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the IUPAC-IUB as specified in Eur. J. Biochem. 1984; 138: 9-37 and Eur. J. Biochem. 1993; 213: 2.
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Annex IV: Coupling reagents used
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Annex V: Resins used
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Introduction

1. Current situation of antimicrobial resistance

Nowadays, we are facing a very important probldme, fapid and steady increase of
resistance of most of the bacteria against théiatitts available to treat the infections.
In the last report of the WHO (World Health Orgaatian) (1), they alert about this
dramatic situation. The number of antibiotics app by the FDA (Food and drug
administration) has been decreasing since 20 ¢.edfs ago, with a very few effective
antibiotics in the past years. If we take a looloithe data published by the WHO in
2011, we have to be aware how big is the problenthefantimicrobial resistance,
causing 3.2 millions of deaths per year just bdeagl by ischaemic heart disease and
stroke with 7 and 6.2 millions respectively, andhahigher numbers compared to AIDS
or diabetes mellitus (Figure 1). In the EU the nemtif infections caused by multi-drug
resistant (MDR) are approximately 400.000 per yaad of this number 25.000 per
year are attribuible deaths, a part from the higimiper of people that acquire
infections, there is an important burden whichhie economical, these infections cost
one billions per year in extra in-hospital daysd dhe losses of productivity are 600
millions per year. Taking into account the scenafithe present situation, they called
ESKAPE Enterococcus faeciumStaphylococcus. aureusKlebsiella pneumonige
Acinetobacter baumanniiPseudomonas aeruginas&ntereobacterspecies) to the

most resistance bacteria.

The 10 leading causes of death in the world
2011

Ischaemic

heart disease

Tmillion

6.2million

Stroke

Low

respiratory inf
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Figure 1: The 10 leading causes of death in thédanr2011. (WHO)
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We can observe that ESKAPE group is composed by Goam-positive and Gram-
negative bacteria. ESKAPE bacteria are really etitra bacterial targets due to its high

resistance profile of the components.

Another important issue is how to hame the scalesittance of the bacteria, because
since a few years there was a lot of controversyuathis topic, therefore it is very
important to have the concepts of resistance viercWe can define MDR when non-
susceptible to> 1 agent in> 3 antimicrobial categories, the next resistancgris
extensive drug-resistance (XDR) being non-suscleptib > 1 agent in all buk 2
categories, and pandrug-resistance (PDR) is defiviezh the bacteria is resistance to

all the antibiotics in all the antimicrobial cateigs. (2)

Since a few years ago there was no controversytdahewefinition of these concepts
because no pandrug-resistance were isolated, btiteitast 10 years the number of
pandrug-resistance strains isolated have beenasiag rapidly, specially in the case of
A. baumannii(3).

In the resistance profile of this specie it is lolesto observe the evolution by
comparing studies performed at different years preentage of resistant of imipenem
was 3% in 1993 and increase up to 70% in 2007 s#mee effect was observed with
quinolones, with an increase from the 30 to 97%hm same period of time (4). The
same evolution is observed in Spain focusing iba@jaenems, in 2001 the percentage of
resistant was around 45% and ten years later was than 80% (5). Observing this

data we can imagine a really dramatic future invthe against these bacteria.

2. Current situation of antibiotics

As commented previously, there is an urgent neeteof antibiotics, as we can observe
in the figure 2, the antibiotics approved by FDAidg the last 20-30 years are unuseful
in some situations. In the figure 2 it is possitdeobserve that the last antibiotics are
linezolid and daptomycin, these compounds are @uive against Gram-positive
bacteria including methicillin-resistantStaphylococcus aureus(MRSA) and

vancomycin-resistariEnterococci(VRE). Indeed, even if they are the last antilc®f
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being released in the market some resistance to lfae been reported, in the case of
linezolid the most important mechanism of actioe #re alterations in the 23S rRNA
target (6), and in the case of daptomycin is thdifitation of the lipids that composed
the membrane of the Gram-positive bacteria, obsenvé&nterecocci(7), MRSA (8),
and recently also some resistance to daptomycitieptococcus mitisjowever the
mechanism have not been elucidated yet (9). We wanhighlight that the last
antibiotics approved are only active against Grasitive bacteria, so that means that

the necessity of compounds active against gramtivega more imperious.

Timeline | Antibiotic drug discovery

(1940-1950)

* Gramicidin (peptide)

¢ Penicillin (B-lactam)

* Neomycin (aminoglycoside)
Salvarasan * Streptomycin (aminoglycoside) Rifamycin Linezolid
(arsenical)  Cephalosporin (B-lactam) (ansamycin) (oxazolidinone)

1932 1940 1950 1960 1962 2000 2003

Protonsil (1950-1960) Naladixic acid Daptomycin
(sulfonamide) ¢ Chloramphenicol (phenylpropanoid) (quinolone) (lipopeptide)
¢ Chlortetracycline (tetracycline)
¢ Polymyxin (lipopeptide)

¢ Erythromycin (macrolide)

* Vancomycin (glycopeptide)

* Virginiamycin (streptogramin)

The class of the antibiotic is shown in brackets.

Figure 2: Timeline of development of new antibistigVright GD . The antibiotic resistome: the nexus
of chemical and genetic diversity. Nat Rev Micrdb®007. 5;175-86.)

3. Acinetobacter baumannii: The Archetype of resistance

The Acinetobacterspecies are mainly nosocomial opportunistic paghegthat means
that normally affects people with a low immune systadmitted in the hospital.
Between 2 and 10% of the gram-negative infectiarthé ICU (Intensive care unit) are
caused byAcinetobacterspecies (10). They are normally one of the mosjueat

causative agents in nosocomial pneumonia but theylao implicated in bacteremia,

3
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UTI (Urinary track infections) and meningitis. Ahetr important feature of this specie

is the ability to colonize any type of surface (11)

3.1. Characteristics and taxonomy

The Acinetobactergenus is formed by several species, they are Gegative,
cocobacillus, nonfermenting, unable to reduce ta#a catalase positive, oxidase
negative (12) and without mobility, that is were thame Acinetobacter is derived, in
Greek the termal-kinetg means a lack of motility, so its name means thigtbacteria

does not have motility on surfaces (13).

In 1911 it was isolated the fir8icinetobactestrain, it was from the soil and at that time
it was namedMicrococcus calcoaceticusafter 43 years, in 1954 Brisou and Prévot
created the genuicinetobacter(14). In 1986 Bouvet and Grimont performed alyeal
exhaustive taxonomic classification of this genughwl2 different species (15).
Nowadays and due to the new techniques used feerEldaxonomy new species are

proposed, and now in 2014, 34 different specieg leen defined (16).

3.2. Morphological and phenotypical aspects

Acinetobacterspecies (Figure 3) form smooth colonies in soleta, their colour can

go from yellow to white-grey and from 1 to 2 mmdimeter (11,17). The oxidase test
is the one used to differenciate teinetobactergenus from other related none
fermentative Gram-negative bacteria (17). The @3hiti use different carbon sources in

their metabolism give them an intrinsic resistatacthe enviroment (18).
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Acc.V Spot Magn Det: WD Exp  b—————— 2pm
25.0 kV3.0 12739x SE 16.3 3

Figure 3.Acinetobacter baumanniorphology grouped. (Wikipedigcinetobacter baumanijii

For the direct isolation of clinical strains, seiee solid media, such as MacConkey can
be used, but is preferable to use other solid ma@dido not allow the growth of other
microorganisms (11, 17). This type of selective mdtiat suppresses the growth of
other bacteria are Herellea agar and LeAdmetobactermedia, both of them are
selective media and they are uselfull for mostefgenospecies @écinetobacterboth

clinical and environmental (19).

3.3. Natural and clinical reservoirs

The two main features that makeinetobacteisuch a difficult bacteria to fight against,
are the ability to develop multiresistant patteamsl the ability to survive in different

conditions.

Acinetobacterspecies can be found in soil, water, animals auahams, growing
normally in all the samples collected from soilveater (20). The places where or in
which these bacteria have been isolated can go firesh water ecosystems (21), to air
samples from hospitals (22) or in kindergarden ahhschools (23). This high
resistance to environmental conditions comes frbenability to use different carbon
sources, as previously commented. It has been\@abéhat the ability of survival in
different surfaces is different if we compare daiiisolates and standard strains from
ATCC collection (24-28).
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If we compare all the species A€inetobacterA. baumanniis the one which present a
higher ability to survive to desecation, therefaith this information and also knowing
thatA. baumanniis the specie that presents more resistant praditeerns, we have the
answer of why isA. baumanniithe most common specie that cause nosocomial
outbreak in hospitals (26, 27, 29). If we compdre ability to survive in dry surfaces
we can observe that baumannican live during more than 25 days, whilelwofii can
only survive during 7 (25).

If we compare their survival with other bacteriae tHifference is even higheR.

aeruginosacan survive less than 24 hours &stherichia coliat around 24 hours (30).

3.4. Pathogenesis and virulence factors of Acinetabter baumannii

This part of the introduction is a summary of theiew. (Part 3.4)

Roca I, Espinal P, Vila-Farrés X, Vila J TheAcinetobacter baumann®xymoron:
Commensal Hospital Dweller Turned Pan-Drug-Restd##nace. Front Microbiol.
2012 3;148

Virulence factors are required for the pathogenesisinfections caused byA.
baumannij these virulence factors allow the bacteria t@o@e and infect the patient.
There are not many studies about the pathogerofitisis microorganism (31). These
are the most important virulence factorg\cinetobacter

3.4.1. Biofilm

The first step in bacterial colonization is the aimce to the cell host. Once the first
bacteria is adhered to the cell host a biofilmugdo Biofilm can be defined as a group
of bacteria stacked to each other with a polymeratrix, this matrix do not allow the
antibiotic to be efficient against bacteria andoakt®lp the bacteria to survive. This
polymeric matrix can be formed by carbohydrates;leia acids, proteins and other
macromolecules (32). The ability of a strain toateebiofilm can be one of the factors
that can influence in its virulence. (33-35). Thodity of each strain to perform biofilm
can be influenced by different factors such as guorsensing, bacterial surface
components, amount of nutrients, macromoleculareseas (36-37). The two-

component regulatory systems and transcriptiongulledors which have relation with
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the genes associated with biofilm are also veryoirtgmt (38). The most important gene
iIs CsuE which is a component of the CsuA/BABCDE chaperosieer complex, this
gene is involved in the production of the pili, amtden the inactivation of the gene is
produced no biofilm formation is observed (39).

A. baumanniican form biofilm also in the environmental surfag®t only in human

cells, even in dry surfaces and with low amoumutfients (40).

3.4.2. Motility and adherence

As previously commented the nameinetobactercomes from the non-motility, this
fact is due to the lack of flagella (41). This abse of flagella means that this bacteria
does not move using swarming (42), howegerbaumanniispreads really fast over
surfaces, this fact may be as the twitching alredelscribed inA. calcoaceticug43).
There are large number of genes involved in evergthelated to the type IV pili,
which is the one associated with twitching motil{\4). It has been observed tipai
gene it is also involved in the twitching (42). Te¥iing motility is also controlled by

two component sensor-regulators and complex chemosgsystem (45).

3.4.3. Surface polysaccharides

LPS (lipopolysaccharide) plays an important rolehe virulence ofA. baumannii this
fact it is showed in the study performed by Gastial were they claimed that LPS and
lipid A showed lethal toxicity in mice, pyrogenigitin rabbits and complement
inactivationin vivo (46). The same results are obtained confirmingrtiportant role of
the LPS in terms of virulence (47). Another stuldgttconfirms the importance of LPS
in the virulence oA. baumanniwas based on the study of a colistin-resistaatrstAll
mechanisms of resistance to colistin are relatedP8, modification by mutations in

the geneomrABor IpxACD and this fact also make the strain less viruléd8) (

3.4.4. Outer membrane proteins

When we talk about outer membrane proteins (OMRBs)jerms of virulence and
pathogenesis we have to highlight OmpA. OmpA isrtiest abundant protein in the



Introduction

bacterial surface, it plays a major role in theadhce and invasion of epithelial cells
and induce apoptosis (37).

One of the mechanisms &f baumanniiis to induce cell death (HEp-2 cells) by cell
surface death receptors and mitochondrial disiategr. It has been observed OmpA in
the mitochondria, where it generates a releaserofapoptotic molecules such as
cytochromec, and apoptosis-inducing factor (AlF), these apsigtof the cells make
the bacteria able to internalize trough the disdptucosal lining (49).

Regarding the different outer membrane proteingidon A. baumanniiSmaniet al,
discovered that Omp33, a protein involved in caeloaon resistance, was also involved

in the virulence and fitness of this microorgani&f).

3.4.5. Outer membrane vesicles

Another virulence mechanism which is also commoalt@Gram-negative bacteria are
the outer membrane vesicles (OMVs). OMVs are sphknanovesicles with a diameter
between 20 and 200 nm, and are composed by DNA,,Rpids, lipopolysaccharides

and even OMPs (51, 52). The role of these OMVsifferént, they can transport

virulence factors, they can participate in biofiflmrmation, and they can also be
involved in quorum sensing and gene transfer (53,64npA is the most abundant
protein of the OMVs, these allow OmpA to adherdh® host cells (55). OMVs have
also the ability to carry genetic material, likeethlapxa24 gene which encodes a
oxacillinase which produce resistance to carbapsen@a). With this information it is

shown the importance of the OMVs, not because #reyimportant in the interaction

host-pathogen, but also because they are alsdaabpread resistant genes.

3.4.6. Siderophores

Siderophores are compounds that have the abilichétate iron, as it is known, iron is
essential for the growth of bacteria, thereforetdréa secrete these compounds in order
to obtain iron from outside the bacteria. Just whfferent siderophores have been
identified in Acinetobacter speciesvhich are Acinetobactin (56) and Fimsbactin A-F
(57). AnA. baumanniiisolate during an outbreak was deeply analyzedtduts high-

affinity iron-uptake, it was demonstrated that gemesdhb were the ones involved in
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iron-uptake. It was also detected some proteindlyigelated to iron transport like
OM73, P45 and P114 (58).

3.4.7. Quorum sensing

Bacteria excreted chemicals compounds in orderetéopn communications with the
other bacteria and environmental adaptation, thiltyais called quorum sensing (QS).
(59) These compounds secreted by the bacteriacaneally acyl-homoserine lactone
(AHL)-like signal molecules produced by the Luxinfdy of AHL synthases. The
production and secretion of these compounds isaited by the cell depending on the
cell density and the growth phase, and it has hiaked with the production of certain
virulence factors such as motility or biofilm (50)6 All these processes mediated by
AHL system in Gram-negative bacteria involve twgportant family proteins, Luxl
which interact with LuxR. This complex binds to @esific promoter sequence known
as lux-box, which regulates the expression of Qgetagenes. Among the LuxI
proteins, Abal protein, found iA. baumanniijs the one involved in the production of
N-(3-hydroxydodecanoyl)-HSL and (3-hydroxy-C(12)-HSL) (61), It is also ionpant

to point out the high promiscuity if these receptas it is observed the similar effect
when the same compound (R) and (S)-stereoisontestisd (62).

It was also observed that to isogenic strains witltations in theabal gene led to a
reduction of biofilm production (36,62).

3.5. Antimicrobial resistance ofAcinetobacter baumannii

This part of the introduction is a summary of theiew. (Part 3.5)
Roca I, Espinal P, Vila-Farrés X, Vila J Front Microbiol.2012 3;148

Acinetobacterhave innate ability to survive in difficult conaitis and in difficult
places, but another important feature that makemetobactersuch a successful
pathogen is the ability to acquire and keep differaechanisms of resistant that makes
it able to survive against all the antibiotics usedreat the infections caused by this

pathogen.
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Acinetobactehas become resistant to all the antibiotics userkad infections, here we
report the mechanisms of resistance used by thigan to survive to the action of the
antibiotics.

3.5.1.4-lactams

The mechanisms of resistance against this growgmtibiotics can be divided into two
main groups:
i) Enzymatic mechanisng{lactamases)

i) Non enzymatic mechanism.

)] Enzymatic mechanisms.
B-lactamases are enzymes produced by some badtatigptovide resistance -
lactams. These antibiotics family all have a comnmeement in their molecular
structure which is four atom ring with an amidelgypknown a$-lactam. The effect of
the enzyme is opening thiglactam ring by hydrolysis, deactivating the molecu

antibacterial activity.

Chromosomal cephalosporines (AmpC /ADC)

AmpC enzymes belong to class [fClactamases, and they are responsible of the
resistance to penicillins and extended-spectrunhalegporins, except cefepime, as
well as to B-lactam$-lactamase inhibitor combinations (63). The basalel of
expression of these enzymesAuginetobacterdo not affects the susceptibility to the
most offB-lactams, however the presence of an insertionesemgu(I\bal) upstream of
the blaapc gene promotes the increase of its expression acckase the minimal
inhibitory concentration to expanded-spectrum csporins (64). This is due to the
fact that the IS element carries a promoter thatimused for the RNA polymerase to

express thélaapc gene.

10
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Oxacillinases

Oxacillinases, also called Ambler Class D enzynasstheir name shows are able to
hydrolyzed oxacillin and cloxacillin, apart fromme oxyiminog lactams, but they are
weakly inhibited by clavulanic acid, however thésea subgroup called carbapenem-
hydrolyzing class B lactamases (CHDL) which are able to inhibit theicac of
imipenem and meropenem but not the action of exspectrum cephalosporins and
aztreonam (65)

We can divide the OXA found iA. baumanniinto five groups: i) OXA-51/49 which is
the only one naturally occurring, found in the chosome of all strains oA:
baumannii ii) The other four groups are acquired CHDLs (OX3, OXA-24/40, OXA
58, and OXA-143).

Metallo-p lactamases

Nowadays carbapenems are the most used antibimti¢eeat infectious caused by
Acinetobacterspecies, however during the last decades resestancarbapenems is
increasing worldwide (66,67), there is also a bigpbem when dealing with
carbapenem-resistanéeinetobacter most of the strains are resistant to almosthal| t
antibiotics classes, except intermediade resistemmgéampicin and being susceptible to
tigecycline and colistin.

The main feature of class B-metafidactamases or MBLs is their broad spectrum,
they are able to hydrolyze all tifielactams except aztreonam (68). There are several
MBLs described such as IMP metallpdactamases (69), VIM enzyme (70), SIM-1
(71) or the most recent one which is NDM (72), TMIBL enzyme has the ability to
spread really fast (73).

i) Non enzymatic mechanism.

When we talk about non enzymatic mechanism of taasie top-lactams we refer to

membrane alterations, normally by alterations in RDMr overexpression of efflux
pumps. In addition modifications in the penicilloinding proteins (PBPs) have also
been shown as a potential mechanism of resisté&mcexample is the protein CarO that

it was associated to carbapenem resistance, withthmu presence of any known

11
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carbapenemases (74), the same effect was observégH ito 36- kDa OMP in A.
baumanniistrain isolated in Spain (75). Other proteins like heat-modifiable HMP-
AB is also involved in resistant to carbapenemaseé. baumannii and it is very
similar to OmpA from Enterobacteriacae. (76) Anotimeechanism of action that could
be also compatible with the production [pfactamases, is the change of affinity or

expression of the PBPs (77).

3.5.2. Aminoglycosides

There are two different ways to achieve resistanc@minoglycosides, the first way is
by the expression of aminoglycoside-modifying enegn{AMES), the most common
are, acetyltransferases, nucleotidyltransferasesl phosphotransferases (78), the
acivity of this AMEs result in the modification tfie amino or hydroxyl group present
in the aminoglycosides which make them to decrelase affinity for the target site
(79). The second way is by efflux proteins, thekie pumps, and specially RND
family plays an important role in MDR (80). We wantfocus in the AdeABC which
confers resistance to aminoglycosides apart frdrarantibiotics families (81). There is
a third mechanism which has not been reportedAinbaumanniiwhich is the

modification of some ribosomal proteins.

3.5.3. Quinolones

The most important mechanism of resistance isnaalithe species, the mutations in
the quinolone-resistance determining region (QRDR}he A subunit of the DNA
gyrase and DNA topoisomerase V. Both mutationth@gyrA (encoding the A subunit
of the DNA gyrase) angarC (encoding the A subunit of topoisomerase 1V) hbgen
described. The substitution of Ser83 to Leu83 imAGgnd the substitution of Ser80 to
Leu80 in ParC are the most frequently found (8R)islimportant to mention that
mutations in thgparC gene are always accompanied by mutations igyn& gene, that
suggests thajyrAis the preferred target when comparepdcC (83). Efflux pumps are
also important as an alternative mechanism of taeesie to quinolones, being the most
common these belonging to the RND family such asl®d (84) and AdeFGH (85).

12
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3.5.4. Polymyxins

In spite of their toxicity, polymyxins are the lagption in the treatment of infections
caused byA. baumannii Up today most of the strains @&. baumanniiare still
susceptible to colistin, however in the last yeanfstin-resistanfA. baumanniilinical
isolates have been reported (86). Regarding théhamezm of action of colistin not
many things are known, but all the hypothesis iaidis that it acts in the outer
membrane, however recently some inhibition of th&DMN-quinone oxidoreductase
have been descrived as a secondary mechanism w@n a@7). Two different
mechanisms of resistance to colistin have beendslted, they are related to each other
because somehow they have some relation with memlramponents. Adanet al
observed mutations ipmrABG pmrAB is a two component regulatory system that
regulates the expression pmrC which encodes a phosphoethanolamine transferase
enzyme involved in lipid A modification (88-90).

The second mechanism of resistance is the comipleseof the lipopolysaccharide by

mutations inpxACD genes, which are involved in the lipid A biosyrdisg(91).

4. Colistin and daptomycin

Currently, two peptidic antibiotics are widely usedlistin and daptomycin. The first is
an old antibiotic that was not used for a long tsirece it showed an important toxicity
and other antibiotics were available, however inev used as a last resort to treat
infections caused by multidrug resistant bactaszhsasA. baumannii, P. aeruginosa

K. pneumoniaeThe second one, is together with linezolid the amtibiotics launched
during the last 30 years, both having activity oagjainst Gram-positive bacteria. Both
compounds have a similar structure being both Bptides, with a cyclic peptidic part

and a fatty acyl tail.

4.1. Colistin

Colistin, also called polymyxin E, is a lipopeptid®lated fromBacillus polymyxalt
has a very narrow spectrum of activity, only beawagive against some Gram-negative
bacteria, so it is used as “salvage” to treat mulg-resistant infections. It was used

before the 1970s but then was replaced by aminogiges due to its nephrotoxicity

13
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and neurotoxicity (92, 93). In 1959 it was the Imegng of its use in the clinical setting
The procedures carried out by the Food and DrugsiAdtration (FDA) at that time
were not so strong as today, and colistin becamanéibiotic easily (94). During the
last decades we have witnessed a dramatic incbedlen the proportion and absolute
number of pathogens such A& baumanniipresenting extensive-drug-resistance to
antibacterial agents, being susceptible only tedygline and colistin. Therefore,
colistin is used widely and hence the emergenceobétin-resistanfA. baumanniihas
been observed. Two aspects are important to béedfuabth are related to each other,
these aspects are potential nephrotoxicity and abexicity and optimizing dose
(PK/PD). In terms of nephrotoxicity and neurototiciwe want to highlight that
neurotoxicity is not as common as nephrotoxicityhds been proved that colistin has
the same nephrotoxicity levels as tobramycin, amaghtycoside (95, 96). In another
more extensive study, the results were that patiehio received colistin more than 14
days had a 3.7 fold increased risk of nephrotoxiditereby what is important is the
accumulative dose more than the daily dose, ingémse it is important to monitor the
kidney function in long term treatments (97). Inisw accepted that renal injury caused
by colistin is not as strong as it was though mlleginning and is also totally reversible
over weeks to months after ceasing therapy (97§ dtmer important aspect is the
adjustment of the dose treatment. In the last decdlde pharmacokinetic and
pharmacodynamic (PK/PD) has been examined in difteways like mouse model or
justin vitro, these ways try to find out the right dose thaiusth be given (98-101). It
should be noted that colistin is administered ggagrug colistin methane sulfonate
(CMS), and the conversion to the active speciastio] is really slow, therefore during
the first dose, the concentration of colistin idolethe break point (2 mg/L) for that
reason monodose therapy is not useful to tAedaumannii(102). The dosage of
intravenous CMS recommended by the manufacturerhenUSA is 2.5-5 mg/kg
(31,250-62,500 IU/kg) per day, divided into twofdéor equal doses, however the dose
in the UK is 4-6 mg/kg (50,000-75,000 IU/kg). CMsSniormally administered during
10-14 day, however it can change depending oneihia function of the patient

The chemical structure of the colistin, and all gwymyxins, is formed by a cyclic
peptide and a fatty acyl group, as commented pusiyo It is a decapeptide and the
loop is produced between the side chain of the idiabutyric acid (Dab) at position 4

and the carboxyl group of the C-terminal threonmesidue at position 10. Some
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different polymyxins have been isolated, the 3addhces are, positions 6 and 7, and the
different fatty acyl group present in the N-terntimd the peptide, all of them are
showed in Table 1.

5
y-NH,

1NH, y-NH, — (a)-Dab—= (Pos. 6) — (Pos. 7)

Fatty acyl — (a).-Dab —+ -Thr — (a).-Dab —= (a,y).-Dab

1 2 3 4
t-Thr =—(a).-Dab <— (a).-Dab
10 | |
+-NH, +-NH,
9 8

Polymyxin Fatty acyl group Pos. 6 Pos. 7

B, (5)-6-methyloctanoyl D-Phe Leu

B,-lle (S)-6-methyloctanoyl D-Phe lle

B, 6-methylheptanoyl D-Phe Leu

B, Octanoyl D-Phe Leu

B, Heptanoyl D-Phe Leu

B, Nonanoyl D-Phe Leu

B 3-hydroxy-6-methyloctanoyl D-Phe Leu

E, (S)-6-methyloctanoyl D-Leu Leu

E, 6-methylheptanoyl D-Leu Leu

E, Octanoyl D-Leu Leu

E, Heptanoyl D-Leu Leu

E, 7-methyloctanoyl D-Leu Leu

E,-lle (S)-6-methyloctanoyl D-Leu lle

E,-Val (S)-6-methyloctanoyl D-Leu Val

E,-Nva (S)-6-methyloctanoyl D-Leu Nva

E-lle 6-methylheptanoyl D-Leu lle

E,-Val 6-methylheptanoyl D-Leu Val

Eg-lle 7-methylnonanoyl D-Leu lle

Pos.: Amino acid position.
Table 1. Different structure of all the polymyxins.

Velkov T, Roberts KD, Nation RL, Thompson PE, LPharmacology of polymyxins: new insights
into an ‘old’ class of antibiotics.Future Microbiol . 2013. 8;711-24.
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We want to focus only in polymyxin E. It has a Dl the position 6, being the only
D-amino acid in all the peptide, and Leu also ia position 7. We have to take into
account that polymyxin E, contain several spedasthe majority (more than the 80%)
belongs to a mixture of polymyximBnd polymyxin k&, they just differ in the fatty acyl
group, having (S)-6-methyloctanoyl for polymyxin, Bnd 6-methylheptanoyl for
polymyxin E.

The mechanism of action of colistin seems to bthéouter membrane, due to its big
size, probably unable to penetrate inside the bactbowever some authors have
suggested that it can accumulate inside the bactard interact with a intracellular
target, as commented previously. First of all wech& have very clear which are the
components of the Gram-negative bacteria, and whyaot effective against Gram-
positive. The main difference between the cell wafll Gram-negative and Gram-
positive bacteria is that Gram-positive bacteriacasnposed by a lipid bilayer, and
protected by a thick peptidoglycan layer, while @mm-negative bacteria have a more
complex arquitecture having inner and outer menws@parated by periplasmic space.
In the outer membrane layer is where lipopolysagdka are located, and especially
lipid A which is one of the components. The struetaf lipopolysaccharides is divided
in three parts: the variable O-antigen chain (egpitsaccharide units), a core
oligosaccharide domain and the lipid A, Figure 63)1
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Figure 5. A) Interaction between polymyxin anddigi. B) Components of the Lipopolysaccharide
(LPS).

Velkov T, Roberts KD, Nation RL, Thompson PE, LPharmacology of polymyxins: new insights
into an ‘old’ class of antibiotics.Future Microbiol . 2013. 8;711-24.

Lipid A is formed by a B-1"-6-linked p-glucosamine disaccharide which is
phosphorylated at positions 1'and 4" (104). Iimpartant to mention the function of the
cations M§" and C&", which are able to link adjacent LPS moieties {16Bwever as

it has been commented previously there is a suspithat it could also have an
intracellular target (87).

If we take a look into the peptidic structure oflymyxin B and colistin, just two
residues are different, due to its different atgivihat means that these variable residues
are important in the mechanism of action, alsoatthipathicity of the molecule has a
crucial role. Several theories of the mechanismaction have been proposed, but
nowadays the accepted model is the one calledpsethoted uptake’ (Figure 5), the
action of the amines of the Dab residue interaattedstatically with the anionic lipid A
phosphates, this interaction leads to the displao¢énof the cations commented
previously, that allows the two key residues (amawads 6 and 7) and the fatty acid
acyl tail to internalize into the outer membraras ts the part where most the articles

published about this topic agrees, the rest oftbehanism remain unclear. (106).
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4.2. Daptomycin.

Daptomycin is one of the lastest antibiotics redelais the market, it was discovered by
Lilly in the late 80s fronmStreptomyces roseosporassaprotroph isolated in soil. Lilly
researchers observed a really good “in vitro” agtigsgainst Gram-positive bacteria but
they gave up the development of the antibiotic uthe fact that surfactants found in
the lung inhibit the effect of this antibiotic, tleéore can not be used to treat respiratory
tract infections such as pneumoniae. Later on ftights were sold to Cubist
Pharmaceuticals. In 2003 this antibiotic was appdolly the FDA (107). Daptomycin
has a similar structure as polymyxins, a cyclic tpkp with a fatty acyl chain,
daptomycin has 13 residues, 10 of them are forrthegcycle and the rest are forming
the lipophilic tail. From the 13 amino acid residuéve of them are nonproteinogenic,
such as L-ornithine (L-Orn), threo- 3-methylglutamic acid, L- Kyrunenine (L-Kyn)
and two D-amino acids. In the begining one of theeBidues was assignated as L-, but
recently they corrected into D-configuration (10Bhe cyclization is produced between
the carboxyl group of the L-Kyn (residue 13) and ktydroxyl group of the Thr (residue
4), and the fatty acid is formed by a decanoyluFeg

L-Kyn'
NH,
(0] D-Asn?
0] (0]
L-Trp!
) o . 0 H,N fo)
(0} H H
(0] N N\R
Oy NH  LThe N N
Gly™ HN O
HO HN S
Gly5
P HN N Yo  ©
HO o) L-Asp®
o (0]
L-Asp?®

N NH
0 o NH2 L-Orné
p-Ala®

OH

L-Asp’

Figure 6. Chemical structure of daptomycin.

Bionda N, Pitteloud JP, Cudic P Cyclic lipodepsipeptides: a new class of antibaat agents in the
battle against resistant bacteria. Future Med Cizé&h3 5;1311-30.
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MIC (pg/ml)
Compound R Staphylococcus aureus
I A21978C, M 1
2 A21978C, \’Z)c])\/\/\/\/\’/ 0.5
3 A21978C, \{ﬁ\/\/\/\/\(\ 0.13
4 Daptomycin o] 0.125-0.5

W

Table 2. Chemical structure of daptomycin and aggland MIC agains. aureus

Bionda N, Pitteloud JP, Cudic P Cyclic lipodepsipeptides: a new class of antibaat agents in the
battle against resistant bacteria. Future Med Cizé&3 5;1311-30.

Several compounds were found when they discovetodagin (109), all of them had
the same scaffold just changing the fatty acid siu&n, in table 2, the activity of the
other daptomycin analogues can be observed (10BgnVdomparing all the analogues
and daptomycin they observed that the penetratitmthe lipid bilayer was inversely
proportional to the length of the fatty acid chdmowever the length of the fatty acid
chain was also really important in the toxicitytbé compounds, longer side chain fatty
acid exhibited higher toxicity (110)

The mechanism of action of daptomycin is in the satage as polymyxins, it is known
that the mechanism of action is very similar, fioétall it was demonstrated that the
activity of daptomycin and their analogues areimgically related to the amount of
Cd&”, present in the serum, no activity is present wilisnlent cations such as Kfg
Zn** or B&" are present in the medium (111), this calcium imayce conformational
changes into daptomycin (112,113), or neutralizerépulsion between the daptomycin
(anionic) and anionic phospholipid heads of the ioame (114). The initial step is the
interaction of the polar head groups of the phobpidband the fatty acid chain of the
lipopeptide, and after the accumulation of the coumul, oligomers can be formed,
these oligomers are the responsible of the depaléwn of the membrane, but there is

not a clear evidence of this hypothesis.
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In terms of pharmacokinetics, daptomycin is a bagtial antibiotic with a really long
half-life (8h), and showed a postantibiotic effetup to 6.8 hours (115). The fact that it
has this high values may be due to its high affiniith the serum proteins (90%) (116).
Doses approved by the FDA are 4 mg/Kg for sofugsmfections and 6 mg/Kg f@.
aureusbacteremia, however the data obtained in animaleinandin vitro suggest that
the doses could be higher, and that will reducedéhe2lopment of resistance and will
increase the activity (117).

As we have commented previously the spectrum a¥igcof daptomycin is in front
Gram-positive bacteria, before being approved ley RDA, it was tested in over 70
medical centers located in Europe and America,thadesults were that 99.4% of the
isolates were inhibited byx2 mg/L daptomycin (118). The spectra of activity of
daptomycin include both methicillin-susceptible andsistans. aureusvancomycin —
susceptible and -resistariEnterococcus coagulase-negativestaphylococcuys and
streptococci.

Although daptomycin is a really new antibiotic, somesistance have already been
reported in the Gram-positive bacteria against twldaptomycin is more commonly
used, such a$. aureus Enterococcusand StreptococcusSince the mechanism of
action of daptomycin is associated with the depzddion of the cell membrane and the
cell wall, the mechanisms of resistance of thedraecicommented below are related to
modifications of the cell wall and cell membrane.

In S. aureusthe first gene identified when a daptomycin i@sit strain was isolated
was themprF genewith some single nucleotide polymorphisms (SNPs$eoked,
(119,120). When the MIC of daptomycin start to @ase the amount of SNPs in
different genes are increasing, these genes argyttes gene, were thgyc operon is
involved in the generalized response to stressarsh sas antimicrobials, and
consequently thepoB or rpoC genes, beta and beta’ subunits of RNA polymerake. T
SNPs observed in these genes, specially imthg- gene, lead to an increase of the
relative positive surface charge. TimprF gene encodes a protein which has a double
function being the responsible for the lysinylatminthe lysylphosphotidylglycerol (L-
PG) to generate the positively charged cell menmdnalnospholipid, L-PG, and the
second function which is involved in the inner-tater cell membrane translocation of
L-PG (121), apart from the SNPs in timprF gene, the same genes lead to a change of
the rigidity/fluidity of the cell membrane, that doot allow the interaction of

daptomycin with the bacteria (119), this rigidigncbe associated to the overproduction
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of staphyloxantin as well (122). It has been obseérthat the thickness of the cell wall
Is also an important fact of the daptomycin -resistthe increase of the thickness may
act as physical barrier in the interaction of daptoin. (123)

Resistance in Enterococcus have also been obsetiiedgroup of Arias Chet al. (7)
isolate a strain oE. faecalisafter the therapy with daptomycin, they observed b
comparing genomically both daptomycin-susceptiblel alaptomycin-resistant the
mutations in three genes that were the ones involethis resistance. The genes
associated with daptomycin resistanceEinfaecaliswere thelLiaF gene, this gene
belongs to a three component regulatory systenF@R) which is involved in the cell
envelope stress-sensing response to antibioties.s€ébond and third gen&dpD and
Cls) encodes proteins involved in the metabolism offmi@ne phospholipids (7). The
mechanism of resistance to daptomycin in bSthaureusand E. faecalisinvolves
components of the membrane such as lipids or pitei

The Dr. Miro’s group from Hospital Clinic of Baraela (9), observed also resistance to
daptomycin inS. mitiswhen it was exposed to daptomycin in an animal eho@io
elucidate the mechanism of resistanceSofmitisto daptomycin is a chapter of the

thesis.

5. New antibacterial drugs.

The discovery of new antibacterial agents is onéhefstrategies to be used to control
the emergence and spread of multi-drug resistacteba. Here we describe different

options in order to search new antimicrobials.

