduction
	Tools to study membrane-active peptides

	Article III
	Introduction
	Tools for peptide intracellular targeting studies

	Article IV

	PROTEOLYTIC SENSITIVITY
	Introduction
	Proteolytic susceptibility of peptides
	Intrinsic features for proteolytic protection in Nature
	Peptide engineering towards proteolytic protection
	Tools to explore proteolytic susceptibility of peptides

	Article V
	Introduction
	Article VI

	ACHIEVEMENTS, CONCLUSIONS AND FUTURE PERSPECTIVES
	Achievements
	Value and impact of the discovery of vipericidins
	Lessons and achievements of the optimization strategy

	Conclusions
	Future perspectives

	Appendix
	Appendix I




