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ABSTRACT

NOVEL INSIGHTS ON THE INTERACTION OF LACTOFERRIN WITH PROTON PUMPING ATPASES
TOWARDS UNDERSTANDING ITS ANTIFUNGAL AND ANTICANCER ACTIVITIES

Lactoferrin (Lf) is a naturally occurring iron-binding protein and one of the most well-known milk
bioactive compounds. In addition to milk, it is also found in different fluids of mammals including several
mucosal surfaces. A multitude of biological activities, such as antimicrobial, antiviral, immunomodulatory
and anticancer, have been ascribed to this protein, revealing its multifunctional character. Among them,
its antifungal and anticancer activities stand out, as toxicity against a wide collection of yeasts and
filamentous fungi, and a broad range of cancer types has been demonstrated. However, the molecular
mechanisms underlying these activities are still poorly elucidated, which limits Lf applications as an
anticancer and antifungal agent. In the present thesis, we sought to improve the current knowledge on
the mechanisms through which Lf exerts its cytotoxicity against fungal and cancer cells, aiming to
contribute to its rational, targeted and more efficient application. Since previous studies have identified
proton pumping ATPases as Lf molecular targets, we focused on exploring the interaction between Lf and
these proton pumps, as well as on the consequences of these interactions. A combination of biochemical,
genetic and computational approaches was employed to attain the envisioned goals. Our work revealed
a novel effect of bovine Lf (bLf) against yeast, that was further validated in cancer cells, through
perturbation of ergosterol/cholesterol-rich lipid rafts, membrane microdomains that function as platforms
for signalling and protein trafficking. These results reinforced the advantages of using yeast as a simple
unicellular eukaryotic complementary model to elucidate the mechanisms underlying the anticancer
activity of Lf. These alterations were intimately related with the bLf inhibitory effect towards the proton
pump Pmalp in yeast, and V-ATPase in both yeast and cancer cells. Specifically, we found that lipid rafts
composition, as well as Pmalp-lipid rafts association are critical for bLf yeast killing activity. Regarding
bLf anticancer activity, we showed that bLf-driven lipid rafts disruption is associated with cellular trafficking
perturbations, downregulation of components of the PI3K/AKT signalling pathway and inhibition of
glycolysis. The computational approach herein developed allowed to predict a mechanism of Lf-induced
V-ATPase inhibition, and to identify critical residues for their interaction. Altogether, the work developed
in this thesis uncovered novel cellular and molecular events triggered by Lf in the context of its antifungal

and anticancer activities that have great potential to pave the way for future Lf-based applications.

Keyworks: cancer, fungi, lactoferrin, Pmalp, V-ATPase
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RESUMO

NOVOS CONTRIBUTOS SOBRE A INTERACAO DA LACTOFERRINA COM BOMBAS DE PROTOES
ATPASES PARA A COMPREENSAO DAS SUAS ATIVIDADES ANTIFUNGICA E ANTICANCERIGENA

A lactoferrina (Lf) € uma proteina natural que se liga a ferro e um dos compostos bioativos do leite
mais conhecidos. A Lf esta também presente em diferentes fluidos de mamiferos incluindo em varias
mucosas. Diversas atividades bioldgicas, como antimicrobiana, antiviral, imuno-moduladora e
anticancerigena tém sido atribuidas a Lf, revelando o seu carater multifuncional. Destas, destacam-se as
suas atividades antifungica e anticancerigena que ja foram demonstradas contra varias espécies de
leveduras e fungos filamentosos, bem como contra varios tipos de cancro, respetivamente. No entanto,
0s mecanismos moleculares subjacentes a essas atividades sao ainda pouco conhecidos, limitando as
aplicacdes da Lf como agente antifliingico e anticancerigeno. Na presente tese, pretendemos melhorar o
conhecimento dos mecanismos pelos quais a Lf exerce citotoxicidade contra fungos e células de cancro,
e assim contribuir para sua aplicacao mais racional, direcionada e eficiente. Dado que estudos anteriores
identificaram as bombas de protdes ATPases como alvos moleculares da Lf, focamos o nosso trabalho
na interacao entre a Lf e estas bombas bem como nas suas consequéncias. Usamos uma combinacao
de abordagens bioguimicas, genéticas e computacionais para atingir os objetivos propostos. Os
resultados revelaram um novo efeito de Lf bovina (bLf) que consiste na perturbacdo de microdominios
lipidicos ricos em ergosterol/colesterol, os quais funcionam como plataformas para sinalizacao e trafego
de proteinas. Estes resultados reforcam o uso da levedura como modelo unicelular eucariota
complementar para elucidar os mecanismos subjacentes a atividade anticancerigena da Lf. Essas
alteraces estao relacionadas com o efeito inibidor da Lf sobre as bombas de protdes Pmalp da levedura
e V-ATPase da levedura e de células de cancro. Especificamente, descobrimos que a composicao dos
microdominios lipidicos, bem como a associacdo destes com a Pmalp, sao criticas para a atividade da
bLf contra leveduras. Relativamente a sua atividade anticancerigena, demonstramos que a perturbacéo
dos microdominios lipidicos induzida pela bLf estd associada a perturbacdes de trafego celular, a
diminuicdo da expressdo de componentes da via de sinalizacao PI3K/AKT e a inibicdo da glicélise. Por
fim, a abordagem computacional aqui desenvolvida permitiu prever o mecanismo pelo qual a Lf inibe a
V-ATPase e identificar residuos criticos para esta interacdo. Resumindo, este trabalho permitiu avancar
0 conhecimento sobre os eventos celulares e moleculares desencadeados pela Lf no contexto das suas
atividades antifungica e anticancerigena com potencial para abrir caminho para futuras aplicacdes da Lf.

Palavras-chave: cancro, fungos, lactoferrina, Pmalp, V-ATPase
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CHAPTER 1

Motivation, aims and thesis outline



1.1 Motivation

“Basic sclence ... provides the essential raw material for translation and ... represents humanity's

best hope to meet a wide range of public health challenges” [1]

The search for the mechanisms of action of a given drug or compound is of paramount importance
for drug discovery and development. The most intelligent and effective route to approve a drug is to
perform mechanistic studies aiming to find how the drug works and what its targets are. This helps driving
and focusing clinical trials in patients that are most likely to respond, promotes a more accurate and
sharp evaluation of both drug effectiveness and side effects, increasing the chances of drug
success/approval and preventing failures in the late stages of clinical trials [2,3]. Hence, the knowledge
provided by decoding the drugs mechanisms of action “can save money, time and, most importantly, the
lives of patients” [2]. The combination of cell-based assays, which allow the discovery of such
mechanisms in a more disease-like context, with biochemical, genetic and computational methods has
been regarded as an effective path for finding both the targets and modes of action of drugs [4].
Translational medicine should thus go hand-in-hand with basic science to fuel drug development pipelines
with mechanistic insights that will prompt clinically effective outcomes and avoid off-target effects. All in
all, successful translational medicine is that aiming to “build a bridge that extends from the laboratory to
the clinic to the community” [3].

In the present thesis, the mechanisms underlying the action of a multifunctional milk-derived
protein called lactoferrin (Lf) were studied, and several steps of the intricate cascade of molecular events
triggered by this protein were unraveled. Lf holds several special features that sustain its well-recognized
potential as a therapeutic agent against a wide variety of human diseases, from which cancer and fungal
infections were deeply explored in this thesis. First, it is a natural low-cost and non-toxic dietary protein,
which shows reduced toxicity, side effects and drug resistance risk when applied in humans. At the same
time, its intake exerts several beneficial effects including modulation of the immune system, improvement
of the intestinal microbial flora, cancer prevention and treatment, antimicrobial, antioxidant and anti-
inflammatory effects [5,6]. Two additional features contribute to the great potential of Lf for various
applications: (i) owing to its well-established large-scale manufacturing process, it is widely available and
is produced by several companies worldwide [7]; (ii) it has been approved by the European Food Safety
Authority (EFSA) as a safe ingredient for various applications, including for medical purposes [8]. As such,

nowadays, there are different Lf-containing commercial products such as infant formula, prebiotic foods,



yogurts, pet food and skin and oral care products [9]. As a curiosity, Lf is one of the few proteins with its
own dedicated congress, highlighting its importance as a multifunctional macromolecule (last conference:

https://www.lactoferrinconference2019.com).

1.2 Aims

Inspired by the promising results documented in /n7 vitro, pre-clinical and clinical studies regarding
the strong Lf antifungal and anticancer activities [10-14], and by the fact that there’s still room for
improvement [15], while believing that unveiling the Lf mechanisms of action is the key for its successful

application, the main research aims of this thesis were:

- to uncover the molecular mechanisms underlying Lf antifungal activity by exploring its previously
reported interaction with the fungal proton pumping ATPase Pmalp, and the close interplay

between Pmalp and special membrane niches called ergosterol-rich lipid rafts;

- to elucidate the cascade of molecular events triggered by Lf in cancer cells by studying its
inhibitory action towards the proton pump V-ATPase, and the consequences of this interaction in
terms of cholesterol-rich lipid rafts, cell signalling, intracellular trafficking and glycolytic

metabolism;

- to decipher how Lf interacts with V-ATPase by implementing a computational approach that aims
to predict and evaluate the V-ATPase-Lf complexes and identify the key binding residues, to

ultimately achieve a better understanding of this interaction in both yeast and cancer cells.

This work presents an interesting set of data that brings novel insights on the mechanisms through
which Lf exerts cytotoxicity against fungal and highly metastatic cancer cells, which will certainly pave the
way for more rational and targeted studies aiming to potentiate Lf clinical effectiveness against cancer

and fungal infections.

1.3 Thesis Outline

The present thesis is organized according to its specific goals as depicted in Figure 1.1.

- In Chapter 1, an overview of the motivation, aims and thesis organization is provided.



Chapter 2 comprises a general introduction that aims to contextualize the reader in the different
topics addressed in this thesis. It starts by exploring the features of Lf with special focus on its
multifunctionally and detailing the clinical studies and mechanisms described so far regarding its
antifungal and anticancer activities. Afterwards, the importance and characteristics of the proton
pumping ATPases Pmalp and V-ATPase in fungal and cancer cells, respectively, is provided.
Finally, the interactions of Lf with proton pumping ATPases, as well as their interplay with

membrane microdomains called lipid rafts are highlighted.

Chapter 3 includes the work performed to unravel the molecular basis of the antifungal activity
of Lf. The yeast Saccharomyces cerevisiae is used as a model organism, and the effect of Lf on
lipid rafts, and on mutant strains lacking lipid rafts associated proteins or enzymes that are
involved in the synthesis of lipid rafts major components, is studied. The relevance of the Pmalp
localization at the lipid rafts is also addressed. The results described in this chapter identify a
novel lipid rafts-disrupting activity of Lf that can be explored as an antifungal strategy alone or in

combination with other antifungals.

In Chapter 4, the molecular mechanisms underlying the Lf cytotoxicity against highly metastatic
cancer cells derived from different cancer types are elucidated. Specifically, the effect of Lf on
cholesterol-rich lipid rafts localization, as well as on intracellular trafficking, cell signalling and
metabolism is evaluated and a novel cascade of molecular events unveiled. A Lf bidirectional
modus operandi is identified that can be explored for the development of tailored Lf-based

anticancer therapies.

Chapter 5 presents a computational approach designed to decipher how Lf and V-ATPase
interact, and to identify the key binding residues for their interaction. A five-stage computational
pipeline is developed based on molecular dynamics simulations, protein-protein docking and free
binding energy calculations. The more favorable binding poses between both proteins are studied
in more detail allowing the proposal of a putative inhibitory mechanism. Moreover, crucial binding

residues that can be explored experimentally are identified.

In Chapter 6, the general conclusions of the work performed in the scope of the present thesis,

which was conducted to serve the comimon good of contributing to a deeper understanding of



the Lf mechanisms of action, are discussed and integrated. Future directions based on the open

questions left by the present work are also presented.

- At the end of the thesis, an Appendix is included that contains additional information of the main

chapters.
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CHAPTER 2

General Introduction



This chapter comprises parts of the following publications:

Catia Santos-Pereira, Ligia R. Rodrigues, Manuela Corte-Real (2021) Emerging insights on the role of V-

ATPase in human diseases: therapeutic challenges and opportunities. Medicinal Research Reviews. doi:
10.1002/ med.21782

Catia_Santos-Pereira, Maria T. Andrés, Fernando F. Fierro, Ligia R. Rodrigues, Manuela Corte-Real.

Lactoferrin as a novel proton pump inhibitor. Manuscript in preparation



2.1. Structure and properties of lactoferrin

Lactoferrin (Lf) is an iron-binding glycoprotein of about 80 kDa abundant in milk and colostrum
that was first identified in bovine milk in 1939 [1] and was later isolated and purified from both bovine
[2] and human milk [3]. Lf is a cell-secreted protein whose synthesis can be constitutive at the mucosal
surfaces, hormone-dependent in the case of the genital tract or mammary gland, or even occur at well-
defined stages of cell differentiation namely by neutrophils during their differentiation process [4]. It has
been identified in several tissues from different mammalian species including humans, cows, goats,
buffalos, pigs, camels, horses, fishes and several rodents [5,6], displaying high homology among them.
In fact, bovine Lf (bLf) shares 69% sequence similarity with human Lf (hLf) and 64% with murine Lf at the
protein level [7], and 77% homology at the mRNA level with hLf [8]. Interestingly, Lfs from different species
were demonstrated to have similar activities [9].

Besides milk and colostrum, Lf is also present within the specific granules of neutrophils and in
several biological fluids such as saliva, tears, sweat, semen, nasal and bronchial mucosa, airway fluids
and in the genital, urinary and gastrointestinal fluids [10]. However, though the concentration is extremely
dependent on the lactation stage, milk is by far the most abundant source of Lf [11]. The higher Lf
concentrations are found in colostrum being approximately 7 mg/ml for hLf and 1.5 mg/ml for bLf [12].
Interestingly, the Lf concentration in colostrum varies with the region, being higher (around 9 mg/ml) in
African women and lower (around 3.5 mg/ml) in Asian women [11].

The amino acid sequence of Lf was disclosed in 1984 and it was found to be a polypeptide of
approximately ~690 amino acids (Figure 2.1A) that exhibits a high degree (~60%) of identity with serum
transferrin, as well as similar disulphide bonding patterns [13]. Hence, this protein belongs to the
transferrin protein family, which is a family of proteins widely present in the physiological fluids exhibiting
many functions related with their ability to sequester iron. The features of Lf that mostly distinguish it
from the other members of this family are its higher isoelectric point and tighter iron binding [14]. Indeed,
Lf is the only transferrin able to bind iron over a wide pH range. Specifically, it was shown that, at pH
10.5, bLf is 100% saturated with iron; at pH 5.0, it retains 50% of iron; and at pH 4.0 and 2.0 it retains
25% and 10% of iron, respectively [15]. In contrast, iron release from transferrin occurs at a pH range
from 6.2 to 4.0 [16]. Remarkably, Lf was demonstrated to be more active at acidic pH values [17,18].

It is also noteworthy that the primary structure of Lf shows a number of cysteine residues that
allow the formation of disulphide bridges and also reveals several asparagine residues that provide N-
glycosylation sites [13]. Importantly, N-glycans and N-glycosylation patterns have been shown to

modulate Lf activities and to influence its /7 vivo half-life as recently reviewed by Zlatina ef a/. [19]. For



example, Lf de-N-glycosylation decreases the iron binding capacity of the protein [20] and its inhibitory
effect on the adhesion of Saimonella enterica typhimurium to human cells [21]. Moreover, hLf, bLf and
recombinant hLf (rhLf) produced in transgenic cows showed different amounts and enrichment in
different types of N-glycans [22]. Thus, it is suggested that the N-glycosylation status of Lf should be

taken into account, particularly for /7 vivo Lf applications [19].

N-lobe C-lobe
(25-352 aa) (364-695 aa)
v

Nt B

Signal péptide
(1-20 aa)
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Figure 2.1: Sequence and structure of lactoferrin. (A) Schematic representation of Lf protein sequence. Lf transduction gives
rise to a pre-protein of 710 amino acids containing a signal peptide for extracellular secretion, while mature protein has 691
amino acids and contains two domains, N-lobe and C-lobe (adapted from [4]). (B) Structure of iron-saturated holo-bLf. The N-
lobe is represented in blue and the C-lobe in green. Each lobe is further divided into two domains as depicted (N1, N2, C1
and C2). The loop connecting the two lobes is coloured in grey whereas the C-terminal is in white. The iron ions are represented
by two red spheres. (C) Iron binding site of Lf. The same organization is found in both lobes and in all Lfs. The image shows
the iron binding site of the N-lobe of bLf, where an aspartate, a histidine and two tyrosine residues as well as a bicarbonate
anion bind to Fe*. The latter binds in bidentate mode. The visual representations in B and C were designed using VMD (Visual
Molecular Dynamics) [23] with the pdb structure 1BLF published by [24]. (D) Distribution of surface charge on bLf. Blue for

positive, red for negative and white for neutral charges (adapted from[25]).

The three-dimensional structure of bLf was determined in the 90’s [24] but the structure of hLf
was already known in the 80's [26]. Lf has a similar bilobal structural organization to the other

transferrins, being folded into two lobes, N and C, which represent its N- and C-terminal halves, joined by
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a short a-helix. Each lobe is further divided into two domains: N1 and N2 and C1 and C2, respectively.
Lf is capable of binding two iron ions together with two CO+* and the iron binding sites are located in the
clefts between the two domains in each lobe (Figure 2.1B) [27]. The Lf iron coordination sphere is
composed by 1 aspartate, 1 histidine and 2 tyrosine residues as well as a bicarbonate anion (Figure
2.1C), which is identical to the transferrin iron-binding site. According to its ability to bind iron, Lf can
exist in two forms depending on its metal ion state: free of iron (apo-Lf) or iron-saturated (holo-Lf). Metal
binding and release is associated with large-scale conformational changes. In its iron-bound state, the
most stable, it adopts a closed structure since the two domains of each lobe fully close over the bound
ion. In its metal-free state, Lf adopts an open form in which the two domains of each lobe open [25].

Although Lf primary function is to bind iron, some of its biological activities do not derive from the
binding to iron but from its capacity to bind to a vast number of other molecules, microorganisms and
mammalian cells. Lf is a basic and highly positively charged protein with an isoelectric point of 9-10. It is
widely accepted that its characteristic cationic character (Figure 2.1D), especially a hot spot of positive
charge located on the N-lobe (N1), is the main reason why Lf can bind to such a variety of molecules
[25]. Accordingly, it was demonstrated that the N-terminal stretch of four consecutive arginine residues
(2-5) plays a decisive role in the interaction of hLf with heparin, lipid A, lysozyme and DNA [28]. Lf can
also bind to other cations besides iron such as Al*, Cuz and Zn#, as well as to other anions besides COs*
like oxalates and carboxylates (reviewed by [29]). Furthermore, Lf can bind to isomeric drugs like ursolic
and oleanolic acids [30], lipid A and bacterial lipopolysaccharides [31], virulence factors [32], DNA [33],
plant-derived flavonoids [34], cell surface receptors [35] and phenothiazine dyes [36].

It is precisely on the cationic N-terminal region (Figure 2.1D) that two well-known Lf-derived
peptides, lactoferricin (Lfcin) and lactoferrampin (Lfampin), are located [37]. Throughout the years, an
increasing number of Lf functions have been identified and associated with the generation of bioactive
peptides without iron-binding ability derived from the entire protein [38,39]. Interestingly, Lfcin was
detected in unfractionated gastric contents recovered from an adult 10 min after bLf ingestion [40], and
can also be found at the infection sites due to the action of bacterial or mammalian proteases [41]. In
addition, other Lf-derived peptides are being studied regarding different activities, such as Lf (1-11)
(comprises the first 11 amino acids of Lf) [37], LFchimera (contains parts of Lfcin and Lfampin) [42],
and, very recently, a new C-lobe Lf-derived peptide with marked antifungal activity termed lactofungin was

described [43].
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2.1.1. Biological activities of lactoferrin

Originally seen as simply an iron-binding protein, with the advances in the Lf research field,
scientists quickly realized that Lf is far more than that. Indeed, words like multifunctional, multifaceted,
pleiotropic, bioactive, among others are now repeatedly used to describe the Lf protein. Since its
discovery, multiple biological activities and functions either at the physiological, cellular and/or molecular
levels have been attributed to Lf. Overall, Lf exhibits antimicrobial, anticancer, anti-inflammatory,
immunomodulatory, antioxidant, enzymatic and proteolytic activities as recently reviewed by [39,44,45]
(Figure 2.2). The main focus of the present thesis is the Lf antifungal and anticancer activities, which will
be discussed in more depth in the following sections. However, a brief description of its most important

functions will be presented to emphasize the Lf multifunctional character.

Anticancer

Immuno £
modulatory Antimicrobial

Iron binding

Anti- Bioactive
inflammatory peptides
Enzymatic/ source
proteolytic

Figure 2.2: Main biological activities attributed to lactoferrin.

The antimicrobial activity is the most widely studied trait of Lf. Initial studies focused on the
antibacterial activity of Lf, however, there is currently a great number of reports demonstrating the
antifungal, antiviral and antiparasitic activities of Lf and its derived peptides. Indeed, Lf exhibits a strong
antimicrobial activity against a broad spectrum of Gram(+) and Gram(-) bacteria, unicellular and
filamentous fungi, RNA and DNA viruses, as well as parasites [39,46]. Several studies conducted
throughout the years have put forward a considerable number of mechanisms by which Lf can exert its
antimicrobial activity, such as competition with siderophores by iron sequestering [47], direct interaction

with cell surface [48] or its components like lipopolysaccharide [49], inhibition of the adhesion to host

12



cells [50], prevention of biofilm formation [51], proteolysis of colonization factors [52], binding to virus
particles [53], impairment of viral entry [54], among others.

One of the discoveries that revolutionized the way of looking at Lf was the finding of its presence
in the secondary granules of polymorphonuclear neutrophils [55]. Since then, a new field of Lf research
arose and the reports on the role of Lf in the immune system increased exponentially. Nowadays, it is
well recognized that Lf is a component of the immune system and a first line defense protein that protects
against a plethora of microbial infections and prevents systemic inflammation [56]. When released, Lf
can modulate the production of cytokines, promote leucocyte recruitment and dendritic cells activation,
thus modulating innate and adaptive immune responses and acting as an alarmin [57]. The
immunomodulatory activity of Lf is often associated to other biological activities, such as its antiviral effect
[58].

Another interesting characteristic of Lf is that it can act as an enzyme. In fact, Lf has proteolytic
activity [59], and different subfractions of the protein were shown to have RNase [60,61], DNase, ATPase,
phosphatase and amylase activities /7 vifro [62]. Remarkably, the DNase activity was shown to contribute
to the anti-biofilm effect of Lf. In fact, Lf inhibited Strepfococcus pneumoniae biofilm formation and
acquisition of antibiotic resistance by degrading the extracellular DNA, which is secreted to the biofilm
matrix [51]. Lf can also function as an antioxidant and a reactive oxygen species (ROS) scavenger,
protecting DNA from oxidative damage. Specifically, Lf was shown to protect DNA from fragmentation
induced by ultraviolet irradiation in the presence of hydrogen peroxide [63]. Furthermore, pretreatment
with Lf protected human umbilical vein endothelial cells from hydrogen peroxide-induced oxidative stress
in vitro [64], and reduced renal oxidative tubular damage in a rat model of ferric nitrilotriacetate-induced
renal tubular oxidative injury [65], demonstrating its antioxidant and cytoprotective effects. It can also act
as a transcription factor inducing transcriptional activation of genes and regulating gene expression. For
instance, in human intestinal cells, hLf was shown to go to the nucleus, where it bound the interleukin 1
(IL-1) promoter, activating its transcription and promoting IL-1 upregulation [66]. On the other hand, a
role of Lf in iron transport, absorption and metabolism has been suggested since the beginning of Lf
research owing to Lf iron binding ability, however this is not unequivocally proven as discussed by [45].
For instance, Lf was shown to increase hemoglobin in pregnant women suffering from iron deficiency
anemia [67], yet in infants fed with Lf-fortified formulas some studies do not report any effect [68] while
others do [69]. Thus, additional work is required to unveil the role of Lf in iron homeostasis. Finally,
studies have shown that Lf stimulates bone growth by promoting the differentiation of osteoblasts, the

cells that produce bone [70], and also promotes fracture healing [71] and wound healing in vivo [72].
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2.1.1.1 The antifungal activity of lactoferrin

Fungal infections represent a worldwide burden, accounting for millions of cases and showing an
increasing trend [73,74]. Although research led to the identification of potent antifungals, systemic
infections caused by fungi from Candida, Aspergillus and Cryptococcus species as well as endemic
dimorphic fungi are still a major public health concern, especially among more susceptible patients like
immunosuppressed individuals [73,75]. Moreover, the number of multidrug resistant fungi has been
increasing over the past decades, which is a serious concern in the clinical practice [76]. Hence, the
search for new antifungals and innovative antifungal therapies is of utmost importance to counteract
these problematics.

Although initial studies were focused on the antibacterial activity of Lf, throughout the years several
researchers identified Lf as an effective antifungal agent against different types of fungi. Pioneer studies
were mainly dedicated to fungi from the Candida genus. Xu et a/. found that the bLf candidacidal activity
was species-dependent being more prominent in Candlida tropicalis followed by C. Arusei, C. albicans and
C. guilliermondii, while C. parapsilosis and C. glabrata were the most resistant to Lf [77]. These
interspecies differences in susceptibility to Lf were actually reported before for two Candida species [78].
Later on, Lf was shown to inhibit the growth of the dermatophytic fungi 7richophyton mentagrophytes and
7. rubrum, as well as to diminish the fungal burden in a guinea pig model of dermatophytosis infected
with 7. mentagrophytes on the foot [79]. The Lf antifungal activity was further demonstrated against fungi
isolated from plants and soils including Aspergillus niger, Trichoderma viride, Sclerotinia sclerotiorum,
Sclerotium rolfsii, Rhizoctonia solani and Phoma exigua [80]. Lf also exhibited a promising antifungal
activity against Botrytis cinerea, the so-called gray mold that affects many horticultural crops, as it
inhibited spore germination and mycelial growth /n viro and decreased the disease index without
associated phytotoxicity /7 1o [81]. More recently, a work aiming to evaluate Lf antifungal activity against
a wide range of yeasts and molds including clinical, veterinary and environmental isolates concluded that
it is toxic against all the tested strains (46 in total) from the genus Candida, Saccharomyces,
Cryptococcus, Meyerozyma, Kluyveromyces, Pichiaand Clavispora [82]. These observations suggest that
Lf is a broad-spectrum antifungal agent.

Although the Lf activity against fungi is not yet completely understood, some mechanisms have
been proposed. Though initially, its iron-binding ability was pointed as the main player, soon thereafter,
increasing evidence reporting the interaction of this protein with the fungal cell surface was documented,
and more recently an apoptotic-like cell death process and the interaction with a plasma membrane

proton pump were described (Table 2.1, Figure 2.3).
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Figure 2.3: Mechanisms underlying the antifungal activity of lactoferrin. Research performed throughout the years allowed the
finding of mechanisms by which Lf kills fungal cells. Damage of the cell surface and plasma membrane causing cytosolic
leakage; iron chelation; ROS-, mitochondria- and metacaspase-dependent regulated cell death; as well as binding to the proton
pumping Pma1lp leading to cytosolic acidification and potassium efflux, are the main pathways by which Lf is believed to exert

its antifungal activity (adapted from [39]).

The notion that the iron scavenging properties of Lf are critical for its activity against fungi is
supported by several studies showing that this activity is impaired by iron supplementation or by using
iron-rich Lf forms. In fact, in an early work, Soukka et a/. reported the antifungal activity of iron-free apo-
Lf against C. albicans that was not observed for holo-Lf [83]. This actually is well aligned with the results
of a very recent study showing that the Lf activity against two species of Candida and Cryptococcus is
dependent on its iron saturation status [82]. The hLf-induced growth inhibition of Aspergillus fumigatus
conidia was completely hindered by both addition of ferritin (protein-iron complex) or by dialyzing Lf
against ferrous ammonium sulfate, which promotes iron loading into Lf [84]. Addition of both iron (lIl) or
iron (ll) restored the growth of Lf-treated Cryptococcus neoformans and S. cerevisiae cells. However, it
did not restore the growth of cells treated with a synergistic combination of Lf and amphothericin B
(AmpB), thus indicating that Lf is potentiating AmpB cytotoxicity by other mechanisms besides iron
sequestering [85]. Taken together, these evidences demonstrate that iron chelation promoted by Lf is

critical for its antifungal activity, but it is not the sole determinant.
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Table 2.1: Antifungal activity of lactoferrin and its mode of action. PM: plasma membrane, CAT: catalase, SOD: superoxide

dismutase, ROS: reactive oxygen species.

Fungi Lftype ar?d Observed phenotypes Mode of action Reference
concentration
) Apo-hLf, 25-100  Decreased cell survival by apo- .
C. albicans ug/mi hLf but not holo-hLf Iron sequestration [83]
C. albrcans, C. tropicalls, )\ ¢ 41 5. . . Cell surface
C. krusei, C. guilliermondli, 20 pg/ml Surface blebs, pits and fissures erturbation [77]
C. parapsilosis, C. glabrata He P
Cytosolic acidification,
) Apo-hLf, 500 membrane depolarization, Regulated cell
C. albicans pg/ml reduced potassium but not death induction [17]
sodium leakage
Apo-hLf i
C albicans po-hLf, 500 No cytosolic Iegkagg, no PM Regulgted gell (6]
ug/ml permeabilization death induction
) . Cell surface/PM
Erysiphe necator bLf, 20 ug/ml  Collapse of conidia and hyphae perturbation [87]
) Apo-hLf, 10-40 Inhibition of conidial growth by )
A. fumigatus ug/ml apo-hLf but not holo-hLf Iron sequestration [84]
DNA fragmentation, chromatin
condensation,
) rhLf, 500 phosphatidylserine exposure, Regulated cell
¢. albicans ug/ml PM integrity, ROS production, death induction [88]
mitochondrial membrane
potential decrease
Inhibition of spore germination,
germ tube elongation and
. bLf, 25-100 mycelial growth, PM Cell surface/PM
B. cinerea /ml permeabilization, cellular erturbation [81]
He leakage, decreased enzymatic P
activity of CAT and SOD,
decreased /n vivo disease index
" Inhibition of spore germination
Not specified, )
P. expansum 500-1000 and germ ltybe.elongatlon, PM Cell surface/PM (89]
permeabilization, leakage of perturbation
pg/ml :
proteins and sugars
bLf 16-64 Addition of exogenous iron
C. neoformans, S. cerevisiae ' rescued Lfinduced growth Iron sequestration [85]
pg/ml -
inhibition
Chromatin condensation, PM
» hLf, 125-500 integrity, caspase activation, Regulated cell
5. cerevisiae pg/ml ROS production, cytochrome ¢ death induction [30]

release
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Table 2.1: Antifungal activity of lactoferrin and its mode of action (cont.). PM: plasma membrane, CAT: catalase, SOD:

superoxide dismutase, ROS: reactive oxygen species.

Fungi Lftype ar?d Observed phenotypes Mode of action Reference
concentration
Increased intracellular ATP
concentration, inhibition of
C. albicans A%c())—(r)th,/lnflii— extracellular acidification and Binding to Pmalp [91]
He PM ATPase activity, binding to
Pmalp
Intracellular acidification, Cell death is
resistance to Lf-induced cell activated by
C. albicans Apo—rhl/_;,1|5 00 death by treatment with K- cytosolic [92]
He channel blockers or by deletion acidification
of K' channels followed by K-efflux

Different species from the
genus Candida,
Saccharomyces,

Cryptococcus, Meyerozyma,

Kluyveromyces, Pichia and

Clavispora

Inhibition of growth by apo- and

blLf, 864 pg/m| native-hLf but not holo-hLf

Iron sequestering [82]

The interaction of Lf with the plasma membrane and fungal surface has been pinpointed by several
authors as the main mechanism by which Lf exerts its antifungal activity. Indeed, ultrastructural changes
were observed by cryo-scanning electron microscopy (SEM) when different Candida species were
incubated with Lf including surface blebs, pits and fissures aside from swelling and cell collapse [77].
The toxicity of Lf against B. cinerea spores was associated with loss of membrane integrity and cellular
leakage of proteins and carbohydrates [81]. A similar scenario was described for Penicillium expansum,
which causes the blue mold in apples, where Lf treatment reduced plasma membrane integrity of the
spores, causing leakage of proteins and sugars [89]; and for Erysiphe necator, which produces the
grapevine powdery mildew, where conidia and hyphae were significantly damaged and ruptured after 48
h of being sprayed with Lf, as observed by SEM [87]. In these reports, Lf appears to cause damage in
fungal cells or spores with necrotic features (i.e. plasma membrane rupture and leakage of cytosolic
content), however Fernandes et a/. found that only a small percentage of Candlida and Cryptococcus cells
exhibited significant morphological alterations at the cell surface, suggesting that other mechanisms may
underlie the observed Lf toxicity [82]. Accordingly, Viejo-Diaz et a/. undertook mechanistic studies on C.
albicans cells treated with hLf where no necrotic features were found. Indeed, no membrane
permeabilization and no cytosolic leakage were detected [86]. Instead, hLf induced membrane
depolarization, cytosolic acidification, a 19% K- leakage and no alterations in the Na* intracellular levels.
Nonetheless, cell wall-free spheroplasts were more resistant to hLf than intact cells, attesting the

importance of the cell surface interactions to hLf candidacidal activity [17].
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In this line, an apoptotic cell death process has been observed when C. albicans [88] and S.
cerevisiae [90] cells were incubated with hLf. Apoptosis is a regulated cell death process characterized
by the involvement of pro-apoptotic machinery, and by the occurrence of specific morphological
alterations including phosphatidylserine exposure, DNA fragmentation, among others [93]. When C.
albicans cells were incubated with rhLf, several hallmarks characteristic of mammalian apoptosis were
identified namely the appearance of DNA strand breaks, chromatin condensation, externalization of
phosphatidylserine, maintenance of plasma membrane integrity, ROS accumulation and decrease of
mitochondrial membrane potential. Pre-incubation of cells with blockers of K+ channels impaired rhLf-
induced cell death [88], suggesting that the previously observed release of K+ induced by Lf [17] is
mediated by K- channels, and is essential for the triggering of cell death by Lf in C. albicans [88]. Years
later, our group further characterized hLf-induced apoptosis and showed that it is not restricted to C.
albicans as it also occurs in S. cerevisiae. In fact, we showed that the cell death process is dependent on
energy and de novo protein synthesis and is associated with maintenance of plasma membrane integrity,
chromatin condensation and mitochondrial outer membrane permeabilization associated with release of
the pro-apoptotic cytochrome ¢ to the cytosol. Moreover, a mutant lacking the yeast metacaspase was
resistant to hLf, and increased caspase activity was detected indicating that the process is dependent on
caspase activation. Furthermore, we found that hLf-induced apoptosis is dependent on mitochondria and
mitochondrial energetic metabolism [90]. Combined, these works demonstrate that hLf induces a ROS-,
caspase- and mitochondria-dependent apoptotic process in yeast.

The binding and inhibitory interaction of Lf with the plasma membrane proton pump Pmalp [91]
and cytosolic acidification [92] have more recently been identified as crucial events for Lf antifungal
activity, a subject that is further explored in section 2.3 of this chapter.

In addition to the above-mentioned mechanistic studies, some promising pre-clinical and clinical
studies have been published recently that demonstrate the excellent potential of Lf as an antifungal agent.
The effect of hLf against invasive candidiasis was evaluated in a mouse model of systemic infection
caused by C. albicans lacking the endogenous mouse lactoferrin gene (Lft-/- mouse). The protein was
effective in promoting the clearance of C. albicansin most organs; in decreasing the amount of infection
foci; and in downregulating several virulence-associated genes [94]. An interesting work reported a
strategy against vulvovaginal candidiasis (VVC) based on the use of a hetelogous Lactobacillus casei strain
secreting bLf. /. case/is considered safe and is widely used in different products for human consumption.
Using a VWC mouse model, the authors showed the effectiveness of bLf in preventing the growth and

invasion of C. albicans and diminishing the infection burden either given prophylactically or as a
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therapeutic against VVC [95]. In agreement, a clinical trial in women with recurrent VVC infections using
a similar strategy (a lactobacilli mixture in combination with bLf but with an intake of clotrimazole in the
beginning of the trial) concluded that the treatment significantly decreased the candidiasis recurrence
[96]. Importantly, several works also highlight the significant synergy of Lf with classical antifungals
including amphotericin B and fluconazole, which allows decreasing the concentration of antifungal
required for cytotoxicity against fungi, and possibly overcoming the putative fungal resistance to the

classical therapeutics [82,85,97].

2.1.1.2 The anticancer activity of lactoferrin

Cancer is one of the leading causes of deaths worldwide that accounted for nearly 10 million deaths
in 2020. It is a term used to describe a group of diseases characterized by the rapid and uncontrolled
growth of abnormal cells, which can then invade and spread to other organs [98]. Cancer development
is a complex and multistep process during which cancer cells undergo a series of changes that are known
as the hallmarks of cancer. Those include, among others, evasion of cell death and immune response,
energy metabolism reprogramming, creation of a distinctive tumor microenvironment and angiogenesis
[99].