5.1. Antimicrobial peptides (AMPS)

This part of the introduction is a summary of theiew. (Part 5.1.1 and 5.1.2)
Vila-Farrés X, Giralt E, Vila J. Update of peptides with antibacterial activityurC
Med Chem201219;6188-98

Hundreds of peptides have been tested in ordemdw kf they have the ability of being
able to beat bacteria. It would be really diffictdtexplain all the peptides active against
all types of bacteria, therefore we are going tmsoonly in the peptides tested against
A. baumanniiwhich is the main bacteria of this thesis.
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There are different ways to obtain an active peptsbme of them use natural extracts
and perform a high troughput screening againstdingred bacterial species, some
others have just a peptide or a few peptides,|lyosghthetics, and try to find out their
activity. The use of peptides as antimicrobial agéras several advantages such as the
broad spectrum activity (active against even viamsl fungi) compared to normal
antibiotics, or the less specific target, that redthe ability of the bacteria to acquire
resistant to the peptide. Apart from the advantaiggésis also some drawbacks like poor
stability in human serum, due to the activity obteases and peptidases and the rapid
clearance. This fact could also been solved byguélramino acids (124), by the
methylation of some amino acids (125), by the aation of the peptide (126), by the
introduction of some fluorinated residues, (127ppiintroducing a PEG chain in order
to protect the peptide (128). Another disadvaniagbe most expensive production of

the antimicrobial peptides compared to normal atiits (129).

When trying to find out an active peptide againstgain bacteria, the strategy adopted
could be different, trying to find a natural pegtichnd afterwards try to optimize the
important features that generates the activityhef geptide against bacteria. The other
strategy is to synthesizeda novopeptide, with a new sequence that somehow could be
active against bacteria, therefore we are goinglitide the antimicrobial peptides

active againsA. baumanniinto two different groups, the natural and thetkgtics.

5.1.1. Natural and optimized antimicrobial peptides

First of all we will start highlighting some of thgpical antimicrobial peptides, which
most of them are commercially available, such aelinidin, buforin Il, cecropin P1,
magainin Il, ranalexin, cecropin A and melittin. \Wave to point out the importance of
the kind of strain used to test the peptide. It hat the same importance to test a
peptide against an ATCC strain or against a pandesigtant strain. All these peptides
commented previously were tested against multidesgstantA. baumannistrains, the
best results were for buforin Il and magainin Itlwa MIG, and MIGy of 2 and 16
mg/L respectively, the same MJEwas observed in the case of melittin and cecropin
P1, but the MIG is one dilution higher (4 mg/L). The other thresppdes, indolicidin,
ranalexin and cecropin A have slightly higher valdier MICso with 8 mg/L, and the
MICgois 32 mg/L for cecropin A and ranalexin and 64 Imfgt indolicidin (130,131).
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Two of the peptides commented previously, cecrdpiand melittin, were mixed in
order to achieve higher activity against colisesistantA. baumanniistrains. First of
all mention that the same peptide cecropin A(1-Tijtme (2-9) (CA(1-7)M(2-9)) was
tested in two different studies against multidregistanceA. baumanniiand colistin-
resistanceA. baumannii and is curious that the best results were obda{iMiCso 2
mg/L, MICy 4 mg/L)(130) when tested against colistin-resistaacteria, compared to
the multidrug-resistant strains (M§€4 mg/L, MIGy 12 mg/L) (131). Several versions
of this hybrid peptide were tested against colisisistantA. baumanniistrains, the
results were indentical for all the analogs (M€ mg/L, MICy 8 mg/L), the analogues
were CA(1-8)M(1-18), CA(1-7)M(5-9) and Oct-CA(1-7{R49) (132).

The original hybrid CA(1-7)M(2-9) was also improvea terms of selectivity and
stability by methylating the lysines present in geptide, however thia vitro activity
decreased (125). The method of mixing two or monémeric parts of natural
antimicrobial peptides is done also in the artjmlblished by Gopatt al (133), they
synthesize hybrid peptides mixing cecropin A (CAdamelittin (ME), as the same
strategy as commented previously but adding als Nhterminal region of the
Helicobacter pyloriribosomal protein L1 (HP) (134), and magainin 1AM The four
hybrid peptides HP(2-9)-ME(1-12), HP(2-9)-MA(1-1A(1-8)-ME(1-12) and CA(1-
8)-MA(1-12), have a MIC slightly higher comparedgolymyxin but better than some
antibiotics, which the strains tested are resistamt(133). The source where
antimicrobial peptides can be found is very diveteey can be isolated from frog skin
secretions. A peptide obtained from there with matdeactivity againsé. baumannii
has been found. They tried to improve it by chaggome residues but they did not
success, just similar values but with less hemolgttivity (135). Other antimicrobial
peptides such as hymenochirin-tBn be found in frog skin secretions as well. & ha
good activity against multidrug-resistaAt baumannii(136). Frog skin seems to be
really good source for the isolation of active g againsA. baumannii as well as
other peptides which have not been tested agaimst niicroorganism (137,138).
Another natural source of antimicrobial peptidesthg® venom of the Australian
scorpion in which several antimicrobial peptideshwan interesting activity againét
baumanniihas been found (139).

There are other natural sources which could leadntanteresting hit when a good
optimization is done, for instance, apidaecin, atide isolated from honeybee. The

activity of the original compound was optimized anhéed to an antimicrobial peptide
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apidaecin 88 (Api88) with good activityy vitro against several multidrug-resistant
bacteria. It was also teste@dvivo againste. coli, observing good activity when dealing
with systemic infections (140). Even though if iasvactivein vivo, the half-life time
was really low, therefore the sequence of Api88 w@smized in order to obtain a more
stable peptide, leading to apidaecin 137 (Apil®fjich should a better compouird
vivo compared to Api88 (141).

5.1.2. Synthetic Antimicrobial peptides

Some other peptides active agaiAstbaumanniidid not have any relationship with
natural sources, they are fully synthetic, thithis case of the two peptides which only
contains leucines and lysines (LKLLKKLLKKLLKLL), amwith all L-amino acids and
the other one with 33% of D- amino acidkys, ‘Lys, ®Leu, %Lys, **Leu). The peptide
containing D-residues has a better activity (5.@ungompared to the peptide with just
L-amino acids (11.2 mg/L), it was also more staiolenemolysis, at 180 mg/L goes
from 0 to 100% (142). In the work performed by Hgahet al (143) also two peptides
with Leucines and Lysines were synthesized, buhis case they also have one or two
cystein that are funcionalized. C(LLK¥J had a MIG, and MIG of 50 and 75 mg/L
respectively, meanwhile for the other peptide, (KDKC, the values were MKz 30
mg/L and MIGo 40 mg/L. If the values of these peptides are cosgpavith the other
values commented previously it is possible to olesénat this values are significantly
higher, however they have a really low toxicityvivo with a lethal dose of 173 and
192.4 mg/Kg for C(LLKK)}C and (LLKK)C, respectively. This low toxicity allows to
obtain the Ey, which the effective dose that keep alive the 5% e mice, this ER)

is 5,05 and 6,75 for C(LLKKL and (LLKK)C, respectively, which is not so common
when working with AMPs (143).

Another peptide which was a synthetic hybrid was dhe synthesized by the group of
Pini (144), their idea was to use dendrimers, is ttase tetrabranched with a lysine
core, and in each branch to have the active peptideh was the KKIRVRLSA, both
L- and D- amino acids were synthesized but D-versias more active and more
stable. The MIC of M33 (D-amino acids) f&r baumanniwas 1.5-3uM, more or less
at the same level as polymyxin B. The mechanisractibn of this dendrimer was to
neutralize the LPS, that as has previously beenneamed is one of the virulence
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factors ofA. baumanniilt had a good activitin vivo againste. coli andP. aeruginosa
(144).

5.2. New polymyxins.

As we have commented previously, polymyxins areldéisé option in the treatment of
carbapanem-resistanck. baumanniiinfections. Another method to find out new
antibiotics is by modifying the original polymyxiseveral groups have been working
in the development of new polymyxins. The stratégipwed to synthesize these new
polymyxins could be different, due to the uncomplehderstanding of the mechanism
of action. The group from the Monash University ¢fralia) suggested that the problem
of resistance to polymyxins could be overcome bsoaucing new hydrophobic groups
in the positions 6 and 7, and in the fatty acyl.tdihe groups introduced were
octylglycine, bipheylalanine, O-Benzyltyrosine, $fylcysteine, S-Hexylcysteine. It
IS important to mention that they kept the sameesthemistry of the original
compound, which is D-amino acid for the residuehi@ position 6 and L- amino acid
for the position 7, L-Ala and L-Phe were also ininoed. If the results with polymyxin
B and colistin are compared, it is possible to olbséhe same behaviours when the
strain has lower (0.5-1 mg/L) and higher MICs (1@l 428 mg/L) of polymyxins, the
MICs of the analogues were between 1 and 32 mg/bdth type of strains (145). The
pharmaceutical company Pfizer developed also nelynpxin analogues trying to
improve the potency againgt. baumannii as well as reduce its toxicity, these
analogues were obtained by changing in all of thleenDab in position 3 for a Dap
(2,3-diaminopropionic acid), this was the scafftthéy use in order to test different
motifs in the position of the fatty acyl tail, mastthem containing two aromatic rings,
the most active compound was the one with a rabtipolar 6-oxo-1-phenyl-1,6-
dsihydropyridine-3-carbonyl, this compound showee $ame results as polymyxin B
in polymyxin-susceptible strains, and better resutpolymyxin-resistanfA. baumannii
strains, it showed also less renal cytotoxicitywbeer the efficacy of this new
compound compared to polymyxin B in a murine neugroc tight model ofP.
aeruginosawas worst (146).
Another strategy, but in this case with worse rssisl the one followed by Vaas al
(147), their analogs have just three positive obsirgnly compared with the five that
original polymyxins and the other analogs havey tlegnove the Dab next to the fatty
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acyl chain, and they substitute the other Dab efdidle chain by a D-serine, the fatty
acyl chain remains as octanoyl. These changes renal the positive charges in the
side chain, however the results were not so praompisfor polymyxin-susceptible
strains, the MIgy and MIGo were 4 and 8 mg/L, respectively. These resultewet so
bad if they would have the same for the polymyxsistance, but this was not the case,
the results for polymyxin-resistance were >64 mddc both MIGo, and MIGy
compared to 32 and 64 mg/L, respectively for polymy with the same strains (147).

5.3. Novel therapies againsA. baumannii

There also are emerging therapies to treat infest@maused byA. baumannii that take

another point of view completely different from na@l antibiotics.

- Iron quelation.

The siderophores are really important compoundshiersurvival of bacteria, therefore
to inhibit their activity is an alternative of aitbtics or can even be a complement for
the treatment with antibiotics. Several compounaishsas deferoxamine, deferiprone,
VK28, Ap6619 and 2,2 dipyridyl have been tested@s quelators in order to inhibi.
baumanniigrowth (148,149). All of them present moderate gajJuobserving some
inhibition but not achieving the level of most d¢fet compounds commented below.
Another method used is to change the catiofi’ &z the F&" that bacteria need to
survive, G&" have the same valence, and similar atomic radiuses, this fact allows
Ga&" to compete against Fe with the advantatge that it can not do the samegsses
as F&". It is administered as the salt gallium nitrated & was has a good activity
vivo (galleria mellonelainfection model) against multidrug-resistat baumannii
(150). In the article published by Wencewicz andlévii(151), they found another
application for the siderophores, they use it agdr “Trojan horse”, in the way to use
biscatecholate—monohydroxamate mixed ligand sidgcome as a drug delivery that
allow the compound to cross all the biological leasrand go inside the bacteria. They
use biscatecholate-monohydroxamate mixed ligan@randycins plass a succinyl
linker and different antibiotics already known,tms case they use quinolones kd
lactams, the MICs using quinolones are very higbwédver whenf-lactams are
attached to this “Trojan horse” the results obtdiagainstA.baumanniwere extremely
good with a MIC of 0.0078M (151).
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- Biofilm

Another virulence factor is biofilm, therefore & also a interesting target to beat
baumannii Some oroidin analogs, natural marine compounge hBeen synthesized,
they have the common feature of having a 2-amirgaaole ring, but this motif remain
untouchable, just changing a substituent in theyMete group. The best compound of
all the analogs is the one with 3-bromophenyl asulstituent in N-pyrrole (152), the
same group optimized the biofilm inhibitor activiby the original compounds, in this
case the 2-aminoimidazole ring was disubstituiegbasition 4 and 5, they keep the
same moiety in position 5 as found in the articlblghed in 2008 (153) named (2-AlIT)
2-aminoimidazole—triazole conjugate. In all the laga synthesized the most active
were the ones that had a 3-propylphenyl, 3-flurerphand a biphenyl group, obtaining
ICso values of 1.42, 1.39 and 1.481, respectively (154).

- Phage therapy

It is known that phages are virus able to infect aometimes lysate the bacterial cells.
The utility of phages as antimicrobial agents waswkn a long time ago, however due
to the effectivity of the actual antibiotics nothuer development was done. Since a few
years ago phages active agaiAstbaumanniistarted to appear but they had a big
problem which was the ability to infect, at the ioegng the effectiveness of these
phages, was really low less than 30% in multidregjstant strains (155,156), however
the improvements on this field make achieve a 90%fectiveness of the strains tested
(157). Moreover somén vivo studies have been performed achieving good results
(158).

- Vaccines

Nowadays, vaccines are a really hot topic and tingysof them is increasing a lot. The
creation of vaccines to deal wifh baumanniinfections has an interesting point which
is the nosocomial aspect of A. baumannii. Mosthef Yaccines currently in the market
are devoted to microorganisms causing communitytiaed infections, therefore it will
be another approach of the vaccine developmenttidiiud), extended-drug and pan-
drug-resistanA. baumannicause mainly infections in immunocompromised p&siém
ICU, therefore its really interesting idea to penfoa prophylactic vaccine against

AcinetobacterThe first idea is to choose a highly conservedemde inAcinetobacter
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species in order to have a broader spectrum ajractihe first prophylactic vaccine was
targeting multiple antigens, and it had a goodvagtiby proctecting mice to develop
infections by pandrug-resistant strains (159). Oteccines were done using outer
membrane veiscles as antigens (160, 161). Themneeisnay drawback of these vaccines
and is the fact that most of them carry a high amhai LPS which is not good for
humans. The vaccine created using the virulenderfaenpA as the antigen was also
active, protecting mice from disseminated sep$2).1

- Photodynamic therapy

Photodynamic therapy was developed long time agbitbvas used for other purposes
like cancer or ophthalmology, however, due to theklof antimicrobial agents, the
research using these therapies has currently isetledhe concept of this therapy is to
generate a reactive oxygen, this oxygen will inten&ith some components of the
bacteria such as DNA or membrane proteins thatl@alll to bacterial death. In order to
generate this reactive oxygen, it is necessaryatee hoxygen, light (visible or near
infrared light) and a photosensitizer. The photsgeer could be porphyrins, chlorins,
pthalocyanines, xanthenes or phenotiazines, thespaunds are commonly used due
to its high singlet oxygen quantum yields. Sometlese photosensitizers such as
tetrapyrroles, deuteroporphyrin, Cd-texaphyrimaetethylpyridyl porphine, and propyl
gallate are active against multidrug-resistant dyéect(163,164). Another option is to
link a compound active against bacteria such as &MRhe photosensitizer in order to
help the oxygen, one example of this option isttach the AMP (KLAKLAK), to the
photosensitizer Eosin Y, it is demonstrated thay thave a really good activity against
both Gram-positive and Gram-negative bacteria aid lew activity against human
cells (165).
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Objectives

The general aim of this thesis is to contributéht® development and evaluation of the
antibacterial activity of peptides and peptidomiicgeiagainst MDR-bacteria aswell as
to the knowledge of the molecular bases of thestasce to colistiniiA. nosocomialis

and resistance to daptomycinSnmitis

One strategy to design new antibacterial agerttased on the mechanism of resistance
in order to develop derivatives of the known ardtbaal agents which circunvents
these resistant mechanism. We have mainly focuged doaumanniisince multi-,
extended- and pan-drug resistant strains have tescrived, therefore there is a need

of new therapeutic alternatives
Specific objectives:
1. Elucidation of the mechanism of resistanceSof mitis to daptomycin using a

proteomic approach.

2. Generation ofA. nosocomialiscolistin-resistant strains, and complete analysis o

these mutants using genomic and proteomic appreache

3. Screening of lineal peptides against colistigegptible and colistin-resistanée

baumanniistrains, and optimization of the best candidates.

4. In vivo studies of the best candidates against pandrugfarseA. baumannistrains.

5. Test several frog skin secretion peptides agaiobstin-susceptible and colistin-

resistancé\cinetobactespecies.

6. Investigate the activity of several peptidomilcget(ceragenins) against colistin-

susceptible and colistin-resistarkebaumanniiK. pneumonia@andP. aeruginosa.

7.1n silico design and synthesis of a library of cyclic hexdkes able to bind ompA.

8. In vitro andin vivo (mice) studies of the antivirulence activity okthbove cyclic

hexapeptides.
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Chapter 1

Mechanism of resistance of
Streptococcus mitis against
daptomycin
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Context.

Daptomycin is one of the last antibiotics releaseadd it is used to treat several
infections such as those caused by both methiglisceptible and -resistafit aureus
vancomycin-susceptible and -resistant Enterococcus  coagulase-negative
Staphylococcysand streptococci. Up to today only resistanceStoaureusand
Enterococcushave been reported. As it is known daptomycin’gydaris the cell
membrane or cell wall, therefore the main mechasisfresistance to daptomycin are
associated with that. In previous studies perforigdhe group of Dr. Mirg, it was
found that when comparing the efficacy of vancomy@0 mg/Kg in two doses) and
daptomycin (6 mg/Kg in one dose) for endocardigsised byS. mitis the strains
recovered from the vegetations after 2 days otrreat had a high-level of daptomycin
resistance (MIC>256 mg/L). Taking into account thessults, the main idea was to
know if that tendency of acquiring resistance whe tame for all the viridans
streptococci group. All the strains from the vimdagroups were incubated with 0.5 and
1 mg/L of daptomycin, and after 48h the strainseasarbcultured on blood agar and the
MIC experiments were performed in order to obsdah&e new MIC, the results are
showed in the table 1.1

No. (%) that were®:

No. (%)
No. of screening DNS (MIC, =2 HLDR (MIC, =256
Microorganism(s) strains positive? mg/liter) mg/liter)
Mitis group 92 74 (80) 61 (66) 25(27)

S. mitis 51 35 (69) 30 (59) 14 (27)

S. oralis 19 18 (95) 14 (74) 9 (47)

S. sanguis 15 15 (100) 11 (73) 2(13)

S. gordonii -4 4 (100) 4 (100) 0(0)

S. parasanguis 3 2 (67) 2(67) 0(0)
Bovis group 54 2(4) 0 0
Anginosus group 10 5 (50) 5 (50) 0
Mutans group 8 0 0 0
Salivarius group 4 0 0 0

“ Screening was considered positive if the microorganism grew in the presence of 0.5
mg or 1 mg/liter daptomycin.
» DNS, daptomycin nonsusceptible; HLDR, high-level daptomycin resistance.

Table 1.1. Rates of selection of resistance anl-leigel resistance after exposure to daptomycin. (9

Daptomycin non-susceptibility strains were indeatif from mitis group in 61 cases

(66%) and 5 (50%) from the anginosus group, théalamount of daptomycin non-
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susceptible isolates were 39% (66/168). The higlass of resistance were observed in
mitis group: 74/92 (80%) were resistant, 61/74 (32#ére daptomycin non susceptible,
and 25/61 (41%) developed high level of daptomyesistant.

Somein vivo studies with rabbits were also performed. Rabb#se infected witlsS.
mitis, causing endocarditis. Two types of dosing weredugcommended dose (RD,
6mg/kg iv once daily) and high dose (HD, 10 mgkgnce daily) for daptomycin and

the previous dose commented for vancomycin. Thdtseare showed in table 1.2

No. of recovered

No. of sterile isolates with
vegetations/ Log,, CFU/g HLDR MIC/
total no. of vegetation total no. of
vegetations [median animals treated
Treatment group (%) (IQR)] (%)'
Control* 0/15 (0) 9.1 (9-9.6) 0
RD-daptomycin 1/11 (9)* 6.7 (5.9-7.8)° 7/11 (63)4
HD-daptomycin 1/12 (8)¢ 6.1 (5.2-7.2)'¢ 8/12 (67)"
Vancomycin 0/12 (0)’ 3.4 (2—4)%/ NA

Table 1.2. Treatment of experimental endocardéissed bys. mitis351 strain. (9)

Results obtained using both types of dosing weee slime. When daptomycin and
vancomycin were compared, the effectiveness oflabeone is higher, observing 3.4
log CFU/g vegetation, whereas for daptomycin wasveen 6 and 7 log CFU/qg.
Moreover, between 60 and 70 % of the vegetatioosvered presented high level of
daptomycin resistant.

With the scenario commented previously and withidea that it was the first time that
daptomycin resistant againSt mitiswas reported, we though it would a good idea to
study the mechanism of resistance.

1.1. Cell wall thickness in daptomycin resistan®. mitis.

The mechanisms of resistance to daptomycin mighadseciated with the cell wall or
the cell membrane, in fact previous mechanismesittance to daptomycin reported in
S. aureusand Enterococcus faeciumeinforce this hypothesis, therefore the first ¢hin
was to find out if there was an increase of thekimess of the cell wall that did not
allow daptomycin to disrupt or to permeabilize thembrane of this Gram-positive
bacteria.

The technique used to calculate the cell wall theds was transmission electron
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microscopy (TEM). Figure 1.1. Following the proceshkideveloped in the manuscript
published by Yangt al (166), 100 cell wall thickness measurements waken from a
minimum of 50 cells at X190,000 magnification. Thesults obtained of these

measurements are showed in Table 1.3 and the inoAg¢ies cells in Figure 1.1

a) D6-7 b) D6-14

Figure 1.1. TEM images d. mitis a), b) and d) are daptomycin-resist&ntmitis c) is a daptomycin-
susceptibles. mitisstrain.

. Membrane thickness MIC to daptomycin
Strains
(nm) (mg/L)
351 20.031.47 0.38
D6-2 25.212.05 >256
D6-7 22.35:2.84 >256
D6-14 24.44£2 .56 >256

Table 1.3. Membrane thickness and MIC to daptomieidifferentS. mitisstrains.
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The differences in the thickness of the cell waill all the strains measured (1
daptomycin-susceptible and 3 daptomycin-resistam)e not statistically significant
using ANOVA and Dunnet tests. The cell wall thickaef the daptomycin-susceptible
strain was 20.03+1.47 nm, and the rest of stramsptomycin-resistant, were
22.35+2.84 nm, 24.44+2.56 nm and 25.21+2.05 nmI€TALB).

1.2. Comparative proteomics of daptomycin-susceptie and
daptomycin-resistantS. mitis strains.

Two different approaches can be used in order @ laa initial idea about which are
the proteins or the genes involved in a mechanisacton, these two approaches are
proteomics and genomics. Both approaches couldimplementary but we decided to
start by using the proteomic approach.

Whole-cell proteins of daptomycin-susceptible (strd51), and daptomycin-resistant
(strain D6-14)S. mitisstrains were extracted following the procedurecdbed in the
materials and methods Section. Three different ex@ats with the abovementioned
extracts were carried out. Isobaric tag for re@atand absolute quantitation (iTRAQ)
was performed, thus we had methodological tripisaihe iTRAQ experiment is based
on the covalent labeling of the N-terminus and sitiain amines of peptides from
protein digestions with tags of varying mass. Tha currently two reagents mainly
used: 4-plex and 8-plex, which can be used to ladelpeptides from different
samples/treatments. These samples are then pootedisually fractionated by nano
liquid chromatography and analyzed by tandem masxtoometry (MS/MS). A
database search is then performed using the fragti@ndata to identify the labelled
peptides and hence the corresponding proteins.frelgenentation of the attached tag
generates a low molecular mass reporter ion thatbeaused to relatively quantify the
peptides and the proteins from which they origidate

The proteins which have a significantly differerdeexpression are showed in the table
1.4 and table 1.5
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NCBI Genlnfo Replicates for ~ Replicates % Protein ratio (Fold change)
Identifier guantitation p<0.05 Dapto R/Dapto S
gi| 77409507 | 1 100,0 0,24
gi|419780699 | 3 33,3 0,30
gi| 15900151 | 1 100,0 0,36
gi| 15900549 | 1 100,0 0,55
gi|293364197| 1 100,0 0,62
gi|417793472| 1 100,0 0,64
gi|306825386 | 1 100,0 0,65
811293365248 1 100,0 0,65
gi|315612275| 1 100,0 0,69
gi1322376983| 2 100,0 0,72
gi|293364663| 2 100,0 0,73
gi| 406576657 | 1 100,0 0,74
gi|293365311| 1 100,0 1,19
gi1293364514| 3 33,3 1,22
gi|289168021 | 2 50,0 1,27
gi1270292667| 1 100,0 1,29
gi|293364272| 3 66,7 1,33
gi|194396827| 2 50,0 1,36
gi|315611998| 1 100,0 1,36
gi|331266333| 1 100,0 1,48
gi|419781125| 1 100,0 1,50
11293365494 | 3 66,7 1,59
gi|306830250| 2 100,0 2,26

Table 1.4. Proteins identified by iTRAQ which haliferent expression rate.
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NCBI Genlnfo Protein description
Identifier P

gi| 77409507 | NADP-specific glutamate dehydrogenase [Streptococcus agalactiae COH1]

gi|419780699| PF08006 family protein [Streptococcus oralis SK100]

gi| 15900151 | 30S ribosomal protein S3 [Streptococcus pneumoniae TIGR4]

gi]15900549|

811293364197
gi[417793472|
gi|306825386|
gi1293365248|
gi[315612275|
gi1322376983|
811293364663
gi]406576657|
81293365311
811293364514
gi1289168021
gi1270292667|
811293364272
gi1194396827|
gi[315611998|
gi]331266333|
gi]419781125|
81293365494
811306830250

PTS system transporter subunit IIB [Streptococcus pneumoniae TIGR4]

glutamate--ammonia ligase [Streptococcus oralis ATCC 35037]

ABC transporter, ATP-binding protein, partial [Streptococcus oralis SK255]

peptidyl-prolyl cis-trans isomerase [Streptococcus sp. oral taxon 071 str. 73H25AP]

peptidyl-prolyl cis-trans isomerase [Streptococcus oralis ATCC 35037]

ABC superfamily ATP binding cassette transporter, binding protein [Streptococcus sanguinis ATCC 49296]
hypothetical protein HMPREF0851_00776 [Streptococcus sp. M334]

PTS family maltose and glucose porter, IIABC component [Streptococcus oralis ATCC 35037]
peptidyl-prolyl cis-trans isomerase [Streptococcus sp. GMD6S]

2-C-methyl-D-erythritol 4-phosphate cytidylyltransferase [Streptococcus oralis ATCC 35037]

serine protease HtrA [Streptococcus oralis ATCC 35037]

phosphotransacetylase [Streptococcus mitis B6]

putative PTS system, IIC component [Streptococcus sp. M143]

conserved hypothetical protein [Streptococcus oralis ATCC 35037]

L-lactate oxidase [Streptococcus pneumoniae G54]

group B streptococcal surface immunogenic protein [Streptococcus sanguinis ATCC 49296]
glycogen biosynthesis protein,glucose-1-phosphate adenylyltransferase [Streptococcus oralis Uo5]
pyruvate oxidase [Streptococcus oralis SK100]

glucose-1-phosphate adenylyltransferase [Streptococcus oralis ATCC 35037]

group B streptococcal surface immunogenic protein [Streptococcus mitis ATCC 6249]

Table 1.5. Proteins description of the proteinsifdied by iTRAQ which have different expressionera

Taking into account that the mechanism of actiodaytomycin is associated with the
membrane, the initial idea would be to search fovtgins related to membrane

compounds or metabolites involved in the membrgnéssis in the iTRAQ.

Two proteins fulfill the requirements, both proteirwere overexpressed in the
daptomycin-resistantS. mitis strain. The protein group B streptococcal surface
immunogenic protein, is overexpressed 2.26 foldrédwer, this protein have also been
found belonging t&treptococcus sanguini¥he protein group B streptococcal surface
immunogenic protein was quantified twice from tleet replicates, and all of the
quantifications were significantly different. Theecend interesting protein was,

conserved hypothetical protein foundStreptococcus oraljghis protein was found in
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all the three replicates performed and in two @& three replicates was significantly

different, and over expressed 1.33 fold.

1.3. Development of mutants with a knockout in thénteresting genes.

The information acquired in the iTRAQ is interegtibut other experiments need to be
performed in order to check that these two protamesreally the ones involved in the
daptomycin resistant. One of the options to prdwa these proteins are important is to
truncate their genes and check out that the MI@aptomycin in the generated mutant
is different.

Two knockouts were tried, one with each gene meetioabove, the constructions of
the plasmid with the truncated genes were builtegdlly and it was confirmed by PCR,
however the transformation of these plasmids @®tomitisdid not worked. Further
experiments to obtain §. mitistransformant with the recombinant plasmid will be

performed in the future.

In summary, from the work in this chapter we canchaede that daptomycin resistance
did not imply an increase in the thickness of tak wall. Using proteomic techniques,
several proteins with a different rate of expreasioomparing daptomycin-resistant
and daptomycin-susceptible S. mitis, have beentifidieh We have the hypothesis,
based on the mechanism of daptomycin resistanca&tegpin other microorganisms,
that two of them are involved in daptomycin resisea However until the knockout of
the genes enconding these proteins will not be tzipy its role in the resistance

remains a working hypothesis.
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Context.

As commented in the introduction, among the difiérgpecies of thécinetobacter
genusA. baumanniis the most frequently reported as a cause of mos@t infections.
However the number of non-baumannii isolates haaenhincreasing during the last
years (167), beind\. nosocomialigpreviously namedicinetobactergenospecies 13)
andA. pittii (previously namedcinetobactegenospecies 3) the most important species
apart fromA. baumannii It is not easy to differentiate phenotypicallyese three
species which constitute tlhe baumannigroup @A. baumannii, A. nosocomialis and A.
pittii), therefore and due to the increase of non-baumastrains isolated, the
techniques of identifying each species have be@gmawed (168) and updated with new
techniques such as MALDI-TOF (169). Indeed, thattreent used to fight against the
new Acinetobacter species is controversial (170,171

Although A. nosocomialisis a relatively new specie some resistance to rakve
antibiotics have been published such as the adiquisof the blapxa2z (172) and
blapxas1 genes (173) which confer resistance to carbapenemthie famouslanpm
gene, encoding a metallo-beta-lactamase, which sndeebacteria highly resistance to
all B-lactam antibiotics but aztreonam (174). Most ofe tiNDM-producing
Acinetobactersp. strains carried other mechanisms of resistaonéerring XDR, thus
being resistance to all antimicrobial agents extigptycline and colistin (polymyxin).
Until now, no colistin resistance has been repofted\. nosocomialistherefore it will
be interesting to know if the mechanisms of rearstaof this bacteria are similar £0

baumanniireported.

2.1. Selection of colistin-resistanf\. nosocomialis mutants.

No colistin-resistantA. nosocomialisstrains have been isolated but, following the
tendency of the past years seenAinbaumanniiand taking into consideration the
increased used of colistin to treat infections edu®y MDR K. pneumoniae, P.
aeruginosaand A.baumannii some resistant strains will be isolated in tharrfature.
As we did not have this colistin-resistatnosocomialistrains we decided to generate
these mutants. The same procedure was done for ATYBO6A. baumannii and 2
clinical strains, onéA. pittii and oneA. nosocomialishowever we are just going to

focus inA. nosocomialis
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The strains used were subjected to serial passage®lates with increasing
concentrations of colistin. The selectddnosocomialisvild-type strain had an initial
MIC < 1 mg/L. During the mutant production, therasaan inflection point (16 mg/L of
colistin in the plate for selection) where the istrshowed a drastic change in the MIC
of colistin (from < 1mg/L to 128 mg/L). The strairsolated previous to this inflection
point tolerate up to 8 mg/L of colistin. Other caeteristics seen in this high colistin-
resistant mutant compared to the wild type stragmenthat the mutant had a change in
colony morphology with tiny colonies observed andlid not grow on MacConkey
agar. The strains, recovered after the initial agss on plates with colistin, were
tolerant to this antibiotic (up to 8 mg/L of colrst since they grew on increasing
concentrations of this antibiotic but their initMIC was not modified. At a given point,
two different morphologies were observed which esponded to a colistin-susceptible
and a colistin-resistant strains (Fig 2.1). Afteistinflection point, the strains were not
able to grow on selective MacConkey media and th€ fdr the resistant strain went
up to> 128 mg/L (Table 2.1). To our knowledge, this ig tlirst description of a
colistin-resistant mutant with a decreased abitdygrow on MacConkey selective

medium.

STRAINS COLISTININ  MIC (mg/L) (G)ZOWTH
PLATE*(mg/L) McConkey
0 <1 YES
0.25 <1 YES
0.5 <1 YES
1 <1 YES
2 <1 YES
Acinetobacter 4 <1 YES
nosocomialis 8 <1 YES
16 128 NO
32 128 NO
64 256 NO
128 512 NO
256 512 NO

Table 2.1. MIC of colistin and growth on McConkdgtes for the Acinetobacter nosocomialis.
* Colistin in plate represents the colistin concatibn used in the agar plate to select for caolisti
resistance.
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Figure 2.1 Morphological changes observed wherittinetobacter nosocomialidinical isolate became
resistant to colistin. Before becoming resistantcadistin the wild-type strain grew in all the p#at
Afterwards, the resistant mutant did not grow onQdokey media.

2.2. Antimicrobial resistance profiles of the geneated mutants.

The mutants generated were colistin-resistant bigt important to know if they also
showed changes in the MIC of other types of antidso In table 2.2, the MIC of

different strains against different antimicrobigkats is showed.

MIC (mg/L) Antimicrobial ~ Agents

COLISTIN IN FX VA AZ Cl ™ IP TZ ETP CO
PLATE(mg/L)

0,125 24 64 0,38 0,125 0,38 0,5 2 3 <1

2 24 64 0,38 0,125 0,38 0,5 2 3 <1

8 24 64 0,38 0,125 0,38 0,5 2 3 <1

16 1.5 0,75 0,047 0,064 0,19 0,064 0,75 0,016 128

32 1,5 0,75 0,047 0,064 0,19 0064 0,75 0,016 128

512 1,5 0,75 0,047 0,064 0,19 0,064 0,75 0,016 512

FX (cefoxitime) VA (vancomycin) AZ (azitromicin) Qkiprofloxacin) TM (tobramycin) IP (imipenem)
TZ (ceftazidime) ETP (ertapenem) CO (colistin)

Table 2.2. MIC of differensts strains generatedraiaseveral antibiotics.

In the table 2.2 is it possible to observe thatrthgants generated with resistance to
colistin had lower MICs for most of the antibionobial agents tested. For

ciprofloxacin and tobramycin the MIC just decreasee dilution and for ceftazidime
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slightly more, however for the rest of the antilmsothe number of dilutions that the
MIC decreases is higher, like the case of cefoxatand vancomycin, that the MIC went
from 24 mg/L to 1.5 mg/L and from 64 mg/L to 0.7/ respectively. For the
carbapenems, imipenem and ertapenem, the decreasesfrom 0.5 mg/L to 0.064
mg/L and 3 mg/L to 0.016 mg/L, respectively. TheQwif azitromycin for the colistin-

resistant mutants decreased four dilutions regdpdtie initial strain.

2.3.In vivo virulence using theC. elegans model.

It was demonstrated that the new strains generatedhighly resistant to colistin,
however their ability to be resistant to the othemtibiotic families decreases
dramatically. One important factor apart from theistance profile of the new strains is
their ability to cause virulence, this ability saim@es is even more important than the
resistant profile, therefore some experiments & tee virulence of the new strains
were performed.

In collaboration with Dr. Paula Espinal some expemts usingCaenorhabditis elegans
were performed. These experiments allow us to tigese the virulence of the strains

selected. The results are showed in Figure 2. 2.
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Days after infection

A. nosocomiali®.125 vsA. nosocomiali$12: p<0.0001
E. colivsA. nosocomiali®.125: p<0.0001
E. colivsA. nosocomiali$12: p=0.1647

Figure 2.2. Percentatge of survival after the itibecin three different strains. (ré€l coli as a control)

(Blue A. nosocomialigolistin-susceptible) (Orang® nosocomialigolistin-resistant)

The figure 2.2 showed a significantly differentuleénce of both strains being more
virulent the initial strain colistin-susceptiblerapared to the colistin-resistant. Thesh T
for the colistin-susceptible (blue line) is 7 daysnpared to the 9 days for the colistin-
resistant (orange line). For the control strainEofcoli the LTso is 11 days which is

showed in the green line.

2.4. Sequence of the genome of the colistin-susabkla and colistin-
resistant A. nosocomialis strains.

This part was done in collaboration with the PMé&rc Rolain (University of Marseille,
Marseille, France). The genomes of these two sraiare sequenced and analyzed
following the methodology described in the Mateaald Methods Section. The initial
strain colistin-susceptible and the colistin-remsmstmutant (512A. nosocomialisvere
sequenced. On comparing the two sequences of thenges of both strains several
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differences were observed in those genes potgntialhted to colistin resistance and

which have been previously reporteddinbaumannii.

- ThepmrABC operon.

The pmrABC operon encodes two component regulatory systemegemrA and
pmrB) that

phosphoethanolamine transferase enzyme involvipidhA modification.

