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Abstract

Outer membrane: a key obstacle for new antimicrobial agents

Introduction: Antimicrobial resistance is one of the world’s major
challenges in both microbiology and public health since infections
caused by multidrug-resistant bacteria are reaching alarming levels.
The world is currently facing a global antibiotics crisis and some new

strategies need to be explored to tackle these resistant infections.

The outer membrane is a differential structure of Gram-negative
bacteria that works as a highly effective selective permeability barrier.
Thus, the permeation through the Gram-negative cell envelope is a

challenge for drug compounds to reach their targets.

One path to open new antimicrobial perspectives is the chemical
modification of old antimicrobial compounds that may result in
optimized drugs with improved antimicrobial properties. In this
context, the activity exploration of the derivatives of Microcin J25 and

Trimethoprim was carried out.

Hypothesis: The main hypotheses of this thesis are that chemical
modifications of current antibiotics may significantly contribute to
overcoming the problems arising from the increase and spread of
antibiotic resistance in bacteria. Moreover, the combination of these
modified compounds with old-rescued antibiotics may contribute to the
solution bases of the problem caused by resistance.

Objectives: The main objective of this thesis is to determine the
antimicrobial properties of chemically modified drug compounds. The
secondary objectives of this thesis are divided in two parts:

Microcin J25: Study of the antimicrobial activity of the modified
Microcin ]J25 as well as determination of its toxicity.

XXX1ii
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Trimethoprim: Study of the antimicrobial activity and cytotoxicity of the
Trimethoprim derivatives, exploration of the effect of the new
derivatives on the Dihydrofolate Reductase (DHFR) enzyme and start a

computational approach to decipher the intimal mechanisms of action.

Methodology: The antimicrobial activity of the derived compounds
was explored against planktonic bacteria (studying the Minimum
Inhibitory Concentration and the FIC index) and against sessile bacteria
(exploring the Minimum Biofilm Eradication Concentration and the
Biofilm Prevention Concentration). The growth curves of several
microorganisms in contact with these compounds and in combination
with colistin were also studied. The cytotoxicity of all the compounds
was tested. An enzymatic assay with E. coli DHFR as well as a docking
modelling were carried out to investigate the mechanism of action of
TMP derivatives.

Results: With respect to Microcin Mcc]25, it has been detected that the
chemical modification of the compound resulted in a new peptide
without antimicrobial activity. It acted synergistically with sublethal

concentrations of colistin.

When referring to Trimethoprim (TMP), some of the new derivatives
showed antibacterial similar to that of TMP. Moreover, almost all the
new TMP-like compounds acted synergistically with SMX. P. aeruginosa
PAO1 was fully resistant to TMP and all its derivatives as well as to the
combination of TMP-SMX. The combination of TMP, TMP-like
molecules and SMX with colistin enhanced their antimicrobial efficacy
against E. coli, P. aeruginosa and S. marcescens. Compounds la and 1b,
like TMP, strongly inhibited the activity of the E. coli DHFR.
Additionally, it was detected that the heterocyclic ring of the compound
1a fills the pocket occupied by the nicotinamide ring of NADPH.
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Abstract

Conclusions: The present PhD thesis has led to some relevant
conclusions. With respect to Microcin MeccJ25, the chemical
modification of the compound avoided its detection by the membrane
receptor FhuA. Moreover, it did not affect the interaction with the target
and, as the polymyxin facilitated the microcin entrance across the
membrane, once inside the cell, the new compound retained its ability

to inhibit the growth of bacteria.

When referring to Trimethoprim (TMP), the derivatives showed
interesting antimicrobial activities acting synergistically with SMX. The
combination of TMP, TMP-like molecules and SMX with colistin
enhances their antimicrobial efficacy by permeabilizing the cells.
Compounds 1a and 1b, like TMP, strongly inhibited the activity of the
E. coli DHFR and it was suggested that both molecules interact with the

analogues during inhibition.

The search of new antimicrobial compounds is one of the main
pathways to overtake bacterial resistance to antibiotics. All putative
compounds should be tested in conditions in which outer membrane
role as permeability barrier is inactivated. Their assay together with
sublethal concentrations of colistin is proposed as one of the methods of

election.
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Resumen

Membrana externa: un obstaculo clave para los nuevos agentes

antimicrobianos

Introduccion: La resistencia a los antimicrobianos es uno de los
principales desafios del mundo tanto en microbiologia como en salud
publica, ya que las infecciones causadas por bacterias multirresistentes
estan alcanzando niveles alarmantes. Actualmente el mundo se enfrenta
a una crisis de antibioticos y es necesario explorar nuevas estrategias

para abordar estas infecciones resistentes.

La membrana externa es una estructura diferencial de bacterias
Gramnegativas que funciona como una barrera de permeabilidad
selectiva altamente efectiva. Por lo tanto, la permeacion a través de la
envoltura de células Gramnegativas es un desafio para que los

compuestos farmacologicos alcancen sus dianas.

Una opcion para abrir nuevas perspectivas antimicrobianas es la
modificacién quimica de compuestos antimicrobianos ya existentes que
pueden resultar medicamentos optimizados con propiedades
antimicrobianas mejoradas. En este contexto, en esta tesis se llevo a cabo
la exploracion de la actividad de los derivados de Microcina J25 y

Trimethoprim.

Hipétesis: Las principales hipdtesis de esta tesis son que las
modificaciones quimicas de los antibidticos actuales pueden contribuir
significativamente a superar los problemas que surgen del aumento y la
propagacion de la resistencia a los antibidticos en las bacterias. Ademas,
la combinacién de estos compuestos modificados con antibidticos
antiguos rescatados puede contribuir a resolver el problema causado

por la resistencia.
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Objetivos: El principal objetivo de esta tesis es determinar las
propiedades  antimicrobianas de compuestos quimicamente
modificados. Los objetivos secundarios de esta tesis se dividen en dos
partes:

Microcina J25: Estudio de la actividad antimicrobiana de la Microcina

J25 modificada, asi como determinacion de su citotoxicidad.

Trimethoprim: Estudio de la actividad antimicrobiana y citotoxicidad
de los derivados de Trimethoprim, exploracion del efecto de los nuevos
derivados sobre la enzima Dihidrofolato Reductasa (DHFR) e inicio de
una aproximacion computacional para descifrar los mecanismos de

accién de los derivados de TMP.

Metodologia: Se explord la actividad antimicrobiana de los compuestos
derivados frente bacterias plancténicas (estudiando la Concentracion
Minima Inhibidora y el indice FIC) y frente bacterias sésiles (explorando
la Concentracion Minima de Erradicacion de Biofilm y la Concentraciéon
de Prevencién de Biofilm). También se estudiaron las curvas de
crecimiento de varios microorganismos en contacto con estos
compuestos y en combinacion con colistina. Se ensayd la citotoxicidad
de todos los compuestos. Se llevd a cabo un ensayo enzimatico con E.

coli DHFR asi como un modelo de docking.

Resultados: Con respecto a la Microcina Mcc]25, se detectd que la
modificacién quimica del compuesto dio como resultado un nuevo
péptido sin actividad antimicrobiana. Esta actu6 de forma sinérgica con

concentraciones subletales de colistina.

En cuanto a Trimethoprim (TMP), algunos de los nuevos derivados
mostraron un efecto antibacteriano similar al de TMP. Ademas, casi

todos los nuevos compuestos actuaron sinérgicamente con SMX. P.

x1



Resumen

aeruginosa PAOL1 fue totalmente resistente a TMP y todos sus derivados,
asi como a la combinacién de TMP-SMX. La combinacion de TMP,
analogos de TMP y SMX con colistina mejoro su eficacia antimicrobiana
contra E. coli, P. aeruginosa y S. marcescens. Los compuestos 1ay 1b, como
TMP, inhibieron la actividad de la DHFR de E. coli. Ademas, se observo
que el anillo heterociclico del compuesto 1a llena el bolsillo ocupado por
el anillo de nicotinamida de NADPH.

Conclusiones: La presente tesis doctoral ha identificado algunas
conclusiones relevantes. Con respecto a la Microcina Mcc]25, la
modificacidon quimica del compuesto evitd su deteccion por el receptor
de membrana FhuA. Ademads, no afectd la interaccién con la diana
celular debido a que la polimixina facilit6 la entrada de la microcina a
través de la membrana y, una vez dentro de la célula, el nuevo
compuesto conservd su capacidad para inhibir el crecimiento de las

bacterias.

En cuanto a Trimethoprim (TMP), los derivados mostraron actividades
antimicrobianas interesantes actuando sinérgicamente con SMX. La
combinacion de TMP, derivados de TMP y SMX con colistina mejora su
eficacia antimicrobiana al permeabilizar las células. Los compuestos 1a
y 1b, como TMP, inhibieron fuertemente la actividad de la DHFR de E.
coli y se sugiri6 que ambas moléculas interactian con los analogos

durante la inhibicion.

La busqueda de nuevos compuestos antimicrobianos es una de las
principales vias para superar la resistencia bacteriana a los antibioticos.
Todos los compuestos putativos deben ensayarse en condiciones en las
que el papel de la membrana externa como barrera de permeabilidad
esté inactivo. El ensayo de nuevos compuestos junto con
concentraciones subletales de colistina se propone como uno de los

métodos de eleccion.
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1. INTRODUCTION

Bacteria exist in varied sizes and shapes and it is crucial to understand
their structure and the specialized functions of the different components
that make them up to be able to identify potential antibiotic targets to

treat infectious diseases.

1.1.  Bacterial cell envelope structure: overview

The bacterial cell envelope is a complex and sophisticated structure,
formed by multiple layers, that protect bacteria from their uncertain and
frequently hostile environment. Bacterial cells must interact selectively
with their environment since they need to acquire nutrients from the
outside and eliminate waste from the inside!. The different layers that
form the cell envelopes are the cell membrane, the cell wall and
periplasm; their structure and specialized functions are described

below.

The cell or cytoplasmic membrane limits the cytoplasm and separates
the inside of the cell from the extracellular space. It acts as a selectively
permeable barrier, preventing or allowing the movement of some ions
and molecules. Transport systems are used to help some compounds to

cross the cell membrane?.

The cell wall is a relatively permeable layer found outside the cell

membrane that gives structural strength and integrity to the cell since it
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has a semi-rigid structure. The cell wall structure, chemical
composition, and thickness are different in Gram-positive and Gram-

negative bacteria (
Figure 1).

In 1884, the Danish bacteriologist Christian Gram developed a staining
method to classify bacteria into two groups depending on the structural
differences in their cell envelope. The first group (Gram-positive)

stained purple whereas the second (Gram-negative) stained pink®.

O-antigen

Core
saccharide

, |Outer
membrane

Peptidoglycan
Periplasm

Cell
membrane

Gram-positive Cytoplasm Gram-negative
Nowadays, it is a frequently used staining technique for the initial

classification of unknown isolates of bacteria.

Figure 1. Gram-positive and Gram-negative cell envelopes. WTA: wall teichoic acid,

CAP: covalently attached protein, LTA: Lipoteichoic acid, IMP: Integral membrane
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protein, LPS: Lipopolysaccharide, OMP: Outer membrane protein and LP: lipoprotein.

Figure extracted from Silhavy et al,.2010%

1.1.1. Gram-positive bacterial wall

The Gram-positive bacteria cell wall consists of a single mesh-like layer
of peptidoglycan (PG) surrounding the cell membrane. Since Gram-
positive bacteria lack an outer lipid membrane, the thickness

constituting the cell wall is 30-100nm?.

Gram-positive bacteria usually contain teichoic acids attached to either
the layers of peptidoglycan (WTA: wall teichoic acids) or the cell
membrane lipids (LTA: Lipoteichoic acids). Both types are attractive
targets for novel antimicrobial agents. These acids are negatively
charged which gives Gram-positive bacteria their negative charge®.
Moreover, some surface proteins used for the recognition of host

components are attached to peptidoglycan or teichoic acids.

1.1.2. Gram-negative bacterial wall

In contrast, the Gram-negative cell wall is quite complex, and it varies
in several ways from the Gram-positive envelopes. It has a thinner
peptidoglycan layer surrounding the cell membrane or inner membrane
(IM) which is covered by an outer membrane (OM). Between the IM and
the OM, there is the periplasmic space filled with an aqueous substance,
the periplasm, which contains proteins that participate in some relevant

processes such as nutrient uptake or peptidoglycan synthesis?.
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The inner membrane is a 2 to 7 nm thick phospholipid bilayer and is
where the proteins that are in charge of the energy production, lipid

biosynthesis, protein secretion and transport, are located.

The outer membrane is a differential structure of Gram-negative
bacteria that works as a highly effective selective permeability barrier
that protects the cell from external toxics. Being the OM of E. coli the best
studied, it is used as a model among the other species OMs. It is a lipid
bilayer of 7 to 8 nm thick. The inner leaflet of the membrane is formed
by phospholipids and the outer is composed of glycolipids, mainly
lipopolysaccharides (LPS). LPSs are large and complex molecules
composed of lipid and carbohydrate and formed by three differentiated
parts: a) Lipid A, b) the core polysaccharide and c) the polysaccharide
chain called the O-antigen. The chains of lipid A are embedded together
within the membrane by van der Waal forces while divalent cations
(Mg? and Ca?) are intercalated between LPS molecules which stabilize
them®. LPS develop many significant functions such as stabilization of
the OM structure, creation of a permeability barrier or the participation

in the bacterial attachment to surfaces and biofilm formation.

The proteins attached to the OM can be divided into two main groups:
lipoproteins and 3-barrel proteins. The former are anchored in the inner
leaflet of the membrane while the latter are transmembrane proteins
and are named outer membrane proteins (OMPs). Despite being a
permeability barrier, the OM allows the entrance of small molecules and

nutrients through the narrow channels formed by a class of OMPs called
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porins. Furthermore, some other minor proteins, synthesised mainly
when required, exist. Some examples are TonB-dependent receptors
(e.g. FhuA and FepA) or other porins (e.g. PhoE and LamB). E.
coli produces three trimeric porins named OmpF, OmpC, and PhoE
which are highly expressed. Nevertheless, there are some Gram-
negative bacteria such as P. aeruginosa that lack these porins. They
produce OprF, a non-specific porin that is a homolog of theE.

coli OmpA and many specific porins’.

Larger molecules need to be transported across the OM by specific
carriers. In addition, the OM works as an attachment surface of some

organelles such as pili which are relevant in bacterial pathogenesis.

The cell envelope of Gram-negative bacteria harbours other essential
structures such as multidrug efflux pumps. Efflux pumps are energy-
dependent transporters capable to actively extrude a huge variety of
toxic molecules such as antibiotics and non-antibiotic compounds like
dyes, detergents, and heavy metals, among others®. Six families of
bacterial drug efflux pumps have been identified. They are the ATP-
binding cassette (ABC) family, the major facilitator superfamily (MFS),
the multidrug and toxin extrusion (MATE) family, the small multidrug
resistance (SMR) family, the resistance- nodulation-cell division (RND)
superfamily and the proteobacterial antimicrobial compound efflux
(PACE) family. The ABC family uses ATP as the energy source to drive
transport while the other five families are powered by electrochemical

energy obtained in transmembrane ion gradients®!?. AcrAB-TolC is one
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of the efflux pumps that are expressed in E. coli. It is formed by TolC, an
outer membrane protein, AcrA, a periplasmic adaptor protein and

AcrB, an inner membrane transporter from de RND superfamily!!12,

These structures, coupled with porins, OMP and LPS, are crucial for the
proper functioning of the cell and play a major role in antimicrobial

resistance.

Drug permeation through Gram-negative cell envelope

The permeation through the Gram-negative cell envelope is a challenge
for drug compounds to reach their targets’. In the outer membrane, the
LPS layer is barely permeable for any compound and especially
hydrophobic molecules. The existence of porins provides the only gates
for antibiotics to cross the outer membrane. However, they have some
limitations regarding the sort of chemical structures allowed to pass,
usually small, hydrophilic and polar molecules. The inner membrane is
permeable to small hydrophobic molecules and allows the limited
diffusion of hydrophilic molecules. On top of that, once the drug
compounds have been able to cross the outer membrane, the efflux

pumps are likely to expel them from bacteria (Figure 2).
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Figure 2. Drug permeation mechanisms through the Gram-negative cell envelope.
Drugs pass through porins in the outer membrane or through the membrane itself. Once
inside the cell they are extruded by efflux pumps such as AcrAB/TolC of E. coli. Figure

extracted from Lewis, 202012.

Although academia and the pharmaceutical industry are making a great
effort for the discovery of novel compounds, nowadays there are only a
few drugs in development that are effective against Gram-negative

bacteria.
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1.2. Antimicrobials’ overview

An antibiotic is a substance used to treat or prevent a microbial
infection. It is a drug used to kill or control the growth of
microorganisms in a host. Effective antimicrobial drugs display
selective toxicity, at therapeutic concentrations killing or inhibiting

pathogens without harming the host'.

The old concept of antibiosis was first used by Paul Vuillemin in 1889
who generated an antonym of symbiosis'>!¢. The term was created to
define the antagonistic action between different microorganisms such
as bacteria, fungi and protozoan. The term was originally used to
describe natural products, often secondary metabolites, produced by
bacteria or fungi and able to inhibit the progression of other microbes.
Later, it acquired a broader meaning and, nowadays, also includes
molecules designed and totally or partially synthesized in chemistry
laboratories. Nevertheless, the term antibiotic is being progressively

displaced by the term antimicrobial or antimicrobial agent.

1.2.1. Antibiotics mechanisms of action

The mechanisms of action or modes of action of antibiotics are diverse.
One possible classification is based on the cellular component or system

they affect. They are mainly 5 antimicrobial targets(Figure 3)!7%:

10
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Figure 3. Antibiotic targets. Adapted from Lewis, 2013 and Wright, 2010 with

BioRender.

i.  Cell wall synthesis inhibitors may cause modifications to cell
shape and size, induction of cell stress responses and cell lysis
(e.., P-lactams and glycopeptides).

ii.  Cell membrane synthesis disruptors produce changes in the
permeability of the membrane (e.g. daptomycin).

iii.  Protein synthesis inhibitors are divided into the ones that affect
subunit 50S (e.g. macrolides, amphenicols) and the ones that
affect 30S (e.g. tetracyclines, aminoglycosides).

iv.  Nucleic acid synthesis inhibitors: This group includes inhibitors
of DNA replication (DNA synthesis and DNA gyrase) and

inhibitors of RNA synthesis (e.g. quinolones and rifampicin).

11
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v.  Metabolism disruption such as inhibition of the folate synthesis

pathway (e.g. Trimethoprim and Sulphonamides)

In addition, it is significant whether antimicrobial drugs are bactericidal
and therefore induce cell death or bacteriostatic when they solely inhibit

cell growth.

1.2.2. Antibiotics history

Infectious diseases have been a global challenge throughout time. Due
to this fact, the introduction of antibiotics into clinical use was one of the
greatest medical signs of progress of the XX century®. In Figure 4, the

timeline of the introduction of antibiotics to the clinic is shown.

12
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Figure 4. Antibiotics timeline. The compounds appear in the year of their introduction
to the clinic. The colours of each antibiotic show their different sources: Pink globes
represent synthetic antibiotics; blue globes represent Actinomycete natural products;
grey globes represent natural products from other bacteria and green globes represent
fungal natural products. The years in the clear zone show the Golden Era of antibiotic

discovery. Adapted from Lewis, 2020'2 and Hutchings et al., 2019%.

Although the supply of the first antibiotics themselves began in the
1900s, there is evidence that they have been used for ages by ancient
civilizations in Egypt, China, Serbia, Greece and Rome. There have been
found many references to the benefits of the topical application of

mouldy bread to treat open wounds among other naturally available

treatments202t,

During the Middle Age, the plaopa (miasma) theory was used to

explain contagious diseases, its meaning was something like

13
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contaminated air?2. It was in 1546 when Fracastoro suggested that
extremely small particles acting as seeds were the causative agents of
such diseases?, and more than three centuries later, the relationship
between bacteria and disease was demonstrated. In a parallel history,
the advance of knowledge allowed the start of the fight. On the one
hand, the Hungarian physician Ignaz Semmelweis called attention to
the convenience to apply hygiene measures in hospital, mainly
stimulating the habit to wash hands and the use of chlorinated solutions
when examining patients. His contribution led to such a spectacular
reduction in puerperal infections that he was called ‘saviour of
mothers’. On the other hand, Joseph Lister, a surgeon of the Glasgow
hospital started the treatment of surgical wounds with phenol reaching
a drastic reduction of post-surgery infections?. The second half of the
XIX century was the richest period in terms of research, mainly in
France and Germany where the works of the schools of Louis Pasteur
and Robert Koch did the decisive demonstration of the bacterial origin
of infections as well as built the fundamentals of the modern

microbiology?.

The first antibiotic was discovered in Italy in 1893 by Gosio'®. It was a
compound produced by Penicillium  brevicompactum  called
mycophenolic acid. The molecule was active on Bacillus anthracis and it
was the first antibiotic compound crystallized. This discovery was
published in Italian and therefore it remained unnoticed until
mycophenolic acid was rediscovered in 1913. It demonstrated a poorly

selective spectrum having antibacterial, antiviral, antifungal, antitumor

14
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and anti-psoriasis properties, in other words broadly toxic. In
consequence, its clinical use was abandoned due to undesired adverse
effects. Nevertheless, it is nowadays being used as an

immunosuppressant to prevent transplant rejection?.

It was not until Paul Ehrlich laboratories synthesized arsphenamine at
the beginning of the XX century, that the synergism between
microbiology and chemistry began and with it, the beginning of the
modern chemotherapeutic era. It was an arsenic-based chemical active
against Treponema pallidum, the causative agent of syphilis and it was
approved as a drug under the name of Salvarsan in 19102, The finding
was due to the fascination of Paul Ehrlich for the fact that biological
structures could be stained differentially and that bacteria stain stronger
than human tissues. This observation was the germ for the elaboration
of the so-called Zauberkugel (magic bullet)?. Microbiologists, cell
biologists and chemists still work looking for magic bullets. For almost
four decades Salvarsan and its improved forms (Neo-Salvarsan and
Solu-Salvarsan) were the treatment of choice for syphilis and used in

veterinarian medicine as well?.

Several coincidences led to one of the major discoveries in microbiology
ever. In 1928, when Alexander Fleming returned from his vacations,
several plates of Staphylococcus were contaminated by a fungus. Despite
discarding the plates, he did a careful examination and realized that the
vicinity of the mould colonies was free of staphylococci®®. It was not

until 1940 that Florey and Chain completed the purification of penicillin,

15
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the substance responsible for the staphylococci inhibition??”. This event
is regarded as the birth of the antibiotic era. At the beginning of the
penicillin era, all products were natural and purified. However,
attempts were immediately made to fully or partially synthesize
molecules with similar characteristics. The first synthetic penicillin was

produced in 1957 (Penicillin V).

Similarly, sulphonamides have their own history. Discovered as
antimicrobials by Domagk, emerged in the market in 1935%.
Throughout their history, sulphonamides have been used for many
kinds of infection and later, almost always used associated with
trimethoprim, a compound that inhibits the same metabolic pathway as

sulphonamides (the folic acid synthesis) (see section 1.2.4.2).

The discovery of antimicrobial molecules produced by microorganisms
led Selman Waksman to perform a systematic research of soil bacteria
(largely actinomycetes) as producers of antimicrobials®. This process is
known as Waksman platform and is estimated that over 10,000 strains
were examined??. Subsequently, a worldwide search for antimicrobial
compounds began and with it, the Golden Age of antibiotic discovery

which lasted from 1940’s to 1960"s%.

In 1945 Cephalosporins were discovered and, despite not being useful
for clinical applications at the beginning, their mode of action, broad-
spectrum and potency inspired many researchers who were involved in

the synthesis of new antimicrobial molecules.

16
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Unfortunately, after 50 years of drug discoveries, few new antimicrobial
classes have been found. Some of them are nitrofuran (1953), quinolones
(1960) and oxazolidinones (1987). In addition, some old antimicrobials
such as linezolid (1955) and daptomycin (1986) have been modified and

commercialized in recent years®.

Currently, the number of antibiotics in the market comprises several

molecules that act on different targets.

1.2.3. Bacteriocins

A particular kind of antimicrobials are bacteriocins. Bacteriocins are
bioactive antimicrobial peptides (AMPs) produced by prokaryotes.
They are amphipathic molecules with a positive net charge, synthesized
in the ribosome and released extracellularly. Most of them interact with
plasma membranes binding to the negatively charged phospholipids,
forming pores that destroy the membrane potential which drives to cell

death3!.

In 1925, the Belgian microbiologist André Gratia succeeded in the
detection of antagonisms between different Enterobacteriaceae strains.
Thereafter, it was in 1947 when Pierre Fredericq identified the first
bacteriocins as toxic molecules for bacteria taxonomically and

phylogenetically close to the producers®.

17
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Polymicrobial environments with scarce nutrients give rise to the
production of peptides to eliminate other bacterial species which
compete for space and resources. Normally, bacteriocins only affect
bacteria closely related to the producer (row spectrum). Many of them,
though, can be active against a wider range of bacteria (broad-
spectrum)334, Their mechanisms of action are diverse, from pore

formation to enzyme inhibition.

Even though the broad majority of microcins are produced by Gram-
Positive bacteria, especially by lactic acid bacteria, almost all bacteria
can produce at least one bacteriocin. This large variety of antimicrobial
molecules coupled with their specificity leads to their use in multiple
applications such as pharmaceutical, industrial, or biotechnological®*%®.
They are considered to play a key role in modulating the intestinal

microbiota3.

Bacteriocins are classified in an open-access database called
DACTIBASE where they are characterized. Dactibase is available at:

http://bactibase.hammamilab.org/main.php?.

1.2.3.1. Microcins

Bacteriocins produced by Enterobacteria are called microcins. They are
ribosomally synthetized molecules with low molecular weight

(<10kDa).

18
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Microcins were originally studied in 1974 by a Spanish microbiology
group whose leaders Fernando Baquero and Carlos Asensio gained a
prominent position in the international scenario of microbiological
research’®, It has been demonstrated that microcins play a crucial role
in the output of the competition between the large amount and diversity
of bacteria present in the human gut. The intestinal content is composed
of a huge number of molecules. Some of them have a positive influence
on bacteria while others exert a negative effect. The intestinal tract of
mammals is complex and partially open, thus influenced by external
microbiota. Because of that, it has been defined as “invironment,” a
shared space where the interior and the exterior of the organism
merge®. The effect of chemical substances of bacterial origin on bacterial
growth has led to consider the intestinal microbiota as a source of new
antimicrobials. Thus, it makes microcins and other bacteriocins
attractive to be investigated for the replacement of the obsolete

conventional antibiotics.

In 1982 Aguilar et al.* reported the purification method and proposed a
mechanism of action for a microcin so-called 15m, which was the origin
of a long history of research dealing with microcins from E. coli.
Microcin 15m inhibits RNA synthesis as a result of the methionine
starvation caused by the antibiotic. Thus, a decrease in the RNA

accumulation occurs, among other modifications.