The anticancer activity of Lf was established in the mid 90’s after the findings that the whey fraction
of bovine milk [100] and hLf [101] inhibit tumor growth and metastasis in rats and mice, respectively.
Since then, a myriad of studies have demonstrated the anticancer effects of Lf in a broad range of cancer
types including breast [102], lung [103], leukemia [104], melanoma [105], osteosarcoma, prostate
[106], among others. Importantly, this protein has the remarkable advantage of only being cytotoxic to
cancer cells, since the non-cancer cell counterparts are resistant to similar concentrations [106-108].
Therefore, it has the desirable features to be successfully applied in cancer therapy. However, although
some mechanisms of action have been proposed (Figure 2.4), the molecular basis of its anticancer
activity is still not completely elucidated, which reinforces the need for further in-depth mechanistic
studies to boost selective and effective Lf clinical application.

One of the mechanisms by which Lf prevents tumor growth is by inhibiting cell proliferation and
inducing cell cycle arrest associated with the modulation of cell cycle-related proteins. This arrest has
been shown to preferentially occur at the GO/G1 phase of the cell cycle [105,109-113], but G2 [114]
and S phase arrests [102] have also been reported. Moreover, different cell cycle regulatory proteins are
modulated by Lf, particularly those involved in the G1 phase and the G1 to S phase transition. In fact, Lf

was shown to downregulate cyclins D1 and D4 in glioblastoma cell lines [109], D1 in oral squamous cell
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carcinoma cells [113] and E in head and neck cancer cell lines [110]. hLf was also demonstrated to
maintain  the retinoblastoma protein, an inhibitor of cell cycle progression, in its

active/hypophosphorylated form [110,111].
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Figure 2.4: Overall perspective of the mechanisms proposed to underly the anticancer activity of lactoferrin. Cell cycle arrest,
apoptosis induction, anti-angiogenic activity, anti-metastatic activity and inhibition of both invasion and migration, modulation
of the immune system against cancer cells and inhibition of carcinogen activation are the main mechanisms by which Lf exerts

its anticancer activity as stated in the main text.

Several data support that the Lf anticancer activity relies on its ability to trigger apoptosis. As
aforementioned, apoptosis is a form of regulated cell death through which a cell dies and is packaged
into apoptotic bodies that are then removed by neighboring cells and phagocytes, generating minimal
inflammation. As cancer cells usually escape apoptosis in order to survive, cancer therapeutic approaches
based on apoptosis induction have been explored [115]. Typical apoptotic markers have been observed
after exposure of different /n vitro and /n vivo cancer models to Lf, including phosphatidylserine exposure
to the outer leaflet of the plasma membrane [107,113], caspase activation [113,116], chromatin
condensation [102,117,118], and DNA fragmentation [119,120]. Moreover, Lf was found to modulate
the levels of key apoptosis-related proteins, whose balance determines cell fate. Particularly, it was found
to decrease the levels of the anti-apoptotic protein Bcl-2 [118,121] and to increase the levels of the pro-
apoptotic Bax protein [117,119] and Fas receptor [120], favoring cell death. Accordingly, by using an
apoptosis protein array, Gibbons ef a/. found that Lf modifies the levels of p53, Bcl-2 family proteins and

inhibitors of apoptosis proteins, like survivin, and their inhibitors [108]. A large-scale proteomic analysis
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of breast cancer cells treated with Lf revealed that 9% of the upregulated proteins were proteins involved
in apoptosis execution [122].

The ability of Lf to hinder cancer cell invasion, migration and metastasis has been demonstrated
by numerous researchers in different cancer models [108,123,124]. Indeed, bLf inhibited/decreased
lung metastatic colony formation induced by highly metastatic melanoma cells, lymphoma cells [125]
and colon carcinoma cells [126,127], in mice. It also inhibited liver metastasis by lymphoma cells [125].
More recently, a molecular explanation for these observations was reported. Lf was shown to revert the
epithelial-to-mesenchymal transition (EMT) in oral carcinoma [124] and glioblastoma cells [123]. The
EMT is the process through which epithelial cells loose cell-to-cell contacts acquiring the invasive
properties of mesenchymal cells. This process contributes to cancer cells detachment and
metastatization. During EMT, cells downregulate the adhesion marker E-cadherin and upregulate
vimentin, a mesenchymal marker. Lf was shown to inhibit migration/invasion of cancer cells by increasing
E-cadherin expression and decreasing vimentin, thus reverting EMT [123,124], and also by inhibiting IL-
6/STAT3 axis, which is an essential pathway involved in glioblastoma cell migration [123].

Additionally, Lf was shown to inhibit angiogenesis, the formation of new blood vessels that is vital
for tumor growth. In fact, various studies demonstrated that Lf inhibits vascular endothelial growth factor
(VEGF)-induced angiogenesis [103,128,129], and the proliferation of endothelial cells /7 vitro [129]. It
also downregulates the expression of VEGF both at the mRNA and protein levels [103,130].

An interesting role of Lf in modulating the immune system against the tumor has also been
documented. Indeed, Lf was shown to stimulate the production of anticarcinogenic cytokines and increase
the levels of immune cells that display marked cytotoxicity against cancer cells [131,132]. For example,
in mice bearing U14 cervical tumors, the administration of an adenovirus carrying hLf inhibited tumor
growth by upregulating tumor-killing natural killer (NK) cells, increasing the levels of CD4- (cluster of
differentiation 4) and CD8* T lymphocytes (which act against cancer cells), and augmenting the levels of
the cytokines IL-2 and tumor necrosis factor-a (which are associated with NK cells activity) [130].
Moreover, hLf inhibited the release of pro-metastatic cytokines such as IL-8 and IL-6 in an /7 vivo model
of head and neck carcinoma [112]. An increase in the levels of NK cells in response to hLf administration
was also reported in a clinical trial with lung cancer patients [133]. More recently, bLf inhibitory effects
against osteosarcoma were attributed to its role in downregulation various cytokines involved in osteoclast
formation, decreasing the number of osteoclasts, which is a desirable feature for an anti-osteosarcoma

compound [134].
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Moreover, Lf can exert anticancer activity by inhibiting carcinogen activation. This mechanism is
especially important in the case of chemically-induced carcinogenesis. This process requires two phases
that depend on the enzymes belonging to the liver detoxication metabolism. The first phase encompasses
the activity of phase | enzymes that activate carcinogens causing DNA damage in the target organs. This
activation can be blocked by phase Il enzymes involved in detoxication and excretion of carcinogen-derived
products, thus inhibiting the proliferation of pre-malignant cells [135]. bLf was found to inhibit
carcinogenesis by either inhibiting phase | enzymes or stimulating the activity of phase |l enzymes thus
preventing the carcinogenic process. These evidences were achieved in rat and hamster models of
chemically-induced carcinogenesis where orally administered bLf significantly inhibited esophagus,
bladder, colon, buccal pouch and lung carcinogenesis [135,136].

New insights on the anticancer role of Lf arose when researchers found that the Lf gene expression
is negatively associated with cancer progression and metastasis [137,138], and positively associated with
patient life expectancy [139]. Indeed, the Lf gene (£ 7F) is downregulated in many types of cancer cells in
comparison with their normal counterparts [140], and overexpression of the Lf gene inhibits the
proliferation of cancer cells [141]. Thus, Lf has been suggested to act as a tumor suppressor gene
[137,141]. Recently, L7F deficiency in mice was shown to promote metastatization of melanoma cells to
lungs as compared to L7F+/+ mice [142].

Some of the research on Lf anticancer activity was already translated to the clinics and several
clinical trials have been performed, where encouraging results have been obtained. Kozu ef a/. reported
that 1-year daily oral intake of 3 g of bLf is efficient in delaying the growth of colorectal polyps size in
participants less than 64 years-old, and bLf intake was suggested as a good adjuvant for colorectal polyp
extraction [143]. The combination of rhLf with carboplatin and paclitaxel rendered an overall patient
survival improvement in patients with non-small cell lung cancer (NSCLC) [144]. rhLf was further tested
in patients with metastatic renal carcinoma and NSCLC who had previously been subjected to
conventional chemotherapy, where encouraging anticancer effects were detected [145,146]. The rhLf
efficacy against NSCLC was further tested in a phase Il and Il clinical trials with patients who already had
two or more failed chemotherapy regimens. A 65% improvement in overall survival was observed in the
phase Il trial [147], whereas no improvement was observed in the phase Il [148]. Importantly, Lf was
well tolerated in all these studies, with no serious side-effects, while signs of immunomodulation were
detected. Moreover, when given in combination with chemotherapeutics, bLf was found to minimize the
side effects such as anemia and mucositis [149]. It is worth mentioning that almost all of the clinical

trials were performed in patients heavily pre-treated and with highly advanced disease, which is probably
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the reason for the modest effects of Lf in some trials. Finding the most susceptible cancer types to Lf as
well as its targets and mechanisms of action in cancer cells is thus of paramount importance to potentiate
the Lf clinical effect. In this line, our group found that bLf targets the plasmalemmal proton pump V-
ATPase of highly metastatic cancer cells, and proposed that the presence of this proton pump at the
plasma membrane can be used as a biomarker for bLf use as a personalized therapy, a subject that will

be addressed in more detail in section 2.3 of this chapter.

2.2. Proton pumping ATPases: master orchestrators of pH control

The intracellular pH regulation is essential for cellular homeostasis in all organisms. Intracellular
pH variations dictate the acid-base balance and the protonation state of the acid-base groups, which can
have a deep impact on the function of peptides/proteins and, consequently, on most biological reactions
[150,151]. Indeed, the protein’s structure, function, solubility and interactions, as well as several
enzymatic and metabolic processes, and even the cell cycle control are all dependent on specific pH
conditions [152,153]. In addition to the cytosolic pH, the function of each organelle has specific pH
requirements that must be fulfilled to accomplish the organellar processes. In fact, organelles exhibit pH
values that vary up to 3 units from the cytosolic pH [154,155]. One example is the secretory pathway in
which the processing and sorting of the cargo is strongly dependent on a progressive acidification along
the pathway [156]. Therefore, it is not surprising that the dysregulation of steady-state pH contributes to
the pathology of a variety of diseases [157,158].

Proton homeostasis implies that a tight regulation between proton extrusion and import exists in
all cells [153]. The mechanisms that regulate the intracellular pH, essential for the functioning of the
whole cell and individual organelles, involve a myriad of membrane transporters that have been reviewed
several decades ago. These mechanisms include Na:(K‘)-H-exchangers, Na-HCOs co-transporters, Na-
K- ATPases, CI-HCOs exchangers, H-ATPases, Caz-ATPases, vacuolar-ATPases, monocarboxylate-H' co-
transporters, among many others [152-154,159]. Together, they comprise a set of dynamic and
sustained mechanisms that ensure a pH balance within cells by counteracting: the constant tendency of
H+to move across intracellular compartments according to their concentration gradient; the proton uptake
from the extracellular milieu driven by the proton gradient and by the negative potential of the plasma
membrane; and the accumulation of H- and/or acid equivalents by metabolic pathways [153,154].

Proton-pumping ATPases are a class of these membrane transporters that act as master players
in the transport of protons across membranes from Archaea to humans. They are characterized by either

using the energy of ATP hydrolysis to actively transport protons, or using the proton gradient to synthesize
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ATP, driving a multitude of cellular processes [160]. They belong to the ATPases family, which comprises
four broad classes: the F- and A-type ATP synthases, the V-type transporters, the P-type transporters, and
the ATP binding cassette (ABC) multidrug efflux pumps [160-162]. The ATP-driven proton pumping is
accomplished by distinct mechanisms across the members of this family as discussed below.

Given the great implications of proton pumping ATPases in an almost overwhelming number of
vital cellular functions, the term therapeutic/drug target has been ascribed to them by several researchers
throughout the years [163-168]. Indeed, the findings in this field have contributed to design novel
therapies for diverse diseases such as cancer, fungal infections, and several others [162]. The P-type
ATPase Pmalp and V-ATPase, as well as their involvement in fungal infections and cancer, respectively,

will be further explored in the context of this work.

2.2.1 Structure and function of the fungal plasma membrane proton pump

Pmalp

The earliest work performed by Slayman, Goffeau, Serrano and many others allowed the
identification of an enzyme at the yeast plasma membrane, which functioned as an electrogenic proton
ATPase that could be activated by glucose, and that was insensitive to oligomycin, in contrast with the
mitochondrial F-type ATPase, as recently reviewed by [169]. Nowadays, this proton pump is known as
Plasma Membrane ATPase 1 (Pmal) and is encoded by the PMAI gene. It is a single-subunit polypeptide
of 100 kDa belonging to the P-type ATPases, the same family as the mammalian Na+/K-ATPases and
Caz-ATPases, sharing several regions of amino acid sequence homology with them. Pmalp has
homologues in all fungi and plants, displaying high percentages of sequence similarity among species
[170].

Pmalp is the most abundant protein of the yeast plasma membrane and the PMAI gene is
essential for cell growth [171,172]. Its functioning leads to the extrusion of protons to the extracellular
space driven by ATP hydrolysis. Pmalp is considered the major determinant of the plasma membrane
potential and cytosolic pH, as well as the main consumer of cellular ATP [172]. The electrochemical
gradient created by Pmalp is crucial for a multitude of other of secondary solute transport systems that
are responsible for the uptake of various nutrients. Given its pivotal role in overall fungi physiology, it has
been implicated in fungal pathogenicity [173]. Indeed, the dimorphic switch of C. albicans from yeast to
hyphal growth, an important virulence feature, was shown to be accompanied by a tight regulation of

Pmalp activity [174].
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Although no high-resolution structure of a fungal Pmalp is available, the structure of its plant
homolog from Arabidopsis thaliana, H1-ATPase 2 (AHA2), has been determined by X-ray crystallography
at 3.5 A resolution [175] and refined afterwards [176]. The refined model is presented in Figure 2.5A.
AHA? is folded into three cytosolic domains: the nucleotide (N) binding domain, the phosphorylation (P)
domain, and the actuator (A) domain; as well as ten transmembrane segments where the proton binding
site is located. Both N- and C-termini are cytosolic [175]. This structural organization is similar to other
previously characterized P-type ATPases [177,178]. Homology models have been created for the S.
cerevisiae Pmalp incorporating the information of related ATPases, such as from Newrospora crassa,
which show a similar overall architecture (Figure 2.5B). During the catalytic cycle of the proton ATPase
that culminates in proton transport, the enzyme undergoes conformational changes that give rise to two
distinct states: E1, in which the enzyme has high affinity for protons; and E2, where it has low affinity.
These states arise from the formation and breakdown of an aspartyl-phosphate intermediate that is
generated by the autophosphorylation of a conserved aspartate residue (Asp 329 in AHA2) located at the
P domain. Throughout this cycle, the interaction of the P domain with the N domain (where ATP binds)
and the A domain leads to autophosphorylation and dephosphorylation, respectively. These movements
are intimately linked to the transmembrane domains. An autoinhibitory mechanism of Pmalp operated
by a regulatory domain at the C-terminal is also believed to regulate Pmalp activity. As a consequence
of the following steps: ATP binding, phosphorylation, dephosphorylation, and phosphate release; the
protons are transported from one side of the lipid bilayer to the other [179,180].

A close interplay between Pmalp and the vacuolar proton pump V-ATPase, which is the central
responsible for fungal vacuolar acidification, exists in fungal cells. This interconnection is crucial for the
response to different environmental factors including variations of glucose levels and pH. Both proton
pumps depend on ATP and are activated by glucose [172]. The interdependence between both proton
pumps was demonstrated in vma mutants (yeast mutants lacking single V-ATPase subunits), in which
Pmalp was found at intracellular locations, including at the vacuole and its ubiquitination and endocytosis
was increased [181]. Moreover, glucose-activated proton extrusion, which is mainly performed by Pmalp,
was much lower in vma mutants. Thus, the coordinated activity of both proton pumps greatly contributes

to pH homeostasis [182].
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A domain

TM domains

Figure 2.5: Structure of P-type proton pumping ATPases. (A) Refined crystallographic structure of Arabidopsis thaliana H1-
ATPase 2. Each domain is coloured differently as indicated. The visual representation was designed using VMD with the pdb
structure 5KSD published by [176]. (B) Model of the structure of Saccharomyces cerevisiae Pmalp created based on the
Neurospora crassa plasma membrane proton ATPase model. The putative positions of the three cytosolic domains (A, N and
P) are indicated based on the model depicted in A. The cytosolic C-terminal is also shown (adapted from [172]). The dashed

lines indicate the approximate location of the plasma membrane.

2.2.1.1 Pmal as an antifungal drug target

Given its vital role in fungal physiology, wide distribution among fungi and absence from higher
eukaryotes, Pmalp has been explored as a specific target for broad-spectrum antifungal drug
development [172,173]. In fact, Pmalp inhibition has been shown to be an effective antifungal therapy
generally leading to hydrolytic activity impairment, glucose-activated proton extrusion hindering,
intracellular ATP accumulation and intracellular acidification, which culminates in growth inhibition and
cell death [91,183].

Several Pmalp inhibitors have been developed throughout the years. The classical Pmalp inhibitor
vanadate, which is widely used in biochemical assays using purified cellular fractions, is not an effective
antifungal as it cannot penetrate membranes, therefore lacking activity against whole cells [184]. Also,
the classical stomach Na'/K-ATPase inhibitor omeprazole showed good Pmalp inhibition and fungicidal
effect, however its activity requires activation at low pH [185]. Novel inhibitors have therefore been
explored. A compound that has been receiving increasing attention in the last decade is ebselen (2-phenyl-

1,2-benzisoselenazol-3(2H)-one), a fungicidal organoselenium compound that was shown to inhibit fungal
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growth, induce cell death and target Pmalp as demonstrated by its ability to thwart ATPase activity and
ensuing medium acidification [183]. Different works aiming to explore the antifungal potential of ebselen
analogs have been published afterwards that reinforce the potent antifungal effect of organoselenium
compounds, even against fluconazole-resistant strains, owing to the targeting of Pmalp (demonstrated
in whole cells and purified Pmalp fractions) [186,187]. A conjugated styryl ketone called NC1175 was
also shown to inhibit glucose-induced extracellular acidification in several Candida, Saccharomyces and
Aspergillus species. Pmalp was suggested to be the target of NC1175 since it completely blocked the
inhibitory effect of vanadate towards ATP hydrolysis in isolated membrane fractions [188]. Natural
compounds have also been explored. Eugenol and thymol, the major phenolic components of clove and
thyme essential oils, have shown promising antifungal activity against various Candidaisolates including
azole-resistant isolates. This activity was associated to their inhibitory effects towards Pmalp as
suggested by the inhibition of glucose-stimulated proton efflux and intracellular acidification induced by
both compounds [189].

Screening of compound libraries is an interesting approach to identify novel Pmalp inhibitors.
Kiellerup et al. performed a screening with 191 000 compounds aiming to find those that could inhibit
ATP hydrolysis. Compounds holding the desired activity at low concentrations were further tested for their
effects on membrane potential, intracellular ATP concentration, extracellular acidification and S.
cerevisiae growth inhibition. A series of compounds containing a pyrido-thieno-pyrimidine group were
particularly interesting as they selectively inhibited Pmalp activity as compared to other mammalian P-
type ATPases [184]. Another screening tested the effect of crude extracts of 33 plant species on the
ATPase activity of plasma membranes isolated from S. cerevisiae. After the initial results, high resolution
analysis was carried out to identify the active compounds. Chebulagic acid and tellimagrandin Il were
identified as antifungal agents with Pmalp inhibitory capacity [190]. The search for novel Pmalp

inhibitors is thus a promising approach for antifungal therapy.

2.2.2 Structure and functions of V-ATPases

Vacuolar H*-ATPases (V-ATPases) were first discovered in the vacuoles of yeast [191,192] and
plants [193,194] and afterwards identified in a myriad of intracellular organelles including mammalian
lysosomes, secretory vesicles, endosomes, Golgi-derived vesicles, among many other subcellular
locations [195]. Besides its intracellular membrane distribution, V-ATPases are also present at the plasma
membrane of highly metastatic cancer cells [196,197], as well as in a variety of specialized cells

[198,199]. Such a cellular localization diversity is consistent with the multiple roles exerted by V-ATPases
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including intracellular trafficking, synthesis and processing of biomolecules, uptake of nutrients, urine
acidification, maturation of hormones, bone remodeling, sperm maturation, among others, as recently
reviewed [195,200,201].

V-ATPases are highly conserved among prokaryotes and eukaryotes and their overall multi-subunit
structure is well conserved. The V-ATPase structure will be more thoroughly described here as, in Chapter
5, a computational approach that aims to predict how Lf binds to V-ATPase is explored. It consists of two
functional domains, the V. domain, embedded in the cellular membranes and responsible for the proton
translocation; and the V. domain, cytosolic and responsible for the ATP hydrolysis (Figure 2.6). These
domains comprise different subunits with defined stoichiometry [202]. Curiously, the mature V-ATPase
has 30 polypeptides generated from 12-16 gene products, which results in a complex of ca. 1 MDa [203].
The best-known eukaryotic V-ATPase subunit organization is from the budding yeast Saccharomyces
cerevisiae, for which several cryo-electron microscopy (cryo-EM) or X-ray diffraction structures of the
biological assembly of the complex [202,204,205] or of individual subunits [206-208] and domains
[209-211] are deposited at the Protein Databank (https://www.rcsb.org). The V. domain consists of
subunits a,d,e, a cring composed of subunits &, ¢’, ¢”, and the recently identified subunit 7 [210], and
the assembly factor Voalp [209,211]. In turn, the V1 domain contains the subunits A, Bs, C, D, E;, F,
Gs, H [202]. The stoichiometry is indicated by the numbers in subscript. The three AB subunit pairs form
three catalytic sites, the so-called catalytic hexamer A:Bs, where ATP is hydrolyzed. Subunit a from the V.
domain has a dual role, namely its cytosolic N-terminal part is involved in the targeting of V-ATPase to the
appropriate cellular location, whereas its membrane C-terminal part forms two half-channels, where
protons are translocated. Together with subunits H and C, subunit @ also connects the two domains. Each
of the subunits of the cring has conserved glutamate residues (c - Glul37, ¢’ - Glul45, ¢’ - Glu108) that
bind and transport protons during ATP hydrolysis [210]. Very recently, Wang et a/. described for the first
time the structure of the human V-ATPase at up to 2.9 A resolution (Figure 2.6), where they found a
crucial role for the assembly subunit ATP6AP1 as a hub for the V. domain assembly by interacting with
various V. subunits and lipids. Moreover, they pinpointed the role of glycolipids, phospholipids and N-
glycans linked to V. subunits in V-ATPase assembly, localization and protection from hydrolases [212].
Here, we only highlight the roles of the most prominent subunits. For a comprehensive review on V-
ATPase subunits’ functions please refer to [205] and [210]. A fascinating feature of V-ATPase is the
existence of cell/tissue-specific isoforms of some subunits that determine its subcellular localization, and
whose mutations originate different human diseases. Indeed, mammals have different isoforms of

subunits V.a, V.d, ViB, ViC, V.E and V.G, besides the ubiquitous ones [195,213].
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Figure 2.6: Structure of the human V-ATPase. The V. and V. domains, responsible for ATP hydrolysis and proton transport,
respectively, are indicated. The different subunits are coloured differently. The visual representation was designed using VM D

with the pdb structure 6WM2 published by [212].

V-ATPases operate by a rotary mechanism and are considered nanoscale rotary motors [203].
Three distinct rotational states have been observed in the cryo-EM V-ATPase structures, where
conformational changes occur in the majority of the subunits during the transition from one state to
another [202,204,205,212]. Indeed, in functional terms, V-ATPases are divided in a central rotor and a
peripheral stator complex. ATP hydrolysis is coupled to proton translocation through the rotation of the
central rotor, while the stator complex stabilizes the motor by preventing the entire complex from turning
with the rotor. This complex structural organization allows V-ATPases to efficiently transport protons
across membranes creating an electrochemical potential that drives a series of secondary active transport

systems [205].

2.2.2.1 V-ATPases as attractive targets for cancer therapy

V-ATPases are emerging as potential drug targets in cancer therapy since a growing number of
evidence shows a link between V-ATPases dysregulation and cancer survival and, metastasis. Indeed, the

overexpression and altered subcellular localization of V-ATPase in cancer cells, in comparison with their
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non-cancer counterparts, as well as the role of different V-ATPase isoforms and mutations in cancer have
been reported by several researchers [163]. Overall, the most important roles of V-ATPase in tumors are
related to invasiveness, angiogenesis, proliferation, tumorigenesis and drug resistance [214,215].

With the exception of some specialized cells, V-ATPases are generally localized at the membranes
of intracellular organelles, ensuring their acidification [200]. However, our group and others, using
different methodological tools, demonstrated that V-ATPase is at the plasma membrane of highly
metastatic cancer cells derived from different types of cancer (Table 2.2), but not in lowly metastatic or
non-tumorigenic cells [107,196,216]. Moreover, highly metastatic cancer cells were shown to
preferentially use plasmalemmal V-ATPase to maintain their intra- and extracellular pH balance, while
lowly metastatic cancer cells resort to Na*/H* exchangers or HCO- - based H-transporters [196,217].
The V.a4 isoform was shown to be responsible for the targeting of V-ATPase to the plasma membrane in
MDA-MB-231 highly metastatic breast cancer cells as its silencing by siRNA decreases the V-ATPase
plasma membrane staining [197]. The V.43 isoform also seems to play a role in the plasmalemmal
targeting of V-ATPase given that its overexpression in a non-invasive immortalized breast cell line
significantly increased the localization of V-ATPase at the plasma membrane [218]. The link between the
presence of V-ATPase at the plasma membrane and enhanced invasive and metastatic capacities of
cancer cells is well documented [197,218,219]. Indeed, several studies demonstrated that the in vitro
invasion capacity of highly, but not lowly, metastatic cancer cells is dramatically impaired by V-ATPase
inhibition [196,218]. The targeting of V-ATPase to the cell surface has been proposed to both contribute
to the alkalization of the tumor cell cytoplasm and to the acidification of the extracellular tumor
microenvironment (TME) [197,218]. By maintaining an aberrant acidic pH at the TME, V-ATPase
contributes to the activation, secretion, and cellular distribution of many proteases involved in the
digestion of the extracellular matrix, including matrix metalloproteinases (MMP), thus promoting local
invasion and metastasis [220].

Besides its plasmalemmal localization, V-ATPase is also overexpressed in different types of cancer
cells [218,226,230-232]. Indeed, we showed that V-ATPase is overexpressed in highly metastatic cancer
cells derived from osteosarcoma, breast and prostate cancer, which is associated with higher extracellular
acidification rate and more acidic lysosomes [106,107]. On the other hand, numerous works focusing on
specific V-ATPase isoforms reported they are overexpressed in cancer cells with high invasive capacity,
as compared to non-cancer cells or lowly invasive cancer cells (Figure 2.7). Looking at the overall picture,
the overexpression of V.a2-4, Voc and ViC1 subunits are those that gather a greater piece of evidence in

breast and ovarian; musculoskeletal and prostate; and head and neck cancer, respectively. Very recently,
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an interesting work reported the expression of all V-ATPase subunit isoforms in esophageal squamous

cell carcinoma, followed by a comparative analysis with other types of cancer. This study revealed the

peculiar presence of V-ATPases harbouring distinct subunit isoform combinations, specific of different

cancer types (V-ATPase molecular signatures). The knowledge of these combinations is particularly

relevant as their can either function as cancer biomarkers or be used as basis for drug development

[233]. Indeed, ablation of specific subunits diminishes the invasive capacity of cells [216,231,234].

Table 2.2: Evidence and methodological tools used to detect the presence of V-ATPase at the plasma membrane of highly

metastatic/invasive cancer cells as compared, in some studies, to lowly metastatic/less invasive cancer cells and/or non-

cancer cells. Unless otherwise indicated, commercially available cell lines are depicted. IF: immunofluorescence, WB: western

blot, FC: flow cytometry, PC: primary culture, TS: tissue sections.

Cancer type Technique Highly metastatic Lowly metastatic Non-cancer cells References
cancer cells cancer cells
IF Hs 578T T-47D MCF-10-2A [107]
IF, WB MDA-MB-231 MCF-7 [196,197]
Breast IF MCF10CAla MCF10a [218]
MCF10CAla, MB231,
IF SUM149 MCF10a [219,221]
IF SKBR3 MCF10a [222]
IF MG-63, RD, SW1353 [223]
Musculoskeletal N SK-N-MC, A-673, SK-ES- oon
1, RD-ES
Pancreatic IF Panc-1 BXPC3 [216]
Prostate WB C4-2B LNCaP [225]
) Hepatocellular Normal hepatocytes
Liver IF, WB carcinoma cells (PC) (PC) [226]
Non-small cell lung
Lung IF cancer cells (PC) [214]
) TOV-112D, A2780, .
Ovarian FC, IF SKOV-3 Normal ovarian (TS) [227]
Esophageal squamous
Esophageal IF cancer cells (TS) [215]
WB v\\;\/MMlglg,Sg/fle\fwelléf SBCI2, WM793 [228]
Melanoma '
IF B16-F10 B16 [229]
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Overexpression of V-ATPase subunit isoforms in cancer
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Figure 2.7: Evidence supporting the overexpression of V-ATPase subunit isoforms at mRNA and/or protein levels in different
types of cancer, as compared to their lowly invasive and/or non-cancer counterparts. The blue scale colour map represents
the number of publications where a specific isoform overexpression was reported. This heatmap was built based on the

following publications: [197,216,218,221,223,226,227,229-253]. CNS: central nervous system.

Since V-ATPases are housekeeping ubiquitously expressed proton pumps, their inhibition in terms
of clinical prospects faces serious barriers. Selectivity should be the leading concept in the development
of therapeutic V-ATPase inhibitors, because off-target V-ATPase inhibition is detrimental for the organism
[220,254]. There are different families of V-ATPase inhibitors [220,255] but, despite all the efforts by the
scientific community, these inhibitors have not reached human clinical trials so far, and therefore their
clinical use is very limited owing to their high /in vivo toxicity [220,254]. Hence, rational strategies based
on the targeting of specific subunit isoforms/interactions signatures, and of V-ATPases localized in specific
environments known to be associated with disease, have been exploited [256,257].

V-ATPase inhibition has been regarded as a very promising strategy in the fight against cancer as
several /n vitro and in vivo studies show its effectiveness in preventing cancer cell survival, invasiveness
and metastasis (Table Al, Appendix). Indeed, old and more recent V-ATPase inhibitors are effective
against different types of cancer models, generally leading to imbalanced pH regulation [106,258-260],
decreased expression of metalloproteinases [258,259] and inhibition of both migration and invasion

[258,260-263] (Figure 2.8).
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Figure 2.8: Effects of V-ATPase inhibition in highly metastatic cancer cells. The inhibition of V-ATPases at the plasma membrane
of highly metastatic cancer cells, which display V.a3/ a4 subunit isoforms, is a promising therapeutic strategy for cancer, as it
will hinder intracellular alkalinization and acidification of tumor microenvironment (TME). The consequences of V-ATPase
inhibition described on the left are based in several /n vitro and /in vivo studies described throughout the text either as an

outcome of exposure to V-ATPase inhibitors or deletion of V-ATPase subunit genes.

Table Al (Appendix) describes the advances of the last few years regarding V-ATPase inhibition-
based approaches towards anticancer therapy. Recently, non-classical natural compounds, such as the
plant-derived myrtenal [261] and cleistanthin A or its derivatives [258,262], lactoferrin [106,107], the
natural cyclodepsipeptide verucopeptin [264] and vitamin D [265] have been tested showing good
anticancer activity. Also, the proton pump inhibitors (PPIs), originally developed to inhibit the stomach
Na‘/K-ATPase, were found to inhibit V-ATPase and explored for anticancer therapy [266,267]. Some of
the V-ATPase inhibitors depicted in Table Al (Appendix) display good selectivity towards cancer cells
[268,269], while the classical V-ATPase inhibitors like bafilomycin Al (BafAl) and concanamycin A
(ConcA) would require targeted delivery and maintenance at the tumor site to be considered therapeutic
agents [220]. The rational discovery of V-ATPase inhibitors using virtual screening has also been explored
and a new bisbenzimidazole analog with marked cytotoxicity against breast and ovarian cancer cell lines
was identified. This is a very promising approach for drug discovery against a specific enzyme/ protein,
which explores databases containing millions of molecules [270]. Similar approaches aiming to find

inhibitors that target specific subunit isoform combinations may also be a very favorable strategy.
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2.3. Novel interactions of lactoferrin with proton pumping ATPases

The search for the mechanisms underlying Lf antimicrobial and anticancer activities led to the
identification, in the last years, of novel interactions between Lf and different proton pumping ATPases in
bacteria, yeast and cancer cells (Figure 2.9). These interactions constitute the launchpad of all the work
developed throughout the present thesis. Indeed, taking them as a starting point, we performed a series
of experimental approaches to characterize the molecular basis of the antifungal and anticancer activities
of Lf in-depth, with the aim of potentiating its application as both an antifungal and an anticancer
compound.

One of the studies on the interaction of Lf with proton pumping ATPases was performed by our
group. We identified plasmalemmal V-ATPase as a bLf molecular target. Indeed, we found that bLf is
selectively cytotoxic to highly metastatic breast cancer cells displaying V-ATPase at the plasma membrane.
Lowly metastatic breast cancer cells and non-tumorigenic cells, which exhibited only intracellular V-
ATPase, were resistant to bLf. This selectivity was also associated with increased V-ATPase activity.
Besides inducing apoptosis in the highly metastatic cancer cells, bLf inhibited the basal extracellular
acidification rate, which in these cells is mainly dependent on V-ATPase, and promoted intracellular
acidification, consistent with the inhibition this proton pump activity. Accordingly, bLf inhibited V-ATPase
proton pumping and hydrolytic activities in lysosomes isolated from rat liver and microsomes isolated
from cancer cells [107]. A few years later, this selectivity was further demonstrated against highly
metastatic cancer cells derived from other cancer types that also displayed V-ATPase at the plasma
membrane, namely prostate cancer and osteosarcoma. In this work, the bLf cytotoxicity was associated
with the overexpression of V-ATPase and a direct or indirect inhibitory effect of bLf towards the lysosomal
V-ATPase was also reported. Indeed, bLf treatment led to lysosomal alkalinization likely due to V-ATPase
inhibition [106].

Despite yeast cells do not display plasmalemmal V-ATPase, they exhibit Pmalp which, though
structurally different, is functionally similar to V-ATPase. Indeed, Andrés et a/. identified Pmalp as a target
of hLf in C. albicans. In fact, hLf treatment led to the intracellular accumulation of ATP, inhibition of
glucose-induced extracellular acidification and impairment of ATP hydrolysis in isolated plasma
membrane fractions. As all these phenotypes were consistent with Pmalp inhibition, the authors next
showed the direct binding of hiLf to Pmalp by far-western blot [91]. More recently, the same research
group demonstrated that the cytosolic acidification caused by the binding of hLf to Pmalp is the first
transduction signal that triggers the subsequent cascade of events. Downstream events include

perturbation of both plasma and mitochondrial membrane potential, as well as K+ cytosolic efflux that
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culminates in regulated cell death through apoptosis [92]. Also, in the fungus Penicillium expansum, an

interaction between Lf and P-ATPases was previously suggested, though not demonstrated [271].
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Figure 2.9: Overview of the interaction of lactoferrin with plasmalemmal proton pumping ATPases. Lf inhibits the activity of (A)
V-ATPase in highly metastatic cancer cells, (B) Pmalp in Candida albicans, and (C) F-ATPase in Lactococcus lactis. These
inhibitory interactions induce cellular dysfunctions including those depicted for each cell type. In all cellular models an inhibition

of the extracellular acidification rate is observed, and all these changes ultimately lead to cell death. pHi, intracellular pH;

pHlys, lysosomal pH; [ATP]i, intracellular ATP concentration; W pm, plasma membrane potential.

rhLf was also reported to inhibit the activity of the bacterial F-type H-ATPase of Lactococcus lactis
[18]. F-ATPases are proton-pumping ATP synthases that can either synthetize ATP using the
transmembrane proton motive force generated in cells under respiratory conditions, through the process
known as oxidative phosphorylation, or hydrolyze ATP to generate the proton motive force and extrude
protons in fermentative conditions [272]. Incubation of glucose-fermenting L. /actis with rhLf resulted in
loss of cell viability associated with loss of plasma membrane potential while preserving plasma
membrane integrity. Using inverted membrane vesicles isolated from L. /actis, Andrés et a/. demonstrated

that rhLf inhibits the ATP-dependent proton translocation induced by F-ATPase. The ATP hydrolysis was
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also impaired, as evaluated in L. /actis purified membrane fractions. These inhibitory effects are
suggested to induce intracellular H- accumulation and loss of pH regulation, which ultimately results in
cell death [18].

Altogether, these studies reinforce proton pumping ATPases as targets of Lf in different cell models
and physiological scenarios. Although the consequences of the interplay between Lf and these proton
pumps have been studied, how this correlates with other phenotypes associated with Lf antifungal and
anticancer activities, and how the membrane niches that house these proton pumps are affected is still
largely unknown and will be studied in the present thesis. Since yeast, as highly metastatic cancer cells,
display the Lf molecular target at the plasma membrane, it can be used as a simpler model to mimic

these cells and the anticancer effect of Lf.