.nosocomialis_pmrA
.nosocomialis_pmrA
.baumannii_pmrA

e e

HLRAKLGKDFIRTIRGLGYRLGQS 224
HLRAKLGKDFIRTIRGLGYRLGQS 224
HLRAKLGKDFIRTIRGLGYRLGQS 224

EXREFEA R EIF AR RR R A RR &

regulates the expression of tpenrC gene which encodes a

1-S_A.nosocomialis_pmrA MTKILMIEDDFMIAESTTTLLQYHQFEVEWVNNGLDGLAQLAKNKFDLIL 50
1-R_A.nosocomialis_pmrA MTKILMIEDDFMIAESTTTLLQYHQFEVEWVNNGLDGLAQLAKNKFDLIL 50
1-S_A.baumannii_pmrA MTKILMIEDDFMIAESTITLLQYHQFEVEWVNNGLDGLAQLAKTKFDLIL 50
EXERXFEAER LR A RN & Ex% xxhxtx.ixitxtx.iuitxv!,iu. KX kRN %
1-S_A.nosocomialis_pmrA LDLGLPMMDGMQVLKQIRQRAATPVLIISARDQLQNRVDGLNLGADDYLI 108
1-R_A.nosocomialis_pmrA LDLGLPMMDGMQVLKQIRQRAATPVLIISARDQLQNRVDGLNLGADDYLI 108
1-S_A.baumannii_pmrA LDLGLPMMDGMQVLKQIRQRAATPVLIISARDQLQNRVDGLNLGADDYLI 108
EXEXXEXERZERIFEREREREERERERERFRFERERR AR AR R R KRR X
1-S_A.nosocomialis_pmrA KPYEFDELLARIHALLRRSGVEAQLASQDQLLESGDLVLNVEQHIATFKG 15@
1-R_A.nosocomialis_pmrA KPYEFDELLARIHALLRRSGVEAQLASQDQLLESGDLVLNVEQHIATFKG 150
1-S_A.baumannii_pmrA KPYEFDELLARIHALLRRSGVEAQLASQDQLLESGDLVLNVEQHIATFKG 150
R R R R R R R R R R R R R R R SRR R R
1-S_A.nosocomialis_pmrA QRIDLSNREWAILIPLMSHPNKIFSKANLEDKLYDFDSDVTSNTIEVYVH 208
1-R_A.nosocomialis_pmrA QRIDLSNREWAILIPLMSHPNKIFSKANLEDKLYDFDSDVTSNTIEVYVH 208
1-S_A.baumannii_pmrA QRIDLSNREWAILIPLMTHPNKIFSKANLEDKLYDFDSDVTSNTIEVYVH 208

Figure 2.3. Comparative analysis of pmrA protein dalistin-resistant and colistin-susceptibfe

nosocomialiandA. baumannii
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col-S_A.nosocomialis_pmr8 VHYSLKKRLIWGTSIFSVILGCILIFSAYKVALQEVDEILDTQMQYLAER 50
col-R_A.nosocomialis_pmr8 VHYSLKKRLIWGTSIFSVILGCILIFSAYKVALQEVDEILDTQMQYLAER 5@
col-S_A.baumannii_pmrB VHYSLKKRLIWGTSIFSVILGCILIFSAYKVALQEVDEILDTQMKYLAER 50
T
col-S_A.nosocomialis_pmr8 TAEYPLKTVSSKFDLHRTYHEEDLFLDIWAYKDQANLSHHLHLLVPPVQQ 100
col-R_A.nosocomialis_pmr8 TAEYPLKTVSSKFDLHRTYHEEDLFLDIWAYKDQANLSHHLHLLVPPVQQ 108
col-S_A.baumannii_pmrB TAEHPLKTVSSKFDFHKTYHEEDLFIDIWAYKDQAHLSHHLHLLVPPVEQ 100
‘x&:ﬁxnxﬂ‘xi“%:x:itxdxx«x:x*x%’xk!ﬁ:*#itx‘xﬁxxti:x
col-S_A.nosocomialis_pmrB AGFYSHKTAEGVVRTYVLPLKDYQIQVSQQERVREAFAWELAGSMFIPYL 158
col-R_A.nosocomialis_pmr8 AGFYSHKTAEGVVRTYVLPLKDYQIQVSQQERVREAFAWELAGSMFIPYL 150
col-S_A.baumannii_pmrB AGFYSHKTAQGIVRTHVLPLKDYQIQVSQQERVREAFAWELAGSMFIPYL 150
llt!%l"!!:!:K%K:!!lki!l&!\l)‘iil!k!il)‘!!‘xi!%!)“!)‘x
col-S_A.nosocomialis_pmr8 IILPFAIFALAAIISRGLKPIDDFKNELMERDSEELTPIEVHDYPQELLP 200
col-R_A.nosocomialis_pmr8 IILPFAIFALAAIISRGLKPIDDFKNELMERDSEELTPIEVHDYPQELLP 200
col-S_A.baumannii_pmrB IILPFAIFALAAIIRRGLKPIDDFKNELKERDSEELTPIEVHDYPQELLP 200
EXEXXEFERERAER FEXEEFERERTEER FEXEXIXERERERRARAERERE SR
col-S_A.nosocomialis_pmr8 TIDEMNRLFDRISKAQNEQKQF IADAAHELRTPVTALNLQ--=-===-==~~ 240
col-R_A.nosocomialis_pmr8 TIDEMNRLFDRISKAQNEQKQF IADAAHELRTPVTALNLQ---=-====~~ 240
col-S_A.baumannii_pmrB TIDEMNRLFERISKAQNEQKQF IADAAHELRTPVTALNLQTKILLSQFPE 25@
EXERXNER xu:x‘ EXEXZEREERXEREREERERERERRERER K
col-S_A.nosocomialis_pmr8 ~  ---------- LARIQHLVTQLLALAKQDVTLSMVEPTGYFQLNDVALNCV 280
col-R_A.nosocomialis_pmr8 ~  ---------- LARIQHLVTQLLALAKQDVTLSMVEPTGYFQLNDVALNCV 280
col-S_A.baumannii_pmrB HESLQNLSKGLARIQHLVTQLLALAKQDVTLSMVEPTGYFQLNDVALNCV 308
BEEAEBEF KRS LR R EEI R KB EIR KRB R RFEB KRR
col-S_A.nosocomialis_pmr8 EQLVNLAMQKEIDLGFVRNDPVEMHSIEPTVHSIIFNLIDNAIKYTPHQG 330
col-R_A.nosocomialis_pmr8 EQLVNLAMQKEIDLGFVRNDPVEMHSIEPTVHSIIFNLIDNAIKYTPHQG 330
col-S_A.baumannii_pmrB EQLVNLAMQKEIDLGFVRNEPIEMHSIEPTVHSIIFNLIDNAIKYTPHQG 350
EXEXXEXERERRER xx&i‘:*:xk!kxﬁx*tx&iﬁ EXEREXREXERERESR
col-S_A.nosocomialis_pmr8 VINISVYTDPDNFACIQIEDSGAGIDPENYDKVLKRFYRVHHHLEVGSGL 38@
col-R_A.nosocomialis_pmr8 VINISVYTDPDNFACIQIEDSGAGIDPENYDKVLKRFYRVHHHLEVGSGL 380
col-S_A.baumannii_pmrB VINISVYTDQDHYACIQIEDSGAGIDPENYDKVLKRFYRVHHHLEVGSGL 400
EXEXXERXER x: :%x!t!‘likxt!'l"ld EXEXFEFERERRERERERES
col-S_A.nosocomialis_pmr8 GLSIVDRATQRLGGTLTLDKSLELGGLSVLVKLPKVLHLHETRA 424
col-R_A.nosocomialis_pmr8 GLSIVDRATQRLGGTLTLDKSLELGGLSVLVKLPKVLHLHETRA 424
col-S_A.baumannii_pmrB GLSIVDRATQRLGGTLTLDKSLELGGLSVLVKLPKVLHLHETRA 444
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Figure 2.4. Comparative analysis of pmrB protein calistin-resistant and colistin-susceptibfe

nosocomialiandA. baumannii

No mutations were found in any of the three geha$ tonformed pmrAB, however

several mutations and deletions are observed wh@paring withA. nosocomialignd

A. baumannii

- ThelpxACD operon.

The LpxACD operon is constituted by genes involved indiethesis of lipid A, which
is one of the parts of the LPS, which its modiii@atis involved in the resistance to
colistin. The biosynthetic pathway of the synthesfidipid A, in which the proteins
IpxACD are involved, is observed in the Figure 2.5.
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Figure 2.5. Biosynthetic pathway of the synthesikpid A.

Several mutations, deletions or insertions haven beported forA. baumannii.The
three genes were analyzed in both strains sequemtgdhe results are showed in
figure 2.6 for IpxA, figure 2.7 for IpxC and figu&8 for IpxD.

colS MLRCSIGPYCVIGPQVIIGAGTKLHSHVVVGGFIRIGQNNEIFQFASVGEVCQDLKYKGE
cclR MLRCSIGPYCVIGPQVIIGAGTKLHSHVVVGGFIRIGQNNEIFQFASVGEVCQDLKYKGE

2222 22 222 R R R R R R R R R R R R R R R R Rl

colsS ETWLEIGNNNLIREHCSLHRGIVQDNSLTKIGSHNLLMVNTHIAHDCIVGDANIFANNVG
colR ETWLEIGNNNLIREHCSLHRGIVQDNSLTKIGSHNLLMVNTHIAHDCIVGDANIFANNVG

222222 2222222t R Rttt Rttt ittt Rl S

colS VAGHVHIGDHVIVGGNSGIHQFCKIDSYSMIGGASLILKDVPAYVMASGNPAHAFGINIE
colR VAGHVHIGDHVIVGGNSGIHQFCKIDSYSMIGGASLILKDVPAYVMASGNPAHAFGINIE
* %

R Ak AR R Rk

colS GMRRKGWSKNT IQGLREAYKLIFKSGLI SVQAVEQIKSEILPSVPEAQLLIDSLEQSE
colR GMRRKGWSKNT IQGLREAYKLIFKSGLI SVQAVEQIKSEILPSVPEAQLLIDSLEQSE
2222 S 22 S S R R R S RS R RS RS R RS R SRR R R R R SRR RS R Rl RS

Figure 2.6. Comparative IpxA protein from colisinsceptible and colistin-resistafitnosocomialisCol
S (Colsitin susceptible). ColR (Colistin resistant)

col$S FIPHTVDGGIVFRRIDLDPPVDIPANALLIQEAFMCSNLVIGDIKVGTIEHVMSAIAGLG
colR FIPHTVDGGIVFRRIDLDPPVDIPANALLIQEAFMCSNLVIGDIKVGTIEHVMSAIAGLG

R R R R R R A A R R R I A R R I I IR I I IR I I I IR I IR I I IR IRk

colS IDNLIVEVSASEVPIMDGSAGPFIYLIMOGGLREQDAPKKFIRILKPVEALIDDKKAIFR
colR IDNLIVEVSASEVPIMDGSAGPFIYLIMOGGLREQDAPKKFIRILKPVEALIDDKKAIFR
* *

Tk kkkhkhkkkkkkkhkkk ke Fhkrk ke kkkkkh &

col$S PHNGFQLNFTIDFDHPAFAKEYQSATIDFSTETFVYEVSEARTFGFMKDLDYLKANNLAL
colR PHNGFQLNFTIDFDHPAFAKEYQSATIDFSTETFVYEVSEARTFGFMKDLDYLKANNLAL

AR R R R A A R R R A A R R I IR R I I IR I I I IR I IR I I IR I Tk *

colS GASLDNAIGVDDIGVVNEEGLRFADEFVRHKILDAVGDLYLLGHQIIAKFDGYKSGHALN
colR GASLDNAIGVDDIGVVNEEGLRFADEFVRHKILDAVGDLYLLGHQIIAKFDGYKSGHALN

KA AR IR I I A IR I AR I IARI IRk * &

colS NQLLRNVQSDPSNYEIVIFNDEKDYF
colR NQLLRNVQSDPSNYEIVIFNDEKDYF
EERE R IR IR IR TR R ET R ER h*
Figure 2.7. Comparative IpxC protein from colissinsceptible and colistin-resistafitnosocomialisCol
S (Colsitin susceptible). ColR (Colistin resistant)
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colS VJﬂQQ"RL ELAHLVKGELIGEGSLQFSNLASLENAEVNHLT FVNGDKYLEQAKASRAGA
colR MKVOQFRLDELAHLVKGELIGEGSLQFSNLASLENAEVNHLT FVNGDKYLEQAKASRAGA

R R R R I IR R IR R I I IR IR I I IR R R TRk *

colS FIVIATLKEYLPEKDNFIIVDNPYLAFAILTHVFDKKLTSKGIESTAQIHPSAVISERRY
colR FIVIATLKEYLPEKDNFIIVDNPYLAFAILTHVFDKKLTSKGIESTAQIHPSAVISEARRY

IR RS S S S R R R R R R R R R R R R R R R R R R R R R R R R R R R R R R R R R R S

colS IGHYVVIGENCVVGDNTIIQSHTKLDDDVEVGKDCFIDSHVIITGSSKLGDRVRVHSNIV
colR GHYVVIGENCVVGDNTIIQSHTKLDDDVEVGKDCFIDSHVIITGSSKLGDRVRVHSNIV

R R R R I I IR I IR IR IR IR IR IR TRk *

colS IGSEGF (“RI'ALCSVIIQN:TRI:SNCSI“R”nL‘NIILEDGVII:NLVQ
colR IGSEGFGF? KWPRIVQLGSVLFGNDVGIGSNCSIDGGVLDNPILEDGVIIDILVQI
FRE KKK KKK KKK Kk KRR RARE RARRAAIE K KR K KRR KRR KKK Kk kK

col$s AHNVEIGSNIAIARTCEIAGSTKIGKNCTLAGRCGVAGLSTADNVTLTGHSMVTHISE
colR AHNVHIGSNTVIAVIGAIAGSPKLAKTVE -======m=m====== == === mm e

kkkkkhkhkhkkk *k *  kkkk ko ok

(2]
C
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GIGLFENSQWKKI IVRLRQLADVPLTQITKRLDHIQAQIESLESTFNLRK

Figure 2.8. Comparative IpxD protein from colistiasceptible and colistin-resistaftnosocomialisCol

S (Colsitin susceptible). ColR (Colistin resistant)

Figures 2.6, 2.7 and 2.8 show the amino acid semseaf the IpxA, IpxC and IpxD
proteins of the wild-type and the colistin-resistan nosocomialisnutant, and several
mutations have been observed in all the three gdnst is important to highlight the
stop codon present in IpxD.

Next step was to know if the mutations and the stmgion were associated with colistin
resistance, therefore PCRs to amplify the all tbxACD genes of the different colistin-
tolerant and resistant A. nosocomialis mutants vpertormed, these mutants covered

before and after the inflection point.
The PCR products confirmed that all the wild-typraias (0.125/2/8) showed the same

sequence, and the same sequence was also obserakdhe colistin-tolerant strains
(16/32/512).

2.5. LPS production of the wild-type and mutantsA. nosocomialis
strains.
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In previous assays it was observed the stop codesept in thelpxD gene, the
hypothesis is that this stop codon together witfeotmutations in thgpxAC genes, did
not allow the bacteria to form the LPS and theirstdid not have LPS in their
membrane, therefore, the amount of LPS presentwia tolistin-susceptibleA.
nosocomialisand two colistin-resistanfA. nosocomialisstrains was calculated. The
method used is a commercial kit that allow us ttcuate the amount of LPS or
endotoxin present in the bacteria. The resultsihosved in table Z.6

A. nosocomialis strains LPS (EU/mL)
0.125 1.74 x 10
2 6.24 x 16
16 59.9
512 143

Table. 2.3. Concentration of LPS in four differstrains ofA. nosocomialis.

2.6. Proteomic approach of the different strains geerated.

This work was done in collaboration with Dr. MaRerrer-Navarro.
After the genomic approach, proteomic studies weréormed in order to know if there
were potential proteins involved in the mechanismreasistance of colistin téA.

nosocomialis.

Comparative studies of the most susceptible andtaes$ strain ofA. nosocomialis
were performed using DIGE experiments with the OMPshe two strains. Prior to
perform the DIGE experiments, one-dimensional SB&P experiments as an initial
approach were performed in order to have an initieh about the expression of the
proteins. The results of the SDS-PAGE are showekarigure 2.9.
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Figure 2.9. SDS-PAGE of six of the generated mgtagach column is named by the amount of colistin

used when the mutants were generated.

In the Figure 2.9 the OMP profiles of the colissimsceptible strains (0.125/2/8) and the
colistin-resistant strains (16/32/512) are preseniue to the high amount of proteins
present in the one-dimensional SDS-PAGE it wadadilif to affirm which proteins
were overexpressed or repressed, therefore 2Dr@gdbdaresis were carried out in order
to observe better differences between the proipgessed in the different strains.

Next step was to use the 2D electrophoresis teakrfigr the same strains used for the
one-dimensional SDS-PAGE. Figure 2.10.
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Figure 2.10. 2D electrophoresis gel of giginetobacter nosocomialirains. Three colistin-susceptible

(0.125/2/8) and three colistin-resistant (16/32)512
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Some differences between the outer-membrane proépression in colistin-
susceptible and colistin-resistant strains were eolesl. However with 2D
electrophoresis is not possible to have a real tifiation of the expression of the
proteins, therefore DIGE experiments taking theiahistrain (0.125) and the most
resistant (512) were performed. The results argvetlan Figure 2.11, and the proteins
identified in the table 2.4.

Figure 2.11. 2D electrophoresis resultant fromMh8E gel. The numbers show the proteins that have a

different expression between 0.125 and 512 strains.
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Spot Protein id Protein Fold . Anova
number change P-value
1 0il407441282 OmpA_C-like 1.3 0.0239
2 0i|490848590 hypothetical protein F984_ 02367 (Nfzahily 2.1 0.00911
RND efflux system)
3 0i|497190250 hypothetical protein (tetratricopptepeat 15 0.0167
family protein)
4 0i|593656836 putative carbapenem-associated resistance protein 1.7 0.00914
(CarO)
5 0i|446899273 OmpW-like protein 1.4 0.0274
6 0i|354459714 OmpA (Isoform) 2 0.0233
7 0i|487978330 succinate dehydrogenase flavopretéinnit 1.7 0.000768
0i|487978520 Porin (OprB) Carbohydrate-selectivénpo -1.9 0.00533
0i|493628869 membrane protein (outer membrareetmtel 1.4 0.0774
domain protein)
10 0i|487981035 signal peptide protein -1.2 0.0237
11 0i|587819016 putative porin 11 0.0613

*Positive values indicate an increased presencehénrésistant strain. Negative values indicate a
decreased presence in the resistant strain.

Table. 2.4. Proteins identified by DIGE with a sfgrative expression level.

Eleven different proteins were identified with eifént expression rates, just two
proteins were down-regulated in the resistantrstrahese two proteins were OprB with
-1.9 fold, and a signal peptide protein with -1akdfprotein, the rest of the proteins
found were overexpressed in the colistin-resisfanhosocomialisstrain. The role of

ompA has been commented previously, and the rasisteain has 2 fold the protein
overexpressed compared with the wild-type. Anothéer membrane protein, OmpW,
it is up-regulated 1.4 fold. Several efflux systeimgether with some unknown proteins

are overexpressed in the resistant strain.
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In summary we can conclude that the colistin-rasistA. nosocomialis mutants
generated by step-wise method had a certain ratoliétin-tolerance during the first
steps, and an inflection point was observed, bewgnhighly resistant. The A.
nosocomialis with high level of colistin resistadost the virulence and showed an
increase susceptibility top other antimicrobial age The resistance to colistin is
mainly due to mutations and a stop codon in Ipxiat fead to a complete loss of the
LPS. The down and up-regulation of outer membraoéems could be related to both
colistin-resistant or the decrease in the MIC oWesal antibiotics as previously

commented.
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Context.

There is an urgent need of new antibiotics, espgagainst the ESKAPE group of
bacteria. In particular we are going to focus maiim Acinetobacterspecies, that

together withK. pneumoniaeand P. aeruginosaare the only bacteria isolated from
patients resistant to colistin, that as commenteyipusly, is the last option to treat
infections caused by strains with a high resistagmoéle.

There are not many works published in the liteetaibout active compounds against
colistin-resistant strains. In fact, there is d resed of new active compounds that could

substitute, or be used at the same time as cobisfiolymyxin B.

In this chapter of the thesis we have tackled gach of new antimicrobials by using
compounds from different sources, some of themrahttompounds, others optimized

natural compounds and some others fully synthetic.

3.1. Active peptides against colistin-resistamicinetobacter species

3.1.1. Screening of antimicrobial peptides againsblistin-susceptible and colistin-
resistant A. baumannii strains

Some years ago, and due to the difficulty to haveess toAcinetobacterstrains
resistant to colistin, (there were just a few wailtke), someAcinetobactercolistin
mutants were generated using a multi-step methothenlaboratory of Prof. Vila.
Mutants for Acinetobacter baumannii Acinetobacter pitti and Acinetobacter
nosocomialisvere generated as explained before. (Chapter 2.1)

The main purpose of this study was to perform d@mlrscreening of peptides already
known, but never tested before against colistiistast A. baumanniistrains, in order
to obtain a hit to be optimized.

Some commercially available peptides (Table 3.ljewtested against both colistin-
resistant and colistin-susceptib®e baumanniistrains, the results are shown in Table
3.2.
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Name Sequence Source Structure

Mastoparan INLKALAALAKKIL Vespula lewisii Helix

Indolicidin ILPWKWPWWPWRR Bovine neutrophils Extesd

Melittin GIGAVLKVLTTGLPALISWIKRK Honeybee venom Helix
RQQ

Cecropin B KWKIFKKIEKVGRNIRNGIIKAGP Chinsese oak silk mouth Unknown
AVAVLGEAKAL

Cecropin A KWKLFKKIEKVGQNIRDGIIKAG Hyalophora cecropia Helix
PAVAVVGQATQIAK

Cecropin P1 SWLSKTAKKLENSAKKRISEGIAI Sus scrofa Helix
AIQGGPR

Magainin Il GIGKFLHSAKKFGKAFVGEIMNS Xenopus laevis Helix

Magainin | GIGKFLHSAGKFGKAFVGEIMKS Xenopus laevis Helix

B-Defensin DHYNCVSSGGQCLYSACPIFTKI Homo sapiens 3 (S-S)
QGTCYRGKAKCCK

Buforin | AGRGKQGGKVRAKAKTRSSRAG Bufo bufo gargarizans Helix
LQFPVGRVHRLLRKGNY

HNP-1 ACYCRIPACIAGERRYGTCIYQG Homo sapiens 3 (S-S)
RLWAFCC

HNP-2 CYCRIPACIAGERRYGTCIYQGRL Homo sapiens 3 (S-9)
WAFCC

Histatin 5 DSHAKRHHGYKRKFHEKHHSHR Homo sapiens Helix
GY

Histatin 8 KFHEKHHSHRGY Homo sapiens Fragment

of
Histatin 5
Bactenicin RLCRIVVIRVCR Bovine neutrophils Extended

64
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Ant'm'CYOb'al Colistin susceptible Colistin resistant
peptide
A. baumannii ATCC 19606 A. baumannii ATCC 19606
(mg/L) [uM] wt mutant
Histatin 5 >256>84.3uM] >256[>84.3uM]
Buforin | >256[>60 uM] >256[>60 uM]
Magainin Il 256103.8uM] 256[103.8uM]
B-defensin 25(65.2 uM] 256[65.2 uM]
Magainin | 64[23.6 uM] 64[23.6 uM]
Histatin 8 3220.5uM] 32[20.5uM]
HNP-2 50[14.8uM] 50[14.8puM]
Cecropin A 32>8 uM] 256([63.9uM]
Cecropin B 328.3uM] 128[33.4uM]
Bactenicin 64 [43.1uM] 16 [10.8uM]
Cecropin P1 1,6 [0.48uM] >25 [> 7.5uM]
HNP-1 50[14.5uM] 3,25[0.95uM]
Indolicidin 8[4.2 uM] 16[8.4 uM]
Melittin 4[1.4uM] 2[0.7 uM]
Mastoparan 4.7 uM] 1[0.68uM]
Colistin 0,5[0.43uM] 256([221.6uM]

Table 3.2 MICs of different peptides against colistusceptible and colistin-resistaAt baumannii

strains.

According to the results obtained, it was posstioleclassify the peptides into four
different groups. In the first group all of the pidps were inactive against both colistin-
susceptible and colistin-resistaAit baumanniistrains.Buforin and histatin 5 had a
high MIC, with more than 256 mg/L against both istsamagainin 1l andp-defensin
had also a high MIC with 256 mg/L for both straififie results fomagainin | were
slightly better with a MIC of 64 mg/L for both sing, in additiorhistatin 8 andHNP-2
had also the same MIC for both colistin-susceptérid colistin-resistarA. baumannii
strains, with 32 and 50 mg/L respectively. The ltsstor cecropin A and B were
similar, with a MIC of 32 mg/L for colistin-suscelple, and higher MICs of 256 and
128 mg/L for colistin-resistant respectively. Thase of bactenicin was strange,
obtaining a MIC (16 mg/L) lower for colistin-susc¢#ge compared to 64 mg/L for

colistin-resistanfA. baumannii
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The only compound present in the second group aeasopin P, it had the same
behaviour as colistin, having a low MIC (1.6 mgfby colistin-susceptible compared
with a higher MIC (>25 mg/L) when was tested agaaadistin-resistanf\. baumannii
The opposite behaviour was observed in the thiedigmwith HNP-1, with a low MIC
(3.25 mg/L) for colistin-resistant, compared to thiglIC (50 mg/L) when was tested
against colistin-susceptible.

The last group was formed by three peptides, whitbwed good activity against both
strains used. The less active peptide of this gmagindolicidin, with a MIC of 8 and
16 mg/L against colistin-susceptible and colisBsistant strains respectiveMelittin
had a MIC of 4 mg/L when tested against colistisegptible and 2 mg/L when tested
against colistin-resistant, amgastoparan, had similar behaviour, having the same MIC

as melittin (4 mg/L) for colistin-susceptible ant#éC (1 mg/L) for colistin-resistant.

After analyzing the results, it was found that mtieliwas a really active peptide against
both colistin-susceptible and colistin-resista#nt baumannii however it had a high
cytotoxicity whats makes it impossible to be usedaduture antimicrobial (175). For
indolicidin, a lot of optimizing studies have bgaerformed (176), however the analogs
synthesized were never tested against colististeedi A. baumannii In order to
confirm the results obtained in the first screenm@stoparan and indolicidin, (melittin
was discarded due to its high lytic activity), weested against more strains of both
colistin-susceptible (14 strains) and colistinsemnt (13 strainsp. baumannii. The
results are shown in the table 3.3.

Antimicrobial

(mg/L) [um]
Strains peptides MICs, MICgyp Range
Colistin-susceptible Mastoparan 4[2.7] 8[5.4] 1-16[0.68-10.8]
A. baumannii (14) Indolicidin 16[8.4] 32[16.8] 4-32(4.2-16.8]
Colistin <0,5[<0.4] <0,5[<0.4] <0,5[<0.4]
Colistin-resistant Mastoparan 8[5.4] 8[5.4] 2-8[1.4-5.4]
A. baumannii (13) Indolicidin 16[8.4] 16[8.4] 16 [8.4]
Colistin >512[>443.3] >512[>443.3] 32->512[27.7->443.3]

Table 3.3 MIG, and MIG, of different peptides for colistin-susceptible andlistin-resistantA.

baumanniiclinical isolates.
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The results from table 3.3 shows that MICs of maeatan and indolicidin slightly
increase. In the case of mastoparan, they are b@lowligit numbers with a Ml§ and
MICgyo of 4 and 8 mg/L respectively and a range of 1-ILnin colistin-susceptiblé.
baumannii For colistin-resistant, the results were simitdrowing the same Ml and
MICgo (8 mg/L), and a range of 2-8 mg/L. The results ifudolicidin for colistin-
susceptible MIg, and MIG, were 16 and 32 mg/L respectively, and a range dxstw}
and 32 mg/L, and all the MICs for indolicidin wheéested against colistin-resistant
strains were 16 mg/L. If we compare these pepiialdésont of colistin, it is possible to
observe that for the colistin-susceptible straihg, MIC of colistin was better than
indolicidin and mastoparan, however colistin-rem$A. baumannistrains were tested,
the values of MIGg, and MIGy of colistin were >512 mg/L and a range betweem3@
>512, so these results confirmed a gowoditro activity of mastoparan. Also confirmed
our initial hypothesis that mastoparan was morév@dhan indolicidin, therefore we

will focus only in mastoparan.

3.1.2. Killing curves of mastoparan against coligti-susceptible and colistin-
resistant A. baumannii strains.

In order to have an idea of the behaviour of theptjgle in front of both colistin-
susceptible and colistin-resistait baumanniistrains, killing curve experiments were
performed. The two strains of the initial screenveye used for these experiments. The

results are shown in the figure 3.1.
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Figure 3.1 Results of time-killing experiments.cajistin-resistant ATCC 19608. baumanniincubated
with mastoparan (MIC 1mg/L). b) colistin-suscemibATCC 19606A. baumanniiincubated with

mastoparan (MIC 4mg/L).

When comparing the values of mastoparan againstwhbestrains, it was possible to

observe a better activity against colistin-resistanbaumannii were the effect of both
8xMIC and 4xMIC was bactericidal by decreasing frérfog cfu/mL to 2 log cfu/mL
aproximately in four hours. At the same concentregiagainst colistin-susceptible the
same bactericidal effect was observed at 8xMIC,dwawvno bactericidal behaviour was

observed at concentration 4xMIC and a regrowth eleserved after four hours. At the

rest of the concentrations no bactericidal effeaswbserved neither in the colistin-

susceptible nor in the colistin-resistant, howevevas important to point out the fact

that at MIC concentration, in the colistin-resistAn baumannistrain, a small decrease

of the number of bacteria was observed, howevéhencolistin-susceptible the curve

was almost similar to the control.
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3.1.3. Stability assay and design of mastoparan aogs

As commented previously, one of the most importimivbacks of the antimicrobial
peptides is their poan vivo stability. Most of them have a very short halgitherefore
stability is one of the most important propertieattneed to be improved when working
with peptides.

Stability assays incubating mastoparan with huneanoms were performed in order to
check the stability of the peptide, and to founttbe most susceptible positions of the
peptide.

A preliminary stability assay incubating mastopavath human serum was performed
in order to evaluate the stability of the peptide aspecially, to identify those peptide
bonds more susceptible to hydrolytic cleavage. $esnpf mastoparan were analyzed
after different incubation times both by reversegi HPLC and MALDI-TOF. A
precised determination of the half-life of mast@pafrom this experiment was not
possible due to the fact that mastoparan, in tlayacal conditions used, co-eluted
with one of the degradation products.

After analyzing all the data obtained from masscgpenetry, it was observed that the
stability of mastoparan was surprisingly high fairg a lineal peptide with L-amino
acids (appearing the mass until 6 hours), and the compound resulting from the
action of the proteases was [2-14]-mastoparanptbduct of hydrolysis of the Léu
Asn? peptide bond (figure 3.2 and 3.3).
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Figure 3.2. MALDI-TOF spectra of mastoparan afterubation with human serum at 24 hours. The main
compound is [2-14]-mastoparan. Molecular weight6@3a (+H). Molecular weight (+Na): 1388.
Molecular weight (+K): 1404 Da
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Figure 3.3 Chemical structure of mastoparan, showing the Hysi®susceptible point.

Taking into account the information obtained in thebility assay, a library of

mastoparan analogs were designed and synthesitledhsi purpose of increasing the

stability without losing activity. The analogs tive¢re designed are shown in figure 3.4.
Peptidel

Y

w*J#**r**r*gj*g*ﬁﬂ
o/ 1

NH; NH NH

Gu-lle-Asn-Leu-Lys-Ala-Lys-Ala-Ala-Lys-Ala-Lys-Lydle-Leu-NH,
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Peptide2

NH NH,

D-lle-Asn-Leu-Lys-Ala-Lys-Ala-Ala-Lys-Ala-Lys-Lys{e-Leu-NH,

Peptide3

NH, NH,

IIe D Asn-Leu- Lys Ala-Lys-Ala-Ala-Lys-Ala-Lys-Lys{e-Leu-NH,

Peptided

NH, NH,

AJ\#A%Q&%& I

Asn-Leu-Lys-Ala-Lys-Ala-Ala-Lys-Ala-Lys-Lys-lle-LetNH,

zT

Peptides

A N

Ac-lle-Asn-Leu-Lys-Ala-Lys-Ala-Ala-Lys-Ala-Lys-Lydie-Leu-NH,
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Peptide6 (Mastoparan)

A L
L U

lle-Asn-Leu-Lys-Ala-Lys-Ala-Ala-Lys-Ala-Lys-Lys-lleLeu-NH,

Peptide

ﬁ#&%&%&ﬁj&ﬁixﬁxN

D-lle-D-Asn-Leu-Lys-Ala-Lys-Ala-Ala-Lys-Ala-Lys-Lydle-Leu-NH,
Figure 3.4. Chemical structure of all the mastopaaalogs synthesized.

Peptidel had only an extra guanidinium group in the N-terahi this allow the last
residue (isoleucine) to be more protected, dudststeric hindrance produced by this
group, moreover it keeps the positive charge inlNtHerminal. The last isoleucine from
peptide2 and asparagine from pepti@eare D-amino acids. Peptidkis the species
observed after the action of the enzymes presdiieimuman serum,[2-14]-mastoparan
. The design of Peptidefollowed the same strategy as peptlddhe N-terminal was
protected with an acetyl group, this protection b a steric hindrance, however the
positive charged of the N-terminal was removedtiBe was the original mastoparan.
Finally, peptide7 had both D-isoleucine and D-asparagine at positiktnand 2

respectively.

The synthesis of these peptides was carried oangusiFmoc/tBu solid phase peptide
synthesis approach. As most of the peptides hadnmmamino acids at the C-terminal,
the strategy was to synthesize first the common aad then to split the resin in

different batches to synthesize all the differemlags. figure 3.5
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Fmoc

|
Gu-Ile-Asn-Leu-Lys +NH-Ala-Leu-Ala-Ala-Leu-Ala-Lys-Lys-Ile-Leu

Fmoc

|
D-Ile-Asn-Leu-Lys + NH-Ala-Leu-Ala-Ala-Leu-Ala-Lys-Lys-Ile-Leu
Fmoc

|
Ile-D-Asn-Leu-Lys + NH-Ala-Leu-Ala-Ala-Leu-Ala-Lys-Lys-Ile-Leu

Fmoc

I
Asn-Leu-Lys +NH-Ala-Leu-Ala-Ala-Leu-Ala-Lys-Lys-Ile-Leu

Fmoc

|
Ac-Ile-Asn-Leu-Lys +NH-Ala-Leu-Ala-Ala-Leu-Ala-Lys-Lys-Ile-Leu

Fmoc

|
Ile-Asn-Leu-Lys +NH-Ala-Leu-Ala-Ala-Leu-Ala-Lys-Lys-Ile-Leu

Fmoc

D-Ile-D-Asn-Leu-Lys + NH-Ala-Leu-Ala-Ala-Leu-Ala-Lys-Lys-Ile-Leu

OOOOOO®

Figure 3.5. Scheme of the synthesis of mastoparalogs

Peptide 1

Peptide 2

Peptide 3

Peptide 4

Peptide 5

Peptide 6

Peptide 7
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The peptides were synthesized and purified as equlan the materials and methods
part. The HPLC and MALDI-TOF spectra are showethaFigure 3.6

Peptide 1 (Gu-INLKALAALAKKIL-NH )

16430782

16210690

1659.0562

i NS
6.00 7.00 8.00

P o

Peptide 2 (INLKALAALAKKIL-NH »)

1501.0366

1517.0228

14790242

SRRV P
0.00 1.00 200 300 400 500 6.00 7.00

I
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15010168
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Peptide 5 (Ac-INLKALAALAKKIL-NH 7)

15430100

0.00 1.00 200 300 400 5.0 6.00 7.00 800 — JL“ _“*'Ll““'"n*m"“
Mastoparan (INLKALAALAKKIL-NH )

0.00 1.00 200 300

400
Minutes

$.00

6.00

7.00

1517.028

1479.0242
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Peptide 7 (iNLKALAALAKKIL-NH ,)

1501.0244

1517.0031

i | tamoos

Minutes

Figure 3.6. HPLC spectra and MALDI-TOF of the mast@an analogs synthesized.