Microcins are produced by multiple genera such as Escherichia,

Salmonella, Klebsiella, Shigella, Enterobacter and Citrobacter and they are

19
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important in the microbial competition®4!. Most of them are plasmid-
encoded although chromosome-encoded microcins have also been
described.  Their biosynthetic gene clusters present a partially
conserved organization formed by a) a structural gene encoding the
microcin precursor, b) a self-immunity gene that protects the microcin-
producing strain against its toxic molecule, c) genes encoding the export
system, and, frequently, d) several genes encoding auxiliary proteins or

modification enzymes*24,

Microcins are active against enteropathogenic E. coli, Salmonella,
Klebsiella and Shigella. Since they have a narrow spectrum of inhibition,
their use may mean the preservation of the microbiota and have fewer
side effects than current antibiotics. They normally hijack nutrient
uptake pathways to penetrate their phylogenetically close bacterial
targets. Their mechanisms of action are diverse, they act blocking vital
functions on the target cell. Inside the bacteria, they perturb several and
varied cellular targets such as transcription, translation, DNA structure,

mannose transport, energy production or cell envelope function3>341,

According to the classification proposed by Duquesne et al.*3, microcins

are divided into two different groups:

- Class I formed by small molecules (<5 kDa) with
posttranslational modifications of their peptide backbone (e.g.,

microcin B17, C7-C51, D93 and ]25)

20
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- ClassIl composed of higher molecular mass peptides (5-10 kDa)
which may or may not undergo posttranslational modifications.
This group can be divided into two subclasses:

o Class Ila: Microcins that require three different genes to
synthesise and assemble functional peptides (e.g.,
microcin L, N, V)

o Class IIb: Lineal peptides (e.g., microcin E492, M, H47)

Microcin J25

Microcin J25 (Mcc]25) is the best studied microcin up to date. It was
originally isolated in 1992 by Salomoén and Farias from AY25, a faecal

strain of Escherichia coli*.

Mcc]25 is produced by E. coli strains when cultures approach the
stationary phase and its production is increased by iron limitations*4.
For its production, a plasmid-borne mcjABCD biosynthetic gene cluster
is required*. The mcjA gene encodes a 58-residue precursor McjA, the
mcjB and mcjC gene products catalyse the McjA maturation, and mcjD
mediates the export of mature Mcc]25 to the periplasm through the ABC
transporter McjD and participates in the resistance to the microcin of the

producing cells providing self-immunity*>46-.
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Mcc]25 is a plasmid-encoded and ribosomally synthesized peptide
composed of 21 amino acids. It is a lasso peptide, and its peculiar
structure consists of an 8-aminoacid ring and a 13 amino acid tail that
loops through the ring. The ring is formed by a lactam bond between
the a-amino group of Glyl and the y-carboxyl group of Glu84%55!
(Figure5). A B-hairpin structure is formed between the amino acids 10
and 16. This region is involved in the recognition of the molecule by the
cell membrane proteins®’. The unusual lasso topology of MccJ25 is
responsible for the remarkably high stability of MccJ25. It makes the
peptide resistant to denaturation by high temperatures and

proteolysis®2%,

Figure 5. Schematic representation of Microcin ]J25. Adapted from Martin-Goémez ef

al.,2019 %,
It shows bactericidal activity towards several Gram-negative pathogens

related to the producer strain, including E. coli, Salmonella and Shigella

44,50
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The microcin J25 uptake by target bacteria cells depends on the iron-
siderophore receptor FhuA which is located on the outer membrane
forming a closed channel®%. FhuA uses the electrochemical gradient of
protons generated by the TonB-ExbB-ExbD inner-membrane complex
to energize the transport of its substrates®8. The inner membrane
protein SbmA is responsible for transporting Mcc]25 from the periplasm

to the cytoplasmic space (Figure 6)%.
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Figure 6. Microcin ]25 uptake by target bacteria. Created with BioRender.

Once in the cytoplasm, the suggested mechanism of action of MccJ25 is
the inhibition of the RNA polymerase (RNAP) of sensitive bacteria
repressing the first two stages of transcription: abortive initiation and

elongation348,
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The first step of gene expression is the transcription of DNA to RNA,
carried out by RNA polymerase®. The bacterial RNAP exists in two
configurations: core and holoenzyme. The core enzyme consists of five
subunits: a-dimer (a2), 3, ', and w. Although being catalytically active,
the core enzyme needs to form a holoenzyme, binding an initiation
factor, o, to recognize the specific DNA sequences (promoters) and
initiate the transcription®¢!. The RNAP molecule is formed by a "crab
claw" structure, with an internal channel running along its full length,
where the transcribed DNA binds. Apart from the main channel, RNAP
has a secondary channel close to the catalytic centre through which the

nucleoside triphosphates (NTPs) are supplied®>¢2.

Microcin J25 first binds onto the secondary channel on the RNAP, and
then blocks it interfering with the entry of NTPs to the RNAP active
site®®. The Mcc]25 [-hairpin loop structure appears to be necessary for
the peptide uptake by the membrane protein FhuA but not for RNAP

binding or respiration inhibition®.

Being transcription essential for protein production, RNAP is seen as an
interesting antibacterial target. One of the most studied bacterial RNAP
inhibitors is rifampicin. This antibiotic acts binding to RNAP and
blocking elongation of RNAs®*. It is nowadays one of the most powerful
and broad-spectrum antibiotics against bacterial pathogens and is a key

element of the therapy against mycobacterial infections®.
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Moreover, it has been seen that MccJ25 has another independent
mechanism of action in E. coli. It also acts at the level of the respiratory
chain generating an increment in the production of reactive oxygen

species (ROS)%546,

1.2.4. The antifolates

The antifolates are compounds that act blocking the folate biosynthesis.
The folate biosynthetic pathway is an interesting key target for the
development of new therapies against infectious diseases because it has
an essential role in the synthesis of one-carbon (C1) donors in a variety
of biosynthetic and degradative processes. It is crucial in the
biosynthesis of purines, thymidylate, pantothenate, RNA and amino
acids, such as methionine and glycine-to-serine conversion®. In most
microorganisms, dihydrofolate is synthetised de novo from early
precursor molecules. Briefly, dihydropteroate synthetase (DHPS) is the
enzyme that performs the condensation of 6-hydroxymethyl-7,8-
dihydropterin pyrophosphate with pABA yielding to the folate
intermediate 7,8-dihydropteroate. DHPS is the target of sulfonamide
drugs such as Sulfamethoxazole. Dihydrofolate synthetase (DHEFES)
catalyses the condensation of glutamate with 7,8-dihydropteroate to
yield dihydrofolate. In the next step of the pathway, dihydrofolate
reductase (DHFR) catalyses the reduction of dihydrofolate to

tetrahydrofolate using nicotinamide adenine dinucleotide phosphate
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(NADPH) as a cofactor®” (Figure 7). DHFR is the enzyme target of

Trimethoprim.

The early steps of this pathway are selective for bacteria as higher
eukaryote organisms obtain folic acid from diet, so they do not depend
on its endogenous synthesis and generally lack DHPS. They do reduce

folic acid to tetrahydrofolate using DHFR®.

Pteridine PABA
Dihydropteroate
Synthetase ——— Sulfonamides
Dihydropteroic Acid
Dihydrofolate
Synthetase Synergy

Dihydrofolic Acid

Dihydrofolate ) )
Reductase Trimethoprim
(TMP, 1) )
Thymine
i i Purines
Tetrahydrofolic Acid (THF) ———— > et
Glycine

Figure 7. Folic acid biosynthetic route. Enzymes are shown inside a box and enzyme

inhibitors marked in red. Figure extracted from Pedrola ef al., 2019 7.
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1.2.4.1. Trimethoprim

Trimethoprim (TMP, 5-[(3,4,5-trimethoxyphenyl) methyl] pyrimidine-
2,4-diamine) is a well-known antimicrobial agent. It was discovered in

1956 by Gertrude Belle Elion and George Herbert Hitchings”.

It was first used for the treatment of infections in humans in 1962. It has
been used clinically alone and in combination with sulphonamides

since 1968, when it was registered”.

Trimethoprim belongs to a group of antibacterial compounds called

diaminopyrimidines (Figure 8).
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Figure 8. Trimethoprim chemical structure. Figure extracted from PubChem?.
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TMP is a synthetic, broad-spectrum antimicrobial agent that acts on a
late step in the pathway of folate synthesis, inhibiting the dihydrofolate

reductase of bacteria.

Since trimethoprim has excellent properties such as a wide antibacterial
spectrum, low cytotoxicity and few side effects, it has been an

extensively prescribed antimicrobial agent.

TMP is included in the Model List of Essential Medicines from the
World Health Organization (WHO). In combination with
sulfamethoxazole, it is recommended for the treatment of lower urinary
tract infections (UTIs) as first choice and for the treatment of acute

invasive diarrhoea and bacterial dysentery as second choice”.

Dihydrofolate reductase

Dihydrofolate reductase (DHFR, EC 1.5.1.3) is an enzyme ubiquitously

expressed in all kingdoms of life.

DHFR catalyses the reduction of 7,8-dihydrofolate (H:F) to 5,6,7,8-
tetrahydrofolate (HsF) using NADPH as a cofactor (Equation 1)?. This
conversion is by hydride transfer from C4 of the NADPH cofactor to the
C6 atom of the pterin ring of H:F and an additional concomitant

protonation of the dihydrofolate on N577.
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DHEFR

7,8-dihydrofolate + NADPH + H+ <«—» 56,7 8-tetrahydrofolate + NADP+

Equation 1. Reduction of dihydrofolate to tetrahydrofolate. Reaction catalysed by

dihydrofolate reductase (DHFR).

This reaction is essential in the novo pathway synthesis of purine,

thymidine and certain amino acids”.

Being the activity of DHFR fundamental, it is seen as an interesting
therapeutic target to disrupt systems that require a fast DNA turnover.
Therefore, it has been used as a drug target in the treatment of infectious
diseases and the treatment of cancer’. Trimethoprim and Methotrexate

(MTX) are used as antibacterial and antitumor drugs respectively.

One of the key features concerning DHFR inhibitors is their species
selectivity. The identification of small differences between the target
enzyme and the host enzyme can lead to the development of successful
treatments’. Regarding Escherichia coli and human DHFR enzymes,
they have less than 30% of sequence alignment”””. Despite this fact, both

have a highly conserved structure.

DHER is folded into an eight-stranded [3-sheet which consists of seven
parallel strands and an antiparallel one that leads to the carboxyl

terminus. The B-strands are flanked by two a-helices on either side”.
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DHEFR is composed of two subdomains, the adenosine-binding domain,
which binds the adenosine portion of NADPH, and the loop domain,
which is dominated by three loops. The Met20 loop, the BF-BG loop, and
the BG-BH loop create the space where the active site is located.
Regarding the reaction catalysed by E. coli, during the catalytic cycle,
the DHFR Met20 loop (residues 9 to 24) adopts three conformations
determined by crystallography, open, closed and occluded #4! . The
enzyme cycles through five complex intermediates (Figure 9 A).

Ho

NADP*

H,F

NADPH

hydride
transfer

Figure 9. Conformational changes during the catalytic cycle of Dihydrofolate Reductase
(DHFR). A) Met20 loop conformations for the five different complexes within the DHFR

catalytic cycle. B) Representations of the structure of the ternary complexes of E:
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NADPH: H2F (left) and E: NADP+: H4F (right) during the hydride transfer. Figure

adapted from Boehr et al., 2006%2 .

In the substrate complexes (the holoenzyme and Michaelis complex),
the Met20 loop adopts the closed conformation. In the product

complexes, the loop switches to the occluded conformation.

Fast hydride transfer from NADPH to HzoF occurs in the Michaelis
complex (E: H2F: NADPH) to yield the product complex (E: H4F:
NADP+) (Figure 9 B). The following liberation of the cofactor produces
the binary complex E: H4F and NADPH rebinds to assist the product
release. Then, E: NADPH is formed again, and the cycle is

completed®082-84,

In enzyme catalysis, protein catalysis plays a key role. Understanding
the protein conformation movements may be relevant for the design of

new DHER inhibitors.

1.2.4.2. Sulphonamides: Sulfamethoxazole

Sulphonamides are structural analogues of pABA substrate. They

inhibit competitively dihydropteroate synthase (DHPS).

The history of these compounds started in 1932 when Gerhard Domagk

showed that the dye Prontosil rubrum prevented mice intraperitoneally
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infected with Streptococcus pyogenes from contracting peritonitis®. This
compound had been synthetised in the laboratories of the Friedrich
Bayer Company by Josef Klarer and Fritz Mietzsch. Afterwards, it was
discovered that Prontosil hydrolysed in vivo to the active molecule
sulphanilamide which was responsible for the antimicrobial activity of

the dye. Prontosil started being commercially available in 1935%%.

Since then, a huge number of compounds derived from sulphanilamide,
known as sulphonamides or sulpha drugs, have been synthetised. They
were the first class of antimicrobials that went into large-scale
production and, rapidly, became widely used in clinical settings.
Because of the lack of regulation during that time, sulphonamides came
to be victims of their own success. The resistance to these drugs became

broadly disseminated.

Nowadays, the use of sulphonamides is quite limited. The reasons are
the discovery of new and more effective antimicrobials, the
sulphonamides widespread resistance and their hard and current side

effects?®.

Sulfamethoxazole (SMX, 4-amino-N-(5-methyl-1,2-oxazol-3-yl)
benzenesulphonamide) is an antibacterial sulfonamide (Figure 10). It is
the most commonly used sulfonamide due to its combination with

trimethoprim called cotrimoxazole. They act synergistically against a

32



Introduction

wide range of bacteria because both drugs affect the same metabolic

pathway.

{ 0

Figure 10. Sulfamethoxazole chemical structure. Figure extracted from PubChem?.

1.2.5. Colistin

Polymyxins are a polypeptide antibiotic family and were first isolated
in 1947 from the soil bacterium Paenibacillus polymyxa. They include five
different compounds (A, B, C, D and E) and are characterized by its
potent and specific activity against Gram-negative bacteria®.
Polymyxins were wused clinically until they reported severe
nephrotoxicity and neurotoxicity in many patients and new drugs were

available and, consequently, their use was abandoned.

The emergence of multidrug-resistant bacteria and the need for new
effective antibiotics brought back colistin (also known as Polymyxin E).
It is nowadays seen as a last-resort antibiotic to treat Gram-negative
MDR infections and, therefore, it is on the WHO model list of essential

medicines”™. Unfortunately, with the revived interest for colistin as a
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last-line treatment against MDR infections and its overuse in veterinary
medicine, colistin resistance in clinical pathogens is on a global rise® .
Despite this fact, colistin is often the last feasible option for treating

infections caused by MDR Gram-negative bacteria.

Polymyxins are cationic polypeptides that consist of a cyclic
heptapeptide with a tripeptide side chain acylated at the N terminus by

a fatty acid tail®* (Figure 11).
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Figure 11. Colistin chemical structure. Figure extracted from PubChem?!.

The specific mode of action of colistin is still not well understood and
various mechanisms are stated. Principally, it acts on the LPS of the
bacterial outer membrane interacting with its lipid A component®.
Because of an electrostatic interaction between the diaminobutyric acid
(Dab) residue of colistin on the one side and the anionic phosphate
groups of the lipid A on the other side, Mg?" and Ca? are competitively
displaced. LPSis therefore destabilized leading to permeability changes
in the cell envelope, leakage of the cytoplasmatic content, and

consequently, cell death®*2,
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1.3. Antimicrobial resistance

Infectious diseases have been a threat throughout the years. The
introduction of antimicrobial compounds to treat infections
transformed modern medicine and remodelled the therapeutic
paradigm®. Unfortunately, antimicrobial resistance appeared almost at

the same time as antimicrobial drugs®(Table 1).

Table 1. Microorganisms showing antibiotic resistance over time. The year the
antibiotics where released is shown as well as the first resistant microorganism and the

year it was first identified. Adapted from CDC *4

Antibiotic
Approved or
Released

Year Resistant Microorganism Year
Released Identified Identification

Penicillin 1941 Penicillin- 1942
resistant Staphylococcus
aureus

Penicillin- 1967
resistant Streptococcus
pneumoniae
Penicillinase- 1976
producing Neisseria
gonorrhoeae

Vancomycin 1958 Plasmid-mediated 1988
vancomycin-
resistant Enterococcus
faecium
Vancomycin-resistant 2002
Staphylococcus aureus

AmphotericinB 1959 Amphotericin B- 2016
resistant Candida auris

Methicillin 1960 Methicillin- 1960
resistant Staphylococcus
aureus

Extended 1980 Extended-spectrum beta- 1983
spectrum Cefotaxime lactamase-
cephalosporins producing Escherichia coli
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Azithromycin 1980 Azithromycin- 2011
resistant Neisseria
gonorrhoeae

Imipenem 1985 Klebsiella 1996

pneumoniae carbapenemase
(KPC)-producing Klebsiella
pneumoniae

Ciprofloxacin 1987 Ciprofloxacin- 2007
resistant Neisseria
gonorrhoeae

Fluconazole 1990 Fluconazole- 1988
resistant Candida

Caspofungin 2001 Caspofungin- 2004
resistant Candida

Daptomycin 2003 Daptomycin-resistant 2004
methicillin-

resistant Staphylococcus
aureus

Ceftazidime- 2015 Ceftazidime-avibactam- 2015
avibactam resistant KPC-
producing Kiebsiella
pneumoniae

It is important to notice that antimicrobial resistance (AMR) is a natural
phenomenon. Thus, during the years of evolution of the microbial
world, as a result of their interaction with the environment,
microorganisms have acquired a huge variety of metabolic and
protective mechanisms used in response to big selective pressure such
as the one exerted by antimicrobials?*®°. Despite this, the main focus of
the AMR crisis is not the intrinsic resistance of some bacteria to some
antibiotics but the acquired resistance due to the extreme overuse of
these drugs during the last decades and the increasing rate at which the
resistances are emerging and spreading. The widespread and persistent
use of antibiotics, the exposure to nosocomial pathogens and bad

practices as self-medication and over medication of humans and
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animals, has led to the emergence of multidrug-resistant bacteria
(MDR)*. This, coupled with the lack of new effective antimicrobials,
represents one of the major public-health issues worldwide for the
coming decades . Nowadays, approximately 700.000 deaths per year
are attributed to antimicrobial resistance and it is estimated that it will

get worse, up to 10 million people by the year 2050%.

Antimicrobial resistance occurs when microorganisms are capable to
survive to a concentration of drug that would otherwise kill them or
inhibit their growth. Since they lack competition, the survivor strains
can grow and spread. Infectious diseases caused by resistant
microorganisms are complex and, in some cases, impossible to treat.
They represent substantial costs to the healthcare systems®. Superbugs
can be classified as either multi-drug resistant (MDR) when resistant to
at least one agent in three or more antimicrobial categories, extensively
drug resistant (XDR) when resistant to at least one agent in all but two
or fewer antimicrobial categories or pan-drug resistant (PDR)

displaying resistance to all antibiotic classes!®.

In recent years, the WHO has emphasized the need for investment and
research of new drugs against antibiotic-resistant bacteria highlighting
the urgency to find anti-tuberculosis medicines. In 2016, they created for
the first time a priority list of antibiotic-resistant bacteria against which
new antibiotics are critically needed®1%!. The prioritization was based
on the levels of drug resistance, the number of deaths they cause, the

frequency with which they infect people and the burden they create in
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health care systems. The first target pathogen of the rank was
Mycobacterium tuberculosis since it is considered as the top infectious
disease killer from a single infectious pathogen. Aside from M.
tuberculosis, other twelve pathogenic bacteria were enumerated and

grouped in three categories!102:

Priority 1: Critical
* Acinetobacter baumannii, carbapenem-resistant
* Pseudomonas aeruginosa, carbapenem-resistant

sEnterobacteriaceae, carbapenem-resistant, third generation cephalosporin-
resistant

Priority 2: High

* Enterococcus faecium, vancomycin-resistant

* Staphylococcus aureus, methicillin-resistant, vancomycin-resistant
* Helicobacter pylori, clarithromycin-resistant

* Campylobacter spp., fluoroquinolone-resistant

* Salmonella spp., fluoroquinolone-resistant

®  Neisseria ~ gonorrhoeae,  third-generation  cephalosporin-resistant,
fluoroquinolone-resistant

Priority 3: Medium
® Streptococcus pneumoniae, penicillin non-susceptible
* Haemophilus influenzae, ampicillin-resistant

® Shigella spp., fluoroquinolone-resistant
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It should be noted that 9 of them are Gram-negative bacteria. Moreover,
six pathogens from the WHO list have also been grouped using the term
“ESKAPE” which stands for Enterococcus faecium, Staphylococcus aureus,
Klebsiella pneumoniae, Acinetobacter baumanii, Pseudomonas aeruginosa and
Enterobacter spp.”*'®. They currently cause most of the nosocomial
infections in the US and other parts of the world and can “escape” the

effect of antimicrobial compounds.

1.3.1. Mechanisms of antimicrobial resistance

The mechanisms of antimicrobial resistance can be classified according

to the metabolic route involved in such resistance (Figure 12) %104

L X°F 3 2
Antibiotics

Figure 12. Schematic representation of the antibiotic resistance mechanisms in bacteria.
1)Exclusion of the antimicrobial agent by changes in permeability or efflux pumps 2)

Alteration of the antimicrobial target and 3) Modifications of the antimicrobial agent.

Adapted from Ryan and Ray, 2003' and Allan et al., 2010'% with BioRender.
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1. Exclusion of the antimicrobial agent

To exert their antimicrobial effect, antibiotics must penetrate bacterial
cells and reach a sufficient concentration in their target site. Therefore,
the molecule must penetrate the bacterial cell wall, being the outer
membrane (in Gram-negative bacteria) and/or the cytoplasmatic
membrane a challenging barrier to enter the cell. Bacteria can prevent
the antibiotic molecules to reach their target by two different

mechanisms:

¢ Reducing permeability by decreasing the antimicrobial uptake.
Porins are used by antimicrobial compounds as protein channels
to cross the outer membrane depending on their physical
characteristics. Some of the best-characterized porins are OmpF,
OmpC and PhoE produced by E. coli and OprD by P. aeruginosa.
Mutations in the protein porins may produce changes in

permeability.

e Actively extruding the molecule using efflux pumps’®. They are
complex bacterial pieces of machinery able to force a toxic
compound out of the cell. They are energy-dependent bacterial
mechanisms able to force toxic compounds, which have

penetrated the cell, back out.
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2. Alterations of the target

Once antibiotics have penetrated the cell, they act by binding to the
target site and inactivating it. A typical strategy of antimicrobial
resistance is interference with the target site. Protection or modification
of the target structure may result in a decrease in the antimicrobial-

target affinity and effect.

3. Modifications of the antimicrobial agent

One of the most powerful bacterial tactics of antimicrobial resistance is
the enzymatic inactivation of the compound. Bacterial enzymes may
disrupt or chemically modify antimicrobial compounds making them
incapable to interact with the target site. One of the best examples of
such disruption is (3-lactam resistance. The enzyme (3-lactamase breaks
open the -lactam ring of the P-lactamic group. An example of the
chemical modification of the compounds is the presence of
aminoglycoside modifying enzymes that modify the hydroxyl or amino

groups of aminoglycoside molecules.

1.4.  Present and future perspectives of antibiotics

As mentioned before, because of the alarming increase of Antimicrobial
Resistance, the world is currently facing a global antibiotics crisis. It is
relevant to notice that since the golden age of antibiotics, when all the
major classes were discovered, there has been a huge development gap

and the number of newly available molecules has been critically scarce,
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being Daptomycin the last new discovered class of antibiotic in 1986%.
From 2011 to 2014 the Food and Drug Administration (FDA) only
approved eight new antibiotics or combinational therapies. According
to the Pew Charitable Trusts 1 and the WHO reviews, nowadays there
are 43 new antibiotics in clinical development and none of them
addresses the problem of resistance in the most dangerous bacteria of
the WHO list or ESKAPE pathogens. Thus, because of all the challenges
they may face during the process, it is clear that the number of

candidates is alarmingly low.

The development of new drugs requires a vast investment of time,
research effort from the scientific community and huge expenses. To
notably complicate the matters, antibiotics are seen as an unattractive
business by the pharmaceutical industry. On the one hand, a huge
amount of money is required for the process of discovery of a new drug,
from the initial research to final commercialization. On the other hand,
once the new compound reaches clinical application, the risk may exist
in two different scenarios: the rapid antimicrobial resistance spread and
the use of the new drug only as a last resort therapeutic. In both cases,

the company's investment may not be worthy!>?.

Immediate actions need to be taken to avoid the critical dangers of a
post-antibiotic era in which many common infections would no longer

have a cure.
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The antibiotics found in the market in the last years are variations or
combinations of existing drugs. New and effective antibacterial drugs
need to be discovered and developed and innovative and alternative
therapies must be explored to fill the pipeline. In order to overcome
existent resistant mechanisms, novel compounds acting by unexplored
mechanisms, or a new chemical class of antimicrobials are needed

although being a major issue.

1.4.1. Strategies to fight MDR bacteria

a) Natural products antibiotic discovery

From the Waksman platform until today, numerous natural products
produced by bacteria as secondary metabolites, have been investigated
as antimicrobials. Several compounds principally produced by
Actinomycetes and specifically, Streptomyces, have been identified®.
Microorganisms produce these natural products to kill competitors, as
signalling molecules or to mediate interactions with eukaryotic

organisms.

The exploitation of these natural products sources, coupled with new
powerful tools and techniques such as whole genome sequencing
(WGS) and CRISPR/cas9 may make it easier to explore microorganisms
that had not been screened yet as difficult to cultivate bacteria!>1?’.
Nowadays, with these advanced methods, many shortcomings of the
natural products drug discovery can be quickly and efficiently solved.

Some studies have demonstrated that many bacteria and fungi possess
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biosynthetic gene clusters (BGCs) that are not expressed in vitro and
when activated or expressed in heterologous cells, they encode

pathways to produce functional natural products!2%.

Despite this, the options of success in the finding of new classes of
antibiotics are conditioned by the ability to find promising types of

producers.

b) Synthesis of new molecules

New classes of antibiotics may arise from fully synthetic approaches to
drug discovery which may result in novel scaffolds?. There are many
relevant examples of fully synthetic current antibacterials such as
chloramphenicol, metronidazole, trimethoprim, and fosfomycin.
Although the most widely appreciated ones may be quinolones,

carbapenems, and oxazolidinones!®.

Despite this, now there is a low rate of discovery of new fully synthetic
antimicrobials. The cause is unclear because of the progress in chemistry

such as the raise of compound libraries'2.

c¢) Combination of already known compounds

The interaction between new molecules and conventional
antimicrobials should be examined with the aim to find possible
synergistic activities!®!°, The combination of synergistic drugs for

infectious diseases treatment has several advantages. Firstly, it increases
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the spectrum of coverage and the antibacterial effect and, secondly, the
possibility to develop resistance decreases”. An example is the use of
colistin in combination with other antibiotics to facilitate the entry and
enhance the effect of other antimicrobials against some intrinsically

resistant species!!!.

d) Alternative therapies

The use of antibiotics in combination with adjuvants such as
permeabilizers, lactamase inhibitors, efflux pumps inhibitors, etc. is
seen as a feasible option to reduce resistant rates””. Moreover, there has
recently been a notable rise in the interest of the scientific community
for emergent therapeutic agents and technologies such as phage
therapy!!?, antimicrobial peptides!’®, metal nanoparticles, vaccines,
antibodies, quorum sensing inhibitors, drug nanoencapsulates!* and

photodynamic light, although they have some limitations?0115-117,

e) Improvement of already known compounds

Another approach to open new antimicrobial perspectives is the
examination of new synthetic compounds mimicking the structure and
mechanisms of action of old antimicrobial compounds!®!, Therefore,
chemically modifying old backbones should result in optimized drugs
which can be promising antimicrobial compounds. What is sought in
the new compounds is to enhance antimicrobial properties either by

broadening their mode of action, by reducing their cytotoxicity or by
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tackling resistance issues as well as improving their pharmacokinetic

and pharmacodynamic characteristics *°.

During the development of this thesis, we have focused on the
exploration of the antimicrobial activity of chemical modifications of

Microcin J25 and the first-line antibiotic Trimethoprim.
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Hypothesis and Objectives

2.1. Hypothesis

Two partial hypotheses are presented:

* Chemical modifications of current antibiotics may significantly
contribute to overcoming the problems arising from the increase

and spread of antibiotic resistance in bacteria.