2.4. Sterol- and sphingolipid-rich lipid rafts of cellular membranes

The classical vision of the cell membranes as homogeneous and fluid mosaics proposed by Singer
and Nicolson [273] has evolved to a novel concept that implies lateral heterogeneity and order. Originally
proposed by Simons and lkonen in 1997, the lipid rafts theory hypothesized that close interactions
between specific lipid species, mainly sphingolipids and cholesterol, prompt the formation of packed and
ordered membrane domains that recruit certain lipids and proteins and are involved in membrane
trafficking and cell signalling [274]. The lipid rafts hypothesis was based on two main evidences: the fact
that detergent-resistant membranes (DRMs), which are enriched in cholesterol and sphingolipids, can be
obtained by fractionation of cells/tissues with non-ionic detergents at cold temperatures [275]; and the
observation that artificial model membranes composed of different lipids can form liquid ordered (Lo) and
liquid disordered (Ld) phases, which have distinct packing, rigidity and permeability. The Lo phase is rich
in saturated lipid species and cholesterol [276,277]. Since then, the field underwent a boom, with the
number of publications increasing exponentially (Figure 2.10A), along with the controversy on their
existence and biological importance. Indeed, since lipid rafts are extremely small and highly dynamic,
their direct observation has been a great challenge that remains until now. This together with the lack of
definition in structural, biophysical and biochemistry terms, has promoted a long-standing debate among
the scientific community [278].

In order to clarify the definition of these membrane domains, a meeting that brought together a
broad group of scientists in the field was held in 2006, where the following definition was put forward:
“Membrane rafts are small (10-200 nm), heterogeneous, highly dynamic, sterol- and sphingolipid-

enriched domains that compartmentalize cellular processes. Small rafts can sometimes be stabilized to
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form larger platforms through protein-protein and protein-lipid interactions” [279]. Although the nature of
lipid rafts is still a matter of debate, the advent of cutting-edge biochemical and biophysical techniques,
their association with a variety of cellular functions [280], as well as the proposed presence of analogous
raft-like domains in bacteria [281] and intracellular organelles like vacuoles [282] and mitochondria

[283], support their existence and biological relevance [278,280].
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Figure 2.10: Research on lipid rafts and their composition. (A) Number of publications in PubMed by year using the search
term “lipid rafts” (from 1997 to 2020). The number of papers increased exponentially since the publication of the lipid rafts
hypothesis in 1997, reaching a maximum of 503 papers in 2003. Since then, an average of 401 papers/year was published.
(B) Proposed composition and organization of lipid rafts. These membrane domains are rich in saturated lipids, sphingolipids,
sterols and lipidated proteins. Interaction with actin is also suggested to contribute to lipid rafts maintenance and remodeling

(adapted from [280]).

Currently, there is a consensus that lipid rafts are membrane domains with distinct physical
properties than their surrounding environment including lower fluidity and higher lipid packing and order,
which promote lateral heterogeneity. In mammalian cells, they are formed by the preferential association
of sterols and glycosylated/saturated lipids with certain proteins, being enriched in sphingolipids,
cholesterol, saturated phospholipids, glycolipids, lipidated proteins and glycosylphosphatidylinositol (GPI)-
anchored proteins (Figure 2.10B) [280]. They are present in both outer and inner leaflets of the plasma
membrane [284]. Lipid rafts have been implied in a plethora of biological functions such as cellular
signalling, protein trafficking and host pathogen interactions; and their association with disorders like
cancer and cardiovascular diseases has been reported [280]. In this thesis, the relevance of lipid rafts to
the physiology of fungal and cancer cells, as well as their interplay with the proton pumps Pmalp and V-

ATPase will be explored.
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2.4.1 Yeast lipid rafts and Pmalp

Yeast lipid rafts are much less studied than their mammalian counterparts, although some specific
features and biological functions have been reported. In S. cerevisiae, lipid rafts are composed of
ergosterol and complex sphingolipids [285]. Ergosterol is the main sterol from yeast and has been shown
to be better at forming ordered and packed lipid domains in model membranes than cholesterol [286].
While in mammalian cells, lipid rafts formation occurs in the Golgi apparatus [287], in yeast it takes place
in the endoplasmic reticulum [288]. Lipid rafts have been identified in different yeast species including
budding [288] and fission yeasts [289], and the contribution of their polarization for hyphal growth in C.
albicans has been addressed [290]. While lipid rafts are distributed throughout the plasma membrane in
the budding yeasts, in the fission yeasts they preferentially localize to the regions of polarized growth
[289]. Lipid rafts were found at actively growing sites, at the hyphae tips and at the septation sites of the
pathogenic yeast C. albicans [290]. Besides being involved in fungal pathogenicity, yeast lipid rafts have
been implicated in different vital cellular functions including protein and nutrient transport, membrane
trafficking, intracellular pH regulation, mating, virulence and cytoskeleton organization. On these grounds,
proteins involved in ion homeostasis, nutrient transport, stress response, mating and cytoskeleton
regulation have been identified in lipid rafts. Some of these proteins have been found in non-overlapping
raft domains, suggesting the existence of different raft-like subcellular compartments in yeast [291-294].
Recently, special focus has been given to the yeast vacuolar lipid rafts and their role in global vacuolar
function [295].

By DRMs isolation, Pmalp was found to localize at the plasma membrane lipid rafts [288,296],
and is nowadays recognized as a typical lipid rafts marker in yeast [291]. DRMs localization of Pmalp
was abolished in mutant strains unable to synthetize ergosterol or sphingolipids [288] and lipid rafts
disruption resulted in vacuolar instead of plasma membrane localization of the proton pump, which
highlights the critical role of lipid rafts in the surface delivery of Pmalp [296]. Actually, Pmalp was shown
to associate with sphingolipids at the endoplasmic reticulum (ER), and then the Pmalp-sphingolipid
complex is sorted to the plasma membrane. Sphingolipids perturbation specifically by alteration of the
fatty acid chain length impaired lipid rafts localization of Pmalp [297,298]. Sphingolipids were further
demonstrated to be required for Pmalp ER oligomerization, plasma membrane delivery and stability
[299,300]. Moreover, Pmalp association with lipid rafts is thought to contribute to its stability at the
plasma membrane [301]. Interestingly, Pmalp displacement from lipid rafts triggered by the anticancer

lysophospholipid edelfosine was shown to induce yeast cell death [302]. The interplay between Pmalp
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and lipid rafts will be further discussed in Chapter 3, aiming a better understanding of the Lf antifungal

activity.

2.4.2 Lipid rafts in cancer cells and their interplay with V-ATPase

Several evidences have pinpointed an important role of lipid rafts in cancer and cancer-associated
signalling. Remarkably, higher levels of lipid rafts have been detected in cancer cells as compared to their
non-cancer counterparts. Li ef a/. showed that human prostate and breast cancer cell lines exhibit a
stronger staining of cholesterol and glycosphingolipid GM1 (a lipid rafts marker) than the non-tumorigenic
cells [303]. Also in melanoma, cancer cells were found to have 1.5 to 2-fold higher cholesterol and liquid-
ordered membrane phases than non-cancer cells [304]. In this line, cancer cells were shown to be more
sensitive to cell death induced by lipid rafts-disrupting compounds than normal cells [303].

These high lipid rafts levels in cancer cells are tought to be closely associated with oncogenic
signalling, and the anticancer effects of lipid raft-disrupting agents is often associated to the inhibition of
tumor-promoting signalling pathways [303,305]. Indeed, it has been demonstrated that the spacial
compartmentalization of the components of signalling pathways improves the efficiency of the signal
transduction [306]. In agreement, lipid rafts are known to house important signalling molecules involved
in the major cell survival pathway, the PI3K (phosphoinositide 3-kinase)/AKT (protein kinase B) pathway,
which is frequently constitutively activated in cancer [305]. The raft localization of these proteins is
suggested to facilitate AKT recruitment and activation [284], and perturbation of this raft localization
inhibits the pathway [306]. Lipid rafts have also been implicated in epidermal growth factor receptor
(EGFR) signalling in cancer cells. Lipidomic analysis of glioblastoma cells expressing a constitutively active
EGFR, which is often associated with glioblastoma onset, revealed that activated EGFR promoted
membrane lipid remodelling by increasing the levels of saturated phosphatidylcholine species, which in
turn enhanced membrane order. These phenotypes are associated with augmented EGFR signalling,
driven by its association with the lipid rafts, and tumor growth [307]. Furthermore, EGFR lipid rafts
localization in breast cancer cells has been associated with resistance of these cells to tyrosine kinase
inhibitors. Cholesterol depletion with lovastatin sensitized cells to these inhibitors, attesting to the synergy
of agents targeting lipid rafts and anticancer drugs [308].

Besides signalling, lipid rafts have also been implicated in invasion and metastasis (as reviewed by
[309]), based on the following observations: molecules involved in cell adhesion and spread have been
found at lipid rafts; association of specific proteins in the lipid rafts was shown to promote migration

[310]; and lipid rafts disruption was shown to hinder of lamellipodia formation, surface protusions crucial
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for tumor cell locomotion and migration [311]. Given all these evidences, lipid rafts have been proposed
as therapeutic targets, and compounds that perturb lipid rafts as promissing anticancer agents
[309,312,313].

An interesting interplay between V-ATPase and lipid rafts has been reported in cancer cells. Indeed,
V-ATPase has been found at the lipid rafts of different types of cancer cells including cells derived from
melanoma [228], leukemia [314] and cervical cancer [315]. In melanoma cells, V-ATPase presence at
DRMs was found to be directly associated with the degree of malignancy as lipid rafts V-ATPase
localization was prominent in highly metastatic cancer cells in comparison with lowly metastatic
melanoma cells [228]. Different reports also support the existence of an interdependence between V-
ATPase and lipid rafts, since V-ATPase activity seems to be crucial for lipid rafts assembly, and, in turn,
lipid rafts are essencial for proper V-ATPase activity. Indeed, V-ATPase inhibition was found to impair lipid
rafts clustering [316], and to alter the composition of cholesteryl-ester species as well as membrane
fluidity and polarity of liver cancer cells [263]. In turn, lipid rafts perturbation was shown to hinder V-
ATPase activity in different cell models [317-319], and changes in lipid composition alter the reversible
disassembly mechanism of V-ATPase [317]. This close interplay between V-ATPase and lipid rafts will be

will be further detailed in Chapter 4, in the context of Lf anticancer activity.

2.5. Assembling all pieces together to uncover lactoferrin mechanisms of

action

Given the interplay between Lf and proton pumping ATPases, and considering the relevance of lipid
rafts for Pmalp and V-ATPase functioning and regulation, in the present thesis we aimed to study the
putative axis between Lf, proton pumping ATPases and lipid rafts, in order to decipher the mechanisms
underlying Lf antifungal and anticancer activities. A computational approach to predict how Lf interacts

with V-ATPase is also presented.
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3.1 Background

The yeast Pmalp is localized at microdomains of the plasma membrane called lipid rafts [1,2],
and different reports support the importance of these membrane niches for Pmalp activity. Indeed, lipid
raft association is crucial for proper surface targeting and stability of Pmalp at the plasma membrane
[3], and disruption of lipid rafts leads to mistargeting of Pmalp to the vacuole [4]. Sphingolipids, which
are critical and abundant in lipid rafts, are also required for Pmalp oligomerization at the ER, its targeting
to the plasma membrane, and for its stability at the cell surface [5,6] (see Chapter 2.4.1 for detailed
information). Moreover, lipid rafts affect the mechanical properties of the plasma membrane and are
involved in fungal pathogenicity and biofilm formation [7]. The combination of antifungal peptides
targeting lipid rafts with conventional antifungal drugs has been suggested as a powerful antifungal
strategy [8].

Given the interplay and interdependence between Pmalp and lipid rafts, and because Lf binds and
inhibits this proton pump, in the present chapter we aimed to uncover the role of lipid rafts in Lf-induced
cell death, and to explore the Lf-Pmalp-lipid rafts axis. As human and bovine Lfs share a high degree of
sequence identity (69%) [9], a similar structure [10] and function/activity against fungi [11], we used
bovine Lf (bLf) in the present work. The effect of lipid raft composition on bLf cytotoxicity was studied
using yeast mutant strains lacking lipid raft-associated proteins or enzymes that are involved in the
synthesis of ergosterol and sphingolipids, the major components of DRMs. Rvs161p (encoded by
RVS161/END6) is a protein localized at lipid rafts [12]. The £ERG6 gene encodes the sterol C-24
methyltransferase that catalyses one of the final steps of the ergosterol biosynthesis by converting
zymosterol to fecosterol (Figure 3.1A). Therefore, ergbA mutants accumulate mainly zymosterol and
cholesta-5,7,24-trienol instead of ergosterol [13]. The other two genes under study are involved in
sphingolipid metabolism (Figure 3.1B). LACI encodes a component of ceramide synthase, which is
involved in de novo synthesis of ceramide by N-acylation of sphingoid bases. The /SCI gene encodes the
mitochondrial inositol phosphosphingolipid phospholipase C that is involved in the synthesis of ceramide

by hydrolysis of complex sphingolipids (Figure 3.1B) [14].
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Figure 3.1: Ergosterol (A) and sphingolipids (B) biosynthetic pathways in Saccharomyces cerevisiae. For ergosterol, only the
last steps of the biosynthetic pathway are represented. The genes that were deleted to construct the mutant strains used in

this work are marked in red with an asterisk (*).

3.2 Materials and Methods
3.2.1 Strains and plasmids

All S. cerevisiae strains and plasmids used in this study are listed in Table 3.1. BY4741 and L3852
were used as wild type strains. BY4741, ergbA, rvsi6IA, laciA, iscIA and astIA strains were
transformed with pRS316 Pmal-GFP using the LiAc/SS Carrier DNA/PEG method [15]. The astiA strain
was transformed with the high copy pAC49 AST1 plasmid using the same method. The XGY32 strain
harbours the pmal-10 mutations, produced by pop-in/pop-out gene replacement of the PMAI gene [3].

3.2.2. Growth conditions

All strains were grown in YEPD (yeast extract-peptone-dextrose) medium [1% (w/v) yeast extract, 2% (w/v)
peptone, 2% (w/v) glucose], with the exception of the strains expressing plasmids that were grown in
Synthetic Complete Glucose medium [SC Glu pH 5.5; 2% (w/v) glucose; 0.67% (w/v) yeast nitrogen base
without amino acids and ammonium sulphate; 0.5% (w/v) ammonium sulphate; 0.1% (w/v) potassium
phosphate, 0.2% (w/v) drop-out mixture lacking histidine, leucine, tryptophan and uracil; 0.01% (w/v)
histidine, 0.02% (w/v) leucine and 0.01% (w/v) tryptophan. The yeast strains were grown at 30 °C
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(and/or at 37 °C in the case of L3852 and XGY32 strains) in an orbital shaker at 200 rpm, with a ratio
of flask volume/medium of 5:1 until exponential phase (0D640 0.6 - 0.8).

Table 3.1: List of S. cerevisiae strains and plasmids used in this chapter.

Strain Genotype Reference/ Source
BY4741 MATa his3A1 leu2A0 met15A0 ura3A0 Euroscarf

MATa his3A1 leu2A0 met15A0 ura3A0
ergbi Euroscarf

ergbA::KanMX4

MATa his3A1 leu2A0 met15A0 ura3A0
sl161A s 16IA:-KanMX4 Euroscarf

1A MATa his3A1 leu2A0 met15A0 ura3A0 Euroscarf
JacIA:KanMX4 !

iscIA MATa his3A1 leu2A0 met15A0 ura3A0 . .
/sc1A::KanMX4 uroscar

MATa his3A1 leu2A0 met15A0 ura3A0

astIA 25t 1A KanMX4 Euroscarf
BY4741 PMAI-GFP BY4741 harbouring pRS316 PMAI-GFP This study
ergbA PMAI-GFP ergbA harbouring pRS316 PVAI-GFP This study
wsl161A PMAI-GFP rvs161A harbouring pRS316 PMAI-GFP This study
lacIA PMAI-GFP /acIA harbouring pRS316 PMAI-GFP This study
/scIA PMAI-GFP /scIA harbouring pRS316 PMAI-GFP This study
astIA PMAI-GFP astiA harbouring pRS316 PMAI-GFP This study
astiA ASTI astiA harbouring pAC49-AST1 This study
L3852 aMd,ZTZa his3A200 lys2A201 leu2-3,112 ura3-52 [34]
XGY32 gﬂdﬁ';apr;ijﬁfgo lys2A201 leu2-3,112 ura3-52 3]
Plasmid Description Reference
pRS316 Pmal-GFP URA3, PMAI gene fused with the yeast GFP3gene  [12]
pAC49-AST1 AST1URA3 2u [34]

3.2.3 Lactoferrin treatment and cell survival assays

After reaching the exponential phase, yeast cells were harvested, resuspended in 10 mM Tris-HCl
buffer pH 7.4 [16] and incubated with 0-1500 pg/ml bLf and/or with 20 uM C2-ceramide (N-Acetyl-D-
sphingosine, Sigma-Aldrich) or its solvent (absolute ethanol) for 90 min under the same aforementioned
growth conditions. Lower incubation times were employed in the experiments with isolated plasma
membranes (15 min) and vacuoles (right before ATP addition), as well as with the fluorescence-labelled
bLf (bLf-FITC) (75 min). bLf was obtained from DMV (Veghel, The Netherlands). The protein is ca. 80%
pure, with 3.5% moisture, and 21% iron-saturated, according to the manufacturer. bLf was dissolved in

sterile distilled water (dH-0) to obtain the different concentrations used throughout this work.
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Cell survival was evaluated by counting of colony forming units (c.f.u.). Briefly, four serial dilutions
of the cultures were performed, and the 10+ dilution was plated onto YEPD containing 2% (w/v) agar and
incubated for 48 h at 30 °C. The percentage of cell survival was calculated from the number of c.f.u. of

each condition in relation to time zero and the control without any treatment.

3.2.4 Filipin staining, Pmal-GFP localization and fluorescence microscopy

For visualization of sterol-rich lipid rafts, yeast cells were stained with filipin (Filipin Il from
Streptomyces filjpinensis, Sigma-Aldrich), a naturally fluorescent antibiotic widely used to visualize sterols
[17]. After treatment with or without bLf, cells were collected at an OD640 of 0.5 and concentrated 20x
in sterile water. Immediately before visualization under the fluorescence microscope, cells were incubated
for 1 min in the dark with 0.1 mg/ml filipin from a stock solution of 5 mg/ml (w/v) in methanol [18].
Cells were then mounted on slides with the anti-fading agent Vectashield (Vector Laboratories) to
overcome the instability of this dye, and then visualized in an epifluorescence microscope. As a positive
control of lipid rafts disruption, cells were treated for 30 min at 30 °C in an orbital shaker at 200 rpm
with 5 mg/ml methyl-B-cyclodextrin (MBCD) in 10 mM Tris-HCI buffer pH 7.4. For determination of
Pmalp localization, Pmal-GFP expressing cells without any treatment were grown until early-exponential
phase, collected by centrifugation at 3,000 xgfor 3 min, and resuspended in sterile water at an OD640
of 10. Samples were observed under the fluorescence microscope immediately. The percentage of cells
with altered Pmalp localization was calculated by counting the number of cells with normal and altered
Pmalp localization in each observed field. More than 800 cells were counted.

The images were obtained with a fluorescence microscope (Leica DM 5000B, Leica Microsystems)
with appropriate filter settings using a 100x oil-immersion objective with a Leica DCF350FX digital

camera, and processed with LAS Leica Microsystems software.

3.2.5 Lactoferrin-FITC labelling

For labelling of bLf with fluorescein-5-isothiocyanate (FITC), 50 ug/ml of FITC (Sigma-Aldrich) were
added to a solution of 121 mg/ml of bLf in 1 M sodium bicarbonate buffer, pH 9, and incubated for 2 h
in the dark with agitation. Afterwards, the unbound FITC was removed by several spin-separation cycles
at 6,000 xgfor 5 min using Amicon Ultra-0.5, Ultracel-30 Membrane (30 kDa cutoff), and finally buffer
exchange to water was performed using the same approach. A control with only FITC was performed and

added to cells. No fluorescence was detected using the same settings as those for bLf-FITC.
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3.2.6 Assessment of metabolic activity by FUN-1 staining

Metabolic activity of yeast cells was evaluated by Fun-1 [(2-chloro-4-(2,3-dihydro-3-methyl-(benzo-
1,3-thiazol-2-yl)-methylidene)-1-phenylquinolinium lodide), Molecular Probes] staining. Fun-1 is a
membrane-permeant dye that is transported to the vacuole and compacted into cylindrical intravacuolar
structures (CIVS) only in metabolically active yeast cells [19]. After 90 min incubation in the absence or
presence of 425 ug/ml bLf, 1 mL of cells at an OD640 of 0.1 were harvested, resuspended in phosphate
buffered saline (PBS) 1x (PBS 10x; 137 mM NaCl, 2.7 mM KCI, 10 mM Na.HPOQ., 1.8 mM KH-PQO., pH
7) and stained with 4 uM FUN-1 for 30 min at 30 °C in the dark. Wild type cells boiled for 5 min were
used as a positive control for absence of metabolic activity. Stained cell suspensions were then analysed
in an epifluorescence microscope and in a flow cytometer. Flow cytometry data are presented as the
mean FL4 fluorescence intensity in relation to the autofluorescence of each sample and untreated cells

of each strain.

3.2.7 Analysis of glucose-dependent extracellular acidification

Extracellular acidification rate was estimated as previously described [20]. Briefly, after growth and
treatment without or with 0-1500 ug/ml bLf or 100 uM diethylstilbestrol (DES) as reported for cell survival
assays, cells were washed once with 50 mM KCl and then resuspended and concentrated (107 cells/ml)
in 1 ml of 50 mM KCI and subjected to pH measurements. DES was used as a positive control for Pmalp
inhibition [20]. After pH stabilization, 2.5 mM glucose was added and acidification was measured using
a pH meter every minute for 12 min, with constant stirring. A sample was taken from each condition to
estimate the dry weight after incubation at 80 °C for two days. Data is presented as ApH/min/mg dry
weight.

3.2.8 Plasma membrane isolation

Plasma membranes were obtained as described previously [20], with some modifications. Briefly,
4 L of yeast culture were grown in YEPD medium until late-log phase. Cells were then harvested, washed
twice with distilled sterile water and resuspended in homogenization buffer [2 mM EDTA, 2% (w/v)
glucose, 1 mM phenylmethylsulfonyl fluoride (PMSF), 0.2 ng/ml DNase, 50 mM Tris pH 7.4]. Whole cells
were then disrupted by three passages at 19,500 Ib/inz in a French pressure cell (SLM Aminco, Silver
Spring, MD). The resulting suspension was centrifuged at 3,000 xgfor 10 min, at 4 °C, to remove cell

debris and unbroken cells, and the supernatant was centrifuged twice at 14,000 xgfor 30 min, at 4 °C.
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Afterwards, the homogenate was centrifuged at 100,000 xg for 1 h 30 min, at 4 °C, and the pellet
containing the cell membranes was resuspended in ice-cold resuspension buffer [0.5 mM EDTA, 20%
(v/v) glycerol, 0.1 mM PMSF, 10 mM Tris, pH7.4]. Protein concentration was estimated by Bradford

assay [21] before storage of samples at -80 °C.

3.2.9 Measurement of ATP hydrolysis

ATP hydrolysis assay was performed using the PiColorLock™ Gold Phosphate Detection kit
(obtained from Innova Biosciences, Ltd. Cambridge, UK), which allows the quantification of the inorganic
phosphate (Pi) concentration, according to the manufacturer’s instructions. For all experiments, a
calibration curve with a standard range of Pi concentrations was performed. Measurements were
performed in isolated plasma membranes at a concentration of 12.5 pg/ml in assay medium containing
0.2 mM ATP. To avoid interference of the activity of vacuolar and mitochondrial ATPases and acid
phosphatases, membranes were pre-incubated for 15 min at 30 °C with 50 mM KNO;, 0.2 mM
ammonium molybdate and 5 mM sodium azide [22], respectively. Afterwards, membrane extracts were
incubated with 100 ug/ml bLf or 100 uM diethylstilbestrol (DES) for 15 min at 30 °C. Pi concentration
was calculated by spectrophotometry at 620 nm. Data are presented as percentage in relation to the

untreated control of each strain (considered as 100%).

3.2.10 Evaluation of intracellular ATP concentration

Intracellular ATP concentration was quantified using the BacTiter-Glo™ Microbial Cell Viability kit
as recommended. For all experiments, a calibration curve with standard ATP concentrations (10-1000
nM) was performed. Cells were grown as described for cell survival assays and treated in the absence or
presence of 250 and 425 ug/ml bLf, and 100 uM DES for 90 min at 30 °C, with 200 rpm agitation. 50
ul of each condition were transferred to a 96-well opaque plate, mixed with an equal volume of BacTiter-
Glo reagent, and incubated for 15 min in the dark. The emitted luminescence was read in a Varioskan
flash multimode reader (Thermo Scientific). The reagent uses a thermostable luciferase that produces a
luminescence signal proportional to the ATP concentration. Data is shown in arbitrary units as fold change

expressed in relation to the untreated control of each strain (considered as 1).

3.2.11 Protein extraction and western blot

For preparation of whole cell extracts, 1 mL OD640 of 1 of exponentially growing cells was

harvested by centrifugation at 5,000 xg for 3 min and washed once with dH.0. Cells were then
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resuspended in 500 pl water containing 50 pl lysis buffer (3.5% B-mercaptoethanol in 2 M NaOH) and
incubated for 15 min on ice. Next, 50 ul of 50% trichloroacetic acid were added and incubated for
additional 15 min to precipitate the proteins. The extracts were centrifuged at 10,000 xgfor 10 min, at
4 °C, washed with acetone and centrifuged again. Finally, protein extracts were resuspended in Laemmli
buffer (2% B-mercaptoethanol, 20% glycerol, 0.02% bromophenol blue, 0.1 M Tris, pH 8.8). Samples
were heated at 95 °C and used immediately for western blot or stored at -20 °C.

For detection of Pmalp expression levels, 50 ug of protein extracts were separated by 10% sodium
dodecyl sulfate-polyacrylamide gel electrophoresis for 1 h. Proteins were then transferred onto
nitrocellulose membranes, and membranes were blocked in 5% non-fat milk in PBS-Tween 0.1% solution
(Ix PBST) with agitation at RT for 1 h to avoid non-specific interactions. Membranes were then cut into
strips and incubated overnight at 4 °C with the primary antibodies mouse monoclonal anti-yeast
phosphoglycerate kinase (Pgklp) (1:5000, Molecular Probes), mouse monoclonal anti-Pmalp (1:1000,
40B7, Invitrogen), and goat polyclonal anti-bLf (1:1000, Abcam). Pgklp was used as the loading control.
Subsequently, membranes were incubated with the secondary antibody Peroxidase-AffiniPure goat anti-
mouse 1gG or donkey anti-goat IgG (Jackson ImmunoResearch) (1:5000). Chemiluminescence detection

was performed using the ECL detection system (Millipore-Merck) in a ChemiDoc XRS system (Bio-Rad).

3.2.12 Isolation of intact yeast vacuoles

Vacuole isolation was performed as previously described [23,24]. After grown until an 0D640 of
0.7, 1 L of S. cerevisiae BY4741 cell culture was collected, washed twice with ice-cold distilled water,
resuspended in washing buffer [5% glucose, 10 mM MES (morpholineethanesulfonic acid)-Tris, pH 6.5]
and incubated in a shaker at 30 °C for 30 min. Afterwards, cells were incubated with digestion buffer
[1.35 M sorbitol, 10 mM citric acid, 30 mM Na.HPO., 1 mM EGTA (ethylene glycol-bis(3-aminoethyl
ether)-N,N,N’,N"-tetraacetic acid), 30 mM DTT (dithiothreitol), pH 7.5] for 15 min at room temperature.
Spheroplasts were generated by subsequent incubation with 2 mg/mL of zymolyase in digestion buffer
without DTT, and cell wall digestion was monitored in a phase contrast microscope. When digestion was
completed, spheroplasts were pelleted by centrifugation at 2,750 xgfor 5 min and washed with digestion
buffer without DTT. They were then resuspended in 12% (w/v) Ficoll and homogenized in a Potter-
Elvehjem to disrupt the cell membrane. To isolate vacuoles by Ficoll gradient centrifugation, the resulting
homogenate was centrifuged at 2,750 xgfor 3 min and the supernatant was recovered. The gradient
was prepared by carefully adding 8% (w/v) Ficoll on the top of the supernatant. Ultracentrifugation was

performed at 80,000 xgfor 30 min in a SW 28 Ti swinging-bucket rotor. The white fraction on top of the
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gradient containing highly purified vacuoles was collected and used in the spectrofluorometric studies.
Protein concentration was determined by the Lowry method [25], using BSA (5 pg/uL - 25 pg/ul) to

build a standard curve.

3.2.13 Measurement of V-ATPase activity by spectrofluorimetry

The pH-sensitive probe ACMA (9-amino-6-chloro-2-methoxyacridine) was used to determine the
proton-pumping activity of V-ATPase in the isolated vacuoles using a Perkin-Elmer LS-5B
spectrofluorimeter as previously reported [23,24,26]. 20 pg of isolated vacuoles were added to a buffer
containing 1 mM MOPS [3-(N-morpholino)propane sulfonic acid]-Tris pH 7.2, 2 uM ACMA, 1 mM MgCl.
and 100 mM KCI. The excitation/emission wavelengths were set to 415 nm and 485 nm, respectively.
Four or 80 ug/ml bLf were added to the assay medium to study their inhibitory effects. After addition of
bLf, the reaction was started with 0.1-0.5 mM ATP and the initial rates of fluorescence quenching were
regarded as a measure of the initial rates of V-ATPase proton pumping activity [A%F min-' 20 ug! protein].
The results were analysed using the GraphPad Prism Software and the proton pumping kinetics best

fitting to the experimental initial acidification curves was determined.

3.2.14 Analysis of vacuolar pH variations using the carboxy-DCFDA probe

Vacuolar pH alterations were detected by both fluorescence microscopy and flow cytometry using
the b-(and-6)-carboxy-2',7'-dichlorofluorescein diacetate (carboxy-DCFDA) probe. Untreated or bLf-treated
cells were harvested by centrifugation (1 mL OD640 0.1), washed once with sterile water and
resuspended in CF buffer [50 mM glycine, 10 mM NaCl, 5 mM KCI, 1 mM MgCl, 40 mM Tris, 100 mM
MES, pH 4.5 supplemented with 2% glucose] [27]. The cell suspension was then incubated with 1.6 uM
carboxy-DCFDA for 20 min at 30 °C with 200 rpm orbital agitation. Afterwards, cells were washed once
with CF buffer without glucose, and finally resuspended in the same buffer for further analysis in the flow
cytometer or fluorescence microscope. Flow cytometry data are presented as the mean FL1 fluorescence

intensity in relation to the autofluorescence of each sample and untreated cells of each strain.

3.2.15 Immunoprecipitation

For immunoprecipitation, 10 ml of yeast culture at an OD640 of 1 were collected and resuspended
in a buffer containing 2 mM EGTA, 10 mM Tris/Maleate, pH 6.8, and a cocktail of protease inhibitors

(Complete, Roche). Mechanic lysis was then performed using glass beads and a fast prep equipment,
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and supernatant was collected and centrifuged at 800 xgfor 10 min. 1 mg from the supernatant were
solubilized in 1x IP50 buffer (Sigma-Aldrich) for 40 min at 4 °C and incubated overnight with 1 ug of
anti-Pmal (40B7, Invitrogen) or anti-bLf (ab112968, Abcam) antibodies. Protein G-sepharose beads
(Sigma-Aldrich) were then added and incubated for additional 4 h. Beads were washed 4 times with 1x
IP50 buffer and two times with 0.1x IP50 buffer, and incubated with 25 L of Laemmli buffer 1x, before
SDS-PAGE and Western-blotting.

3.2.16 Flow cytometry

Flow cytometry analysis was performed with an Epics® XLTM (Beckman Coulter) flow cytometer
equipped with an argon-ion laser emitting a 488 nm beam at 15 mW. Green fluorescence (carboxy-
DCFDA) was collected through a 488 nm blocking filter, a 550 nm long-pass dichroic and a 525 nm
band-pass filter. Red fluorescence (FUN-1) was collected through a 560 nm short-pass dichroic, a 640
nm long-pass, and another 670 nm long-pass filter. For each sample, 30,000 events were evaluated.

Data were analysed using the FlowJo software.

3.2.17 Statistical analysis

Data are expressed as the mean and standard deviation values of at least three independent
experiments. Statistical analyses were carried out using the GraphPad Prism software, one-way or two-
way ANOVA and the Tukey post-test. P-values lower than 0.05 were considered to represent a significant

difference.

3.3 Results
3.3.1 bLf induces intracellular accumulation of ergosterol perturbing sterol-rich

lipid rafts in yeast cells

To ascertain whether sterol-rich lipid rafts play a role in bLf-induced cytotoxicity in yeast, their
cellular distribution was assessed. Since sterols are major lipid rafts components, cellular ergosterol
localization was monitored using filipin staining after a 90 min exposure to 250-500 ug/ml of bLf, which

induces loss of cell viability of 70% - 98%, respectively (Figure 3.2A).
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Figure 3.2: Effect of bLf on the localization of sterol-rich lipid rafts in S. cerevisiae BY4741 cells. Cells were incubated in the
absence or presence of increasing concentrations of bLf (125-500 pg/ml) for 90 min at 30°C in Tris-HCI 10 mM, pH 7.4. (A)
Cell survival was assessed by counting colony forming units. (B) For lipid rafts visualization, cells were stained in the dark with
0.1 mg/ml filipin immediately before visualization under the microscope. As a positive control of lipid rafts disruption, cells
were treated with 5 mg/ml methyl-B-cyclodextrin (MBCD) for 30 min. Representative fluorescence microscopy images of each

condition are shown. Arrows: intracellular filipin staining. Head arrows: plasma membrane filipin staining. Bar: 5 um.

As shown in Figure 3.2B, the characteristic punctuated pattern of the lipid rafts at the plasma
membrane (head arrows) is observed in control cells, while intracellular spots of filipin staining (arrows)
are visible in bLf-treated cells. Cell treatment with methyl-3-cyclodextrin (MBCD), a sterol chelator known

to disrupt lipid rafts by depleting ergosterol from membranes [28], induced an intracellular filipin-staining
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pattern similar to that of bLf, confirming that bLf perturbs the normal sterol-rich lipid rafts distribution

pattern by causing intracellular accumulation of ergosterol.

3.3.2 Yeast mutants lacking lipid rafts-associated proteins or enzymes involved
in the synthesis of the lipid rafts major components are more resistant to bLf-

induced cytotoxicity

We next assessed the impact of perturbing lipid rafts composition using yeast mutants lacking
proteins that are either present at lipid rafts or are involved in pathways that lead to the synthesis of their
major lipid components, ergosterol and sphingolipids, namely rvs161A, ergbA, lacIA and jsc 1A mutants
(see Introduction section). Results showed that absence of these proteins greatly increases the resistance
to bLfinduced cytotoxicity in comparison with the wild type strain (Figure 3.3A). Remarkably, even at 500
ug/ml bLf, which is highly toxic for the wild type strain (only about 2% cell survival), the mutants affected
in sphingolipid metabolism exhibit about 23% of cell survival.

Our data further indicates that the metabolic activity of the wild type strain is affected by the bLf
treatment using FUN-1 staining (Figure 3.3B, C). FUN-1 is a membrane-permeant dye that is first detected
as diffuse green fluorescence in the cytosol before its accumulation in the vacuole of metabolically active
yeast cells forming red cylindrical intravacuolar structures (CIVS), as observed in Figure 3.3B (red spots)
[29]. The treatment of yeast cells with bLf produced a diffuse bright red fluorescence, suggesting that the
cells became metabolically inactive (Figure 3.3B) as they were not able to process the dye at the vacuole,
much like heat-killed cells [19,30]. Accordingly, flow cytometry analysis of wild type cells stained with
FUN-1 showed that the red mean fluorescence intensity increased 2-fold from control to bLf-treated cells,
while no differences in fluorescence intensity were observed in the mutant strains (Figure 3.3C), in

agreement with their higher resistance to bLf.

75



###H
#i#HH

#iHE
120- #usy s
ns
100- o " ns
»o\? ns l
= 801
[
2
2 601 .
i 4
- 404 o
9]
204
0- T T T
0 125 250 500

bLf (ng/ml)
El BY4741wt W rvs161\ [ erg6\ [ lacin A isciA

B
DIC FUN-1 red fluorescence FUN-1 green fluorescence
H
=
-]
o
10 pm
=
2
E - -
S~
oo
3
wn
~N
<

BY 4741wt rvs161A erg6A lac1A isciA
3

1 r 1

FL4 mean fluorescence intensity o
(normalized to AF and control)
o -t N

N * N by » b » X\ A by
RIS I A IC S S U
& & & & & & & & & & )
o8 oo ) ) o >
o o o o &% >¢
K R R R KON

Figure 3.3: Effect of bLf on cell survival and metabolic activity of wild type and rvs161IA, ergbA, lacIA and /scIA mutant
strains. (A) Cell survival assays of S. cerevisiae wild type BY4741 and indicated mutant strains 90 min after incubation with
0-500 pg/ml bLfin 10 mM Tris-HCI, pH 7.4, at 30° C, evaluated by colony forming unit counting. Values are mean + standard
deviation normalized to time zero of incubation and considering the control without bLf as 100% cell survival. (B) Fluorescence
microscopy images showing FUN-1 staining of BY4741 wild type cells non-treated (control) or treated with 425 ug/ml bLf. (C)

Flow cytometry analysis of FUN-1 staining of the same yeast strains treated as in A without or with 425 ug/ml bLf. 5 min-
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boiled cells were used as a control of dead cells (C+). Values represent mean + standard deviation of red (FL4) fluorescence
intensity normalized to autofluorescence of each sample and control of each strain. ns, non-significant; *, **, *** P<0.05,
0.01, 0.001, respectively, in comparison with the control of each strain; #, #### P<0.05, 0.0001, respectively, in comparison
with the wild type strain.