3.1.4. Evaluation of activity, stability and toxidty of the mastoparan analogs.

All the peptides synthesized were tested against ddferent strains oA. baumannii

All of them were colistin-resistant clinical isodgt with a high resistance profile. The
cytotoxicity of mastoparan and all the analogs Isgsized was also tested. The
evaluation of stability of the new compounds inesrtb know if our aim, increase the

stability, was achived was also performed. Theltesuwe showed in Table X.4

Minimal inhibitory concentration mg/LuM)

Stability in

human Toxicity MTT

Antimicrobial peptide CR17 CR86 Abll Ab113 serum ICsc (HelLa)
1 Gu-INLKALAALAKKIL 4(2,6) 4(2,6) 4(2,6) 4(2,6) > 24h 13uM
2 iINLKALAALAKKIL 32 (21,6) 32(21,6) 64(43,3)  64(43,3) > 24h 414M
3 INLKALAALAKKIL 32 (21,6) 64 (43,3) 128(86,5) 256 (173) > 24h 73uM
4 NLKALAALAKKIL 32 (19,2) 64 (38,4) 128(76,8) 128 (76,8) > 24h 109uM
5  Ac-INLKALAALAKKIL 16 (10,5) 32 (21) 64 (42) 64 (42) > 24h 29uM
6 Mastoparan 4(2,7) 4 (2,7) 4(2,7) 4(2,7) 6h 32uM
7 inLKALAALAKKIL 128 (86,5) 128 (86,5) 128(86,5) 256 (173) > 24h 21puM

Table 3.4. MIC against colistin-resistafit baumanniiclinical isolates, stability in human serum and

toxicity in HeLa cells of mastoparan analogs. Diraracids are represented in lower case.
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As it was possible to observe in the MIC resultshaf analogs, the only peptide that
keeps the same level of activity was peptidevith the same values as the original
mastoparan peptide (4 mg/L). The rest of the peptithd really high values compared
with the two previous peptides commented.

It was important to highlight that this high MICbtained by most of the analogs, gave
us also very useful information. When comparingrémults obtained by peptideand

1 it was possible to observe how important was th&tipe charge present in the N-
terminal residue. It also gave us an idea of howartant was to have all L-amino
acids, and the importance of having a high lifeetirnecause the resulting peptide after
the incubation of human serum (peptd)edoes not have any activity, therefore it is
important to have a high half-life time in order have the active species more time

present in blood.

In terms of cytotoxicity, HelLa cells were selectadorder to be tested against all the
analogs synthesized. HelLa cells are cervical casokated from a patient in 1951. The
most important feature of this cell line is thalls@are remarkably durable and prolific,
therefore is one of the most common type of cedlsduwhen cytotoxicity want to be
tested, in this case MTT was they assay used. fiihal iassay performed was to have
an idea of how toxic was mastoparan, and the rebtdtined was an Kgof 32 uM, this
value is in the middle range of toxicity. Some bk tcompounds synthesized had
approximately the same toxicity, like peptisland7 with an 1G, of 29uM and 21uM,
respectively. Peptid2 was slightly less toxic with 1§ of 41 uM. Peptide3 and4 were,
significantly less toxic with Igy of 73uM and 109uM. The only peptide that seems to

be more toxic than mastoparan was the active peptidith an I1Gy of 13uM.

3.1.5. New mastoparan analogs: synthesis, activitstability and toxicity.

Before to start with the design of a second sefianastoparan analogs a careful
analysis of the literature was performed.

Three peptides were synthesized following the lerguublished by Jones and Howl,
were they claimed that the enantiomeric versiomattoparan (peptid&0), together
with the retro version (peptid® and the retroenantiomeric version (pept@jevere

less cytotoxic than mastoparan, therefore thesetpeptides were synthesize in order
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to test their activity (177). Peptidd was synthesized for the same reason, in thearticl
published by Lozaneet al, demonstrate that just changing the leucine ptege
position 9, for a lysine, it decreases the cytatibxi and add a positive charge in the
peptide (178). Peptidé2 was synthesized in order to observe the behawdbarnon-
natural amino acid (D-ornithine) in the peptidegdther with an extra positive charge.
The last two peptides were synthesized accorditigganformation obtained during the
synthesis of the first analogs. As it was importankeep the positive charge in the N-
terminal, and changing the sequence was dangedoesto the fact that by changing
one residue the activity could decrease a lot. itlea was to introduce another extra
positive charge in the C-terminal. Peptid8@ and peptidel4 were the original
mastoparan and retro sequence with a positive ehartipe C-terminal.

Putting together these precedents and our own qusviesults we undertook the
synthesis of peptides 8-14 (figure 3.7)

Peptide 8

NH, NH,
o
NH, o o o o o o N, O
: Y " " " " " "
N NA N\/lk NQL N\)L N\)J\ N
- N N N N N N - NH,
H i N H i i N H N H N
o o > o 2 o & o g o ] o .

H/ \( \r o
NH,

Leu-lle-Lys-Lys-Ala-Leu-Ala-Ala-Leu-Ala-Lys-Leu-Astie-NH,

Peptide 9

NH,

MR A A

D-Leu-D-lle-D-Lys-D-Lys-D-Ala-D-Leu-D-Ad-D-Ala-D-Leu-D-Ala-D-Lys-D-Leu-D-Asn-D-lle-NH
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Peptide 10

NH,

)\ )\ )) /N/,(
NH, o 5 [} s o s 0 5 o § [} o
H H H H H H H
N N N N N N N
/\/'\’( Q/ﬁ( N/Y N/\’(\‘)‘\N/Y\‘)k"/ﬁ( " -
H H H H H
H o NH, o o ] ) o o
o
NH, NH,

D-lle-D-Asn-D-Leu-D-Lys-Bla-D-Leu-D-Ala-D-Ala-D-Leu-D-Ala-D-Lys-D-Lys-D-le-D-Leu-NH

Peptide 11

ﬁ%#iﬁiﬁ§%¢*§*#¢2

lle-Asn-Leu-Lys-Ala-Lys-Ala-Ala-Leu-Ala-Lys-Lys-lld_eu-NH,

Peptide 12

NH,

NH,

0 A ‘M N ‘N P q(n .
Wﬁﬁ% ﬁ% %W%Wi wi
o

D-lle-D-Asn-D-Orn-D-Lys-D-AtD-Leu-D-Ala-D-Ala-D-Leu-D-Ala-D-Lys-D-Lys-D-lle-BLeu-NH,

Peptide 13

b { { W\ h

NH, NH, NH,

lle-Asn-Leu-Lys-Ala-Lys-Ala-Ala-Lys-Ala-Lys-Lysdle-Leu-CH-CH,-NH,
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Peptide 14

NH, NH,
o
NH, o o o o o o NH, o
n, N N N N N N n,, " /\/ 2
i H N i N 1 N 1 A H N N
] OH/E ) -\( o H ) H o Y o
NH

Leu-lle-Lys-Lys-Ala-Leu-Ala-Ala-Leu-Ala-Lys-Lie-Asn-lle-CH-CH,-NH,

Figure 3.7. Chemical structure of all the mastopanaalogs synthesized.

The synthesis of the new analogs was carried ang ke same procedure as has been
commented previously, however the resin used ®pptided 3 and14 was different
due to the fact that they have a different C-teahihe procedures used are explained

in detail in the materials and methods part. The.€IRnd MALDI-TOF spectra are
showed in the (figure 3.8)

Peptide 8 (LIKKALAALAKLNI-NH 5)
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Peptide 11 (INLKAKAALAKKIL-NH )

g
0.00 1.00 200 300 400 500 6.00 7.00 8.00 i bi LLL«“L{JJ.)L Mt |
Peptide 12 (in(orn)kalaalakkil-N
.
g
-

83



Peptides and peptidomimetics active against colrgtsistant species

Peptide 13 (INLKALAALAKKIL-CH 2-CHx-NH>)

1544,1952
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Figure 3.8. HPLC spectra and MALDI-TOF of the mast@an analogs synthesized.
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All the peptides synthesized were tested agaimsséime strains used to test the activity
of the first mastoparan analogs. In the table 8i5 possible to observe the results, as

well as the toxicity and the stability in humanwsar

Minimal inhibitory concentration mg/Ii)

Stability
in
human  Toxicity MTT
Antimicrobial peptide CR17 CR86 Abl1l Ab113 serum ICs (HelLa)
LIKKALAALAKLNI 256 (173) 256 (173) 256 (173) 256 (173) 2h 192uM
likkalaalakIni 256 (173) 256 (173) 256 (173) 256 (173) > 24h 200uM
10 inlkalaalakkil 4(2,7) 4(2,7) 4(2,7) 4 (2,7) > 24h 10uM
11 INLKAKAALAKKIL 256 (171,5) 256 (171,5) 256 (171,5) 256 (171,5) 6h 290uM
12 in(or)kalaalakkil 128 (86,5) 64 (43,2) 64(43,2) 128 (86,5) >24h 200uM
INLKALAALAKKIL-
13 CH,CH;NH; 4(2,6) 4(2,6) 2(1,3) 4(2,6) 6h 5uM
LIKKALAALAKLNI-
14 CH,CH;NH; 64 (42) 128 (84,1) 128 (84,1) 64 (42) 2h 150uM

Table 3.5. MIC against colistin-resistafit baumanniiclinical isolates, stability in human serum and

toxicity in HeLa cells of mastoparan analogs. Direracids are represented in lower case.

In terms of activity just two peptides maintain g@me activity as the best compounds
from the previous series, these compounds weradeepd, and peptidel3, with the
same activity as peptidé and mastoparan, the rest of the peptides syntliks$iad
really high MICs.

About the cytotoxicity and stability in human serutmwvas possible to observe, that the
peptides that had D-amino acids in their sequeneee vhighly stable compared to
peptides with just L-amino acids. The first threpides synthesized followed the same
behaviour as commented previously, however pe@jded even lower stability than
mastoparan. It was also important to mention tlwh ietro versions of mastoparan
(peptides8 and 9) were less cytotoxic with I§ of 192 and 20QuM respectively,
compared to mastoparan £yof 32uM) and its enantiomer (peptid®) with a 1Gso of

5 uM. The aim of synthesizing these peptides was dubkd low cytoxicity observed in
the manuscript published by Jones and Howl, howewéy peptides8 and 9 showed
less cytotoxicity.

Peptidell, as following the manuscript published by Lozataal, had a really low

cytotoxicity, although it has no activity and therse stability as mastoparan.
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For peptidel2, it was important to mention that even thoughas fan extra positive
charge it is less cytotoxic, this result break vtttk idea that positive charged residues
introduce cytotoxicity in the peptide, however iange positions it probably make
increase it. This cytotoxicity is not related te thlobal positive charge of the peptide,
just associated with the positive charge in sonyer&sidues.

The last two peptides synthesized, with the extisitive charge in the C-terminal, had
a low half-life due to the L-amino acids that hadtheir sequence, noticing that they
both had the same stability as their analogs witlio&l positive charge in C-terminal.
The activity of peptidel3 was the same as the active peptides, howeverheasost
cytotoxic peptide with a 165 of 5 uM. Peptidel4 was slightly more active than peptide
8, however it was not enough for considering gootlvidg, and was also more

cytotoxic.

3.2.In vivo studies of the best compounds.

After analyzing all the data obtained from all §heptides synthesized we decided to
move into then vivo model, therefore we had to select which were &t bandidates
to be testedn vivo. Three peptides (peptidés10 and13) and mastoparan were active
against colistin-resistanf. baumanniistrains. Mastoparan was the first candidate
selected because it was the less toxic compoutithuglh it was also the less stable.
When talking about the other three peptides, pedtiwas the first discarded, due to
its high toxicity and the most expensive and difficin terms of large-scale. When
comparing peptide$ and 10 it was possible to observe that both had the sactieity
and stability, and similar cytotoxicity, howevermpee 1 is made by L-amino acids and
peptidel0is made by D-amino acids. Even though they hads#mee stabilityn vitro

we though peptidd0 would be more stable when administering it intaceniSo we
decided to studin vivo both peptidel0 and mastoparan.

The in vivo studies were performed in a stage in the laboradbriyrofessor Jeronimo

Pachon from the Hospital Virgen del Rocio.

The first experiment that was performed was towate the hemolytic activity of these

two peptides. figure 3.9
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Hemolysis
45 A —#—Peptide 10
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Figure 3.9. Percentatge of hemolysis of mastopananpeptide 10 at different concentrations.

The figure X.9 shows that before 100 mg/L of thetmke concentration almost no
hemolysis was observed, however if the concentraticreases some hemolysis was
observed with 35% and 39% of hemolysis for mas@pand peptid&0 respectively.
These results were promising because the percerdhdeemolysis at the active

concentration of the peptides (4 mg/L) was almesfligible.

Next step was to calculate tirevivo toxicity of the two peptides. 32 mg/kg was taken
as the initial dose taking into account previousags performed by Dr. Pachén group
with antimicrobial peptides (179). 32 mg/kg of egaptide were injected into six mice
respectively, after 24 hours the mice injected withstoparan were alife, however the
mice treated with peptid&0 were dead. Taking into account this information we
increased the amount of peptide for mastopararoupdtmg/kg and decreased to 16
mg/kg for peptidel0, after 24 hours the 12 treated mice were deadh, tvét data it was
possible to knew the maximum dose for mastoparaichmvas 32 mg/kg. Next dose
tested for peptidéOwas 8 mg/Kg, and after 24 hours all the treatecermiere alife, so
the maximum dose for peptid® was 8 mg/kg.

The results obtained fitted really good with thevitro data, The highen vivo toxicity

of peptidel10 correlates well with its higher cytotoxicity, coamed with mastoparan,
and its higher stability in human serum. This hggability in human serum allow the

peptide to be more time inside of the mice cauaisg more damage.
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After calculating the lethal dose of the peptidewas time to calculate the lethal dose
of the strain that will be used in further expenntse The strain used was a pan-resistant
strain. Three groups of four mice each were indedlaThe amount of bacteria injected
per group was T 1 and 16 cfu/mL. From all the groups, the only survival mic
were the ones inoculated with®1€fu/mL, therefore the lethal dose of bacteria, e

concentration used for the experiments will b&cfQ/mL.

Once the toxicity of the peptides in mice and #tbadl dose were calculated it was time
for calculating the ER, this parameter is the effective dose that keéfesthe 50% of

the mice. table 3.6

(4h)

o _ Peptide 10 Mastoparan Control
Administration

(20 mice) (10 mice) (3 mice)

Doses
16 mg/Kg - 7 exitus 3 exitus
8 mg/Kg 9 exitus 10 exitus -
4 mg/Kg 9 exitus - -

Table 3.6. El, of peptide 10 and mastoparan.

Analyzing the data obtained in the first assayEbg, was obtained, none of the groups
had 5 mice alife (50%). The closest dose toEkas 16 mg/kg in mastoparan with a
30% of survival, the other dose of mastoparan, Hkg) had no survivals, and both

doses for peptid&0, 8 and 4 mg/kg, had just a 10% of survival.

Taking into account that we did not have anys&fr any of the peptides, we took a
look into the procedure of performing the f&Dassay. The mice were inoculated
intraperitoneally with the lethal dose of bacteiiathis case 10cfu/mL, and after 4
hours the dose of peptide was administered intit@oeeally. The time of
administration of the peptide could be too longréfore it was decided to monitor the

infection after 1, 2, 3 and 4 hours.

88



Chapter 3

3 mice per group were selected, each group beltmgsperiod of time. The 12 mice

were inoculated with the lethal dose at the same,tand after each period of time, 3 of
them were sacrificed using sodium thiopental. Luagd spleen were extracted from
each mice. Once all the spleens and lungs weraté&zhleach one was inserted into a
sterile bag and 1 mL of LB media was added, alitokas homogenized and after

several dilutions, the amount of bacteria in eagfae was calculated, the results are
showed in figure 3.10.
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b)

cfu/g lungs
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Figure 3.10. a) Number of bacteria in lungs atffedént time points. b) Number of bacteria in sple¢ a

different time points.

The Figure 3.10 shows the amount of bacteria ih eagan at different periods of time.
At 1 hour the amount of bacteria in lungs and spleas similar with 19° cfu/mL, this
information allows us to have an idea how fast doasteria disperses. It would be
normal to have 1% cfu/mL in the spleen due to the intraperitonedhjection.
However the same amount of bacteria was observddngs were bacteria need to
achieve the blood vessels in order to arrive iheltings.

In the second point time, 2 hours, the amount cotdya continue increasing reaching
more than 10 cfu/mL in the spleen and slightly less tharf tu/mL in lungs. The
differences between both organs were not so highabu3 and 4 hours time the
differences reached were higher with at aroundl ihOthe spleen for both times
compared to the £d and 10 cfu/mL in lungs for 3 and 4 hours respectively.

Apart from the counting of bacteria in these orgdremocultures were performed in
each mice. Hemocultures consist in extracting bltvoch the heart while is pumping,
this blood is spread into a blood agar plate ireoikhow if there were bacteria in the

blood torrent, all of the samples collected wersitpee.

After analyzing the data obtained after monitozthe infection process, the decision
was to reduce the time of administration of thetiges to two hours, this should allow
the peptide to be more effective.
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The same procedure was performed, with the samesdwdy decreasing the time of

administration of the peptide in 2 hours, the rssate shown in table 3.7

(2h)

o ) Peptide 10 Mastoparan Control
Administration

(10 mice) (10 mice) (3 mice)

Doses
16 mg/Kg - 10 exitus 3 exitus
8 mg/Kg 10 exitus 10 exitus -

4 mg/Kg 10 exitus - -

Table 3.7. El, of peptide 10 and mastoparan.

The results obtained when reducing the time of atstmation of the peptide were
surprising, instead of having best results, wastilts were obtained with any survivals

in any of the groups, that means that the mice ghative during the first experiment

was due to an administration failure.

In a third experiment a new set of doses of peptidas used 32, 4 and 2 mg/Kg for
mastoparan; and 2 and 1 mg/Kg for peptide Only three mice were used for this
experiment with the idea to repeat with higher miicévo or three mice survived,

however there was just one survival with 32 mgkkgrhastoparan. Table 3.8

(2h)

Administration ) ) '
Doses (3 mice) (3 mice) (3 mice)

Mastoparan Peptide 10 Control

32mg/Kg 2 exitus - 3 exitus
4 mg/Kg 3 exitus - -
2mg/Kg 3 exitus 3 exitus -

1 mg/Kg - 3 exitus -

Table 3.8. Ely of peptide 10 and mastoparan.
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Eventhough we did not have any §DPa pneumonia model was performed in order to
know if there were some systemic activity with na&ach time point. Doses used were
8 mg/kg for peptidd0 and 32 mg/kg for mastoparan. Peptides were adtarais after

2 hours of infection. Time points were 2 hours addours. Table 3.9

Log cfu/mL  Oh  2h 2h 2h 24h 24h 24h
control mastoparan peptide 10 control mastoparan peptide 10

Average 6.99 7.50 7.51 7.51 7.05 7.04 7.09

SD 0.38 0.61 0.42 0.30 0.13 0.18 0.21

Table 3.9. Number of bacteria in lungs at differémies in the treatment with mastoparan and peptide

No systemic effect was observed at any time notigeepln order to find any activity in
the peptides we decided to change the strain intooee susceptible strain and also
reduce the administration of the peptide to 1 hdtwe strain selected was the ATCC
19606 mutant colistin-resistant, which was useditlier screening of the first peptides.
This strain is less virulent than the pan-resistami does not have a high resistant
profile against all the antibiotic families. Thember of mice used in each group was
three and the set doses used were 32 mg/kg foopasn and 8 mg/kg for peptidé.
None of the mice survived the infection.

The same model of peritoneal sepsis was used tlyzanand count the amount of
bacteria in the peritoneal in order to observecalleffect of the peptide. In this case the
doses used were 8 mg/kg for peptideand 16 mg/kg for mastoparan. The procedure
used was, infection followed by a treatment witptpie after 1 hour, and sacrifice them

after 1h. 10 mice for each group were used. Reawtshowed in table 3.10
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Log cfu/mL  Control Mastoparan Peptide 10
1 8.43 9.06 8.49
2 8.32 7.70 8.58
3 8.67 8.75 8.26
4 8.20 8.99 8.20
5 8.59 9.03 7.33
6 8.15 8.83 8.61
7 8.71 8.74 8.73
8 8.75 8.67 8.59
9 8.52 8.96 8.72
10 8.61 8.95 8.77
Average 8.50 8.77 8.43
SD 0.21 0.40 0.43

Table 3.10. Number of bacteria in the peritonetdrath of treatment with mastoparan and peptide 10.

When comparing the average of log cfu/mL in alethgroups no significance is found.
After all the experiments performed have been plowebe unsuccessful, we started
thinking about the reasons of the lackiofvivo antimicrobial activity and the first
hypothesis was that a possible binding to any efgfoteins or compounds present in
the serum reducing the effective concentratiornefgeptide. Furthermore this could be
the reason why a linear peptide with L-amino acié have this high stability in
human serum.

Taking into account the first hypothesis a MIC gssa presence of serum was
performed in order to see if the MICs were higheabthe same level. The results of

the MIC values are showed in table 3.11.

MIC mg /L(uM) CR17 Abl4

% of Serum 0% 25% 50% 75% 0% 25% 50% 75%
Mastoparan 4(2.7) 16(10.8) 64(43.3) 128(86.5) 4(2.7) 32(21.6) 128(86.5) 128(86.5)
Peptide 10 4(2.7) 16(10.8) 64(43.3) 128(86.5) 2(1.35) 32(21.6)  64(43.3) 128(86.5)

Table 3.11. MICs of mastoparan and peptide 10 agamlistin-resistanf. baumanniin the presence of

different percentage of human serum.
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The information obtained with this assay showed tha MIC of the two peptides
increase progressively when more human serum igdaddhis fact support the
hypothesis suggested previously. The amount oémdifft proteins present in the serum
is very high therefore it will be almost impossilitetest all of them in order to know
which is the one involved in the interaction witle tpeptide.

We just tested albumin (human serum concentragodOi g/L) because is the main
protein present in the human serum, and the reshbitsned are showed in table 3.12

MIC mg/L (uM) CR17 Abl14

% of albumin 0% 25% 50% 75% 0% 25% 50% 75%
Mastoparan 4(2.7) 16(10.8) 32(21.6) 64(43.3) 4(2.7) 16(10.8) 32(21.6) 64(43.3)
Peptide 10 4(2.7) 4R2.7)  4(27) 4.7 427) 427 427 427

Table 3.12MICs of mastoparan and peptide 10 against coligiistantA. baumanniin the presence of

different percentage of albumin.

The results represented in the table 3.12 showaddchtastoparan had a high affinity for
the albumin, having almost the same MIC values lsnwit is incubated with human
serum, however the activity of peptid® remains the same, this information together
with the one obtained when MICs are performed Witinan serum, suggest that it has

a high affinity for a protein or compound presanthe serum different than albumin.

3.3. Mechanism of action of mastoparan and analogs

Two different approaches were used in order targgght in the mechanism of action
of mastoparan and the analogs synthesized. Thefipsoach was based on the use of a
leakage assay, this experiment will allow us toeham idea of how lytic is the peptide
tested quantifying the amount of carboxifluorescegleased by each peptide
synthesized, using different lipid compositions.eTBecond approach was using
transmission electron microscopy (TEM), to obsdiwe effect of the peptides in the

bacterial membrane.
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3.3.1. Leakage

Leakage assays were performed using two differerlbnane mimetics, a negatively
charge membrane, mimicking bacterial membranesaamelitral membrane. Negatively
charged membranes are composed by phosphatidybdginaine (PE), cardiolipin (CL)
and phosphatidylglycerol (PG) (63:14:23), this cosipon was fronP. aeruginosaut
due to its high similarity wittA .baumanniit can be used as well (180). 0.1, 0.25, 0.5,
1, 10 and 50 pM are the concentrations of peptigesl to test the ability of them to

release carboxyfluorescein from the liposome. (Bggi11)

Leakage assay negative liposomes -5
120 =12

=
o
o
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o
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Figure 3.11. Percentage of carboxyfluoriscein iddaof all the mastoparan analogs at different

concentrations using negatively charged liposomes.

The Figure 3.11 shows the percentage of releasaai peptide at the concentrations
commented below. No release is observed at coratemts below 1uM. At 10 uM it is
possible to observe differences between all theiges Most of the active peptides
against colistin-resistant strains Af baumanniihad a higher ability to release the
fluorophore from the negative liposomes. Pepfidad a 87% of release followed by
mastoparan and peptidewith 72 and 60 % respectively. The next peptitie, thange

of D-lysine for a D-ornithine (peptide?2), had a MIC of 43-86 uM and a percentage of
release of 57%, however the following peptideshlwith 53% of release have a lower
MIC, the peptidel3 (2.7 uM) and5 (MICs between 10.5 and 42 uM). The next three
peptides2,3 and4, had both high MICs and middle release values) @&, 37 and 35%
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respectively. All these peptides commented releadlethe carboxifluorescein present
inside the liposome at 50 uM. The last four peptidere the less active in terms of
bothin vitro activity againstA. baumanniiand carboxyfluorescein release. For peptide
8, the percentage of release at 10 uM was 14% amdased up to 51% at 50 puM,
peptide 11 released 10% at 10uM and increased up to 38% wipesomes were
incubated with 50uM of the peptide. The last thyeptides,7, 9 and14, had high MICs
and a very low release values at 10uM with 10960atM the only peptide in which it
was possible to observe a slightly increase waeptide7 which increased up to 20%,
the other two peptides maintain their values atiagol 0%.

Leakage assay neutral liposomes
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Figure 3.12. Percentatge of carboxyfluoriscein asde of all the mastoparan analogs at different

concentrations and using neutral liposomes.

The values observed for the neutral liposomes (ERGQlesterol)(5:1) are showed in
figure 3.12. According to the results obtained thay be divided into four groups, the
best compound was peptid6, with a 65% of carboxyfluorescein release at 50jiid,
second group that was composed by peptldegd, 5, 12, 3, 2, 6 and5, the percentage
of release of all these peptides went from 44% 6% 3t 50uM. The peptidél and
both retro peptides and9 belonged to the third group, the percentage efass were
20, 19 and 17% at 50uM respectively, and the lastg with almost no activity
observed neither at 10uM nor at 50uM with valuss klan 10%, these peptides were

numberl4 and?.
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3.3.2. Transmission electron microscopy.

(Samples were prepared by Dr. Carmen Lépez)

The effects of mastoparan and pepti@eon the cell morphology of colistin-resistat
baumanniiwere also investigated by transmission electrocrescopy. Untreated cells
of A. baumanniiin LB medium showed a normal morphology with ardamaged
structure of any of the membranes (figure 3.13)teAfl hour of incubation with
mastoparan and the peptid® version (at MIC for each peptide), it was possitde
observe that bacteria had a considerable damageb$srving some fractures in the
membrane in both bacteria incubated with mastopérgare 3.14) or incubated with
peptidelO (figure 3.15). We can not claimed with the infotroa obtained in the TEM
studies that the mechanism of action of this pegtid due to a membrane disruption or
permeabilization but with the data obtained wita kakage experiments and also with
all the information known about the mechanism aioacof all the mastoparan peptides
family, it seems that this is the mechanism in Whtwe peptides might kill bacteria.

Figure 3.13. TEM of untreated colistin-resistAnbbaumannicells.

97



Peptides and peptidomimetics active against coligsistant species

. - 'u,,_‘;' -
Lo ey I Akt g
a
¥ 4 ~ d ==

Figure 3.15TEM of peptide 10 incubated with colistin-resistAntbaumannicells

3.4. Frog-skin peptides against colistin-resistami. baumannii species.

The approach used since now was to tested diffe@nimercial natural peptides, and

the following optimization of the hit, however ini$ part of the chapter we are going to

use a new approach by using a completely new peptith this case we tested six

peptides isolated from frog-skin secretions, thkwvas done in collaboration with

Prof. Conlon from United Arab Emirates Universithe group of Prof. Conlon bought

the crude secretions, and isolated the peptidgsulifying it. The peptides isolated are

showed in table 3.13.
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Peptide Primary structure LCso(ng/mL)
[G4K]XT-7 GLLKPLLKIAAKVGSNLL-NH , >1000
[E4K]alyteserin-1c GLKEIFKAGLGSLVKGIAAHVAS-NH , >1000
PGLa-AM1 GMASKAGSVLGKVAKVALKAAL-NH >1000
B2RP-Era GVIKSVLKGVAKTVALGML -NH, 560
CPF-AM1 GLGSVLGKALKIGANNLL -NH, 300
[D4K]B2RP GIWKTIKSMGKVFAGKILQNL -NH, 250

LC 5o Mean concentration of peptide producing 50% haegiwly three independent experiments.

Table.3.13. Primary structures and haemolytic @i/ (LC50) against human red blood cells of ttog f

skin-derived antimicrobial peptides used in thiglgt

Six peptides were isolated from different souré&B8F-AM1 and PGLa-AM1 are from
Xenopus amiet{181), B2RP-ERa is fromlylarana erythraea(182), [E4K]alyteserin-
1c is from Alytes obstetricang183), [D4K]B2RP is fromLithobates septentrionalis
(184) and [G4K]XT-7 is fron&ilurana tropicalis(185).

The first assays performed prior to be testedrtsracrobial activity was the hemolytic
assay. In this assay it was possible to observettinae of the peptides had a low
hemolytic activity, with a LG of more than 1000 pg/mL, the other three peptides,
B2RP-ERa, CPF-AM1 and [D4K]B2RP had ¢4 values of 560, 300 and 250 pg/mL
respectively.

All six peptides were tested against both colisisistant and colistin-susceptible
Acinetobacterspecies strains. The colistin-suscepti@netobacterstrains used were
the ATCC 19606, one strain dicinetobacter nosocomialiand six strains ofA.
baumannii clinical isolates each one with different featur&®r colistin-resistant
strains, three lab generated mutants (Avdoaumanniiand oneA. nosocomialis the
other three strains used colistin-resistant werbaumanniiclinical isolates. The results
of the MIC assays are showed in table 3.14 aneé tall5.
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Peptide Acinetobacter sp.Strains

mg/L (UM) 19606 77778 G13 NM8 NM35 NM75 NM109 NM124
[GAK]XT-7 32(17.3) 32(17.3) 4(2.2)  32(17.3) 32(17.3) 32(17.3) 16(8.7) 16(8.7)
[E4K]alyteserin-1c ~ 8(3.5)  8(3.5) 8(3.5) 8(3.5) 16(7) 8(3.5) 4(1.8) af1
PGLa-AM1 64(30.9) 64(30.9) 128(61.9) 16(7.7) 16(7.7) 16(7.7)  16(7.7) 16(7.7)
B2RP-Era 32(17)  32(17) 8(4.2) 32(17)  32(17) 16(85)  32(17) 2(13)
CPF-AM1 64(39.5) 64(39.5) 128(78.9) 16(9.9) 16(9.9) 16(9.9)  16(9.9) 16(9.9)
[D4K]B2RP 16(6.9) 8(3.4) 8(3.4) 8(3.4) 8(3.4) 8(3.4) 4(1.7) (13
Colistin 0.5(0.43) 2(1.7) <0.5(<0.43) 1(0.86)  1(0.86)  1(0.86) <0.5(<0.43%0.5(<0.43)

Table 3.14. Minimum inhibitory concentrations (myp/f the frog skin-derived antimicrobial peptides

against colistin-susceptible strainsAsfinetobacter baumannéindAcinetobacter nosocomialis

Peptide Acinetobacter sp.Strain

(mg/L) (UM) 19606 mutant 77778 mutant G13 mutant Ab22P Abl Ab113
[GAK]XT-7 4(2.2.) 32(17.3) 4(2.2) 8(4.3) 32(17.3) 64(34.7)
[E4K]alyteserin-1c 4(1.8) 8(3.5) 8(3.5) 4(1.8) 8(3.5) 16(7)
PGLa-AM1 16(7.7) 64(30.9) 16(7.7) 16(7.7) 64(30.9) 128(61.9)
B2RP-ERa 8(4.2) 64(34) 8(4.2) 8(4.2) 32(17) 64(34)
CPF-AM1 4(2.5) 64(39.5) 8(4.9) 8(4.9) 64(39.5) 128(78.9)
[D4K]B2RP 4(1.7) 16(6.9) 16(6.9) 8(3.4) 16(6.9) 16(6.9)
Colistin 256 (221.6) >256 (>221.6p>256 (>221.6) 64(55.4) >512 (>443.3)256 (221.6)

Table 3.15. Minimum inhibitory concentrations (myp/f the frog skin-derived antimicrobial peptides

against colistin-resistant strainsAxinetobacter baumannéindAcinetobacter nosocomialis

Peptides [E4K]alyteserin-1c and [D4K]B2RP, werdddsagainst multi-drug resistant
A. baumanniipreviously (183, 184), and with these MIC assagdgomed confirmed
that are the best two peptides with MICs betweeand 16 mg/L, the rest of the
peptides tested had higher MICs with doble digitigs.

For colistin-resitanAcinetobacterstrains, the values are similar or slightly betserme
of the peptides that had high MICs for colistinerible strains had good MIC values
in colistin-resistant strains, however the best tides were still the same,
[E4K]alyteserin-1c and [D4K]B2RP, and the MIC vaduer both were also between 4
and 16 mg/L.
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3.5. Active peptidomimetics against colistin-resisint Acinetobacter
baumanii

This work have been done in collaboration with pssbr Paul Savage from (Brigham

Young University).

3.5.1. Ceragenines used in the experiments

Ceragenines or also called CSA (Cationic steroidibemics), are antimicrobial
compounds derived from the original structure oblichacid. As shown in the figure
3.16, cholic acid has a large planar structure withighly hydrophobic face (upper face
in the figure); a more hydrophilic face (lower faoethe figure) containing three polar
hydroxyl groups; and a highly polar charged taihématively charged carboxylate ion
at physiological pH). The anphipaticity of the dbacid molecule is even increased in
the structure of ceragenins (figure 3.17), thatpokébee hydrophobic face of cholic acid
and contain several cationic groups (at physioklggH) in the hydrophilic face.
Ceragenins have no peptide bonds but due to thihigethic structure, similar to that

of several antimicrobial peptides, are classedegsigpomimetics.

b)

OH OH
OH

OH cholic acid

Figure 3.16. a) planar representation of cholid.ag) chair representation of cholic acid

Ceragenins are promising compounds that could segerantimicrobial peptides in
terms of metabolic stability or toxicity. In our s the peptidomimetics used for the
experiments were supplied by Professor Paul Savage, the structures of these

compounds are showed in figure 3.17
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Iz

HN /\/\o\\\“"'
CSA-131

Figure 3.17. Chemical structure of ceragenins used.
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The modification of the cholic acid for CSA-13, C881 and CSA-138 in the
hydrophilic face was by converting the three hygtayroups into three aminopropyl
ethers (positively charged at physiological pH).r FGSA-44 the modification
introduced to cholic acid is an aminopropyl esthBEne highly polar charged tall
containing a carboxylate, was modified to obtageeondary amine that was substituted
by octyl, dodecyl and tridecyl in CSA-13, CSA-131daCSA-138, respectively. The
modification of the carboxylate group of the CSA-ié4s performed introducing an

octyl esther.

3.5.2. In vitro activity of Ceragenins against colistin-resistanand colistin-
susceptibleA. baumannii, K. pneumoniae and P. aeruginosa.

The initial aim was to test these ceragenins agaiaBstin-resistantA. baumannii
however in order to know if these compounds were &b be active against several
colistin-resistant bacteria, were also tested agdiath colistin-resistar€. pneumoniae

andP. aeruginosastrains. Results are showed in table 3.16

MIC
(mg/L) A. baumannii K. pneumoniae P .aeruginosa
(UM]
ceragenins Col-S col-R col-S col-R col-S col-R
138 2[2.7] 4[5.4] 16[21.4] 16[21.4] 1[1.3] 1[1.3]
13 4[5.9] 4[5.9] 8[11.8] 16[23.6] <0,5[<0.7] <0,5[<0.7]
131 2[2.7] 2[2.7] 8[10.9] 8[10.9] <0,5[<0.7] <0,5[<0.7]
44 8[10.9] 4[5.4] 4[5.4]  16[21.8] 1[1.4] 1[1.4]

TableX.16. MIC of the ceragenins against colistiseeptible and colistn-resistaAt baumannii K.

pneumoniaandP. aeruginosalinical isolates.

Four diferent ceragenins were tested against botistio susceptible and resistant
strains ofA. baumanniiK. pneumoniae@ndP. aeruginosaln A. baumannii CSA-131
showed the best results with a MIC of 2 mg/L fottbstrains. For CSA-138 the MIC of
colistin-susceptible was also 2 mg/L and 4 mg/Ltfa colistin-resistant strain, which
was the same value for CSA-13 in both strains. @84Awad a MIC of 4 mg/L for the
colistin-resistant strain and 8 mg/L for the cahstusceptible.
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For K.pneumoniaethe best results correspond to CSA-131 with a MIC3 mg/L
against both colistin-susceptible and colisting&sitK. pneumoniaestrains, CSA-13
and CSA-44 had the same values, with 8 mg/L anohd& for colistin-susceptible and
colistin-resistant respectively. CSA-138 showedifiL for both strains.

CSA-131 and CSA-13 showed the best resultsPfoaeruginosashowing a MIC less
than 0.5 mg/L for both colistin-susceptible andistesit. The MIC of CSA-138 and
CSA-44 was slightly higher being 1 mg/L.