* The combination of these modified compounds with old-
rescued antibiotics (door-opener peptides) may contribute to the
solution bases of the problem caused by resistance, as it may

enhance the bacterial permeability

49



Outer membrane: a key obstacle for new antimicrobial agents

2.2. Justification of the study and objectives

Antimicrobial resistance is one of the world’s major challenges in both
microbiology and public health since infections caused by multidrug-
resistant bacteria have reached alarming levels. One approach to open
new antimicrobial perspectives is the chemical modification of old
antimicrobial compounds that may result in optimized drugs with

promising antimicrobial properties.

The main purpose of our studies was the activity exploration of the
derivatives of two drugs. On the one hand, Microcin J25, which is a
potent antimicrobial lasso peptide. On the other hand, Trimethoprim,
which is a first line antimicrobial agent present in the WHO model list

and used normally in combination with Sulfamethoxazole.

Main objective:

Determine the antimicrobial properties of chemically modified drug

compounds.

The secondary objectives of this thesis are divided in two parts:

1. Microcin J25
1.1. Study of the antimicrobial activity of the modified Microcin
J25
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1.1.1. Determination of their antimicrobial effect on planktonic
bacteria

1.1.2. Determination of their antimicrobial effect on biofilm

1.1.3. Exploration of the antimicrobial synergistic effect of the

new compound with colistin

1.2. Determination of the toxicity of the modified Mcc]25

2. Trimethoprim

2.1.

2.2,

2.3.

24.

Study of the antimicrobial activity of the Trimethoprim

derivatives

2.1.1. Determination of their antimicrobial effect on planktonic
bacteria

2.1.2. Determination of their antimicrobial effect on biofilm

2.1.3. Exploration of their antimicrobial synergistic effect in
combination with Sulfamethoxazole

2.1.4. Exploration of their antimicrobial synergistic effect with

colistin

Determination of the cytotoxicity of the new derivatives
Exploration of the effect of the new derivatives on the
Dihydrofolate Reductase (DHFR) enzyme

Start a computational approach to decipher the intimal
mechanisms of action.
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Article 1

ARTICLE 1: Chemical Modification of Microcin J25 Reveals New
Insights on the Stereospecific Requirements for Antimicrobial Activity.

Martin-Gomez H, Jorba M, Albericio F, Vifias M, Tulla-Puche J.

International Journal of Molecular Sciences 2019

Addressed objectives in this article:

1. Microcin J25
1.1. Study of the antimicrobial activity of the modified Microcin J25
1.1.1.  Determination of their antimicrobial effect on planktonic
bacteria
1.1.2.  Determination of their antimicrobial effect on biofilm
1.1.3.  Exploration of the antimicrobial synergistic effect of the
new compound with colistin

1.2.  Determination of the toxicity of the modified Mcc]25
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Abstract: In this study, microcin ]25, a potent antimicrobial lasso peptide that acts on Gram-negative
bacteria, was subjected to a harsh treatment with a base in order to interrogate its stability and
mechanism of action and explore its structure-activity relationship. Despite the high stability reported
for this lasso peptide, the chemical treatment led to the detection of a new product. Structural studies
revealed that this product retained the lasso topology, but showed no antimicrobial activity due to
the epimerization of a key residue for the activity. Further microbiological assays also demonstrated
that it showed a high synergistic effect with colistin.

Keywords: antimicrobial peptide; microcin J25; epimerization; lasso peptide; mechanism of action

1. Introduction

Microcin J25 (Mcc]25) is a 21-residue lasso peptide with an 8-residue macrolactam ring, formed
between the N-terminal Glyl and the Glu8 side-chain, and a 13-residue C-terminal tail, which is
threaded through the ring (Figure 1). It is a class II lasso peptide in which the residues Phe19 and Tyr20
are the steric locks. The threaded lasso structure is stabilized by two short double-stranded antiparallel
{3-sheets. The first comprises residues 6-7 and 19-20, and it is formed between part of the ring and the
threaded C-terminal tail. The second sheet, which involves residues 10-11 and 15-16, is associated
with a B-turn involving residues 11-14, and it forms a hairpin-like structure [1-3]. MccJ25 shows
antimicrobial activity against a relatively wide range of Gram-negative bacteria. In particular, it exhibits
remarkable antibiotic activity towards Salmonella newport and several strains of E. coli, with minimum
inhibitory concentrations typically in the submicromolar range [4].

MccJ25 shows high thermal and proteolytic stability against several proteases, including
chymotrypsin, trypsin and pepsin [5]. Moreover, it is stable to highly denaturing conditions, such as
8 M urea and temperatures above 100 °C [6].

Most antimicrobial peptides (AMPs) are characterized by a large number of hydrophobic positive
charges and are generally considered to interact with bacterial membrane structures, like indolicidin [7]
or LL-37, the active form of human cathelicidin [8]. Once they have crossed the bacterial membrane,
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they can interfere with internal targets, such as DNA [9,10]. However, Mcc]25 has only one positive
charge and it inhibits bacterial transcription by interacting with the 3’ subunit of the E. coli RNA
polymerase (RNAP), which is the target of its antibiotic action [6]. Mcc]25 also disrupts the inner
membrane of S. newport by inhibiting several essential processes for cell viability, such as oxygen
consumption [11]. In contrast, the peptide inhibits the RNA transcription in many E. coli strains [6],
without affecting oxygen consumption [12,13]. This peptide has also been reported to exhibit a
second mode of action. In this regard, Mcc]25 interacts with the membrane, thus depolarizing it and
decreasing oxygen consumption. However, the underlying mechanism behind these effects is not
yet understood [14]. The uptake of Mcc]25 by E. coli is dependent on the outer membrane receptor
FhuA [15-17]. For example, treatment of MccJ25 with thermolysin abolishes its binding to FhuA and
results in the suppression of its antibacterial activity, although it is still able to inhibit E. coli RNAP
activity and S. newport respiration in vitro [18]. Additional supporting evidence that the Valll to Pro16
residues are relevant for MccJ25 uptake emerged from an extensive mutational scanning analysis [19].

To gain further insight into the stability and mode of action of the lasso peptide Mcc]25,
we performed a chemical modification by treatment with basic conditions (0.5 M NaOH),
which produced an alteration in the topology of the peptide and the consequent modification
of biological activity. We examined how the alteration in the structure affected the mechanism of action
through its comparison with the natural lasso peptide.
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Figure 1. (A) Chemical structural and (B) ribbon representation of the 3D structure of MccJ25 (Protein
Data Bank (PDB) code: 1Q71). The four fragments of antiparallel B-sheets are shown in red. Reprinted
(adapted) with permission from Knappe, T.A.; Linne, U.; Zirah, S.; Rebuffat, S.; Xie, X.; Marahiel, M.A.
Isolation and structural characterization of capistruin, a lasso peptide predicted from the genome
sequence of Burkholderia thailandensis E264. J. Am. Chem. Soc. 2008, 130, 11446-11454. Copyright 2019
American Chemical Society [20].

2. Results

2.1. Chemical Treatment

The RP-HPLC analysis denotes that the structure of the native lasso peptide was affected by the
harsh extended treatment with a base (Figure S1). In this way, a new peak was detected (Figure S2A,B).
After being left overnight, the ratio between the starting material and the new product was 1:1 and even
with the addition of more NaOH or an increase in reaction time, no reaction progress was observed.
The new product, which is shown in Figure S2A, was purified and isolated. RP-HPLC revealed that
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the new compound and the native peptide did not co-elute, and distinct chemical equivalence was
confirmed by different retention times (tg), even though these two compounds had the same molecular
mass (2107.8 Da) (Figure S2C). Furthermore, the new compound was subjected to the same treatment
with basic conditions, and no differences were observed after overnight. This result suggested that the
muodification was not reversible.

2.2. Minimum Inhibitory Concentration (MIC)

The antimicrobial activity was then evaluated against eight Gram-negative strains, among them
four were Multidrug-Resistant bacteria (MDR). As expected, the native MccJ25 displayed activity
against four of them: two E. coli and two S. enterica strains (Table 1). On the contrary, the new
compound showed the lowest activity against the eight strains tested. Its MIC values were in all cases
higher than 128 pg/mL. Thus, we addressed whether the loss of activity was due to the inability of the
new compound to penetrate the target bacteria, whether it was caused by changes in its antibacterial
properties exerted inside the bacterial cell, or if it was a combination of both factors.

Table 1. Minimum inhibitory concentration (MIC) in ug/mL of the native MccJ25 and the new compound
against eight Gram-negative strains [a]. The sensitive strains to the native MccJ25 are highlighted

in bold.
Strains[a] Native MccJ25 New Compound

Escherichia coli MDR 39255 0.5 >256

Escherichia coli MDR 208691 >128 >128

Escherichia coli MDR 246415 00625 >128

Escherichia coli MDR 239910 >128 >128

Salmonella enterica ATCC 14028 >128 >128
Salmonella enterica ATCC 13076 <0.0625 >128
Salmonella enterica ATCC 49214 0.8 >128
Salmonella typhimurium SY5015 >128 >128

2.3. Synergy Study

Colistin, a cationic antimicrobial peptide, even at low concentrations severely disrupts the outer
membrane, allowing chemicals to penetrate Gram-negative bacteria. The inability to penetrate bacteria
is a major cause of resistance. Although the medical use of colistin was abandoned 30 years ago as a
result of its very high toxicity, it was rescued when superbugs (extreme pan-resistant strains) emerged.
The recovery of colistin has spurred research into various strategies that allow the preservation of
its antimicrobial action and a reduction of its negative side effects. One such strategy involves its
combination with drugs with low toxicity to achieve synergistic activity. Colistin may serve as a “door
opener” even at concentrations at which the negative side effects are negligible. A checkerboard assay
using a combination of the new compound and colistin was performed against the E. coli MDR 39255
strain and the S. enterica ATCC 13076 (American Type Culture Collection) strain, which are susceptible
to native MccJ25 but not to the new compound, as shown in the MIC assay (Table 1). Moreover,
two strains resistant to native Mcc]25 (E. coli MDR 208691 and 239910) were also tested in order to
compare results in both types of bacteria.

The fractional inhibitory concentration (FICi) values for the bacterial strains tested with
combinations of the new compound and colistin are shown in Table S1. According to the international
standard, FICi values below 0.5 should be interpreted as synergistic (see “Methods” section for
more details) [21]. Thus, these experiments indicated a synergistic effect between colistin and the
new compound.

These results show that the new compound retained the ability to inhibit the growth of these two
strains (E. coli MDR 39255 and S. enterica ATCC 13076), although it was unlikely to have the capacity
to enter the bacteria through the outer membrane, the reasons for that have to be investigated and
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may probably involve its ability to bind the receptor FhuA. In contrast, when the new compound was
combined with colistin, it penetrated the outer membrane, thereby demonstrating that the antibacterial
mechanisms of action were conserved after the chemical treatment. On the other hand, when the
combination of colistin and the new compound was tested in bacteria resistant to native Mcc25, namely
E. coli MDR 208691 and E. coli MDR 239910, a weak synergistic effect was observed. These results could
be explained by the change in the peptide topology observed by RP-HPLC.

2.4. Minimal Biofilm Eradication Concentration (MBEC)

The MBEC values were, in all cases, greater than 128 pg/mL. Such value is thousands of times
greater than the inhibitory values against planktonic bacteria. Therefore, it should be assumed that
neither MccJ25 nor the new compound can be considered antibiofilm agents.

2.5. Stability Assays

In order to understand the loss in biological activity of the new compound, the stability and
structure of the peptide was analyzed. Initially, the chemical treatment was believed to have converted
the lasso peptide into a branched cyclic peptide. However, the carboxypeptidase assay rendered the
same cleavage pattern for the native peptide and the new product, corresponding to the loss of 81 Da
(Figure S3). This loss was attributed to the double cleavage in the loop between the amide bond of
Phel0-Valll and Vall1-Gly12, resulting in the loss of Valll and maintenance of the threaded structure.
We obtained a total conversion carboxypeptidase Y treatment, in contrast to previous studies in which
only minor traces of the (MccJ25-18) Da were detected [22]. Although the two peptides showed the
same cleavage pattern, their tg differed, as shown in the co-injection in Figure S3C. Both peptides were
also thermally stable for 4 h at 95 °C (Figure S4). Carboxypeptidase Y treatment was also performed
on the resulting peptides after heating for 4 h at 95 °C. In this regard, the same cleavage pattern as in
Figure S3 was observed.

To further characterize the new compound, both this peptide and the native Mcc]25 were subjected
to proteolytic hydrolysis with stronger proteases, such as pepsin and thermolysin. As expected from
the pepsin treatment, no hydrolysis was observed, even after several hours at pH 2 at 37 °C [5].
Given this result, the temperature was increased to 50 °C, as pepsin is stable at this temperature.
However, no cleavage was detected after 19 h, thereby indicating that both the native peptide and
new compound were stable (Figure S5). These results ruled out the formation of the unthreaded
structure. On the other hand, thermolysin treatment produced the same cleavage pattern for the two
peptides, corresponding to the loss of 137 Da (1m/z 1969.9) (Figure S6A,B) [23-25]. This loss could be
attributed to the double cleavage between Phel0-Valll and Gly12-Ile13, with the loss of Val11-Gly12
and the subsequent gain of 18 Da. This cleavage led to a structure with two fragments stabilized by
the steric hindrance of Phe19 and Tyr20 and the presence of non-covalent interactions (Figure 2) [24].
Of note, after the treatment with thermolysin, the two peptides showed the same tg value (Figure S6C).
This result indicated that the cleavage led to the same structure, thereby suggesting that the variable
part of the compound was removed during hydrolysis (Vall11-Gly12). In this regard, this result can be
explained only by the inversion of the chiral center of Valll. This question will be addressed in future
structural studies.
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Figure 2. Schematic representation of thermolysin cleavage in the native MccJ25 and in the new
compound. Dashed red lines indicate the cleavage sites.

2.6. MS/MS Analysis

The tandem mass spectrometry (MS?) fragmentation spectra revealed that the main fragmentations
took place around Pro16 (Figure S7). The same fragmentations were obtained for the two peptides,
but with different intensities (Table S2). These fragmentations were characteristic of a lasso structure,
since they contained both the N-terminal and C-terminal parts of the molecule. The steric hindrance
between the ring and the bulky side chains of a putatively threaded C-terminal part of the peptide
would explain this remarkable fragmentation pattern. Regarding the native Mcc]25, the fragmentations
obtained were in agreement with those already described in the literature [1,24].

The MS? spectra of the main fragmentations showed the same pattern for the native MccJ25 and
the new product, the only difference being that the MS® fragmentations of bz + ys were more intense
for the former (Figure S8). On the basis of these results, we confirmed that the new compound showed
the lasso topology and that, with the exception of its tg, its structure was very similar or even the same
as that of the native MccJ25.

2.7. Ion-Mobility Mass Spectrometry (IM-MS) Analysis

Small changes in collision cross section (CCS) values were observed upon increasing the charge
state of both the native Mcc]J25 and the new peptide (Table S3). This feature was demonstrated by
the low range of CCS values (AQ)) and the concomitant low AQ)/Q) value (Table S4). Small changes
in CCS values are characteristic of lasso peptides, as an increase in charge state brings about more
unfolding and, consequently, lower drift times (t4). However, due to the organized and constrained
structure of lasso peptides, the increase in the CCS was very low compared to branched cyclic or lineal
peptides. The AQ)/Q) value of the new compound was within the accepted range for lasso peptides (0
to 10.9%) [26]. It was therefore deduced that this peptide had a lasso structure.

The number of multiple conformations was higher for lower charge states, as expected due to the
larger number of available protonation sites and the coexistence of several protomers [27]. However,
when the charge state increases, narrow ion mobility peaks, associated with the existence of few
conformations, are expected (Figure 3).

IM-MS revealed that the new compound showed the same features as those of native Mcc]25,
thus allowing us to confirm once again the lasso structure of the former.
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Figure 3. Drift times profiles (blue trace) and fitted peaks (red, green, purple and orange trace) of
double, triple and quadruple protonated ion of (A) the new compound obtained after treatment with
a base and (B) native MccJ25. Background is the residual drift time profile, in which no more peaks
could be fitted.

2.8. Circular Dichroism (CD) Spectroscopy

The CD spectra of the two peptides were recorded in methanol [28,29]. They displayed a clear
minimum at 200 nm, which is characteristic of unstructured peptides, indicating a predominant
random coil state (Figure 4). The native MccJ25 in methanol showed a maximum at 220 nm and a
smooth positive shoulder at 210 nm. These bands have been previously attributed to the Phe Ly and
Tyr Ly transitions [30]. However, for the native Mcc]25 in HyO with 5% of 2,2,2-trifluoroethanol (TFE),
the maximum was located at 222 nm and was more intense than in methanol. In addition, the shoulder
at 210 nm was not marked. On the contrary, the positive band at 220 nm for the new compound was
displaced to 225 nm and the one at 210 nm was more defined and clearer than for the native peptide.
This behavior suggested that the Ly transition of these residues had greater relevance for the new
compound than for the native MccJ25.

In conclusion, the CD spectra revealed some differences in the positive bands of the two peptides,
but the clear minimum at 200 nm indicated a random coil structure for both. The changes in the
positive bands may indicate distinct topologies.

2000

1000

-1000 = native MccJ25

8 (deg cm? dmol)

new compound

-2000

native MccJ25*

-3000

190 200 210 220 230 240 250
Wavelenght(nm)

Figure 4. CD spectra of new compound after treatment with a base and native MccJ25 in methanol. *
in H,O with 5% TFE.
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2.9. Nuclear Magnetic Ressonance (NMR) Spectroscopy

The NMR data for the structural characterization of the new compound were recorded in methanol-
d3 and compared with those of the native MccJ25 (Tables S5-S8 and Figures S9-5S14) [1,24,25,28,31].
The resonance assignments of the native MccJ25 were identical to those of the structure already published
(PDB code 1PP5) [31]. Given our previous results from the thermolysin assay, we hypothesized that
the difference between the two peptides may reside in the peptide loop, between residues 10-12 in
particular, which are involved in the -hairpin, and that after thermolysin treatment the cleaved
product showed the same tg.

Regarding 'H assignment, the chemical shift deviation values of oH of the loop residues in the
new compound differed to those of the native structure (Figure 5). The most remarkable residue was
Valll, indicating that the -hairpin had been lost, as demonstrated by the negative value [18]. On the
other hand, the structure of the ring and the tail had been conserved, including the -hairpin between
residues 6-7 and 19-20, as shown by the high positive values in Figure 5. In addition, the overlapping
of several peaks was observed for the new compound in the amide proton region around 7.80, 7.90 and
8.40 ppm (Table 2).
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Figure 5. Histograms of chemical shift deviations from random coil for AHe in the native Mcc]25 (red)
and new compound (blue) in methanol. Random coil values were obtained from Whishart et al. [32].
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Table 2. 1H chemical shift of the amide protons of the new compound that underwent peak
overlapping [a]. From the total correlated spectroscopy (TOCSY) spectrum in methanol-dj at 298 K.

Residue § (ppm)[al Residue 8 (ppm)[al
Ser18 7.80 Glu8 7.90
Gly4 7.80 Tle13 7.89
Tyr9 7.84 Ala3 8.44
Hisb 7.79 Valll 8.42
Gly12 839

Evidence that the tail was threaded through the ring in the new compound was provided by
the presence of the characteristic Nuclear Overhauser Effect (NOE) cross-peaks between residues
1-8 and residues 19-21 (Figures S15-S17A) [24]. For example, the NOEs between NH Tyr20 and
aH Gly2 and 5H Phel9 and BH Ser18 were also more intense than for the native MccJ25. Moreover,
some NOEs, such as H Phel9-NH Glu8 and 6H Tyr9-«H Gly14, were detected only in the new
compound (Figure S17B). Analysis of the two B-hairpins in the native MccJ25 structure reveals clear
differences (Table S9). The disappearance of the 3-sheet in the loop can also be detected by the lack
of NOEs between oH Valll and 6H Prol6 (Figure S17C). The two Pro (7 and 16) in both structures
adopted a trans conformations, as shown by the presence of the NOE between the $H Pro(i) and the
oH residue(i-1).

With respect to Valll, various NOE cross-peaks were observed, thereby revealing a distinct
topology for the new compound (Table S10). In general, the intensities of the NOEs for the new
compound were lower than those of the native one. However, the new compound showed a stronger
connectivity with Phel0 and Thrl5 (Table S11). The ring protons of PhelO adopted a different
conformation. In the new compound, this residue interacted with $H Pro16, 3H Ile17, NH Valll and
o«H Ala3, while in the native peptide it interacted with «H, yYH Pro16, pH, YH Glu8, fH Phel9 and
NH Thr15 (Figure S17D).

All the results pointed to the epimerization of Valll during the treatment with a base, a process
that yielded a new peptide topology. This epimerization explains the loss of the 3-sheet in the loop
region, producing a lack of organization and consequently a high signal overlap.

2.10. Structure Calculation

The structure of the new compound was determined using a macrocyclic conformational sampling
tool [33], and the constraints are described in Table S12. The lowest-energy structure was compared
with the native MccJ25. The lasso structure was maintained and the modification was mainly in the
loop region (Figure 6). The interaction between the side-chains of Valll and Pro16, characteristic of a
{3-sheet, was not present. The xC of Valll underwent racemization and the side-chain of Val11 adopted
a new orientation. Furthermore, the high root-mean-square deviation value (RMSD = 8.5 A) exhibited
that the structures of the native peptide and new product differed.

The Ramachandran plots for the two peptides differed (Figure S17). The native MccJ25 showed
a well-defined and compact structure, with the individual backbone conformations of all residues
located mainly in highly favored regions. On the contrary, the new compound showed more dispersion.
The -sheet in the loop was absent, and Prol6 was observed to be involved in a right-handed «-helix
and Valll in a left-handed one (Figure S18). Gly12 and Ilel7 also adopted a left-handed o-helix
conformation. On the other hand, the ring residues 5-8 of the new compound remained in the same
conformation as that of the native structure.
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Figure 6. (A) and (C) 3D structure of the native MccJ25 (PDB code 1PP5) and NMR-derived lowest-energy
structure of the new compound, respectively. Only the side chains of the loop are shown. (B) and
(D) Ribbon representation of the native peptide and new compound, respectively. The four residues
involved in the (3-sheet located in the loop are shown. (E) Ensemble of the 20-lowest energy structures
derived from the NMR restraints of the new compound. The maximum RMSD value between structures
1-20 is 0.6 A. Aromatic and hydrophobic residues are shown in green, negatively charged residue
(Glu8) in red, positively charged residues (His5) in blue, polar residues in light pink and non-polar
residues in pink (Gly) and (Pro). In (A) and (C) Valll residue is shown in grey.

3. Discussion

We have demonstrated that basic chemical treatment of MccJ25 produced a new compound that
maintained the threaded lasso structure but lost its antimicrobial activity. Three independent properties
corroborated the presence of the lasso topology: high proteolytic stability; identical MS? fragmentation
pattern; and ion-mobility spectra as the native MccJ25. Circular dichroism revealed slight differences
in the positive bands between the two peptides, thereby pointing to distinct topologies.

The microbiological results showed that the new compound did not exert antimicrobial activity,
as shown by its incapacity to penetrate the outer bacterial membrane. However, when used in
combination with colistin, the new compound did show antimicrobial activity. These findings were
consistent with the NMR results, in which a change in the loop topology, caused by epimerization at
the Valll residue, was detected. This observation suggests that Valll is highly base-sensitive and is
essential for conferring antimicrobial activity, because it governs binding to the FhuA receptor [34].
This epimerization produced a conformational change on the loop between Valll and Prol6, which
is in agreement with previous evidence that this section is relevant for the antimicrobial activity
of MccJ25 [19]. Ilel3 is also an essential residue for the uptake of Mcc]25 into cells [35]. The new
compound showed an alteration in the orientation of the Ile13 side chain, which led to the suppression
of biological activity.

The weak synergistic effect observed when the new compound was used in combination with
colistin and assayed on resistant bacteria (E. coli MDR 208691 and E. coli MDR 239910), is consistent
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with the hypothesis that penetration is the main handicap for antimicrobial activity. In the case of such
resistant strains the entry is not the reason for resistance. Although the microbiological results are
preliminary, we propose that the combination of bacteriocins with “door openers”, such as colistin,
may provide a promising strategy to fight multidrug-resistant infections. In this regard, the treatment
of such infections is becoming increasingly unsuccessful and has thus emerged as a key challenge in
current microbiological research [36].

4. Materials and Methods

4.1. Heterologous Expression of Mcc]25

Overnight cultures were prepared in Luria broth (LB) medium containing 17 pg/mL of
Chloramphenicol at 37 °C through inoculation with E. coli BL21 cells carrying the MccJ25 plasmid
(pTUC202). Subsequently, 500 mL of M9 minimal medium ((17.1 g/L Na,HPOy 12 H,0, 3 g/L KH,POy,
0.5 g/L NaCl, 1.0 g/L NH4Cl, 1.0 mL/L MgSO4 2 M, 0.2 mL/L CaCl, 0.5 M at pH 7.0), after autoclaving
10 mL/L glucose solution (40% w/v), 0.2 mL/L vitamin mix (Table S13), and 17 pug/mL amphenicol)
were inoculated with 5 mL of culture and incubated for 3 days at 37 °C. Once the ODg reached ~1.5,
cells were harvested by centrifugation (2 x 20 min at 7000 rpm), and the supernatant was treated with
10 mL of XAD-16. After 1 h of shaking at 100 rpm, the supernatant was removed by filtration, and the
resin was washed with water and extracted with 50 mL of MeOH. Solvent was removed under vacuo.
Dried extract was resuspended in a total of 1 mL of MeOH-H,O (1:1, v/v), cleared by centrifugation,
and analyzed by RP-HPLC. For the isolation and purification of Mcc]25, the expression was carried
out with 6 L of M9 minimal medium. In this case, the procedure was the same, and the dried extract
was resuspended in 6 mL of MeOH-H,O (1:1, 9/v), cleared by centrifugation and filtration, and then
subjected to preparative HPLC.

4.2. Minimum Inhibitory Concentration (MIC)

MIC values were determined by the broth microdilution method and interpreted following
the guidelines of the Clinical & Laboratory Standards Institute (CLSI) and European Committee on
Antimicrobial Susceptibility Testing (EUCAST) [37]. The different strains were grown in Mueller-Hinton
broth (MHB) overnight at 37 °C with shaking at 200 rpm. The bacterial cultures were then adjusted to
ODg25nm of 0.08-0.1 and diluted 1:100 in fresh MHB medium. Next, 5 uL of each diluted suspension
was added to 96-well plates previously filled with MHB and serially diluted peptides. The plates were
incubated at 37 °C for 24 h, after which the MIC was determined macroscopically, based on the visually
turbidity of the wells. All experiments were performed in triplicate.

4.3. Synergy Study

A checkerboard test was used to determine the fractional inhibitory concentrations (FICs) of
colistin in combination with the new compound. Each well in a 96-well plate was inoculated with
100 pL of a bacterial inoculum of 1 X 10° CFU/mL, and the plates were incubated at 37 °C for 24 h.
The FIC was calculated after identifying the first well in each row without growth (MIC), following
Equations (1) and (2).

MIC drug A in combination

FICA = MIC drug A

@

MIC drug B in combination
MIC drug B
The FIC index (FICi) values were calculated by adding the FIC A (collsitin) to the FIC B (peptide).

FICi values were interpreted as follows: FICi < 0.5, synergistic; FICi > 0.5 and < 4, no interaction;
FICi > 4, antagonistic [38]. This assay was performed in triplicate.