3.3.3 bLf does not alter localization of sterol-rich lipid rafts in rvs161A, ergbA,

lacIA and /scIA mutants

As the cytotoxicity of bLf in the wild type strain was associated with intracellular accumulation of
ergosterol and perturbation of sterol-rich lipid rafts, the mutants under study were stained with filipin in
the presence and absence of bLf. Results showed that bLf only affected ergosterol distribution in the wild
type strain, showing no effect on the mutants, which is in agreement with their higher survival rate upon
treatment with bLf (Figure 3.4A, B).
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Figure 3.4: Effect of bLf on the localization of sterol-rich lipid rafts of wild type and rvs161A, ergbA, /acIA and iscIA mutant
strains. Cells were incubated in the absence or presence of increasing concentrations of bLf (250-425 ug/ml) for 90 min at

30°C in Tris-HCI 10 mM, pH 7.4 buffer. (A) For lipid rafts visualization, cells were stained in the dark with 0.1 mg/ml filipin



immediately before visualization under the microscope. Representative fluorescence microscopy images of each condition are
shown. Although ergbA cells do not synthetize ergosterol, they are still labelled with filipin as previously reported [31], because
it also binds sterol intermediates. (B) Quantification of the percentage of cells with altered lipid rafts distribution. At least 300

cells per condition of three independent experiments were counted. *** P<0.001 in comparison with the control of each strain.

3.3.4 Inhibition of Pmalp proton pumping and hydrolytic activities by bLf is
prevented in rnvsI61A, ergbA, laclA and /scIA mutants

We next sought to test the hypothesis that the higher resistance of the mutants is due to the lack
of sensitivity of their Pmalp to bLf inhibition. As shown in Figure 3.5A, the Pmalp proton pumping activity
of wild type cells was inhibited by bLf in a time- and concentration-dependent manner, much like
previously observed in the pathogenic yeast C. albicans [20]. Diethylstilbestrol (DES) was used as a
positive control of Pmalp inhibition [20].

When wild type cells were incubated with fluorescein-b-isothiocyanate (FITC)-labelled bLf, a
punctuated pattern was observed at the plasma membrane (Figure 3.5B), suggesting that bLf binds to
Pmalp, as further confirmed by immunoprecipitation (Figure 3.5F). Contrarily to the result obtained in
the wild type cells, bLf failed to inhibit Pmalp proton pumping activity of the mutant strains rnsi61A,
ergb\, /acIA and isciA, as indicated by the unperturbed extracellular acidification rates (Figure 3.5C).
Accordingly, when the hydrolytic activity of Pmalp was measured, the inhibitory effect of bLf over Pi
release was much less pronounced in plasma membrane fractions isolated from the mutant strains than
from wild type cells (Figure 3.5D). In agreement, incubation of intact cells with bLf led to an increase in
intracellular accumulation of ATP in the wild type strain but not in the mutant strains (Figure 3.5E).
Immunoprecipitation experiments revealed that, although Pmalp activity is not affected by bLf in the

mutant strains, bLf is still able to bind the proton pump (Figure 3.5F, G).
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Figure 3.5: Effect of bLf on Pmalp activity of wild type and rvs161A, ergbA, /acIA and /scIA mutant strains. (A) Pmalp
proton pumping activity was assessed by measuring glucose-induced external pH variation with a pH electrode. BY4741 wild
type cells were incubated for 90 min in 10 mM Tris-HCI, pH 7.4 with 0-1500 pg/ml bLf or 100 uM DES. After pH stabilization,
2.5 mM glucose was added to induce proton extrusion by Pmalp and pH values were monitored up to 12 min. Data are pH
values normalized to the value at timepoint zero min. (B) Localization of bLf-FITC (fluorescein-5-isothiocyanate) (500 ug/ml)
in the wild type cells 75 min after incubation in the same conditions as in A. A control with only FITC was performed under
the same conditions to ensure a specific labelling. Bar: 5 um. (C) Same as in A but with wild type and indicated mutant strains
treated with 0, 425 or 850 pg/ml bLf or 100 uM DES. Values are expressed as the pH variation per min per mg of dry weight
of four independent experiments. (D) ATPase activity of isolated plasma membranes of the indicated strains expressed as
percentage in comparison with the control of each strain of three independent experiments. Membranes were treated for 15
min in the absence or in the presence of 100 ug/ml bLf or 100 uM DES in 10 mM Tris-HCI, pH 7.4 buffer supplemented with
0.2 mM (NH.):MoO., 5 mM NaN:, and 50 mM KNO: to inhibit acid phosphatase, mitochondrial and vacuolar ATPases,
respectively. (E) Measurement of intracellular ATP levels of cells incubated for 90 min with 0, 250 or 425 pg/ml bLf or 100
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UM DES. Values represent the increase in ATP level expressed in fold change in comparison with the control of each strain of
three independent experiments. ns, non-significant; *, **, ***, **** P<0.05, 0.01, 0.001, 0.0001, respectively, in comparison
with the control of each strain. (F) Representative western blot of the immunoprecipitation between bLf and Pmalp in bLf-
treated wild type and mutant strains. (G) Quantification of Pmalp/bLf ratio in relation to the wild type strain in the
immunoprecipitates of three independent experiments. Values represent the mean of three independent experiments

normalized to the wild type strain.

To determine whether these phenotypes could be related to intrinsic differences in Pmalp
activity/localization in the mutant strains under study, all strains were transformed with a pRS316 Pmalp-
GFP plasmid and stained with filipin to visualize lipid rafts. Fluorescence microscopy showed that Pmalp-
GFP co-localizes at the plasma membrane with lipid rafts in all strains (Figure 3.6A). Additionally,
immunodetection of Pmalp by western blot demonstrated that the expression levels of this proton pump
are similar in all strains (Figure 3.6B, C). Moreover, Pmalp activity of the mutant strains, expressed by
the extracellular acidification rate, is similar to the wild type thus demonstrating that Pmalp is functional
(Figure 3.6D).
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Figure 3.6: Pmalp localization, expression levels and proton pumping activity of wild type and rvsI6IA, ergbA, laciA and

/fscIA mutant strains. (A) Cells transformed with pRS316 Pma1l-GFP plasmid were stained with 0.1 mg/ml filipin and visualized
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under a fluorescence microscope with green (Pmal-GFP) and blue (filipin) channels. DIC images are also shown and images
are representative of each condition. Bar: 7.5 um. (B) Representative western blot image of endogenous Pmalp expression
levels in each strain. Pgklp was used as loading control. (C) Quantification of Pmalp expression levels normalized to Pgklp
levels. Values represent the mean of three independent experiments. (D) Pmalp proton pumping activity was assessed by
measuring glucose-induced external pH variation using a pH electrode. After pH stabilization, 2.5 mM glucose was added to
induce proton extrusion by Pmalp and pH values were monitored up to 12 min. Values are expressed as the mean pH

variation per min per mg of dry weight of four independent experiments.

3.3.5 bLf-induced vacuolar pH perturbations are prevented in rvs161A, ergbA,

laclA and /scIA mutants

Given that bLf inhibits Pmalp activity, likely perturbing the intracellular pH homeostasis, we sought
to test its effect on the vacuolar pH. The pH-sensitive probe 5-(and-6)-carboxy-2,7-dichlorofluorescein
diacetate (carboxy-DCFDA) is cleaved by intracellular esterases, and the unsterified pH-sensitive form
(CDCF) accumulates in the yeast vacuole exhibiting higher fluorescence at higher pH values [27,32].
Results showed that when wild type yeast cells were labelled with this pH-sensitive probe, a higher
fluorescence signal was observed in bLf-treated than in untreated cells by both fluorescence microscopy
(Figure 3.7A, white arrows) and flow cytometry (Figure 3.7B). On contrary, bLf did not induce vacuolar
alkalinisation in the mutant cells (Figure 3.7B). Following our previous reports showing that bLf targets
and inhibits V-ATPase activity in cancer cells [26,33], the present results suggest that V-ATPase can be
inhibited by bLf in wild type yeast cells but not in mutant cells. Accordingly, results depicted in Figure
3.7C showed for the first time that bLf inhibits the yeast V-ATPase proton pumping activity in a

concentration-dependent manner in purified vacuolar fractions isolated from the wild type strain.

3.3.6 Disruption of Pmalp-lipid rafts association induced by Pmalp point

mutations or AST1 deletion renders yeast cells resistant to bLf

To get further insights on the role of Pmalp localization at the lipid rafts for bLf-induced cytotoxicity,
we next explored the effect of bLf on a strain harbouring Pmalp point mutations that alter its localization
and association with lipid rafts. Pmal-10 (XGY32 strain) harbours the A165G and V197| mutations, both
at the first cytoplasmic loop between transmembrane segments 2 and 3 of Pmalp. In this mutant strain,
at the restrictive temperature of 37 °C, newly synthesized Pmal-10 fails to associate with the plasma
membrane lipid rafts (Triton-insoluble fraction) and is delivered to the vacuole for degradation [3]. Results

from cell survival assays showed that cells expressing Pmal-10 are more resistant to 75 pg/ml bLf at
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both 30 °C and 37 °C than the L3852 wild type strain, but the difference is more evident at 37 °C
(Figure 3.8A). In this experiment, a lower bLf concentration was used because the wild type strain is more

sensitive to bLf than the BY4741 strain.
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Figure 3.7: Effect of bLf on V-ATPase and vacuolar pH. (A) Representative fluorescence microscopy images of BY4741 wild
type cells incubated in the absence (control) or presence of 425 ug/ml bLf for 90 min at 30°C in Tris-HCI 10 mM, pH 7.4
and then stained with carboxy-DCFDA. White arrows indicate cells with increased vacuolar fluorescence. Bar: 7.5 um. (B)
Quantification of the green median fluorescence intensity of BY4741 wild type and rvs161A, ergbl, lacIA and iscIA mutant
strains treated in the same conditions without and with 250 or 425 pg/ml bLf. Values are median of three independent
experiments normalized to TO and control of each strain. ** P<0.01 in comparison with the control of each strain; #, ####
P<0.05; 0.0001, respectively, in comparison with the same condition in the wild type strain. (C) Kinetics of ATP-dependent V-
ATPase proton pumping activity of vacuoles isolated from the wild type BY 4741 strain before (control) and after addition of 4
and 80 pg/ml bLf. The continuous lines are derived by fitting the data points to a Mich&elis—Menten kinetics. Vacuolar
suspensions were previously stained with the pH-sensitive probe ACMA and analysed by spectrofluorimetry after addition of

increasing concentrations of ATP.
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Astlp is a Pmalp-binding protein known to be involved in the delivery of Pmalp to the cell surface
and in its association with lipid rafts. When multicopy AS71 is expressed in mutated Pmalp cells, Pmalp
is rerouted to the cell surface and associates with lipid rafts [4,34]. Results showed that deletion of the
AST1 gene renders cells more resistant to bLf, suggesting that its function in promoting the association
of Pmalp with lipid rafts is critical for bLf cytotoxicity (Figure 3.8B). Accordingly, when multicopy AS71 is
expressed in this background, cells become sensitive to bLf again, thus demonstrating that the resistance
is indeed related with AS71 deletion, and not with other possible pleiotropic effects (Figure 3.8B). When
Pmalp-GFP was expressed in astIA cells, about 30% of the cells exhibited bright intracellular spots of
Pmalp-GFP (Figure 3.8C, D), indicating an abnormal Pmalp localization in this strain. In agreement with
the previous results, absence of Astlp causes an abnormal intracellular localization of both sterol-rich
lipid rafts and Pmalp-GFP (Figure 3.8E), which is consistent with the role of Astlp in Pmalp-lipid rafts

association.

3.4 Discussion

It has been reported that the milk-derived protein Lf displays antifungal activity against different
yeast species [35], including C. albicans [36] and S. cerevisiae [16], as well as against different fungi
isolated from plants and soils, including Aspergillus niger and Rhizoctonia solani [37]. Given its potential
to become a wide-spectrum antifungal, herein we sought to deepen our understanding of the mechanisms
underlying Lf cytotoxic activity using S. cerevisiae as a model. As previously shown in C. albicans [20,38],
we found that bLf binds to Pmalp and inhibits its proton pumping and hydrolytic activities associated
with an increase in intracellular ATP levels. Because lipid rafts are important for cell surface sorting,
stability and oligomerization of Pmalp [4], we investigated the effect of bLf in these sterol- and
sphingolipid-rich membrane microdomains. Our data revealed a novel mode of action of bLf against yeast
by inducing intracellular accumulation of ergosterol and perturbing sterol-rich lipid rafts. This mechanism
of action is shared with edelfosine, a compound that, like lactoferrin, exhibits anticancer activity
[26,33,39] and a marked activity against yeast [16,39]. Indeed, it was found that edelfosine displaces
sterols from the plasma membrane and induces loss of Pmalp from lipid rafts [39]. However, the bLf
effect on lipid rafts differs from MBCD, which is known to disrupt lipid rafts by depleting ergosterol from
the plasma membrane [28]. Actually, while both compounds led to intracellular accumulation of
ergosterol, in contrast to MBCD, bLftreated cells still preserved ergosterol staining at the plasma

membrane, as visualized by the intracellular and plasma membrane filipin staining. This suggests that
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bLf impairs the sorting of newly synthetized ergosterol to the lipid rafts of the cell surface, rather than

sequestering it from the plasma membrane.
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Figure 3.8: Effect of bLf on cell survival of strains with defective association of Pmalp with lipid rafts or lacking Astlp. (A)
L3852 wild type and Pmal-10 (XGY32) expressing cells were cultivated at 30 °C until OD640 0.7 and then transferred to 37
°C in the absence or presence of 75 pg/ml bLf in 10 mM Tris HCI, pH 7.4, for 90 min. Control cells were kept at 30 °C.

Values are percentage of cell survival assuming the control without bLf as 100% cell survival. (B) BY4741 wild type, astIA and
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astIA+pAC49 AST1 strains were treated with 50 to 125 ug/ml bLf in 10 mM Tris HCI buffer pH 7.4 for 90 min at 30 °C.
Values are percentages normalized to the control without bLf of each strain (considered as 100% cell survival). **, *** P<0.01,
0.001, respectively, in comparison with the wild type strain in the same condition. (C) astIA cells expressing pRS316 Pmalp-
GFP were grown until exponential phase and observed under the fluorescence microscope for observation of Pmalp
localization. (D) Percentage of astIA cells with altered Pmalp localization. The individual percentual values of each observed
field as well as the mean and standard deviation are presented. More than 800 cells were counted. (E) ast/A cells expressing
pRS316 Pmal-GFP were grown in the same conditions as in C and D. For lipid rafts visualization, cells were stained in the
dark with 0.1 mg/ml filipin immediately before visualization under the microscope. Right images are the zoom in with higher

exposure of the indicated sections of the whole images. Bars: 4.5 um or 3 um, as indicated in the figure.

In order to gain insights on the importance of lipid rafts integrity for bLf antifungal activity, a
comprehensive characterization of the phenotype of mutant strains lacking the lipid rafts-associated
proteins Rvs161p, Ergbp, Laclp or Isc1p was performed. Ergosterol plays crucial roles in bulk membrane
functions and in lipid rafts formation as it is essential for membrane fluidity/rigidity, permeability and for
protein sorting along the secretory pathway [40,41]. In ergbA mutants, the accumulated ergosterol
precursors do not allow a tight packing of the lipid bilayer, specifically the lipid acyl chains, and are
suggested to create voids in the plasma membrane [40]. Accumulation of ergosterol intermediates can
also alter lipid rafts structures, promote missorting of different plasma membrane proteins [42] and
modify membrane permeability and fluidity [43]. Sphingolipids are a multifunctional class of lipids critical
for lipid rafts formation and for many other functions, including the transport of
glycosylphosphatidylinositol (GPI)-anchored proteins out of the endoplasmic reticulum, protein sorting
and signalling [44]. In yeast, ceramides can be produced either de novothrough Laglp/Laclp/Liplp, or
from complex sphingolipids hydrolysis through Isclp [14]. LACI and LAGI are highly homologous and
have a similar function; along with a small accessory subunit Liplp, Laclp and Laglp are demonstrated
constituents of the ceramide synthase complex [45]. Deletion of both genes influences the levels of
ceramides and long chain bases [45,46]. Yeast cells lacking Laclp show an abnormal low amount of
GPl-anchored proteins and impaired capacity to link the ceramide moiety into GPI anchors, which are
very important for the association of different proteins to lipid rafts [46,47]. In turn, /scIA cells contain
higher amount of complex sphingolipids [48], decreased levels of mitochondrial ceramide and
mitochondrial function defects [49]. Another mutant studied herein lacks the Rvs161 protein, a lipid rafts
component involved in cytoskeleton organization, cell polarity, endocytosis and in vesicle trafficking
[12,50]. Its association with the lipid rafts is thought to be mediated by a putative raft-bound protein, as
it has no GPI signal anchor or transmembrane domain [12]. We found that cells lacking Rvs161p, Laclp,

Isc1p and Ergbp are more resistant to bLf-induced cell death than the wild type strain, and exhibited a
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lower inhibition of the extracellular acidification rate and Pmalp hydrolytic activity, as well as no
enhancement of the intracellular ATP level. Moreover, while 500 pg/ml bLf induced a drastic loss of cell
viability in the ergbA and rvsi61A mutants similarly to the wild type, their metabolic activity was not
affected in contrast to the wild type. Indeed, these two mutant strains, and /sc/A and /aciA were still
able to process the FUN-1 dye and form CIVS when incubated with 425 ug/ml bLf, which results in a
similar percentage of cell viability as 500 ug/ml bLf in the wild type (Figure 3.2A). These results suggest
that normal levels of ergosterol, sphingolipids and lipid rafts-associated proteins determine the bLf killing
activity against yeast but not its effect on metabolic activity. However, since c.f.u. counting and FUN-1
staining are evaluated in a different temporal scale (48 h vs 30 min after bLf treatment), we cannot
discard that metabolic activity is also affected in the mutants.

We hypothesized that changes in Pmalp localization, expression and activity in the mutant strains
could explain the reduced cytotoxic effects of bLf in those strains. However, this hypothesis was discarded
as Pmalp localization and levels of expression and activity of the mutants were identical to those of the
wild type strain. The results regarding the ergbA mutant are in agreement with previous works showing
that Pmalp localization at the plasma membrane was intact in different erg mutants [51,52], and that
the extracellular medium acidification kinetics in the erg?4A mutant was identical to the wild type strain
[53]. Moreover, it was shown that deletion of /SCI in Crypfococcus neoformans did not affect the
synthesis and transport of Pmalp [54], which is in agreement with our data. Unexpectedly, the lack of
inhibition of Pmalp activity by bLf was not associated with lack of Pmalp-bLf binding since this was not
abrogated in the mutant strains. In addition, bLf was unable to perturb the sterol-rich lipid rafts distribution
in the mutant strains, indicating that this bLf-induced alteration is also dependent on the normal
composition of lipid rafts. Altogether this suggests that the perturbation of lipid rafts is intimately related
with Pma1lp inhibition, and both effects seem to depend on each other.

Evidence supporting the hypothesis that bLf requires the integrity of Pmalp-lipid rafts association
to inhibit Pmalp and induce yeast cell death was provided by the experiments with the strain harbouring
Pmalp point mutations and with the astJA strain. The Pmal-10 mutation renders a defective association
of newly synthetized Pmalp with the lipid rafts at 37°C [3], temperature at which the strain became
much more resistant to bLf than the wild type strain. Curiously, at the permissive temperature, where
Pmal-10 is associated with the lipid rafts, the resistance of the mutant cells to bLf was already slightly
higher than the wild type cells. In addition, deletion of the AS77 gene, which encodes a protein involved
in Pmalp association with the lipid rafts [4], rendered yeast cells resistant to bLf, and its overexpression

in the deletion background restored sensitivity to bLf. The Pmalp and lipid rafts distribution are affected
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in the astIA strain, further supporting that the alteration of the Pmalp-lipid rafts association underlies
the bLf-resistance phenotype of this strain.

Besides being involved in the association of Pmalp with lipid rafts, Astlp was also demonstrated
to induce Pma1lp oligomerization, which is an early event during the surface delivery of Pmalp [4]. Pmalp
forms large oligomeric complexes of about 1 MDa [5] and this process seems to be affected by alterations
in sphingolipids synthesis. Indeed, deletion of /SCI in C. neoformans perturbed Pmalp oligomerization,
which was restored after supplementation with phytoceramide [54]. Depletion of sphingolipids either by
using the /cb1-100 strain, which is unable to synthetize sphingolipids, or myriocin, an inhibitor of serine
palmitoyltransferase activity, inhibits the oligomerization of newly synthetized Pmalp. Addition of the
ceramide precursor phytosphingosine restored Pmalp oligomerization, reinforcing the importance of
sphingolipid levels for Pmalp oligomerization [5]. Accordingly, the requirement of sphingolipids for
Pmalp oligomerization at the ER, plasma membrane targeting, stability and acquisition of detergent
resistance of Pmalp has been reported by different authors [6,51]. In agreement with these data, herein
we found that exogenous addition of C2-ceramide reduces the /ac/A mutant strain survival to bLf, likely
by counteracting defects in Pmalp oligomerization as a result of sphingolipids composition
reestablishment (Figure A1, Appendix). Hence, the most likely explanation for the resistance phenotypes
of the mutants is that alterations in the lipidic content of cells, namely unbalanced ceramide/complex
sphingolipids ratio, accumulation of ergosterol precursors, or the abnormal production of GPI anchors
modifies the composition of plasma membrane lipid rafts, affecting Pmalp conformation and
oligomerization, and consequently its inhibition by bLf. Accordingly, it has been suggested that
perturbation of the lipid rafts functional organization creates a different biophysical environment that may
change the conformation of raft-localized proteins, including Pmalp [55].

Another novelty of the present study regards the inhibition of V-ATPase by bLf. The observed
inhibition of this proton pump in purified vacuoles from the wild type strain correlated well with the
observed increase of the vacuolar pH in whole cells in response to bLf. As for the strains with altered lipid
rafts composition, the vacuolar pH was not affected most likely due to the inability of bLf to inhibit Pmalp
and cause intracellular acidification. Nonetheless, a possible alteration of the vacuolar membrane lipid
composition may also account for the apparent incapacity of bLf to inhibit V-ATPase in these strains.
These results are in accordance with our previous data showing that bLf increases the lysosomal pH of
highly metastatic cancer cells [33] and inhibits the activity of the V-ATPase that is targeted to the plasma
membrane of highly metastatic cancer cells, as well as the activity V-ATPase in purified rat liver lysosomes

[26].
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3.5 Conclusion

The results gathered in this study demonstrate that the mode of action underlying bLf antifungal
activity lies on the perturbation of lipid rafts organization and inhibition of Pmalp activity, and likely of V-
ATPase activity, as suggested by our data with whole cells and isolated vacuoles (Figure 3.9). Moreover,
the composition of the plasma membrane lipid rafts, Pmalp oligomerization status, as well as the integrity
of Astlp-mediated lipid rafts-Pmalp association seems to be crucial for the interaction of bLf with Pmalp,
and for its killing activity against S. cerevisiae. We propose that this novel bLf lipid rafts disrupting activity

may be explored towards antifungal therapy alone or in combination with classical antifungals.
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Figure 3.9: Working model of the mode of action underlying bovine lactoferrin antifungal activity. Exposure of yeast cells to bLf
leads to inhibition of Pmalp, associated with an inhibition of the extracellular acidification rate and consequent enhancement
of intracellular proton accumulation and ATP concentration. In addition, bLf may directly inhibit V-ATPase as observed with
purified vacuoles or indirectly through intracellular acidification [56], leading to vacuolar alkalinization. Moreover, bLf binds to
Pmalp and induces intracellular accumulation of ergosterol disrupting sterol-rich lipid rafts. Oligomerization of Pmalp is
suggested to occur at the ER [57] and the involvement of Astlp in the process seems to be an early event during plasma
membrane delivery [4]. This evidence, together with our data, led to the hypothesis that Pmalp oligomerization is important

for bLfmediated Pmalp inhibition. pHe, extracellular pH; pHi, intracellular pH; pHvac, vacuolar pH; ER, endoplasmic
reticulum.
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CHAPTER 4

Molecular mechanisms underlying the

anticancer activity of lactoferrin



This chapter is adapted from the following publication:

Catia_Santos-Pereira, Joana P. Guedes, Débora Ferreira, Ligia R. Rodrigues, Manuela Cbrte-Real.
Lactoferrin  disrupts cholesterol-rich lipid rafts of highly metastatic cancer cells inhibiting

PI3K/AKT/mTOR pathway and glycolysis. Under review in Biochemical Pharmacology

94



4.1 Background

The proton pump V-ATPase, a Lf target that is overexpressed and present at the plasma membrane
of cancer cells with high metastatic potential, was shown to localize at the lipid rafts [1]. In line with the
important roles of V-ATPase in cancer and tumor microenvironment [2], as well as with the close
interdependence between this proton pump and lipid rafts (see Chapter 2.4.2 for detailed information),
growing evidence suggests V-ATPase and lipid rafts as therapeutic targets [3]. Therefore, agents targeting
these structures are considered promising therapeutic compounds against different types of cancer [4,5].

Our work on Saccharomyces cerevisiae presented in Chapter 3 demonstrated that the integrity of
ergosterol-rich lipid rafts composition and of their association with the proton pump Pmalp are critical
for the bLf fungicidal activity [6]. Given the well-established interplay between V-ATPase and lipid rafts,
and also based on the fact that bLf inhibits this proton pump, we hypothesized that lipid rafts may be an
important piece in the puzzling mechanisms underlying bLf selective anticancer activity against highly
metastatic cancer cells. To test this hypothesis, in this chapter we used highly metastatic cancer cell lines
derived from breast cancer (MDA-MB-231 and Hs 578T), prostate cancer (PC-3) and osteosarcoma (MG-
63) that were previously demonstrated to exhibit V-ATPase at the plasma membrane [7-10] and to be
sensitive to bLf [7,11]. The non-tumorigenic cell lines MCF-10-2A and BJ-5ta, and the lowly metastatic
breast cancer cell line T-47D, which are resistant to bLf, were used as controls. MCF-10-2A and T-47D

exhibit only intracellular V-ATPase [7,11].

4.2 Materials and Methods

4.2.1 Lactoferrin and reagents

Bovine lactoferrin was acquired from DMV (Veghel, The Netherlands). The protein is approximately
80% pure, with 3.5% moisture, and 21% iron-saturated, according to the manufacture. A stock solution of
3 mM was prepared in phosphate buffered saline (PBS 10x; 1.37 M NaCl, 2.7 mM KCI, 10 mM Na.HPO.,
1.8 mM KH:PO., pH 7.4) and sterilized by filtration prior to addition to cell lines.

Concanamycin A (ConcA), paraformaldehyde (PFA), filipin, oligomycin A, 2-deoxy-D-glucose (2-DG),
methyl-B-cyclodextrin (MBCD) and the B-actin antibody were obtained from Sigma-Aldrich. Alexa fluor
488-Phalloidin and Alexa Fluor 488 tetrafluorophenyl (TFP) ester were acquired from Molecular Probes.
The CellTracker CM-Dil Dye (1,1-Dioctadecyl-3,3,3',3-Tetramethylindocarbocyanine Perchlorate) and

Lipofetamine 2000 were purchased from Invitrogen. The Vectashield mounting medium was obtained
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from Vector Laboratories. DAPI (4',6-Diamidino-2-Phenylindole, dihydrochloride, 40043) was purchased
from Biotium. The V-ATPase ¢ subunit antibody (AB5469) was acquired from Merck.

4.2.2 Cell lines and culture conditions

The cancer cell lines MDA-MB-231 (ATCC HTB-26), Hs 578T (ATCC HTB-126), T-47D (ATCC HTB-
113), PC-3 (ATCC CRL-1435) and MG-63 (ATCC CLR-1427) were grown in Dulbecco’s modified Eagle's
medium (DMEM, Biochrom) supplemented with 10% (v/v) fetal bovine serum (FBS, Biochrom) and 1%
(v/v) zell shield (Minerva Biolabs). The non-tumorigenic cell line MCF-10-2A (ATCC CRL-10781) was
grown in DMEM-F12 medium supplemented with 5% (v/v) horse serum (Biochrom), 1% (v/v) zell shield,
20 ng/ml epidermal growth factor (EGF, Sigma Aldrich), 100 ng/ml cholera toxin (Sigma Aldrich), 0.01
mg/ml insulin (Sigma-Aldrich) and 500 ng/ml hydrocortisone (Sigma-Aldrich). The human fibroblast cell
line BJ-5ta (ATCC CRL-4001) was grown in a 4:1 mixture of DMEM and Medium 199 (Biochrom)
supplemented with 0.01 mg/ml hygromycin B (Sigma-Aldrich) and 10% (v/v) FBS. All cell lines were
acquired from ATCC, were recently verified for their authenticity and were cultured at 37 °C in a
humidified atmosphere with 5% CO.. For all experiments, cells were seeded in 6-well plates at a
concentration of 1.5x10s cells/ml for MDA-MB-231, PC-3 and T-47D cell lines; 2x10: cells/ml for MCF-
10-2A and BJ-5ta cell lines; and 1x10¢ cells/ml for Hs 578T and MG-63 cell lines. For ECAR experiments,
cells were seeded in XF 24-well plates at a final concentration of 1x104cells/well. All the compounds

used in this study were added to the wells only when cells reached at least 70% confluence.

4.2.3 Transfection with the mCherry-D4H cholesterol biosensor

Hs 578T, MDA-MB-231, PC-3, MG-63 and MCF-10-2A cells were transiently transfected with the
pGEX-6P1 plasmid containing the mCherry-D4H probe (a kind gift from Dr. Greg Fairn) [12] using
Lipofetamine 2000 reagent according to manufacturer’s instructions. Briefly, after cell seeding for 24 h,
cells were washed with PBS 1x and incubated with Opti-MEM (reduced serum medium, Gibco) for 1 h.
Prior to combining the reagents and incubating for 20 min to allow complexes’ formation, 2.5 ug plasmid
DNA (per well) and lipofetamine 2000 were diluted in Opti-MEM. The lipofetamine-DNA complexes were
then added drop by drop to the plates and after 4 h of incubation at 37 °C, 50% FBS in Opti-MEM was
added to the wells. After 24 h of incubation, cells were either fixed for immunofluorescence experiments

or treated with bLf for timelapse assays.
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4.2.4 Immunofluorescence and confocal microscopy

For immunofluorescence experiments, cells were grown in 6-well plates containing glass coverslips.
After mCHerry-D4H transfection for 24 h, cells were fixed with 4% PFA for 40 min and then rinsed with
PBS 1x, incubated with ammonium chloride 50 mM for 10 min, rinsed again and permeabilized with
PBS-SDS 0.1% for 10 min. Afterwards, cells were blocked in PBS-BSA 3% for 20 min and washed again
with PBS 1x. Cells were next incubated overnight at 4°C in a humidified chamber with the primary
antibody against ¢ subunit of V-ATPase (AB5469, Merck) in PBS-BSA 0.1%. Subsequently, cells were
washed with PBS-BSA 0.1% and then labelled with the secondary antibody anti-rabbit Alexa Fluor 488 for
1 hin the dark. Cells were then rinsed and coverslips were mounted upside down in Vectashield mounting
medium (Vector Laboratories). Images were acquired in a sequential mode by Confocal Scanning Laser
Microscope OLYMPUS BX61/FLUOVIEW1000, using a 60x objective and the specific filter settings for
Alexa fluor 488 (488 BA 505-540) and mCherry (559 BA 575-675). In order to attest the specific staining
of V-ATPase ¢ subunit, a negative control corresponding to cells labelled only with the secondary antibody
Alexa fluor 488 was performed (Figure A2, Appendix). Fluorescence intensity profiles of red and green
fluorescence were calculated using Image J Fiji “line profile analysis” tool across the highlighted

membrane regions.

4.2.5 Filipin staining and fluorescence microscopy

For lipid rafts visualization cells were labelled with Filipin Il from Strepfornyces filipinensis (Sigma-
Aldrich). Briefly, cells were seeded in 6-well plates containing glass coverslips and allowed to attach for
24 h. Next, cells were incubated with or without 175 pM bLf or 10 nM ConcA up to 48 h, or 0.5 mM
MBCD for 2 h followed by 46 h incubation in fresh medium. After a given timepoint, cells were fixed with
4% PFA for 40 min, rinsed with PBS 1x and incubated with 1.5 mg/ml glycine in PBS 1x for 15 min at
room temperature. Cells were then stained with 0.01 mg/mL filipin dissolved in PBS 1x supplemented
with 0.5% bovine serum albumin (BSA) for 2 h at room temperature in the dark. Finally, cells were washed
with PBS 1x and the coverslips were mounted with the anti-fading mounting medium (Vector Laboratories)
to overcome the instability of the dye. Samples were visualized in a fluorescence microscope (Leica DM
5000B, Leica Microsystems) with a Leica DCF350FX digital camera using the specific filter settings for
this dye and a 60x objective.
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4.2.6 Uptake of Alexa Fluor 488-labelled bLf

bLf was labelled with Alexa Fluor 488 TFP ester, which stains the protein amines, following the
manufacturer’s instructions. Per well of 6-well plates, 18 mg of bLf dissolved in 1 ml of 0.1 M sodium
bicarbonate buffer pH 9 were incubated with 1 mg/ml of the dye with agitation for 1 h in the dark at
room temperature. The labelled protein was separated from the free dye by performing several washes
with PBS 1x by centrifugation at 4,000 xgfor 5 min using Amicon Ultra 0.5 ml 30K filters (Merck). A
control with only Alexa Fluor 488 TFP ester (without bLf) was performed and added to the cells to ensure
that the signal observed under the fluorescence microscope was specific to bLf (Figure A3, Appendix).
Alexa Fluor 488-labelled bLf (final concentration of 175 puM) was then added to the cells grown over
coverslips and incubated up to 24 h. After a given timepoint, cells were washed with PBS 1x and the
coverslips were mounted in Vectashield mounting medium containing 4',6-diamidino-2-phenylindole
(DAPI) to label nucleus (Vector Laboratories). Samples were observed in the Leica DM 5000B
fluorescence microscope (Leica Microsystems) using the specific filter settings for Alexa fluor 488 and a

60x objective.

4.2.7 Exosomes production, labelling and uptake

Exosomes were purified by differential centrifugation processes, as previously described [13].
Briefly, the FBS-free media from BJ-5ta cells, cultured as monolayers for 48 h, was collected and
subsequently subjected to sequential centrifugation steps: 800 xgfor 5 min and 2,000 xg for 10 min.
The supernatant was then filtered using 0.2 um filters and pelleted at 100,000 xg 4 °C for 3 h using a
Beckman Optima XL-90 ultracentrifuge. The resulting pellet was then resuspended in PBS 1x. Isolated
exosome suspensions were analyzed using the NanoSight NS500 instrument (NanoSight Ltd). All the
settings were optimized and kept constant between samples. For exosomes labelling, 1 puL of 1 mM
DMSO stock solution of Dil dye (C7001, Invitrogen) was added to 200 pL of the exosome samples. The
mixture was incubated at 37 °C for 1 h. The excess unincorporated dye from the labeled exosomes was
removed using Amicon Ultra Centrifugal Filters (10 kDa, Merck) following the manufacturer’s protocol. In
the end, BJ-bta exosomes were resuspended in 20 pL of PBS 1x and analyzed for total protein content
using the Micro BCA Protein Assay Reagent Kit (Thermo Scientific), following the manufacturer's
instructions. To ensure the quality of the purified exosomes, typical exosome markers were analyzed by
western blot as described below. For exosome uptake experiments, MDA-MB-231 cells (grown in

coverslips) were incubated with 175 uM bLf for 24 h, or 1 mM MBCD for 24 h. Afterwards, cells were
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washed and incubated with FBS-free medium containing about 4 pg of Dil-labelled exosomes purified
from Bj-bta cells for up to 24 h. Time-lapse microscopy details are explained bellow. For the fluorescence
microscopy, cells were washed after incubation with exosomes for 6 or 24 h, mounted upside down in a
microscope slide and observed in a fluorescence microscope (Leica DM 5000B, Leica Microsystems)

with a 60x objective.

4.2.8 Time-lapse microscopy

After treatment with 175 uM bLf or transfection with the D4H-mCherry probe for 24 h, cells were
incubated with Dil-labelled exosomes or 175 uM bLf, respectively, immediately prior to visualization under
the fluorescence microscope. Time course of exosome uptake or DAH-mCherry labelling, respectively,
was followed using a fluorescence inverted microscope with incubation (5% CO., 37 °C) equipped with
shutter to avoid phototoxicity and automatic stage (Axio Observer, Zeiss Microscopy), 40x objective. Data
were analysed using the ZEN 3.2 software (blue edition) from Zeiss Microscopy. The percentage of cells
that taken up exosomes was estimated by considering the cells with internalized exosomes in relation to

the total amount of cells per field.