All the ceragenines had a good activity againsttadl strains, specially interesting was
the activity againsP. aeruginosalt was also important to point out that ceragsriiad
a good activity independently of the grade of tesise to colistin of the strain, having
approximately the same MIC in both strains, spiciah A. baumanniiand P.

aeruginosa

3.5.3. In vitro activity of ceragenins against a collection oA. baumannii and P.
aeruginosa.

The best results were obtained when working vwithbaumanniiand P. aeruginosa
although the results agairtst pneumoniaavere relatively good, we discarted it due to
its doble digit values in some MICs.

As it was done in the initial screening of the amt¢robial peptides, MIC assays were
performed using more strains, all of them werestiolisusceptible, however the results
of both colistin-resistant and colistin-susceptiate similar. The reuslts are showed in
Table 3.17

MIC (mg/L) A. baumannii (15) P. aeruginosa (15)
[UM]
ceragenins MICsq MICqyq MICso MICyq
138 2[2.7] 4[5.4] 2(2.7] 4[5.4]
13 2[2.9] 8[11.8] 4[5.9] 4[5.9]
131 2[2.7] 2[2.7] 1[1.4] 2[2.7]
44 4[5.4] 8[10.9] 4[5.4] 8[10.9]

Table 3.17. MIG, and MIG, of the ceragenins against colistin-susceptible eolistin-resistantA.

baumannij andP. aeruginosalinical isolates
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A collection of 15 diferents clinical isolates wetested against CSA-131, CSA-13,
CSA-44 and CSA-138. IA. baumannii,CSA-13, CSA-131 and CSA-138 showed a
MIC5p of 2 mg/L,and one dilution higher for CSA-44 with 4 mg/L. TRECy, of CSA-
131 and CSA-138 maintain the same value, 2 mg/LfoutCSA-13 and CSA-138
increased up to 8 mg/L.

In the case oP. aeruginosathe best results belonged to CSA-131 showing A_ragd

2 mg/L for MIG, and MIGy respectively. The results for CSA-138 were 2 mgi.
MICs0 and 4 mg/L as Mlgy. Both CSA-13 and CSA-44 showed the same MG 4
mg/L, however in the Mlgyg CSA-44 increased up to 8 mg/L while CSA-13 stayéith w
the same value.

The results obtained reaffirm the good activity thiese compounds againgt
baumanniiandP. aeruginosahighlighting CSA-131 as the best compound witldp

MICs against all the strains.

3.5.4. Time-killing curves experiments.

Time-killing curves were performed for CSA-131 irder to observe the behaviour of

this ceragenin againdA. baumanniiand P. aeruginosa The results are showed in

Figure 3.18.
a)
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b)
Killing curve P. aeruginosa colistin-R
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Figure 3.18. Results of time-killing experiment}y.calistin-resistanA. baumanniincubated with CSA-

131. b) colistin-resista®. aeruginosancubated with CSA-131.

For P. aeruginosaboth 4xMIC and 8xMIC were bactericidal throughdbé curve,
however MIC and 2xMIC were bactericidal only at#da8h and observing a regrowth
at 24h.

In the case of. baumanniionly 8xMIC was bactericidal along the curve, ba#MIC
and 4xMIC were bactericidal at 1, 4 and 8h andgaoweth was observed at 24h, for the

MIC only bactericidal activity was observed at 4h.

During these chapter, three different approachesehéeen presented. In the first
approach, focused on mastoparan and analogs, thaultee obtained were not

satisfactory, although alternatives are suggestedoider to achieve better in vivo

activities. Natural peptides tested from frog-sk&ecretions have shown good
antimicrobial activity, however due to its sequencenight be a very susceptible
peptide for the action of proteases and peptidasesfurther optimization should be
performed prior to in vivo studies. Finally, theragenins, due to its structure, should
avoid all the problems commented for the frog-sldoretions peptides, and should be

good candidates to be active in vivo.

106



Chapter 4

Chapter 4

Development of hexacglic
peptides as ompA
Inhibitors

107



Development of hexacyclic peptides as OmpA inhiiito

108



Chapter 4

Context

OmpA is an important virulence factor, and is oh&he most abundant proteins in the
cell wall. OmpA is the most important protein invetl in the adherence to eukaryotic
cells. Together with the group of Dr. Jeromino Farctve set up a project in which the
approach was different from the typical antimicedlaigent discovery. In this case the
idea was to find out a compound able to inhibitabdberence between ompA and the
epithelial cells. Therefore, we design a cyclictmable to block the activity of the
OmpA.

4.1. Protein homology, and virtual screening of EX®IS library

The initial hypothesis was to synthesize compouwatule to block the adherence effect
of ompA to the epithelial cells. OmpA is a highlgnserved protein in most of the
Gram-negative bacteria. This 325-residue proteia thaught to contain two domains.
The classic N-terminal domain, consisting of 17liremacid residues, was shown to
cross the membrane eight times in antipargistrands with four relatively large and
hydrophilic surface-exposed loops and short pesipla turns. The C-terminal domain
is located in the periplasm, and binds to the peglycan thus connecting it to the
outer membrane In the PDB (Protein Data Bank), sofm@e structures are reported,
two from X-ray and other two from NMR, but all ¢feam belong tde. coli. figure 4.1
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Figure 4.1. Chemical structure of OmpA.

The size of the pore of the trasmembrane protelretaeen 13 to 16 A, this size fits
quite good with the hexacyclic peptide library mmtsin our lab called EXORIS.
EXORIS library is a hexacyclic simetric peptidersiby containing all types of amino
acids, but always with two prolines in it. EXORI8rary cover all types of properties,

polar, none polar, positively and negatively chdrgeomatic.

After analyzing all the data from the PDB relatedl dmpA, no structure ofA.

baumanniiwas found, however, and taking into account tigi liomology of ompA in
all the Gram-negative bacteria, an homology moeaéing E. coli structure as a
template was performed using I-TASSER program. Othee protein was obtained
virtual screening of the EXORIS against the new Angotein was launched. The

results obtained are showed in the table. 4.1jratite figure 4.2 to 4.8.
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Cyclic peptide

Docking score

&Arg-D-Pro-Trp-Arg-D-Pro-Trp&
&D-Trp-Pro-Arg-D-Trp-Pro-Arg&
&Arg-Pro-Trp-Arg-Pro-Trp&
&Trp-Pro-Arg-Trp-Pro-Arg&
&Trp-Pro-D-Arg-Trp-Pro-D-Arg&
&Arg-Pro-D-Trp-Arg-Pro-D-Trp&
&Arg-D-Pro-D-lle-Arg-D-Pro-lle&
&Trp-D-Pro-Arg-Trp-D-Pro-Arg&
&Arg-D-Pro-lle-Arg-D-Pro-lle&
&Ser-D-Pro-Trp-Ser-D-Pro-Trp&
&Ser-D-Pro-D-Trp-Ser-D-Pro-Trp&
&Ser-D-Pro-D-lle-Ser-D-Pro-lle&
&Ser-D-Pro-lle-Ser-D-Pro-lle&
&D-Ser-Pro-Ala-D-Ser-Pro-Ala&
&Glu-D-Pro-Trp-Glu-D-Pro-Trp&
&lle-D-Pro-D-Trp-lle-D-Pro-Trp&
&Ser-D-Pro-Ala-Ser-D-Pro-Ala&
&lle-D-Pro-Trp-lle-D-Pro-Trp&
&D-Arg-Pro-Trp-D-Arg-Pro-Trp&
&Ser-D-Pro-Glu-Ser-D-Pro-Glu&
&Glu-D-Pro-D-Trp-Glu-D-Pro-Trp&
&Ser-D-Pro-D-Glu-Ser-D-Pro-Glu&
&Ser-Pro-Ala-Ser-Pro-Ala&
&Glu-D-Pro-lle-Glu-D-Pro-lle&
&Glu-D-Pro-D-lle-Glu-D-Pro-lle&
&Gly-Pro-Ala-Gly-Pro-Ala&

-10.8
-10.6
-10.3
-10.0
-9.2
-8.9
-85
-85
-8.2
75
7.4
7.3
7.2
7.1
7.0
-6.8
-6.8
-6.7
6.1
6.1
6.1
6.1
5.6
4.6
4.4
2.9

Table 4.1. Docking score of all the peptides frowem EXORIS library.
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The information that it is possible to extract fréhe in silico experiments have to be
taken into account very carefully, due to the fiett the protein on which the virtual
screening was performed is just a protein obtafred the homology model. In spite of
the problems commented previously, the resultsidtawere really interesting, it is
important to point out that the best six compoundsl the same amino acids
(Pro/Arg/Trp). The only difference between eacheotis just a change in the sequence
and the different stereochemistry present in eacmpound.

Figure 4.2 Different orientations and picture reggrgations of a cyclic hexapeptide and ompA complex
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Figure 4.4 Different orientations and picture regargations of a cyclic hexapeptide and ompA complex

113



Development of hexacyclic peptides as OmpA inhikito

Figure 4.5 Different orientations and picture reggrgations of a cyclic hexapeptide and ompA complex

'

Figure 4.6 Different orientations and picture regarations of a cyclic hexapeptide and ompA complex
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Figure 4.7 Different orientations and picture reggrgations of a cyclic hexapeptide and ompA complex

Figure 4.8 Different orientations and picture reggrgations of a cyclic hexapeptide and ompA complex

4.2. Synthesis of the hexacyclic peptides.

Several of the EXORIS library peptides were synitegsin order to be tested as ompA
inhibitors. The peptides selected are showed irtahke. 4.2.
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n° Cyclo peptide Rational

MV6 &Arg-D-Pro-Trp-Arg-D-Pro-Trp& Candidate (Trp,Arg)

MV5 &Trp-D-Pro-Arg-Trp-D-Pro-Arg& Sequence change

MV3 &D-Arg-Pro-Trp-D-Arg-Pro-Trp& Different stereosiome

MV8 &Arg-Pro-D-Trp-Arg-Pro-D-Trp& Different sterecisome

MV9 &Ser-D-Pro-Trp-Ser-D-Pro-Trp& Arg replaced by Ser

MV10 &Glu-D-Pro-Trp-Glu-D-Pro-Trp& Arg replaced by Glu
NBAO1011 &Ala-Ser-D-Pro-Ala-Ser-D-Pro& No Trp

SXV4 Ac-Trp-D-Pro-Arg-Trp-D-Pro-Arg-OH Negative control

Table 4.2. Peptides selected from EXORIS librargesynthesized taking into accoimsilico results.

& symbol means cyclic peptides.

The peptides were synthesized using SPPS, the tessd was the 2-Chlorotrityl

chloride. The procedure used is explained in matand methods section. In the Figure

4.9 it is possible to observe the HPLC and MALDIH Gpectra of all the peptides

synthesized.
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SXV4 (Ac-Trp-D-Pro-Arg-Trp-D-Pro-Arg-OH)

935107
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Minutes

4.3.1n vitro evaluation of the peptides.

(This worked was performed by Dr. Smani in the IBI&m the Hospital Virgen del
Rocio, Sevilla).

The aim of developing these compounds, as prewiaugintioned, was to inhibit the
adherence between bacteria and eukaryotic cedsefthre two important features are
necessary for these compounds, these are: i. potirstp antibacterial activity by itself
and ii. no cytotoxic activity. The first assays fpemed were the MTT assays in order to
calculate the rate of toxicity of these peptided #me MIC against a\. baumannii

strain, the results are showed in the table 4.3.
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Cell viability (%) MIC (mg/L)
Peptide concentrations

Peptide 0,25 mg/mL 0,5 mg/mL 1 mg/mL ATCC 17978
MV6 98,89+0,41 99,69+0,26 99,70+0,38 >500
MV5 98,09+0,27 98,33+0,40 98,48+0,55 >500
MV3B 99,47+0,39 99,77+0,17 100,13+0,18 >500
MV8 99,27+0,21 99,7+0,14 99,3610,3 >500
MV9 98,86+0,08 100,05%0,39 98,89+0,43 >500
MV10 98,31+0,35 99,14+0,44 99,38+0,34 >500
NBA010011 98,17+0,60 98,79+0,28 98,55+0,21 >500
SXV4 98,9+0,45 99,51+0,26 100,02+0,37 >500

Table 4.3. Percentage of cell viability at

peptides.

differgreptide concentrations and MIC of the different

As it is possible to observe in the table above; ahthe peptides tested showed

antibacterial nor cytotoxic activities at the comications tested, therefore the next step

was to test the ability of these peptides to blibekinteraction between eukaryotic cells

and bacteria. The results obtained are showectifkitjure. 4.10
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SXV4
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Figure 4.10. Percentatge of bacterial adherenckffatent peptide concentrations in different pdes.
*p<0.05, treatment vs ATCC17978.

Analyzing the results of adherence, it was posgiblgbserve that the best compound in
the docking experiments (MV6) decrease the adheramound 60% in all the three
concentrations tested, and with just changing thguence for an Arg-Trp (MV5)
instead of Trp-Arg the adherence decreases to 20 B4ng/mL, and for this peptide the
percentage of adherence was depending on the pejatictentration.

If we move the D-stereochemistry to the Arg (MV3®&)mpared to the besgt silico
compound (MV6), the activity was similar comparedtVe, with a 40 % of adherence
at the highest concentration (1 mg/mL), the activaf this peptide was also
concentration dependent. Next stereochemistry c@hamgas moving the D-
stereochemistry to the Trp, the activity (MV8) waserse, and surprisingly the most
active concentration is the lowest (0.25 mg/mL)this case the activity of the peptide
is reverse to the peptide concentration. The neatpeptides are different than the ones
tested previously, in this case the Arg was regldnea Ser (MV9) and a Glu (MV10)
in order to have an idea of the behavior of hex@acyeptides containing other type of
amino acids. The results for MV9 were peptide catregion dependent and the best
result was achieved in the highest concentratia@d & mg/mL) with around 30 % of
bacterial adherence, for the peptide with the Gauresults were worse with a bacterial
adherence of around 60 % in all the three concemtiatested. Peptide NBA01011 was
tested in order to check the behavior of the cypéptide without neither Arg nor Trp,
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in this case Ala and Ser were used, and surprigisgime activity was observed with an
inhibition of the 70 % of the adherence at 1 mg/mL.

All the peptides, had at least some activity dfiliting the adherence of bacteria to
cells, however some demonstration that not alptyatides were able to bind was need,
therefore a lineal peptide of the bastvitro compound MV5 was synthesized, with a
carboxylic acid group as a C-terminal and acetglatethe N-terminal, and the results

of this compound were the expected ones with nibitibn in the adherence (SXV4).

On comparing the data obtained in the docking empeits and in thén vitro assays it
was possible to show that the initial silico assays fitted really good with the results
obtained, eventhough the protein used was noteifleone, therefore after analyzing all
the data MV5 was chosen as the candidate to canpatforming all the assays initially
planned.

A large quantity of this compound was synthesizatbWing the same procedures as

explained previously.

The inhibition of the bacterial adherence was jiested with a highly antibiotic
susceptibléA. baumanniistrain (ATCC 17978), hence it was necessary taheysame
procedure using a strain with highly resistant gpepftherefore assays using a multi-
drug resistant and pan-drug resistAntbaumanniistrains were performed. The results
are showed in figure 4.11.
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Figure 4.11. a) Percentage of inhibition assay betwcells and a MDR at a different peptide
concentrations. b) Percentage of inhibition assetwéen cells and a PDR at a different peptide
concentrations.

The results for both strains were similar, howewere slightly better as less resistant
was the strain, thus it was possible to obsenamge of activity starting with the ATCC
17978 with a 20 % of adherence at 0.5 mg/mL, fa Hame concentration the
percentage of adherence in MDR strain increase® B9 % and going further with a
PDR strain, it doubles the percentage of bactedalerence with 40 % at 0.5 mg/mL.
Although the values increases when the resistahtteecstrain increases the percentage
of inhibition was still really good, by inhibitin§0 % of adherence in a strain resistant
to all the antibiotics.

In the article published by Smaeti al (186), they demonstrate that the protein from the
cells that was involved in the adherence to baxtesas fibronectin. Fibronectin is a
high molecular weight protein (440 KDa) presenthia extracellular matrix, it exists as
a protein dimer, consisting of two nearly identicabnomers linked by a pair of
disulfide bonds. Fibronectin plays a major rolec@ll adhesion, growth, migration, and
differentiation, and it is important for processegh as wound healing and embryonic
development (187). Altered fibronectin expressidagradation, and organization has

been associated with a number of pathologies, dmfpcancer and fibrosis (188).
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The idea was to quantify the percentage of bactdtached to fibronectin in order to
know that the real inhibition was by blocking tligeraction. It was tested against the

same three different strains previously used. Esealts are showed in the Figure 4.12.
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Figure 4.12. a) Percentage of adherence betwesmnébtin and a very susceptible strain at a differe
peptide concentrations. b) Percentage of adhefeeivecen fibronectin and a MDR strain at a different
peptide concentrations. c) Percentage of adhereateeen fibronectin and a PDR strain at a different

peptide concentrations. *p<0.05, treatmenAvdaumannii

In the figures above it is possible to observe thatcompound MV5 inhibit in between
50 and 60 % the adherence between fibronectin aattia. It is important to highlight
that the amount of fibronectin attached was theesamall the strains used, however in
the previous assays, the adherence was differethandifferent resistant strains,
therefore this may suggest that MV5 could blockeotliactors involved in the

attachment of the bacteria.

Another way to measure the effectiveness of thiepgmund was by calculating the cell
viability in presence of the compound. Since theriaction between eukaryotic cell and
bacteria produces the death of the cells, theabtbe peptide should be to keep more
cells alived. The results of the experiments cdraet are showed in the figure 4. 13.
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Figure 4.13. a) Percentage cell viability when leted with a very susceptible strain and peptide at
different concentrations. b) Percentage cell vigbivhen incubated with MDR strain and peptide at a
different concentrations. c) Percentage cell vigbivhen incubated with PDR strain and peptide at a

different concentrations. *p<0.05, treatmen#vdaumannii

The results shown in figure 4.13 are very intengstin the most susceptible strain, the
percentage of cell viability increases from arol®®o to more than 80 % when 0.5
mg/mL of MV5 was added, however when SXV4 is addethe same concentration,

no effect is observed. When dealing with a moréstast strain such as a MDR, it

increases from 80% to 100 % of cell viability, aaslin the previous case the effect of
SXV4 was negligible. In the case of PDR bacterianamnease from more than 70% to
more than 90 % was observed. It is worthy of mentibat the values used as a

treatment were significantly different comparedhe no treatment.

In all of these experiments performed we have ofesethat this cyclic peptide could be
a good therapeutic option to tréatbaumanniinfections, therefore we decided to carry
out somen vivo experiments. The first experiments performed vileeetoxicityin vivo,

the results obtained are showed in the Table 4.4.

LDO LD50 LD100

" MV5 (mg/kg) 40 80 160

Table 4.4. Toxicity of MV&n vivo.
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The results obtained showed that a dose of 40 mglKagf the mice were alive after 1
week, when a double dose was injected the percemtagurvival mice was reduced to
50, and when 160 mg/kg was administered no surweal observed.

Next step was to determine the &DThe concentrations used were 10, 20 and 40
mg/Kg. The doses were administered 2h after thectidn with a lethal dose, and the
strain used for this experiment waasbaumanniATCC 17978.

MV5 (mg/kg)
10 20 40
Survival (%) 66,67 83,33 50

Table 4.5. El, of MV5 at different doses..

The three doses tested causes more than 50% ofauthierefore the best results were
obtained with 20 mg/Kg, with which 83.33 % of swali is achieved. However going
up in the doses with 40 mg/Kg the survival decrease50% probably due to the
combination between the infection damage and thecitp of the peptide. The

percentage of survival when 10 mg/kg was admirestevras 66.67.

After calculating the EB, the local effectiveness of the peptide was datexd) thus a

murine sepsis peritoneal model was performed ampodips of mice were used. A
group control one the other three with doses at434and 72h respectively. In each
group the amount of bacteria in lungs and spleere walculated. The results obtained

are showed in table 4.6.
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Strain and treatment n Spleen bacterial  Lung bacterial
concentration concentration
(Log CFU/qg) (Log CFU/qg)
ATCC 17978 (control) ' 6 952+017  978+017
ATCC 17978 + MV5 10 mg/kg
6 8.79+£0.16 9.21+0.28
24 h
ATCC 17978 + MV5 10 mg/kg
6 6.9 +1.32 6.81+1.31
48 h
ATCC 17978 + MV5 10 mg/kg
6 548 +1.34 5.97+1.46

72 h

Table 4.6. Log CFU/g in spleen in lungs in the fdifferent groups.

The first group was sacrificed 24h after the infettand the log CFU/g was 9.52 and
9.78 for spleen and lungs, respectively, when & d8 mg/Kg) 2h after the infection

was administered the amount of bacteria decreas&3 9 and 9.21 log CFU/g in spleen
and lungs, respectively. When 2 doses were adraredt at 2h and 24h after the
infection the amount of bacteria in lungs and spleecreases considerably with values
around 7 log CFU/g, and with 3 doses the value®ween better achieving 5.48 and

5.97 log CFU/g in lungs and spleen, respectively.
The last experiments performed were the pharmaetkiof this compound, 10 mg/Kg

were injected to several mice and at different §ijriee concentration of peptide in the

serum of the animal was calculated. The resultslaogved in figure 4.14.
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Concentration of peptide in vivo
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Figure 4.14.Concentration of MMB vivo at a different times using a dose of 10 mg/Kg.

The results obtained in the pharmacokinetic anslgse showed in the figure above
indicate that the maximum concentration achievedheypeptide was around 12 mg/L
at 30 minutes, and the half-life time of the MV5saaightly less than 50 minutes as it
is showed in the red line

In summary from the work reported in this chaptee have indetified an hexacyclic
peptide able to inhibit the virulence of severabAumannii strains both in vitro and in
vivo trough a novel mode of actionbased on blockivgbinding of bacteria OmpAto

host-cell fibronectin.
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Nowadays daptomycin and colistin are, together ik glycopeptides, the peptidic
antibiotics used in the clinical setting. The r&mise to daptomycin and colistin in the
different microorganisms is steadily increasinggrétfore our work in the first part of
this doctoral thesis focused in the study of theclmeisms of resistance @.
nosocomialiandsS. mitisto colistin and daptomycin, respectively.

The mechanism of action of daptomycin is associatgld the depolarization of the
membrane of the Gram-positive bacteria. Among titertial mechanisms of resistance
to daptomycin an increase of the thickness of well is considered. In daptomycin-
resistantS. aureusthe thickness of the cell increases or decredsi®) (ndependently
of the resistant grade. In our study regardingéséstance to daptomycin $ mitis an
slight increase in the thickness of the cell wadlsvobserved in the daptomycin-resistant
strain compared to its daptomycin-susceptible cnairt, however this difference was
not significant enough to be considered as a mesmmaof resistance to daptomycin,
therefore, there was not an strong evidence tlsstegce to daptomycin implicates an
increase of the cell wall thicknessSn mitis.

After not being successful with the first hypottsesf the implication of the increase in
cell wall thickness, the idea of using a proteompproach to compare the protein
expression between daptomycin-susceptible andsta@sistrains was choosen. Several
proteins appeared to be overexpressed or reprassbe daptomycin-resistant strain
compared to the original daptomycin-susceptiblaisirhowever and due to the effect
of daptomycin on the membrane we just focusedfirsaphase in the proteins related
to the membrane. Two proteins have been identifedoe overexpressed in the
daptomycin-resistant strain. The first protein teegtococcal surface immunogenic
protein which is up-regulated 2.26 fold. It is wortof mention that this protein
contains a lysine motif (LysM), the function of shmotif is not well known however it
is thought that it may have a general peptidoglywading function (189). This domain
is typically found in the enzymes involved in thellcwall degradation (190). The
second protein found has an unkown function, how#veas a similar domain to a cell
wall-active antibiotics response protein, in whi¢tiqF/VraSR are included described
in S. aureus(191) andBacillus subtilis(192). In the article published by Ka&b al.
(193), it was found that i8. aureusstrains resistant to teicoplanin (glycopeptidanso
amino acidic changes were observed in the protéutg= and in the two component
system VraSR. VraS is a two component histidinegénsensor, and it has his analog

LiaFSR in Bacillus subtilis this protein is the one involved in the resistano

135



Discussion

bacitracin (194) and YvqF is a conserved hypothéfecotein. Although the function of
YvgF is not known there are strong evidences thebuld be involved in the cell wall
metabolism because is located upstream of vraShenttanscription of this protein is
regulated by VraSR system.

These are the two candidates of being the protaimslved in the daptomycin
resistance irs. mitis If we compare this hypothetical proteins with #ieeady known
proteins involved in daptomycin-resistant $o aureusand EnterococcusVraSR was
also found to be up-regulated in daptomycin resisfar S. aureus(195), and its
homologue inEnterococcus faecali@.iaFSR) was also reported as being involved in
daptomycin resistant (7) by mutations in the genkeenw the genome of both
daptomycin-susceptible and daptmycin-resistantnstraere sequenced. As it has been
reported in the resistance to daptomycin, a twogmmmnt system seems to be involved
in the mechanism of resistance. Another two-compbgegstem is also involved in the
resistance of another peptide which is colistine Tho-component system implicated in
colistin resistance i\. baumanniis PmrAB. It induces the expression of frarC, a
gene encoding a Lipid A phosphoethanolamine traasée which adds
phosphoethanolamine moieties into the phosphatdeofLipid A, which reduces the
negative charge of the outer membrane and therebyedses binding of positively
charged colistin (89, 90). Some mutations in pmrA and pmmB genes are the
responsible of colistin-resistance (88).addition, Moffatt et al. (91) indicated thaeth
basis for polymyxin resistance M baumanniwas mutations in the first 3 genes of the

lipid A biosynthesis pathway, callehxACD, and that this led to complete loss of LPS

production and supersusceptibility to other antibg

A. nosocomialistogether withA. pittii and A. baumanniiconstitute theA. baumannii
group. In the last years the nosocomial importasfc&. nosocomiali@ndA. pittii has
increased, even in some reports the prevalenceesktmicroorganisms as a causative
agent of nosocomial infections is higher that teeorted toA. baumannii(196).
Although overallA. nosocomialiglinical isolates are more susceptible to antilveaite
agents tha\. baumanniigcolisitin-resistantA. nosocomiali€linical isolates have been
reported (197), therefore an investigation of th@aoular bases of colistin resistance in
A. nosocomialisvas carried out. In order to perform this studyighHevel colistin-
resistantA. nosocomialisnutant was obtained by a multi-step method. Dutirgyfirst
steps of selection, the mutants obtained tolem@listm up to a concentration of 8 mg/L,
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however the MIC of colistin of these mutants wakwel mg/L, a sudden increase in
the MIC from < 1 mg/L to 128 mg/L was observed.stalerance may be related to the
induction of specific genes by colistin. The highlistin resistant mutant strain showed
a different phenotype compared to the colistin-spsble wild type strain,
characterized by the lost of the ability to growvdth MacConkey agar and to show
increased susceptibility to different antibactersgents. On comparing the genome
sequence of the susceptible and highly-resistahsticoA. nosocomialisstrains, no
mutations were found in any of the three genes ¢batormed thggmrABC operon,
however although no mutations were neither founth@lpxA andIpxC genes, several
mutations and a stop codon were foundIh@® gene. All the strains before the MIC
increase had no mutations in any of the genes caotetig@reviously, however, after the
break point several mutations, and a codon stopaxed.

In the study by Moffatt and colleagues several mrta in thelpxA and IpxC were
found and only a point mutation in thexD gene consisting in a single base deletion at
the nucleotide 952 generating a frameshift aftemanacid K317. Therefore the stop
codon that we found was located in the nucleotitie, ®efore the above described
mutation. To corroborate that this truncated proteas detrimental for the synthesis of
the LPS, the amount of LPS was quantified by a tlkinehromogenic LAL assay
showing a huge difference in the production of tR& of the colistin-susceptible strain
compared with the colistin-resistant strain. Thasult corroborates that the complete
lost of LPS production is associated with colisésistance irA. baumanniirelated to
Lpx deficiency (91).

A proteomics study of a colistin-resistait baumanniATCC 19606 strain identified
35 proteins, including several outer membrane corapts, whose expression was
downregulated relative to the colistin-susceptfiienotype (198).

Proteomic studies comparing both colistin-suscéptiland colistin-resistantA.
nosocomialisstrains were performed, and the results obtainect weally surprising
observing different results compared with the prote comparison between colistin-
susceptible and colistin-resistantAf baumannii(198). Some of the proteins found in
A. nosocomialisvere the same as found An baumannii however inA. nosocomialis
were up-regulated, and iA. baumanniiwere down-regulated. Observing that these
proteins are up-regulated or down-regulated dodgsmean that this is an effect of
colistin-resistance, because observing the protecongparison between a multi-drug

resistant and very susceptille baumanniistrain some of the proteins observed are the
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same as in the others examples (199). It is algmitant to mention that the strain
obtained has a very susceptible profile with veoyw IMICs against most of the
antibiotics. OmpA was overexpressed M nosocomialis2-fold however inA.
baumanniiit was down-regulated around 3-fold, the samecefie observed in CarO
downregulated 2.35 fold iPA. baumanniiand overexpressed 1.7 times K
nosocomialis This fact have a racional justification, 40 nosocomialist is possible to
observe a decrease in the MIC of ertapenem ancmaip due probably to the effect of
CarO, however irA. baumanniidespite of the fact that CarO was repressed the sam
MIC is observed for imipenem in both strains. Cas@s reported to enhance the
entrance of imipenem, and when it is deficient mechanism of resistance (200). An
hypothesis of the overexpression of ompA in theéstast strain could be explained only
with the theory that colistin could have a parallgracellular mechanism. Colistin-
resistantA. nosocomialisis less virulent than the colistin-susceptible ewbough
OmpA is overexpressed, this information showed het there are other virulence
factors apart from the OmpA. In the case of Omp¥/same contrary effect is observed
compared withA. baumanniiwere decreased levels of this proteins are obdemhen
resistance to colistin exists (201). The hypotethprotein (2.1-fold) that belong to the
NodT family have a role in the inner membrane ieffux system, that export small
molecules. The only proteins that are down-regdlatethe resistance strain are Porin
(OprB) Carbohydrate-selective porift1.9), this protein together with OmpA have
recently been found as a immunogenic protein caelitbr a potential vaccine (202)
and signal peptide protein (-1.2). The first prot& involved in the transit of the
carbohydrate, which probably is directly unrelatedh colistin-resistantce, and the
second protein, which is a peptide, has a roldéndegradation MetA-pathway of the
phenol. The remaining proteins seems to be irr@llevtiis important to highlight that
the colistin-resistanA. nosocomialistrain showed a reduced virulence compared with
its susceptible counterpart. This result is in agrent with what has been shownAn
baumanniiin which it was found thaa more striking reduction of the virulence was
associated with LPS loss than with phosphoetharinkeddition (203; 48). However,
it has also been described that compensatory rangatan restore the virulence of the

colisitin-resistanfA. baumannistrains (204)

We have studied the mechanism of resistance tadpe@intibiotics available in the

pharmaceutical market such as daptomycin and kpliatthough the knowledge of
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these mechanisms of resistance is very importaadtopt different approaches in the
potential discovery of derivatives which circumvetite known mechanism of
resistance, the search for new antibacterial agectise against multidrug resistant
bacteria is desperate. In this semsehaumannihas currently described as an important
problem since pandrug resistant clinical isolatagehalready been reported, therefore
we have focused our efforts in this microorganibmnthe last decade, due to the lack of
develop of new antibacterial agents, the searcimhabitors of virulence factors have
been improved with the aim of blocking the devehgpof the infection. This approach
has several advantages such as, compounds abibilbit & common virulence factor
found in several bacteria or an inhibitor of a lence factor of a specific bacteria can
be developed, this later aspect is important stheehost endogenous microbiome can
be preserved, in addition, this inhibitor will ligeexert a less selective pressure,
therefore none selecting resistance mutants. T¥ereint approaches were followed in
order to discover new drugs active against cohssistantA. baumanniinfections.

The first approach was based on the developingntfieulence drugs. The main target
selected was OmpA, a major porin foundAnbaumannii,since it is one of the main
proteins involved in the adherence of this micramigm to epithelial cells causing
pneumonia, therefore our idea was to develop a oomg capable to interact with this
protein and hence to block the interaction betwiaerbacteria and the cell. We though
that designing cyclic peptides able to interachwite inside part of the channel of the
porin we can achieve this goal. The initial apploa@s to design the cyclic peptides by
usingin silico tools, a virtual screening of an hexacyclic peggitibrary was performed
against OmpA and afterwards the peptides were sgittbd and testad vitro to probe
that indeed they were able to block the activityth®d OmpA. Among the synthesized
cyclic peptides, MV5 shows the best results andoveeeed to thén vivo studies with
this compound, showing an excellent result sincggaificant decrease of mortality
after just one dose of the peptide was observed.

This is the first time that an inhibitor of the Ofpvas developed. As mentioned above
OmpA is one of the immunogenic proteins found ia tuter membrane, therefore it
has also been used as a vaccine to try to immumize and the results were good
achieving high survival percentages (162), a sim#égaproach was followed by
Pachoén’s group, but in this case the vaccine wasonly ompA, since they include
other outer membrane proteins and it was calle@rootembrane complex (OMC)

(205).
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A similar approach searching for a compound ablahdit LpxC, one of the proteins
involved in the cascade of the synthesis of the h®Sbeen reported. This inhibitor did
not kill the bacteria with a concentration lowerath512 mg/l, only inhibit the
production of LPS. LPS is recognized by Toll-lileceptor 4 (TLR4), therefore the aim
of this strategy was to find a compound able tohinh.pxC and the synthesis of LPS,
whit the consequent no activation of the TLR4 anatgrtion of the mice from lethal
infection. (206)

The second approach used was the search for newi@obial agents. Three different
type of compounds were used, different peptidesnfrifferent sources, peptides
isolated from frog skin secretions and a fully $ytic compounds like the ceragenins
which were tested against three different speciesolistin-resistant bacteria. Among
the 15 peptides investigated, cecropin P1, colistialittin, indolicidin and mastoparan
showed activity against colistin-susceptil}e baumannii,but only mastoparan and
melittin showed good activity against both colistiunsceptible and colistin-resistaiut
baumannii It is worthy of mention that the HNP-1 showed dativity only against
colistin-resistanfA. baumanniiln previous studies performed by Saugar et al7\2nd
Rodriguez-Hernandez et al. (132) several hybridtidep composed of a mixture of
cecropin A and melittin showed MICs of 2-8 mg/L aga 13 clinical isolates of
colistin-resistant (4—64 mg/LA. baumannii In our study, the MICs were 4 mg/L for
mastoparan against colistin-susceptidle baumanniiand 1 mg/L for mastoparan
against colistin-resistarhA. baumanniiwith an MIC for colistin of 256 mg/L. On
comparison of the MI§and MIGy of cecropin A—melittin and mastoparan for colistin
resistantA. baumanniithey were found to be slightly lower, by one ootdilutions, for
cecropin A—melittin than for mastoparan. Severatigs have investigated mastoparan
activity, but there has been no report on the agtof mastoparan against baumannii
(208). In the study performed by Giacometti et(a09), a similar set of peptides was
used, but only against colistin-susceptiBle baumannii with buforin 1l (MIC range
0.25-16 mg/L), magainin Il (MIC range 0.50-16 mgAarnd cecropin A (MIC range
0.50-32 mg/L) being the most active AMPs again$isto-susceptibleA. baumannii

in contrast to our study, in which only cecropingfibwed good activity against colistin
susceptibleA. baumannii Mastoparan is not the only peptide isolated fwasps. All

of the peptides isolated from wasps have very aimseéquences, with changes in only
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some amino acids, but their activity can vary, ¢jiag from an MIC of 58 mg/L to one
of 164 mg/L with just one amino acid substitutionthhe peptide (210). On comparison
of the time-killing curves of mastoparan and cecrg-melittin, similar behaviour was
seen. Cecropin A—melittin was bactericidal at lowencentrations in some strains
tested, but in others there was regrowth that wasobserved in mastoparan time
killing curves (132). In a study by Li et al. (21&)time-killing curve for colistin against
ATCC 19606 colistin-susceptibld. baumanniiwas obtained. On comparison of this
time-killing curve with that obtained in our studyth mastoparan, it can be seen that
the bactericidal effect of colistin was faster thhat of mastoparan. Moreover, colistin
was bactericidal at lower concentrations than np@stn for colistin-susceptiblé.
baumannij but, in contrast, regrowth was observed in tHestoo time-killing curve that
did not appear when mastoparan was used. The Hattmastoparan shows activity
against both colistin- susceptible and colistinstst A. baumanniimay suggest that
the mechanisms of action used by mastoparan amlicare different. The mechanism
of action of colistin may be related to disruptmiithe bacterial membrane. Mastoparan
could act as a cell-penetrating peptide, crossiegoacterial membrane (212). However,
Li et al. (213) analysed the effect of mastoparayairest Escherichia coli and
Staphylococcus aurelny scanning electron microscopy, and suggestddrthatoparan
acts on the cell surface, resulting in differentn@imnalities depending on the
microorganism. In conclusion, mastoparan showeda @ vitro bactericidal activity
against both colistin-susceptible and colistins&sitA. baumannii Several analogs of
mastoparan were synthesized in order to increasestbility in human serum and
maintain the same activity as mastoparan. The paptides synthesized that had the
same activity as mastoparan were peptide 1, pefiidend peptide 13, however all of
them showed higher cytotoxicity but an increasetha stability in human serum.
Peptide 10 together with mastoparan were selectdoettestedn vivo in a mouse
model, however no activity was observed againgcindns caused by. baumannii
We suggest that this loss of activityvivo may be associated with the high binding to
the proteins found in serum, specially albumin.