FICp =

@
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4.4. Minimal Biofilm Eradication Concentration (MBEC)

MBEC was determined as described by Moskowitz et al. [39]. Bacterial biofilms were formed
by immersing the pegs of a modified polystyrene microtiter lid into 96-well microtiter plates,
each containing 200 pL of Muller-Hinton broth cation adjusted (MHBCA), followed by incubation at
37 °C for 24 h. Pegs were then gently rinsed in a 0.9% w/v NaCl solution and biofilms were exposed to
a range of concentrations of antimicrobials for 24 h at 37 °C. Pegs were again rinsed with a 0.9% w/v
NaCl solution and biofilms were removed by 10 min sonication. Recovered bacteria were incubated for
24 h at 37 °C. Optical densities at 620 nm were measured in order to determine MBEC values, defined
as the lowest concentration of antimicrobial that prevented bacterial regrowth from the treated biofilm.
All experiments were performed in triplicate.

4.5. NMR Spectroscopy

1D and 2D NMR spectra were acquired on a Bruker 600 Avance II Ultrashield, equipped with a
cryoprobe. Chemical shifts (8) are shown in parts per million (ppm) using tetramethylsilane (TMS) as
internal standard.

1.5 mg and 1.0 mg of the native MccJ25 and the new compound, respectively, were dissolved in
600 pL of methanol-ds to a final concentration of 1.2 mM and 0.86 mM, respectively. The spectrum was
recorded at 25 °C and the residue assignments were obtained from 2D total correlated spectroscopy
(TOCSY), while 2D nuclear Overhauser effect spectroscopy (NOESY) permitted sequence-specific
assignments. 3C resonances were assigned from 2D 3C-'H HSQC spectra. The TOCSY and NOESY
mixing times were 70 and 250 ms, respectively.

4.6. Ion-Mobility Mass Spectrometry (IM-MS)

IM-MS experiments were recorded on a Synapt G1-HDMS mass spectrometer (Waters). 0.1 mg
of peptide was dissolved in 500 pL of water at 100 uM. Samples were then diluted 1/10 in water
-acetonitrile (HyO-ACN) (1:1) with 4% of formic acid and adding 200 mM and 400 mM sulfolane
up to 10 uM. Samples were directly injected into the instrument using a Triversa Nanomate system
(AdvionBioSciences, Ithaca, NY, USA) as the interface. Ionization was recorded in positive mode using
a gas pressure and spray voltage of 0.5 psi and 1.75 kV, respectively. Source temperature, extraction
cone and cone voltage were set to 20 °C, 3 V and 40 V, respectively. Transfer and trap collision energies
were set to 4 V and 6 V, respectively. Ion-mobility spectrometry (IMS) and trap gas flows were 25 and 8
mlL/sec, respectively. The pressure in the Trap and Transfer T-Wave regions were 5.97x 1072 mbar of
argon and the pressure in the IMS T-Wave was 0.478 mbar of N,. The wave amplitude was a linear
ramp from 1.0 to 28.0 V. The traveling wave operated at a velocity of 250 m/sec. The bias voltage for
getting in the T-wave cell was 15 V. Cesium iodide was used to calibrate the instrument over the n/z
range of 200-3000 Da. MassLynx 4.1 SCN 704 (Waters, Spain) and Drift scope version 2.4 software
were used for data processing.

4.7. MS/MS Analysis

MS? and MS? analyses were carried out on a linear trap quadrupol fourier transform(LTQ-FT)
Ultra mass spectrometer (Thermo Scientific). 0.1 mg of peptide was dissolved in 500 pL of water at 100
uM. Then, 10 uL was diluted 1/1 with ACN (1% formic acid) to obtain a concentration of 50 uM (20 puL).
Solutions were directly injected into the instrument using a Nanomate system (AdvionBioSciences,
Ithaca, NY, USA) as the interface. Ionization was recorded in positive mode using a gas pressure and
spray voltage of 0.5 psi and 1.75 kV, respectively. Voltage and capillary temperature were set to 44 V
and 200 °C, respectively. Collision-induced dissociation (CID) was used as a fragmentation technique.
Data were recorded using Xcalibur software vs.2.0SR2 (ThermoScientific).
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4.8. Structure Calculation

The structure was calculated with the Schrodinger Suite Macrocyclic Conformational Sampling
tool [33]. The coordinates were extracted from the native MccJ25 solution NMR structure (PDB ID: 1PP5).
The stereochemistry of Valll was manually mutated to R. The resulting structure was used as input for
structural modeling. NOEs were classified as strong, medium and weak (upper limits for structure
calculation were set as 2.2 A, 3.0 A and 4.0 A, respectively), and were then applied to the structure
(Table S12). Optimized potentials for liquid simulations (OPLS) 2005 force field and Generalized Born
surface area (GBSA) for electrostatic treatment were used to generate a total of 56 conformations. They
were kept when energies were below 10 kcal/mol, and superfluous conformations (RMSD > 0.75 A)
were removed. 5000 simulation cycles were applied with 5000 Large-scale Low Mode (LLMOD)
search steps.

4.9. Circular Dichroism (CD)

CD spectra were recorded using a Jasco 810 UV-Vis spectropolarimeter, equipped with a
CD/Fluorescence 4265/426L Peltier temperature controller. Peptide samples were dissolved in MeOH,
and spectra were recorded at 200 M. One sample was dissolved in H,O with 5% TFE. The following
parameters were used: sensitivity (standard, 100 mdeg); start (260 nm); end (190 nm); data pitch
(0.5 nm); scanning mode (continuous); scanning speed (200 nm/min); response (1 s); band width
(1.0 nm); and accumulation (3). A blank spectrum of the buffer was subtracted from all recordings,
and molar ellipticity values were calculated from experimental ellipticity using the Equation (3):

Oexp-10°
T b xCxn

(©)

where 0 is the molar ellipticity in deg-cm?-dmol 1, Oexp is the measured ellipticity in mdeg, b is the
optical path length in mm, C is the peptide concentration in tM and n is the number of residues in
the peptide. After unit conversion, the spectrum was smoothed using the Savitzky-Golay method
(convolution width = 21) and taken to zero at the far-UV region (A = 260 nm).

Supplementary Materials: Supplementary Materials can be found at http://www.mdpi.com/1422-0067/20/20/
5152/s1.
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Miguel Vifias>** and Rodolfo Lavilla™
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Novel antibiotic compounds have been prepared through a selective multicomponent
reaction upon the known drug Trimethoprim. The Groebke-Blackburn-Bienaymé reaction
involving this a-aminoazine, with a range of aldehydes and isocyanides afforded the
desired adducts in one-step. The analogs display meaningful structural features of the
initial drug together with relevant modifications at several points, keeping antibiotic
potency and showing satisfactory antimicrobial profile (good activity levels and reduced
growth rates), especially against methicillin-resistant Staphylococcus aureus. The new
products may open new possibilities to fight bacterial infections.

Keywords: antibiotics, drugs, isocyanides, multicomponent reactions, resistant bacteria

INTRODUCTION

Trimethoprim (TMP, 1, Figure 1A) is a well-known antibiotic, present in the Model List
of Essential Medicines from the World Health Organization. TMP is usually used in
combinationwith Sulfamethoxazole (SMX) to treat lower urinary tract infections and acute
invasive diarrhea/bacterial dysentery as first and second choice, respectively (WHO, 2017),
respiratory infections in cystic fibrosis patients caused by Staphylococcus aureus, among other
many infections. Lately, it has also been used for preventing infections from the opportunistic
pathogen Pneumocystis carinii (Urbancic et al., 2018), which normally causes pneumonia in
patients with AIDS. Both drugs act on the folic acid biosynthetic route by inhibiting two
enzymes: dihydrofolate reductase (DHFR) and dihydropteroate synthetase, respectively. Folate
needs to be synthesized by bacteria and it is crucial in the biosynthetic pathway of thymidine,
essential in DNA synthesis. Hence, when used in combination, these antibiotics display a
synergistic effect in inhibiting bacterial growth and leading to eventual cell death (Figure 1B)
(Torok et al., 2009; Katzung et al., 2012).

The combination of sulfonamides and DHFR inhibitors has been clinically used since 1968 when
it was first approved in the UK (Cody et al., 2008; Torok et al., 2009). Unfortunately, resistance
emerged soon and has become widespread (Huovinen et al., 1995; Ventola, 2015). Nowadays,
antibiotic resistance is one of the world’s most pressing public health problems with high morbidity
and mortality rates (Centers for Disease Control and Prevention, 2017). Furthermore, finding active
drugs to fight both multidrug resistant infections and organisms is becoming extremely challenging,
as is often the case of methicillin-resistant Staphylococcus aureus (MRSA) and multidrug resistant
Pseudomonas aeruginosa. In this context, the co-therapy with TMP and SMX turns out to be
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FIGURE 1 | (A) TMP (1) structure. (B) Folic acid biosynthetic route. (C) Interactions of the TMP (1, in blue) with key amino acid residues at the DHFR binding site.
Representation based on the 2W9H PDB file, with a resolution of 1.48 A (Heaslet et al., 2009).

ineffective to treat infections of a subset of bacteria with TMP-
resistant DHFR enzymes (Heaslet et al., 2009).

Thus, the exploration of new synthetic compounds mimicking
the structure and mechanism of action of conventional
antimicrobial agents can be regarded as a main goal of this field
of research. Such chemical entities would open new perspectives
to reduce secondary effects and to enhance antimicrobial action
and/or spectrum. Moreover, interaction between new molecules
and conventional antimicrobials should be explored with the aim
to find eventual synergistic activity.

So far, some research groups have introduced chemical
variability at the trimethoxybenzyl residue of the TMP in
order to optimize the drug and improve its properties, overall
activity and tackle TMP-resistance issues (Scheme 1) (Zhou
et al., 2013; Lombardo et al., 2016; Rashid et al., 2016),
being able to find promising potent compounds against S.
aureus and E. coli. However, in this work we will focus our
efforts on modifying the 2,4-diaminopyrimidine moiety, through
a selective multicomponent reaction (MCR), the Groebke-
Blackburn-Bienaymé reaction (GBBR). In the past, changes at
this part of the molecule have not been considered, as they involve
key interactions in the recognition of the natural substrate at
the DHEFR active site; however, the situation could be otherwise
in mutated enzymes. Furthermore, inspection of the PDB of
the crystal structure of a TMP-DHFR complex shows room for
structural changes at the pyrimidine moiety (Figure 1C) (Heaslet
et al.,, 2009). These GBBR-type modifications will change the
heterocyclic core of the drug into a more complex di- or tricyclic
azine, and up to four diversity points, which will be introduced
in a regioselective manner (Scheme 1). These transformations,

involving a relevant structural change on the TMP original
framework, strictly speaking cannot be considered as drug late
stage functionalizations (Cernak et al., 2016), although share the
same philosophy of the approach.

MCRs represent an alternative to the usual sequential
multistep synthesis. They involve the reaction of three or more
starting materials in a convergent way to yield an adduct, whose
structure embodies the major part of the reactive materials in a
one-pot reaction through a unified mechanism (Zhu et al., 2014).
Specifically, these reactions bring high efficiency, simplicity and
both atom and step economy. Thus, they are of interest in
medicinal chemistry to assemble relevant, complex heterocycles
with remarkable bioactivities and to speed up the Structure-
Activity Relationship studies (Hulme, 2005; Akritopoulou-Zanze
and Dijuric, 2010; Domling et al., 2012; Slobbe et al., 2012;
Zarganes-Tzitzikas and Doemling, 2014).

The GBBR (Scheme 2) is an isocyanide-based MCR yielding
azine-fused imidazoles from readily available aldehydes (2),
isocyanides (3) and amidine-type building blocks (1) (Bienaymé
and Bouzid, 1998; Blackburn et al., 1998; Groebke et al., 1998).
Several reviews have abstracted the main features of this MCR
(Devi et al, 2015; Pericherla et al, 2015). This important
transformation is massively used in medicinal chemistry,
especially in drug discovery, because of the drug like character
of the adduct (imidazo-azine), together with the power to
decorate it with a wide range of structural diversity (Shaaban
and Abdel-Wahab, 2016). These N-fused bicyclic imidazo-azines
represent a special class of privileged scaffold found in several
bioactive compounds and commercially available drugs, such
as Zolpidem, Alpidem, Necopidem, Zolimidine, Divaplon, and
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Minodronic acid (approved for treatments of insomnia, anxiety,
peptic ulcers, epilepsy, osteoporosis, etc.) (Figure 2). It is also
well-known that a-polyamino-polyazines are important aromatic
polyheterocycles present in a wide variety of clinical drugs,
such as the antibacterial drug Trimethoprim, the anticonvulsant
drug Lamotrigine and the anticancer drug Methotrexate.
Furthermore, specific GBBR adducts have been identified as

active antibiotics through phenotypic analyses, addressing a
variety of targets (Al-Tel and Al-Qawasmeh, 2010; Shukla
et al., 2012; Semreen et al., 2013; Kumar et al., 2014). These
facts back our project to modify TMP via GBBR processes to
deliver potentially useful novel antibiotics, either improving the
activity of the original drug upon DHFR or acting through
independent mechanisms.
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FIGURE 2 | Example of commercial drugs with N-fused bicyclic imidazo-azines. The imidazo-azine core is highlighted in bold.

RESULTS AND DISCUSSION

Chemical Synthesis

In this context, we planned to develop a series of TMP derivatives
through the GBBR by interaction of the original drug (TMP, 1)
with a range of aldehydes (2) and isocyanides (3), and analyse
the resulting MCR adducts as novel antibiotics, determining their
potency, and efficiency, also considering their potential impact on
resistant bacteria (Scheme 3).

The chemical modifications on TMP are based in our recent
discoveries on GBBRs upon diaminopyrimidines, involving
selective and multiple MCRs (Ghashghaei et al., 2018). In
this way, the preparation of TMP analogs consisted in a
regioselective mono-GBBR with an aldehyde/isocyanide pair,
to yield derivatives 4; it is worth mentioning that a kinetic
control justifies the preferential formation of the observed
isomer. Furthermore, double GBBR processes upon TMP yield
doubly substituted derivatives 5, with two equivalents of each
reactant class (Scheme 3). The participation of a variety of Lewis
acids catalyst is required to suitably generate and activate the
imine intermediate and to achieve a moderate yield. In addition,
standard flash chromatography purification was normally needed
to afford the pure product. The designed analogs featured the
N-fused bicyclic imidazo-azine scaffolds from the TMP reactant
and displayed the variability points at substituents R!, derived
from the isocyanide input (3) and R? arising from the aldehyde
reactant (2).

The processes worked in our TMP system as expected,
yielding the corresponding products, showing the same reactivity
and selectivity trends that were described in the unsubstituted

diaminopyrimidine studies (Ghashghaei et al, 2018). For
the initial screening, we prepared a series of TMP analogs
featuring a variety of substituents on the imidazole amino
group (R!, being tert-butyl, 4-methoxyphenyl, cyclohexyl, and
ethoxycarbonylmethyl) whereas at its carbon position a range
of aromatic or alkyl substituents were introduced (R? being
4-chlorophenyl, a-, B-, or y-pyridinyl, a-thienyl, methyl, and
isopropyl). All the reactions were successful, yielding the mono-
GBBR derivatives 4 and the doubly substituted-GBBR adducts
5 in acceptable yields (unoptimized). In this way, 12 new
products (4a-4j and 5a-b) arising from the corresponding
aldehyde/isocyanide combinations were suitably prepared as
pure materials (Figure 3).

The connectivity of the first analog synthesized (4a) was
assigned through two-dimensional NMR experiments: HSQC,
HMBC and NOESY spectra (see Supplementary Material)
and matched with the expected structure, displaying the
regioselectivity previously described (Ghashghaei et al., 2018).
The rest of derivatives showed the same spectroscopical trends
and their structures were assigned by analogy. Furthermore, the
doubly substituted GBBR adducts 5 synthetically derived from
the corresponding precursors 4, then securing their identity.

We planned to incorporate an unsubstituted amino group
in the imidazole ring of the novel derivatives 4 and 5 in order
to favor their recognition by the DHFR active site, in line
with the natural substrate. Then, we tackled the preparation
of such compounds through the acidic removal of a tert-butyl
group from a suitable precursor adduct coming from MCRs
involving tert-butyl isocyanide. Precedent work by Krasavin et al.
(2008) demonstrated that this transformation is feasible in GBBR
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FIGURE 3 | TMP mono- (4) and double-GBBR (5) adducts.

adducts. In this way, compounds 6a-6b and 7a were obtained as  (for details, see the Supplementary Material). Although all the
pure unsubstituted amino derivatives form tert-butyl precursors ~ compounds showed MIC values against E. coli ATCC 25922
4 and 5, after HBF, treatment (Scheme 4). All the synthesized  and S. aureus ATCC 29213 higher than TMP, some of them
compounds were suitably obtained in pure form, characterized  were almost as potent as TMP (4c, 4f, 4h, 4i, 4j and 6a). P.

and forwarded to microbiological analyses. aeruginosa PAO1 was found to be fully resistant to TMP, as well
. . as to all new compounds. A preliminary inspection of the results
Biological Analyses showed that double GBBR adducts 5 lacked activity, probably

The Minimum Inhibitory Concentration (MIC) values of the  meaning that they were unsuitable for binding to the target sites.
15 TMP analogs against control strains are shown in Tablel  Whereas for derivatives 4 some combinations were unproductive
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SCHEME 4 | (A) Deprotection of N-tert-butyl groups in adducts 4 and 5. (B) TMP-GBBR mono- (6) and double-adducts (7).

(especially the ones with aromatic and acetate R! substituents
and p-chlorophenyl group at R? position), those featuring tert-
butyl groups at R! and isopropyl, methyl, B-, y- (but not a-)
pyridyl, and a-thienyl groups at R? were particularly favored.
Moreover, comparing compounds 4d, 4g and 6b, we are able
to confirm that the reduction of R! substituents size allowed
to decrease the MIC. It is also worthy to emphasize that all
compounds resulted to be more active on E. coli than on S.
aureus; 4i, 4¢, and 4f being the most potent ones. Thus, chemical
modifications do not seem to limit the ability of the different
new compounds to penetrate the outer membrane in Gram
negative bacteria.

Almost all the new compounds acted synergistically with SMX
as the control drug TMP did, against E. coli ATCC 25922 and
S. aureus ATCC 29213 (Table 2); the latter species being much
more sensitive to the SMX combination than to the treatment
with the TMP-GBBR analogs alone. It also becomes apparent
that nearly all the new compounds presented high activity against
a set of clinical isolates of MRSA isolated from hospitalized
or Cystic fibrosis (CF) patients. In CF patients, Staphylococcus
aureus (and particularly MRSA) infection is the main challenge
of antibiotic therapy, since the persistent infection caused by
this bacterium is strongly associated with increased rates of
decline in respiratory function and high mortality (Dolce et al.,
2019). Thus, new approaches to fight this kind of bacterium are
mandatory and should be based on new antimicrobials, most

probably combined with conventional ones (Lo et al., 2018;
Xhemali et al., 2019).

Again, derivatives 4c, 4f, 4h, 4i, 4j, and 6b were
the most potent, but interestingly, some adducts which
were not meaningful acting alone (Tablel), on SMX
combination displayed a relevant potency (4a, 4d, 4e,
4g, and 6a). Disappointingly, no effect either of adducts

alone or in combination with SMX was observed on
Pseudomonas aeruginosa in any case, in line with the
detected TMP activity. Particularly interesting are the
activities against MRSA isolates as can be seen in

Table 2, with many derivatives being as active as the
TMP reference.

A relevant feature in the use of an antibiotic is its kinetic
profile. Specifically, a fast reduction of the growth rates of the
infective microorganism is of capital interest in therapeutics,
arguably as important or more than the effective dose. Thus,
the effect of TMP analogs in combination with SMX on the
growth curves of E. coli ATCC 25922 and S. aureus ATCC
29213 was studied for the most interesting compounds (Figure 4
and Supplementary Material). Some differences were observed
at subinhibitory concentrations of the antimicrobials (1/2 MIC
and 1/4 MIC). In both tested bacteria, full inhibition occurred
for derivatives 4g and 4i with SMX (1:20) at 1/2 the MIC
value (Figures 4A,C,D). On the other hand, compounds 4g and
4f, at a concentration of 1/4 MIC, gave similar results than
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TMP at 1/2 MIC against E. coli ATCC 25922 (Figures 4A,B).  the TMP reference, especially compound 4i for long culture
In all the cases, significant reductions in the growth rates  times (Figure 4D).

were observed when compared with the antimicrobial-free

control, being comparatively better for some conditions than CONCLUSION

The marketed antibiotic TMP (1) has been succesfully modified
by a GBB MCR with a range of commercially available
aldehydes and isocyanides in selective processes yielding mono-
or double- imidazo-azine adducts 4 and 5. A short synthetic
(one or two steps) protocol allowed access to a focused
library of 15 TMP analogs featuring a novel heterocyclic

TABLE 1 | Minimum Inhibitory Concentration (MIC, jLM) of TMP and the new
GBBR analogs against E. coli ATCC 25922, S. aureus ATCC 29213, and P
aeruginosa PAO1.

MIC (nM) scaffold with a relevant degree of chemical diversity at

E. coli S. aureus ATCC 29213 P, aeruginosa PAOT selected positions, including hydrogen atoms, small alkyl groups,

ATCC 25922 aromatic and heteroaromatic rings. Incidentally, this work

shows the possibility of using known drugs as substrates

TMP 1 0.43 13.78 > 110.22 for MCRs and, in this manner, opens new ways to develop
4a 16.13 > 64.52 > 64.52 novel chemical entities of biological interest from this unusual
4b > 67.01 > 67.01 > 67.01 origin. Antimicrobial activity of the novel analogs has been
4c 117 18.71 > 74.85 assayed in Grampositive (S. aureus) and Gramnegative (E.
4d 8.19 > 65.50 > 65.50 coli) microorganisms as well as on a bacterium considered the
4e 5.19 > 83.07 > 83.07 paradigm of resistance (P. aeruginosa). Despite the latter was
af 1.25 80.10 >80.10 resistant to all the new compounds, several mono-adducts 4
4g 17.30 > 69.18 > 69.18 displayed MICs in the micromolar range against E. coli and
R 214 - 68.44 > 68.44 S. aureus, what make us think that the TMP-derivatives bind
4 1.02 65.50 - 65.50 to DHFR as well. The observed impact on growth kinetics
4 205 65.50 - 65.50 allows us to conclude that the association of these new products
5a - 45.60 - 45.60 = 4560 with SMX exert a very similar effect than TMP itself. It is
56 - 56.66 - 56.66 ~ 56.66 worthy to emphasize the excellent activities detected against
6a 455 - 72.75 - 70.75 MRSA strains. Given the reduced size of the focused chemset
b 2.46 78.73 = 7873 analyzed, and the relevant results found, we can conclude that
7a - 54.29 - 54.29 - 54.29 the novel scaffold synthesized has potential to become a source

for novel antibiotics. Further on going studies along these

TABLE 2 | Minimum Inhibitory Concentration (MIC, j.M) of TMP and the new GBBR analogs in combination with Sulfamethoxazole (1:20) against E. coli ATCC 25922, S.
aureus ATCC 29213, P, aeruginosa PAO1, S. aureus 8125304770, S. aureus 8139265926, S. aureus 8125255044, and S. aureus 8124825998.

MIC (nM)
E. coli ATCC S. aureus ATCC P. aeruginosa S. aureus S. aureus S. aureus S. aureus
25922 29213 PAO1 8125304770 8139265926 8125255044 8124825998

TMP 1 0.11 0.43 13.78 0.431 0.86 0.22 0.43
4a 2.02 8.06 > 64.52 4.03 8.06 1.01 4.03
4b 67.01 > 67.01 > 67.01 67.01 > 67.01 67.01 > 67.00
4c 117 4.68 37.42 4.68 9.36 0.292 117
4d 2.05 4.09 > 65.50 4.09 4.093 1.02 4.09
4e 1.30 5.19 > 83.07 1.298 2.60 0.65 1.30
4f 0.63 5.01 40.05 0.63 2.50 0.63 1.25
49 0.54 4.32 > 69.18 2.16 8.65 1.08 4.32
4h 0.27 2.14 34.22 1.07 1.07 0.27 1.07
4i 0.13 2.05 32.75 0.51 1.02 0.51 1.02
4j 0.26 2.05 32.75 1.02 2.05 0.51 1.02
5a > 45.60 > 45.60 > 45.60 > 45.60 > 45.60 > 45.60 > 45.60
5b 28.33 > 56.66 > 56.66 28.331 > 56.66 14.17 56.66
6a 2.27 9.09 >72.75 2.27 4.55 1.14 4.55
6b 0.31 2.46 78.73 1.23 2.46 0.62 2.46
7a > 54.29 > 54.29 > 54.29 > 549 > 54.29 > 54.29 > 54.29
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FIGURE 4 | Effect of the analogs 4f, 4g, 4i and TMP in combination with sulfamethoxazole (1:20) on the growth curve of E. coli (4g, 4f; A,B) and S. aureus
(49, 4i; C,D).

lines tackle toxicity, the mechanism of action and bacterial
resistance issues.
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Bacterial strains, bacteriological media and antimicrobials

Three different control strains were selected; Escherichia coli ATCC 25922, Staphylococcus aureus
ATCC 29213 and Pseudomonas aeruginosa PAO1. Four clinical isolates of methicillin-resistant S.
aureus from nasal and wound smear were used (S. aureus 8125304770, S. aureus 8139265926, S.
aureus 8125255044, S. aureus 8124825998).

Tryptic soy broth (TSB, Scharlau Microbiology, Sentmenat, Spain) was used to determine the
minimum inhibitory concentrations (MICs) and in the growth curves. Sulfamethoxazole and
Trimethoprim were purchased from Sigma-Aldrich (St. Louis, USA).

Susceptibility testing

Determination of the Minimum Inhibitory Concentrations (MIC)

MIC values were determined by the broth microdilution method and interpreted according to the
European Committee on Antimicrobial Susceptibility Testing (EUCAST) guidelines.' Briefly, the
strains were grown overnight at 37 °C with orbital shaking at 200 rpm in Tryptone Soy Broth (TSB).
After doing a refresh of 2 h in the same conditions, the bacterial cultures were adjusted to ODgzs5nm of
0.08-0.1 (10° CFUs/mL) in fresh TSB medium. 5 pL of each suspension was added to 96-well plates
previously filled with TSB and serially diluted TMP analogues. Concentrations assayed were 32, 16,
8,4,2,1,0.5,0.25, 0.125 and 0.062 pg/ml. The plates were incubated at 37 °C for 24 h, after which
the MIC was determined macroscopically, based on the visually turbidity of the wells by placing the
plates on top of a viewing device in form of a stand with an enlarging mirror.

The antimicrobial activity of these 15 new Trimethoprim (TMP) analogues was evaluated against
Escherichia coli ATCC 25922, Staphylococcus aureus ATCC 29213, Pseudomonas aeruginosa 01.
Moreover, susceptibility was examined using the new compounds alone and in combination with
Sulfamethoxazole in a 1:20 ratio in the three previous strains and also in S. aureus 8125304770, S.
aureus 8139265926, S. aureus 8125255044 and S. aureus 8124825998. Serial dilutions of the
antimicrobials starting from 32 pg/mL were tested.

Minimal inhibitory concentrations were determined in triplicate in at least three different
experiments. Values resulted to be repetitive with undetectable differences by this method.

" EUCAST. European Committee on Antimicrobial Susceptibility Testing Breakpoint Tables for Interpretation of MICs
and Zone Diameters European Committee on Antimicrobial Susceptibility Testing Breakpoint tables for Interpretation of
MICs and Zone Diameters 0-99. Available online:

http://www.eucast.org/fileadmin/src/media/PDFs/EUCAST files/Breakpoint tables/v 9.0 Breakpoint Tables.pdf
(accessed on 10 March 2019).
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Effect of TMP-SMX and the GBBR analogues on bacterial growth curves

The combination of some of the most active analogues and Sulfamethoxazole (1:20) was assayed for
their effect on the growth curve. A Gram-negative (E. coli ATCC 25922) and a Gram-positive (S.
aureus ATCC 29213) were used to examine the effect of these new compounds in real time.