4.2.9 RNA isolation and real-time PCR analysis

For the analysis of the mRNA levels of the proteins involved in PI3K/AKT/mTOR signalling pathway,
cells were treated in the presence or absence of 175 uM bLf for 48 h, after which their RNA was extracted
using the Trizol reagent (Invitrogen) following the manufacturer’s protocol. Succinctly, cells were lysed by
incubating 5 min with the Trizol reagent. Lysates were then harvested to a tube and chloroform was
added to separate the phase containing RNA. After centrifugation at 12,000 xg the supernatant was
collected, the RNA was precipitated adding isopropanol and washed with ethanol 75%. After air drying,
the RNA was resuspended in RNase-free water (Millipore), quantified and analyzed by gel electrophoresis
for quality assessment. Possible contamination with genomic DNA was avoided by treating RNA with
DNase | (Grisp), according to the manufacturer’ recommendations. Afterwards, 1 pg of total RNA from
each condition was used for reverse transcription using the iScript cDNA synthesis kit (Bio-Rad) as
recommended. Realtime PCR was performed in a CFX 96 Real-Time PCR System (Bio-Rad) using 96-
well plates and the KAPA SYBR FAST for Light Cycler 488 mix (Kapa Biosystems) with the following
optimized reaction conditions: 95 °C for 3 min, followed by 39 cycles at 95 °C for 15's, 60 °C for 20 s,
and 72 °C for 15 s. The primers used are depicted in Table 4.1. All primers were designed using Primer

3 browser [14] and cross-checked by Blast sequence analysis using Primer Blast, NCBI [15]. A negative
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control without template and melt curve analysis were employed to assess the overall specificity of the
reactions and of the PCR product. Each measurement was performed in duplicate and at least three
independent experiments were performed for each analysis. Relative gene expression was determined by
the 2+ method [16], normalized to the 18S rRNA reference gene and expressed as fold change setting

the untreated control at a value of 1.0.

Table 4.1: List of primers used in real-time PCR experiments.

Target gene Primer Forward Primer Reverse

PI3K 5'-TAGGCAAGTCGAGGCAATG-3' 5'-AAAGCCCTGTAGAGCATCCA-3'
AKT 5-AGCCTGGGTCAAAGAAGTCA-3’ 5’-GCCAACCCTCCTTCACAATA-3’
mTOR 5'-GAAGGTGGAGGTGTTTGAGC-3 5'-ACCCAACCATTGACATGACC-3'
18S rRNA 5-AAACGGCTACCACATCCAAG-3' 5'-CCTCCAATGGATCCTCGTTA-3'

4.2.10 Total protein extraction and western blotting

Cells were incubated for 48 h with or without 175 puM bLf and then washed twice with ice-cold PBS
1x and lysed with ice-cold RIPA buffer [150 mM NaCl, 2 mM EDTA, NP-40 1% (v/v), 50 mM Tris HCI, pH
7.4] supplemented with a proteinase inhibitor cocktail [20 mM sodium fluoride, 20 mM sodium
orthovanadate, 1 mM phenylmethylsulfonyl fluoride and 4 % (v/v) Complete Protease Inhibitor Cocktail
(Sigma-Aldrich)]. After 20 min incubation on ice, protein extracts were collected by centrifugation at
12,000 xg for 10 min at 4 °C. The supernatants were stored at-80 °C. Protein concentration was
determined by the Bradford method [17] using BSA solutions of known concentration to build a standard
curve. For western blot, 30 ug of total protein for each experimental condition or 20 pg of purified
exosomes were mixed with 1x sample buffer [2.5% (v/v) sodium dodecyl sulfate (SDS), 10% (v/v) glyceral,
4% B-mercaptoethanol, 0.02% (v/v) bromophenol blue, 62.5 mM Tris-HCI, pH 6.8], boiled for 5 min, and
separated using 8% or 15% SDS-polyacrylamide gel electrophoresis and transferred onto nitrocellulose
membranes (Protan Amersham, GE Healthcare). Membranes were then blocked in 3% BSA in Tris-
buffered saline (TBS 1x; 150 mM NaCl, 50 mM Tris-HCI, pH 7.5) containing 1% Tween 20 (TBST) for 2
h with agitation at room temperature. Subsequently, membranes were incubated overnight at 4 °C with
the primary antibodies against -actin (1:40000 dilution, A3854, Sigma), PI3K (1:1000 dilution, #4249,
pl10a, Cell Signaling Technology), mTOR (1:500 dilution, sc-293089, Santa Cruz Biotechnology),
phospho-mTOR (1:500 dilution, sc-293133, Ser 2448, Santa Cruz Biotechnology), Akt (1:1000 dilution,
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#9272S, Cell Signaling Technology), CD63 (1:1000 dilution, ab134045, Abcam), CD9 (1:1000 dilution,
ab92726, Abcam) or CD81 (1:200 dilution, sc-166029, Santa Cruz Biotechnology). The membranes
were then washed twice with TBST and incubated with secondary antibodies Peroxidase-AffiniPure goat
anti-rabbit IgG or goat anti-mouse IgG (1:2000 dilution, Jackson ImmunoResearch) for 1 h at room
temperature. After washing 4 times for 15 min with TBST, immunoreactive bands were detected by
chemiluminescence using a chemiluminescent substrate (ECL detection system, Merck) and a ChemiDoc

XRS system (Bio-Rad). Band intensity was quantified by ImageJ software.

4.2.11 Seahorse metabolic profile analysis

Cells were seeded in XF24 cell culture microplates and incubated overnight at 37 °C with 5% CO:
to promote cellular adhesion. The extracellular acidification rates (ECAR) of cells incubated for 24 h with
175 uM bLf or 10 nM ConcA were determined using the Seahorse Extracellular Flux (XF24) Analyzer
(Seahorse Bioscience). Prior to ECAR measurements, cells were incubated for 1 h at 37 °C (without CO.)
in unbuffered, serum-free DMEM media (DMEM 5030, Sigma-Aldrich) supplemented with 4 mM
glutamine and adjusted to pH 7.4 + 0.1. The glycolytic profiling was performed by monitoring the basal
ECAR for 30 min followed by subsequent injections of glucose (10 mM), oligomycin (1 uM), and 2-deoxy-
D-glucose (2-DG; 10 mM). The amount of protein present in each well was estimated using the
sulforhodamine B (SRB) assay, as previously described [7]. Measurements were normalized to the SRB
absorbance of each well using the Wave 2.2.0 software and expressed as mpH per min per SRB
absorbance at 540 nm. Glycolytic function parameters were calculated by the mean of the three

timepoints after injection of the compounds.

4.2.12 Statistical analysis

Data represent at least three independently conducted experiments. Statistical analysis was
performed using two-way ANOVA followed by Tukey post-test using GraphPad Prism, version 6.0.

Differences with p-value bellow 0.05 were considered statistically significant.
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4.3 Results
4.3.1 V-ATPase co-localizes with cholesterolrich lipid rafts in highly metastatic

cancer cells

To uncover the possible role of lipid rafts in bLf anticancer activity, we initially determined if V-
ATPase localizes at these membrane niches in the highly metastatic breast, prostate and osteosarcoma
cancer cell lines under study, as previously reported for other cell lines [1,18,19]. To this end, since
cholesterol is a major component of lipid rafts, immunofluorescence was performed with a V-ATPase
antibody and these structures stained with a cholesterol biosensor termed D4H-mCherry [12]. Figure 4.1
shows a clear co-localization of V-ATPase and cholesterol-rich lipid rafts at the plasma membrane in all
cancer cells (Figure 4.1A), as confirmed by the good match of the intensity profiles of both green and red
fluorescence (Figure 4.1B). In fact, the D4H-mCherry pattern at the plasma membrane clearly shows
regions with higher cholesterol content, which also correspond to higher V-ATPase staining intensity
(Figure 4.1A, arrows). In turn, the non-cancer breast cell line MCF-10-2A does not display V-ATPase at
the plasma membrane, as expected, and therefore the two fluorescence signals are completely apart in
the fluorescence intensity profile (Figure 4.1B). For all cell lines, it is also possible to observe intracellular

cholesterol staining.

4.3.2 bLf induces intracellular accumulation of cholesterol in highly metastatic

cancer cells

To ascertain the putative effect of bLf on lipid rafts, their localization along 48 h exposure to bLf
was assessed by staining cholesterol with filipin. Filipin is a natural antibiotic that binds to cholesterol
[20] that renders a cleaner staining of cholesterol-rich lipid rafts at the plasma membrane (Figure 4.2A,
head arrows) than D4H-mCherry. The bLf concentration chosen for these assays causes about 50% cell
death in highly metastatic cancer cells after 48 h, as defined in our previous studies [7,11]. As observed
in Figure 4.2A, bLf induces intracellular accumulation of cholesterol in the highly metastatic breast cancer
cell line Hs 578T after 12 h of incubation, perturbing lipid rafts. Indeed, while in the first 6 h filipin staining
is only observed at the plasma membrane (Figure 4.2A, head arrows), after 12 h bright intracellular spots
of cholesterol are observed inside the cells (Figure 4.2A, arrows). We next evaluated the effect of bLf on
the other cell lines under study after 48 h of incubation (Figure 4.2B). Interestingly, bLf induced an

identical intracellular filipin staining pattern in the other highly metastatic cancer cells (Figure 4.2B,
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arrows). In contrast, no effect was observed in the lowly metastatic T-47D cells and in the non-tumorigenic
MCF-10-2A cells, where a clear staining at the plasma membrane remained as in the non-treatment
conditions (Figure 4.2B, head arrows). Remarkably, bLf induces a very similar staining pattern as the V-
ATPase inhibitor concanamycin A (ConcA) and methyl-B-cyclodextrin (MBCD), a lipid rafts-disrupting
compound that depletes cholesterol from the membranes (Figure 4.2B) [21]. However, unlike these
compounds, which affect all cell lines, bLf was found to specifically perturb the lipid rafts of highly
metastatic cancer cells. Altogether, these data suggest that the perturbation of lipid rafts by bLf depends

on the presence of V-ATPase at the plasma membrane lipid rafts.
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Figure 4.1: Imnmunofluorescence analysis of the localization of V-ATPase and cholesterol in MDA-MB-231, Hs 578T, PC-3, MG-
63 and MCF-10-2A cell lines by confocal microscopy. (A) V-ATPase (green) was stained with a primary antibody against ¢
subunit and Alexa-fluor 488 secondary antibody, while cholesterol staining (red) was achieved by transfecting cells with the
D4H-mCherry biosensor. Arrows indicate spots of colocalization of red and green fluorescence at the plasma membrane. A
representative z plane is shown for each cell line. Bar: 5 um. (B) Fluorescence intensity profiles of red and green fluorescence

across the highlighted selection.
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Figure 4.2: Effect of bLf, MBCD and ConcA on the localization of cholesterol in the cell lines under study. Cholesterol-rich lipid
rafts were visualized by staining cells with filipin (0.01 mg/ml). (A) Fluorescence microscopy analysis of the time-course of Hs
578T cells incubated up to 48 h without (control) or with 175 puM bLf. (B) Representative fluorescence microscopy images of
MDA-MB-231, Hs 578T, MG-63, PC-3, T-47D and MCF-10-2A cells incubated or not (control) with 175 pM bLf for 48 h, 10
nM ConcA for 48 h or 0.5 mM MBCD for 2 h followed by incubation in fresh culture medium for 46 h. Arrows point to spots

of intracellular cholesterol staining while head arrows indicate membrane cholesterol staining. Bar: 10 pm.

4.3.3 The intracellular accumulation of cholesterol induced by bLf occurs

before plasma membrane depletion

To study the kinetics of the intracellular accumulation of cholesterol and ensuing lipid rafts
disruption triggered by bLf, time-lapse fluorescence microscopy of Hs 578T and PC-3 cells expressing
the D4H-mCherry probe was carried out. Cells were observed over 48 h after bLf addition, and the results
of the first 9 h are depicted in Figure 4.3. As mentioned above, D4H-mCherry staining does not render a
specific labelling of the cholesterol-rich lipid rafts at the plasma membrane as intracellular spots are

already observed in the beginning of the experiment for both bLf-treated and untreated cells (Figure 4.3A,
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B - 0.5 h). Nevertheless, while in the bLf-treated cells a progressive higher intracellular accumulation is
observed over time (Figure 4.3A, B -175 uM bLf), no further accumulation occurs in the non-treated cells
as the levels of intracellular staining remain constant throughout the time course (Figure 4.3A, B -
Control). Moreover, while plasma membrane staining (Figure 4.3 - arrows) in untreated cells can be
detected in the course of time for all images, in bLf-treated cells the membrane labelling disappears after
7 hfor Hs 578T cells and 4.5 h for PC-3 cells. Given that a higher intracellular accumulation of cholesterol
induced by bLf occurs after 3.5 h and 2.5 h of treatment for Hs 578T and PC-3 cells, respectively (head
arrows), while membrane labelling is maintained, we can conclude that intracellular accumulation of

cholesterol precedes its plasma membrane depletion.

A Hs 578T

Control

175 uyM bLf

Figure 4.3: Time-lapse microscopy analysis of cholesterol localization in Hs 578T (A) and PC-3 (B) cell lines. Cells were
transfected with the D4H-mCherry probe that binds cholesterol and then treated or not (control) with 175 uM bLf. Time-lapse
microscopy experiments started right after bLf addition and up to 48 h. The first 9 h are shown (30 min interval for the first 5
hand 1 hinterval up to 9 h). Bar: 10 or 100 um, as indicated. The asterisk (*) indicates dead cells; arrows point to membrane

staining and head arrows to the start of higher intracellular cholesterol accumulation induced by bLf.
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Control

175 uyM bLf

Figure 4.3: Time-lapse microscopy analysis of cholesterol localization in Hs 578T (A) and PC-3 (B) cell lines (cont). Cells were
transfected with the D4H-mCherry probe that binds cholesterol and then treated or not (control) with 175 uM bLf. Time-lapse
microscopy experiments started right after bLf addition and up to 48 h. The first 9 h are shown (30 min interval for the first 5
hand 1 hinterval up to 9 h). Bar: 10 or 100 um, as indicated. The asterisk (*) indicates dead cells; arrows point to membrane

staining and head arrows to the start of higher intracellular cholesterol accumulation induced by bLf.

4.3.4 Cholesterol-rich lipid rafts disruption occurs after bLf uptake

To obtain information regarding bLf uptake in the cell lines under study and on the temporal relation
between cholesterol-rich lipid rafts disruption and bLf internalization, cells were incubated with Alexa fluor
488-labelled bLf and followed during 48 h. Time-course of Hs 578T cells demonstrates that bLf first binds
to the plasma membrane and only then is internalized (Figure 4.4A). Indeed, after 30 min and 1 h, the
bLf staining is predominantly at the plasma membrane (head arrows); after 2 h both plasma membrane
and intracellular staining (arrows) are visualized; and from 6 h onwards bLf staining mainly appears as
bright green spots in the cytoplasm (Figure 4.4A, arrows). Since bLf-triggered intracellular accumulation
of cholesterol was observed after 4.5 h in this cell line (Figure 4.3A), bLf internalization seems to precede

lipid rafts disruption. bLf uptake was further studied after 24 h in the other cell lines. A similar bLf staining
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pattern at the cytoplasm was observed in all cells including the non-tumorigenic cell lines MCF-10-2A and
Bj-bta (Figure 4.4B). Remarkably, no bLf was found in the nucleus, as no co-localization between bLf and
DAPI was identified (Figure 4.4B). Interestingly, even after 24 h, plasma membrane staining of bLf was
notorious in the highly metastatic cancer cell lines MG-63 (Figure 4.4C) and MDA-MB-231 (Figure 4.4D).
Given that bLf plasma membrane staining has a punctuated pattern, we stained lipid rafts of MDA-MB-
231 cells with filipin and observed a co-localization, suggesting that bLf localizes at the plasma membrane

lipid rafts of these cells, which also house V-ATPase (Figure 4.4D).
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Figure 4.4: Internalization of bLf-Alexa Fluor 488 in the cell lines under study. (A) Time-course of fluorescence microscopy
analysis of Hs 578T cells incubated up to 48 h with or without (control) 175 uM Alexa Fluor 488-labelled bLf. Arrows indicate
intracellular staining while head arrows point to membrane staining. (B) Representative fluorescence microscopy images of
MG-63, PC-3, Bj-5ta and MCF-10-2A cells incubated with 175 pM Alexa Fluor 488-labelled bLf for 24 h. Nuclei are labelled
with DAPI. (C) Highlight of the membrane staining of bLf-Alexa Fluor 488 (head arrows) on MG-63 cells after 24 h of incubation.
(D) Double staining of bLf-Alexa Fluor 488 (after 24 h of incubation) and filipin (0.1 mg/ml added right before visualization for

labelling of the plasma membrane only) on MDA-MB-231 cells. Head arrows indicate membrane staining. Bar: 10 pm.
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4.3.5 bLf delays uptake of exosomes and perturbs their intracellular trafficking

Both V-ATPase inhibition and lipid rafts disruption have been implicated in trafficking defects
including endocytosis inhibition [22-24]. As bLf induces both effects, we studied if it impacts the uptake
of exosomes derived from the Bj-5ta cell line, labelled with 1,1'-Dioctadecyl-3,3,3",3"-
Tetramethylindocarbocyanine Perchlorate (Dil), by the MDA-MB-231 cell line. The exosomes have a mean
and mode size of 109.4+8.0 and 166.1+6.5 nm, respectively (Figure A4 A, Appendix). Bj-5ta fibroblasts
produced high levels of exosomes that were positive for the putative exosome markers CD63, CD9 and
CD81 (Figure A4 B, Appendix). Time-lapse microscopy showed that uptake of exosomes by MDA-MB-231
cells is delayed when cells are pre-treated with bLf. Indeed, in the first 12 h, the exosome uptake in bLf-
treated cells is about half of that of untreated cells, while after 24 h the percentage is identical (Figure
4.5A). The uptake of exosomes was further analyzed by fluorescence microscopy. Curiously, bLf seems
to affect their intracellular trafficking as less exosomes are visible per cell and they aggregate in bright
spots with an irregular cellular distribution (Figure 4.5B, arrows). In contrast, untreated cells show higher
number of non-aggregated exosomes with a uniform pattern throughout the cell cytoplasm (Figure 4.5B).
A similar intracellular aggregation pattern was observed in M3CD-treated cells (Figure A5, Appendix).
Altogether, these data indicate that bLf delays the uptake of exosomes and alters their intracellular

processing.

4.3.6 bLf downregulates PI3K and AKT expression in highly metastatic cancer

cells

The PI3K/AKT/mTOR pathway is crucial for cell survival and proliferation (Figure 4.6A). lts
activation has been reported to depend on lipid rafts, since the main signalling molecules of the pathway
have been identified in these membrane domains, and lipid rafts disruption impairs the pathway [25-
27]. As Lf was previously found to decrease AKT (protein kinase B) [28-30] and mTOR (mammalian
target of rapamycin) phosphorylation [28] in cancer cell types other than breast and prostate, we next
studied whether Lf affects this pathway in the highly metastatic cancer cells derived from breast (Hs 578T
and MDA-MB-231) and from prostate cancer (PC-3), in comparison with the non-cancer Bj-5ta cells.

Real-time PCR showed a clear reduction of the mRNA levels of PI3K (phosphatidylinositol 3-kinase)
and AKT in the two highly metastatic breast cancer cells (Hs 578T and MDA-MB-231), whereas no effect

was observed in the non-cancer Bj-5ta cells (Figure 4.6B).
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Figure 4.5: Effect of bLf on uptake of DilHabelled exosomes by MDA-MB-231 cell line. (A) Time-course of Dil-labelled exosomes
uptake up to 24 h of incubation by MDA-MB-231 cells pre-treated or not (control) for 24 h with 175 uM bLf. Overlay images
of bright field and red fluorescence channel (Dil) are shown. Values are the percentage + standard deviation of cells that taken
up exosomes of three individual fields. Bar: 20 um. (B) Representative fluorescence microscopy images of MDA-MDA-231
cells incubated with or without (control) bLf and exosomes as described in A. Arrows point to aggregated exosomes. Bar: 20

um.
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Figure 4.6: Effect of bLf on the PI3K/AKT/mTOR pathway by real-time PCR (B) and western blot (C) analysis. (A) Simplified
representation of the PI3K/AKT/mTOR pathway. Binding of growth factors (GF) to receptors tyrosine kinase (RTK) activates
PI3K, which catalyzes phosphorylation of phosphatidylinositol 4,5-biphosphate (PIP2) into phosphatidylinositol 3,4,5-
triphosphate (PIP3). PIP3 formation prompts AKT phosphorylation at Thr308 by the phosphoinositide dependent kinase-1
(PDK1) and at Ser473 by mTOR complex 2 (mTORC?2). Activated AKT regulates a plethora signalling molecules being mTOR
one of them. mTOR promotes cell survival and proliferation [31,32]. (B) Relative quantification by real-time PCR of PI3K, AKT
and mTOR mRNA levels in MDA-MB-231, Hs 578T and Bj-5ta cells as indicated. Cells were incubated in the absence (control)
or presence of 175 puM bLf for 48 h. Values are fold change + SEM to control after normalizing to the reference gene (18S
rRNA) of two replicates of three independent experiments. *,**,**** P value < 0.05, 0.01, 0.0001, respectively. (C)

Representative images of western blotting analysis of the protein expression level of PI3K, AKT, mTOR, and phospho-mTOR in
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Hs 578T, PC-3 and Bj-5ta cells treated or not (control) with 175 uM bLf for 48 h. (D) Relative densitometric analysis of the
expression of the indicated proteins normalized to 3-actin levels (loading control) and to the untreated cells (set as expression
equal to 1 and represented by the red line). p-mTOR/mTOR ratio normalized to the untreated control is also depicted. Values
are the mean + SEM of at least three independent experiments. ns: non-significant, *,**,***,**** P value < 0.05, 0.01, 0.001,

0.0001, respectively.

As for the protein levels, assessed by western blot, we found that bLf downregulates PI3K and AKT
in the highly metastatic Hs 578T and PC-3 cancer cells but not in the non-cancer cells Bj-5ta (Figure
4.6C, D). This suggests that reduction of these two proteins is associated with bLf-mediated lipid raft's
disruption. In turn, bLf significantly decreased the mRNA levels of mTOR in the two highly metastatic
breast cancer cells, whereas no effect was observed in the non-cancer Bj-5ta cells (Figure 4.6B). However,
bLf caused a reduction of mTOR protein levels in Hs 578T, PC-3 and Bj-5ta cell lines, though only
statistically significant in Hs 578T and Bj-5ta cells, associated with a significant decrease of phospho-
MTOR levels in the three cell lines. As for the ratio between phospho-mTOR and mTOR, it decreased in
the same three cell lines, though the difference was statistically significant only in bLf-treated PC-3 cells

(Figure 4.6C, D).

4.3.7 bLf inhibits glycolysis of highly metastatic cancer cells

Given that glycolysis is one the main regulators of V-ATPase activity, assembly and distribution
[33], and that PI3K/AKT/mTOR pathway has been implicated in glycolysis regulation [34], the ability of
bLf to alter the glycolytic function of cells was studied. The glycolytic parameters were evaluated by
assessing the extracellular acidification rate (ECAR) after subsequent injections of glucose, oligomycin
and 2-deoxy-D-glucoe (2-DG) using a Seahorse extracellular flux analyzer (Figure 4.7A). A very strong
inhibition of the glycolytic parameters glycolysis and glycolytic capacity was observed when Hs 578T cells
were treated with bLf for 24 h, while no effect was detected in the lowly metastatic T-47D and non-
tumorigenic Bj-5ta cells. Though not statistically significant, a decrease of the glycolytic reserve of Hs
578T cells was also observed. ConcA, in turn, affected indistinctly lowly and highly metastatic cancer
cells as it inhibited the glycolytic function of both cancer cell lines (Figure 4.7A, B). These data suggest

that bLf selective cytotoxicity towards highly metastatic cancer cells is associated with glycolysis inhibition.
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Figure 4.7: Effect of bLf on the glycolytic function of Hs 578T, T-47D and BJ-5ta cell lines. The glycolytic function parameters
were calculated by measuring the extracellular acidification rate (ECAR) before and after subsequent injections of glucose,
oligomycin and 2-deoxy-D-glucose (2-DG). (A) ECAR measured as mpH per min per Sulforhodamine B (SRB) absorbance at
540 nm of indicated cells pre-treated for 24 h without (control) or with 175 uM bLf or 10 nM ConcA along 110 min. (B) Plots
of the glycolytic function parameters calculated as the mean of the three timepoints after addition of glucose (glycolysis),

oligomycin (glycolytic capacity) and 2-DG (glycolytic reserve). Results are expressed in mpH per min per SRB absorbance at

* kK Kkk

540 nm. Values represent the mean + SEM of three replicates of three independent experiments. ns: non-significant, *,**,

Pvalue < 0.05, 0.01, 0.001, respectively.

4.4 Discussion

The Lf anticancer activity has been known for more than 25 years [35] and its dedicated studies
advanced from basic research to clinical trials, in which encouraging results have been achieved [36,37].
Yet, the clinical efficacy is not always as desired [38]. Studies aiming to dissect the Lf mechanisms of
action are therefore crucial to achieve a better efficacy and to prompt its use in clinical practice. Here,
we sought to throughly characterize, at the molecular level, the mechanisms underlying the cytotoxicity
and selectivity of bLf towards highly metastatic cancer cells demonstrated in our previous works [7,11].
The molecular basis for Lf selectivity for these type of cells relies on the targeting of the proton pump V-
ATPase which is differentially located at the plasma membrane of these cells [7].

As previously mentioned, several authors described a close interplay between V-ATPase and
cholesterol- and sphingolipid-rich lipid rafts [1,39-41], which led us to hypothesize that lipid rafts may be
a hidden player in Lf anticancer activity. To test this assumption, we selected a panel of highly metastatic

cancer cell lines that were previously demonstrated to display V-ATPase at the plasma membrane [7-10]
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and to be sensitive to bLf [7,11]. Herein, we further demonstrated that these cell lines are a suitable
model to test our hypothesis, since we found that V-ATPase specifically localizes at the cholesterol-rich
lipid rafts of these highly metastatic cancer cells, much like it was demonstrated for melanoma [1],
leukemia [18] and cervical cancer cells [19].

Our data revealed a novel effect of bLf that lies on the intracellular accumulation of cholesterol
and its depletion from the plasma membrane, which leads to disruption of cholesterol-rich lipid rafts. The
presence of V-ATPase at the plasma membrane lipid rafts seems to be critical for this cellular alteration,
since bLf is unable to perturb the lipid rafts of lowly metastatic cancer or non-cancer cells, which do not
exhibit plasmalemmal V-ATPase. A similar effect, though not selective for highly metastatic cancer cells
as it occurs in all cell lines, is observed in ConcA- and MBCD-treated cells. In aggrement with our results,
inhibition of V-ATPase with bafilomycin Al (BafAl) or knockdown of its subunits induced a very similar
perturbation of lipid rafts as assessed by filipin staining yielding an intracellular fluorescence pattern like
that produced by bLf treatment [24]. Similarly, V-ATPase inhibition by Archazolid A also led to
plasmalemmal cholesterol depletion and intracellular accumulation [42].

There are several pathways for intracellular cholesterol trafficking that include its delivery into late
endosomes and lysosomes, where it is hydrolyzed to free cholesterol and then transported to the plasma
membrane [43]. Authors have shown that V-ATPase activity impairment results in cholesterol trapping
inside the lysosomes caused by endolysosomal pH perturbations, decreased levels of free cholesterol
and consequent depletion from the plasma membrane, lipid rafts disruption and alterations of the
biophysical properties of the plasma membrane [24,42]. Based on the identical filipin staining pattern
induced by bLf, BafAl and Archazolid A [24,29], we hypothesize that the intracellular cholesterol
accumulation observed in blLf-treated cells is a consequence of its trapping inside the less acidic
lysosomes/endosomes.

Our time-course experiments are in agreement with this hypothesis as they provide evidence that
the bLf-promoted depletion of cholesterol from the plasma membrane occurs after it starts to accumulate
inside the cells, suggesting that it is the intracellular accumulation of cholesterol that results in its
depletion from the plasma membrane. Moreover, it is noteworthy that perturbation of lipid rafts occurs
after bLf uptake, which goes in line with the assumption that bLf-induced intracellular pH alterations, both
at cytosolic [7] and lysosomal [11] levels, are the main factors responsible for the subsequent cascade
of events that disrupts lipid rafts. Why no disruption of lipid rafts is observed in lowly metastatic or non-
cancer cells is likely due to activation of V-ATPase-independent pH control mechanisms, which enable

them to maintain lysosomal and cytosolic pH after bLf internalization [7,11] and counteract its cytotoxic
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effect. Interestingly, during the time-course of bLf-induced cytotoxicity in highly metastatic cancer cells,
bLf is observed at both the plasma membrane and as cytosolic vesicle-like structures, which are precisely
the locations where V-ATPase is found suggesting a putative binding of the protein to the proton pump. It
is also worth mentioning that bLf was not found at the plasma membrane of non-cancer cells nor at the
nucleous in any of the cell lines under study, though it preserved the cytosolic vesicle-like staining.
Previous studies have also addressed Lf uptake in different types of cells including colon [44] and breast
cancer cells [45] and macrophages [46]. Accumulation at vesicle-like cytosolic structures and no nuclear
staining was evident in breast cancer cells [45] and localization at the endosomes was shown in
macrophages [46]. Hence, the vesicle-like structures that we and others observe are likely to be
endosomes/ lysosomes.

Our results additionally show that bLf perturbs the uptake of exosomes, which are generally
internalized by endocytosis [23,47], and alters their intracellular distribution/processing. In this line,
Kozik et al. reported that V-ATPase inhibition blocks clathrin-mediated endocytosis, which is due to
aberrant endo/lysosomal acidification and impairment of cholesterol recycling [24]. Accordingly,
perturbation of both V-ATPase (by BafAl) or lipid rafts (by MBCD) was shown to decrease the uptake of
exosomes in prostate [48], ovarian [23] and breast cancer cells [49], supporting that active V-ATPase
and cholesterol sorting are key requirements for exosomes endocytosis. Taken together, these data
further reinforce that the pH perturbations triggered by bLf affect overall intracellular trafficking by
preventing cholesterol deliver to the plasma membrane.

The observed differential downregulation of PI3K and AKT levels at the mRNA and protein levels
in the highly metastatic cancer cells in comparison with the non-tumorigenic cells is seemingly associated
with the bLf lipid raft-disrupting effect. This interpretation is supported by data showing that the main
signalling molecules of the PI3K/AKT pathway associate with lipid rafts, and that the pathway activation
depends on the integrity of these microdomains [25-27]. Indeed, lipid rafts are known to hold important
molecules involved in different signalling pathways in addition to PI3K/AKT/mTOR, functioning as
authentic platforms to boost cancer-related signalling [26,32]. There is also a number of studies that
dissect the mechanism by which lipid raft-disrupting agents affect the PI3K/AKT/mTOR pathway, which
can bring clues about the bLf anticancer mechanism. Treatment of cancer cells with 10-Gingerol, a
natural phenolic lipid [27]; edelfosine, a synthetic anticancer lysophospholipid that accumulates in lipid
rafts [50]; or schweinfurthins, plant-derived compounds known to disrupt lipid rafts [51], were reported
to decrease phosphorylation of the key components of this pathway by displacing them from lipid rafts

[25,27,51]. Moreover, both MBCD and simvastatin were shown to decrease the raft levels inhibiting AKT
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phosphorylation. Cholesterol suplementation restored the levels of phosphorylated AKT and lipid rafts
[52]. Overall, the gathered information suggests that the bLf-induced downregulation of PI3K and AKT is
a direct consequence of lipid rafts disruption, which most probably leads to mislocalization of these
signalling molecules. To gain further insight into how bLf affects the pathway, immunodetection of
phosphorylated AKT and PI3K should be performed, and additional upstream and downstream effectors
should be tested and compared between cancer and non-cancer cells. Nonetheless, based on previous
works [28-30] [45], we hypothesize that bLf inhibits this pathway in Hs 578T and PC-3 cancer cells. As
for the mRNA levels of mTOR, we observed a significant downregulation in the two highly metastatic
breast cancer cells but not in the non-cancer Bjbta cells. However, contrarily to what we were expecting,
bLf reduced the protein levels of phospho-mTOR in both highly metastatic and non-cancer cell lines.
Based on these data, several hypotheses can be raised: (i) although the levels of AKT and PI3K are not
affected in BJ-bta cells, the levels of their phosphorylated forms (the active molecules) can be
downregulated by bLf in a way independent of lipid rafts disruption, as it occurs in both highly metastatic
and non-cancer cell lines cell lines; (i) bLf does not affect PI3K and AKT phosphorylation in Bj5ta cells,
but affects other upstream effectors of mTOR that lead to a decrease of phospho-mTOR levels in this cell
line; (iii) other pathways downstream of AKT (not via mTOR) may be differentially affected by bLf in non-
cancer cells compared to highly metastatic cancer cells. In addition, since no bLf-induced cytotoxicity was
detected in the Bjbta cell line [11], the decrease of mTOR phosphorylation must be a consequence of
alterations in signalling pathways that do not culminate in cell death.

Though the connection between the PI3K/AKT/mTOR pathway and glycolysis involves a very
intricate molecular machinery and signal transduction processes [reviewed by [34,53]], one of the
downstream effectors of this pathway, the hypoxia-inducible factor 1 (HIF-1), seems to be a key element.
Activation of the PI3K/AKT/mTOR pathway increases the levels of HIF-1a and inhibition of PI3K with
LY294002 or wortmannin impairs its expression [54]. Both activated AKT by itself and HIF-1o were shown
to stimulate glycolysis by inducing the expression of glucose transporters and of several glycolytic
enzymes (reviewed by [55]). According to bLf putative inhibitory effect towards the PISK/AKT/mTOR
pathway in highly metastatic cancer cells, herein we show that treatment of these cells with bLf leads to
inhibition of glycolysis and glycolytic capacity. Apart from PI3K/AKT/mTOR, an intimate regulation exists
between glucose flux and V-ATPase, as reviewed by [33]. Indeed, glucose deprivation is the classical
trigger of the disassembly of the two domains of V-ATPase, which impairs the functioning of the proton
pump. On the other hand, V-ATPase interacts with different glycolysis regulators [33]. One example is the
glycolytic enzyme aldolase that was shown to bind to subunit E of V-ATPase [56]. Deletion of V-ATPase
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subunit cin highly metastatic esophageal cancer cells also resulted in glucose metabolism hindering, and
reduction of glucose uptake and glycolytic enzymes expression [57]. Accordingly, we found that bLf-
induced V-ATPase inhibition causes glycolysis impairment. Finally, an axis connecting glycolysis, PI3K
and V-ATPase was identified in a study showing that the glucose-dependent V-ATPase trafficking to the
plasma membrane in kidney cells requires PI3K, as its inhibition abolished plasma membrane staining,
and a constitutively active PI3K restored the plasmalemmal localization in glucose-repressed cells [58].
If this causal inhibition of V-ATPase trafficking to the plasma membrane also occurs in bLf-treated cells,
it may further contribute to amplify the consequences of the inhibition of V-ATPase activity by bLf. Thus,
the bLf-mediated effect on both PI3K/AKT and V-ATPase, and the subsequent intracellular acidification,

may contribute to the outcome of glycolysis inhibition.

4.5 Conclusion

Altogether, the data accumulated so far support the idea that bLf operates through a bidirectional
mode by double targeting V-ATPase proton pumping activity and lipid rafts integrity of highly metastatic
cancer cells, which overexpress this proton pump and exhibit high levels of DRMs [52,59]. Bearing in
mind the aforementioned information and our own data, we hypothesize that upon plasmmalemmal V-
ATPase inhibition by bLf, the overall ApH is perturbed leading to decreased extracellular acidification rate,
cytosolic acidification [7] and lysosomal alkalinization [11]. This leads to intracellular trafficking
perturbations, trapping of cholesterol likely inside the endo/lysosomes, its subsequent depletion from the
plasma membrane and ensuing disruption of cholesterol-rich lipid rafts. As a consequence, PI3K/AKT
pathway components are downregulated, impairing glycolysis and leading to cell proliferation inhibition
[11] and cell death induction through apoptosis [7,11] (Figure 4.8). These new molecular insights can
pave the way for the development of Lf-based anticancer therapies targeted to cancer cells harbouring V-

ATPase at the plasma membrane cholesterol-rich patches.
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Figure 4.8: Working model on the anticancer activity of bLf against highly metastatic cancer cells. Upon inhibition of
plasmmalemmal V-ATPase by bLf, the intracellular pH (pHi) decreases while the extracellular pH (pHe) and lysosomal pH
(pHlys) increase. These pH alterations perturb cellular trafficking, leading to intracellular cholesterol accumulation (possibly at
the endo/lysosomes), depleting cholesterol from the plasma membrane and inhibiting endocytosis. Consequently, cholesterol-
rich lipid rafts are disrupted and the PI3K/AKT pathway is inhibited, which culminates in glycolysis and cell proliferation
impairment and apoptotic cell death, either via mTOR or other still unknown downstream effectors. The glycolysis inhibition

can either occur directly or as a consequence of PI3K/AKT/mTOR pathway inhibition or through an interaction with other

glycolytic regulators. Created with BioRender.com.
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CHAPTER 5

Computational approach to unveil the

interaction between lactoferrin and V-ATPase



This chapter is adapted from the following publication:

Catia Santos-Pereira, Juliana F. Rocha, Henrigue S. Fernandes, Ligia R. Rodrigues, Manuela Corte-Real,

Sérgio F. Sousa. The milk-derived lactoferrin inhibits V-ATPase activity by targeting its V1 domain. Under

minor revision in the /nternational Journal of Biological Macromolecules
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5.1. Background

In the search for the molecular mechanisms underlying both the Lf anticancer and the antifungal
activities, in our previous work, we identified for the first time the proton pump V-ATPase as a Lf target
[1-3]. However, the molecular basis of this interaction is still unknown. Therefore, in this chapter, we
sought to develop a computational approach to understand how Lf and V-ATPase interact and to shed
light on the putative residues of both proteins that are critical for their interaction. For this purpose, an /in
silicoapproach that takes into account different conformational states of both proteins was used to predict
the protein-protein complexes by molecular docking, followed by further refinement through molecular

dynamics simulations and free energy calculations.