Previous studies have shown that the peptides [&t€kserin-1c (183)and
[D4K]B2RP (184) show high potency against coligusceptibléA. baumanniiclinical
isolates. We have now extended these studies bgrmsmting that these peptides show
comparable, and in some cases even greater, potgayst colistin-resistanA.

baumanniiand A. nosocomialisstrains. In addition, three naturally occurringptides
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with low haemolytic activity (CPF-AM1, PLGa-AM1 and2RP-ERa) and one non-
haemolytic analogue of a naturally occurring peplids4K]XT-7) have been identified
that are active both against colistin-susceptilnle eolistin-resistanf\cinetobacter sp.
strains. Overall, [D4K]B2RP and [E4K]alyteserin\liere the most effective against the
colistin-resistant strains. [E4K]alyteserin-1c lle advantage of very low haemolytic
activity (LC50 > 1000 pg/mL compared with 250 pg/mok [D4K]B2RP) but is active
against only Gram-negative bacteria (183). [D4K]B2Rhowever, is active against
Gram-positive bacteria and agai@ndida(184). In common with the majority of frog
skin AMPs, the peptides used in this study do rwws any secondary structural
features in aqueous solution, but in a membraneetninsolvent (50% trifluoroethanol—
water) they adopt a stable amphipatisbelical conformation with the cationic lysine
residues segregating on one face of the helix &edhiydrophobic residues on the
opposite face (214). There is no single mechanigm/tich the peptides produce cell
death, but their mode of action usually involvesdmg to, and penetration into, the
inner bacterial cell membrane with eventual desimacof membrane integrity (215).
Conformation studies using proton nuclear magmesonance (1H NMR) indicate that
the helix in [E4K]alyteserin-1c extends betweenidass Lys3 to Val21l and, in the
presence of sodium dodecyl sulphate, dodecylphasuiine and 1,2-dihexanoyl-sn-
glycero-3-phosphatidylcholine micelles, the N-taradlidomain (amino acid residues 1—
19) in the peptide is inserted into the micelle421

Cationic AMPs interact electrostatically with theter membrane of Gram-negative
bacteria and cross this barrier by a process terisatipromoted uptake’ which is
similar to that adopted by colistin. This involvie® peptide competitively displacing
divalent cations from surface LPS causing outer brame perturbation and thereby
promoting further peptide uptake (216). The faet ttertain strains dk. baumanniiare
resistant to colistin but susceptible to the frddnspeptides implies that the initial
binding site of the peptides on the outer membudiffers from that of colistin. It has
been shown that a cecropin A—melittin hybrid pepftis a higher affinity than colistin
towards LPS from colistin-resistant but not fromlistin-susceptible strains (207).
Despite the fact that the frog skin peptides usethis study are effective both against
colistin-susceptible and colistin-resistant stramisA. baumanniiand A. nosocomialis
and show low cytotoxicity against human red bloedllsg their therapeutic potential is
limited, like all peptide-based drugs, by their ghw@lf-lives in the circulation. Attempts
to prepare a long-acting derivative of [E4K]alytéselc by coupling a palmitate group
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to the a-amino group in the peptide were disappointing @ tesulting analogue
showed greatly increased haemolytic activity (183).

If we compared the results of the activity agaiAstbaumanniiof the frog skin
secretions peptides with the mastoparan analodguewvalues of MICs were similar,
however mastoparan and the best analogues hawgh astaibility in human serum and
probably the skin frog secretion peptides (formgd_kamino acids) will have a lower
time life in human serum but they are less hemolftian mastoparan compounds,
therefore further optimization of these naturaltgs should be performed in order to
have a future candidate to treat invasive nosodamfiections. These peptides may be
limited to topical applications, such as aeroseatment of respiratory infections and
treatment ofAcinetobactesp. infected burns and wounds in war trauma patigit7).
Ceragenins could avoid the problem of stability coented above due to the fact that
they are not really peptides. Another advantagaisftype of compounds is their ability
of being effective against several type of bactaharefore showing a broad spectrum
of activity. In our study, among the four cerageniests (CSA-13, -131, -44 and -138),
CSA-131 showed the best activity with a MIC of ®5nd 8 mg/L for colistin-resistant
P. aeruginosa,colistin-resistantA. baumanniiand colistin-resistankK. pneumoniae,
respectively. The MIgy of CSA-131 for both colistin-resistarR. aeruginosaand
colistin-resistantA. baumanniiwas of 2 mg/L. CSA-131 showed a rapid bactericidal
activity at 2X, 4X and 8X the MIC against colistiesistantA. baumannistrains. In the
article reported by Pollarelt al. (218) they compared the ability of acquiring resise

to colistin, ciprofloxacin (quinolone) and cerageim P. aeruginosaandA. baumannii
and they found that ability of acquiring resistarioecolistin and ciprofloxacin was
much higher compared to ceragenin. CSA-13 wasdesgainst carbapenem-resistant
A. baumannii(219),and the results reported were similar as the obseirv our study,
this confirms the theory exposed that the MIC ahgenins is independent of the level
of resistance to several antibacterial agents ef dtrain tested. CSA-131 was the
compound that gave us better results, howeverithidasty with CSA-13 is very high
only differing in the length of the hydrophobic pdfurtherin vivo studies are needed

to probe its use to treat systemic infections caudsemultidrug-resistant bacteria.

143



Discussion

144



Conclusions

Conclusions

145



Conclusions

146



Conclusions

1. Daptomycin resistant grade is not associated wittkhess of the cell wall i5.
mitis.

2. Two proteins identified as conserved hypotheticabtggn and group B
streptococcal surface immunogenic protein are opeessed 1.33 and 2.26 fold
respectively. These proteins may play an importesie in daptomycin
resistance inS. mitisdue to its high homology with proteins found irhert
bacteria to be involved in daptomycin resistance.

3. The MIC for colistin inA. nosocomilaisncreases drastically from <1 mg/L to
128 mg/L, when the microorganism is exposed tostiali observing no growth
on McConkey.

4. The MICs of several antibiotics for the colistirsistant A. nosocomialis
mutants generated decreased from 1 to 11-fold.

5. A decrease in the virulence of colistin-resist#nt nosocomialismutant is
showedcompared to its colistin-susceptible counterpart.

6. Colistin resistance i\. nosocomialisvas linked to the lost of LPS, associated
with several mutations and a stop codon observéueilpxD gene.

7. Several proteins were found to be up-regulated awndregulated when
comparing colistin-susceptible and colistin-resistA. nosocomialisstrains.
Any of them seems to play an important role in ¢bbstin resistance, however
they may be important in the reduction of the M#gainst several antibiotics.

8. Indolicidin, melittin and mastoparan show a gootivaty against both colistin-
susceptible and colistin-resistahtbaumannistrains.

9. Mastoparan show a bactericidal behavior at 8-follCMn both colistin-
susceptible and colistin-resistait baumanniistrains, and 4-fold MIC in the
colistin-resistanA. baumannii

10. Mastoparan, a lineal peptide, shows an exceptibigil time-life in human
serum (6h), observing only the lost of the N-temhiisoleucine as resulting
product of the action of proteases and peptidases.

11.Three peptides (peptide 1(Gu-INLKALAALAKKIL-NB), peptide 10
(inlkalaalakkil-NH,) and peptide 13(INLKALAALAKKIL-CH,CH;NH,) from
all the analogs synthesized, show the same actagitynastoparan. The results
observed in all the analogs highlight the imporéant the N-terminal positive

charge.
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12.Mastoparan and peptide 10 show a very low hemolgtitvity at MIC
concentrations, modest cytotoxicity and higher ¢ayiin vivo, being 8 mg/Kg
for peptide 10 and 32 mg/Kg for mastoparan.

13.No antibacterial effect was observiedvivo, in any of the conditions tried, for
peptide 10 and mastoparan. The reason is likelpceged with the strong
bonding of both peptides with proteins presenthaserum. Observing a higher
MIC when MIC assays were performed in presenceeadrs. Albumin is the
protein which mastoparan binds to when is incubwaiigal serum.

14.Mechanism of antibacterial action of these abovetmored peptides may be
related with membrane disruption as observed bgtHebkage assays and
transmission electron microscopy.

15.[E4K]alyteserin-1c and [D4K]B2RP, peptides isolateddom skin-frog
secretions, show a good activity against both tiolsusceptible and colistin-
resistantAcinetobactespecies.

16. All the ceragenins tested, specially CSA 131, shayood activity against both
colistin-susceptible and colistin-resistdht aeruginosaA. baumanniiand K.
pneumonia.

17.A bactericidal effect of CSA 131 is observed agaioslistin-resistantP.
aeruginosaand A. baumanniiat all the concentrations tested, however a
regrowth is observed at low concentrations.

18. All of the hexacyclic peptides tested as ompA iitbits show inhibition of the
OmpAmediated adherence to host cell.

19.MV5 (cyclo[pwrpwr]) decreases the binding betweemgA and fibronectin
and increases the host cell viability in the preseaf differentA. baumannii
strains tested. MV5 has also a very lowivo toxicity, since all of the mices
survive at 40 mg/Kg.

20.EDsp in mice was achieved in all the doses tested.QAndy/Kg a high decrease
in the number of bacteria in lungs and spleen waserwed, and reaches a

concentration of around 12 mg/L and a half-lifediof around 50 minutes.
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Materials and methods
1. Microbiologycal methods.

1.1. Strains used in this thesis.

ATCC 1906 and ATCC 17978 are reference strains, BTIO606 col-R is the isogenic
strain generated after incubation with colistin @glained in the thesis. Colistin-
susceptibléA. baumannistrains used in the assay of calculation of Ml&hd MIG of
colistin were clinical isolates from REIPI (Spanisietwork research in infectious
disease). Colistin-resistait. baumanniistrains used in the assay of calculation of
MICs0 and MIGowere clinical isolates from Hospital Virgen del Rm¢Sevilla), strains
Ab113, Abl1l, Ab22P and Ab1l used in the same chabserbelong to this group. CS01
is a colistin-susceptibl&. baumanniistrain, and CR17, CR86 are colistin-resistant
baumanniistrains, the three of them belong to the samee¢land were isolated in
Hospital Virgen del Rocio (Sevilla) . Strain 777i88a clinical isolate from Hospital
General de Asturias, and strain G¥8 fiosocomialisis also a clinical isolate from
REIPI, colistin-resistant mutants were generated alith these two strains. Five multi-
drug A. baumanniistrains (NM8, NM35, NM75, NM109 and NM124) werelested at
four different hospitals in the Emirate of Abu DhaStrain 113-16 is a clinical pan-
resistantA. baumanniisolate from the Hospital Virgen del Rocio (Seyill&train 77 is
a multi-drug resistanfA. baumanniistrain isolated in the Hospital Clinic (Barcelona)
Both colistin-susceptible and colistin-resist&taeruginosastrains were supplied by
Dr. Oliver from Hospital Son Dureta (Palma de Matky. Both colistin-susceptible and
colistin-resistanK. pneumoniaetrains were obtained from the Magic Bullet proj&ct
mitis strains used were, D6-2, D6-7 and D6-14, which weotated from the cardiac
valve vegetations of rabbits infected with BBemitisstrain 351, a clinical isolate from
Hospital Clinic (Barcelona) and treated with dapyom.

1.2. Minimal inhibitory concentration

The MICs of all the peptides or peptidomimeticscuge this thesis were determined
against differentA. baumannii P. aeruginosaand K. pneumoniaestrains with the

microdilution method, following the CLSI recommetidas. The antibacterial activity
of the peptides was measured in sterile 96-welleplaSamples of a final volume of

10QuL were prepared as follows: aliquots (@0 of a suspension containing bacteria at

151



Materials and methods

a concentration of £G&olony-forming units/mL in culture medium (MH, Met Hinton
Broth, Difco), adjusted at pH 7.4, were added top®Oof solution containing the
peptide prepared from a stock solution of 1,024mhgpeptide in water in serial 2-fold
dilutions in MH broth adjusted to pH 7.4. Inhibii@f bacterial growth was determined
observing no growth after an incubation of 24 I8at°C (220). The concentrations of
the peptides mastoparan, indolicidin, colistin,tdtisa 5, cecropin B, cecropin A,
magainin Il, buforin I, magainin I, histatin 8, anicin, melittin, peptide (1-14), CPF-
AM1, PGLa-AM1, B2RP-Era, [E4K]alyteserin-1c, [DAKIRP, [G4K]XT-7, CSA-13,
CSA-44, CSA-131, CSA-138, MV6, MV5, MV3B, MV8, MVaMV10, NBA01011
and SXV4ranged from 0.5 to 256 mg/L. The concentrationdHdiP-1 and HNP-2
ranged from 0.09 to 50 mg/L, and those for cecrdpilnandp-defensin ranged from
0.05 to 25 mg/L. Mastoparan, indolicidin, colistlmstatin 5, cecropin B, cecropin A,
magainin Il, magainin [, histatin 8, melittin wepairchased in Sigma. Buforin | and
bactenicin were purchased in Anaspec and Gensagpectively. CPF-AM1, PGLa-
AM1, B2RP-Era, [E4K]alyteserin-1c, [D4K]B2RP, [G4KT-7 were supplied by Prof.
Conlon and , CSA-13, CSA-44, CSA-131, CSA-138 lyf PRavage.

1.3. MIC using E-test.

With some strains the MICs of different antibiotiegere carried out using E-test
method. This method is performed preparing an ahitnoculum of 18 cfu/ml

(McFarland 0.5) and spread it homogenely into al&fuHinton agar plate, after the
spread, stick an E-test strip (Biomerieux) into piate. (E-test strips are strips which
contain increase concentrations of a certain anitdyithis allow us to know the MIC of

an antibiotic in a faster way compared to the ndmmarodilution method)

1.4. MIC with serum or albumin

In the assay to calculate the MIC of the peptidegresence of serum and albumin, the
first two steps were the same as in a normal MI@rdanation experiment, however
the volumes used are the double, using both 10fbuMuller Hinton and peptide
dilution. The third step changes slightly, an adiinoculum of 18 cfu/ml was adjusted,

and a 1/1000 dilution was performed in 4X Mullentdin, 3 ml of this pool was added
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to a 12 ml falcon together with B and Human serum (HS), the proportions are

showed in the table below.

% HS supplement 0 25 50 75
HS (ml) 0 3 6 9
MH+CA (x4) (ml) 3 3 3 3
Sterile MilliQ water (ml) 9 6 3 0
Total (ml) 12 12 12 12

100 pl of each pool was added, and incubate d@igat 37°C. Next day read the 96

well plate.

1.5. Killing curves

Time-killing curves were obtained with mastoparamul £SA-131, the peptides were
tested against both colistin-susceptible and doligisistantA. baumanniiand the

ceragenin was tested against colistin-resistarftaumanniiandP. aeruginosastrains.

Initial inocula between f0and 5-10 CFU/mL of bacteria in 10-mL aliquots of
Mueller—Hinton broth were prepared for the timduk@ curves. Concentrations of
1xXMIC, 2xMIC, 4xMIC and 8xMIC were used for mastoga and CSA-131. Samples
were taken at 0, 4, 7 and 24 h for mastoparan afgd4) 8 and 24 h for CSA-131 after
the incubation. Drug carryover was addressed hyidil. An antibiotic was considered
to be bactericidal when a reduction of 3 logl0 GRU/as compared with the initial

inoculum was achieved.

2. Synthesis of peptides

2.1. Solvent and Reagents

All the reagents employed for peptide synthesisehasen purchased to the following
suppliers: Anaspec, Bachem AG, Calbiochem-Noval@othAG, Iris Biotech,
KaliChemie, Luxemburg Industries, Neosystems argin&tAldrich. All the solvents
employed have been purchased to the following sengplPanreac, Scharlau, SDS and
Sigma-Aldrich.
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2.2. HPLC-UV

HPLC chromatograms were recorded on a Waters AkiaP695 separation module
coupled with a Waters 2998 photodiode array detertd Empower software (\Waters)
using a Sunfire ¢ column (100 mmX 4.6 mm, 3.5 pum; Waters). Colunomwflwas set
at 1 ml/min, and solvents used were water (0.043FA) and acetonitrile (0.036%
TFA).

2.3. Semi-preparative HPLC

Peptides synthesized were purified by semi-prepar&tPLC on a Waters 2700 sample
manager equipped with a Waters 2487 duahbsorbance detector, a Waters 600
controller, a Waters fraction collection Il and Miium chromatography manager
software (Waters) using a symmetrys@€olumn (100 mm X 19 mm, 5 um; Waters).
Column flow was set at 15 ml/min, the solvents usede water (0.1% formic acid) and

acetonitrile (0.07% formic acid).

2.4. MALDI-TOF

The MALDI-TOF used was a MALDI-TOF/TOF Applied Bigstems 4700 with a N
laser of 337 nm. The samples are prepared by mikiegeptide or fraction that want to
be analysed (1pl) with the MALDI matrix (1ul) ingdMALDI plate and let it dry in the
air. The MALDI matrix was prepared by dissolving g of a-cyano-4-
hydroxycinnamic acid (ACH) in 50 and ACN ((1:1) containing 0.1% of TFA.

2.5. General synthesis

All the peptides synthesized during this thesisenearried out by SPPS using the 9-
fluorenylmethoxycarbonytiért-butyl (FmoctBu) strategy. All the synthesis were
carried out manually in polypropylene syringes jpded with a polyethylene porous
disk. Washings between each step were DMF (5 x &33$)DCM (5 x 30s), the volume

used is the necessary to cover all the resin used.
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2.6. Ninhydrin or Kaiser test

The Kaiser test, also known as ninhydrin testes$ tised to detect primary amines. The
resin is washed with DCM and few resin beads amesterred to a small glass tube in
which the reaction takes place. Next step is to@ddops of reagent A and 2 drops of
reagent B, the mixture is incubated during 3 misw@el110 °C. Blue colour on the resin
beads showed free primary amines, meanwhile the mofour variation indicates a
negative test.

Reagent A: 400 g of phenol are dissolved in 10@h#tOH and the mixture is heated
until complete dissolution of the phenol, 20 mil&f mM KCN (65 mg in 100 ml D)
are added to 1 liter of freshly distilled pyridiaeer ninhydrin. Both solutions are stirred
for 45 minutes with 40 g of Amberlite MB-3 ion ejartge resin, filtered and mixed.
Reagent B: 2.5 g of ninhydrin are dissolved in S®frabsolute EtOH and the resulting

solution is stored in a flask protected light.

2.7. Chloroanil test

The chloroanil test is used when secondary amireeg % be detected, and is specially
used when monitoring the couplings and the deptioteceactions involving secondary
amines. The resin is washed with DCM and transfietoea small glass tube, 200 ul of
acetone and 20 pul of saturated chloroanil solui®radded (750 pg of 2,3,5,6-
tetrachloro-1,4-benzoquinone in 25 ml of toluerfé)e mixture is thoroughly stirred for
5 minutes at room temperature. The blue colourceteéd the presence of free secondary

amines, meanwhile yellow is considered as neg#tiste

2.8. Resin conditioning

In the resin H-Rink amide ChemMatrix (PCAS Biomgtrsome conditioning was
performed before the coupling of the first aminadaéor resins 1,2-Diamino-ethane
trityl (Novabiochem) and 2-Chlorotrityl chlorideri@biotech) only 3x1 min washes
with DCM are needed.
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H-Rink amide ChemMatrix

Step Treatment Solvents/Reagents Time

1 Wash MeOH 5 x 1 min
2 Wash DMF 5x 1 min
3 Wash DCM 5x 1 min
4 Wash DCM 1% TFA 5x 1 min
5 Wash DCM 5 x 1 min
6 Wash DMF 5x 1 min
7 Wash DCM 5x 1 min
8 Wash DCM 5% DIEA 5x 1 min
9 Wash DCM 5 x 1 min
10 Wash DMF 5x 1 min

2.9. Fmoc group removal
The fmoc group was removed using basic conditidois,this reason the resin was

treated with 20% piperidine in DMF (4 ml/g resin,x11 min and 2 x 10 min).
Additionally when fmoc want to be removed from Friro-OH, an additional
treatment with DBU, toluene, piperidine and DMF5(20:70) (2 x 5 min) was

performed.

2.10. Amino acid coupling and elongation

Three different protocols were used depending enréisin and the amino acids used,
protocol A was used for H-Rink amide Chem Matrixd ah2-Diamino-ethane trityl
resin and Protocol B was used for 2-Chlorotritylocille, and Protocol C when used 2-

Chlorotrityl chloride for coupling onto secondanyiaes.
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Protocol A:
Step Treatment Solvents /reagents Time
1 Wash DMF 5x 1 min
Fmoc-Aa-OH (3 eq),
2 Coupling TBTU (3 eq), DIEA (6 eq) 1 x 60 min
in DMF
Wash DMF 5x 1 min
4 Fmoc group removal 20% piperidine in DMF 1 x hpd x 10 min
Wash DMF 5x 1 min
Protocol B:
Step Treatment Solvents/reagents Time
1 Wash DCM 5x 1 min
Fmoc-Aa-OH (0.7 eq), _ '
2 Coupling DIEA (10 eq) in DCM /I 1 60 min and 1%3.m|n
MeOH (0.8 mllg resin) after MeOH addition
Wash DMF 5x 1 min
Fmoc group removal 20% piperidine in DMF 1x hpd#t x 10 min
Wash DMF 5x 1 min
Fmoc-Aa-OH (3 eq),
6 Coupling PyBOP (4 eq), HOAt (3 5x 1 min
eq) DIEA (6 eq) in DMF
7 Wash DMF 1 x 60 min
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Protocol C
Step Treatment Solvents/reagents Time
1 Wash DMF 5x 1 min
Fmoc-Aa-OH (0.7 eq), ) .
_ _ 1 x 60 min and 15 min
2 Coupling DIEA (10 eq) in DCM /I N
] after MeOH addition
MeOH (0.8 ml/g resin)
Wash DMF 5x 1 min
Fmoc group removal 20% piperidine in DMF 1x hp#t x 10 min
Wash DMF 5x 1 min
Fmoc-Pro-OH (3 eq),
6 Coupling PyBOP (4 eq), HOAt (3 2 X 60 min
eq) DIEA (6 eq) in DMF
7 Wash DMF 5x 1 min
DBU, toluene, piperidine _
8 Fmoc group removal . 2 X5 min
in DMF (5:5:20:70)
9 Fmoc group removal 20% piperidine in DMF 1x hpd# x 10 min

2.11. N-terminal acetylation

After the peptide elongation, acetylation was penied in order to protect the N-
terminal. A¢cO (50 eq) and DIEA (50 eq) in were added to thearegyether with DCM
30 minutes, before and after the treatment, wasiieBCM (5 min) need were

performed.

2.12. N-terminal guanidination

After the peptide elongation, acetylation was penied in order to protect the N-

terminal, the reagents used were 1,3-Di-Boc-2k{tsiomethylsulfonyl)guanidine (5

eq) and BN (5 eq) in DCM during 18 hours, before and aftex treatment, washes of

DCM (5 min) need to be performed.
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2.13. Cleavage of peptides from the resin

Peptides synthesized using Protocol A were clearggty a cocktail that contains TFA,
H,O and TIS (95:2.5:2.5). The mixture of the resinl aeptide with the cocktail was
located in the shaker and allow it to react du@nigours in a Falcon tube. After 2h the
supernatant was evaporated using 8 dry the resin as much as possible. Once the
resin is dried 30 ml of methytbutyl ether were added to allow the peptide rel@ase
from the resin to precipitate, incubate during li@utes on ice and centrifuge during 10
minutes at 4°C (3,500 rpm), discard the supernaamfully, add again methybutyl
ether, and repeat again the procedure three tinoes. rDissolve the white precipitate
using HO and ACN (1:1), and filtrate it to separate th&indrom de peptide, after the
separation the peptide was lyophilized.

For the peptides synthesized using Protocol B andhich were the cyclic peptides, a
different procedure was used. The cocktail usedatoed 2% of TFA in DCM, and 5
washes of 30 seconds to the resin were performbid. @rocedure only cleaves the
peptide from the resin, and did not remove thequmtotg groups present in the side
chains of the amino acids. The resultant from tlashes was collected in a container
with H,O, mixed with ACN and lyophilized.

2.14. Cyclization and deprotection

For cyclization the solvent used was DCM/DMF (98R)YAOP (2 eq) was dissolved in
DMF and afterwards the peptide (5 mM) was dissolwéti DCM and once is mixed 6
equivalents of DIEA were added, the reaction wamspdeted in 2 or 3 hours. The end of
the reaction was checked by HPLC. The mixture veégvapored until an oil (DMF)
was obtained, the oil was treated with the sam&tad@s used for peptides synthesized
with protocol A (TFA/TIS/ HO.95:2.5:2.5) and the same procedure as explained

previously was carried out, except that no separdtom the resin was needed.
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3. Characterization of peptides

3.1 Tickets of all the peptides synthesized

Amino acids in lower case have a D configuration
Gu-INLKALAALAKKIL-NH >

Side-chain protecting groups: Lys (Boc), Asn (Trt)
Resin: H-Rink amide Chem Matrix

Initial loading: 0.49 mmol/g

MW: 1521 Da

Cleavage cocktail: 95% TFA/ 2.5%@/ 2.5% TIS
Yield: 3.4 %

HPLC, & (min, G0-100% MeCN in 8 min): 5.3 min
MALDI-TOF, [M+H] *: 1521.1 Da

INLKALAALAKKIL-NH >

Side-chain protecting groups: Lys (Boc), Asn (Trt)
Resin: H-Rink amide Chem Matrix

Initial loading: 0.49 mmol/g

MW: 1479 Da

Cleavage cocktail: 95% TFA/ 2.5%6/ 2.5% TIS
Yield: 5.6 %

HPLC, & (min, G0-100% MeCN in 8 min): 5.2 min
MALDI-TOF, [M+H] *: 1479 Da

INLKALAALAKKIL-NH >

Side-chain protecting groups: Lys (Boc), Asn (Trt)
Resin: H-Rink amide Chem Matrix

Initial loading: 0.49 mmol/g

MW: 1479 Da

Cleavage cocktail: 95% TFA/ 2.5%@/ 2.5% TIS
Yield: 5.9 %

HPLC, & (min, G0-100% MeCN in 8 min): 5.2 min
MALDI-TOF, [M+H] *: 1479 Da

NLKALAALAKKIL-NH >

Side-chain protecting groups: Lys (Boc), Asn (Trt)
Resin: H-Rink amide Chem Matrix

Initial loading: 0.49 mmol/g

MW: 1365.8 Da

Cleavage cocktail: 95% TFA/ 2.5%8/ 2.5% TIS
Yield: 6.0 %

HPLC, & (min, G0-100% MeCN in 8 min): 5.2 min
MALDI-TOF, [M+H] *: 1365.9 Da
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Ac-INLKALAALAKKIL-NH >

Side-chain protecting groups: Lys (Boc), Asn (Trt)
Resin: H-Rink amide Chem Matrix

Initial loading: 0.49 mmol/g

MW: 1520.9 Da

Cleavage cocktail: 95% TFA/ 2.5%8/ 2.5% TIS
Yield: 5.1 %

HPLC, & (min, G0-100% MeCN in 8 min): 5.7 min
MALDI-TOF, [M+H] *: 1521 Da

INLKALAALAKKIL-NH > (Mastoparan)

Side-chain protecting groups: Lys (Boc), Asn (Trt)
Resin: H-Rink amide Chem Matrix

Initial loading: 0.49 mmol/g

MW: 1479 Da

Cleavage cocktail: 95% TFA/ 2.5%@/ 2.5% TIS
Yield: 6.5 %

HPLC, & (min, G0-100% MeCN in 8 min): 5.3 min
MALDI-TOF, [M+H] *: 1479 Da

INLKALAALAKKIL-NH »

Side-chain protecting groups: Lys (Boc), Asn (Trt)
Resin: H-Rink amide Chem Matrix

Initial loading: 0.49 mmol/g

MW: 1479 Da

Cleavage cocktail: 95% TFA/ 2.5%8/ 2.5% TIS
Yield: 4.1 %

HPLC, & (min, G0-100% MeCN in 8 min): 5.2 min
MALDI-TOF, [M+H] *: 1479 Da

LIKKALAALAKLNI-NH >

Side-chain protecting groups: Lys (Boc), Asn (Trt)
Resin: H-Rink amide Chem Matrix

Initial loading: 0.49 mmol/g

MW: 1479 Da

Cleavage cocktail: 95% TFA/ 2.5%@/ 2.5% TIS
Yield: 7.1 %

HPLC, & (min, G0-100% MeCN in 8 min): 4.7 min
MALDI-TOF, [M+H] *: 1479.1 Da

Materials and methods
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likkalaalaklni-NH »

Side-chain protecting groups: Lys (Boc), Asn (Trt)
Resin: H-Rink amide Chem Matrix

Initial loading: 0.49 mmol/g

MW: 1479 Da

Cleavage cocktail: 95% TFA/ 2.5%8/ 2.5% TIS
Yield: 6.8 %

HPLC, & (min, G0-100% MeCN in 8 min): 4.6 min
MALDI-TOF, [M+H] *: 1479.1 Da

inlkalaalakkil-NH »

Side-chain protecting groups: Lys (Boc), Asn (Trt)
Resin: H-Rink amide Chem Matrix

Initial loading: 0.49 mmol/g

MW: 1479 Da

Cleavage cocktail: 95% TFA/ 2.5%@/ 2.5% TIS
Yield: 8.1 %

HPLC, & (min, G0-100% MeCN in 8 min): 5.3 min
MALDI-TOF, [M+H] *: 1479.1 Da

INLKAKAALAKKIL-NH >

Side-chain protecting groups: Lys (Boc), Asn (Trt)
Resin: H-Rink amide Chem Matrix

Initial loading: 0.49 mmol/g

MW: 1493.9 Da

Cleavage cocktail: 95% TFA/ 2.5%6/ 2.5% TIS
Yield: 6.3 %

HPLC, & (min, G0-100% MeCN in 8 min): 5.5 min
MALDI-TOF, [M+H] *: 1494.2 Da

In(Orn)kalaalakkil-NH -

Side-chain protecting groups: Lys (Boc), Asn (T@jn (Boc)
Resin: H-Rink amide Chem Matrix

Initial loading: 0.49 mmol/g

MW: 1480 Da

Cleavage cocktail: 95% TFA/ 2.5%8/ 2.5% TIS

Yield: 6.5 %

HPLC, & (min, G0-100% MeCN in 8 min): 4.7 min
MALDI-TOF, [M+H] *: 1479.9 Da
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INLKALAALAKKIL-CH >CH,NH»

Side-chain protecting groups: Lys (Boc), Asn (Trt)
Resin: 1,2-Diamino-ethane trityl resin

Initial loading: 1.18 mmol/g

MW: 1522 Da

Cleavage cocktail: 95% TFA/ 2.5%8/ 2.5% TIS
Yield: 4.6 %

HPLC, & (min, G0-100% MeCN in 8 min): 6.1 min
MALDI-TOF, [M+H] *: 1522.2 Da

LIKKALAALAKLNI-CH »>CH»NH»

Side-chain protecting groups: Lys (Boc), Asn (Trt)
Resin: 1,2-Diamino-ethane trityl resin

Initial loading: 1.18 mmol/g

MW: 1522 Da

Cleavage cocktail: 95% TFA/ 2.5%@/ 2.5% TIS
Yield: 6.1 %

HPLC, & (min, G0-100% MeCN in 8 min): 5.6 min
MALDI-TOF, [M+H] *: 1521.9 Da

Cyclo[RpWRpW]

Side-chain protecting groups: Arg (Pbf), Trp (Boc)
Resin: 2-Chlorotrityl chloride

Initial loading: 0.65 mmol/g

MW: 879.04 Da

Cleavage cocktail: 2% TFA/ 98% DCM

Yield: 25%

HPLC, & (min, G0-100% MeCN in 8 min): 4.8 min
HPLC-MS: 879.36 Da

Cyclo[WpRWDR]

Side-chain protecting groups: Arg (Pbf), Trp (Boc)
Resin: 2-Chlorotrityl chloride

Initial loading: 0.74 mmol/g

MW: 879.04 Da

Cleavage cocktail: 2% TFA/ 98% DCM

Yield: 38%

HPLC, & (min, GO-100% MeCN in 8 min): 4.7 min
HPLC-MS: 879.29 Da

Cyclo[rPWrPW]

Side-chain protecting groups: Arg (Pbf), Trp (Boc)
Resin: 2-Chlorotrityl chloride

Initial loading: 0.62 mmol/g

MW: 879.04 Da

Cleavage cocktail: 2% TFA/ 98% DCM

Yield: 23%

HPLC, & (min, G0-100% MeCN in 8 min): 5.0 min
HPLC-MS: 879.49 Da

Materials and methods
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Cyclo[RPWRPwW]

Side-chain protecting groups: Arg (Pbf), Trp (Boc)
Resin: 2-Chlorotrityl chloride

Initial loading: 0.63 mmol/g

MW: 879.04 Da

Cleavage cocktail: 2% TFA/ 98% DCM

Yield: 32%

HPLC, & (min, G0-100% MeCN in 8 min): 4.6 min
HPLC-MS: 879.52 Da

Cyclo[SpWSpW]

Side-chain protecting groups: Ser (tBu), Trp (Boc)
Resin: 2-Chlorotrityl chloride

Initial loading: 0.69 mmol/g

MW: 741.33 Da

Cleavage cocktail: 2% TFA/ 98% DCM

Yield: 16%

HPLC, & (min, G0-100% MeCN in 8 min): 6.0 min
HPLC-MS: 741.15 Da

Cyclo[EpWEpW]

Side-chain protecting groups: Glu (tBu), Trp (Boc)
Resin: 2-Chlorotrityl chloride

Initial loading: 0.62 mmol/g

MW: 825.35 Da

Cleavage cocktail: 2% TFA/ 98% DCM

Yield: 23%

HPLC, & (min, G0-100% MeCN in 8 min): 825.26 min
HPLC-MS: 825.26 Da

Cyclo[ASpASP]

Side-chain protecting groups: Glu (tBu), Trp (Boc)
Resin: 2-Chlorotrityl chloride

Initial loading: 0.61 mmol/g

MW: 511.50 Da

Cleavage cocktail: 2% TFA/ 98% DCM

Yield: 19%

HPLC, & (min, G0-100% MeCN in 8 min): 4.0 min
HPLC-MS: 511.19 Da

Ac-WpRWpR-OH

Side-chain protecting groups: Arg (Pbf), Trp (Boc)
Resin: 2-Chlorotrityl chloride

Initial loading: 0.60 mmol/g

MW: 938.48 Da

Cleavage cocktail: 2% TFA/ 98% DCM

Yield: 42%

HPLC, & (min, G0-100% MeCN in 8 min): 4.5 min
MALDI-TOF, [M+H] *: 939.51 Da
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3.2. Stability assay

Peptides were incubated at 37°C in the presend®@¥ human serum (from human
male AB plasma). At a range of times, 50 pL aliguatere extracted and serum
proteins were precipitated by the addition of 1390 q@f acetonitrile at 4°C to stop
degradation. After 30 min at 4°C, the samples werdrifuged at 10,000 rpm (9,300 x
g) for 10 min at 4°C. The supernatant was analymedPLC. Fractions were also

analized by MALDI-TOF mass spectrometry.

3.3. MTT cytotoxicity assay

For these experiments HelLa cells were used forapasin and analogues and A549
pulmonar cells were used for the cyclic peptiddseiil doubling time and the lineal
absorbance at 570 nm were taken into account éafirsg purposes. Cell viability in the
presence of peptides was tested using a 3-(4,5Stdyii@azol-2-yl)-2,5-
diphenyltetrazolium bromide (MTT) assay. For eashag, 5x1®HeLa cells or A549
pulonar cells were seeded on a 96-well plate (N&gac) and cultured for 24 h.
Samples were added at concentrations ranging fiokt tb 500 UM depending on the
peptide, and 0.25, 0.5 and 1 mg/ml for the peptides the EXORIS library. Cells
were incubated for 24 h at 37°C under a 5% @tnhosphere. After 20 h, medium with
compounds were removed, and MTT was added to &doraentration of 0.5 mg/ml.
MTT was incubated for a further 4 h, and the medwas then discarded. DMSO was
added to dissolve the formazan product, and absoebaas measured at 570 nm after
15 min. Cell viability percentages were calculabgddividing the absorbance value of
cells treated with a given compound by the absardah untreated cells.