Volumes of 10 mL TSB liquid cultures with 1-5x10® CFU/mL in logarithmic-phase were adjusted.
Antimicrobials were then added at sublethal concentrations (2 MIC and % MIC). Trimethoprim was
also evaluated as a control.

The incubation was performed in RTS-1C real-time cell growth loggers (Biosan) for 20h at 37 °C
and 2000 rpm. Growth was measured as optical density (OD 850 nm) every 10 minutes.

Growth Curves

Effect of the analogues 4c, 4d, 4e, 4f, 4h, 4j, 6b and TMP in combination with sulfamethoxazole
(1:20) on the growth curve of S. aureus.

4c
2.5+ R
. ° e . C+
2.04 > 0.86uM TMP + 19.74uM SMX
15 : +* = 1.17uM 4c + 39.48uM SMX
6?: ' . ’ + 0.58 uM 4c + 19.74uM SMX
© 101 . ‘
0.5 A
oo be CghammEEEEEEEIIES
"o 5 10 15 20
Time (h)
4d
2.5- . .. Ce
2,04 .. ©e o 0.43uM TMP + 9.87uM SMX
. . . * 1.02uM 4d + 39.48uM SMX
g 154 . .4+ 0.51uM 4d + 19.74uM SMX
a . :
© 1.0+ o
0.5 . a . L © .
0.0 a-iéééagea"gi".
"o 5 10 15 20
Time (h)

29

89



Outer membrane: a key obstacle for new antimicrobial agents

Supplementary Material
4e
2.5 . .
Y o
2.01 . > 0.86uM TMP + 19.74uM SMX
. = 1.30uM 4e + 39.48uM SMX
8 1.54 . + 0.65uM 4e + 19.74puM SMX
o .
o 1.0 N
0.5- e ’
0.0 s 8 8 § i : e % é H é . ? ias . :
0 5 10 15 20
Time (h)
4f
2.5 .
LI . ° . C+
201 Lt > 0.86uM TMP + 19.74uM SMX
- o - 2.5uM 4f + 78.96uM SMX
& .. L. eeaar 4 1.25uM4f +39.48uM SMX
O 101
0.5 .
c L o
‘lgﬁorbchoroooJJ
0.0 42— T T .
0 5 10 15 20
Time(h)
4h
281 c. .. T oeocH
2.0 o % ° 0.86uM TMP + 19.74uM SMX
. = 1.07uM 4h + 39.48uM SMX
g 5 . _+ 0.53uM 4h + 19.74uM SMX
O 1.0 . N
0.5 ‘ e
00 ﬁ‘,,gq«;aéééeeieiecﬁ‘iﬁ%‘:
"o 5 10 15 20

Time (h)

30

90



Article 2

4j

2.5 - . ce
e = 0.86uM TMP + 19.7uM SM

201 ce « 1.02uM 4j + 39.48uM SMX
- . 0.51uM 4j + 19.74uM SMX
g .
o 1.0

0.5 .

00 i..é;suaaasaasssg

"o 5 10 15 20

Time (h)
6b
2.5+
L eer .o
204 R © 0.86uM TMP + 19.74uM SMX
. « 1.23uM 6b + 39.48uM SMX

- . 0.62 UM 6b + 19.74uM SMX
B .
O 1.01 .

0.5

00__,;uaeééé§§sssasas

0 5 10 15 20
Time (h)

31

91



Outer membrane: a key obstacle for new antimicrobial agents

Supplementary Material

Effect of the analogues 4h and 4i and TMP in combination with sulfamethoxazole (1:20) on the
growth curve of E. coli.
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Abstract: This work reports a detailed characterization of the antimicrobial profile of two trimethoprim-
like molecules (compounds 1a and 1b) identified in previous studies. Both molecules displayed
remarkable antimicrobial activity, particularly when combined with sulfamethoxazole. In disk
diffusion assays on Petri dishes, compounds 1a and 1b showed synergistic effects with colistin.
Specifically, in combinations with low concentrations of colistin, very large increases in the activities
of compounds 1a and 1b were determined, as demonstrated by alterations in the kinetics of bacterial
growth despite only slight changes in the fractional inhibitory concentration index. The effect of col-
istin may be to increase the rate of antibiotic entry while reducing efflux pump activity. Compounds
1a and 1b were susceptible to extrusion by efflux pumps, whereas the inhibitor phenylalanine arginyl
B-naphthylamide (PABN) exerted effects similar to those of colistin. The interactions between the
target enzyme (dihydrofolate reductase), the coenzyme nicotinamide adenine dinucleotide phosphate
(NADPH), and the studied molecules were explored using enzymology tools and computational
chemistry. A model based on docking results is reported.

Keywords: trimethoprim; multidrug-resistant (MDR) bacteria; mechanisms of action; dihydrofo-
late reductase

1. Introduction

Unlike eukaryotes, prokaryotes must produce their own nucleotides. In bacteria,
a prerequisite for the biosynthesis of thymidine is the production of folate. Trimethoprim
(TMP), included in the World Health Organization’s Model List of Essential Medicines,
was first used in 1962 and remains a first-line antibiotic in many countries, usually in
combination with sulfamethoxazole (SMX), with which it acts synergistically. TMP and
SMX target two key enzymes of the folate pathway, acting as inhibitors of dihydrofolate
reductase (DHFR) and dihydropteroate synthetase (DHPS), respectively (Figure 1).

Antimicrobial resistance remains a major challenge for microbiologists and public
health officials, as infections by multidrug-resistant bacteria have reached worrisome levels.
Resistant bacteria include: (i) multi-resistant strains, which are resistant to antimicrobials
from at least three different families, (ii) extremely resistant strains, which are resistant

Antibiotics 2021, 10, 709. https:/ /doi.org/10.3390/antibiotics10060709
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to all antimicrobials except colistin, and (iii) pan-drug-resistant strains, resistant to all
available antimicrobials [1].

PABA
Os.n
== Dihydropteroate
| o N l
HNT ° synthase
Sulfamethoxazole
(SMX) 7,8 Dihydropteroate
Dihydrofolate
synthase
7,8 Dihydrofolate
NADPH Dihydrofolate
Ny reductase
.
MO~
eo” N~ w “wm, Tetrahydrofolate

Triméthoprim
(TMP)

Thymidylate

Figure 1. Folic acid biosynthesis pathway.

Among the lines of research aimed at overcoming antimicrobial resistance are: (i) the
“green” approach, based on innovative eco-friendly antimicrobials [2], and (ii) the chemical
approach, based on the synthesis of new molecules with antimicrobial action, including;:
(a) inhibitors of the resistance mechanisms to potentiate already existing antimicrobials [3];
(b) bioactive peptides [4], (c) the conjugation of different molecules to generate new ones
with improved properties [5], and (d) a combination of two or more of these strategies.
The interests of our laboratories include the synthesis of molecules whose active sites
resemble those of already known antibiotics [6], the improvement of molecular delivery,
such as the use of nanoparticles as antibiotics carriers in nano-medical devices [7], and the
modification of natural molecules such that they acquire antimicrobial properties [8].

In this article we examine two TMP-like molecules that have been recently reported [6],
focusing on their antibacterial effects and their mechanisms of action. TMP acts directly
on dihydrofolate reductase (DHFR, EC 1.5.1.3), which catalyzes the reduction of 7,8-
dihydrofolate (H,F) to 5,6,7,8-tetrahydrofolate (H;,) using NADPH as a cofactor. The con-
version requires the transfer of a hydride from C4 of the NADPH cofactor to C6 of the
pterin ring of HyF, accompanied by the protonation of dihydrofolate on N5. This reaction
is essential in the de novo synthesis of purines, thymidine, and certain amino acids [9,10].
Given the important role of DHFR, which is ubiquitously expressed by all kingdoms of life,
the enzyme may be an effective therapeutic target in cells with a rapid DNA turnover and
therefore both in bacteria and the treatment of cancer [11,12].

Based on the straightforward synthesis of compounds 1a and 1b, which were read-
ily prepared through a Groebke-Blackburn-Bienaymé (GBBR) multicomponent reaction
(Scheme 1), and the preliminary bacteriological profiles, which combine suitable antibiotic
potency and kinetics [6], compounds 1a and 1b are explored in this study with respect to
their mechanism of action and possible synergistic effects when used in combination with
other antibacterial agents.
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Scheme 1. Multicomponent access to new trimethoprim (TMP) derivatives.

2. Results and Discussion
2.1. Antimicrobial Susceptibility of Planktonic Bacteria

The minimum inhibitory concentrations (MICs) of TMP, 1a and 1b, both alone and in
combination with SMX and colistin, are shown in Table 1. The E. coli ATCC 25922 strain
was susceptible to TMP, 1a and 1b, and the activity was enhanced when the compounds
were combined with SMX. The P. aeruginosa PAO1 strain was resistant to TMP, 1a and 1b,
but susceptible to colistin. On the contrary, S. marcescens was colistin-resistant, but sus-
ceptible to the combined treatment of the compounds with SMX. Finally, 1a and 1b were
also tested in TMP-resistant strains (E. coli 220560529 and S. epidermidis 220560752) but no
significant effect was observed, suggesting that these compounds should share the target
with TMP (data not shown).

Table 1. Minimum inhibitory concentration (MIC, uM) of trimethoprim (TMP) and compounds 1a
and 1b tested alone and in combination with sulfamethoxazole (SMX) and colistin against Escherichia
coli ATCC 25922, Pseudomonas aeruginosa PAO1, and Serratia marcescens NIMA. Data for P. aeruginosa
PAOL1 and E. coli ATCC 25922 were already reported [6].

MIC (uM)
- . E. coli P. aeruginosa
Antimicrobial ATCC 25922 PAOL S. marcescens NIMA
T™MP 0.43 >110.22 13.78
TMP (SMX) 0.11 (2.37) 13.78 (315.86) 0.86 (19.74)
1la 1.25 >80.10 80.10
1a (SMX) 0.63 (19.74) 40.05 (1263.43) 2.5 (78.96)
1b 1.02 >65.50 16.37
1b (SMX) 0.13 (3.95) 32.75 (1263.43) 1.02 (39.48)
Colistin 0.43 1.73 >886.23

2.2. Antimicrobial Susceptibility of Sessile Bacteria

Many microorganisms that cause infectious diseases normally grow attached to a
surface or an interface, thus forming biofilms. These structured communities contain
bacterial cells of one or more species, attached to a living or inert surface and immersed
in a hydrated polymeric matrix [13]. Within the biofilm, bacteria grow as part of complex
and dynamic systems that result in their ability to tolerate antimicrobials [14], leading
to persistent infections. Thus, the efficacy of new antibiotics requires both conventional
antimicrobial susceptibility tests against planktonic cells (e.g., MIC determinations) and
tests against bacteria residing in biofilms. In this work, the activity of 1a and 1b was
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measured under both conditions and then compared with the corresponding activity
of TMP.

The minimum biofilm eradication concentration (MBEC) and biofilm prevention con-
centration (BPC) for TMP and compounds 1a and 1b, alone and in combination with SMX
(1:20), are shown in Table 2. Antimicrobials that exhibited antibiofilm activity had higher
MBECs than BPCs. This result reflects the fact that the MBEC is a measure of the antimi-
crobial activity on mature biofilms, while the BPC is the concentration at which biofilm
formation is blocked by the antimicrobial. Compound 1b was highly active in biofilm
prevention, whereas neither TMP nor compounds 1a and 1b were able to fully eradicate
Staphylococcus aureus biofilms (neither S. aureus ATCC 29213 nor S. aureus 8124825998).

Table 2. The minimum biofilm eradication concentration (MBEC, uM) and biofilm prevention concentration (BPC, uM) of
TMP and the GBBR analogues 1a and 1b when tested alone and in combination with SMX (1:20) against E. coli ATCC 25922,
S. aureus ATCC 29213, and S. aureus 8124825998.

E. coli ATCC 25922 S. aureus ATCC 29213 S. aureus 8124825998
Antimicrobial
MBEC (uM) BPC (uM) MBEC (uM) BPC (uM) MBEC (uM) BPC (uM)
TMP 275.56 275.56 >2204.46 1102.23 >2204.46 >2204.46
(SMX) (6317.14) (6317.14) (50,537.15) (25,268.58) (50,537.15) (50,537.15)
la >1602.06 200.26 >1602.06 801.03 >1602.06 >1602.06
(SMX) (50,537.15) (6317.14) (50,537.15) (25,268.58) (50,537.15) (50,537.15)
1b 163.74 81.87 >1309.91 163.74 >1309.91 327.48
(SMX) (6317.14) (3158.57) (50,537.15) (6317.14) (50,537.15) (12,634.29)

2.3. Synergism Studies

Table 3 shows the results of TMP-SMX checkerboard assays in combination with col-
istin when tested in four clinical strains: E. coli 220560529, P. aeruginosa SJD 536, P. aeruginosa
SJD VHO023, and P. aeruginosa SJD 481. Synergistic effects between the two drugs were not
found, as noted in the values of the fractional inhibitory concentration index (FICi), which
is >0.5 and <4, in any of the studied strains.

Table 3. Fractional inhibitory concentration index (FICi) of TMP-SMX (1:20) with colistin.

Strains FICi
E. coli 220560529 2.0019
P. aeruginosa SJD536 1
P. aeruginosa VH023 1
P. aeruginosa SJD481 1.003

By contrast, a strong synergism was observed with these drugs in TMP-susceptible/
colistin-resistant S. marcescens (Table 4). This suggests that the susceptibility to TMP
and TMP-like molecules in some gram-negative bacteria is due to limitations in TMP
transport through the bacterial outer membrane. Colistin is unable to kill S. marcescens
but it does adversely impact prodigiosin biosynthesis [15]. Effects on both the entry of
antimicrobials as well as drug extrusion by efflux pumps have also been described [16].
Thus, as reported for antimicrobials such as linezolid and rifampin [17], colistin could be
used to enhance bacterial susceptibility to TMP and TMP-like compounds. The use of
very low concentrations of these drugs would limit their toxicity. It should be noted that
in preliminary plate experiments, positive effects between colistin and TMP-SMX were
observed in E. coli and P. aeruginosa (Figure 2), in agreement with the relatively low FICi
(close to 1). In colistin-susceptible bacteria, however, the lethality of colistin masked any
possible synergy.
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Table 4. FICi of TMP and compounds 1a and 1b with SMX (1:20) when tested with colistin.
FICi
Antimicrobial E. coli ATCC 25922 P. aeruginosa PAO1 S. marcescens NIMA
TMP + SMX 1.02 1.25 0.13
1a + SMX 1.02 1.00 0.25
1b + SMX 1.02 1.01 0.25

(a) (b) (9)

Figure 2. Interaction between colistin and TMP-SMX in (a) S. marcescens NIMA; (b) E. coli ATCC
25922, and (c) P. aeruginosa PAOL.

The effect of combining TMP, 1a and 1b with SMX and colistin in real-time were
determined by plotting growth curves for E. coli ATCC 25922, P. aeruginosa PAO1, and S.
marcescens NIMA using concentrations at which these strains were fully resistant (Figure 3).
When TMP, 1a and 1b were used in combination with colistin, bacterial growth was nearly
abolished, thus demonstrating synergism between these antibiotics. In the kinetics profile
of E. coli (Figure 3a), although 0.11 uM colistin provoked a 10 h delay in growth, growth
had resumed to the same level as the control at the end of the experiment. Following the
addition of TMP + SMX (0.05 uM + 1.22 uM), however, growth was delayed for 20 h.

A similar effect was observed in P. aeruginosa, both with TMP and with compounds
1a and 1b (Figure 3b). At a colistin dose of 0.87 uM, the growth was delayed for 2 h and
then reached the same level as the control. Similar curves were obtained with TMP +
SMX (6.89 uM + 157.93 uM), whereas the growth delay was 4 h with 1a + SMX (10.01 uM
+ 315.86 uM) and 1b + SMX (8.19 uM + 315.86 uM). The addition of 0.87 uM colistin to
1a + SMX and 1b + SMX resulted in a delay of 10 h, whereas the addition of 0.87 uM
colistin to TMP + SMX completely abolished the growth for 23 h after the start of the
experiment. The results from the agar plates and the growth curves suggested an additive
effect, even though it was not clearly reflected in the FICi values.

The effects of the antibiotics were also explored in S. marcescens (Figure 3c), which is
intrinsically fully resistant to colistin. Thus, while colistin severely alters the bacterium’s
outer membrane, it does not affect bacterial viability, as the cytoplasmic membrane remains
intact. The effect of colistin on the outer membrane of Serratia can be readily seen by
transmission electron microscopy [18]. The growth curve of S. marcescens in the presence
of TMP + SMX and colistin exhibited a longer delay (up to 10 h) in the start of detectable
growth compared to the delay observed in the presence of TMP + SMX. Similar results
were obtained with 1a. Moreover, when testing 1b, a complete abolition of growth was
obtained in the presence of colistin.

The nearly complete abolition or prolonged delay of growth in the studied bacteria
suggested that colistin alters the hydrophobic permeability barrier of the lipopolysaccharide
outer membrane and thus facilitates the internalization of the DHFR inhibitors, which then
inhibit the bacterial growth. The demonstration of these synergistic effects in gram-negative
bacteria should renew the interest for the use of TMP and TMP-like molecules.
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Figure 3. Effects of TMP, 1a and 1b when tested in combination with SMX (1:20) and in the presence of sublethal concentra-

tions of colistin on the growth curve of (a) E. coli ATCC 25922, (b) P. aeruginosa PAO1, and (c) S. marcescens NIMA.

2.4. The Role of Efflux Pumps

The TMP analogues were tested in combination with SMX (1:20) in the presence of
20 png/mL of the efflux pump inhibitor phenylalanine arginyl 8-naphthylamide (PABN).
At this point, it is worth noting that previous studies demonstrated that they have no
detectable effect on bacterial growth when used at concentrations up to 40 pg/mL [19].
The MIC values are shown in Table 5. Lower MIC values were obtained in the presence of
PABN compared to the assays performed in the absence of the efflux pump inhibitor.

A recent study demonstrated that colistin, even at low concentrations, has a direct ef-
fect on efflux pump functionality [16]. In the present study, the addition of 20 ug PABN/mL
resulted in a 16-fold reduction in the MICs of TMP and its analogues (Table 5). These
results are consistent with the critical role of efflux pumps in bacterial susceptibility to

these antimicrobials.
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Table 5. MIC values of TMP and compounds 1a and 1b in combination with SMX (1:20) as well
as colistin in P. aeruginosa PAOL1 in the presence or absence of the efflux pump inhibitor PABN
(20 pg/mL).

MIC (uM)
Antimicrobial
ntimicrobia With PABN Without PARN
TMP (SMX) 1.72 (39.48) 2756 (631.71)
1a (SMX) 5.01 (157.93) 80.10 (2526.86)
1b (SMX) 2.05 (78.96) 32.76 (1263.43)
Colistin 173 173

This work examined possible synergisms between colistin and TMP, 1a and 1b in en-
hancing the antimicrobial activity, following the positive results in preliminary experiments
on Petri dishes (Figure 2). The synergistic effects of colistin and all three TMP molecules
were confirmed (Figure 3 and Table 4) and a possible mechanism involving bacterial efflux
pumps was demonstrated. Our findings suggest that DHFR inhibitors can be used in
combination with low concentrations of colistin or similar molecules as a new approach
for the treatment of infections caused by multidrug-resistant variants of gram-negative
bacteria. The synergism between colistin and the TMP molecules in S. marcescens further
suggested that peptides with the ability to facilitate antibiotic penetration by altering the
bacteria outer membrane and inhibiting bacterial efflux pumps can be used to sensitize
bacteria to a wide range of otherwise ineffective antimicrobials.

2.5. Enzymatic Assays

Like TMP, compounds 1a and 1b are potent inhibitors of DHFR. Both analogues
inhibited the activity of this enzyme by >80%. All three inhibitors were then tested in E. coli
supplied with increased concentrations of the DHFR cofactor NADPH and the substrate
HjF. The reaction without inhibitors served as the reference (100% activity). In the reactions
with TMP or its analogues, increasing concentrations of NADPH resulted in the increased
enzyme activity (Figure 4). The enzyme activity was the highest at the highest tested
concentration of NADPH (240 uM).

™P 1a 1b
150 150 150
g1” E‘WU §‘|DB
g 3 3
& 50 |T| Fa] P
P ’ s i S
(Q- R
FESESS £ FESE &£ &S
A o8 o s
& I S
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Figure 4. Activity (%) of E. coli dihydrofolate reductase (DHFR) after a 30-min incubation with
substrate in the presence of the inhibitors (a) TMP, (b) 1a and (c) 1b, each at a concentration of 5 uM,
and different concentrations of NADPH. The data are expressed as a percentage with respect to
the control.

Similar results were obtained for the three antibiotics tested in the presence of increas-
ing concentrations of HyF (Figure 5) When the enzymatic assays were performed using a
substrate concentration four times higher than the concentration used in the first assay (i.e.,
50 uM H;F), the inhibition was nearly reversed. Thus, as the concentrations of NADPH
or HyF were increased, the enzymatic activity was recovered as well, regardless of the
presence of the antibiotics.
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Figure 5. Percentage of activity of E. coli DHFR after a 30-min incubation. Each histogram represents
the activity of DHFR in the presence of different concentrations of HyF and 5 uM of the inhibitors
(a) TMP, (b) 1a and (c) 1b. The data are expressed as a percentage with respect to the control.

To explore the molecular basis of these results, we examined the binding of 1a to
E. coli DHFR. According to the docking model, the heterocyclic ring of 1a fills the pocket
occupied by the nicotinamide ring of NADPH, whereas the trimethoxybenzene ring over-
laps the same moiety present in TMP (Figure 6A). Accordingly, the binding of 1a would
compete with the substrate but would also affect the correct alignment of NADPH in its
binding pocket.

This binding model is supported by the following experimental evidence. First,
a comparison of the arrangements adopted by TMP in its interaction with human and
E. coli DHER showed the similar orientation of the diaminopyrimidine ring, which involves
the formation of several hydrogen bonds with residues in the binding pocket (Asp27, Ile5,
11e94). By contrast, the position of the trimethoxybenzene ring is more variable and, in fact,
it can adopt multiple arrangements, which often would sterically collide with NADPH
when bound to the enzyme. Indeed, the most severe steric hindrance (PDB entry 2W9H;
TMP, shown as blue sticks in Figure 6B) would occur in an X-ray structure that did not
include NADPH. Furthermore, accommodation of compounds 1a and 1b was facilitated by
the flexibility of the loops that shape the binding pocket. This was seen in the superposition
of the X-ray structures 3DAU (E. coli) [20] and 4KM2 (M. tuberculosis) [21], which revealed
the altered arrangement of loops Met20 and F-G (Figure 6C), as described in previous
studies [22,23]. On the basis of this conformational flexibility, compound 1b was docked
using a structural model of E. coli DHFR built using the open structure of the enzyme (PDB
entry 4KM2) as a template. The open structure enabled the proper accommodation of 1b in
the binding pocket of E. coli DHER (Figure 6D), which would lead to steric hindrance with
the nicotinamide ring of NADPH.

2.6. Cytotoxicity

At concentrations as high as 32 pg/mL, which was the maximal concentration consid-
ered in these assays, the cytoxicity of TMP, as well as compounds 1a and 1b in HepG2 and
L-929 cells, was almost negligible (Table 6). A drug is considered toxic when its cytotoxicity
level exceeds 20% [24]. For all three compounds, the ICsj (the drug concentration needed
to inhibit cell growth by 50%) was >32 ug/mL.

Table 6. Cytotoxicity (%) of TMP, 1a and 1b in HepG2 and L-929 cells. The data are presented as the
percentage of dead cells at maximal concentration tested of the compounds studied (32 ug/mL).

Cytotoxicity (%)
Compound HepG2 L-929
32 ug/mL
T™MP 0.35 0.8
la ND 0
1b 0.11 0

ND: Not determined.
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Figure 6. Binding mode of 1a to the DHFR of E. coli. (A) The docked positions of 1a and TMP are
shown with their C atoms depicted as yellow sticks and in deep blue, respectively, and with the C
atoms of NADPH in gray. (B) Superposition of the crystallographic poses of TMP (C atoms in gray).
The crystallographic structure of TMP in PDB entry 2W9H, in which the trimethoxybenzene group
sterically collides with the nicotinamide ring of NADPH, is shown in deep blue. (C) Loops Met20
and F-G, and helix 3 are highlighted to illustrate the differences in the 3D structures of PDB entries
3DAU (turquoise) and 4KM2 (orange). (D) The docked position of 1b (C atoms in magenta) in a
homology model of E. coli DHFR built using the open structure 4KM2 as a template. The position of
TMP and NADPH is shown with their C atoms depicted as deep blue and gray, respectively.

3. Materials and Methods
3.1. Chemical Synthesis

Compounds 1a and 1b were prepared as previously reported [6], from the interaction
of TMP with aldehydes and isocyanides in acetonitrile under Yb(OTf); catalysis. The com-
pounds were purified by chromatography and stored at —20 °C under an inert atmosphere.
Stock solutions in DMSO were stable when kept in the cold. The integrity of these com-
pounds and solutions thereof was confirmed by HPLC-MS (column: ZORBAX Extend-C18
3.5 um 2.1 x 50 mm, Agilent; mobile phase A: H,O + 0.05% HCOOH; mobile phase B:
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ACN + 0.05% HCOOH; 10 min; 35 °C). There were no signs of decomposition at least 1 year
after their chemical synthesis.

3.2. Antimicrobial Susceptibility of Planktonic Bacteria

The minimum inhibitory concentrations (MICs) of colistin, TMP, 1a, and 1b were
determined using the microdilution method, according to EUCAST recommendations [25].

3.3. Antimicrobial Susceptibility of Sessile Bacteria

TMP and its analogues were tested against biofilms by determining the minimal
biofilm eradication concentration (MBEC) and the biofilm prevention concentration (BPC).
Bacterial viability within the biofilm was assessed using the dye resazurin, which is reduced
by metabolically active bacteria to the fluorescent compound resorufin. Both collection
strains, E. coli ATCC 25922 and S. aureus ATCC 29213, and methicillin-resistant S. aureus
8124825998 were tested. All three strains were grown in tryptic soy broth (TSB) with
shaking at 200 rpm for 24 h at 37 °C. Bacterial biofilms were formed and treated as fol-
lows. Overnight suspensions of each strain were diluted 1/100 in TSB. One hundred puL
of each of the adjusted cell suspensions were transferred to the wells of flat-bottomed
96-well microtiter plates (Guangzhou Jet Bio-Filtration Co., Ltd., Mianyang, China) and
incubated at 37 °C for 24 h. Eight wells filled only with sterile TSB served as the negative
controls. All wells were then gently rinsed with 100 uL of Ringer 1 solution. The biofilms
were exposed to several concentrations of the antimicrobials (leaving 8 wells without
antimicrobials as a positive control) and incubated at 37 °C for 24 h. After the wells
were again rinsed with 100 uL of Ringer % solution, 100 uL of resazurin (0.0015%) was
added to each well. The plates were then incubated for 3-5 h, after which cell fluores-
cence (Aex = 530; Aem = 590) was measured using a scanning multi-well spectrophotometer
(FLUOstar OPTIMA, BMG Labtech, Ortenberg, Germany)). The MBEC was defined as the
lowest concentration of antimicrobial activity that prevented bacterial regrowth from the
treated biofilm.