5.2. Methods
5.2.1 Methodology overview

The computational pipeline used in this work is depicted in Figure 5.1. Before performing molecular
docking, which is a computational method used to predict the preferred binding pose(s) between two
molecules [4], molecular dynamics (MD) simulations of V-ATPase and Lf were carried out. MD is a
technique that integrates the Newton's equation of motion for predicting the movements of atoms given
the position of the surrounding atoms, as a function of time [5]. This generated a series of conformations
of both proteins in solution that were then clustered to identify 10 representative structures of each
protein, which were later used in the molecular docking study. This approach allows the sampling of
several protein conformations and, consequently, of their interaction. Afterwards, the molecular docking
software HADDOCK (High Ambiguity Driven protein—protein Docking) [6] was used to predict the
complexes between V-ATPase and Lf. The best scored 20 complexes generated by HADDOCK were then
embedded into a membrane bilayer model and subjected to MD simulations. The Molecular Mechanics-
Generalized Born Surface Area (MM-GBSA) method [7] was next applied to the equilibrated part of these
MD simulations to rescore the complexes based on the free binding energy. Moreover, it was used to
calculate the individual contribution of each amino acid and predict the residues from both proteins that
are more important for the protein-protein association. Visual Molecular Dynamics (VMD) [8] was used

for all visualizations.
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Lactoferrin MD V-ATPase MD
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Protein-protein
docking
(HADDOCK)

Complexes MD
25 ns
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300 structures

Figure 5.1: Flowchart of the computational pipeline used in this work. ns, nanoseconds; MD, molecular dynamics; HADDOCK,

High Ambiguity Driven protein—protein Docking; MM-GBSA, Molecular Mechanics-Generalized Born Surface Area.

5.2.2 Lactoferrin model setup and molecular dynamics simulations

After a literature review and search on the Protein Databank (https://www.rcsb.org) of all available
Lf structures (Table A2, Appendix), the 1LFG structure of diferric human lactoferrin [9], obtained by X-ray
crystallography at a resolution of 2.2 A without any mutation, was chosen. The PropKA server version 3.0

[10] was employed to predict the protonation states of the different amino acid residues considering the
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physiological pH (pH 7). Lysine and arginine residues were modelled as positively charged, while
aspartate and glutamate residues as negatively charged. Histidine residues were modelled as neutral,
with a hydrogen at the epsilon-N or delta-N according to the surrounding.

The 1LFG structure contains two iron-binding sites, where one Fe*and one COs> ions are present
along with two tyrosine, one aspartate and one histidine residues (see Chapter 2.1). The iron-coordinated
tyrosine and histidine residues (Tyr92, Tyr192, His253, Tyr435, Tyr528 and His597) were modelled as
deprotonated according to the literature [11]. The iron coordination spheres were parameterized using
the python-based metal center parameter builder MCPB.py [12]. This tool allows the building of force
field parameters for the simulation of metal complexes using the bonded model approach, which treats
the interaction between metal ions and its ligating residues via bond, angle, dihedral, electrostatic and
van der Waals (VDW) terms. These calculations were performed by quantum mechanics using the
Gaussian 09 software with Density Functional Theory (DFT) and the B3LYP functional and 6-31G(d) basis
set [13]. MCPB and the bonded model approach have been well validated in the past for the simulation
of several different metalloproteins and enzymes [14,15]. The system was prepared using AMBER 19
software package [16]. The LEAP program was used to add the hydrogen atoms and to build the topology
and parameters of the protein with the biomolecular force fields #74SB[17] for proteins, and the general
amber force field gaf”2[18] for organic molecules. The main empirical biomolecular force field used in
this work describes the atomic interactions in molecules by decomposing the atoms motion in
intramolecular/bonded energetic terms (£wq that consider the bond stretching (&), angle bending
(Enees) and dihedral torsion (Aaresas); @and intermolecular/electrostatic energetic terms ( £wrsned) that take into
account the electrostatic (L) and van der Waals interactions (£enerweas) (Equations 1 and 2). This
results in a simple equation to describe the potential energy (V) as a function of the atomic positions of

the atoms in the system (r) [19]:
V(r) = Ebanded + Eon-bonded (Eq. ].)

V(r) = Eboﬂds + Emg/es + Ei/hedra/s + E/ectmsta!/c + E/ande/ Waals (Eq 2)

V(l‘) = Zbonds Kr (b - beq)2 + Zangles KG (9 - Heq)z + Zdihedrals (%) [1 +
Aij

cos(n® — Y)] + Sie, [—— By 4 ﬂ] (Eq. 3)

12 6 ..
R7 R eRy
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In Equation 3, A is the bond force constant, 6 is the bond length and b., the correspondent bond
equilibrium value; Ap is the angle force constant, 6 is the angle amplitude and 6., the correspondent
equilibrium value; V//2 is the torsional force constant, n7is the torsional angle multiplicity, ¢ is the angle
amplitude, and y is the phase dihedral; 7 are the atomic pairs, A; reflects the degree of “stickiness” of
the van der Waals attraction while 5, the degree of “hardness” of the atoms, A} is the interatomic distance
between atoms /7and j; € is the dielectric constant, ¢ is the charge of atom / and g the charge of atom /
[19].

Periodic boundary conditions were applied in all directions using a cubic box with a minimum
distance between the protein and the box wall set to 12 A. Water molecules were added to the system
using the TIP3P function and the #jp3p force field for water and associated ions. K+ and CI ions were
randomly added to the system to neutralize charges, as well as to achieve a 0.15 M concentration, which
approaches the physiological regime. The dimension of the system was 92 889 atoms. The system was
then submitted to a 4-step energy minimization process using the SANDER module from AMBER 19 to
remove clashes before the MD simulation. Firstly, harmonic forces were used to restrain all atoms
positions except those from water molecules (5,000 steps), then constrains were applied only to the
heavy atoms allowing the energy minimization of the hydrogen atoms (5,000 steps), next only to the
backbone alpha carbons (Ca) and nitrogens were constrained (5,000 steps), and finally all constraints
were removed to allow a full energy minimization (25,000 steps). A 20 ps equilibration was subsequently
performed in the canonical thermodynamic (NVT) ensemble with constant volume, where the temperature
of the system was gradually increased to 303.15K (30°C) using Langevin thermostat [20,21]. A 60 ns
simulation was then conducted with Gromacs software [22] in an isothermal-isobaric thermodynamic
ensemble (NPT) at 303.15K using the Berendsen temperature coupling scheme [23]. Pressure was
maintained constant (1 bar) using the Parrinello-Rahman barostat with isotropic molecule-based scaling.
Particle-Mesh Ewald (PME) method was used for long-range electrostatics, and the non-bond interaction
cut-off radius was set to 10 A. The bond lengths involving hydrogen atoms were constrained using the
linear constraint solver (LINCS) algorithm [24], allowing the integration of the equation of motion with a
2 fs time step. The MD trajectory was sampled every 2 ps. The MD simulation was analyzed in terms of
backbone root-mean-square deviation (Ca-RMSD) and solvent accessible surface area (SASA) with the
CPPTRAJ module of AMBER 19. Clustering was performed with values retrieved from the last 55 ns of
the simulation using the hierarchical agglomerative approach, which is based on the distance between
frames calculated via the Ca-RMSD, to obtain 10 representative structures of the MD trajectory for further

docking analysis.

127



5.2.3 Modelling of V-ATPase and molecular dynamics simulations

At the time this work started, no human V-ATPase structure was available, thus a list of all V-ATPase
structures from Saccharomyces cerevisiae was compiled (Table A3, Appendix). From all those structures,
only three contained the biological assembly of the entire complex (3J9T-V, 607V-X and 5VOX-Z) obtained
by cryo-electron microscopy (cryo-EM) with poor resolution values (6.6 — 6.9 A). Structure 60TV [25],
which has the better resolution, has only backbone information and no sidechains. Thus, we chose the
3J9T [26], which has backbone and sidechains of all residues. However, this structure misses some
subunits of the V. domain, namely subunits e and the assembly factor Voal, and does not distinguish
between ¢, ¢’and ¢’ subunits. In this sense, through molecular modelling, we constructed a structure
that contains the Vi subunits of 3J9T and the V. subunits of 607T [25]. The latter has a much better
resolution (3.2 A) and all the subunits. Very recently, the first cryo-EM structure of human V-ATPase at up
to 2.9 A resolution was reported, revealing an overall similar structure with our model [27]. After building
the system, the PACKMOL-memgen tool [28] from Ambertools was used to build a membrane lipid bilayer
system, where V-ATPase was embedded and positioned parallel to the vertical axis of the membrane. The
choice of the lipid types and ratios was based on a work performed by Jo and co-workers [29], who built
lipid bilayers that resemble yeast membranes. Thus, the membrane is composed of dipalmitoyl
phosphatidylcholine (DPPC), dioleoyl phosphatidylcholine (DOPC), 1-palmitoyl-2-oleoyl
phosphatidylethanolamine (POPE), 1-palmitoyl-2-oleoyl phosphatidylamine (POPA), 1-palmitoyl-2-oleoyl
phosphatidylserine (POPS) and cholesterol (CHL) in a ratio of 2:10:6:2:1, respectively. The system was
placed in a rectangular TIP3P water box with a minimum distance between the protein and the box
boundaries of 15 A, and periodic boundary conditions. Protonation states for all amino acids at pH 7
were considered. The width of the leaflet was set to 23 A. K+ and Cl ions were included to neutralize the
charges and to achieve a final concentration of 0.15 M, as above described for Lf. The size of the system
was 1 802 167 atoms. In addition to the force fields used for Lf MD, the /jpid17 force field [30] was also
used for the V-ATPase MD simulation. The system was then subjected to a five-stage refinement protocol
using the SANDER module from AMBER 19, in which constrains in the protein/lipids were progressively
removed. In the first stage, constraints were applied to all atoms expect water (5,000 steps); in a second
stage, the constraints were limited to all heavy atoms allowing the hydrogens added by the LEAP program
from AMBER 19 to adjust (5,000 steps); in a third stage, constrains were removed from the lipid atoms
to allow their fine-tuning (5,000 steps); in a fourth stage, only the backbone atoms were constrained
(5,000 steps); and finally, in the fifth stage, all constrains were removed and a full energy minimization

of the system (50,000 steps) was performed. Next, the system was heated to 303.15 K by two sequential
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equilibration runs keeping the lipids fixed by applying a harmonic restraint of 10 kcal/(mol A?). The MD
simulations were carried out using the PMEMD module of AMBER 20 [31]. First the system was heated
to 100 K using a Langevin thermostat in a NVT ensemble (50 ps); and, in the second step, heated to the
production temperature of 303.15 K using a semi-isotropic Berendsen barostat to equilibrate the pressure
in a NPT ensemble (50 ps). Aiming to equilibrate the system’s periodic boundary dimensions and density,
a hold step of 125 ps was performed before MD production, where the lipid restraints were removed and
the width of the non-bonded “skin” was increased to 5 A to cope with the changes in box dimensions
during simulation. All production MD simulations were done in the NPT ensemble using the Langevin
thermostat to maintain temperature at 303.15 K. Surface tension was kept constant in the xy plane using
the semi-isotropic Berendsen pressure coupling algorithm with the pressure set to 1 bar. The time step
was 2 fs and the non-bonded interaction cut-off radius was set to 10 A. Bond lengths using hydrogens
were constrained using the SHAKE algorithm [32]. A total simulation time of 200 ns was reached. The
trajectory was sampled every 10 ps. Analysis of the MD simulation in terms of SASA, Ca-RMSD and
backbone root-mean-square fluctuation (RMSF) was carried out with the CPPTRAJ module of AMBER 19.
Clustering was performed with values retrieved from the last 125 ns of the simulation using the
hierarchical agglomerative approach to obtain 10 representative structures of the MD trajectory to be

used in the docking step.

5.2.4 Protein-protein docking using HADDOCK

The HADDOCK 2.4 webserver [33] was used to predict the complexes between V-ATPase and Lf.
This software uses a data-driven approach to perform the molecular docking process that takes into
account a combination of energetics, shape and also experimental data, and was previously shown to
have high performance rates in predicting protein-protein interactions [34]. Each of the 10 representative
structures of the Lf MD trajectory were docked with the 10 representative structures derived from the V-
ATPase MD. Due to the large number of V-ATPase atoms, the protein was separated into the two domains
(Vo and V1) and submitted for docking with Lf, which resulted in a total of 200 independent docking runs.
Also, due to the large V-ATPase size, when defining HADDOCK settings, the coarse grain option with
Martini [35] was activated. The docking protocol comprises three stages, a rigid-body energy minimization
(it0), a semi-flexible refinement (it1) and a final refinement in water (itw) [6]. Since there is no data on
the possible binding site, no active or passive residues were defined. Instead, random patches, where
ambiguous interaction restraints (AIRs) are randomly defined from accessible residues (>20 % relative

accessibility), were used. Since we did not define semi-flexible segments, all accessible residues were
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considered. For each docking trial, a different residue from both proteins, as well as their neighbors within
5 A were selected. For this reason, the sampling was increased to 10,000/400/400 structures for it0,
itl] and itw stages, respectively. Clustering was performed using the fraction of common contacts
(FCC) with a cut-off of 0.6 and a minimum cluster size of 4. The FCC clustering metric calculates the
fraction of inter-protein residue pairs, which are common between complexes [36]. The HADDOCK score
(HS) was used to narrow down the large number of possibilities of protein-protein interactions to a small
subset. The HS function is a linear weighted sum of energetic terms and buried surface area (HS= 1Ea
+ 0.2E + 1Eww + 0.1E4), where each term corresponds to van der Waals, Coulomb electrostatics,
desolvation and restraint energies, respectively [37]. The OPLS force field [38] is used to calculate the
non-bonded terms (£a and E.), while the £ is calculated via a SASA-dependent empirical term that
estimates the energetic gain/penalty of burying specific parts of the protein when the complex is formed
[37]. The top 10 structures from each run were first selected and, afterwards, only the solutions with HS
below -150 and whose Lf binding site was not located in the V-ATPase regions that are embedded in the
cellular membranes were considered. From those, the top 20 were selected to proceed to MD

simulations.

5.2.5 Molecular dynamics simulations of V-ATPase-Lf complexes

After being embedded into a lipid bilayer using PACKMOL-memgen as aforementioned, the 20 top
docked complexes were further refined from their docking poses by 25 ns MD simulations using the same
MD protocol above described for V-ATPase. RMSD and SASA analysis were performed as above stated
with CPPTRAJ.

5.2.6 Binding free energy calculations by the MM-GBSA method

The MM-GBSA method was employed to calculate the binding Gibbs free energy (A G of each
docking solution and to rank them according to their binding affinities. Free energy refers to the amount
of internal energy of the system that can be used to accomplish the thermodynamic processes and
determines the likelihood of a given system to remain in a given state. MM-GBSA is a free energy
calculation method that exhibits a good balance between computational cost and accuracy [39]. It is
widely used to predict protein-protein binding affinities and to evaluate docking solutions [40]. Moreover,
it allows the identification of the dominant interactions in a given complex by performing free energy
decomposition analysis, which calculates the detailed energetic contributions of the individual residues

to the system binding [39]. The MM-PBSA.py script [41] from AMBER 20 [31] was herein used to calculate
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the binding free energies of each complex and the energy decomposition method was applied to all
residues. A total of 300 structures retrieved from the last 10 ns of each complex MD simulation were
used for the analysis. The AG. for each complex, as well as for the residues displaying a higher
contribution for the top 4 complexes, are presented.

The free energy of binding is calculated from the difference between the total free energy variation

when molecules are in bounded or non-bounded state (Equation 4).

A Gb/nd = A &omp/ex - (A Gprotsm] + A G;rateinz) (Eq . 4)

If AG..er is lower (i.e., more negative) than the sum of the AG of the separated proteins, then the
the A Giwis negative and the association of the proteins is thermodynamically favorable. In the MM-GBSA

method, the AG...can be described by the sum of different energy terms (Equation 5):

AG= AE.+ AGa - TAS (Eqg. 5)
AFos= AEw+ NEae + Ao (Eq 6)
AGo= AGos + AGour (Eq 7)

These energy contributions were computed from the atomic coordinates of the V-ATPase, Lf and
the complex. The gas-phase interaction energy (A £.) between V-ATPase and Lf is the sum of electrostatic
(A£ze) and van der Waals (A £w) interaction energies. Since V-ATPase, Lf and the complex V-ATPase-Lf
were extracted from the same trajectory, the internal energy change (A £-) cancels out (Equation 6). Both
polar and non-polar solvation free energy terms contribute to the solvation free energy (AG.) (Equation
7). The polar solvation free energy (A Gss) is calculated through a modified Generalized Born (GB) method
[7]. The non-polar contribution to the solvation free energy (A Gs. is based on the calculation of the SASA
by the Linear Combinations of Pairwise Overlaps (LCPO) method [42]. The entropy term (TAS) was
neglected in the calculation as it is computationally expensive for large systems and tends to introduce

low accurate approximations [41].

5.3. Results

5.3.1 General analysis of the Lf MD simulation

Prior to the docking study, an overall analysis of the MD trajectories that generated different protein

conformations to be used in the docking study was performed. Lf structural behaviour along the trajectory
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was evaluated using the root-mean-square deviation (RMSD) of the protein Ca. It raises in the first 2.5 ns
and then reaches a plateau that exhibits maximal values of deviation of 3-4 A (Figure 5.2A), indicating
that the simulation is stabilized and that the overall structure of the protein was well maintained. For this
reason, the last 55 ns of the simulation were considered for all the subsequent analysis. We also assessed
the total solvent accessible surface area (SASA) as a measure of the area of the protein prompt to interact
with other molecules. It is well stabilized since the beginning of the simulation with an average of 27,202

+ 376 A (Figure 5.2B).
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Figure 5.2: Lactoferrin molecular dynamics simulation analysis. (A) RMSD values of the protein backbone Ca atoms as a
function of time for the 60 ns of the Lf molecular dynamics simulation, with the final minimized and equilibrated structure as

a reference point. (B) Variation of the Lf solvent accessible surface area (SASA) along the 60 ns of the simulation.

Afterwards, a clustering method based on the best-fit coordinate RMSD was used taking into
account the likeness and conformational variability among the structures generated during the MD
simulation, important aspects for the subsequent stages. 10 clusters were created and the total number
of frames in each cluster as well as the distribution of the cluster populations along the simulation is
depicted in Figure A6 (Appendix). A representative/average structure from each cluster was selected and

used in the docking stage.

5.3.2 General analysis of the V-ATPase MD simulation

The V-ATPase model assembled in this study can be observed in Figure 5.3A, where all its 16
subunits are identified. The system was then embedded into a lipid bilayer and subjected to a long MD
simulation of 200 ns. The Ca-RMSD undergoes a sudden augment in the first ns of the simulation, then
increasing slightly until 125 ns, moment from which the trajectory stabilizes, and the model is well
equilibrated exhibiting an average deviation from the initial structure of 7 A for the entire complex and of

6.5 A for the V: domain. In contrast, the Ca-RMSD of the V. domain atoms stabilizes right in the beginning
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of the MD simulation, showing a much lower average deviation value — 4.0 A (Figure 5.3B; Table 5.1,
2nd column). Taking into account these observations, the last 125 ns were considered for the clustering
analysis. Regarding the SASA of the entire complex, it increases in the first nanoseconds of the simulation
and then stabilizes to an average of 318,731 + 1394 Az, with no significant changes being observed along
the simulation (Figure 5.3C). From these, an average of about 92,000 Az is devoted to the V. domain,
while about 226,000 A: are accessible to the solvent in the V. domain (Table 5.1, 4th column). From
these data, it is clear that the majority of the V-ATPase area available to interact with other molecules is

located at the cytosolic domain.
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Figure 5.3: V-ATPase molecular dynamics simulation analysis. (A) Structure of the V-ATPase model assembled in this work
with each subunit identified in a different colour. (B) RMSD representation of the protein Ca atoms as a function of time for
the 200 ns of the simulation. The RMSD of atoms belonging to the membrane (V.) or cytosolic (V:) domains is also depicted.
(C) Variation of the V-ATPase solvent accessible surface area (SASA) along the 200 ns of simulation. (D) Ca-RMSD of the
atoms belonging to the individual V-ATPase subunits. RMSD valued for subunits A, B, E and G correspond to atoms belonging

to 3 different chains each whereas the c-ring contains atoms of 8 different chains.
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Table 5.1: Analysis of the last 75 ns of the V-ATPase molecular dynamics simulation. Average values of the backbone RMSD,
RMSF and SASA calculated from the last 75 ns of the V-ATPase simulation for the whole system, the two domains and the

individual subunits. Values are A or A + standard deviation.

V-ATPase/domain/

subunit Ca-RMSD (A) RMSF (A) SASA (A)
V-ATPase 7.0£0.2 2.620.6 318,731£1394
V. domain 4.0+0.1 2.4+0.4 92,727+884
V: domain 6.5+0.2 2.7£0.7 226,005+1105

A 4.10.1 2.4+0.5 67,603+570
B 3.120.1 2.2+0.4 45,713+529
C 4.420.3 3.220.6 20,027+331
D 2.8+0.1 4.1+1.7 9,617+226
E 8.2+0.4 3.9+1.0 36,157+387
F 2.0£0.2 2.0£0.3 5,037+235
G 8.7:0.4 3.6+0.8 19,630+233
H 3.0+0.1 3.0+0.6 21,993+328
a 4.9+0.1 2.3+0.3 29,098+515
cring 2.3+0.1 2.5+0.4 32,892+601
¢ 1.4+0.1 2.7£0.3 4,351+172
c" 4.8+0.1 2.5+0.4 5,971+177
d 3.50.1 2.1£0.3 14,068+256
2.120.2 2.5+0.3 1,773+129
f 2.4+0.4 2.7£0.5 1,860+180
Voal 2.4+0.1 2.7+£0.5 2,503+87

The analysis of the behaviour of the individual subunits along the MD simulation revealed that E
and G subunits are those that undergo a higher deviation from the initial structure reaching an average
Ca-RMSD of 8.2 A and 8.7 A, respectively, in the last 75 ns of the simulation. Subunits A, C, a and ¢
display an average Ca-RMSD of about 4 A, while the values for the other subunits are below 3.5 A (Figure
5.3D; Table 5.1, 2nd column). Although these values are slightly high, they are acceptable for regions
that are very exposed to the solvent as it is the case of subunits A, a, C, E and G, as it can be observed
in Figure 5.3A. Moreover, these values are within the expected range for a protein that was modulated
and whose resolution is not the ideal. Contrary to this, no important variations were observed when the
average root mean square fluctuations (RMSF) for all the residues of each subunit, which ranged from
2.0t0 4.1 A, was analysed (Table 5.1, 3rd column). The SASA values were in accordance with the size
of each subunit and remained almost constant along the last 75 ns of the simulation as indicated by the

low standard deviation values (Table 5.1, 4th column).
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From the last ns of the V-ATPase simulation, 10 clusters were generated and a representative
structure from each cluster was used in the docking protocol. Figure A7 (Appendix) shows the total
number of frames in each cluster and the distribution of the cluster populations during the simulation

time.

5.3.3 V-ATPase-Lf molecular docking

After clustering, the sampled structures from the Lf and V-ATPase MD simulations were subjected
to protein-protein molecular docking with the HADDOCK 2.4 software using the ab-initio mode, which
defines random restrains considering all the solvent accessible residues with relative accessibility higher
than 20 %. From these calculations, numerous complexes that predict the preferable binding pose
between Lf and V-ATPase were generated. Only the solutions obtained after the final refinement in water
were considered. The Haddock scoring function considers several aspects of biomolecular recognition by
combining van der Waals, Coulomb electrostatics, desolvation and restraint energies, and was used in
this work to rank the complexes since it was previously shown to have high success rates [37].
Considering the Haddock score and the visual analysis to discard those complexes in which Lf was docked
in the V-ATPase membrane region, the top 20 complexes were selected (Figure 5.4, Table 5.2).

bs14

Figure 5.4: Docking solutions provided by the HADDOCK software. The top 20 solutions were selected based on the Haddock
score and visual analysis, and the 19 solutions, with exception of bs13, that were further analysed are represented. V-ATPase
is coloured in white while Lf, which adopts a different binding pose in each solution, is coloured differently according to the
solution as labelled. The membrane bilayer used in the MD simulations is also depicted and the following colour scheme was

applied: dark yellow for carbon, nitrogen and oxygen and red for phosphate.
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Consistently, all the best scored complexes exhibited Lf docked in the cytosolic V: domain with a
good exploration of the conformational space (Figure 5.4). All the selected complexes showed a good
(negative) Haddock score ranging from -202.8 to -151.4 and a buried surface area that ranged from
3,53510 1,733 A (Table 5.2, 2nd and 5th columns). Van der Waals and electrostatic interactions seem
to favour the binding in all cases (Table 5.2, 3rd and 4th columns). Taking a closer look to the Lf-binding
subunit in each complex (Table 5.2, 6th column), in 85% of the top 20 complexes Lf binds to the A
subunits, in 60% to E subunits, in 40% to B subunits, in 35% to G subunits and in 15% to the H subunit.

Clearly, there is a Lf preference to bind to the V-ATPase region responsible for ATP hydrolysis.

Table 5.2: Protein-protein docking results. HADDOCK data highlighting the Haddock score, the van der Waals and electrostatic
energies, the buried surface area and the V-ATPase subunit to which Lf binds in each docking solution, identified in the first

column. bs, best solution; au, arbitrary units.

Complex Haddock score van der Waals Electrostatic energy ~ Buried su°rface Binding subunit
(au) Energy (kcal/mol) (kcal/mol) area (A)
bs 1 -202.8 -129.5 -711.0 3,176 AL E1
bs 2 -188.9 925 -704.6 3,020 A2, E2, G2
bs 3 -183.5 -114.7 -486.6 3,535 A2, G3
bs 4 -178.2 -121.8 -354.6 3,353 A2,B2, E3, H
bs 5 -176.1 96.9 -424.7 2,723 Al
bs 6 -170.9 -84.9 -478.7 2,364 Al, El
bs 7 -169.3 -83.2 -543.4 2,865 A2,B2,E1, Gl
bs 8 -164.8 923 -514.8 2,496 A3, B3
bs 9 -161.9 -103.7 -450.9 2,8812 A3, B3
bs 10 -161.3 -111.2 -319.2 3,065 B2, E3, G3, H
bs 11 -158.1 -82.8 -520.7 2,756 A2, G2
bs 12 -157.0 -113.2 -296.1 2,968 A2, E3
bs 13 -156.4 -88.0 -435.3 2,567 A2, E3
bs 14 -156.1 99.9 -412.6 2,617 A2, E3
bs 15 -156.1 -73.9 -456.0 2,326 A3
bs 16 -154.6 98.4 -374.9 2,441 Al
bs 17 -153.0 65.2 -606.7 1,733 A3, E1, Gl
bs 18 -152.9 -73.9 -370.0 2,238 A3, B3
bs 19 -152.8 93.9 -509.6 2,981 B3, E1, Gl
bs 20 -151.4 94.4 -355.6 2,369 B2, E3, H
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5.3.4 Post-docking dynamic refinement of V-ATPase-Lf complexes

Given the well-known limitations of docking scoring functions to predict the protein-protein binding
affinity [reviewed by [43]], the docked complexes were further refined and rescored through 25 ns long
MD simulations, which provides a dynamic perspective to the protein-protein interactions, and binding
free energies calculations (A G:) by the MM-GBSA method. Due to lack of convergence, complex bs13
was discarded at this stage. Before simulations, all the complexes were embedded into a membrane
bilayer. MD simulations were performed to evaluate the structural stability and showed that, overall, all
the models were equilibrated after the first 15 ns (Figure A8, Appendix). In the following 10 ns, the Lf
structural behaviour remained stabilized, exhibiting average Ca-RMSD values that ranged between 1.7
and 3.4 A among the different docking solutions (Table 5.3, 2nd column). Based on the decrease in the
Lf solvent accessible area in the complexes MD compared to the MD of Lf alone, the mean area and
percentage of Lf buried in each solution was estimated. The buried area varied between 357 and 2,281

Az, which corresponds to a percentage of 1.3 to 8.4% of Lf buried (Table 5.3, 3-5th columns).

5.3.5 Binding free energy calculations and detailed analysis of the top four

docking solutions

Binding free energy calculations by the MM-GBSA method have been previously shown to approach
the experimentally determined binding affinities [44-46]. Rescoring of docking solutions based on these
calculations is thus regarded as an excellent strategy to increase the reliability of the final ranking [45,47].
For this reason, the A G.. was calculated from the last 10 ns of the complexes MD trajectories. Looking
at the overall picture, the analysis of the individual energy terms suggests that electrostatic and, to a
lesser extent, van der Waals interactions are the major driving forces for protein-protein binding, which
are able to compensate for the observed high penalty in polar solvation energy. In total, with the exception

of solution bs19, polar energies favor the binding of Lf to V-ATPase over non-polar ones (Table 5.4).
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Table 5.3: Analysis of the last 10 ns of docked complexes molecular dynamics simulations. The average RMSD, SASA as well
as average area and percentage of lactoferrin buried is given in comparison to the molecular dynamics simulation of lactoferrin

alone. Values are A or A + standard deviation or percentage.

Lf/Complex ;:/h:rsalg(a( ;I\')f Average Lf SASA (&)  Average Lf buried (A¢) Average Lf buried (%)

Lf 2.9:0.4 27,203+376 0 0.0
bs 1 1.6+0.1 24,922+350 2,281+4513 8.4
bs 2 1.7:0.1 25,671+397 1,531+546 5.6
bs 3 3.4+0.2 24,974+281 2,229+469 8.2
bs 4 1.7£0.2 25,236+306 1,967+484 7.2
bs 5 1.6+0.1 25,886+240 1,317+446 4.8
bs 6 1.9+0.2 25,546+310 1,657+487 6.1
bs 7 2.1:0.1 25,087+300 2,115+480 7.8
bs 8 2.0£0.3 26,223+263 980+458 3.6
bs 9 2.0£0.2 25,132+277 2,071+467 7.6
bs 10 1.7+0.1 25,722+304 1,481+483 5.4
bs 11 2.520.2 26,140+253 1,062+453 39
bs 12 2.0:0.1 26,813+337 390+505 1.4
bs 14 1.7+0.1 25,837+260 1,366+457 5.0
bs 15 1.9+0.3 25,783+265 1,420+460 5.2
bs 16 2.1:0.4 26,325+462 877+595 3.2
bs 17 2.2+0.2 26,334+317 869+491 3.2
bs 18 2.0£0.2 25,953+289 1,250+474 4.6
bs 19 2.2+0.3 26,846+369 357+526 1.3
bs 20 2.2:0.1 26,100+309 1,103+484 4.1
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Table 5.4: Binding free energies (AGw) and related energy terms calculated by the MM-GBSA method. Calculations were
conducted in 300 structures of the last 10 ns of the docked complexes MD simulations. The polar AG is the sum of polar
contribution to the solvation free energy (AGs) and electrostatic energies (A£:.), while the non-polar AG is the sum of non-
polar contribution to the solvation free energy (AG.) and van der Waals energies (A£w). The four best solutions based on

MM-GBSA calculations that were analyzed in more detail in this work are in bold. Values are kcal/mol + standard deviation.

Complex AEw AFae AGes A Gsur A G Non-polar A G Polar A G Total
(kcal/mol) (kcal/mol) (kcal/mol) (kcal/mol) (kcal/mol) (kcal/mol) (kcal/mol)
bs 1 -134.3+t1.6 -5878.6£15.0 5987.2+15.3 -22.0+0.2  -156.2+1.8  108.6+30.3  -47.7:1.4
bs 2 -126.7¢2.6  -5310.5+#25.2 5448.1+23.9 -18.7+0.4 -1454+3.0  137.6+49.0 -7.8+1.8
bs 3 -197.9£1.8 -2687.7£19.4 2827.3+185 -30.4+0.2 -228.3+2.0 139.6+37.9 -88.8+2.8
bs 4 -161.0£¢1.7 -2983.1+38.8 3144.1+38.3 -22.6+0.4 -183.6£2.1  161.0¢77.0 -22.5+3.2
bs 5 -155.6+4.2 -6685.2+60.4 6804.3+62.2 -21.1+0.6 -176.7+48 119.1£122.6 -57.6+4.9
bs 6 -85.1+1.8  -3165.0+28.7 3214.3£26.5 -13.0:0.3  -98.1:2.1 49.3+55.2 -48.8+1.6
bs 7 -180.7+3.4 -5670.1+22.2 5800.0+21.4 -30.6+0.5 -211.3+3.9  129.9+43.6 -81.4+3.0
bs 8 -111.9+1.7 6392.3+24.3 6422.2+22.7 -19.4+0.1 -131.3x1.9 29.9+47.0 -101.5+2.5
bs 9 -129.1+1.5 -5851.7#26.6 5903.6+25.6 -20.9+0.2 -150.0+1.7 51.9+525  98.1x1.5
bs 10 -153.9+2.2  -2945.6+41.1 3086.4+39.5 -21.0:0.4 -1749+2.6  140.8+80.7 -34.0£2.3
bs 11 -177.8+2.4  -2817.4+26.9 2981.9+27.7 -23.7+0.4 -201.4+2.8  164.4+54.7  -36.9+1.9
bs 12 -97.5+¢1.4  -3745.0+20.1 3832.7+20.1 -14.2+0.2 -111.6£1.6 87.7+£40.2 23.9+1.1
bs 14 -143.5+2.4  -2698.2+39.7 2833.1x39.9 -19.2+.0.4 -162.7+2.8  134.9+79.6  -27.8+2.3
bs 15 -129.3+1.9 -4784.6+29.3 4877.8+27.3 -21.2+.0.3  -150.6+2.2 93.2456.7 -57.4+3.0
bs 16 -114.4+2.6  -5830.9+62.5 5904.4+60.8 -17.7+0.6  -132.1#3.2  73.5+123.3  -58.6+4.8
bs 17 -80.1£1.3  -5481.4+27.4 5533.3£26.7 -12.7:0.1  -92.7:1.4 51.9+54.1 -40.2+1.7
bs 18 -135.142.6  -2863.2+23.8 2968.1+23.5 -19.4+0.4 -154.5+3.0 104.9+47.3  -49.5£2.9
bs 19 -106.7+2.5  -4013.3+27.8 414434269 -15.620.4 -122.2+29  131.0+54.7 8.7+2.9
bs 20 -99.6+3.5  -2577.1+26.3 2668.5£27.5 -13.0:0.4 -112.6+3.9 91.4+538  -21.2+2.8
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Taking into account the total A G, there are clearly four docking complexes that stand out, owing
to their lowest binding free energies: complexes bs3, bs7, bs8 and bs9 (Figure 5.5; Table 5.4, 8th
column). Complex bs8 has the lowest AG. (-101.5+2.5 kcal/mol) and a HS of -164.8, followed by
complex bs9 (AG:-98.1+1.5 kcal/mol, HS: -161.9), complex bs3 (A G -88.8+2.8 kcal/mol, HS: -183.5)
and finally, complex bs7 (AG:-81.4+3.0 kcal/mol, HS: -169.3). The next solution with more favorable
A G..vhas more 22.8 kcal/mol, therefore the molecular interactions of these four complexes were subject

to a more detailed analysis (Figure 5.5B, Table 5.4).
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Figure 5.5: Global analysis of the top four solutions. (A) Visual representation of the docking poses of the top four solutions
(bs3, bs7, bs8 and bs9). V-ATPase is coloured in gray whereas Lf is coloured differently according to the docking pose. A
snapshot of the lipid bilayer is also represented applying the following colour scheme: dark yellow for carbon, nitrogen and
oxygen and red for phosphate. Water molecules are omitted for clarity. (B) Comparison between total, polar and non-polar
binding free energies calculated by the MM-GBSA method, as well as Haddock score for the best four solutions. au, arbitrary

units.