3.4. Hemolysis assay

In the hemolysis test, peptides concentrationsaadrigpm 32 to 1024 mg/L for peptides
isolated from frog skins and from 0.5-256 mg/L forastoparan and peptide 10.
Peptides were incubated with washed human eryttesdyom a healthy donor in 100
uL of Dulbecco’s phosphate-buffered saline (pH 7d) 1 h at 37C. Following
centrifugation (12,000 x g for 15 s), the absorleaotthe supernatant at 450 nm was
measured. A parallel incubation in the presenc&fv/v Tween 20 was carried out to

determine the absorbance associated with 100% lsis.ol
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3.5.1n vivo toxicity assay

The Reed and Munch method (221) was applied. Grofigsx C57BL/6 mice were
intraperitoneally (i.p.) inoculated with a singlé®uL dose of peptide, starting at 32
mg/kg for mastoparan and peptide 10 and startinpOamng/Kg for MV5, this initial
doses were further increased or decreased untol@0rtality was reached. Maximum
tolerated dose (LDO), lethal dose 50 (LD50), ariddedose 100 (LD100), were defined
as those causing 0%, 50%, and 100% mortality, otisjedy.

3.6. Calculation bacterial minimal lethal dose (BMLD)

Three groups of fou€57BL/6 mice were i.p inoculated with a single 2pD dose of
10°, 1¢° and 16 cfu/ml of a pan-resistat. baumanniistrain. The survival of the mice

was monitored during one week.

3.7. Calculation of the Effective dose 50 (Edy)

Groups of different amount of mice were used inth# EDR, experiments, but the

procedure was the sanm@57BL/6 mice were inoculated i.p with the BMLD, and after
certain time (1h, 2h and 4h was tested) an i.p dbsiee peptide was administered. The
evolution of the mice was monitored during one weeRs, is achieved when the 50%

of the mice survive to the infection.

3.8. Monitoring the infection

Four groups of thre€57BL/6 mice were used for this experiment, all thiee were
infected i.p with thdBMLD, after 1, 2, 3 and 4h, each group was sacrifiteddifferent
time point and lungs and spleen were asepticathoked and weighted, followed by an
homogenization (2 min) in 2 mL of sterile salinéusion ( Tekmar Co.). After ten-fold
dilution of the homogenate, 1QQ aliquots were plated on Columbia sheep blood agar
and CFUs determined and expressed as logl0 CFUigsoke. Number of bacteria in
each organ at all the time points was calculated.
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3.9. Murine pneumonia model

Seven groups of thre@57BL/6 mice were used for this experiment. Therets were
anaesthetized ip with 5% (w/v) sodium thiopentalra{Br Medical, Spain) and
intratracheally inoculated with thBMLD and different doses of the peptides were
administered i.p. The first group was sacrificed #ime amount of bacteria present in
lungs was calculated with the same procedure engdiaabove but just in lungs, the
other six groups were the control and two peptatezh and 24h, at each time point the

amount of bacteria in lungs was calculated.

3.10. Murine peritoneal sepsis model

Three groups of te€57BL/6 mice were used for this experiment, all thiee were
infected i.p with thdBMLD, and 1h after the infection different doses oftjukgs were
administered, after another hour the mice werefgse. The CFUs in peritoneal fluid
were determined by i.p. injection of 2 ml steriédiise serum and, after mild abdominal
massage, 1 mL of peritoneal fluid was aspiratedh witerile pipette tip. One hundred
uL aliquots of serial ten-fold dilutions were plated Columbia sheep blood agar and
incubated at 37°C. CFUs were counted after 24 heapdessed as of log10 CFU/mL.

3.11. Leakage assay

Aliquots containing the appropriate amount of lipmdchloroform/methanol (1:1, v/v)
were placed in a test tube, the solvents were rechby evaporation under a stream of
O2-free nitrogen, and finally traces of solventgeveliminated under vacuum in the
dark for more than 3 h. After, 1 ml of buffer caniag 10 mM HEPES, 100 mM NacCl,
0.1 mM EDTA, pH 7.4 buffer and carboxyfluorescetraaconcentration of 40 mM was
added, and multilamellar vesicles were obtainedgéaunilamellar vesicles (LUVS)
with a mean diameter of 200 nm were prepared fioenntultilamellar vesicles by the
LiposoFast device from Avestin, Inc., using polyxarate filters with a pore size of 0.2
um (Nuclepore Corp). Breakdown of the vesicle memérkeads to content leakage,
I.e., CF fluorescence. Non-encapsulated CF wasatgohfrom the vesicle suspension
through a Sephadex G-25 filtration column elutedhwbuffer containing 10 mM
HEPES, 150 mM NacCl, and 0.1 mM EDTA, pH 7.4. Leakafintraliposomal CF was

assayed by treating the probe-loaded liposomeasl (fipid concentration, 0.125mM)
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with the appropriate amount of peptide in Costa®737ound-bottom 96-well plates,
each well containing a final volume of 1QiD The microtiter plate was incubated at RT
for 1 h to induce dye leakage. Leakage was measrearious peptide concentrations.
Changes in fluorescence intensity were recordecshigushe FL600 fluorescence
microplate reader with excitation and emission W@awvgths set at 492 and 517 nm,
respectively. One hundred percent release was\athiey adding Triton X-100 to a
final concentration of 1% v/v to the microtiter f@a. Fluorescence measurements were
made initially with probeloaded liposomes, afterdgaby adding peptide and, finally by
adding Triton X-100 to obtain 100% leakage. Thailtesvere expressed as percentage

of CF released relative to the positive controltfir X-100).

3.13. Transmission electron microscopy

Bacteria were grown in LB media and in the mid-&gponential phase of growth were
incubated with mastoparan and peptide 10 for I3V&E, using the MIC concentration.
A control without peptide was also performed. Aftee incubation, centrifugation at
3,500 rpm 4°C was performed. The pellets were theed for 1h with 2% of
gluteraldehyde, three times washed with water aatifagain with 1% of OsQ The
post-fixation positive stain was carried out withh ®f uranyl acetate acqueous solution
during 1.5 h, afterwards graded ethanol series380,70, 90 and 100%) every 15 min
were carried out in order to be dehydrated. Thepsesnwere embedded in a epoxy
resin. Tecnai Spirit microscope (EM) (FEI) equippath a LaB6 cathode. Images were
acquired at 120 kV and room temperature with a 287624 pixel CCD camera (FEI).

4. Proteomic approaches

4.1. iTRAQ

4.1.1. Protein extraction

An overnight culture of bacteria was grown in BBE¢ton and Dickinson), Fresh BHI
was inoculated with a 1:50 dilution of the overnigllture and grown to a OD 0.6
aprox. at 37°C with shaking. Bacteria were harvk&ig centrifugation at 3,500 rpm
(Thermo Scientific) for 30 minutes and washed twiggh 10 ml of 0.9% NacCl,
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supernatant was discarded and the pellet was reisdeg in Tris 10mM pH 8.0/NaCl
1% (Merck). Bacteria were incubated with lysozimmd dysostaphine in order to
weaken the cell membrane of the bacteria. Sampére wonicated at maximum Hz
(Sonics) on ice during 10 minutes with intervalslofmin. After the sonication, the

extract was centrifuged 3,500 rpm and the pellet disacarded.

4.1.2. Digestion

Protein extraction samples fro& mitiswere quantified using Micro BCA™ Protein
Assay Kit (Thermo Scientific), and 3Q@ of each were digested with trypsin using the
filter aided sample preparation (FASP) digestiomprapch. Briefly, samples were
diluted up to 50QuL with 500 mM triethyl ammonium bicarbonate (TEAR 8.0-8.5),
reduced with tris (2- carboxyethyl) phosphine (5mB@; min at 60 oC) and alkylated
with iodoacetamide (30 mM; 20 minutes at 21 °Cha tark). Afterwards, Samples
were loaded onto an Amicon Ultra filter (10KDa, l5 capacity; Millipore) to clean-
up and denature sample proteins by two washes 3@thuL of 2M Urea/500 mM
TEAB exchange buffer (12000g, 30 min, RT). Findhg filtered sample protein were
resuspended on the filter with a 300 of a solution containing 1M Urea/ 500 mM
TEAB, and then digested withug trypsin/sample of porcine trypsin (Sequence grade
modified Trypsin, Promega) at 37°C for 16h. Afteyptic digestion, the resulting
peptide mixture was recovered by centrifugation,@@g, 15 min, RT), and washing
the filter twice with 200uL of 500 mM TEAB solution as well. The peptide nure
were dried-down on a SpeedVac system and stor@dt.

4.1.3. Peptide labeling

Samples were resuspended in 1001% formic acid (FA) solution and digests were
desalted and concentrated by a C18 microcolunnigtopolyLC) and eluted from the
tip with 200 uL (2X 100 pL) of 70% acetonitrile (ACN)/0.1% FA and dried in
SpeedVac. The peptide labeling was done with ITRARAQ™ 4plex Multiplex Kit)
according to the product specifications. Brieflgnples were resuspended ing@0500
mM TEAB and divided by two to be labeled with twdferent markers. 7Qul of
ethanol were added to each vial of ITRAQ labelieggents, vortexed for 1 minute and
spinned. The contents of label vials were transteto the each sample tube, mixed
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well and incubated at room temperature for 1 h. @asnwere labeled as following:
sample 351 was labeled with 114, and D6 G14 with 4d4d 117. A small portion of
each reaction was analyzed to ensure completargb&eaction mixtures were diluted
with 100ul of water to quench the reaction and labeled saswkre combined.

The cleanup of the samples was done in two step8:cean-up (reverse phase, toptip
C18) and then SCX cleanup (strong cationic exchand®00 toptip,
PolySULFOETHYL A). Firstly, samples were resuspahde 100uL 1% FA solution,
loaded to a C18 toptip, washed twice (800.1% FA), eluted from the tip with 2Q0
(2X 100 pL) of 70% ACN/0.1% FA and dried in SpeedVac. Theamples were
resuspended in 100 in 20% ACN/0.1% FA (pH 2.7-3), loaded to a SCX0OB2optip,
washed (3X 5QiL 20% ACN/0.1% FA) and finally were eluted from thp with 200
puL (4X 50 pL) 5% ammonium hydroxide/30 %methanol. 100 of water (HPLC

grade) were added to the samples and then wek divign in SpeedVac.

4.1.4. LC-MS/MS analysis

The dried-down peptide mixture was analyzed inreoA&quity liquid chromatographer
(Waters) coupled to a LTQ-Orbitrap Velos (ThermaeBtific) mass spectrometer.
Tryptic labeled peptides were resuspended in 5% AZNFA solution and an aliquot
(500 ng) was injected for their chromatographicasafion. Peptides were trapped on a
Symmetry C18TM trap column ((in 18um x 20mm; Waters), and were separated
using a C18 reverse phase capillary column(#63i, 25 cm, nano Acquity, lufm
BEH column; Waters). The gradient used for thei@huof the peptides was 2 to 35 %
B in 155 minutes, followed by gradient from 35%¢4%% in 20 min (A: 0.1% FA; B:
100% ACN, 0.1%FA), with a 250 nL/min flow rate.

Eluted peptides were subjected to electrosprayzatimn in an emitter needle
(PicoTipTM, New Objective) with an applied voltagé 2000V. Peptide massesfgz
350-1700) were analyzed in data dependent modeeveh@rll Scan MS in the Orbitrap
with a resolution of 30,000 FWHM at 400m/z was aoi#d. Up to the 10 most
abundant peptides (minimum intensity of 2000 coumtsre selected from each MS
scan and then fragmented using HCD (Higher Enemgiisidbn Dissociation) in C-trap
using nitrogen as collision gas, with 50% normalizellision energy and analyzed in

the Orbitrap with a resolution of 7,500 FWHM at A0@. The scan time settings were:
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Full MS: 250ms (1 microscan) and MSn: 300ms (2 ascans). Generated raw data
were collected witirhermo Xcalibur (v.2.1.0.1140)

4.1.5. Database search

Thermo Proteome Discover.1.3.0.339)was used to generate a text file (mgf) to
perform a decoy database search by Mascot seagiteesgainst NCBI database. Both
target and decoy database were searched to obfaiseadiscovery rate (FDR), and
thus estimate the number of incorrect peptide-specimatches that exceed a given
threshold. From database search, Mascot generaf@dTafile which was used to

relative quantify the ratios based on reporter iotansities.

4.2. Outer membrane protein (OMP) extraction

The protocol for the isolation of outer membranet@ns is the same as commented for
the extraction of proteins for the iITRAQ, howevedtra steps to extract the outer
membrane proteins from the rest of the proteinsewereded. After the sonication the
supernatant was ultracentrifuged (Thermo) duringitutes 70,000 x g at 4°C, prior to
be introduced in the ultracentrifuge it is impottém check that all the tubes introduced
have the same weight. After centrifugation, theesoptant was discarded and the pellet
was resuspended with 100 pl of N-lauryl-sarcos@%®.and let it react during 30
minutes at room temperature, the action of the iMylasarcosyl it to solubilize the
inner membrane protein from the cell envelope jmsteThe pellet, outer membrane
proteins, was solubilized using the suitable bufferoteins were quantified using
Bradford method.

4.3. One-dimensional SDS-PAGE.

Gel is prepared following the proportions showethmtable below, the first lower part
of the SDS-PAGE gel is prepared the day beforeingntine gel, and let it polymerize
overnight. The upper part or stacking part is prepahe same day.
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12.5% Lower Upper
H.,O 13.02mL  6.49 mL
40% Acrylamide/Bisacryilamide
37,5:1 (N,N-methylene-bis- 941 mL 1.002 mL
acrylamide)
Upper (Tris 1.5 M pH 6.8 + SDS) - 2.505 mL
Lower (Tris 1.5 M pH 8.8 + SDS) 7.53 mL -
PSA 10% 0.3 mL 0.1 mL
TEMED 0.012mL  0.01 mL

5 ug of outer membrane proteins were mixed with Laenbuonfer 5X, and boiled

during 5 minutes. The samples were loaded intgéh@nd run at 25 mA until the blue
front has overtaken the stacking gel, at that tineevoltage can be increased to 30 mA.
The electrophoresis was run until the blue trackiogt arrived to 1 cm of the end of

the gel.

After the electrophoresis was run, gel was remdva the cassette and silver stained.
Briefly, the gel was fixed with ethanol (40%) anckaic acid (10%) during at least 30
minutes. This step can be extended to over-weeltet. the fixation step the gel was
sensitized with Ethanol 30%, 2g sodium thiosulpleatd 68g sodium acetate in 1 liter
during another 30 minutes, three washes with waft& minutes each were performed
previous to the incubation with the silver soluti@d5 g silver nitrate in 1 liter) during
20 minutes. Two fast washes of 1 minute were chrroeit previously to the
development solution [50 gr sodium carbonate, 8Dforumaldehide 37% (Add just
before use) in 1 liter] the time of incubation speénding on the abundance of proteins
in the gel but normally is around 10 minutes oiiluhe desired contrast is reached. At
that time the gel is incubated with the stoppinitson (14.6 gr EDTA-Na in lliter)
during 20 minutes to finish the reaction. For gilg&aining high purity reagents were
used.

4.4. 2D gel electrophoresis

The 2-DE was performed using GE Healthcare reagemdsequipment. First-dimension
isoelectric focusing was performed on immobilizétigradient strips (24 cm, pH 3-10)
using an Ettan IPGphor System (GE Healthcare). S&smpere applied near the basic
end of the strips by cup-loading, after being irated o/n in 450 ul of rehydration
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buffer (7 M urea, 2 M thiourea, 2.5% w/v CHAPS, 2%B-14 w/v, 0.5% pharmalytes,
pH 3-10, 100 mM DeStreak reagent). After focusirtg 7@ kVh, strips were
equilibrated, first for 15 min in 10 ml of reducirsglution (6 M urea, 100 mM Tris-
HCI, pH 8, 30% v/v glycerol, 2% w/v SDS, 5 mg/mthdothreitol [DTT]) and then in
10 ml of alkylating solution (6 M urea, 100 mM T-HKCI, pH 8, 30% v/v glycerol, 2%
w/v SDS, 22.5 mg/ml iodoacetamide) for 15 min orroaking platform. Second
dimension SDS-PAGE was performed by laying thgstan 12.5% isocratic Laemmli
gels (24x20 cm), cast in low fluorescence glasgepleon an Ettan DALT Six system.
Gels were run at 20°C at a constant power of 2.peWWgel for 60 min followed by 17
W per gel until the bromophenol blue tracking frbiat run off the end of the gel. Four
replicas were run for each sample using indepengiefdgical replicates. Fluorescence
images of the gels were obtained on a Typhoon $t@@ner (GE Healthcare). Cy2,
Cy3 and Cy5 images were scanned at excitation/@nisgavelengths of 488/520 nm,
532/580 nm and 633/670 nm, respectively, at a wésol of 100 um. Both image
analysis and statistical quantification of relatpetein levels were performed using
Progenesis SameSpots V.4 (Nonlinear Dynamics).dEt& were analyzed as pairwise

comparisons.

4.5. DIGE sample preparation

OMPs samples were resuspended in lysis solutidvi (Bea, 2 M thiourea, 2.5% 3-[(3-
cholamidopropyl) dimethylammonio]-1 propanesulfen§dCHAPS), 2% ASB-14, 40
mM Tris-HCI, pH 8.8). ASB-14 was used to increabe fpresence of membrane
proteins in the 2DE. Then samples were centrifugedrder to discard any insoluble
debris. In order to remove salts and other contantg) samples were cleaned with 2D
Clean-Up Kit (GE Healthcare). Resulting pellets evaesuspended in the above-
mentioned lysis solution. Protein concentration wetermined with 2D-Quant Kit (GE
Healthcare) and adjusted to 2 mg/ml by the additba DIGE labeling buffer (7 M
urea, 2 M thiourea, 2.5% w/v CHAPS, 40 mM Tris, 18). A pool consisting of equal
amounts of each of the two samples analyzed ineffperiment was prepared as an
internal standard for quantitative comparisons. Gblestin-resistant strain was labeled
with Cy3 in two replicas and the colistin-suscelgtibvas labeled with Cy5, while
colistin-resistant strain was labeled with Cy5 he bther two replicas and the colistin-

susceptible was labeled with Cy3. This experimedt&sdign avoids possible bias as
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result of differences in the labeling reaction.hd fluorescent dye, Cy2, was used to
label the internal standard sample. Labeling wasezhout by the addition of 400 pmol
of the required Cydye in 1 ul of anhydrous N,N-dinyfformamide per 50 pg of
protein. After 30 min of incubation on ice in thark, the reaction was quenched with
10 mM lysine and the samples incubated for a furtflemin. Samples were combined
according to the experimental design, using 50 fugrotein per Cy dye per gel, and
diluted two-fold with isoelectric focusing (IEF)sale buffer (7 M urea, 2 M thiourea,
4% w/v CHAPS, 2% dithiothreitol [DTT], 2% pharmadg, pH 3-10). One colistin-
resistant and colistin-susceptible strain samplgether with an aliquot of the internal
standard pool, were then separated by two-dimeak®lactrophoresis (2-DE) in each
of the gels. This experimental design allows theueate quantification and statistical
assessment of the differences in protein abundasttesrved between the two sample
groups.

For spot picking, gels were silver stained as diesdrpreviously.

4.6. In gel triptic digestion

Silver-stained spots were destained with 200of 30 mM potassium ferricyanide and
100 mM sodium thiosulfate (1:1) for 20 min in tharkl and then spots were washed
with Milli-Q water until they were completely cleaBefore tryptic digestion, reduction
and alkylation with DTT/IAA was performed by inculmy samples with 20QL of 10
mM DTT in 50 mM ammonium bicarbonate for 1 h at ®& followed by alkylation
with 200 uL of 55 mM IAA in 50 mM ammonium bicarbonate for 3@in, protected
from light. Gel pieces were digested overnight wetmgfiL trypsin at 37 °C. The
peptide extraction was carried out with three consee washes with 0.2% TFA for
MALDI-TOF identifications. The eluted peptides watged in a SpeedVac and stored
at —20 °C until they were analyzed by mass speatgm

4.7. Protein identification by MALDI-TOF

For MALDI analysis, 1uL of sample was mixed with the same volume of aitsmh of

a-cyano-4-hydroxy-trans-cinnamic acid matrix (0.5/mf in ethanol/acetone 6:3) and
spotted onto a MALDI target plate (Bruker). The mrevas air-dried at room
temperature. MALDI-mass spectra were recorded m plsitive ion mode on an

174



Materials and methods

Ultraflex Extreme time-of-flight instrument. lon @leration was set to 25 kV. All mass
spectra were externally calibrated using a standaegtide mixture containing
angiotensin Il (1046.54), angiotensin | (1296.68)pstance P (1347.74), bombesin
(1619.82), rennin substrate (1758.93), adrenoadrtpic hormone 1-17 (2093.09),
adrenocorticotropic hormone 18-39 (2465.20), andnatostatin 28 (3147.47).
Calibration was considered good when a value bdlgepm was obtained. For PMF
analysis, the MASCOT search engine (Matrix Scienga¥ used with the following
parameters: one missed cleavage permission, 50 peasurement tolerance, and at
least four matching peptide masses. Cysteine cadoamethylation was set as fixed
modification when appropriate, with methionine @tidn as the variable modification.
Common contaminants were removed using the contaitsrdatabase available in the
Mascot search engine. Searches were carried g trs¢ NCBInr July 2014 database.
Positive identifications were accepted with a Masszore higher than that

corresponding to a P value of 0.05.

5. Molecular biology tools

5.1. Polymerase chain reaction (PCR)

PCR of thdpxACD andpmrABC genes of three colistin-susceptible and thestin-
resistantA. nosocomialistrains were performed.

These are the primers used for the PCRs which designed specifically for this
study.

Primers  Forward Annealing Reverse Annealing
Temperature (°C) Temperature(°C)

pmrA ATGACAAAAATCTT 59.2 TTATGATTGCCCCAA 60.3
GATGATTGAAGAT ACGGTAG

pmmB GACTTCATGAACGT 51.6 CAAGAGCTTAGTTAA 53.0
GCAT GCTC

pmrC CAGCAGTTTCTGTG 58.4 TTTTGCATAGCCAAG 57.4
CCATGT TTGACC

IpxA CCTTATTGTATTAT 523 CGTACAATTCCACGC 524
TGGTCC TC

lpxC GCGAGTGGAATAG 5338 CGTATGGAATTGGAC 55.2
GTCTT AGTC

lpxD GCCTATGACGCTAA 55.3 TCTGCATTGGTAATTC 55.3
GTATGA AGGG
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Three or four colonies were added tob@f water, the mixture was incubated during
10 minutes at 96°C in order to destroy all the dx@at centrifugation at 12,000 rpm for

10 min. was performed and the pellet was discarded.

Reagent Volume
DNA 5ul
Primer forward (5 uM) 5ul
Primer reverse (5 uM) 5ul
dNTPs (2 mM) 5ul
Mg.Cl (15 mM) 5ul
Buffer 10ul
Taq polymerase 0.4ul
H,O 14.6l

A mixture of the reagents indicated above was peréa before the PCR.

The PCR conditions were as follow:

Temperature Time

95°C 3 min

95°C 30 seg

Annealing temperature 2 min X 30 cycles
72°C 1.5 min

72°C 7 min

12°C ©

The PCR products were loaded into a 1% agarose d@ogel, and runned the
electrophoresis until the end of the agarose gele B the present of Sybr Safe
(Invitrogen) into the gel it was possible to obsetiie DNA fragment amplified, these
PCR products were removed from the agarose gepariied using the kit (Omega).
Once the PCR product was clean, it was send tok(Bae Coulter Genomics) for

elucidation of the sequence amplified.

5.2. Preparation of the knockout genes

The nucleotide sequences of the target genes wsed to design flanking
primers pairs to perform a two-step nested PCR gewm@sis reaction. The general
procedure for the two-step nested PCR mutagersesispicted irFig. 2 and it involves
designing two flanking primer pairs on either safethe target sequence to create an
internal deletion and introduce a restriction daeallow the insertion of a selection

marker cassette.
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PrimersB andC in showed in the figure below contain an extrausege tail
complementary to each other and incorporate a ictstr site (BamHI). The
complementary sequences allow the overlap of thHe p©ducts after the first round of
amplification (using primer paird/B andC/D). The resulting PCR products from the
first round of amplification were then mixed togethn the second PCR round using
only primersA andD. The overlapping ends allow both fragments to iuybe creating
a final PCR product with a deleted region withie tArget sequence. The restriction site
introduced during the PCR reaction allowed the sgbent insertion of a selection
marker by BamHI enzymatic digestion/DNA ligatiom. this study we introduced an
armA cassette encoding a 16S rRNA methylase that confessstance to all

aminoglycosides.

C

%
—
I

-—

A
—
I
+—\, Target sequence

B D
First PCR round
A * Restriction Sequence
2 AB
I
. |
CD .
Second PCR round

I ¢
Deleted product

* %

 —
Antibiotic Resistance Gene
4«
e
Final construct

Restriction/Ligation

Name Primer Annealing  Primer Annealing
forward T (°C) Reverse T (°C)
Immunoprot GAACCTTATT 50.4 CAGCTAGACAG 66.7
Upstream GGACTCTTAC TCGATGGATCC
G TGGATTTGCTC
AACGCT
Immunoprot GGATCCATCG 66.4 AAGTGCTCCAA 54.3
Downstream ACTGTCTAGC GCCTATCTC
TGCAACTACA
TCATCTGGAA
GC
Membraneprot GGAGATGTGA 50.4 CAGCTAGACAG 66.2
Upstream TGAAGTTACG TCGATGGATCC
GCTGATGTTAG
ATGACGAC
Membraneprot GGATCCATCG 67.1 TCGGCGGATAT 49.9
Downstream  ACTGTCTAGC TTACTCT
TGTTGAAACC
TCCTTTGGTG
C
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Construction of knock-out strain in the gens thatosled the up-regulated poteins
found in the iITRAQ assay was performed following throcedures explained before.
The PCR products after the first round of ampliima were loaded into an agarose gel
(1 %) and two bands corresponding with the expesied were recovered and gel-
purified.

Next step was to perform the second PCR round kingdlL pl of each PCR product
recovered in the previous step. Upon loading amosgagel, a PCR product of the
expected size (containing the target flanking segee as well as an internal deletion)
was observed and purified from the gel. This troedaene was inserted into a cloning
vector (pGEM-T) by A/T cloning, since therminal transferase activity of the Taq
DNA polymerase adds a single 3"-A overhang to emchof the PCR product.

For the insertion of the PCR product of the truedagene into the plasmid (1pl of the
PCR product of the truncated gene, 1ul pGEM-T, T4IDNA ligase, 2ul HO, 5ul
buffer 2X) overnight at 16°C.

The plasmid with the inserted truncated gene wassformed using competent cells of
E. coli DH5a strain. Transformants were selected into LB adatep containing 50
png/ml ampicillin (pGEM-T plasmid contain an ampigillresistant gene) and a cell-
cracking procedure was used to confirm carriagehef plasmid. Cracking method
consist in adding several colonies to 25ul gDHafterwards 25ul of cracking lysis
buffer (860ul HO, 40ul NaOH (5M), 20ul SDS 10%) was added andbated at room
temperature for 5 minutes. The mixture was thedddanto a 0.7% agarose gel, and an
intense band belonging to the plasmid should berebd. As soon as the presence of
the plasmid was confirmed, an overnight bactengdtuce in the presence of ampicillin
was set up. An extraction of the plasmid from tiwveraight culture was carried out
using a commercial plasmid extraction kit (Promeddge plasmid was digested with
BamHI (1ul buffer 10X, 6ul kD, 2 ul plasmid and 1ul enzyme) and a BamHI-digkste
armA cassette (encoding a 16S rRNA methylase that confesistance to all the
aminoglycosides) was ligated with the previous tmes (2ul T4 DNA ligase buffer
10X, 2ularmA 2ul plasmid, 1ul T4 DNA ligase, 13ub@). The ligation reaction was
performed at 16°C for 4 h after which it was introeld intoE. coli DH50. competent
cells as explained above. Transformants were selert LB-agar plates containing 50
50 pg/ml kanamycin. The presence of the plasmid waskdtas before and plasmids
extracted from thé&. colicells were used to naturally transform an overnaliture of

S. mitis(351).S. mitisis a natural transformant and no competent celisnaeded, only
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the action of a stimulating peptide (Genscript) émhance the efficiency of
transformation (222, 223). Mutants arisen from alde crossover event were further
selected on LB agar plates supplemented with gaaitarand evaluated by PCR after

DNA extraction using a standard kit (Promega).

5.3. Preparation of competent cells

An overnight culture ok. coli DH50 was diluted 1/1000 in LB and was incubated at
37°C until OD of 0.6 aprox. was achieved. Bactareae incubated on ice during 15
minutes, and centrifuge at 7,000 rpm during 10 nesuat 4°C. Supernatant was
discarded and the cells were resuspended in 1/liheoprevious volume of 0.05M
CaCl -glycerol 25% (cold). Store in 200 pl aliquots&®d°C.

5.4. Genome sequence

DNA from the strains sequenced was extracted ub@adPNA extraction kit (Promega).
Genomic DNA fromA. nosocomialistrains was fully sequenced by pyrosequencing
using the genome sequencer Titanium (454 Life $eien A library of paired-end
fragments was created following the manufacturar&ructions (454 Life Sciences).
This library was sequenced using the GS Titaniugueecer (454 Life Sciences).
Reads originated from each strain were assembtedccantigs using Newbler 2.53 (454
Life Sciences). The assembly was verified using @« genomics software (CLC
Bio). Predicted protein proteins were compared regjan nonredundant Genbank

database using BLASTP for functional annotation.

6. Other methodologies.

6.1. Caenorhabditis elegans model

The aim of using then vivo model ofC. elegansvas to have an idea of the virulence of
the generated mutants compared to the originahstree C. eleganilling assay was
performed usingE. coli OP50 as a control, and the twa nosocomialisstrains

(colisitin-susceptible and colistin-resistant).

179



Materials and methods

Adult
young adult
™Y -
10 hr / @ Q
L4 larva
M= embryonic &)
development %
wl months 14 hr
8hr Dauer larva
N
L3 larva 13 hr /
“ = Predauer (L2d)
crowding tlow food /
8hr N
N L1 larva
L2 larva 120

C. elegaride cycle at 22°C. (artwork by Altun and Hall, \Waatlas)

C. elegansmbryos develop rapidly and hatch after 14 hotlire first larval stage is
completed after another 12 hours and the animalsepd through four molt cycles
before becoming adults. Under crowded conditions ¢dhe absence of food larvae can
choose an alternative development pathway leadirtbe dauer larva, which does not
feed but can survive adverse conditions for sevamlths. When life gets better normal
development is resumed, the animals exit the diueal stage and develop into the
normal fourth larval stage before becoming aduttuldanimals are hermaphrodites and
produce both sperm and eggs. Over the course ad&@ some 300 eggs are laid. The
overall life span oCC. eleganss 2-3 weeks.

The method used in the killing assay is showethénfigure below.

' Nematode killing '_‘ ":::flzmegaggs Bleach
assay (NCI.KR) 4 (eggs)

NGM agar plates

inoculated with 10 pl _ON cultures of ‘ Synchronize
of bacterial (37° C Acinetobacter strains ]— growth of worms.
for 2-4 h). (10% CFU/mL).

Plates at room
temperature seeded
with L4-stage worms

(25° C)

Scored each day for
live worms under a
stereomicroscope

—

time LT100.

The lethal time
LT50 and lethal
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6.2. Quantitation of the LPS

The procedure to determine the amount of LPS ptdsea certain bacteria was the
commercial Kit QCL-1000 Limulus amebocyissay from Lonza, following the

instructions.

6.3. Docking and molecular modeling

Molecular docking is a computational method whichdacts the preferred orientation
of one molecule (ligand) to a second (protein) wheund to each other to form a stable
complex. This knowledge is used to predict thengfite of association (binding affinity)
between the two molecules using scoring functions.

We used Glide XP scoring function and molecular kigg software from

SCHRODINGER package (www.schrodinger.com). Praséincture was obtained with

the help of homology modeling technique. Homologydeling constructs a model of
the 'target' protein from its amino acid sequence and an ewpmttal three-
dimensional structure (X-Ray crystal or NMR) of elated homologous protein (the
"templaté).

I-TASSER online server (http://zhanglab.ccmb.medchinedu/I-TASSER/) was used
for homology modeling. The amino acid sequencaksn from Genbank, and template
structures used in the modeling are taken fronothpA structures present in the PDB.
Best ranked model was prepared (all preparation ease with SCHRODINGER
including short MD simulations) for docking calctitens. EXORIS library was used for
docking.

6.4. Bacterial adherence

An overnight bacterial culture was grown in LB (lauBroth), at the same time °.0
cells (A549, pulmonary cells) were seeded in a 2lsnmicroplate, DMEM together
with bacteria and different concentration of pegsidvere incubated with cells at 37°C
during 2h, after two hours the supernatant wasraggxh and cells were treated with
EDTA and trypsin, this mixture was also treatedhwit5% of Triton X-100 to disrupt
all the cells, microdilutions to the extract wererfprmed prior to be seed into blood
agar plates in order to count the amount of bactpresent in each well, 100% of

bacterial adherence is considered when the peptidenot added
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6.5. Adherence to fibronectin

An overnight incubation of 1.2fg of fibronectin in 1X of PBS in a 96 well plate sva
performed to allow fibronectin to bind to the imtal wall of the well. Next day BSA
(Bovine serum albumin) was added for 1h in orddslezk the free positions present in
the 96 wells plate, after 1h, bacteria togethemwdifferent concentrations of the
peptides were added during 2 hours, after thatreapéant was removed and 0.5% of
triton X-100 was added to 96 well plate, microddus were performed and seeded into
blood agar plates, which were incubated during adi37°C. 100 % adherence was
considered when no peptide inhibitor was incubated.

6.6. Cell viability analysis

The procedure of determining the cell viabilitysisnilar to the MTT assay, however

bacteria are incubated together with the peptlierést of the procedure is the same.

6.7. Pharmacokinetic assay

A dose of 10 mg/Kg was injected into 30 mice, andf3hem were sacrificed at a
different time points (5, 10, 15 and 30 minutes] an 2, 4, 6, 12 and 24 hours). The
maximum blood of the mice was extracted and inadatith EDTA, afterwards the
serum was obtained from the blood. Once the sera® obtained , the rest of the
protocol was the same as the calculation of thieilgjaof the peptide. However, once
the peptide was in solution, a certain amount ofeppeptide (in a knowledge
concentration) was added, therefore in the HPLCpisak will increase and we will
have the contribution of the same peptide from diff@rent sources, this fact will allow
us to calculate the concentration of peptide we halve in serum at a certain time

point.
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Introduccio.

Avui en dia estem davant d’un problema molt greabdst mundial, aquest problema té
dos factors importants que son: i. el augment edaibns resistents a la majoria dels
antibiotics disponibles. ii. la poca inversié pertpde la industria farmacéutica en el
desenvolupament de nous antibiotics. A I'Gltim i@ de la OMS es va alertar sobre
aguesta situacio. Tenint en conte la situacio nogacla anteriorment es va anomenar
ESKAPE Enterococcus faeciumStaphylococcus. aureusKlebsiella pneumonige
Acinetobacter baumanniPseudomonas aerugingsantereobacterspecies) al grup de
bacteris més resistents. El grup ESKAPE esta coatpes bacteris tant Gram-positius
com Gram-negatius, i realment son dianes moltctates per al disseny de nous

farmacs.

Una altre factor important a tindre en conte eschda de resisténcia d’un bacteri en
front a certs tipus d’antibiotics. S’ha definit ceanmulti resisténcia quan el bacteri es no
sensible & 1 agent en> 3 categories d’agents antimicrobians, el segUeat gle
resisténcia es el de resistencia extensa, el guddfeneix com a no sensible>dl agent
de com a maxim dues categories, i per ultim parsteggia, que es defineix com la
resistencia a tots els tipus i families d’antilsti Fins fa uns anys no hi havia
controvérsia en el tema de definir el grau de t&siga del antibiotics degut a que no
s’havien aillat soques resistents a tots els aniiisi, perd en els ultims anys el nombre
de soques pan resistents han augmentat considemtilsobretoA. baumannii fent

necessari que hi hagi una definicio del grau disteggcia d’una bacteri.

Es pot apreciar I'evolucié A. baumanniien els estudis realitzats, on es pot veure el
augment de la resisténcia a imipenem del 3 al 708& el periode de 1993 i 2007, el
mateix efecte s’observa en quinolones amb un inen¢ehel 30 al 97% durant el mateix

periode de temps.

Com hem comentat anteriorment hi ha una necegsit@nt de nous antibiotics, i
especialment per antibiotics actius en front adsacGam-negatius degut al fet que els
altims antibiotics llencats al mercat (daptomicinBnezolid) només son efectius en
front bacteris Gram-positius. Tot i esser els (dtamtibiotics llengats al mercat ja s’han

aillat soques que presenten resistencia a aquestntbiotics.
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Com em comentat anteriorment ens centrareAaemetobacterque son principalment
patdogens nosocomials i oportunistes, aixo vol die gormalment afecten a pacients
amb un sistema immunologic deteriorat. Entre e€P1i0 % de les infeccions produides
a les UCI son causades per aquest patogen. Solanade les causes meés frequients en
pneumonia pero també estan implicats en bacterjanfeccions del tracte urinari o

meningitis.