3.4. Synergism Studies

The fractional inhibitory concentration (FIC) of TMP-SMX in combination with colistin
was determined by the checkerboard method in four clinical bacterial strains: E. coli
220560529, P. aeruginosa SJD 536, P. aeruginosa SJD 481 (all three TMP resistant), and P.
aeruginosa VHO023. In addition, the FICs of colistin with TMP, 1a and 1b, and SMX (1:20)
were determined in E. coli ATCC 25922, P. aeruginosa PAO1, and S. marcescens NIMA.
The assays were performed in 96-well plates using serial dilutions of TMP and SMX
(1:20). Serial dilutions of colistin starting from twice the previously determined MIC were
prepared and added to plates inoculated with 5 pL of bacterial suspension. The plates were
incubated overnight at 37 °C and read after at least 16 h of incubation.

The fractional inhibitory concentration index (FICi) was determined according to the
formula FICi = FIC A + FIC B, where FIC A is the MIC of drug A (TMP + SMX) in combina-
tion/MIC of drug A alone and FIC B (colistin) is the MIC of drug B in combination/MIC
of drug B alone. The combinations were defined as synergistic (FICi < 0.5), indifferent
(FICi > 0.5 and < 4), or antagonistic (FICi > 4). An antimicrobial effect achieved at a drug
concentration that was lower when the drug was used in combination with other drugs
than alone was considered to be indicative of synergism between the tested antibiotics.

Additionally, the effect of TMP-SMX and the GBBR analogues in combination with
sublethal concentrations of colistin was assessed in growth curves of E. coli ATCC 25922,
P. aeruginosa PAO1, and S. marcescens NIMA. Exponential-phase cultures were adjusted to
5 x 10 CFU/mL in a final volume of 10 mL of TSB and the antimicrobials were added
at sublethal concentrations. Growth was monitored using RTS-1C real-time cell growth
loggers (Biosan SIA, Riga, Latvia) in cells incubated for 24 h at 37 °C with shaking at
2000 rpm. Growth was measured every 10 min as the optical density (OD 850 nm).
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3.5. Efflux Pumps Effect

The efflux pump inhibitor phenyl-arginyl-f-naphthylamide (PapN) was purchased
from Sigma-Aldrich Chemicals (Madrid, Spain). The MIC of the TMP analogues in combi-
nation with SMX in the presence of 20 ug PaBN/mL was determined in P. aeruginosa PAO1
using the microdilution method.

3.6. Dihydrofolate Reductase Assay

The DHEFR assay is based on the reduction of 7,8-dihydrofolate to 5,6,7,8-tetrahydro-
folate catalyzed by DHFR and using NADPH as a cofactor. Purified E. coli DHFR was
kindly provided by E. Shakhnovich and J.V. Rodrigues (Harvard University, Cambridge,
MA, USA). The DHER assay kit (CS0340) was purchased from Sigma-Aldrich. The assay
was performed in 96-well flat-bottom plates (Corning Costar 3606, NY, USA) with the
protocol adjusted to accommodate a final reaction volume of 200 pL. DHFR was diluted
to a final concentration of 0.03 pg/mL. The inhibitory effect of compounds 1a and 1b was
tested, with TMP serving as the control. All three drugs were used at a concentration of
5 uM, which was higher than the respective MICs (Table 1). To determine the effect of the
concentration of the DHFR cofactor NADPH on inhibition, a dilution series of NADPH in
assay buffer was carried out to obtain a concentration range between 60 M and 240 pM.
A dilution series of HyF was similarly carried out in assay buffer to obtain a concentration
range from 50 uM to 200 uM. In all assays, the enzyme was mixed with the different
inhibitors and incubated for 30 min before the enzymatic reaction was initiated by the
addition of NADPH and HyF. The reaction was conducted at 37 °C and monitored by the
decrease in absorbance at 340 nm (indicative of a decrease in the NADPH concentration).
Measurements were performed every minute for 40 min [26] using a scanning multi-well
spectrophotometer (FLUOstar OPTIMA, BMG Labtech, Germany). All measurements were
performed in duplicate with three technical replicates.

3.7. Computational Chemistry

Docking simulations were carried out to explore the binding mode of TMP, 1a and 1b
to E. coli DHFR, using the 2019-2 release of Glide [27,28]. The crystal structure of E. coli
DHER, retrieved from the Protein Data Bank (PDB code 3DAU [20]), includes methotrexate
and NADPH. The protein structure of DHFR was thus prepared by deleting both of these
compounds, by assigning bond orders, adding hydrogen atoms, and restrained energy
minimization, using the Protein Preparation Wizard module in Maestro [29]. Compounds
were prepared using LigPrep [30]. The binding site was enclosed in a grid defined with an
inner box of 10 A x 10 A x 10 A; GlideScore (SP) was used to evaluate the quality of the
configurations [31]. Default settings were used for all remaining parameters. The results
of the docking simulations were visually examined with the aid of PyMOL software [32].
Docking of 1b was performed using a homology model of E. coli DHFR using the open
structure from M. tuberculosis DHFR (PDB entry 4KM2) as a template.

3.8. Cytotoxicity

The cytotoxicity assay was carried out in the human hepatocellular carcinoma cell
line Hep G2 ATCC and in murine L-929 fibroblasts (NCTC clone 929, ECACC 88102702),
based on the experiments described by Vinuesa et al. [23]. The cells were obtained from Dr.
Ricardo Pérez-Tomas (Cancer Cell Biology, University of Barcelona).

The cytotoxicity of TMP and compounds 1a and 1b was determined by measur-
ing the intracellular reduction of resazurin sodium salt (Sigma-Aldrich, St. Louis, MO,
USA). HepG2 and L-929 cells were grown in RPMI 1640 and MEM medium, respectively
(Biochrom AG, Berlin, Germany), supplemented with 10% fetal bovine serum. Cells from
pre-confluent cultures were harvested with trypsin-EDTA and maintained at 37 °C and 5%
CO,. HepG2 and L-929 cells (100 uL each) were seeded in 96-well flat-bottomed microplates
to obtain concentrations of 1.5 x 10* and 4 x 103 cells/well, respectively, and incubated at
37 °C for 24 h. Afterwards, the medium was replaced with 200 pL of medium containing
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the antimicrobials at concentrations ranging from 32 to 0.016 pug/mL and the microplates
were incubated at 37 °C for 24 h. Twenty pL of resazurin was then added to each well and
the plates were incubated under the same conditions. Fluorescence was measured at an
excitation wavelength of 530 nm and an emission wavelength of 590 nm using a scanning
multi-well spectrophotometer (FLUOstar OPTIMA, BMG Labtech, Germany). Cytotoxicity
was calculated as follows:

(AT — ADB)

0, B _ _
%o Cytotoxicity = 100 (AC — AMB) AMB)

x 100 o
where AT is the absorbance of the treated cells, ADB the absorbance of the drug blank con-
trol, AC the absorbance of the untreated cells, and ACB the absorbance of the medium blank.

4. Conclusions

Two TMP derivatives (1a and 1b) showed antibacterial activity against E. coli, P. aerug-
inosa and S. marcescens similar to that of TMP and acted synergistically with SMX. They re-
sulted to be active in biofilm prevention, whereas neither TMP nor compounds 1a and
1b were able to fully eradicate S. aureus biofilms (neither S. aureus ATCC 29213 nor S. au-
reus 8124825998). On the other hand, at concentrations at which the products behave as
good antibacterials, the cytoxicity on HepG2 and L-929 cell lines was almost negligible.
P. aeruginosa PAO1 was fully resistant to TMP and its derivatives as well as to the combina-
tion of TMP-SMX. Moreover, it can be suggested that blocking their efflux systems may
influence the P. aeruginosa susceptibility to these antimicrobials. The combination of TMP,
TMP-like molecules and SMX with colistin enhances their antimicrobial efficacy against
E. coli, P. aeruginosa and S. marcescens by permeabilizing the cells.

Compounds 1a and 1b, like TMP, strongly inhibited the activity of the E. coli DHFR.
The inhibition was reversed with increasing concentrations of NADPH and H,F, suggesting
that both molecules interact with the analogues during inhibition. As seen in the docking
model, the heterocyclic ring of the compound 1a fills the pocket occupied by the nicoti-
namide ring of NADPH. Thus, the binding of 1a would compete with H,F and would also
prevent the correct recognition of NADPH.

As the search into new antimicrobial compounds is one of the main pathways to over-
take bacterial resistance to antibiotics, it should be emphasized that all putative compounds
should be tested in conditions in which the role of the outer membrane as a permeability
barrier is inactivated. Their assay together with sublethal concentrations of colistin is
proposed as one of the methods of election.
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Discussion

Being infections caused by antibiotic resistant bacteria one of the major
challenges worldwide, it has become necessary to design and
investigate new approaches to tackle these infections. Modification of
existing antibiotic compounds as well as combination of the latterly
synthesized drugs and/or last resort antibiotics and considering their
potential in antimicrobial therapeutics have been seen as a feasible

option.

The studies were carried out in collaboration with Prof. Fernando
Albericio and Prof. Rodolfo Lavilla, from Dept. of Organic Chemistry at
University of KwaZulu-Natal (South-Africa) and Dept. of
Pharmacology, Toxicology and Medicinal Chemistry at the University

of Barcelona, respectively.

Experimental work done with Microcin ]J25, consisted basically of a
treatment with harsh basic conditions (0.5 M NaOH) applied to the lasso
peptide Mcc]25 resulting in a new peptide with altered topology. The
effect of the chemical modification on the structure of the peptide and
its biological activity was investigated and compared with the natural
peptide. The unmodified peptide was referred to as native MccJ25 and

the hydrolysed peptide as new compound.

As it had previously been described*0120, the native MccJ25 showed
bactericidal activity against Gram-negative pathogens such as
Escherichia coli and Salmonella, being two of them MDR strains (Article

1, Table 1). On the contrary, the new compound showed no activity,
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presenting MIC values over 128g/ml against the tested strains. The loss
of the activity of the new compound could be due to the relevant
structure modifications. Therefore, it was investigated whether the loss
of the activity had been caused by a loss in the ability to penetrate the
bacteria or, once inside the cell, the new compound had lost the ability

to inhibit its target.

To understand the causes of the differences in the biological activity of
the new compound with respect to the native MccJ25, some chemical
assays were performed by our collaborators. They noticed that Mcc]25
was not completely chemically stable as it was sensitive to basic
conditions, as the chemical treatment carried out caused changes in
topology and generated another peptide. It could be confirmed that the
new compound showed the lasso topology, and its structure was nearly
the same as that of the native MccJ25. Moreover, it could be affirmed
that there was a difference between the two peptides involving the
residues 10-12 in the loop region which are included in the p-hairpin.
The results pointed to the epimerization at the Valll residue, which

adopted a new orientation.

As pointed out before, colistin is a cationic antimicrobial peptide that
acts disrupting the bacterial outer membrane facilitating the entrance of
other antibiotics. Thus, a combination of colistin with the microcins was
explored. When combined with colistin, the new compound showed
antimicrobial activity, which might suggest that colistin facilitates its

entrance across the membrane. MccJ25 interacts with the FhuA outer
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membrane receptor to enter the periplasmic space and then with the
SbmA inner membrane protein®. The findings of the new chemical
properties of the modified compound coupled with its synergism with
colistin suggested that Valll is involved in the FhuA binding!?'.
Therefore, the changes made during hydrolysis treatment, would have
caused its inability to enter the cell, preventing the interaction with
FhuA but retaining its ability to inhibit the growth of bacteria.
Consequently, when colistin disrupted the outer membrane, it allowed
the new compound to penetrate to the cell and reach its target. Further
evidence that the residues Valll to Prol6 are needed for the MccJ25

uptake arose from the findings of Pavlova et al.*.

Additionally, an alteration in the orientation of Ile13 has also been seen
in the new compound. It has been reported that the Ile13 residue in the
B-hairpin loop is required for the interaction with FhuA but not for the

interaction with the inner membrane protein SbmA12,

With the aim to understand the SAR (structure activity relationship) of
Mcc]25, and find new molecules with enhanced properties, several
groups*®12 have generated synthetic peptides derived from the
microcin sequence by replacing one or various residues. Some have
managed to produce peptides with significant antimicrobial activity,

although in all cases they have resulted to be less effective than Mcc]25.

As a further matter, it had also been observed that the native Mcc]25

did not show activity against other strains of Salmonella and E. coli. It
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was considered that they could have acquired some mechanism of
resistance that had allowed them to survive to the microcin activity.
When combining the native MccJ25 with colistin against these resistant
strains, no activity differences were observed. Therefore, the
mechanism of resistance would not be related to permeability across the
cell membrane, as if this were the case, when using colistin, the native
Mcc]25 should be able to enter and reach the cell target. These results
suggested that the mechanism of resistance of these strains could be
related to the intracellular target (RNA Polymerase), as it has been
observed that mutations in the rpoC gene, which encodes the [3'subunit

of RNAP, lead to resistance to MccJ25123124,

Biofilms are communities of surface-adherent microorganisms that play
a significant role in the persistence of bacterial infections, as bacteria that
form the biofilm are 10-1000 times more resistant to antibiotics than
planktonic bacteria. As several authors have pointed out!?>-12, bacterial
biofilms are one of the major clinical problems, and the eradication of

biofilms presents a challenge for antimicrobial chemotherapy.

Many strains of Salmonella and E. coli are capable of forming biofilms,
and this ability has been involved in their undesired persistence in the
environment and in industrial, veterinary and medical settings!?1%0,
Given the critical challenges caused by biofilms, the evaluation of the
capability of the native Mcc]J25 and the new compound to eradicate
biofilms was seen as interesting. However, it could be confirmed that

both microcins had no activity against a stable biofilm of E. coli and S.
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enterica species. For this reason, it has been assumed that neither the
native MccJ25 nor the new compound can be regarded as antibiofilm

agents.

In terms of cell toxicity, neither of the two compounds displayed
cytotoxicity at the highest concentration tested. These results are
consistent with other studies done on cancer cell lines where it was also
observed that Mcc]25 and derived peptides showed very low toxicity!3!.
In this context, it is relevant to note that low cytotoxicity is attractive to

consider an antimicrobial as interesting!s.

As multidrug-resistant infections have emerged as a challenge in
microbiological research and the approaches to fight MDR bacteria are
becoming less effective, new strategies are being sought to address this
issue. Thus, the combination of microcins with “door-opening
molecules” such as colistin or other antimicrobial peptides capable of
increasing antimicrobial permeability, could be considered as a

promising strategy to fight multidrug-resistant infections.

117



Outer membrane: a key obstacle for new antimicrobial agents

Being Trimethoprim a first-line antibiotic and due to the emergence and
dispersion of antimicrobial resistance and the consequent inefficacy of
the co-therapy with Trimethoprim-Sulfamethoxazole against some
bacterial infections, it was considered as an optimal antibiotic to be
studied. In the context of finding novel antimicrobial options, new
Trimethoprim  derivatives were explored expecting higher
antimicrobial activity, lower levels of cytotoxicity, or new mechanisms

of action.

To study the SAR of the new compounds, the chemical alterations
previously done should be carefully observed. In this work, the TMP
modifications were done at the 2,4-diaminopyrimidine moiety through
a multicomponent reaction'® called Groebke-Blackburn-Bienaymé
reaction (GBBR)!"8 (Article 2, Scheme 1). This part of the molecule has
never been changed before because it is involved in the recognition of
the substrate by the DHFR active site. As this core can be decorated with
up to four diversity points, the development of the TMP-like molecules
was by interaction of the original TMP molecule with aldehydes and
isocyanides resulting in a library of 15 analogues. The reactions lead to
a great degree of chemical diversity including mono-GBBR derivatives
4, doubly substituted-GBBR derivatives 5 and derivatives 6 and 7 which

were obtained from substitutions in compounds 4 and 5.

The MIC values showed that, even though TMP was the most potent
compound, the analogues 4c, 4f, 4h, 4i, 4j and 6b showed a great activity

against E. coli ATCC 25922. Some interesting activities were also
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detected against S. aureus ATCC 29213. It was seen that the reduction of

the size of R! substitutions provided a better antimicrobial activity.

Some previous studies about TMP-derivatives modified at the
trimethoxybenzyl residue showed that some derivatives had an
excellent in vitro antibacterial activity against S. aureus and E. coli*31%
as seen in the explored TMP analogues. Moreover, some of the new
derivatives (4b, 5a, 5b and 7a) lacked activity against the strains tested.
That confirmed large activity differences between the new TMP-like
compounds depending on their chemical modifications and may

indicate the unsuitability to bind to their enzyme target.

Additionally, previous studies had shown that TMP derivatives
possessed significant antibacterial activity. Several classes of antifolates
such as diaminoquinazoline, diaminopyrimidine, diaminopteridine

and diaminotriazines have been examined?!3513¢,

When combining the TMP-like compounds with Sulfamethoxazole,
high synergistic effects were detected in almost all analogues as seen in

the case of TMP.

Concerning the clinical strains tested, some derivatives showed great
antibacterial activity against them and high synergistic effect when
combined with SMX. Some of the compounds (4i, 4h and 4f) had similar
activities to TMP (Article 2, Table 2). It is important to notice that they

were clinical isolates of Methicillin resistant Staphylococcus aureus
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(MRSA) from Cystic Fibrosis patients. As MRSA infections have become
a public health challenge!®” '3, it is necessary to find new treatments to
tight them. In this context, Wyatt et al. explored some anti-MRSA DHFR

inhibitors with similar interesting activity'*.

P. aeruginosa PAO1 was fully resistant to TMP and all its derivatives.
The combination of TMP and its analogues with SMX also resulted in
almost no activity against the tested P. aeruginosa strain. These results
are consistent with previous studies in which it was reported that the
activity of TMP and SMX against P. aeruginosa is limited. Several authors
have indicated that P. aeruginosa efflux pumps play a key role in its
antimicrobial resistance, pointing MexAB-OprM and MexCD-Opr] as
the responsible efflux systems for Trimethoprim and Sulfamethoxazole
extrusion4™142, Efflux pumps contribute to TMP-SMX resistance in other
species such as in Stenotrophomonas maltophilia**®. Moreover, it was
detected that the addition of the efflux pump inhibitor PABN resulted
in a strong reduction in the MIC values of TMP and its derivatives
against P. aeruginosa (Article 3, Table 5). Thus, blocking efflux systems

influences bacterial susceptibility to these antimicrobials.

To understand the effect of the antibiotics over time, it is appropriate to
study bacterial growth curves. Examining the kinetic profile of the
bacteria in the presence of the antimicrobial compounds may give
relevant information. When analysing the growth curves of E. coli ATCC
25922 and S. aureus ATCC 29213 in the presence of chosen compounds

with SMX, it had been seen that even subinhibitory concentrations (1/2
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MIC or 1/4 MIC) were able to inhibit the bacterial growth or cause a
significant delay in respect to the control. All the explored compounds
showed substantial reductions in the bacterial growth rate, being 4i the
one which displayed the best results against both strains (Article 2,

Figure 4; pg. 29-32 Supplementary material).

In the last part of our studies, all the experiments focused on two of the
most potent TMP-like molecules previously investigated (Article 2)
comparing them with TMP. From now on, the molecules 4f and 4i will
be referred to as 1a and 1b. Moreover, Serratia marcescens NIMA, which
is intrinsically resistant to colistin, was included in the last part of the
experimental work. The analogues 1a and 1b showed similar effect to

TMP against this strain.

The ability of the new compounds 1a and 1b in combination with SMX
to prevent the biofilm formation and to eradicate mature biofilms was
investigated. Although compound 1b was highly active in biofilm
prevention, none of the compounds were able to fully eradicate
Staphylococcus aureus biofilms (neither S. aureus ATCC 29213 nor S.
aureus 8§124825998).

Apart from the modifications of existing compounds, another option
seen as feasible to tackle antibiotic resistance has been the use of
combinations of drugs. Thus, the combination of sublethal
concentrations of colistin with the TMP-like compounds was explored.

As mentioned above, colistin acts by disrupting the Gram-negative
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outer membrane leading to a bacterial permeabilization that permits the
desired molecules to reach their target. Moreover, it has been recently
demonstrated that low doses of colistin may affect the efflux pumps

functionality!4.

When tested in four clinical strains (Escherichia coli 220560529, P.
aeruginosa SJD536, P. aeruginosa VHO023, and P. aeruginosa SJD481)
synergistic effects between colistin and TMP/SMX were not detected
(FICi = 0.5 and < 4). Strikingly, a strong synergism was observed
between colistin and TMP-like compounds in TMP-susceptible/colistin-
resistant S. marcescens. This may suggest that the transport of these
compounds through the Gram-negative bacterial outer membrane is a

limitation.

Noteworthy, some positive effects were observed between colistin and
TMP-SMX in preliminary plate experiments in E. coli, P. aeruginosa and
S. marcescens. These findings were in agreement with the relatively low
FICi detected on those strains, although in the colistin-susceptible
bacteria, the lethality of colistin masked possible synergisms when
using the checkerboard method. In other words, the higher toxicity of
colistin in this scenario may kill a significant fraction of the population
and TMP-SMX the rest. Therefore, the MIC values of the combined
antimicrobials decrease slightly but not enough to be considered as

synergistic.
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Strong synergism was detected when testing the effects of combinations
between sublethal concentrations of TMP-like compounds, SMX, and
colistin in real-time against the E. coli, P. aeruginosa and S. marcescens
strains tested. It must be emphasized that in some cases bacterial growth
was nearly abolished (Article 3, Figure 3). Remarkedly, in the case of S.
marcescens, its inner membrane remains intact while its outer
membrane, the efflux pump drug extrusion and the production of
prodigiosin are severely affected by colistin'®®. Thus, the alterations
previously seen by transmission electron microscopy (TEM) on its outer
membrane!® do not affect the bacterial viability of Serratia. In fact, the
integrity of the outer membrane is not only determinant in the degree
of susceptibility of Gram-negative bacteria to antibiotics but also in the
susceptibility/resistance response. Thus, in Serratia (fully resistant to
colistin and susceptible to TMP and TMP-like molecules) the induction
of injuries in the outer membrane, which has no effect on bacterial
viability, causes an increase in the susceptibility of these molecules.
Actually, this effect may be due to the dysfunctionality of efflux pumps
that may not be enough to generate resistance but may diminish the
intracellular concentration of antimicrobial compounds. As our group
has pointed out before!* the outer membrane integrity is needed for a

correct functionality of efflux pumps.

It is worth to notice that the nearly complete abolition or prolonged
delay of growth in the three studied bacteria indicated an alteration of

the hydrophobic permeability barrier of the lipopolysaccharide outer
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membrane. Therefore, it is clear that sublethal doses of colistin may
facilitate internalization of the DHFR inhibitors which, once inside the
cell, are able to inhibit the bacterial growth. As Armengol et al. pointed
out for other antimicrobials such as linezolid and rifampin'!!, sublethal
concentrations of colistin could be used as an enhancer of bacterial
susceptibility to TMP and TMP-like compounds. The use of very low

concentrations of these three drugs would prevent colistin toxicity.

The interest for the combination of antifolates with colistin to enhance
the permeabilization of the outer membrane of Gram-negative bacteria
has led to its previous exploration as an option to fight against MDR
bacteria. A strong synergistic effect of colistin in combination with
TMP/SMX has been observed both in vitro and in vivo (in a Galleria
mellonella model) against carbapenem-resistant A. baumannii isolates
(CRAB)¥14¢ and against carbapenem-resistant Klebsiella pneumoniae
(CRKN)™. Similarly, other groups evaluated the effect of these drugs
against colistin susceptible and resistant strains of A. baumannii, P.
aeruginosa, and K. pneumoniae. They reported an interesting synergy
between TMP-SMX and colistin against a colistin-resistant P. aeruginosa
strain, suggesting that colistin resistance is favourable to the

antimicrobial activity of these combinations!’ .

With the aim to explore the mechanism of action of the TMP-like
molecules and compare them with the one of TMP, an enzymatic assay
was performed. It was detected that, like TMP, compounds 1a and 1b
inhibited the activity of the DHFR enzyme by > 80%. To detect whether
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the new molecules had the same active site as TMP and thus, interacted
with DHFR in the same place, different concentrations of the DHFR
cofactor NADPH and the substrate H:F were added to check if they
displaced the inhibitors. Surprisingly, the increase in the concentrations
of both NADPH and H:F resulted in a reversion of the inhibition. To
further understand these enzymatic results, a molecular approach with
compound 1a was performed by Prof. Javier Luque. The docking model
showed that the heterocyclic ring of the compound 1a fills the pocket
occupied by the nicotinamide ring of NADPH. On the other hand, the
trimethoxybenzene ring overlaps the same moiety present in TMP.
Therfore, it could be suggested that the binding of 1a would compete
with the HoF but would also prevent the correct recognition of NADPH.
These results may corroborate the enzymatic findings since the 1a
compound interacts with the HaoF binding site of the E. coli DHFR while
avoiding the recognition of the cofactor. Thus, when increasing the
concentrations of NADPH and H:F, in both cases the inhibition is

reversed because 1a interacts with both.

Some research groups have reported the characterization of the catalytic
mechanism of action of the E. coli DHFR enzyme. They emphasized that
a flexible loop centred on residue Met20 was where the co-factor bound,
and the catalysis occurred!™. Moreover, they pointed out that DHFR
enzymes can be effectively targeted while not interfering with the

human DHFR due to clear differences between them?2.
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As seen above, a crucial condition for an antibiotic candidate is the
ability to kill bacteria without damaging host cells. It was seen that
neither of the two TMP-like compounds was toxic to the tested cell lines.
Hence, the changes made in the TMP analogues do not increase the
toxicity of the molecules, making them suitable candidates to be used as

an antibiotic.

In summary, the new TMP-like compounds may open new possibilities
to fight bacterial infections. The demonstration of the synergistic effect
of the combinations of colistin with antifolates in Gram-negative
bacteria should renew interest in the use of TMP and TMP-like

molecules.
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Conclusions

The chemical modification of Mcc]J25 during the hydrolytic
treatment resulted in a new peptide. The new compound lost its
antimicrobial activity on originally susceptible strains because it
failed to cross the bacterial outer membrane as it could not be

recognized by FhuA.

The new MccJ25 compound acted synergistically with sublethal
concentrations of colistin as the polymyxin facilitated the
microcin entrance across the membrane. Moreover, the chemical
modifications did not affect the interaction with the target and,
once inside the cell, the new compound retained its ability to

inhibit the growth of bacteria.

Neither the native Mcc]J25 nor the new compound can be
regarded as antibiofilm agents just as neither of the two

compounds can be considered as cytotoxic.

Some of the new TMP derivatives showed antibacterial activity
against Escherichia coli and Staphylococcus aureus similar to that of
TMP. Almost all the new TMP-like compounds acted
synergistically with SMX; even against methicillin resistant S.

aureus.

TMP derivatives were active in biofilm prevention whereas

neither TMP nor compounds la and 1b were able to fully
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eradicate S. aureus biofilms (neither S. aureus ATCC 29213 nor S.
aureus 8124825998). On the other hand, at concentrations at
which the products behave as good antibacterials, the
cytotoxicity on HepG2 and L-929 cell lines was almost

negligible.

6. Pseudomonas aeruginosa PAO1 was fully resistant to TMP and all
its derivatives as well as to the combination of TMP-SMX.
Moreover, it can be suggested that blocking their efflux systems
may influence in P. aeruginosa susceptibility to these

antimicrobials.

7. Being able to cross the outer membrane is crucial for antibiotics
to kill gram-negative bacteria. The combination of TMP, TMP-
like molecules and SMX with colistin enhances their
antimicrobial efficacy against E. coli, P. aeruginosa and Serratia

marcescens by permeabilizing the cells.