To identify the residues of both proteins, as well as the interactions critical for the protein-protein
binding, energy per-residue decomposition analysis was performed also using the MM-GBSA approach.
This analysis allows the calculation of the energetic contribution of the individual amino acids to the total
free energy. Figure A9 (Appendix) shows the free binding energy of the three V-ATPase residues with
higher contribution to the binding in each complex. Naturally, the residues belong to the subunits already
identified (Table 5.2) as the Lf-binding subunits in each complex (subunits A, B, E, G and H). However,
with this analysis, a finer level is achieved as the most contributing residues of each particular subunit
are identified. Importantly, about 49% of the residues belong to subunits A and 28% to subunits B, which
are the V-ATPase nucleotide binding subunits.

Focusing on the top four docking solutions (Figure 5.6), in complexes bs8 and bs9, which have the

lowest A G., L binds to the interface between subunits A3 and B3 through its highly cationic N-terminal

140



lobe (N-lobe). In complex bs3, Lf binds, once again through its N-lobe, in the interface between subunit

A2 and G3, and finally, in complex bs7, both Lf lobes bind to the interface between subunits A2 and B2,
as well as to the interface between subunit B2 with subunits E1 and G1 (Figure 5.6).

Complex Lf-V-ATPase V-ATPase subunits/ Lf/residues %ﬁ
subunits residues involved involved &

Suggnil Arg2
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Glu148F
e} Asp202F Lys2s
Subunit His201F~ Lys277
Gly390F GIu309E
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Glu296E

Glu389F
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Glud83F 4
ThrS33E N-lobe C-lobe
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Lys516

B3
Val322F - Glu190E
Glu324F
o Glu207F P - Glu299€
7] Glu148F — TYr301E
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Figure 5.6: Identification of the critical interacting subunits and most important residues in the top four docking solutions.
Lactoferrin is coloured in purple, orange, green or pink depending on the docked complex. Subunits A are coloured in
blue, subunits B in cyan, subunits G in grey and subunit E1 in lilac. On the left, the Lf binding poses in each docking
complex, as well as the binding V-ATPase subunits are depicted. The interacting residues of Lf and V-ATPase are coloured

in yellow and red, respectively. The Lf N- or C-terminal lobes (N- or C-lobe) are also identified. On the right, the interacting
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residues identified by both the decomposition analysis by the MM-GBSA method and visual inspection of the interaction
maps, are labeled according to the colour of the respective location. Interactive view QR code:

https://biosim.pt/lactoferrin/

Based on the decomposition data and visual inspection, the atomistic interaction spectra for the
top four docking complexes were scrutinized (Table 5.5). Several salt bridges/ionic networks between the
sidechains of oppositely charged amino acids (Asp, Glu vs Arg, Lys) connected with several hydrogen
bonds can be observed in all complexes. Salt bridges are among the strongest non-covalent interactions,
contributing to a strong binding between molecules. This, together with the observed high number of
amino acidic interactions (Table 5.5), is perfectly aligned with the very favourable free binding energies
calculated by the MM-GBSA method (ranging from -101.5+2.5 to -81.4+3.0) for these complexes. The
network includes single, as well as complex salt bridges that join more than two charged residues. In
complex bs3, Lf and V-ATPase interact through a salt bridge triad Glub56J-Arg86-Glub3J, as well as 3
single salt bridges (Glu85-Lys52J, Arg224-Asp44) and Lys241-Asp472C). A network of 11 hydrogen
bonds mainly involving polar amino acids further strengthens the proteins interaction. In complexes bs7,
bs8 and bs9 a strong salt bridge network generally between the positively charged residues from Lf (Arg,
Lys) and the negatively charged amino acids from V-ATPase subunits A, B, E and G (Glu, Asp)
characterizes the interaction between the two proteins. In bs7, 7 single and 5 complex salt bridges were
identified; in bs8, 6 single and 2 complex; and in bs9, 5 single and 2 complex. Several backbone and
sidechain hydrogen bonds involving both charged and polar residues are also present and reinforce the

protein-protein interaction (5 in bs7, 9 in bs8 and 10 in bs9) (Table 5.5).

5.3.6 Identification of critical V-ATPase and lactoferrin binding residues and

insights for future experimental studies

The free energy decomposition study allowed us to gather a detailed atomistic analysis of the V-
ATPase-Lf interactions in the different docked complexes affording the identification of some important
protein-protein interaction patterns. Indeed, by performing an overall analysis of the residues with more
favorable free binding energies that appear in more than one docking solution (Figure 5.7), several
residues belonging to particular regions of both proteins were identified as those that mainly contribute

to the binding in several complexes.
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Table 5.5: Interactions formed between lactoferrin and V-ATPase in the top four docking solutions. The type of bond formed between the different amino acid pairs is indicated as HB for hydrogen bonds and SB for salt

bridges. Moreover, for each residue, it is indicated whether the bond is through its sidechain functional group (s) or its backbone (b) group. The letter after the number in V-ATPase residues corresponds to the chain to

which the residue belongs. The information regarding the V-ATPase subunit is also depicted.

Lf residue

Glu85 (s)
Arg86 (s)

Gly101 (b)
Ser103 (s)

Ser103(b)

GIn105 (s)
Asn107 (s)
Asn107 (b)
GIn110 (s)
Arg224 (s)

Asp233 (b)

Thr235 (s)
Lys241 (s)

V-ATPase
residue
bs 3
Lys52J (s)
Glu56J (s)
Glub3J (s)
Tyr231C (s)
Asn274C (b)
Asn274C (b)
Asn349C (s)
Thr407C (b)
Gly347C (b)
Lys171C (s)
Leul66C (b)
Asp4d4J (s)
Thr407C (b)
Thr407C (s)
Lys397C (s)
Asp472C (s)

V-ATPase
subunit

Bond
type

SB
SB
SB
HB
HB
HB
HB
HB
HB
HB
HB
SB
HB
HB
HB
SB

Lf residue

Arg? (s)

Arg86 (s)

GIn87 (s)

Asp220 (s)

Lys241 (s)

Arg249 (s)
Asp281 (b)
Ser482 (s)
Lys484 (s)

Argb87 (s)
Lys676 (s)

Arg690 (s)
Glu684 (s)

V-ATPase
residue
bs 7

Glu303C (s)
Leu190D (b)
Asp421D (s)
Glu456D (s
Thr197D (s
Argb2K (s)
Asnb6K (s)
Glub3L (s)
Glu56L (s)
Asp202D (s)
Lys394D (b)
Glull7C (b)
Glul18C (s)
Glu221K (s)
Gly224K (s)
Glu271D (s)
Glu205D (s)
Arg325D (s)

)
)

V-ATPase
subunit

B2
B2
B2
B2
El

El
Gl

Gl
B2

B2
A2
A2
El
El
B2
B2
B2

Bond
type

SB
HB
SB
SB
HB
SB
HB
SB

SB
SB

HB
HB
SB
SB
SB
SB
SB
SB

Lf residue

Arg? (s)

Arg3 (s)

Arga (s)

Arg4 (b)
Arg24 (s)

Arg27 (s)

Lys28 (s)

Val29 (b)

Arg30 (s)

Lys263 (s)

Arg272 (s)
Lys277 (s)

V-ATPase

residue
bs 8
Glu205F (s
Glu206F (s
Arg325F (b)
Asp199F (s)
Asp199F (b)
His201F (b)
Gly390F (b)
His204F (s)
GIu309E (s)
Glu296E (s)
GIlu299E (s)

(

(

)
)

Glu296E (s)
GIlu299E (s)
Lys394F (s)
Glu148F (b)
Gly388F (h)
Glu389F (b)
Asp202F (s)
Glu483F (s)
Thr533E (s)

V-ATPase
subunit

Bond
type

SB
SB
HB
SB
HB
HB
HB
HB

SB
SB
SB
SB

SB
HB

HB
HB
HB

SB

SB
HB
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Lf residue

Arg2 (s)

Arg3 (s)

Arg4 (s)

Arg27 (s)

Arg30 (s)
Ser35 (s)

Lys38 (s)

Lys73 (s)

Lys516 (s)

V-ATPase
residue
bs 9
Glu292E (s)
Glu296E (s)
GIlu299E (s)
GIu389F (s)
Glul48F (b)
GIlul48F (s)
Glul48F (b)
Val322F (b)
Gly324F (b)
GIlul49F (s)
Val200F (b)
His201F (b)
Asp202F (b)
Glu205F (s)
Asp202F (s)
GIu389F (s)
Leud81F (b)
Asp482F (s)
Glu303F (s)
Tyr301F (s)
GIu190F (s)

V-ATPase
subunit

A3
A3
A3
B3
B3
B3
B3
B3
B3
B3
B3
B3
B3
B3
B3
B3
B3
B3
A3
A3
A3

Bond
type

SB
SB
SB
SB
HB
SB
HB
HB
HB
SB
HB
HB
HB

SB

SB
HB

HB
SB
SB
HB
SB




Almost all the Lf residues with a maximum contribution to the total free binding energy below -8
kcal/mol that appear in more than one solution are arginine residues with the exception of GIn666 (Figure
5.7A, B). Noticeably, three consecutive N-terminal arginine residues at positions 2-4 together with Arg27,
which locates nearby, form a highly cationic N-terminal stretch that seems to be involved in the binding
of different complexes as it can be observed in Figure 5.6 for the top two solutions (bs8 and bs9). These
residues exhibit a maximum contribution to the total AG... below -10 kcal/mol and appear in more than
3 solutions (Figure 5.7A), being thus excellent candidates for mutagenesis studies. In accordance, they
are involved in different single and complex salt bridges with the negatively charged amino acids from V-
ATPase (Table 5.5). Three additional arginine residues also located at the Lf N-lobe (Arg86, Arg89 and
Arg249) also display highly favorable AG (below -8 kcal/mol). A special remark to Arg86 that appears as
an important binding residue in 8 of 19 solutions with a maximum contribution bellow -10 kcal/mol and
that forms salt bridge triads with aspartates and glutamates from V-ATPase in solutions bs3 and bs7
(Table 5.5). At the Lf C-lobe, three arginine residues (Argb87, Argb08 and Arg652) as well as GIn666
appear as important interactors in two or three docking solutions and exhibit maximum contribution
bellow 8 kcal/mol. It is clear though from these data that the N-terminal Lf lobe is enriched in residues
that appear in more than one solution and exhibit maximum contribution to the total A Gbelow -4 kcal/mol
(Figure 5.7A, B).

The V-ATPase portrait of residues that display a maximum contribution to the total AG below -2
kcal/mol and appear in more than one docking complex is enriched in charged residues. As for their
location, the great majority belong to subunits A and B (38% and 41%, respectively), 15% to subunit E
and only 1 residue to subunits G and H (Figure 5.7C). Looking at the overall picture and focusing on
those with AG below -5 kcal/mol, a group of four negatively charged amino acids (Glu149F, Asp199F,
Glu206F and Glu389F) together with Argd66F and Phe484F located at subunit B3 immediately grabs
our attention (Figure 5.7D). Some of those are involved in strong salt bridges with the positively charged
residues from Lf in the top four solutions (Table 5.5). Subunit B3 comprises the only three residues with
maximum contribution below -8 kcal/mol that appear in more than one solution (Glu206F, Glu389F and
Argd66F) (Figure 5.7C, D) and is involved in the binding to Lf in the top two solutions (Figure 5.6). Site-
directed mutagenesis studies targeting these residues, as well as deletion of subunit B are thus promising

approaches that can be further explored experimentally.
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Figure 5.7: General analysis of the critical lactoferrin and V-ATPase binding residues based on the decomposition of the binding free energy calculated using the MM-GBSA method. (A) Per-residue AG in kcal/mol of the
lactoferrin amino acids with maximum contribution to the total free binding energy bellow -4 kcal/mol that appear in more than one docking solution as important binding residues. The number of solutions is indicated
in the positive part of the y-axis while the AG is depicted in the negative portion. (B) Surface model of lactoferrin (in white) showing the location of the residues with maximum contribution below -4 kcal/mol. Four
different categories were defined based on residues AG (below -10, -8, -6 and -4 kcal/mol) that are coloured differently as indicated in the colour legend. The names of the residues with AG bellow -8 kcal/mol are
depicted. (C) Same as in A but representing the V-ATPase residues with maximum contribution to the total binding free energy bellow -2 kcal/mol. (D) Surface model of V-ATPase (in white) showing the location of the
residues with maximum contribution below -2 kcal/mol. Four different categories were defined based on residues AG (below -8, -5, -4 and -2 kcal/mol) that are coloured differently as indicated in the colour legend. The

residues with AG bellow -5 kcal/mol are labelled with the letting colour according to the V-ATPase subunit they belong as indicated. The dashed lines indicate the approximate location of the membrane.
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Residues Ser165C, Leul66A and Glu296E from subunits A, as well as Asp44L from subunit G and
Argb2K from subunit E also display a particularly favorable maximum contribution to the total AG (Figure
5.7C, D) and participate in salt bridges in the top four solutions (Table 5.5). In summary, our energy
decomposition study by the MM-GBSA method allowed the identification of critical Lf and V-ATPase

residues that can greatly aid in the rational design of experimental studies.

5.4. Discussion

Lf was shown to inhibit V-ATPase activity in three different models: yeast vacuoles [3], highly
metastatic cancer cells and liver lysosomes [1]. However, the molecular basis of this interaction has not
been disclosed. In this study, a computational approach to predict, at the atomistic level, how Lf and V-
ATPase interact was developed and employed also aiming to provide insights for future experimental
studies of protein-protein interaction.

Proteins are dynamic and flexible entities that inter-convert into different conformational states to
accomplish their functions [48]. X-ray crystallography or cryo-EM provide static pictures of the
macromolecules that do not always represent the main conformation of the proteins in solution [49].
Moreover, before complexation with a binding partner, proteins undergo changes to conformational states
that are more predisposed to form a stable complex [50]. In this context, one of the main bottlenecks of
the docking programs is to not take into account the full extent of conformational changes exhibited by
the unbounded proteins. To mitigate these pitfalls, first, MD simulations of Lf and V-ATPase in water and
clustering analysis were conducted to obtain a robust sampling of the conformational landscape of both
proteins. Approaches with the same goal have been previously shown to improve the reliability of the
generated docking poses [50]. Through this methodology, a set of ten different states for each protein,
likely with different degrees of stability and occupancy, were obtained from the equilibrated part of the
MD trajectories and subjected to several docking runs. The top 20 docking complexes based on the
Haddock score, which was previously shown to be successful [37], were selected for post-docking
dynamic refinement. This stage consisted in performing MD simulations of the docked complexes for
structural refinement and quality/reliability assessment of the docking poses. The non-favorable binding
poses/interactions would produce unstable trajectories that would reflect significant changes in the RMSD
and likely in the SASA values; whereas stable complexes would lead to a constant behavior after an initial
period of system equilibration [51]. All the docked complexes’ MD were equilibrated after 15 ns indicating
that all the selected solutions form stable complexes and attesting the reliability of our docking approach.

To refine, validate and rescore the final ranking of the docking solutions, free binding energy calculations
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by the MM-GBSA method were performed to predict the binding affinities of each docked complex.
Although the MM-GBSA method is not accurate enough to quantitatively predict the absolute free binding
energies, it is computationally efficient [51] and has been shown to improve the docking solutions scoring
[44,46].

Right after the first docking results, it was clear that the preferable Lf binding sites were on the V-
ATPase cytosolic Vi domain and, specifically, on subunits A, B, E and G, in all the different solutions
considered. Each V-ATPase has three subunits A and B that together form the so-called catalytic hexamer
A:B:. They are located in an alternating fashion comprising three ATP-hydrolyzing catalytic sites in the AB
interfaces. During rotational catalysis, the AB pairs undergo conformational changes to accomplish the
ATP hydrolysis [25-27], adopting an “open”, “loose” or “tight” conformation depending on whether they
are nucleotide-free, bound to ADP or to ATP, respectively [26]. Work performed with the Enterococcus
hirae V-ATPase shed some light on the hydrolysis mechanism. Subunits A and B have an overall similar
structure that consists of a N-terminal B-barrel domain, a central o/ 3 domain and a C-terminal helical
domain. The C-terminal half of A subunits was found to be the responsible for the different conformations
of the AB pairs. The nucleotide-binding site is composed by a phosphate-binding loop know as P-loop with
the consensus sequence GXXXXGKT(S) (256-263) and Glu 285 and Arg286 both located at the central
domain of A subunits. Additionally, an arginine located at the B subunit (the so-called Arg finger) is also
involved [52]. Each V-ATPase pump has also three subunits E and G that form three heterodimers. Their
major function is to connect the catalytic hexamer to subunits H and C and to the N-terminal domain of
a subunit of V., domain, connecting in this way ATP hydrolysis to proton transport. They are known as
“peripheral stalks” and together with their associated subunits form a stator complex, which ensures that
only the central rotor rotates during catalysis, preventing the catalytic subunits and the membrane
embedded C-terminal domain of a subunit to turn with the rotor [53].

Considering the overall docking results, Lf binds to subunits A, which hold the nucleotide binding
sites, in 85% of the solutions, suggesting that the most probable mechanism through which Lf inhibits V-
ATPase activity is by interfering with the hydrolysis mechanism (Figure 5.8). Accordingly, in three of the
four top solutions, Lf establishes a strong interaction map that counts with several single and complex
salt bridges, as well as a hydrogen bond network with the central a/3 domain of the ATP-hydrolyzing
interfaces of the AB pairs (where the key residues for nucleotide binding are located), reinforcing our
hypothesis. By binding to the AB interfaces, Lf may (i) inhibit ATP binding by a competitive mechanism
or (ii) limit the accessibility of ATP to the catalytic sites. Moreover, its binding may (iii) impair the

conformational changes of the AB pairs required to continue the rotational reaction after the ATP
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hydrolysis and ADP release [54]. Depending on the docking solution, Lf binds to either AB pair 1, 2 or 3.
Therefore, similarly to the bacterial effector SidK from Legionella pneumophila [55], different Lf proteins
may bind to the same V-ATPase complex further boosting the inhibitory activity. Indeed, the V-ATPase-
SidK complexes were determined by cryo-EM and showed that three SidK molecules bound to the three
A subunits reducing their flexibility. Complementary in vitro experiments revealed that SidK reduces V-
ATPase activity and decreases its affinity for ATP [55]. In another study, the insecticidal compound
celangulin V was shown to inhibit ATP hydrolysis and, by a docking approach, suggested to bind to the
ATP binding site of the AB subunits [56]

oyt

vac, lys, ext

Figure 5.8: Working model of the mode of V-ATPase inhibition by lactoferrin. (A) In physiological conditions, V-ATPase located
either at the vacuolar, lysosomal or plasma membrane couples the energy of ATP hydrolysis to pump protons from the cytosol
(cyt) to the vacuolar (vac) or lysosomal lumen (lys) or to the extracellular milieu (ext). (B) In the presence of Lf, it binds to the
interface between the V-ATPase AB pairs, hindering ATP hydrolysis which, in turn, inhibits proton translocation, leading to

intracellular acidification and organelle/extracellular space alkalinization.

Based on all the aforementioned evidences, we hypothesize that Lf targets the AB pairs, hindering
ATP hydrolysis by binding to their interfaces which, in turn, impairs proton transport and the overall V-
ATPase activity (Figure 5.8). In agreement with this model, in our previous work, we demonstrated that
Lf inhibits both the hydrolytic and proton pumping activities of V-ATPase in lysosomes isolated from rat
liver [1], and its proton pumping activity in vacuoles isolated from yeast [3]. In the future, it would be

interesting to study the Lf effect on the V-ATPase hydrolytic activity in vacuoles isolated from yeast. This
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Lf inhibitory activity towards V-ATPase culminates in lethal pH perturbations in both yeast [3] and highly
metastatic cancer cells [1,2], as discussed in the introduction section.

Our free binding energy calculations allowed the identification of key residues for V-ATPase-Lf
interaction that are prime candidates for future experimental work. Concerning Lf, the majority of the
most contributing residues for the total free binding energy were located at the N-terminal lobe.
Particularly, a cluster of 3 consecutive arginine residues (2-4) at the N-terminal region as well as Arg27
were identified. In fact, due to its highly cationic nature, the N-terminal part of Lf has been suggested to
be responsible for the binding of Lf to a wide collection of molecules and to be the source of strong
antimicrobial peptides [57]. In accordance with our results, two clusters composed by the first 6 Lf amino
acids (GRRRRS) and RKVR residues located at positions 28-31 were previously identified to be the Lf
binding site for some glycosaminoglycans (GAGs) including chondroitin sulfate [58] and heparin [59]. The
positively charged sidechains of the residues belonging to these two clusters, which are juxtaposed in the
folded protein, were suggested to form a “cationic cradle” for the GAGs binding [59]. Residues belonging
to these clusters were also found to be important for the binding of hLf to the pneumococcal surface
protein A from Streptococcus pneumoniae, which acts as a microbial defense mechanism [60]. These
two clusters are also involved in the V-ATPase-Lf binding in our top two docking solutions (Figure 5.6).
Other residues from the Lf N-lobe also seem to be important for the V-ATPase-Lf interactions including
Arg86, Arg89 and Arg249. The Lf C-lobe residues Argb87, Argb08, Argb52 and GIn666 were also
predicted to be important for binding in our calculations. The Lf C-lobe has previously been implicated in
the binding to different molecules including the Lf-binding proteins A and B from Gram-negative bacteria
[61,62] and some anti-inflammatory drugs [63]. It is worth mentioning that three different drugs were
found to bind to the same ligand-binding site at the Lf C-lobe [63] that are near the Argb52 and GIn666
identified in our study. Our results are thus in line with published work, which attests the reliability of our
computational pipeline. Different charged amino acid residues from V-ATPase subunits A, B, E and G, the
main binding subunits according to the docking results, were also identified as main contributors. As the
identified residues from both proteins appear to be determinant for their binding, the development of
experimental methods to ascertain their true relevance for the interaction are critical to validate the
atomistic interactions unveiled in this study and, in this way, take computational biochemistry to the

bench.
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5.5. Conclusion

Concluding, the computational strategy used in this work identified the V. domain of V-ATPase as

a Lf target, and allowed us to infer upon the molecular basis of Lf-driven V-ATPase inhibition and to

propose key binding residues from both proteins that can be explored experimentally. Taking into account

our results and the fact that Lf was also shown to inhibit the bacterial F-ATPase [64], which is functionally

and structurally similar to V-ATPase [65], a comparable mechanism may be involved in the F-ATPase

inhibition by Lf and may underly the antibacterial activity of this protein. Indeed, ATP hydrolysis in F-

ATPases occurs in the catalytic hexamer a.3; (A:B. in V-ATPase) [65], which can be a putative Lf target

in bacteria.
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CHAPTER 6

Concluding remarks and future directions



6.1 Conclusions and final remarks

The main goal of the present thesis was to improve the knowledge on the mechanisms through
which Lf exerts its cytotoxic activity against fungal and cancer cells, aiming to contribute to its rational,
targeted and more efficient application. Since previous works from our group and our collaborators have
identified proton pumping ATPases as targets of this protein in bacteria [1], yeast [2] and cancer cells
[3], we focused our work on exploring the cellular consequences and downstream effects of targeting
these proton pumps. A diverse collection of cell-based cellular, genetic and biochemical approaches in
combination with computational tools were employed to achieve our goals. Our data are presented in
three different chapters. Chapter 3 and Chapter 4 are dedicated to highlight the mechanisms underlying
the antifungal and anticancer activities of Lf against S. cerevisiae and highly metastatic cancer cell lines,
respectively, while Chapter 5 is focused on the development of a computational approach to predict how
Lf and V-ATPase interact.

Regarding Lf antifungal activity, it has been previously demonstrated that hLf binds and inhibits
Pmalp in Candida albicans, leading to intracellular acidification and ATP accumulation [2,4]. Given that
lipid rafts were previously reported to be essential for Pmalp surface targeting, stability and
oligomerization [5-8], we decided to study the role of these membrane microdomains in the context of
Lf-driven fungal cytotoxicity. Our data demonstrated for the first time that bLf displays a lipid rafts-
disrupting activity that greatly contributes to its cytotoxicity against fungi. Indeed, we showed that bLf
induces intracellular accumulation of ergosterol, leading to lipid rafts disruption. Moreover, using yeast
mutant strains lacking lipid rafts-associated proteins or enzymes involved in the synthesis of ergosterol
and sphingolipids (the major lipid rafts components), we found that modifications of the composition of
these membrane domains leads to an increased resistance of yeast cells to bLf-induced yeast cell death.
In fact, the alterations in lipid rafts composition prevented bLf from perturbing lipid rafts and from affecting
both Pmalp proton pumping and hydrolytic activities. Furthermore, when Pmalp-lipid rafts association
was compromised by point mutations in Pmalp, or in the absence of the Pmalp-binding protein Astlp,
the bLf killing activity was impaired. Besides Pmalp, we also identified V-ATPase as a target of bLf in
yeast cells. bLf inhibited V-ATPase proton pumping activity in isolated yeast vacuoles and promoted
vacuolar alkalinization. Altogether, our results showed that the perturbation of lipid rafts and the inhibition
of both Pmalp and V-ATPase activities mediate the antifungal activity of bLf. Since it is suggested that
the combination of conventional antifungals with lipid rafts-disrupting compounds is a powerful antifungal
approach, our data will help to pave the way for the use of bLf alone or in combination for the

treatment/eradication of clinically and agronomically relevant yeast pathogens/fungi.
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As for Lf anticancer activity, we have previously found that it is selectively cytotoxic to highly
metastatic cancer cells in comparison with lowly metastatic and non-cancer cells [3,9]. This selectivity
comes from its targeting to the proton pump V-ATPase, which is differentially located at the plasma
membrane of highly metastatic cancer cells, but not in the other two cell types. Interestingly, and in line
with the results obtained with the yeast model, our data revealed that bLf induces intracellular
accumulation of cholesterol, the equivalent to ergosterol in mammalian cells, likely due to inhibition of its
delivery to the plasma membrane caused by intracellular acidification following V-ATPase inhibition by
bLf. This subsequently leads to cholesterol depletion from the plasma membrane and ensuing disruption
of cholesterol-rich lipid rafts, in a way dependent on the presence of V-ATPase at the plasma membrane
lipid rafts. As such, bLf did not affect the lipid rafts of human cells that do not display plasmalemmal V-
ATPase. Accordingly, as with Pmalp, a close interplay between lipid rafts and V-ATPase has been
reported, in which V-ATPase activity is critical for lipid rafts clustering and, in turn, lipid rafts integrity is
essential for V-ATPase assembly and activity [10-12]. bLftriggered lipid rafts disruption was also
associated with cellular trafficking perturbations, as observed by delayed endocytosis of exosomes and
their abnormal intracellular processing. Moreover, the perturbation of lipid rafts led to downregulation of
PI3K and AKT, which are involved in the PISK/AKT/mTOR pathway, one of the most important cell
survival signalling pathways, whose effectors have been shown to co-localize with lipid rafts; and also to
inhibition of glycolysis. Our results lay the foundation for future Lf-based targeted anticancer strategies,
as they unravel a novel cascade of molecular events triggered by bLf that explains its selectivity for cancer
cells displaying V-ATPase at the plasma membrane lipid rafts. Indeed, our data further reinforces the
need for a personalized cancer treatment when choosing Lf as a therapeutic agent.
Immunohistochemistry to find V-ATPase cellular localization should be performed in the cancer biopsies
of a given patient before Lf therapy is prescribed. If V-ATPase is at the plasma membrane, Lf would be
efficient; otherwise, the proton pump, the lipid rafts and, consequently, the cancer cells will not be
affected.

Since a common feature among Lf-treated cancer [3] and fungal cells [13] is the inhibition of V-
ATPase and given that a detailed elucidation of how Lf and V-ATPase interact is still missing, we aimed
to fill this gap by employing a multi-level computational approach to find how these two proteins interact.
Molecular dynamics (MD) simulations of both proteins were performed to obtain a robust sampling of
their conformational landscape, followed by clustering, which allowed retrieving representative structures,
to then perform protein-protein docking. Subsequently, MD simulations of the docked complexes and free

binding energy calculations were carried out to evaluate the dynamic binding process and build a final
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ranking based on the binding affinities. Detailed atomist analysis of the top ranked complexes clearly
indicated that Lf binds to the V. cytosolic domain of V-ATPase. Particularly, our data suggest that Lf binds
to the interfaces between A/B subunits, where the ATP hydrolysis occurs, inhibiting this process. The free
energy decomposition analysis further identified key binding residues that will certainly aid in the rational
design of follow-up experimental studies, thus bridging computational and experimental biochemistry.

Although the experimental part of this thesis was performed with bLf, in the computational work
we used hLf. This choice was based on the resolution that was higher for the diferric hLf structure available
(2.2 A) than for the diferric bLf (2.8 A). Nonetheless, both proteins share a great percentage of similarity
(69% at the sequence level [14], and 77% at the mRNA level [15]) and have been shown to exhibit similar
biological effects in different scenarios [16,17]. Particularly, in what regards Lf effect against yeast, hLf
was previously shown to induce cell death [18], and to bind and inhibit Pmalp [2], as we also showed in
our work with bLf. Importantly, a cluster of positively charged amino acid residues located at the Lf N-
terminal domain constitutes an example of a surface patch identified in our work as very important for
the interaction with V-ATPase that exists in both human and bovine Lfs [19]. As for V-ATPase, our
computational work was performed with the yeast V-ATPase, since no structure of the human V-ATPase
was available at the beginning of this work. In the meanwhile, the structure of human V-ATPase was
published [20], nevertheless, it is important to refer that it holds an identical overall structure to the yeast
counterpart.

One of the conclusions we retrieved by performing an overall analysis of the work presented in this
thesis is the success of double targeting proton pumps and lipid rafts as a strategy to eradicate cancer
cells and undesirable fungi. In contrast with the controversy that prevailed for years regarding the nature
and relevance of lipid rafts for cellular functions, nowadays both their important physiological rules and
their great potential as therapeutic targets are well recognized. Indeed, very recently, a set of interesting
review articles were published that focus on the potential of lipid rafts as targets for cancer therapy [21],
bacterial infections [22], and even as a strategy against SARS-CoV-2 [23,24], the virus that is causing the
viral pandemic that started in 2020. As for proton pumps, they have long been recognized as appealing
targets for various types of infections [25,26] and cancer [27,28]. The work herein presented suggests
that by double targeting these two biological entities, Lf affects the overall pH and trafficking regulation,
being thus effective against cancer and fungal cells (Figure 6.1). These effects may also occur in Lf-

treated bacteria and multicellular fungi.
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Yeast Cancer cell

—-— Lipid rafts

ﬁ;;\,g. Lactoferrin —

Figure 6.1: Comparison between Lf-driven perturbations of cellular pH and ergosterol/cholesterol localization in yeast and
cancer cells. The main similarities between Lf-driven cellular effects in yeast and cancer cells are depicted as well as the
predicted complex between the two proteins. These effects are a direct consequence of Pmalp and V-ATPase inhibition in
yeast and yeast/cancer cells, respectively. The main cellular events include intracellular accumulation of
ergosterol/cholesterol, lipid rafts disruption, intracellular acidification, extracellular acidification rate impairment and
vacuolar/lysosomal alkalinization. The image within the circle represents the system containing the best scored complex that

was submitted to the molecular dynamics simulations and free energy calculations in this work.

Additionally, our work highlights the power of yeast a model system to tackle the processes
occurring in higher eukaryotes. Indeed, we have previously shown that Lf induces cell death through
apoptosis in yeast [18] and then confirmed in highly metastatic cancer cells [3,9]. In this thesis, we
further demonstrated that bLf impairs the extracellular acidification rate, disrupts lipid rafts and leads to
intracellular accumulation of cholesterol/ergosterol, in both yeast and highly metastatic cancer cells

(Figure 6.1). Wild type yeast cells thus appear as an excellent model to mimic Lf effect on highly

159



metastatic cancer cells and not non-cancer cells, because the former cell models display the Lf molecular
target at their plasma membranes (Pmalp and V-ATPase, respectively), while non-cancer cells do not.
Moreover, yeast has emerged as a versatile and robust model system in biology since it has several
advantages over other experimental systems. For instance, many yeast genes and proteins are
evolutionarily and functionally related with those of higher eukaryotes, and most of the fundamental
cellular processes such as cell cycle control and apoptosis are well conserved [29,30]. Moreover, it has
a short life-cycle, an easy handling and technical tractability, and a high rate of homologous recombination
that allows its easy genetic manipulation and analysis of the resulting phenotypes [30,31]. In addition,
this model has a huge set of available resources including a broad collection of mutants deleted in non-
essential genes (the EUROSCARF collection) and dedicated integrated databases, which are easily
accessible online [32]. Taking all of this into account, we can consider yeast as an authentic “launch
pad” for novel discoveries regarding the mechanisms of action of Lf or of other compounds/drugs of
interest, which can then be transposed to cell lines and/or animal models and be used to design more

effective applications of these compounds.

6.2 Future directions

As every scientific work, our data answered several biological questions but also raised many new
ones. Bellow, we suggest experimental follow-up studies and future directions that would be interesting
to follow in order to address some of the new open questions and to further deepen our understanding

of the mechanisms underlying Lf bioactivities.

6.2.1 Do Pmalp oligomerization, lipid rafts lipidic/proteic content and

membrane biophysical properties matter for Lf cytotoxicity?

Regarding the effect of bLf treatment in yeast cells, the main open question is whether Pmalp
oligomerization is crucial for the interaction between this proton pump and bLf, and if it determines the
susceptibility of yeast cells to this protein. When trying to understand the bLf-resistance phenotype
exhibited by the yeast mutant strains deleted in proteins or enzymes important for lipid rafts composition,
we found that, despite bLf binding to Pmalp, the activity levels of the proton pump remained unchanged
between blLftreated and untreated cells. Given that neither the basal Pmalp activity, localization or
expression levels of the mutant strains were different from the wild type strain, and that bLf was still able

to bind Pmalp but not to inhibit it, the most reasonable explanation is that Pmalp acquires a different
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conformation or oligomeric state within the already abnormally constituted lipid rafts, which impairs bLf
inhibitory action. Thus, the future directions of this work should be to perform a deeper characterization
of the consequences of eliminating Ergbp, Laclp, Isclp and Rvs161p proteins in terms of Pmalp
oligomerization and conformation. Moreover, our data indicates that the reasons underlying the bLf-
resistance phenotype of the mutant strains must be the unbalanced ceramide/complex sphingolipids
ratio, accumulation of ergosterol precursors, or the lipid rafts abnormal protein content. However, the
specific nature of these alterations is still unknown. Therefore, it would be interesting to isolate DRMs
from these mutant strains and perform both lipidomic and proteomic studies to identify the specific
alterations caused by the deletion of each gene. At the same time, those methodologies could be applied
to the DRMs isolated from bLf-treated cells to ascertain its putative effects. Finally, biophysical approaches
could be implemented to evaluate the properties of the mutants’ plasma membranes including rigidity,
fluidity, membrane order, among other parameters. It should also be worth assessing the effect of bLf on
these features and also on Pmalp localization in the wild type cells. These experiments should help
elucidate how Pmalp oligomerization and conformation and lipid rafts characteristics determine bLf

cytotoxicity.

6.2.2 Which is the temporal order of the cellular alterations triggered by bLf,

its specific localization and additional effectors?

Regarding bLf cytotoxicity against highly metastatic cancer cells, a novel set of intracellular events
triggered by bLf was unravelled by our data. However, there are still some aspects and temporal relations
that would be interesting to explore. One of the most intriguing questions regards the time course of the
bLf-induced pH alterations: is the cytosolic acidification caused by plasmalemmal V-ATPase inhibition that
causes the lysosomal and extracellular alkalinization? Or is the simultaneous inhibition of both
plasmalemmal and lyso/endosomal V-ATPase that causes the overall pH deregulation? Measurement of
the pH alterations caused by bLf along time in the different compartments (extracellular medium, cytosol
and lysosomes/endosomes) should be performed to answer these questions. Our data show that bLf-
induced perturbation of lipid rafts is associated with intracellular accumulation of cholesterol due to a
hindrance of cholesterol delivery to the plasma membrane, rather than to its depletion from the plasma
membrane as revealed by our time-lapse assay. Though the results suggest that cholesterol is
sequestered within the lysosomes, experimental data to sustain this hypothesis is still missing. Co-
localization with lysosomal markers and cholesterol quantification in lysosomal fractions could be

performed to confirm this hypothesis. Additionally, since Lf is internalized as vesicle-like structures in the
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cytosol, it would also be worth finding if those structures are endo/lysosomes and whether bLf co-localizes
with V-ATPase in endo/lysosomal membranes of cancer cells. This kind of experiments should elucidate
the chronological order of the cellular alterations triggered by bLf in highly metastatic cancer cells.

Regarding the inhibitory effect of bLf on the PI3K/AKT pathway, besides testing the levels of
phosphorylated PI3K and AKT, it would be interesting to find if it is associated with perturbation of the
localization of these signalling molecules out of the lipid rafts. For that, immunofluorescence of bLf-treated
cells with lipid rafts markers and antibodies against for example PI3K and AKT could be performed.
Alterations in the PI3K/AKT pathway are known to be associated with alterations in HIF-1a expression
levels, which in turn regulate glycolysis. Given that we showed that bLf inhibits glycolysis, the next logical
step would be to analyze the bLf effect on HIF-1a to better understand its effect on glycolysis and establish
a straighter relation between the observed effects. Additionally, other upstream and downstream effectors
of PI3K/AKT/mTOR pathway should be tested to unravel other signalling pathways affected by bLf.