8. Compounds 1a and 1b, like TMP, strongly inhibited the activity
of the E. coli DHFR. The inhibition was reversed with increasing
concentrations of NADPH and H:F suggesting that both

molecules interact with the analogues during inhibition.

9. As seen in the docking model, the heterocyclic ring of the

compound 1a fills the pocket occupied by the nicotinamide ring
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10.

of NADPH. Thus, the binding of 1a would compete with the H2F

and would also prevent the correct recognition of NADPH.

As the search of new antimicrobial compounds is one of the
main pathways to overtake bacterial resistance to antibiotics, it
should be emphasized that all putative compounds should be
tested in conditions in which outer membrane role as
permeability barrier is inactivated. Their assay together with
sublethal concentrations of colistin is proposed as one of the

methods of election.
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Annex |

The experimental data presented in the following published articles was
obtained as part of the PhD thesis of my colleague Dr. Sans
Serramitjana. At the beginning of my PhD, I had the opportunity to
collaborate with her on what was the end of her experimental stage

(January- June 2017).

We explored the antimicrobial activity of nanoencapsulated
tobramycin, both in solid lipid nanoparticles (SLN) and in
nanostructured lipid carriers (NLC), against clinical isolates of P.
aeruginosa obtained from CF patients. The efficacy of these formulations
was investigated both in planktonic and in sessile bacteria (Annex I,

Article I).

Moreover, the time-dependent viability of P. aeruginosa biofilms treated
with both free and nanoencapsulated colistin was also determined

(Annex I, Article II).
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Abstract: Cystic fibrosis (CF) is a genetic disorder in which frequent pulmonary infections develop
secondarily. One of the major pulmonary pathogens colonizing the respiratory tract of CF patients
and causing chronic airway infections is Pseudomonas aeruginosa. Although tobramycin was initially
effective against P. aeruginosa, tobramycin-resistant strains have emerged. Among the strategies
for overcoming resistance to tobramycin and other antibiotics is encapsulation of the drugs in
nanoparticles. In this study, we explored the antimicrobial activity of nanoencapsulated tobramycin,
both in solid lipid nanoparticles (SLN) and in nanostructured lipid carriers (NLC), against clinical
isolates of P. aeruginosa obtained from CF patients. We also investigated the efficacy of these
formulations in biofilm eradication. In both experiments, the activities of SLN and NLC were
compared with that of free tobramycin. The susceptibility of planktonic bacteria was determined
using the broth microdilution method and by plotting bacterial growth. The minimal biofilm
eradication concentration (MBEC) was determined to assess the efficacy of the different tobramycin
formulations against biofilms. The activity of tobramycin-loaded SLN was less than that of either
tobramycin-loaded NLC or free tobramycin. The minimum inhibitory concentration (MIC) and MBEC
of nanoencapsulated tobramycin were slightly lower (1-2 logs) than the corresponding values of the
free drug when determined in tobramycin-susceptible isolates. However, in tobramycin-resistant
strains, the MIC and MBEC did not differ between either encapsulated form and free tobramycin. Our
results demonstrate the efficacy of nanoencapsulated formulations in killing susceptible P. aeruginosa
from CF and from other patients.

Keywords: tobramycin; lipid nanoparticles; antibacterial and antibiofilm effects; P. aeruginosa;
cystic fibrosis

1. Introduction

Cystic fibrosis (CF) is the most common genetic disorder in the Caucasian population and it is
characterized by a high morbidity and mortality. The CF lung is compromised by the production
of viscous mucus secretions, resulting in a debilitated mucociliary clearance that promotes bacterial
infection and inflammation [1]. Pseudomonas aeruginosa is the predominant opportunistic pathogen
infecting the respiratory tract of CF patients. Once chronic lung colonization occurs, P. aeruginosa
changes phenotypically to produce alginate, which allows the bacterium to become established within

Microorganisms 2017, 5, 35; doi:10.3390 /microorganisms5030035 www.mdpi.com/journal /microorganisms
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mucoid biofilms and thus highly resistant to multiple antimicrobials [2,3]. Indeed, the emergence
of multidrug-resistant phenotypes and treatment failure were shown to correlate with the reduced
permeability of the outer membrane of P. aeruginosa to most antimicrobials and the acquisition of genes,
encoding antimicrobial resistance [4,5].

Tobramycin is a hydrophilic, cationic antibiotic administered as an aerosol in the treatment of
P. aeruginosa lung infections in CF patients [6]. Like other aminoglycosides, tobramycin targets the
bacterial ribosome, such that bacterial resistance, although rare, mainly involves impermeability and
the acquisition of aminoglycoside-modifying enzymes, encoded either on a plasmid or within the
genome by transposable elements [7]. However—despite their chemical stability, fast bactericidal effect,
synergy with f8-lactam antibiotics, and low incidence of resistance—aminoglycosides are of limited
utility because of their nephrotoxicity [8,9]. While tobramycin is less nephrotoxic than gentamicin
and other aminoglycosides and has been successfully used against P. aeruginosa [10], planktonic
bacteria are much more sensitive than bacteria in biofilms, the growth form occurring in the lower
respiratory tract of CF patients. The reduced efficacy of tobramycin and other antimicrobials is due
to poor mucus penetration, the resilience of the extracellular matrix of the biofilm, and inactivation
of the drug through various binding interactions in the infected CF lung [11]. The mechanisms of
tobramycin resistance are, to our knowledge, not fully understood. The relationship between mucoidity
and tobramycin resistance has been explored; the main conclusion is that mucoidity per se has no
effect on resistance [12]. However, the study also distinguished between the roles of mucoidity and
biofilm formation in the ability of P. aeruginosa to resist antibiotic treatment. While biofilm formation
expectantly increased resistance of PAO1 to tobramycin, uncontrolled alginate production did not.
Thus, one should speculate that other mechanisms than external matrix have to be involved in the
resistance caused by biofilm. It has been shown that iron regulation clearly affects susceptibility, but
also gene expression differences.

Nanoformulations such as lipid nanoparticles could improve the delivery of tobramycin and thus
enhance its activity. Lipid nanoparticles with a solid matrix are available as solid lipid nanoparticles
(SLN) and as newer-generation lipid nanostructured lipid carriers (NLC). SLN are composed of solid
lipids. NLC are prepared from a blend of a solid lipid with a liquid lipid. Both are stabilized by
surfactants and are able to incorporate lipophilic and hydrophilic drugs [13].

Among the key benefits of lipid nanoparticles in the pulmonary delivery of antibiotics are the
improved bioavailability and rapid distribution of the drug; precise targeting of the site of infection; the
need for a lower dose; longer administration intervals, thereby reducing the risk of serious dose-related
side effects; and the scaling-up feasibility of nanoparticle production [14]. The specific advantages
of SLN and NLC over other delivery systems include their higher stability compared to liposomes,
both in vitro and in vivo [13,15], as well as their better biocompatibilities and lower potential toxicity
(both acute and chronic) compared to polymeric nanoparticles and other synthetic formulations [15,16].
Moreover, the use of nanoparticles could overcome pre-existing drug resistance mechanisms, including
those involving the decreased uptake and increased efflux of the drug, to achieve better biofilm
penetration. Previous studies testing the effectiveness of aminoglycosides against clinical isolates of
P. aeruginosa reported better results with compounds loaded in nanoformulations than with the free
drug [17-19].

Based on these findings and our own results demonstrating the antimicrobial activity of colistin
loaded into lipid nanoparticles [20,21], in this work we explored the activity of nanoencapsulated (both
SLN and NLC) tobramycin versus that of the free drug against P. aeruginosa clinical isolates obtained
from CF patients. We then investigated the efficacy of these novel formulations in the eradication of
P. aeruginosa biofilms. The main purpose was to demonstrate that after their inclusion in nanoparticles
tobramycin was able to conserve its antimicrobial activity. Even when antimicrobial action is not
higher, the nanoparticles are of interest since pharmacology has demonstrated a better distribution
in the respiratory tree of molecules in lipid nanoparticles. Moreover, we have reported that in vivo
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nanoparticles spread homogenously through the lung and there is no migration of lipid nanoparticles
to other organs, such as liver, spleen, or kidneys [21].

2. Materials and Methods

2.1. Bacterial Isolates

The 34 clinical isolates of P. aeruginosa (17 non-mucoid and 17 mucoid) included in this study were
obtained from the sputum samples and pharyngeal exudates of CF patients seen at the University
Hospital Vall d’"Hebron and University Hospital Sant Joan de Déu (Barcelona, Spain) between January
and April 2012. The patients (59% female, 41% male) ranged in age from 9 to 50 years (mean:
27 years). P. aeruginosa strains ATCC 27853 and PAO1 served as the control strains in the drug
susceptibility assays and biofilm studies, respectively. Two CF clinical isolates, P. aeruginosa strain
362VH (tobramycin-resistant) and strain 056SJD (tobramycin-susceptible), were used to evaluate the
ability of free and nanoencapsulated tobramycin to inhibit bacterial growth and eradicate bacterial
biofilms. Table 1 summarizes the isolates used and their main characteristics.

Table 1. Bacterial strains used in this research. Strains SJD were isolated in Sant Joan de
Déu Hospital and those being VH in the Hospital of Vall d'Hebrén. Abbreviations: Piper/Tz:
Piperacillin/Tazobactam; Caz: Ceftazidime; Azt: Aztreonam; Imp: Imipenem; Mero: Meropenem; Gnt:
Gentamicin; Tobra: Tobramycin; Amk: Amikacin; Col: Colistin; Cpfx: Ciprofloxacin. S: Susceptible; R:
Resistant; I: Intermediate.

Source Patient Characteristics Antibiotics
Strain Age Gender Mucoid Hemolysis PIPER/TZ CAZ AZT IMP MERO GNT TOBRA AMK COL CPEX

PA 056 S]D 14 Male - B R S R I R S S S S R
PA 086 SJD 13 Female + 8 S S S S S R R s s S
PA57118]D 10 Male + - S S S S S S S S S S
PA571.25]D 10 Male + - S S S S S S S S S S
PA 288 S]D 13 Male - - S S R R R I S S S S
PA 596 S]D 9 Male - B S S S S S S S S S S
PA 666 SJD 13 Male - B S S S S S S S S S R
PA 686 S]D 13 Male - B S S S S S S S S S S
PA 744 SJD 14 Female - - S S S S S S S S S S
PA 668 SJD 2 Female - - S S S S S S S S S S
PA 721 S]D 7 Female - 8 S S S S S S S S S S
PA 122 S]D 11 Male 1y S S S S S S S S S S
PA 788 SJD 7 Female - B S S S S S R S S S S
PA 768 S]D 14 Male - B S S R I R S S S S R
594 S]D 9 Male + 8 S S S S S S S S S S
2881M SJD 13 Male + - S I R R R S S S S R
610M SJD 13 Male + - S S R R R S S S S R
610 SJD 13 Male - B S S R I R S S S S R
805 S]D 15  Female - 8 S S S S S R S S S S
555.1 SJD 7 Female + - S S S S S S S S S S
PA 417 VH 17 Female - B R R R S S S S S S R
PA 362 VH 36 Male + B S S S S S S R S S S
PA 684 VH 32 Male - - S S I R R S S 1 S I
PA 103 VH 29  Female + - R S S S S R S R S S
023 VH 15 Male + - S R 1 R R R R S S
852 VH 17 Male - - S S S S S S S S S S
153 VH 17 Female + - S S S S S S S S S R
516 VH 20  Female + - S S S S S S S S S S
547 VH 15 Male + - R R R R R R R R S R
861 VH 23 Male + B S S S S S S S S S S
639 VH 18 Male + - S S S S S S S S S R
897 VH 26 Female - - S S S S S S S S S I
697 VH 10  Female - B R S S S S R R R S R
458 VH 32 Male + R S S S R R R S R S R
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2.2. Chemicals and Bacteriological Media

Tobramycin was purchased from Sigma-Aldrich Chemicals (St. Louis, MO, USA). Mueller-Hinton
IT broth cation-adjusted (MHBCA) was from Becton Dickinson (Sparks, MD, USA). Tryptone soy agar
(TSA) was purchased from Sharlau (Sentmenat, Barcelona, Spain). Precirol ATO 5 was kindly provided
by Gattefossé (Madrid, Spain), and poloxamer 188 by BASF (Ludwigshafen, Rhineland-Palatinate,
Germany). Polysorbate and Tween 80 were purchased from Panreac Quimica (Castellar del Valles,
Barcelona, Spain). Miglyol 812 was provided by Sasol (Hamburg, Germany).

2.3. Preparation of Lipid Nanoparticles

Tobramycin-loaded nanoparticles were prepared as described. Briefly, two loaded formulations
were elaborated, namely solid lipid nanoparticles (SLN) and nanostructured lipid carriers (NLC) [21].
An emulsion solvent evaporation technique was chosen for the preparation of SLN. Briefly, 10 mg
of antibiotic (Sigma-Aldrich, St. Louis, MO, USA) were mixed with a 5% (w/v) Precirol® ATO 5
(Gattefossé, Madrid, Spain) dichloromethane solution. Then, the organic phase and an aqueous
surfactant containing solution (Poloxamer 188 at 1% w/v and Polysorbate 80 at 1% w/v) were mixed
and emulsified by sonication at 20 W for 30 s (Branson Sonifier 250, Danbury, CT, USA). The solvent
was allowed to evaporate by magnetic stirring for 2 h at room temperature. Subsequently, the resulting
SLNs were washed by centrifugation in Amicon® centrifugal filtration units (100,000 MWCO, Merck
Millipore, Billerica, MA, USA) at 2500 rpm for 15 min three times. For the NLC elaboration, a hot
melt homogenization technique was selected. In brief, Precirol® ATO 5 and Miglyol® 812 (Sasol,
Johannesburg, South Africa) were selected as the lipid core. Those lipids were mixed with the API
and heated above the melting temperature of the solid lipid. The surfactant solution consisted of
1.3% (w/v) of Polysorbate 80 and 0.6% (w/v) of Poloxamer 188. The lipid and aqueous solutions were
heated to the same temperature and then emulsified by sonication for 15 s at 20 W. Nanoparticles were
stored at 4 °C overnight to allow lipid re-crystallization and particle formation. Then, a washing step
was undergone by centrifugation at 2500 rpm in Amicon® centrifugal filtration units (100,000 MWCO)
three times. All the nanoparticles prepared were freeze-dried with two different cryoprotectants, either
D-mannitol or trehalose (15%). In SLN formulations, emulsifiers constituted the aqueous phase of the
emulsions, stabilizing the lipid dispersion of the nanoparticles and preventing their agglomeration [22].
Thus, the influence of the emulsifier on the bioactivity of the lipid nanoparticles was examined in two
different types of SLN. SLN-tobramycin nanoparticles were prepared using the emulsifiers poloxamer
188 and polysorbate 80, each at 1% w/v. SLN-SDS-tobramycin nanoparticles were prepared using 2%
sodium dodecyl sulfate (SDS) as the co-emulsifier. NLCs loaded with tobramycin (NLC-tobramycin)
were prepared using a hot melt homogenization technique, following the method described by
Pastor et al. [21].

All three types of nanoparticles used in this work (SLN-tobramycin, SLN-SDS-tobramycin, and
NLC-tobramycin) were stabilized by trehalose, since in previous research we determined that it was a
better cryoprotectant than mannitol [20]. Solid Lipid Nanoparticles and Nanostructured lipid carriers
were characterized for size, polidispersity index (PDI) and Z-potential by means of Zetaseiser Nano ZS
(Malvern Instruments, Worcestershire, UK). Measurements were based on Dynamic Light Scattering
(DLS). Atomic force microscopy images were obtained by using a XE-70 atomic force microscope
(Park Systems, Suwon, Korea).

2.4. Drug Susceptibility Assay in Planktonic Bacteria

Susceptibility to free tobramycin and to the three formulations of nanoencapsulated tobramycin
was determined using the broth microdilution method in accordance with the Clinical Laboratory
Standards Institute [23]. Briefly, the isolates were grown overnight at 37 °C in MHBCA, after which
2 mL of the culture was used to inoculate 20 mL of fresh MHBCA medium. After 2 h at 37 °C and
200 rpm, the bacterial cultures were adjusted to an optical density at 625 nm (ODgp5nm) of 0.08-0.1
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and diluted 1:1000 in fresh MHBCA medium. Five uL of each diluted suspension was added to
the wells (10* UFC/well) of 96-well microtiter plates previously filled with MHBCA and serially
diluted antibiotic (free and nanoencapsulated). The plates were incubated at 37 °C for 24 h, after
which the minimal inhibitory concentration (MIC) was determined macroscopically, based on the
visually assessed turbidity of the wells. All experiments were performed in triplicate with three
technical replicates.

2.5. Effect of Free and Nanoencapsulated Tobramycin on P. aeruginosa Growth

Two P. aeruginosa CF isolates, tobramycin-susceptible strain 056S]D and tobramycin-resistant strain
362VH, were used to examine the effect of free and nanoencapsulated (SLN and NLC) tobramycin.
The antimicrobials were added to exponentially growing liquid cultures (1 x 108 CFU/mL, in MHBCA)
at concentrations above and below the MIC. Samples were taken aseptically at0, 1, 2, 3, 4, and 5 h from
bacterial cultures incubated at 37 °C with shaking (250 rpm). Bacterial growth was measured optically
to determine the ODgps5ny,. All measurements were carried out in triplicate.

2.6. Antimicrobial Susceptibility of Sessile Bacteria

The minimal biofilm eradication concentration (MBEC), defined in this study as the minimal
antibiotic concentration required to eliminated >90% of the non-treated biofilm, was determined as
described by Moskowitz et al. [24], with modifications. Briefly, the formation of bacterial biofilms was
promoted as follows: the pegs of a modified polystyrene microtiter lid (catalog No. 445497; Nunc TSP
system) were immersed into 96-well microtiter plates containing inoculated (10* UFC/well) 200 uL
MHBCA /well. The modified plates were left undisturbed at 37 °C for 24 h. The pegs were then
gently rinsed in 0.9% NaCl and the bacterial biofilms exposed to different concentrations of free and
nanoencapsulated tobramycin for 24 h at 37 °C in MHBCA. The pegs were then rinsed again with
0.9% NaCl and the biofilms removed by 10 min sonication and centrifugation (2000 rpm, 10 min)
in a BioSan Laboratory Centrifuge LMC-3000. Bacteria recovered from the biofilms were incubated
for 24 h at 37 °C. Pegs were again rinsed with 0.9% NaCl solution and biofilms removed by 10 min
sonication. Recovered bacteria were incubated for 24 h at 37 °C. Optical densities at 620 nm were
measured in order to determine MBEC values. All experiments were performed in triplicate on at least
three occasions.

2.7. Statistical Analysis

The antimicrobial susceptibilities of the tested P. aeruginosa strains to free and nanoencapsulated
tobramycin were statistically analyzed using Cochran’s Q test. A p-value < 0.05 was considered to
indicate statistical significance.

3. Results and Discussion

3.1. Nanoparticle Characterization

Main characterization data of nanoparticles are shown in Table 2. AFM imaging and size
measurements of particles are presented in Figure 1.

Table 2. Characteristics of nanoparticle (TB tobramycin).

. . Zeta-Potential Percentage EE
Formulation Mean Size (nm) PDI (mV) (Encapsulation Efficiency)
TB-SLN 302 £20.5 0.361 £ 0.02 —20.5 £+ 6.09 ND
TB-NLC 254.05 + 14.5 0.311 £ 0.01 —23.03 £2.76 93.15 + 0.65
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Figure 1. Size measurement performed by AFM imaging. Diameter was around 150 nm.

3.2. Antimicrobial Activity of Free and Nanoencapsulated Tobramycin

Nearly all the isolates tested in this study resulted to be susceptible (MIC < 4 pug/mL) to both the
free and nanoencapsulated tobramycin formulations (Figure 1). The MIC of free tobramycin tested
against the isolates was 0.5 pug /mL, whereas that of NLC-tobramycin was slightly lower (between
0.25 ug /mL and 0.5 ug /mL) and was also lower than the MICs of SLN-and SLN-SDS-tobramycin
(between 1 and 4 pg /mL and 0.5 ug /mL, respectively) type.

In addition, NLCs were much more active than either of the SLN preparations, as evidenced
by MIC values of 0.5 and 1-4 pg /mL (p < 0.05), respectively. Among the two types of SLN, the
formulation prepared without SDS lost antimicrobial activity (up to eight-fold higher MICs) (Figure 1).
Thus, further experiments were conducted using NLC and SLN-SDS.

The efficient antibacterial activity of lipid nanoparticles loaded with tobramycin may be due to
their small size and physic-chemical properties, which facilitates diffusion of the drug into the bacterial
cell [25]. Similar results were reported by Ghaffari et al. [19] in their study of P. aeruginosa clinical
isolates obtained from CF patients. The authors showed that tobramycin loaded in lipid nanoparticles
had the same or higher antimicrobial activity than the free form of the drug. The slightly higher
bioactivity of tobramycin-loaded NLC than SLN can be attributed to the higher drug-loading capacity
of these nanoparticles and the avoidance of drug loss during storage [14,26]. As demonstrated
by Moreno-Sastre et al. [27], second-generation NLC are more stable than first-generation SLN
and they can be stored at a wider range of temperatures without relevant modifications of their
antimicrobial activity.

The improved antibacterial activity of SLN-SDS vs. the SLN particles suggests that SDS, when
used as a co-emulsifier, confers improved drug stability and release. SDS may also facilitate contact
between the lipid nanoparticles and water, resulting in a better distribution equilibrium of the drug.
Of relevance to our findings is the major challenge posed by ensuring drug stability in the development
of colloidal drug carriers, which offer a high surface area and short diffusion pathways [28]. Figure 2b
shows the data separated for mucoid and non-mucoid strains of P. aeruginosa.
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Figure 2. (a) The bioactivity (minimum inhibitory concentration, MIC) of lipid nanoparticles loaded
with tobramycin in 34 strains of Pseudomonas aeruginosa isolated from the clinical samples of cystic
fibrosis patients; (b) The same as in (a) but separated according to the 17 mucoid and 17 non-mucoid
strains of the bacterium. For an explanation of the nanoparticles, see the text.

3.3. Effect of Free and Nanoaencapsulated Tobramycin on Bacterial Growth

The susceptibilities of non-mucoid, susceptible (isolate 056S]D) and mucoid, resistant (isolate
362VH) P. aeruginosa to free and nanoencapsulated tobramycin were similar at all concentrations
of the antibiotic tested (Figure 3). At sub-inhibitory concentrations (1/2 x MIC), the effect of the
tobramycin-loaded lipid formulations on the growth kinetics of susceptible isolate was slightly lower
than that of the free drug (Figure 3a) whereas the response of the resistant isolate did not differ
(Figure 3d). At the MIC, greater inhibition of the susceptible isolate was achieved, since after 5 h of
antimicrobial exposure none of the formulations was able to fully inhibit the growth of the resistant
isolate (Figure 3b,e). At concentrations above the MIC, the growth of the susceptible isolate was
inhibited immediately after the addition of the antimicrobial (Figure 3c), but, again, none of the
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formulations fully inhibited the growth of the resistant isolate (Figure 3f). Empty lipid nanoparticles
had no antibacterial activity in either isolate (data not shown).

Taken together, our results demonstrate that the loading of tobramycin into lipid nanoparticles
does not adversely affect the antimicrobial activity of the drug against planktonic P. aeruginosa.
The preserved potency of lipid nanoparticles containing tobramycin may be due to their facilitated
diffusion across the bacterial cell membranes. Mugabe et al. [29] showed that the effective antimicrobial
activity of gentamicin loaded into liposomes involved fusion of the particles with the bacterial
membrane, leading to its deformation. Further experiments are needed to better understand the
interactions between the lipids in nanoformulations and the cellular membrane of microorganisms
that promote drug diffusion.

The slower killing of the mucoid, resistant strain of P. aeruginosa than of the non-mucoid,
susceptible strain by free as well as nanoencapsulated tobramycin can be explained by the additional
time needed for outer membrane permeabilization by the drug, regardless of its method of preparation,
and the subsequent delay in its reaching its intracellular target.

A previous study showed an immediate effect of tobramycin against most of the susceptible
populations tested but not against the resistant population [30].

a b c
1/2x MIC (0.5 pg/mL) MIC (1pg/mL) 4% MIC (4pg/mL )
200 200
200
£ 150
g - 27 g
S 8 8 10
0
0sc
P e ]
: 1 3 o H . s oo . * *E
Time (hours) Time (hours) Times (hours)
d e f
1/2x MIC (8pg/mL) MIC (16pg/mL) 4x MIC (64pg/mL)

0D625nm

Time (hours) Time (hours) Times (hours

Figure 3. The effect of free and nanoencapsulated (SLN and NLC) tobramycin on the growth
of P. aeruginosa. (a,b,c) strain 056S]D; (d,e,f) strain 362VH. Control (—e—); Free tobramycin (-=-);
SLN-Tobramycin (—#—); NLC-Tobramycin (—&—).

3.4. Anti-Biofilm Efficacy of Free and Nanoencapsulated Tobramycin

To test the influence of the lipid nanoparticles on tobramycin’s ability to kill sessile bacteria,
biofilms of four P. aeruginosa strains were exposed to free and nanoencapsulated (SLN and NLC)
tobramycin at antibiotic concentrations between 0 and 256 pg/mL. ATCC strain 27,853 and strain
PAO1 were used as controls, and strains 056S]D (non-mucoid, tobramycin-susceptible) and 362VH
(mucoid, tobramycin-resistant) as the P. aeruginosa CF isolates. All P. aeruginosa strains used in
this experiment formed adequate biofilms (data not shown). The MIC and MBEC values of the
four strains are shown in Table 3. Among the isolates susceptible to tobramycin, the MIC and
MBEC values of the nanoencapsulated drug were slightly lower (1-2 logs) than those of the free
drug. However, for the clinical isolate resistant to tobramycin, there were no differences in the
MIC and MBEC values obtained with the nanoparticles and free tobramycin. The exception was
NLC-tobramycin, in which the MBEC was slightly lower than the value obtained with the free form.
The much higher MBEC vs. MIC values of both free and nanoencapsulated tobramycin likely reflected
the interaction between the anionic mucopolysaccharide of the biofilm and the cationic aminoglycoside,
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such that the amount of free tobramycin available to act against the resident bacteria was limited [31].
Among the two types of nanoparticles (SLN and NLC), NLC were slightly more active than SLN
(1log) for all strains tested. Specifically, the concentrations of free tobramycin needed to completely
eradicate the P. aeruginosa biofilm were 8-16 ug/mL (tobramycin-susceptible strains) and 32 pug/mL
(tobramycin-resistant strain), but the effective NLC-tobramycin concentration was lower (2—4 pg/mL
and 16 ug/mL, respectively). The better results obtained with the NLC formulation of tobramycin
were in agreement with our previously published results showing that colistin-loaded NLCs were
highly effective in biofilm eradication [20]. A modification of MBEC assay was performed to test
the efficacy of NLC-tobramycin to prevent the biofilm formation [32]. For all the isolates tested,
BPC (biofilm prevention concentration) values of NLC-tobramycin were identical to values for free
tobramycin. Thus, whereas NLC-tobramycin was more effective than its free form in eradicating
biofilms, both free and nanoencapsulated tobramycin did not show any differences on the prevention
on biofilm formation.

Table 3. Minimal biofilm eradication concentration (MBEC) and minimum inhibitory concentration
(MIC) of free and NLC-encapsulated tobramycin. P. aeruginosa ATCC 27853 and strain PAO1
were used as controls. Strains 056SJD (non-mucoid, tobramycin-susceptible) and 362VH (mucoid,
tobramycin-resistant) served as the Pseudonionas.