The response of lowly metastatic cancer cells/non-cancer cells to bLf is still puzzling. Indeed, these
cells are insensitive to bLf in terms of cytotoxicity, pH deregulation and lipid rafts disruption. Nonetheless,
we showed that bLf is internalized in these cells, acquiring a similar cytosolic vesicle-like pattern as in the
highly metastatic cancer cells. Though absence of plasmalemmal V-ATPase in lowly metastatic and non-
cancer cells can partially explain their higher resistance to bLf, the bLf internalization would allow it to
inhibit vesicular V-ATPase. However, no effect was detected. The most likely explanation for this phenotype
is that these cells rely on pH control mechanisms that differ from the highly metastatic cancer cells, and
that are activated when V-ATPase is inhibited by bLf, therefore compensating this bLf-inhibitory effect.
Different experiments can be performed to clarify this issue, for example, measure the activity and
expression of other membrane transporters, like the Na+/H-ATPases, in bLf-treated non-cancer cells; or
assess the sensitivity of non-cancer cells treated with bLf and inhibitors of such pH control transporters
to find if they became sensitive to bLf. Moreover, bLf can suffer some conformational alteration when
internalized in these cells that does not occur in the highly metastatic cancer cells. To assess this
hypothesis, highly metastatic cancer cells could be incubated with whole cell extracts from blLf-treated

cells to find if bLf loses its cytotoxic effect in extracts from non-cancer and lowly metastatic cancer cells.

6.2.3 How do Lf and V-ATPase interact /n vivo?

Our computational approach identified ATP hydrolysis as the direct V-ATPase process inhibited by
Lf. It also provided a set of Lf and V-ATPase residues that are predicted to be important for the proteins

binding based on free energy calculations. Based on this, a considerable number of experimental
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approaches can be designed to validate these computational results. First, since Lf seems to bind near
the V-ATPase ATP binding site, it would be interesting to perform biochemical approaches to identify the
type of interaction in comparison with ATP (competitive binding, non-competitive binding, etc) and
characterize the inhibition kinetics. Our previous data with lysosomes isolated from rat liver suggest that
an uncompetitive binding is more likely to occur since the percentage of ATP hydrolysis inhibition does
not change with increasing ATP concentrations and both kinetic parameters (Vmax and Km) are altered
[3]. However, a similar approach should be used in vacuoles isolated from yeast and with different Lf
concentrations. Furthermore, a Lf expression system should be developed to produce Lf forms harbouring
single or multiple mutations in the identified residues. These mutated forms could then be tested in terms
of binding and inhibitory activity towards V-ATPase, to identify those whose mutation impairs the
interaction. These results could next be validated by treating yeast and cancer cells with the mutated
forms, to find whether mutated Lfs lose the ability to induce cytotoxicity. At the same time, the phenotypes
of yeast mutants deleted in single V-ATPase subunits in response to Lf could be assessed. Alternatively,
cryo-EM or X-ray crystallography of the V-ATPase-Lf complexes could be performed to clearly find how

they interact. Altogether, these experiments would unravel the interaction between V-ATPase and Lf.

6.2.4 What more can be done?

Besides the experiments that could directly follow those performed in this thesis, our work can also
be the basis for additional applied work. For example, to test if the newly identified antifungal mechanisms
also occur in agronomically relevant multicellular fungi and clinical isolates and explore different
combinations of bLf and antifungals for their eradication. Another challenge is to validate whether the bLf
efficiency /n vivo against cancer cells requires V-ATPase located at the plasma membrane lipid rafts. To
this end, /n vivo experiments using mice harbouring highly metastatic cancer cells with plasmalemmal V-
ATPase and appropriate controls should be carried out. Also, computational and related experimental
approaches similar to those used in this thesis could be performed to uncover the interaction between Lf
and bacterial F-ATPase and/or fungal Pmalp, as we did for the yeast V-ATPase. This could allow
identifying a putative conserved residues’ signature required for the interaction between Lf and different
types of proton pumps, which ultimately will unveil the molecular basis underlying the multifunctional

activities against bacteria, yeast/fungi, as well as highly metastatic cancer cells.

163



References

1.

10.

11.

12.

13.

14.

Andrés MT, Fierro JF. Antimicrobial mechanism of action of transferrins: Selective inhibition of
H-+-ATPase. Antimicrob Agents Chemother. 2010;54: 4335-4342. doi:10.1128/AAC.01620-09

Andrés MT, Acosta-Zaldivar M, Fierro JF. Antifungal mechanism of action of lactoferrin:
Identification of H+-ATPase (P3Atype) as a new apoptotic-cell membrane receptor. Antimicrob
Agents Chemother. 2016;60: 4206-4216. doi:10.1128/AAC.03130-15

Pereira CS, Guedes JP, Goncalves M, Loureiro L, Castro L, Gerds H, et al. Lactoferrin selectively
triggers apoptosis in highly metastatic breast cancer cells through inhibition of plasmalemmal V-
H+-ATPase. Oncotarget. 2016;7: 62144-62158. doi:10.18632/oncotarget.11394

Andrés MT, Acosta-Zaldivar M, Gonzalez-Seisdedos J, Fierro JF. Cytosolic acidification is the first
transduction signal of lactoferrin-induced regulated cell death pathway. Int J Mol Sci. 2019;20:
5838. d0i:10.3390/ijms20235838

Gong X, Chang A. A mutant plasma membrane ATPase, Pmal-10, is defective in stability at the
yeast cell surface. Proc Natl Acad Sci. 2001;98: 9104-9109. doi:10.1073/pnas.161282998

Bagnat M, Chang A, Simons K. Plasma membrane proton ATPase Pmalp requires raft association
for surface delivery in yeast. Mol Biol Cell. 2001;12: 4129-4138. d0i:10.1091/mbc.12.12.4129

Lee MCS, Hamamoto S, Schekman R. Ceramide biosynthesis is required for the formation of the
oligomeric H+-ATPase Pmalp in the yeast endoplasmic reticulum. J Biol Chem. 2002;277:
22395-22401. doi:10.1074/ijbc.M200450200

Wang Q, Chang A. Sphingoid base synthesis is required for oligomerization and cell surface
stability of the yeast plasma membrane ATPase, Pmal. Proc Natl Acad Sci U S A. 2002;99:
12853-12858. doi:10.1073/pnas.202115499

Guedes J, Pereira C, Rodrigues L, Corte-real M. Bovine milk lactoferrin selectively kills highly
metastatic prostate cancer PC-3 and osteosarcoma MG-63 cells /7 vitro. Front Oncol. 2018;8: 1-
12. doi:10.3389/fonc.2018.00200

Costa GA, de Souza SB, da Silva Teixeira LR, Okorokov LA, Arnholdt ACV, Okorokova-Facanha AL,
et al. Tumor cell cholesterol depletion and V-ATPase inhibition as an inhibitory mechanism to
prevent cell migration and invasiveness in melanoma. Biochim Biophys Acta - Gen Subj.
2018;1862: 684-691. doi:10.1016/j.bbagen.2017.12.006

Xu M, Xia M, Li XX, Han WQ, Boini KM, Zhang F, et al. Requirement of translocated lysosomal V1
H +-ATPase for activation of membrane acid sphingomyelinase and raft clustering in coronary
endothelial cells. Mol Biol Cell. 2012;23: 1546-1557. doi:10.1091/mbc.E11-09-0821

Lafourcade C, Sobo K, Kieffer-Jaquinod S, Garin J, van der Goot FG. Regulation of the V-ATPase
along the endocytic pathway occurs through reversible subunit association and membrane
localization. PLoS One. 2008;3. doi:10.1371/journal.pone.0002758

Santos-Pereira C, Andrés MT, Chaves SR, Fierro JF, Gerds H, Manon S, et al. Lactoferrin perturbs
lipid rafts and requires integrity of Pmalp-lipid rafts association to exert its antifungal activity
against  Saccharomyces cerevisiae. Int J Biol Macromol. 2021;171: 343-357.
doi:10.1016/j.ijpiomac.2020.12.224

Pierce A, Colavizza D, Benaissa M, Maes P, Tartar A, Montreuil J, et al. Molecular cloning and
sequence analysis of bovine lactotransferrin. Eur J Biochem. 1991;196: 177-84.
doi:10.1111/j.1432-1033.1991.tb15801.x

164



15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

Liao YL, Jiang RL, Lonnerdal B. Biochemical and molecular impacts of lactoferrin on small
intestinal growth and development during early life. Biochem Cell Biol Biol Cell. 2012;90: 476-
484. doi:10.1139/011-075

El-Fakharany EM, Sanchez L, Al-Mehdar H a, Redwan EM. Effectiveness of human, camel, bovine
and sheep lactoferrin on the hepatitis C virus cellular infectivity: comparison study. Virol J.
2013;10: 199. doi:10.1186,/1743-422X-10-199

Zhang JL, Han X, Shan YJ, Zhang LW, Du M, Liu M, et al. Effect of bovine lactoferrin and human
lactoferrin on the proliferative activity of the osteoblast cell line MC3T3-E1 in vitro. J Dairy Sci.
2018;101: 1827-1833. doi:10.3168/jds.2017-13161

Acosta-Zaldivar M, Andrés MT, Rego A, Pereira CS, Fierro JF, Corte-Real M. Human lactoferrin
triggers a mitochondrial- and caspase-dependent regulated cell death in Saccharomyces
cerevisiae. Apoptosis. 2016;21: 163-173. doi:10.1007/s10495-015-1199-9

Baker HM, Baker EN. A structural perspective on lactoferrin function. Biochem Cell Biol. 2012;90:
320-328. doi:10.1139/011-071

Wang L, Wu D, Robinson C V., Wu H, Fu T-M. Structures of a Complete Human V-ATPase Reveal
Mechanisms of Its Assembly. Mol Cell. 2020:;80: 501-511.e3.
doi:10.1016/j.molcel.2020.09.029

Preta G. New insights into targeting membrane lipids for cancer therapy. Front Cell Dev Biol.
2020;8: 1-10. doi:10.3389/fcell.2020.571237

Yeh J, Lin H, Kuo C, Feng C. Campylobacter jejuni cytolethal distending toxin C exploits lipid rafts
to mitigate Helicobacter pyloriinduced pathogenesis. Front Cell Dev Biol. 2021;8: 1-10.
doi:10.3389/fcell.2020.617419

Sviridov D, Miller YI, Ballout RA, Remaley AT, Bukrinsky M. Targeting lipid rafts - a potential therapy
for COVID-19. Front Immunol. 2020;11: 1-5. doi:10.3389/fimmu.2020.574508

Sorice M, Misasi R, Riitano G, Manganelli V, Martellucci S, Longo A, et al. Targeting lipid rafts as
a strategy against Coronavirus.  Front Cell Dev Biol. 2021;8: 1-11.
doi:10.3389/fcell.2020.618296

Ahmad Z, Okafor F, Azim S, F. Laughlin T. ATP Synthase: a molecular therapeutic drug target for
antimicrobial and antitumor peptides. Curr Med Chem. 2013;20: 1956-1973.
doi:10.2174/0929867311320150003

Yatime L, Buch-Pedersen MJ, Musgaard M, Morth JP, Winther AML, Pedersen BP, et al. P-type
ATPases as drug targets: Tools for medicine and science. Biochim Biophys Acta - Bioenerg.
2009;1787: 207-220. doi:10.1016/]j.bbabio.2008.12.019

Whitton B, Okamoto H, Packham G, Crabb SJ. Vacuolar ATPase as a potential therapeutic target
and mediator of treatment resistance in cancer. Cancer Med. 2018;7: 3800-3811.
d0i:10.1002/cam4.1594

Kulshrestha A, Katara GK, Ibrahim SA, Riehl V, Sahoo M, Dolan J, et al. Targeting V-ATPase
isoform restores cisplatin activity in resistant ovarian cancer: inhibition of autophagy, endosome
function, and ERK/MEK pathway. J Oncol. 2019;2019: 2343876. d0i:10.1155/2019/2343876

Carmona-Gutierrez D, Eisenberg T, Bittner S, Meisinger C, Kroemer G, Madeo F. Apoptosis in
yeast: triggers, pathways, subroutines. Cell Death Differ. 2010;17: 763-773.
doi:10.1038/cdd.2009.219

165



30.

31.

32.

Duina AA, Miller ME, Keeney JB. Budding yeast for budding geneticists: A primer on the
Saccharomyces cerevisiae model system. Genetics. 2014;197: 33-48.
doi:10.1534/genetics.114.163188

Farrugia G, Balzan R. Oxidative stress and programmed cell death in yeast. Front Oncol. 2012;2:
1-21. doi:10.3389/fonc.2012.00064

Mell JC, Burgess SM. Yeast as a model genetic organism. Encycl Life Sci. 2002.
d0i:10.1038/npg.els.0000821

166



APPENDIX




Appendix Figures

Figure Al - Exogenous addition of C2-ceramide sensitizes cells to bLf and rescues the resistance
phenotype of the /acIA strain

Since LACI encodes a component of ceramide synthase, the enzyme involved in the de novo
synthesis of ceramide, we investigated the effect of exposing wild type and /acIA cells to exogenous
addition of N-Acetyl-D-sphingosine (C2-ceramide), a membrane-permeable form of ceramide. For that
purpose, and since C2-ceramide was found to induce cell death in yeast [1], we chose a non-toxic dose
of this agent for both strains. The combined exposure of cells to bLf and C2-ceramide yielded a
significantly higher sensitivity than the individual exposure to each compound in both strains. Notably,
the resistance of the /acIA mutant is rescued by addition of C2-ceramide, as it becomes more sensitive

than wild type cells treated only with bLf.
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Figure Al: Exogenous addition of C2-ceramide sensitizes cells to bLf and rescues the higher resistance of the /acIA strain.
Cell survival assays of S. cerevisiae BYA741 wild type and /acZA mutant strains after 90 min of incubation at 30 °C with 250
pg/ml bLf and/or 20 uM C2-ceramide (C2-cer) in 10 mM Tris-HCI, pH 7.4, evaluated by colony forming units counting.
Absolute ethanol (ETOH) is the C2-cer solvent. Values are mean + standard deviation normalized to time zero of incubation
and considering the control without bLf as 100% cell survival. **** P<0.0001 between the indicated conditions in the same

strain; * P<0.05, # P<0.01 between the indicated conditions of different strains.
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D4H-mCherry DAPI

Alexa Fluor 488 Merge

Figure A2: Specificity control of immunofluorescence experiments. PC-3 cells were transfected with the D4H-mCherry

cholesterol biosensor, following which the immunofluorescence control was performed by incubating cells only with the
secondary antibody Alexa Fluor 488 (no primary antibody was added). No fluorescence was detected using the same intensity
settings attesting the specific labelling of V-ATPase ¢ subunit observed in Figure 4.1A (green fluorescence). Nuclei were stained

with DAPI. Bar: 10 pm.

Bright Field DAPI Alexa Fluor 488 Merge

Figure A3: Specificity control of bLf uptake experiments. Hs 578T and MG-63 cells were incubated for 24 h with free Alexa

Hs 578T

MG-63

Fluor 488 submitted to the exact same procedure used to produce Alexa Fluor 488-labelled bLf. No fluorescence was detected
on the green channel demonstrating that the green staining shown in Figure 4.4 is indeed specific for bLf. Nuclei were stained

with DAPI. Bar: 20 pum.
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Figure A4: Characterization of exosomes derived from Bj-5ta cell line. (A) Size distribution/concentration determined by

nanoparticle tracking analysis. (B) Western blot analysis for the putative exosomal markers CD63, CD9 and CD81.

Control 1 mM MBCD

Figure A5: Methyl-B-cyclodextrin perturbs the intracellular trafficking of exosomes. Representative fluorescence microscopy
images of MDA-MDA-231 cells incubated with 1 mM MBCD for 24 h and then incubated for 24 h with Dil-labelled exosomes

derived from Bj-5ta cell line. Arrows point to aggregated exosomes. Bar: 10 pum.

>
w

— Cluster 1
Cluster 2
Cluster 3
Cluster 4
Cluster 5
Cluster 6
Cluster 7
Cluster 8
Cluster 9
Cluster 10

1500

1000+

500+

Number of structures
Cluster population

12 3 4 5 6 7 8 9 10
Cluster number Time (ns)

Figure A6: Lactoferrin molecular dynamics clustering results. (A) Total number of frames in each cluster. (B) Cluster population

distribution along the last 55 ns of the MD simulation.
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Figure A7: V-ATPase molecular dynamics clustering results. (A) Total number of frames in each cluster. (B) Cluster population

distribution along the last 45 ns of the MD simulation.
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Figure A8: Analysis of the molecular dynamics simulations of docked complexes. RMSD values of the backbone Ca atoms as
a function of time along the 25 ns of simulation for the lactoferrin (A) and V-ATPase (B) atoms. Each docking solutions is

represented by a different colour. The final minimized and equilibrated structure was taken as a reference point.
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Figure A9: Analysis of the V-ATPase decomposition of the free binding energy calculated using the MM-GBSA method. Per-
residue AG in kcal/mol + standard deviation of the three V-ATPase amino acids with higher contribution to the total free binding
energy in each docking solution (bs1-bs20) and respective V-ATPase subunit (A1, A2, A3, B2, B3, E1, E3, G1, G2, G3 and H).



Appendix Tables

Table Al: Effect of V-ATPase inhibition by several inhibitors or siRNA against different types of cancer cells.

V-ATPase inhibition

Cancer type Model Evidences Reference
approach
Esophageal TE-1 and ECA-109 cell lines Diphyllin Cell prollferatloQ, njlgrat|on, mTORC1/HIF-1a/VEGF pathway 2]
inhibition and cell cycle arrest
Apoptosis induction, cell cycle arrest, mitochondrial membrane
Liver HepG2 cell line 77-25 (diphyllin derivative) pot.entlal pe.rturbatl.on, ATP depletion, pro-apoptotlg proteln§ increase, 3]
anti-apoptotic proteins decrease, autophagy induction, reactive oxygen
species production
Melanoma B16F0 and B16F10 cell lines, and Myrtenal In vitro: cell death induction, migration inhibition/ /n vivo. metastasis (4]
mice harbouring B16F10 cells y inhibition
Breast MDAMB-231 and Hs578T cell lines Proliferation inhibition, apoptoqs induction, ex’Frqgellglar acidification (5]
rate decrease and intracellular acidification
Lactoferrin
Osteosarcoma, breast, MDAMB-231, PC-3, MG-63 cell lines Cell death |nduct|on., cell prgllferatlon |nh|t?|t|‘o.n, Iysosomal pH 6]
prostate perturbation and intracellular acidification
Breast MDAMB-231 cell line Migration/invasion inhibition, MMP-2/9 and S-catenin expression 7]
decrease
Cleistanthin A Mieration/invasion inhibition. MMP2/9 ond
Melanoma A375 cell line igration/invasion inhibition, -2/ .expressmn ecrease, 8]
lysosomal pH alteration
Colorectal, liver, cervical HT-29, HepG2, and Hela cell lines ECDD—827‘(cIeflstanth|n Cell survival reduction, autophagic flux inhibition [9]
A derivative)
. MDA-MB-468, MDA-MB-231, MCF-7,  Bisbenzimidazole derivative L
Breast and ovarian A2780, Cis-A2780 and PA-1 cell lines (2e) Cell viability diminishing [10]
Breast MCF-7 and MDAMB-231 cell lines Vitamin D Acidification of intracellular organelles decrease, extracellular pH 1]

alkalinization, migration inhibition, cell stiffness diminution
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Table Al: Effect of V-ATPase inhibition by several inhibitors or siRNA against different types of cancer cells (cont).

V-ATPase inhibition

Cancer type Model Evidences Reference
approach
Vincristine-induced multidrug . A . .
Gastric, melanoma resistance SGC7901/VCR cell line, Verucopeptin n wz‘ro..V-ATEase and mTORCl inhibition, cell proliferation [12]
) i impairment/ /n vivo: tumor growth decrease
mice harbouring A375 cells
Hepatocellular carcinoma HUH-7 and HepG2 cell lines, mice In vitro. Depletion of free cholesterol, migration/invasion and cell [13]
P harbouring HUH-7 cells proliferation inhibition/ /7 vivo: reduction of tumor size and growth rate
Immortalized human mammary ) L e . -
Breast epithelial cells transduced with Twist1- Archazolid A Epithelialmesenchymal transition impairment, inhibition of turmor [14]
ER initiation cells generation, E-cadherin recycling perturbation
Leukemia Jurkat T cell line Growth/proliferation |‘nh|b|t|on, cel.l degth.m.quchon, cell cycle arrest, [15]
iron metabolism inhibition
MDAMB-231, MCF-7 and 4T1 cell ' ' In vitro: iron Fjeprlvatlgn, cell gycle arrest, double straﬂded DNA
Breast . ; . Archazolid A, V.c siRNA breaks, apoptosis induction/ /n vivo: tumor growth reduction, caspase- [16]
lines, and mice harbouring 4T1 cells o
3 activation
Breast MDAMB-231, T-47D and MCF-7 cell - Lansoprazole, omeprazole, Cell proliferation inhibition, cell death triggering [17]
lines pantoprazole and raloxifene
Oral epidermoid carcinoma KB and KB/V cell lines Pantoprazol Cell proliferation inhibition, lysosomal pH.a.Iteratlon, inhibition of (18]
lysosomal enzyme activity
. Paclitaxel-resistant A2780/Taxol cell Viability decrease, paclitaxel-mediated cell death increase, V.D: subunit
Ovarian ) : ) N [19]
line protein levels reduction, cytosolic acidification
Esomeprazole
Lun Paclitaxel-resistant A549/Taxol cell pH decrease via V-ATPase inhibition, paclitaxel-mediated cell death [20]
g line and cell cycle arrest increase
Bafilomvcin Al Cell growth inhibition, acidification of intracellular compartments
Bladder, colorectal, renal T-24, HCT116 and RCC4 cell lines y o impairment, amino acid levels decrease, endoplasmic reticulum [21]
Concanamycin A, Diphyllin o o
stress, micropinocytosis inhibition
Mantle cell lymphoma 7138, GRANTA-519 and JEKO-1 cell Bafilomycin Al, Proliferation inhibition preferentially in cells expressing low levels of [22]

lines

Concanamycin A the neural transcription factor SOX11
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Table Al: Effect of V-ATPase inhibition by several inhibitors or siRNA against different types of cancer cells (cont).

V-ATPase inhibition

Cancer type Model Evidences Reference
approach
Prostate PC.3 cell line F—actm cytoske.zlet.on .reorg.anlzatlon,-end(.)—lysgsom-al pH |-n§r‘ease, 23]
vesicle trafficking impairment, migration/invasion inhibition
Prostate LNCaP and PC-3 cell lines Bafilomycin Al Lipid droplets veloqty de;rease .ar.ld alteration of intracellular [24]
distribution of lipid droplets

Melanoma B16F0 and B16F10 cell lines Migration/invasion and H- efflux inhibition [25]

Prostate LAPCA and LNCaP cell lines Repression of androgen receptor <.e>'<press.|on, decreased levels of [26]

. prostate-specific antigen
Concanamycin A

Breast MDA-MB231 cell line Cathepsin B activity and expression decrease [27]

Pancreatic BxPC-3 and Panc-1 cell lines Proliferation inhibition, cell death induction, autophagic flux decrease [28]
PC-3M-1E8, PC-3M, PC-3 and PC-3M- Migration/invasion inhibition, MMP-9 activation decrease and
Prostate o84 cell | llular TH1 diminishi [29]
cell lines V.c SiRNA extracellular [H-] diminishing
Prostate PC-3M-1ES8 cell line Migration/invasion and MMP-9 activity inhibition [29]
Ovarian Cisplatin resistant cis-A2780 cell line Sphere—.formlng ability decrease, C|sp|§t|rl1—mec.j|ated.cell death [30]
increase, early endosome trafficking disruption
V.a2 shRNA
Mice harbouring 4T1 wild type or V.a2 Tumour growth delay, increased number of M1 antitumor
Breast [31]
shRNA cells macrophages
Esophageal TE8 cell line V.E7 SIRNA Cell motility, glucose uptgke, lactate levels gnd.AT.P .productlon 32]
decrease, glycolytic enzyme expression inhibition
) . In vitro: V-ATPase inhibition/ /n vivo: tumor growth delay, high immune
Ovarian A2780 and SKOV-3 cell lines, mice V.aZ antibody cell infiltration, caspase-3 expression increase, apoptosis-related [33]

harbouring A2780 cells .
genes upregulation
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Table A2: List of lactoferrin 3D structures. The structure used in this work is identified in bold.

PDB Name Yejar o.f Resolution Method Species Mutations
code publication

1BOL Recomblai?t diferric 1999 2.2 A X-ray diffraction Homo sapiens 1
1LFG Diferric hLf 1994 2.2 A Xray diffraction ~ Homo sapiens 0
1BLF Diferric bLf 1997 2.8 A X-ray diffraction Bos taurus 0
1CB6 Human apo-Lf 1999 2.0 A X-ray diffraction Homo sapiens 0
1D7Z Camel apo-Lf 2001 265A  Xeray diffraction Camelus 0

dromedarius
1B1X Diferrin mare Lf 1999 2.62 A X-ray diffraction Equus caballus 0
1BIY Diferrin buffalo Lf 1999 3.37A X-ray diffraction Bubalus bubalis 0
1CE2 Diferrin buffalo Lf 1999 2.5 A X-ray diffraction Bubalus bubalis 0
1FCK Diceric hLf 2001 2.2 A X-ray diffraction Homo sapiens 0
Copper- and oxalate- < . . )
1LCF 1994 2.0A X-ray diffraction Homo sapiens 0

substituted hLf
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Table A3: List of V-ATPase 3D structures. The structures used in this work are identified in bold. Vph1 and Stvl are the

vacuolar and Golgi a subunits of V. complex, respectively. The states correspond to the different rotational states of V-ATPase

and the percentual values refer to the relative abundance of each state.

Year of

PDB code Name . Resolution Method Species Mutations
publication
BIOLOGICAL ASSEMBLY OF THE V-ATPASE MULTI-SUBUNIT COMPLEX
3J9T (state 1) -
47%
3UState 2) -y Arpase Vph1- WV, 2015 6.9 A (state 1) Electron Saccharomyces 0
36% microscopy cerevisiae
3J9V (state 3) -
17%
607V (state 1) -
49%
6O7W (state 2) - Apase Stv1viv, 2019 6.6 A (state 1) Electron Saccharomyces 0
37% microscopy cerevisiae
607X (state 3) -
14%
5VOX (state 1) -
49% Yeast V-ATPase in
5V0Y (st?te 2)-  complex Wlth' Legionella 2017 6.3 A (state 1) Electron Sacchargmyces 0
23% pneumophila effector microscopy cerevisiae
5VOZ (state 3) - SidK
28%
BIOLOGICAL ASSEMBLY OF V. OR V. DOMAINS
6C6L V-ATPase Vol in lipid 2018 354 Electron Sacchargmyces 0
nanodisc microscopy cerevisiae
5TJ5 Membrane-embedded 2016 394 Electron Sacchafgf??yces 0
V-ATPase (V.) microscopy cerevisiae
5BW9 V-ATPase V. in the 2016 7 A Xray diffraction  Saceharomyees 0
autoinhibited form cerevisiae
607T V-ATPase Vph1-V. 2019 32A Electron Saccharomyces 0
microscopy cerevisiae
5D80 V-ATPase V. in the 2016 6.2 A Xray diffraction  S2ccharomyees 0
autoinhibited form cerevisiae

177



Appendix References

1.

10.

11.

12.

13.

Carmona-Gutierrez D, Reisenbichler A, Heimbucher P, Bauer MA, Braun RJ, Ruckenstuhl C, et al.
Ceramide triggers metacaspase-independent mitochondrial cell death in yeast. Cell Cycle.
2011;10: 3973-3978. doi:10.4161/cc.10.22.18212

Chen H, Liu P, Zhang T, Gao Y, Zhang Y, Shen X, et al. Effects of diphyllin as a novel V-ATPase
inhibitor on TE-1 and EC A-109 cells. Oncol Rep. 2018;39: 921-928. doi:10.3892/0r.2018.6191

LuY, Zhang R, Liu S, Zhao Y, Gao J, Zhu L. ZT-25, a new vacuolar H+-ATPase inhibitor, induces
apoptosis and protective autophagy through ROS generation in HepG2 cells. Eur J Pharmacol.
2016;771: 130-138. doi:10.1016/j.ejphar.2015.12.026

Martins BX, Arruda RF, Costa GA, Jerdy H, de Souza SB, Santos JM, et al. Myrtenal-induced V-
ATPase inhibition - A toxicity mechanism behind tumor cell death and suppressed migration and
invasion in melanoma. Biochim Biophys Acta - Gen Subj. 2019;1863: 1-12.
doi:10.1016/j.bbagen.2018.09.006

Pereira CS, Guedes JP, Goncalves M, Loureiro L, Castro L, Gerds H, et al. Lactoferrin selectively
triggers apoptosis in highly metastatic breast cancer cells through inhibition of plasmalemmal V-
H-+-ATPase. Oncotarget. 2016;7: 62144-62158. doi:10.18632/oncotarget.11394

Guedes J, Pereira C, Rodrigues L, Corte-real M. Bovine milk lactoferrin selectively kills highly
metastatic prostate cancer PC-3 and osteosarcoma MG-63 cells /7 vitro. Front Oncol. 2018;8: 1-
12. doi:10.3389/fonc.2018.00200

Liu S, Wang L, Ding W, Wang D, Wang X, Luo Q, et al. Cleistanthin A inhibits the invasion of MDA-
MB-231 human breast cancer cells: involvement of the B-catenin pathway. Pharmacol Reports.
2020;72: 188-198. doi:10.1007/s43440-019-00012-1

Pan S, Cai H, Gu L, Cao S. Cleistanthin A inhibits the invasion and metastasis of human melanoma
cells by inhibiting the expression of matrix metallopeptidase-2 and-9. Oncol Lett. 2017;14: 6217-
6223. doi:10.3892/01.2017.6917

Paha J, Kanjanasirirat P, Munyoo B, Tuchinda P, Suvannang N, Nantasenamat C, et al. A novel
potent autophagy inhibitor ECDD-S27 targets vacuolar ATPase and inhibits cancer cell survival.
Sci Rep. 2019;9: 1-16. doi:10.1038/s41598-019-45641-x

Patil R, Kulshrestha A, Tikoo A, Fleetwood S, Katara G, Kolli B, et al. Identification of novel
bisbenzimidazole derivatives as anticancer vacuolar (H+)-ATPase inhibitors. Molecules. 2017;22:
1-14. doi:10.3390/molecules22091559

Santos JM, Hussain F. VD3 mitigates breast cancer aggressiveness by targeting V-H+-ATPase. J
Nutr Biochem. 2019;70: 185-193. doi:10.1016/j.jnuthio.2019.05.005

Wang, Zhang L, Wei Y, Huang W, Li L, Wu A an, et al. Pharmacological targeting of Vacuolar H+-
ATPase via subunit V.G combats multidrug-resistant cancer. Cell Chem Biol. 2020;27: 1359-
1370. doi:10.1016/j.chembiol.2020.06.011

Bartel K, Winzi M, Ulrich M, Koeberle A, Menche D, Werz O, et al. V-ATPase inhibition increases

178



14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

cancer cell stiffness and blocks membrane related Ras signaling - A new option for HCC therapy.
Oncotarget. 2017;8: 9476-9487. doi:10.18632/oncotarget. 14339

Merk H, Messer P, Ardelt M, Lamb D, Zahler S, Muller R, et al. Inhibition of the V-ATPase by
Archazolid A: a new strategy to inhibit EMT. Mol Cancer Ther. 2017;16: 2329-2339.

Zhang S, Schneider LS, Vick B, Grunert M, Menche D, Miiller R, et al. Anti-leukemic effects of the
V-ATPase inhibitor Archazolid A. Oncotarget. 2015;6: 43508-43528.

Schneider LS, Schwarzenberg K Von, Lehr T, Ulrich M, Liebl J, Trauner D, et al. Vacuolar-ATPase
inhibition blocks iron metabolism to mediate therapeutic effects in breast cancer. Cancer Res.
2015;75: 2863-2874. doi:10.1158/0008-5472.CAN-14-2097

Ihraiz WG, Ahram M, Bardaweel SK. Proton pump inhibitors enhance chemosensitivity, promote
apoptosis, and suppress migration of breast cancer cells. Acta Pharm. 2020;70: 179-190.
doi:10.2478/acph-2020-0020

Lu ZN, Shi ZY, Dang YF, Cheng YN, Guan YH, Hao ZJ, et al. Pantoprazole pretreatment elevates
sensitivity to vincristine in drug-resistant oral epidermoid carcinoma /7 vitro and /n vivo. Biomed
Pharmacother. 2019;120: 109478. doi:10.1016/|.biopha.2019.109478

He J, Shi XY, Li ZM, Pan XH, Li ZL, Chen Y, et al. Proton pump inhibitors can reverse the YAP
mediated paclitaxel resistance in epithelial ovarian cancer. BMC Mol Cell Biol. 2019;20: 1-14.
doi:10.1186/s512860-019-0227-y

Bai Z, Ding N, Ge J, Wang Y, Wang L, Wu N, et al. Esomeprazole overcomes paclitaxel-resistance
and enhances anticancer effects of paclitaxel by inducing autophagy in A549/Taxol cells. Cell Biol
Int. 2020. doi:10.1002/cbin.11481

Kitazawa S, Nishizawa S, Nakagawa H, Funata M, Nishimura K, Soga T, et al. Cancer with low
cathepsin D levels is susceptible to vacuolar (H+)-ATPase inhibition. Cancer Sci. 2017;108: 1185-
1193. doi:10.1111/cas. 13240

Emruli VK, Olsson R, Ek F, Ek S. Identification of V-ATPase as a molecular sensor of SOX11-levels
and potential therapeutic target for mantle cell lymphoma. BMC Cancer. 2016;16: 1-9.
doi:10.1186/s12885-016-2550-4

Licon-Munoz Y, Michel V, Fordyce CA, Parra KJ. F-actin reorganization by V-ATPase inhibition in
prostate cancer. Biol Open. 2017;6: 1734-1744. doi:10.1242/bi0.028837

Nardi F, Fitchev P, Brooks KM, Franco OE, Cheng K, Hayward SW, et al. Lipid droplet velocity is
a microenvironmental sensor of aggressive tumors regulated by V-ATPase and PEDF. Lab Investig.
2019;99: 1822-1834. doi:10.1038/s41374-019-0296-8

Costa GA, de Souza SB, da Silva Teixeira LR, Okorokov LA, Arnholdt ACV, Okorokova-Facanha AL,
et al. Tumor cell cholesterol depletion and V-ATPase inhibition as an inhibitory mechanism to
prevent cell migration and invasiveness in melanoma. Biochim Biophys Acta - Gen Subj.
2018;1862: 684-691. doi:10.1016/j.bbagen.2017.12.006

Licon-Munoz Y, Fordyce CA, Hayek SR, Parra KJ. V-ATPase-dependent repression of androgen

179



27.

28.

29.

30.

31.

32.

33.

receptor in prostate cancer cells. Oncotarget. 2018;9: 28921-28934. doi:
10.18632/oncotarget.25641

Uhlman A, Folkers K, Liston J, Pancholi H, Hinton A. Effects of Vacuolar H+-ATPase inhibition on
activation of cathepsin B and cathepsin L secreted from MDA-MB231 breast cancer cells. Cancer
Microenviron. 2017;10: 49-56. d0i:10.1007/s12307-017-0196-7

Flinck M, Hagelund S, Gorbatenko A, Severin M, Pedraz-Cuesta E, Novak |, et al. The Vacuolar H+
ATPase a3 subunit negatively regulates migration and invasion of human pancreatic ductal
adenocarcinoma cells. Cells. 2020;9: 1-22. doi:10.3390/cells9020465

Zou P, Yang Y, Xu X, Liu B, Mei F, You J, et al. Silencing of vacuolar ATPase ¢ subunit ATP6VOC
inhibits the invasion of prostate cancer cells through a LASS2/TMSG 1-independent manner. Oncol
Rep. 2018;39: 298-306. doi:10.3892/0r.2017.6092

Kulshrestha A, Katara GK, lbrahim SA, Riehl V, Sahoo M, Dolan J, et al. Targeting V-ATPase
isoform restores cisplatin activity in resistant ovarian cancer: inhibition of autophagy, endosome
function, and ERK/MEK pathway. J Oncol. 2019;2019: 2343876. doi:10.1155/2019/2343876

Katara GK, Kulshrestha A, Jaiswal MK, Pamarthy S, Gilman-Sachs A, Beaman KD. Inhibition of
vacuolar ATPase subunit in tumor cells delays tumor growth by decreasing the essential

macrophage population in the tumor microenvironment. Oncogene. 2016;35: 1058-1065.
doi:10.1038/0nc.2015.159

Son SW, Kim SH, Moon EY, Kim DH, Pyo S, Um SH. Prognostic significance and function of the
vacuolar H+-ATPase subunit VIE1 in esophageal squamous cell carcinoma. Oncotarget. 2016;7:
49334-49348. doi:10.18632/0oncotarget. 10340

Kulshrestha A, Katara GK, Ibrahim SA, Riehl VE, Schneiderman S, Bilal M, et al. /7 vivo anti-V-
ATPase antibody treatment delays ovarian tumor growth by increasing antitumor immune
responses. Mol Oncol. 2020;14: 2436-2454. doi:10.1002/1878-0261.12782

180



	Página 1
	Página 2
	Página 1