ATCC 27853 PAO1 056SJD 362VH
MIC MBEC MIC MBEC MIC MBEC MIC MBEC
(ug/mL)  (ug/mL)  (ug/mL)  (ug/mL)  (ug/mL)  (ug/mL)  (ug/mL)  (ug/mL)
Free 05 8 05 16 1 16 16 32
Tobramicin
SLN-SDS.- 0.25 4 0.25 8 0.5 8 16 32
Tobramicin
NLC 00625 2 0.25 4 0.25 4 16 16
Tobramicin

Although the mechanisms underlying the efficacy of tobramycin in NLC are not fully understood,
a role for charge distribution seems likely. Tobramycin loaded into NLC has a negative net charge
because of the negatively charged nanoparticles, in contrast to the positive net charge of free tobramycin.
The superior mucus penetration of negatively charged nanoparticles has been reported [33] and
suggests the greater ability of NLC-tobramycin to penetrate the exopolyssacharide matrix surrounding
the biofilm structure. Increased penetration would better allow tobramycin to reach its cellular target,
in contrast to its free form. Alternatively, the fast-antimicrobial release reported by Pastor et al. [21]
would ensure an initial antimicrobial concentration that is high enough to inhibit the biofilm growth
of P. aeruginosa. Moreover, a sustained antimicrobial concentration higher than the MIC value would
enable the eradication of surviving cells. However, further experiments are needed to determine which,
if any, of our hypotheses is the correct one.

4. Conclusions

New antimicrobial formulations, such as lipid nanoparticles, can improve the transfer of
antimicrobials to their sites of action, potentially allowing a dose reduction and therefore the avoidance
of adverse side effects. Our study of planktonic cultures and biofilms of P. aeruginosa demonstrated
that antimicrobial activity of tobramycin was not affected by nanoencapsulation. Thus, we found
that nanoencapsulation of tobramycin did not improve its efficacy against planktonic P. aeruginosa.
However, nanoencapsulation did improve its ability to eradicate P. aeruginosa biofilms. Given the key
role of biofilms in respiratory infections of P. aeruginosa in CF patients, the results obtained in this study,
and especially with NLC-tobramycin, may provide new options in the treatment of these infections,
particularly taking into account the better distribution of antibiotics when inhaled as nanoparticles.
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Abstract: The emergence of colistin-resistant Pseudomonas aeruginosa in cystic fibrosis (CF)
patients, particularly after long-term inhalation treatments, has been recently reported. Nanoen-
capsulation may enable preparations to overcome the limitations of conventional pharmaceutical
forms. We have determined the time-dependent viability of P. aeruginosa biofilms treated with
both free and nanoencapsulated colistin. We also examined the relationship between the optimal
anti-biofilm activity of nanostructured lipid carrier (NLC)-colistin and the structural organiza-
tion of the biofilm itself. The results showed the more rapid killing of P. aeruginosa bacterial
biofilms by NLC-colistin than by free colistin. However, the two formulations did not differ in
terms of the final percentages of living and dead cells, which were higher in the inner than in
the outer layers of the treated biofilms. The effective anti-biofilm activity of NLC-colistin and
its faster killing effect recommend further studies of its use over free colistin in the treatment
of P. aeruginosa infections in CF patients.

Keywords: cystic fibrosis, colistin sulfate, lipid nanoparticles, P. aeruginosa, confocal laser

scanning microscopy, anti-biofilm activity

Introduction

Pseudomonas aeruginosa is a gram-negative opportunistic pathogen that frequently
infects the lungs of cystic fibrosis (CF) patients in the form of chronic biofilm
infections.! The antimicrobial resistance of bacteria assuming a biofilm mode of growth
poses challenges not only to host immune clearance mechanisms but also to health
care settings, in the form of an increased risk of hospital-acquired infections.> The
high level of antibiotic resistance that characterizes biofilms can be attributed to their
structurally heterogeneous microenvironments, some of which contain metabolically
inactive cell population,®** as well as to the differential expression of multiple gene
networks and extracellular matrix by the resident bacterial species.*

Over the last decade, increasing attention has been paid to antimicrobial peptides
(AMPs) as therapeutic agents, because resistance to them is thus far rare. Moreover,
these peptides are able to modulate the innate immune response.’”’ The AMP colistin
is a cyclic cationic decapeptide that attacks negatively charged bacterial membranes,
thereby disrupting both the outer and inner membranes of gram-negative species.’
Although the use of colistin as an antimicrobial is restricted by its high nephrotoxic-
ity, the increasing emergence of multiresistant pathogens has renewed interest in its
therapeutic potential.® In fact, nowadays, colistin is administered to CF patients and
to other patients with chronic respiratory diseases for the treatment of lung infections
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caused by P. aeruginosa.’ However, colistin resistance,
mediated by the post-translational modification of lipopoly-
saccharide, has emerged, perhaps driven by the increasing
clinical use of this drug.!®!" Although resistance rates are
still low in many countries, the recent identification of a
plasmid-borne colistin resistance gene (mcr-1) in human,
animal, and environmental isolates of Enterobacteriaceae
may soon lead to rapid increases in resistance on a global
scale.'>!* An awareness of this threat has catalyzed the search
for less toxic antimicrobials as well as the development of
synthetically modified forms enabling dose reductions, longer
administration intervals, and reduced systemic toxicity. An
alternative is new delivery strategies, such as the use of solid
lipid nanoparticles and nanostructured lipid carriers (NLCs)
to deliver colistin in CF patients with P. aeruginosa respira-
tory infections. The nebulization of antimicrobials carried in
lipid nanoparticles improves drug bioavailability and allows
areduced dosing frequency.'* In principle, the administration
of encapsulated drugs could overcome preexisting resistance
mechanisms, including the decreased uptake and increased
efflux of the drug, as well as biofilm formation.'* In a previ-
ous study, we demonstrated the higher anti-biofilm activity
of NLC-colistin than of free colistin in both susceptible and
resistant P. aeruginosa strains isolated from the sputum
samples of CF patients.'® As biofilms play a key role in the
natural history of P. aeruginosa respiratory infections in CF,
the use of NLC-colistin may offer new approaches to their
treatment. However, the mechanism underlying the improved
efficiency of NLC-colistin in biofilm removal is unknown.'¢
Pamp et al'” showed that free colistin acts preferentially on
bacteria with low metabolic rates; this is the case for bacte-
ria in the deepest layers of a biofilm, as metabolic activity
decreases with increasing distance from the biofilm surface.
Whether the same differential response occurs with NLC-
colistin has not been determined. Thus, this study explored
the efficacy of NLC-colistin versus the free drug with respect
to biofilm viability over time and across the different layers
of the biofilm.

Materials and methods

Preparation of lipid nanoparticles

NLCs were prepared using the hot melt homogenization
technique.'® The lipid core consisted of Precirol®*ATO 5
(Gattefossé, Madrid, Spain) and Miglyol 812 (Sasol, Hamburg,
Germany), which were mixed with colistin sulfate (Zhejiang
Shenghua Biok Biology Co., Ltd., China). The tempera-
ture of the mixture was gradually increased to the melting
temperature of the solid lipids. The surfactant solution was
1.3% (w/v) Polysorbate 80 (Panreac Quimica, Castellar del

Valles, Barcelona, Spain) and 0.6% (w/v) Poloxamer 188
(BASF, Ludwigshafen, Rhineland-Palatinate, Germany).
The mixture was emulsified by sonication for 15 s at
20 W. The nanoparticles were recrystallized by an over-
night incubation at 4°C to stimulate particle formation.
They were then washed three times by centrifugation at
2,500 rpm in Amicon centrifugal filtration units (100,000
MWCO). All prepared nanoparticles were freeze-dried with
trehalose (15%).

Bacterial strain, culture conditions, and
biofilm formation

P. aeruginosa strain PAO1 in 20 mL of Mueller-Hinton IT
broth cation adjusted (Becton Dickinson Diagnostic Sys-
tems, Inc., Sparks, MD, USA) was grown overnight at 37°C
with continuous shaking at 250 rpm. The culture was then
adjusted to a concentration of 1-5x10® cfu/mL, and 200 uL
was used to inoculate p-Slide 8 glass bottom wells (Ibidi,
cat. num. 80827, Munich, Germany). Each well was previ-
ously coated with a 0.01% (w/v) poly-lysine hydrobromide
(Sigma-Aldrich, Dorset, UK) solution to enhance bacterial
cell adhesion and to prevent biofilm removal during the
experiments. The slides were incubated at 37°C for 24 h to
allow biofilm formation.

Confocal laser scanning microscopy
imaging

Biofilms on the eight-well glass were washed once with
Ringer % to remove unfixed bacteria and then treated
with free and NLC-colistin at a colistin concentration of
128 pg/mL, based on previously published results.!® They
were then incubated at 37°C for 20, 30, 40, 60, 80, and
100 min after which they were rinsed once with Ringer Y.
To stain the biofilms, a mixture of SYTO 9 and propidium
iodide prepared at a dilution ratio of 1:2 (1.5 uL of SYTO
9 and 3 L of propidium iodide in 1 mL of Ringer 4) was
applied to the entire biofilm. After 30 min of incubation in
the dark at 37°C, the stained biofilms were washed once with
Ringer 4 to remove nonspecific staining. Fluorescence was
observed using a Leica TCS-SL filter-free spectral confocal
laser-scanning microscope (Leica Microsystems, Mannheim,
Germany) equipped with a 488-nm argon laser, 543-nm and
633-nm He/Ne lasers (Scientific and Technological Centers,
University of Barcelona, Bellvitge Campus, L’Hospitalet de
LLobregat, Spain), and a 63X magnification oil immersion
objective (1.4 numerical aperture). The image resolution
was 1,024x1,024 pixels. All experiments were performed
in duplicate. Confocal laser scanning microscopy (CLSM)
images were analyzed using Image] software (National
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Institutes of health, Bethesda, MD, USA). The percentages
of alive and dead bacterial cells were calculated from the
total cell number.

Results and discussion
Time-dependent killing of strain PAO|
biofilms by free and NLC-colistin
Enumeration of the viable and dead bacteria for every treat-
ment showed an increase in bacterial death over time in the
strain PAO1 biofilms (Figure 1). In the control (untreated)
biofilms, most of the cells were viable, with live/dead ratios
of 78.2% (green) and 21.8% (red), respectively. This result
was in agreement with a previous report.!” The baseline
viability was taken into account in the interpretation of
the experimental data. A nonlethal effect was observed in
biofilms exposed for 20 min to free colistin, with the pro-
portions of living and dead bacteria almost identical to that
of the control (~80% and 20%, respectively). The killing
efficiency reached a maximum of 80% after 60 min of treat-
ment with the free formulation. By contrast, after 20 min
of exposure to NLC-colistin, ~75% of the individual cells
were dead (red fluorescence) and after 60 min of treatment
almost 100%, thus demonstrating the rapid killing effect of
the encapsulated drug.

The results shown in Figure 1 are in good agreement
with the CLSM images of the untreated and treated biofilms
(Figure 2). The latter mostly stained green (Figure 2), indi-
cating a high level of bacterial viability. After 20 and 40 min
of exposure to NLC-colistin (Figure 2), the red population
increased over time such that very few green-staining cells
were observed, consistent with the significant damage of bac-
teria residing in the treated biofilm. After a 60-min incubation
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Figure | Graphical representation of living and dead bacteria treated or not treated
with the different colistin formulations.

Note: Error bars represent the standard deviation of the mean (time: 0, 20, 40,
and 60 min).

Abbreviations: F-C, free colistin; NLC-C, colistin nanoparticulated in nanostruc-

tured lipid carrier.
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Figure 2 Confocal laser scanning microscopy images of Pseudomonas aeruginosa
strain PAOI biofilms.

Notes: Control: untreated biofilm. Drug exposure time: 20, 40, and 60 min. Green:
viable bacteria; red: dead bacteria.

Abbreviations: free-col, free colistin; NLC-col, colistin nanoparticulated in
nanostructured lipid carrier.

with NLC-colistin, all bacterial cells stained red. In the biofilms
treated with free colistin (Figure 2), the percentages of the red
and green populations of bacteria after 20 min were almost
identical to those of the control. After 40 and 60 min (Figure 2),
the red population in the free colistin treatment was always
smaller than that in the NLC-colistin treatment, evidence of
the faster killing of bacterial biofilms by the latter. This may
reflect the ability of the lipid nanoparticles to easily penetrate
the biofilm matrix, with the nanoparticulated drug then reach-
ing the bacteria faster and more easily than free colistin.?'?
Islan et al? reported similar results using levofloxacin-loaded
lipid nanoparticles. In that study, rapid killing of P. aeruginosa
biofilms by NLC-levofloxacin was achieved after 60 min of
exposure.
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Table | Percentage of the bacterial population living in the various layers and percentages of live and dead bacteria of the Pseudomonas
aeruginosa strain PAO| biofilm after 20, 40, and 60 min of treatment with F-C and NLC-C

Treatment Biofilm Percentage of the bacterial population (%)
layer t=0 min t=20 min t=40 min t=60 min
Total Live Dead Total Live Dead Total Live Dead Total Live Dead
C+ Outer 28.5 22.5 6.1
Inner 715 55.8 157
F-C Outer 324 29.0 34 352 20.9 14.3 379 6.6 313
Inner 60.3 50.3 9.9 64.8 30.1 3438 62.1 7.6 54.5
NLC-C Outer 20.8 55 15.3 17.4 0.9 16.5 19.6 0.2 19.5
Inner 792 19.7 59.6 82.6 39 787 80.4 0.9 79.5

Abbreviations: C+, untreated biofilm; F-C, free colistin; NLC-C, colistin nanoparticulated in nanostructured lipid carrier.

Differentiation of distinct bacterial
subpopulations in the strain PAO| biofilm
Biofilms are a complex, multicellular structure that favors the
generation of physiologically distinct subpopulations of bac-
teria that together form a community able to adapt to rapidly
changing environmental conditions.”® To explore whether
free and nanoencapsulated colistin differentially act on the
subpopulations residing within the biofilm, the viability of
bacteria in the different layers of the biofilm was determined.
As seen in Table 1, the bacterial density was much higher in
the inner layers of the biofilm, consistent with the previously
reported high density of cells located close to the substratum
in P. aeruginosa biofilms.?* The biofilms were investigated
in greater detail by dividing them in half, which revealed that
71% of the total number of cells occupied the inner layers
(Table 1). This was essentially the case in all three types of
biofilms (control, free colistin, and NLC-colistin) despite the
demonstrated heterogeneity among biofilms with respect to
their thickness and the strength of their surface attachment.”
Nonetheless, our results can be explained by the initiation of
cell detachment in the upper layers of the biofilm?® as well as
the accumulation of high densities of smaller cells in deeper
parts of the biofilm in response to external stress conditions.
Also, it is likely that the washing step with buffer altered the
external parts of the biofilm while leaving its deeper parts
relatively undisturbed. Although weakly attached bacteria
will be discarded by carefully washing the biofilms after
24 h of incubation, simultaneous disruption of the superficial
layers of the biofilm is difficult to avoid.

The two colistin formulations did not differ in their
effects on the various biofilm subpopulations, as the per-
centages of living and dead cells were higher in the inner
than in the outer layers of biofilms treated with free colistin
or NLC-colistin (Table 1). Our results demonstrate that
both formulations are able to penetrate the deeper layers
of the biofilm and thus access a dormant and anaerobically

growing subpopulation.?”?® A reduction of the free colistin
concentration, the delayed penetration of the free drug into
the deeper portions of the multilayered biofilm, and the lack
of specificity of NLC-colistin in killing metabolically active
bacteria versus starved cells may account for our results, as
proposed in similar studies.'”* Further experiments will be
aimed at improving the experimental conditions to optimize
the performance of NLC-colistin.

Conclusion

In our previous works,'*!#

we demonstrated the identical antimi-
crobial activity of free colistin and NLC-colistin. Here we have
shown that NLC-colistin was clearly more effective than its free
form in eradicating biofilms of P. aeruginosa, the most relevant
pathogen in CF patients. Thus, the use of lipid nanoparticles may
be an interesting strategy to prevent the growth and develop-
ment of microbial biofilms in the clinical setting. NLC-colistin
was much faster than free colistin in killing P. aeruginosa,
based on the ability of the encapsulated drug to reach both the
superficial and the deep regions of the biofilm. Further experi-
ments are needed to identify the precise mechanism underlying
the efficient removal of biofilms by NLC-colistin.
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7.2. ANNEX II







Annex II

During the realization of this doctorate, I have participated in some
studies not directly related to the topic of the PhD. I have collaborated
in the exploration of the eventual survival of microorganisms on clinical
sterilized healing abutments with the aim to determine whether their

reuse is safe or not (Article iii).
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Abstract

Background: The reuse of implant healing abutments is common in dental practice. Effective elimination of bac-
teria and viruses is accomplished by conventional sterilization.

The aim of this work was to explore the eventual survival of microorganisms on sterilized healing abutments and
to rule out the presence of transmissible organic material after standard procedures.

Material and Methods: A total of 55 healing abutments previously used in patients will be washed and sterilized
in a steam autoclave at 121°C for 15 min. Each healing abutment will be cultured in Brain Heart Infusion broth
(BHI) under strict aseptic conditions. Besides, two control groups will be included: one of 3 unused healing abut-
ments, and the other of just medium. After 10 days at 37°C under a 5% CO2 100 pl of the broth will be plated on
solid media (Brain Infusion Agar, BHIA) and Columbia Blood agar to test for sterility. The remaining volume will
be centrifuged, the sediment fixed, and a Gram stain performed to discard the presence of non-cultivable micro-
organisms. Moreover, to determine the presence of remaining organic material after the cleaning and sterilizing
treatments, the bioburden will be determined by measuring total organic carbon (TOC) in another 10 previously
used healing abutments, cleaned and sterilized, that will be submerged in Milli-Q water and sonicated.
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Results: No bacterial growth was detected on any of the 58 cultured abutments, indicating that the sterilization was
completely satisfactory in terms of removal of live bacteria or spores. Nevertheless, significant amounts of organic
carbon may still be recovered (up to 125,31 pg/abutment) after they have been sterilized.

Conclusions: Significant amounts of the bioburden remained adhered to the surfaces in spite of the cleaning and ster-
ilization procedures. Taking into account our results and data from other authors, the presence of infectious particles
on the reused healing abutments such as prions cannot be ruled out.

Key words: Healing abutment, abutment surface, peri-implantitis, mucositis, sterilization.

Introduction

The reuse of implant abutments is common practice,
as it reduces costs for both patients and dentists. Since
abutments are mostly made of titanium, it has been as-
sumed that autoclave sterilization guarantees the safety
of such reuse, although it can alter the composition of
the surface due to atmospheric pollutants, especially
when the sterilization process is repeated several times
).

Abutments should favor the maturation of peri-implant
tissues during osseointegration, favouring the modeling
of soft tissues surrounding the implant. Moreover, the
attachment of soft tissue around the implant abutments
takes place through the establishment of a hemidesmo-
somal junction involving inflammatory cells (about 3
mm thickness) that contributes to osseointegration.
Prevention of the presence of bacteria in the region to-
gether with the use of sterile instruments and compo-
nents to avoid cross-infection between patients are pri-
mary goals of implantology. Thus, despite the common
practice of reutilization, most manufacturers recom-
mend just a single use (2). Several authors have conclud-
ed that the use of sterilization procedures alone for the
treatment of reused abutments might not be sufficient,
and recommend previous cleaning protocols to detach
incrusted material before a re-sterilization step (3)
Different strategies have been assayed to minimize
the consequences of reutilization, including the use of
cheaper materials, such as glass-fiber (4,5), and differ-
ent cleaning processes (6-8).

The aim of this work was to explore the eventual surviv-
al of microorganisms on sterilized abutments, as well as
to explore to what extent bacteria found on abutments
could be the direct cause of implant failures. There is a
high proportion of initial implant success, and later fail-
ure is normally attributed to biomechanical or micro-
biological causes (2-9). Thus, our aim can be extended
to answer a new question: To what extent does biologi-
cal detritus on reused abutments contribute to implant
failure?

Material and Methods
A total of 55 healing abutments previously used in one
or more patients during the passive osseointegration pe-
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riod of three to six months were provided by eight dif-
ferent dental clinics of Barcelona, Spain. Once retired,
the healing abutments were processed for cleaning and
disinfection by immersion in enzymatic detergent for
2-5 minutes, followed by an ultrasound bath at 40-
45°C for 10-15” and finally dried. They were placed in
heat-sealed sterilization bags (3M Steri-Dual ECO, Ref:
8652). The sterilization was carried out with a Class B
autoclave in a program for metals (134°C, 12 minutes,
2.1 bar pressure).

-Sample culture

Each healing abutment was removed from the steriliza-
tion bag and submerged in a rich microbiological me-
dium (10 mL of Brain Heart Infusion broth (BHI) Shar-
lau, Sentmenat, Spain) in 18x180 mm test tubes under
strict aseptic conditions. Two control groups were pre-
pared: the first consisted of three new (unused) healing
abutments (Nobel Biocare, Sweeden; Ref: 33445 BmK
Syst RP; Sterilized using irradiation); and the second, of
just the bacteriological medium (lacking an abutment).
The tubes were incubated for 10 days, at 37°C under
a 5% CO, atmosphere and examined visually daily for
turbidity. At the end of the experiment, the tubes were
examined again and Petri dishes containing BHI agar
(BHIA) and Columbia Blood agar (Sharlau, Sentmenat,
Spain) were inoculated with 100 pl of the medium from
each tube to test for sterility. The contents of each tube
were centrifuged at 2.500 rpm and sediment was Gram
stained and observed at 1000 x’ to discard the presence
of non-cultivable microorganisms (Fig. 1).
-Determination of Total Organic Carbon (TOC)
Moreover, to determine the presence of remaining or-
ganic material after the cleaning and sterilizing treat-
ments, the bioburden present in the used abutments was
determined by measuring total organic carbon (TOC)
present.

A different stock of 10 previously used healing abut-
ments, cleaned and sterilized, were submerged in 10
Eppendorf flasks with 1.5 ml Milli-Q water and soni-
cated in an ultrasonic bath for 1 hour.

A volume of 15 ml Milli-Q water was used as blank
control.

TOC was measured using a multi N/C® 3100 analyzer
(Analytic Jena, Jena, Germany).
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Fig. 1: Microbiological cultures. 4 tubes containing 10 ml of Brain
Hearth broth, the left one been the negative control with only me-
dium and the other ones with 3 healing abutments, after incubation
at 37°C for 10 days under 5% CO, atmosphere. No differences in
turbidity were observed.

Results

-Sample culture

None of the 55 used abutments processed in the micro-
biological experiments produced obvious visible turbid-
ity in the medium, although in some cases micropar-
ticulated material appeared after 24 hours of incubation
(first examination) and remained throughout the incuba-
tion period. However, it should be stated that in none
of these samples did the turbidity increase over this
period. Moreover, after 10 days of incubation and the
subsequent inoculation of aliquots of the liquid medium
onto BHIA and Columbia Blood agar plates, no bacte-
rial growth was detected on any of them, indicating that
the sterilization of the used abutments was complete-
ly satisfactory in terms of removal of live bacteria or

Is the re-use of sterilized implant abutments safe enough?

spores. In some cases, the Gram stain examination of
the smear was difficult to interpret because of the pres-
ence of abundant debris stained with a pink color.
-Determination of Total Organic Carbon (TOC)

The TOC determinations of the abutments were much
higher than expected (Table 1). It is worth noting that
a significant amount of organic material was recovered
from the used abutments, indicating that it had remained
adhered to the surfaces of the abutments. Since there is
a huge difference between the organic carbon content
of the abutments and the Milli-Q water used for sub-
merging the abutments prior to sonication, our results
demonstrate that significant amounts of the bioburden
remained adhered to the surfaces.

Discussion

Although no living cells survive the autoclaving, it is
well known that many molecules as well as epithelial
and blood cells and bacterial fractions may retain cer-
tain properties after the sterilization procedure. The
organic material found on the reused abutments would
come from the patient in which the abutment was con-
nected to. Subsequently, it may either affect cell ad-
hesion and the effective spreading and attachment of
epithelium and connective tissue(2,10), or promote in-
flammatory processes in a hypothetical re-receptor. The
proteins and amino acids that can remain adhered to ti-
tanium are extremely difficult to remove.

Sterilization of previously used or intentionally con-
taminated healing abutments is a safe procedure to
eliminate bacteria, virus and fungi as different studies
had demonstrated previously (1) .

Given that recent studies suggest that the sterilization of
the healing abutments does not eliminate all the biolog-
ical debris, the placement of contaminated abutments
could be associated with the development of peri-im-
plant disease allowing a good place to adhere and grow
(11-13).

All this represents different kinds of health risk for the
second user. One of these risks may be illustrated by
considering prions. Biological debris could act as an ef-
fective vector for the transmission of prions. These infec-
tious proteinaceous agents can cause neurodegenerative
diseases that in humans include Kuru, Creutzfeldt-Ja-

Table 1: Values of Carbon adhered to used abutments. TOC: Total Organic Carbon, IC: Inorganic Carbon , TC: Total

Carbon (TC = IC+TOC).
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Blank Abutments
Parameter Value Sd. Deviation Value Sd. Deviation
TOC 4,09 pg/abutment 125,31 pg/abutment
IC 0,81 pg/abutment 0,1 1,07 ug/abutment 0,69
TC 4,90 pg/abutment 0,05 126,39 pg/abutment 108,45
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kob disease, Gerstmann-Straussler-Scheinker disease,
and Fatal Familial Insomnia. In principle, the measure-
ment of “viability” when considering prions should be
regarded as the measurement of the maintenance of in-
fectivity. Despite only a few laboratories in the world
are undertaking experimental work with prions, notably
that of Stanley B. Prusiner (Nobel Prize in Physiology
or Medicine, 1997), the work has led to several major
concerns (14). The first and most relevant in the cur-
rent context is that prions need to be completely inacti-
vated using harsher conditions than those used against
bacteria and viruses. To ensure prion inactivation, the
thermal sterilization should be combined with chemi-
cal treatment. It would appear that procedures used for
routine sterilization of surgical instruments cannot in-
activate prions (15,16), which already led to the devel-
opment of new and more stringent recommendations for
reprocessing instruments and these should eventually
be applied to abutments (17). This has been reinforced
by the discovery that prions that are responsible for
bovine spongiform encephalitis (BSE) can be up to 1
million times more difficult to inactivate than the most
commonly used hamster prions; thus, one cannot ex-
clude the possibility that human prions are also much
more resistant than the laboratory prions (10). These
recommendations are based on conventional autoclav-
ing (121°C) combined with chemical attack; this may be
achieved by autoclaving in the presence of 1 M sodium
hydroxide, or by soaking in 2% bleach for 1 h. Such
treatments are extremely corrosive and may cause ir-
reversible damage to the surface of abutments (18).
Prevalence of asymptomatic Creutzfeldt-Jakob disease
(CJD) in UK population in people born from 1941 to
1985 is 1:2000 and prion iatrogenic transmission (blood
transfusions, organ transplants and surgical instrumen-
tation) is therefore possibility. Another source of prions
could be bovine bone substitutes used widely for bone
regeneration after or simultaneously to the dental im-
plant placement. These materials keep some proteins,
their manufacturing processes are not guaranty to the
inactivation of the prion, and in consequence, Kim et al.
(19) suggest abolishing the use of bovine bone.

The presence of organic carbon reported in our study
means that organic material originating in the patient is
adhered to the surface and, subsequently, the presence
of prions cannot be ruled out. In conclusion, we believe
that, despite costs, the practice of reusing implant abut-
ments should be abandoned, since it cannot be demon-
strated to be safe enough.

Further studies trying to identify the source of the or-
ganic carbon adhered in the abutments are needed. In
addition, it is worth elucidating if there could be any
safe procedure to effectively remove all the organic
material present in the titanium surfaces of the reused
healing abutments.
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