El génereAcinetobactelesta format per diverses especies, les quals Emeomu que
son coc-bacils Gram-negatius, no fermentadors,pangas de reduir nitrats, catalasa
positius, oxidasa negatius, i sense motilitat, diags d’on prové el norAcinetobacter
que es deriva del terme gre&-Kinetd que significa no mobil, per aixo indica que
aguest génere no te motilitat en superficies. Acteat, al 2014, 34 especies diferents
del géneréicinetobacteihan estat definides.

Les colonies formades per les especies pertangtngénereAcinetobacterson d’'un
color groc pero poden arribar tindre un color blgrisds i entre 1 i 2 mm de diametre.
El test d’'oxidasa es el emprat per diferenciareslegeAcinetobacterd’altres bacteris
Gam-negatius no fermentadors. Per a un aillamend e soques cliniques s’utilitza
un medi solid selectiu que no permeti el creixenattres microorganismes, tipus

Herellea agar o medi Leedginetobacter

Les dues caracteristigues mes importants que faAcjonetobactersigui un génere tan
resistent es I'habilitat per desenvolupar patroasnullti resisténcia i I'habilitat per
sobreviure en diferents condicions. Les especi@sidétobactempoden ser trobades al
sol, aigua, animals o humans, creixent normalmeates les mostres aillades del sol o
I'aigua. Els llocs on han sigut aillades aquestddyas son tan diversos com aigua fresca
natural, mostres d’aire d’hospitals o fins i toescoles o escoles bressol. Aquesta alta
resisténcia a qualsevol condicié ambiental proveadebilitat d’emprar diferents fonts
de carboni, aix0 es pot veure clarament en la caagfiaentre les soques tipus (ATCC)

i les soques dels aillats clinics.

Si comparem la capacitat de supervivencia ambsaltaeteris la diferencia es notable
essent al voltant de 24 hores gercolii menys de 24 hores pBr aeruginosaquan a
les mateixes condicions qualsevol bacteri pertangkegenereAcinetobactersol viure

varis dies inclds arribant a 25 com en el c#s Baumannii
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Els factors de viruléncia son necessaris per lagesia d’infeccions causades per
baumannij aquest factors son claus alhora d’infectar i mibt@ar el hoste. Hi ha molts
tipus de factors de viruléncia, com per exemplei@film, el qual es defineix com una
matriu polimerica formada per carbohidrats, prasjnacids nucleics i d’altres
macromolécules que manté units els bacteris uradbprits a la cel-lula del hoste i els
ajuda a sobreviure. Un altre factor de virulendaekde la motilitat i adheréncia, com
hem comentat anteriorment el genekeinetobactermanca de motilitat degut a
I'absencia de flagels, pero aixd no implica queingui mobilitat tipus twiching, degut

a la presencia de pilis.

El lipopolisacarid (LPS) present a la membranabaeteri també es un factor important
de viruléncia, com es pot apreciar en les soquAsimktobactertant baumanniicom
nosocomialisla pérdua del LPS implica també una perduda déuéencia de la soca.
Un altre component de les membranes dels bacteais)-@egatius, com son les outer
membrane proteins (OMPSs), son també importantsr&acte viruléncia, on cal destacar
OmpA, que s’ha descrit com la proteina involucradadheréncia dels bacteris a les

cel-lules del pacient infectat.

Hi han altres factors de virulencia que no pertarg/éa estructura de la bacteri sind que
son elements mobils com son les outer membranelegsique son nano vesicules
esferiques compostes per DNA, RNA, lipids, LPS olis OMP, la seva funcié
principal es la de transportar factors de virulentin altre factors important es I'accio
dels siderofors, compostos que tenen I'habilitagdelar el ferro, que com es conegut
es un factor determinant en el creixement bacter Gltim, el quérum sensing, que es
un sistema de comunicacio entre bacteris depereeld densitat cel-lular o la fase de
creixement, aquestes molécules poden controlarrstige factors de virulencia

comentats anteriorment tals com el biofilm o laitiat.

Com s’ha comentat anteriormemcinetobacterte una facilitat innata per adquirir

elements de resisténcia a tot tipus d’antibiotics.

La resistencia g3-lactamics, pot esser de dos tipus, el mediat perenzim [3-
lactamases), el qual actua obrint I'arfellactamic de la molécula hidrolitzant-lo i aixi
desactivar I'efecte antibacteria del compost, o pHre banda, mecanismes no

enzimatics.
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Hi ha diferents tipus dp-lactamases depenent del compost sobre el quenadtuha

per exemple les AmpC que actuen inhibint penioigii cefalosporines d’espectre estes
excepte cefepime, o les oxacilinases capaces Himliefecte de I'oxacilin i el
cloxacilin i per ultim les metall@-lactamases, esteses mundialment i caracteritzades
pel seu ampli espectre d’accié degut a que sonceapdinhibir tots els antibiotids-

lactamics excepte aztreonam.

Els mecanismes no enzimatics estan relacionats amtacions a la membrana com
poden ser la sobre expressié de bombes de flutemailons a les OMPs, o fins i tot
modificacions a les PBPs (Penicilin binding pro$gin

La resistencia a aminoglicosids també esta dividddados tipus de mecanismes
diferents com son les acetiltransferases, nucliéatiosferases o fosfotransferases,
enzims que modifiquen el grup amino o hidroxil detsinoglicosids, i per altre banda,
les bombes de flux en especial la bomba AdeABC qoefereix resisténcia a
aminoglicosids apart d’altres tipus d’antibiotics.

La resisténcia a quinolones ve donada per mutacomns succeix a totes les especies, a
la zona QRDR (Quinolone-resistance determinig megde la subunitat A de la DNA
girasa i de la DNA topoisomerasa IV. Paral-lelangeatjuestes mutacions també s’han

descrit diverses bombes d’expulsio involucradekm easistencia a quinolones.

La resisténcia a polimixines estan basats prineipat en la modificaci6 de gens que
estan involucrats en algun procés de la sintefjutiacomponent del LPS del bacteri,
com per exemple mutacions al sistema reguladoodked¢omponendmrABGC que esta
relacionat amb la modificacié del lipid A del LPSrwutacions als gengxACD que

estan directament relacionats amb la biosinteklipie A.

Actualment dos tipus d’antibiotics peptidics, citia i daptomicina, son emprats per a
tractar certes infeccions produides per bacteriam@regatius i Gram-positius

respectivament.

Colistina es un antibiotics peptidic aillat als singeixanta pero reemplacat pels
aminoglicosids als setanta degut a la seva nefimtaix Pero en els ultims anys degut al
increment de la resistencia dels antibiotics emspsdta hagut de tornar a reutilitzar
aquest tipus d’antibiotic, pero tot i aixi ja s’haillat diverses soques resistents a

colistina. Arrel de la reutilitzacié de la colisiitom a antibiotic, els estudis de la seva
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toxicitat s’han intensificat, trobant que la toxati d'aquest compost esta al nivell
d’altres antibiotics utilitzats com la tobramicirague realment lo important es la dosi
acumulada més que la dosi diari administrada, @er ara es coneix com aquesta

toxicitat es totalment reversible amb el temps.

5
y-NH,
+NH, vNH, —— (a).-Dab—+ (Pos. 6) — (Pos. 7)

Fatty acyl == (a).-Dab — L-Thr — (a)L-Dab —= (a,y).-Dab

1 2 3 4
t-Thr =—(a).-Dab <— (a).-Dab
10 | |
+-NH, +-NH,
9 8

Polymyxin Fatty acyl group Pos. 6 Pos. 7

B, (5)-6-methyloctanoyl D-Phe Leu

B,-lle (S)-6-methyloctanoyl D-Phe lle

B, 6-methylheptanoyl D-Phe Leu

B, Octanoyl D-Phe Leu

B, Heptanoyl D-Phe Leu

B, Nonanoyl D-Phe Leu

B 3-hydroxy-6-methyloctanoyl D-Phe Leu

E, (S)-6-methyloctanoyl D-Leu Leu

E, 6-methylheptanoyl D-Leu Leu

E, Octanoyl D-Leu Leu

E, Heptanoyl D-Leu Leu

E, 7-methyloctanoyl D-Leu Leu

E,-lle (5)-6-methyloctanoyl D-Leu lle

E,-Val (5)-6-methyloctanoyl D-Leu Val

E,-Nva (S)-6-methyloctanoyl D-Leu Nva

E-lle 6-methylheptanoyl D-Leu lle

E,-Val 6-methylheptanoyl D-Leu Val

Eg-lle 7-methylnonanoyl pD-Leu lle

Pos.: Amino acid position.

Figura. R.1. Estructura quimicade la colistinssiaalegs aillats
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L’estructura quimica de la colistina esta formadayn decapeptid ciclic i un acid gras,
la unié per formar el cicle esta entre el acid dnmutiric de la posicié 4 i la treonina
de la posicio 10. De totes les polimixines aillatdesinica variacio present, son els 2

aminoacids de la posici6 6 i 7 i I'acid gras.

La colistina o polimixina E, té una D-Leu a la m8i6 i un Leu a la posicioé 7. S’ha de
tindre en conte que la colistina inclou difererdpeaxies perd una gran majoria (més del

80%) pertanyen a la mescla entre polimixina jolimixina E.

Com s’ha comentat anteriorment el mecanisme detéesia a colistina esta lligat
d’alguna manera al LPS i per aixo el mecanisme cibacle les polimixines esta
relacionat amb la membrana dels bacteris Gram-lusgett i que no esta del tot clar

quin es el mecanisme exacte.

Un altre péptid emprat com a antibiotic es la dagittna, aquest antibiotic va ser
aprovat per la FDA al 2003, té una estructura reeihblant a la de les polimixines,
amb un péptid ciclic i un acid gras. La part peptigesta composada per 13 aminoacids,
10 d’ells estan formant un cicle, la ciclacié deppd es produeix entre els aminoacids

L-Kyrunenine (residu 13) i L-treonina (residu 4).

L-Kyn'
o} NH,
0 p-Asn?
n 0] (0]
H L-Trp'
O o HN 0
H H
N N
L-Thrt H ” R
HNG 5 O \
Gly5 l\ HN
(0]
HN™ 0 Cagpe
(0]
NH
NH L-Omé
2
OH
L-Asp’

Figura. R.2. Estructura quimica de la daptomicina
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MIC (pg/ml)
Compound R Staphylococcus aureus
1 A21978C, M 1
2 A21978C, M 0.5
3 A21978C, M 0.13
4 Daptomycin o] 0.125-0.5

\21\/\/\/\/\

Taula.R.1 Diferents cadenes d”acid gras de lardaa relacionat amb la seva activitat en frént

aureus

Diferents compostos varen ser aillats al mateixptemmue la daptomicina, la Gnica
diferencia entre ells es 'estructura de I'acidsgnaero de tots ells la daptomicina era el

gue presentava un millor balang entre toxicitativéat.

El mecanisme d’accio de la daptomicina esta refeatiamb la membrana dels bacteris
Gram-positius pero tal com passa en el cas dedié@sipines, el mecanisme complert
no ha estat elucidat, de totes maneres es coneiX'agcio de la daptomicina esta

intrinsecament relacionat amb la concentracié dé @asent al sérum.

To i que la daptomicina es un antibiotic relativameou, varis casos de soques
resistents s’han aillat éh aureus en EnterococcusCom en el cas de la colistina, tots
els bacteris aillats resistents a daptomicina ptesealgun tipus de modificacié

relacionat amb la membrana.

Fins ara només em comentat sobre els problemelsi tpaeen el tractament d’'infeccions
perdo no em proposat alternatives als antibiotiosnjgrats, aqui es descriuen diferents

opcions pel tractament Al baumannii

Antimicrobial peptides.
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Hi ha diferents maneres per obtindré un péptiduaaiguna d’elles son utilitzant
extractes naturals i fent un “screening” en fronbacteri desitjat, o d’altres maneres
com pot esser la dissenyar el compost d’acord amaldiana concreta. El (s de péptids
com a agents antibacterians té certs avantatges@orel ampli espectre d’accio, o la
inespecificitat de la diana que fa que sigui mégitid’adquirir resisténcia, també te

certs desavantatges com son la baixa estabiliteéremrn huma i la seva rapida excrecio.

Algunes soques comercials han estat testades eindeosoques &. baumanniiamb
diferents perfil de resisténcia de les soques etagtaels millors resultats s’observen en
el cas de buforin Il i magainin Il, amb una M§CMICgy de 2 i 16 mg/l respectivament,
la mateixa MIG, es observada en el cas de cecropin P1 i melitia la MIGpresenta
una dilucié més (4 mg/l). Cecropin A, indolicidirrdanalexin presenten uns valors de
MIC més elevats. Dos dels peptids comentats anteeiot, cecropin A (CA) i melittin
(M), van ser barrejats per obtindré una milloratdt en front a soques Al baumannii
resistents a colistina. CA (1-7)M(2-9) va ser testafront de soques multi resistents i
en soques colistina resistent®dbaumannii EI millor resultat es el obtingut en front
de soques colistina resistents amb uns valors dégMil MICgq de 2 i 4 mg/L

respectivamentomparat amb la soca multi-resistent (M€ mg/l, MIGyo 12 mg/l).

La font d’'on els péptids antimicrobians poden gebdts es molt diversa des de

secrecions de pell de granota a veri d’escorpfaligst

Fins ara només em parlat de péeptids naturals, doti ipéptids totalment sintétics han
estat també testats en front soques. dfaumannii com es el cas d’'un péptid format
només per lisines i leucines (LKLLKKLLKKLLKLL), emateix péptid perdo amb un
33% de D-aminoacids va ser sintetitzat i tambéng millor activitat 5.6 mg/l. Altres
peptids que contenen majoritariament lisines i ileg& van ser sintetitzats pero en
aquest cas una o dues cisteines van ser funciades. C(LLKK)C i (LLKK)C van
ser sintetitzats i testats amb valors de MIC migivats pero tot i aixi deguts a la seva

poca toxicitain vivo, presenten una alta efectivitat quan son provatatelins.

Polimixines.

Com s’ha comentat anteriorment, un dels probleneda ditilitzacié de les polimixines

es la seva nefrotoxicitat, per aquest motiu undedeopcions es intentar sintetitzar
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analegs de les polimixines intentant reduir la seg&otoxicitat i augmentar la seva
activitat en front soques tant sensibles com msista colistina &. baumanniiUna de
les opcions per augmentar I'efectivitat del compssintroduir nous grups hidrofobics a
les posicions 6 1 7 i a la cua d’acid gras, es irtgstt mencionar que l'activitat d’aquests
nous compostos es independent de la MIC a colipgngart de la soca. Un altre grup
va escollir una altre estratégia que va ser cahahbab de la posicié 3 per un Dap
(acid 2,3-diaminopropionic) i sobre aquest esquedeivien la cua d’acid gras, es pot
veure com I'analeg amb la cua com a 6-oxo-1-fejiitdeshidropiridina-3-carbonil, té

millor resultatdn vitro peroin vivofalla en comparacié amb la polimixina B.

A part dels tipics compostos antimicrobians, hi diaes maneres de tractar les

infeccions causades p&r baumannii

Una de les opcions es la utilitzacié de compost&mmcos de quelar el ferro, que com
hem comentat anteriorment es realment importantgakement bacteria. Una opcid
alternativa a quelar el ferro es la de substituiasio Fé" pel G&*, on es produeix una

competicio degut a que tenen la mateixa valens&nmblant radi atomic. La diferencia
es que el G4 no pot fer les funcions que fa el ferro i per aikdacteri mor a causa de

la deficiencia de ferro.

Una altre tipus de terapia alternativa es inhilangeneracié de biofilm, on s’ha trobat
un compost mari amb I'habilitat per inhibir el biof i posteriorment ha estat optimitzat

obtenint un compost amb una activitat elevada.

Es conegut que els fags poden tindre la capadcitdlisér les bactéries, per tant es un
altre alternativa d’ds en front de soqueA.ddaumannii on després d'ésser optimitzat

s’han assolit bons resultatsvivo.

L’ds de vacunes com a prevencio per l'adquisiciinfdtcions causades peX.
baumanniies una altre bona estratégia, tenint en contd’adguisicié d’'aquest tipus
d’infeccions be donada en llocs i en pacients rpotituals. Fins ara diferents tipus de

vacunes en frorh. baumannihan sigut testades assolint resuliatgvo forca bons.
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L’dltima terapia alternativa i potser la més inndoea es la terapia fotodinamica, on
I'idea es generar oxigen reactiu que interactuara @l DNA o proteines de membrana i

aixi destruint el bacteri.

Mecanisme de resisténcia a daptomicina b mitis.

Com hem comentat breument, el mecanisme d’acci@ deptomicina es a nivell de
membrana dels bacteris Gram-positius, per aixoeglamisme de resisténcia del bacteri
ha d’estar lligat d’alguna manera a la membrand,ie la nostra primera hipotesi va
ser la de veure si es produia un augment del gleiita paret cel-lular del bacteri quan
s’adquiria resisténcia a daptomicina. Es van traaliel gruix de la paret cel-lular de 3
soques resistents a daptomicina i una soca senaildaptomicina i els resultats

obtinguts son els seguents.

a) 351 b) D6-2

Figura.R.3. a) TEM de la so& mitissusceptible a daptomicina. b) TEM de la s8camitisresistent a

daptomicina
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Soques Gruix de la membrana (nm) MIC a daptomicina (mg/L)
351 (daptomycin S) 20.03%+1.47 0.38
D6-2 (daptomycin R) 25.21+2.05 >256
D6-7 (daptomycin R) 22.35+2.84 >256
D6-14 (daptomycin R) 24.44+2.56 >256

Taula.R.2. Gruix de la membrana del bacteri relatiamb la seva activitat en front daptomicina

Es pot apreciar com hi ha un lleuger augment egra@k pero sense arribar a ser
significativament diferent. En altres bacteris sesits a daptomicina tals cd@naureus
no sempre es produeix un augment de la paret leel-uan la soca adquireix
resisténcia a daptomicina per tant es un factarrstari.

Com a segona hipotesi varem decidir utilitzar tgeas de protedmica comparativa per
veure si hi havia alguna proteina interesant queéevael seu nivell d’expressiod
significativament, per aixo es va emprar el metdERAQ, i els resultats obtinguts es

poden veure a les taula inferior.
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Diferencia

Dapto R/Dapto S

Proteina identificada

0,24
0,30
0,36
0,55
0,62
0,64
0,65
0,65
0,69
0,72
0,73
0,74
1,19
1,22
1,27
1,29
1,33
1,36
1,36
1,48
1,50
1,59

2,26

NADP-specific glutamate dehydrogenase [Streptococcus agalactiae COH1]

PF0O8006 family protein [Streptococcus oralis SK100]

30S ribosomal protein S3 [Streptococcus pneumoniae TIGR4]

PTS system transporter subunit IIB [Streptococcus pneumoniae TIGR4]

glutamate--ammonia ligase [Streptococcus oralis ATCC 35037]

ABC transporter, ATP-binding protein, partial [Streptococcus oralis SK255]

peptidyl-prolyl cis-trans isomerase [Streptococcus sp. oral taxon 071 str. 73H25AP]

peptidyl-prolyl cis-trans isomerase [Streptococcus oralis ATCC 35037]

ABC superfamily ATP binding cassette transporter, binding protein [Streptococcus sanguinis ATCC 49296]

hypothetical protein HMPREF0851_00776 [Streptococcus sp. M334]

PTS family maltose and glucose porter, IABC component [Streptococcus oralis ATCC 35037]

peptidyl-prolyl cis-trans isomerase [Streptococcus sp. GMD6S]

2-C-methyl-D-erythritol 4-phosphate cytidylyltransferase [Streptococcus oralis ATCC 35037]

serine protease HtrA [Streptococcus oralis ATCC 35037]

phosphotransacetylase [Streptococcus mitis B6]

putative PTS system, IIC component [Streptococcus sp. M143]

conserved hypothetical protein [Streptococcus oralis ATCC 35037]

L-lactate oxidase [Streptococcus pneumoniae G54]

group B streptococcal surface immunogenic protein [Streptococcus sanguinis ATCC 49296]

glycogen biosynthesis protein,glucose-1-phosphate adenylyltransferase [Streptococcus oralis Uo5]

pyruvate oxidase [Streptococcus oralis SK100]

glucose-1-phosphate adenylyltransferase [Streptococcus oralis ATCC 35037]

group B streptococcal surface immunogenic protein [Streptococcus mitis ATCC 6249]

Taula. R.3.Proteines identificades @nmitisamb un grau diferent d’expressio entre soqueseptibe i

resistent a daptomicina
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Es pot apreciar com hi ha moltes proteines quenasi seu nivell d’expressio pero ens
centrarem només en aquelles que estiguin relacisnachb la membrana i puguin
tindre algun homoleg en altres bacteris que estiqlicat en la resisténcia a

daptomicina.

Aquestes proteines son la conserved hypothetiogiprque esta sobre expressada 1,33
vegades, i la group B streptococcal surface immeniogprotein que esta sobre
expressada 2,26 vegades, aquesta Ultima proteiit@ g domini amb homologia a la
proteinaYvgF/VraSR involucrada a la resisténciaaptamicina en certs bacteris, i la
hypothetical protein te un grau d’homologia ambdamini de lisina motif que es pot

trobar en enzims involucrats en la degradacio gatat cel-lular

Un cop em decidit que aquestes podrien ser legipes involucrades en la resistencia a
daptomicina un knockout dels gens que les codificgiean dut a terme per comprovar
qgue realment esta involucrades, les construccidasmidiqgues s’ha dut a terme
perfectament pero la transformacio nmitisno funciona pero futurs experiments es

duran a terme per verificar la funcié d’aquesteggines.
Mecanisme de resisténcia a colistina ei. nosocomialis.

Soques resistents a colistindAdhosocomialiva ser generadas vitro degut al fet que
mai ha estat descrit resistencia a colistina pert pbaquest tipus d’especie
d’AcinetobacterLa curiositat d’aquests mutants generats vaasseVa alta tolerancia a
colistina sense generar resistencia, a 8mg/L dstioa on hi ha un punt d’'inflexié en
que la MIC passa de ser menor a 1 mg/l a 128 mg/I.

Aquests mutants generats presenten una disminoagiderable de la MIC a gairebé
tots els antibiotics testats a part d’'una dismidauiciportant de la virulencia en el model

deC. elegans

Tenint en conte que mai abans s’ha descrit el ni@o@nde resisténcia a colistina en
soques dA. nosocomialis la Unica referencia es la de resisténcia atowi®n soques
d’A .baumannii els operonspmrABC i IpxACD, son els descrits que presenten
mutacions que confereixen resisténcia a colistifra.el operopmrABC no es pot

apreciar cap tipus de mutacio entre la soca amdigensible i la soca colistina resistent.
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En canvi al oper@xACD, es poden veure mutacions presents algdd, a més a més
d'un codé6 stop a la proteina IpxD, mai descrit aatment. EI operdpxACD esta
directament involucrat en la sintesi del LPS dmémbrana del bacteri Gram-negatiu,
aquestes mutacions i el codé stop porten a unaficendd del procés de sintesis d'una
part del LPS que porta a la inexisténcia de LP&grsoques colistina resistents, com

s’ha comprovat utilitzant un kit comercial.

També s’ha comprovat que les mutacions presegardpxD, estan presents a totes les

sogues resistents a colistina i desapareixen g@sasoljues son sensibles a colistina.

Per una altre part també s’han dut a terme estlalisroteomica comparatius entre la
soca sensible i la soca resistent. Primer es vampa@r mitjancant gels bidimensionals
pero posteriorment es va realitzar pel metode coamtipade DIGE , aqui es pot observar

el gel resultant i les proteines amb variacié ergiressio.
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Figura.R.4. Gel bidimensional de proteines de s®qlid. nosocomialiscolistina
sensibles (0.125/2/8) i colistina resistents (14&32).
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Figura.R.5. Gel comparatiu de DIGE.
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Numero L. . Canvia Anova
t Proteina id Proteina ’ -
spo expressio p-valors
1 gi| 407441282 OmpA_C-like 1.3 0.0239
2 gi| 490848590 hypothetical protein F984_02367 (NodT 2.1 0.00911
family RND efflux system)
3 gi|497190250 hypothetical protein (tetratricopeptide repeat 1.5 0.0167
family protein)
4 gi| 593656836 putative carbapenem-associated resistance 1.7 0.00914
protein (CarO)
5 gi| 446899273 OmpW-like protein 1.4 0.0274
6 gi| 354459714 OmpA (Isoform) 2 0.0233
7 gi| 487978330 succinate dehydrogenase flavoprotein 1.7 0.000768
subunit
8 gi| 487978520 Porin (OprB) Carbohydrate-selective porin -1.9 0.00533
9 gi|493628869 membrane protein (outer membrane beta-barrel 1.4 0.0774
domain protein)
10 gi| 487981035 signal peptide protein -1.2 0.0237
11 gi| 587819016 putative porin 1.1 0.0613

Taula.R.4. Proteines identificades An nosocomialisamb un grau diferent d’expressié entre soques

susceptible i resistent a colistina

Aqui es pot veure el grau d’expressio comparatvded proteines de membrana entre
les soques de colistina sensible i colistina restst’A. nosocomialisGairebé totes les
proteines estan sobre expressades en la socaemessstcolistina, que contradiu
totalment els resultats publicats per colistinasteat enA .baumannii perd aqguesta
diferent expressio de proteines ja es pot apregian es comparen una soca sensible
amb una multi-resistent, aixi que aquestes vamaciEn I'expressio de les proteines

siguin degudes al canvi en les MICs dels altrebigrics.
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Fins ara només hem estat comentant els mecanisme®sistencia de dos dels
antibiotics peptidics emprats habitualment peltér@ent d’'infeccions, perd per altre
part també es important proposar alternatives geder solucionar el problema de la

resistencia.

En aquesta tesi em utilitzat dos tipus d’aproximaliferents,. La primera aproximacio,
es la tipica aproximacié provant diferents compe§itts a trobar-ne un d’actiu en front
la soca desitjada i posterior optimitzacio, i péresbanda la segona aproximacié es mes

innovadora inhibint la viruléncia creada per latpiea OmpA.

Péptids i peptidomimetics actius en front de soqued’Acinetobacter resistents a

colistina.

Hi ha pocs compostos testats vitro actius en front de soquebAcinetobacter
resistents a colistina, per tant diferents péptmiwmercials van ser provats en front de
dues soques A. baumannii una sensible a colistina i l'altre resistent. Bigdlors
resultats pertanyen als péptids mastoparan, melitindolicidin. Aquest ultim amb
MICs de 8 i 16 mg/l en soques colistina sensibbelistina resistent respectivament.
Melittin té una MIC de 4 mg/l quan es testat emfrd’'una soca sensible a colistina i
disminueix fins a 2 mg/l quan la soca es resisteer Gltim mastoparan, amb la
mateixa MIC en soques sensibles a colistina i un@ M1 mg/l quan la soca es
resistent a colistina. Dos dels tres peptids anmlomnactivitat, melittin va ser descartat
degut a la seva toxicitat, va ser testats en fdenimés soques Al baumanniitant
sensibles com resistents a colistina. Els resuttatinguts son molts semblants als que
es pot apreciar al screening inicia, essent méatslen el cas d’indolicidin comparat

amb mastoparan, per aixd ens centrarem en mastopara

Corbes de letalitat de diverses concentracions al&aparan en front de soquesAd’
baumanniicolistina sensible i colistina resistent va seedw terme, on es pot apreciar

el comportament bacteriostatic a 8 vegades la MiGagjues di. baumanniicolistina
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sensible i colistina resistent i a 4 vegades la MiCsoques colistina resistents sense

observar cap recreixement.

Hem escollit mastoparan com el péptid candidatraggmitzat, i com hem comentat
anteriorment la baixa estabilitat en sérum es Umideonvenients d'utilitzar els péptids
com a farmacs. L’estabilitat del mastoparan enrséra ser calculada i els punts més
susceptibles a proteases. L’estabilitat obtingualaer sorprenent tenint en conte que es
un peéptid lineal (6h) pero tot i aixi la seva esit@ va ser optimitzada tenint en conte
gue I'inic lloc observable susceptible a proteasasla leucina present al extrem N-

terminal. Sis péptids analegs juntament amb elopasan van ser sintetitzats.

Concentracié minima inhbitoria mg{iN1)

Estabilitat
ensérum  Toxicitat MTT
Antimicrobial peptide CR17 CR86 Abl1l Abl113 huma ICso (Hela)
1 GuU-INLKALAALAKKIL 4(2,6) 4 (2,6) 4(2,6) 4(2,6) > 24h 13uM
2 iINLKALAALAKKIL 32(21,6) 32(21,6) 64(43,3)  64(43,3) > 24h 41 M
3 INLKALAALAKKIL 32 (21,6) 64 (43,3) 128(86,5) 256 (173) > 24h 73uM
4 NLKALAALAKKIL 32(19,2) 64 (38,4) 128 (76,8) 128 (76,8) > 24h 109uM
5  Ac-INLKALAALAKKIL 16 (10,5) 32 (21) 64 (42) 64 (42) > 24h 29uM
6 Mastoparan 4 (2,7) 4(2,7) 4 (2,7) 4 (2,7) 6h 32uM
7 iNLKALAALAKKIL 128 (86,5) 128(86,5) 128(86,5) 256 (173) > 24h 21uM

Taula.R.5. Activitat en front soques amb alta tésisia d’A. baumannii, estabilitat en serum huma i

citotoxicitat en HelLa de diferents analegs del opestan i el mastoparan.

El peptid 1, que porta un grup guanidini al extidrterminal es el Unic compost que
presenta una activitat igual que el mastoparamésa més te una estabilitat major a les

24h, pero té una toxicitat més elevada comparatelmiastoparan.

Tenint en conté els resultats obtinguts als prina@@egs i informacio obtinguda a la

literatura sobre toxicitat d’analegs del mastopasahnous analegs van ser sintetitzats.

203



Resum

Concentracié minima inhbitoria mg{i)

Estabilitat Toxicitat
en serum MTT IC 5

Antimicrobial peptide CR17 CR86 Abl11l Abl113 huma (HeLa)
8 LIKKALAALAKLNI 256 (173) 256 (173) 256 (173) 256 (173) 2h 192uM
9 likkalaalakini 256 (173) 256 (173) 256 (173) 256 (173) > 24h 200puM
10 inlkalaalakkil 4(2,7) 4(2,7) 4(2,7) 4(2,7) > 24h 10uM
256 256 256
11 INLKAKAALAKKIL (171,5) (171,5) (171,5) 256 (171,5) 6h 290uM
12 in(or)kalaalakkil 128 (86,5) 64 (43,2) 64 (43,2) 128 (86,5) >24h 200puM

INLKALAALAKKIL-
13 CH,CH,NH, 4(2,6) 4(2,6) 2(1,3) 4(2,6) 6h 5 M

LIKKALAALAKLNI-
14 CH,CH,NH, 64(42) 128 (84,1) 128 (84,1) 64 (42) 2h 150uM

Taula.R.6. Activitat en front soques amb alta tésisia d’A. baumannii, estabilitat en serum huma i

citotoxicitat en HelLa de diferents analegs del oestan i el mastoparan

En aquest cas 2 analegs conserven l'activitat dstoparan, el seu enantiomer (peptid
10) i el mastoparan original amb una carrega paséktra al extrem C-terminal (peptid
13), aquests dos peptids, com passa amb el peptitbdien una toxicitat superior al
mastoparan i el péptid 10 una estabilitat supdr@rh) pero el péptid 13 igual que el

mastoparan.

Dels quatre péptids obtinguts amb activitat s’halescollir quins son els que s’ha de
provarin vivo, ens varem decantar pel mastoparan degut a gelenesnys toxic i pel

peptid 10 que al estar format per D-amino acids@$ més estable tot i ser més toxic.

Aquests dos peptids van ser provatyivo en tot tipus d’experiments sense veure cap
tipus d’activitat antibacteriana, la qual cosa emder sospitar sobre alguns tipus d’'unié
a alguna proteina, per aquest motiu varem fer@ssinhibicidé en presencia de serum
i varem veure com la MIC dels dos péptids pujawmmssivament amb la concentracio

de sérum a l'assaig.
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MIC mg /I(uM) CR17 Abl4

% of Seérum 0% 25% 50% 75% 0% 25% 50% 75%
Mastoparan 42.7) 16(10.8) 64(43.3) 128(86.5)  4(2.7) 32(21.6) 128(86.5) 128(86.5)
Peptid 10 4(2.7) 16(10.8) 64(43.3) 128(86.5)  2(1.35) 32(21.6) 64(43.3) 128(86.5)

Taula.R.7. Activitat de mastoparan i péptid 10remff soques pan-resistent®\dbaumannien presencia

de sérum.

Com hi ha moltes proteines presents al serum véestar en front albumina que es una

de les més abundants.

MIC mg/l (M) CR17 Abl4

% of albumina 0% 25% 50% 75% 0% 25% 50% 75%

Mastoparan 4(2.7) 16(10.8) 32(21.6) 64(43.3)  4(2.7) 16(10.8) 32(21.6) 64(43.3)
Peptide 10 4(2.7) 4(2.7) 4(2.7) 42.7)  4Q2.7)  4Q7)  4Q27)  42.7)

Taula.R.8. Activitat de mastoparan i peptid 10 emtf soques pan-resistent®\dbaumannien presencia

de d’albumina

Es pot observar com la MIC de mastoparan augmeraia gugmenta la concentracio de
sérum pero en canvi amb el péptid 10 la concedtnasnan constant, aix0 ens indica
que mastoparan té una unié amb I'albimina per@petigh L0 amb alguna altre proteina

present al serum més minoritaria.

També s’han estudiat els mecanismes d’accié dditegsm a mastoparan sintetitzats
utilitzant el metode de leakage i els péeptidstatlisin vivo, per microscopia electronica

de transmissio.
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Leakage assay negative liposomes
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Figura R.6. Percentatge d'alliberacié de carboaifsceina en liposomes negatius

sintetitzats a diferents concentracions.

Leakage assay neutral liposomes

% of carboxyflouriscein release

Peptide concentration (LM)

50

60

de tots els péeptids

Figura.R.7. Percentatge d'alliberacié de carbogifliceina en liposomes neutres de tots els péptids

sintetitzats a diferents concentracions.

En els assajos de leakage es pot apreciar conept&lp que tenen millor activitat

vitro, també son els que alliberen més fluorofor deddgpma. Els assajos de leakage
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s’ha dut a terme utilitzant dos tipus de lipideddhts, un conjunt de lipids amb carrega
global negativa, mimetitzant la membrana.ddaumanniion es pot veure una activitat
forca elevada dels millors peptids, en canvi quarcdrrega global del liposoma es

neutre el efecte dels peptids es molt menor inolliper algun peptid.

Utilitzant microscopia electronica de transmisssopet apreciar comparant el control
sense peptid amb els bacteris incubats tant ambopzaian com amb péptid 10 uns

forats a la membrana del bacteri.

Figura.R.8. Imatge utilitzant TEM del efecte delstagparan sobre una soc#Adbaumannii

En aquesta part de la tesi em trobat un compastiactitro i la posterior optimitzacio,
tot i no tindre éxitin vivo, hem trobat els motius pels quals aquests compostson
actius i d’aguesta manera es poden trobar difeltgsnatives o modificacions per a

poder fer aquests péptids actinyivo.

Hem utilitzat una altre tipus d’estratégia que eevant péeptids naturals extrets
directament del cru natural, en aquest cas varenurfa col-laboracié amb el Prof.
Conlon de la universitat del Emirats arabs. Difesgreptids aillats de secrecions de pell
de granota varem ser provats en front de soquesraitobacteespecies tant resistents

com sensibles a colistina.
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Péptid Acinetobacter sp.Strains  colistina  sensible

mg/L (uM) 19606 77778 G13 NM8  NM35 NM75 NM109 NM124
[G4AK]XT-7 32(17.3)  32(17.3) 4(2.2) 32(17.3) 32(17.3)  32(17.3) 16(8.7) 16(8.7)
[E4K]alyteserin-1c  8(3.5) 8(3.5) 8(3.5) 8(3.5) 16(7) 8(3.5) 4(1.8) 81
PGLa-AM1 64(30.9) 64(30.9)  128(61.9) 16(7.7) 16(7.7) 16(7.7) 16(7.7) 16(7.7)
B2RP-Era 32(17) 32(17) 8(4.2) 32(17) 32(17) 16(8.5) 32(17) 2(13)
CPF-AM1 64(39.5) 64(39.5)  128(78.9) 16(9.9) 16(9.9) 16(9.9) 16(9.9) 16(9.9)
[D4K]B2RP 16(6.9) 8(3.4) 8(3.4) 8(3.4) 8(3.4) 8(3.4) 4(1.7) 1.3)
Colistin 0.5(0.43) 2(1.7)  <0.5(<0.43)  1(0.86) 1(0.86) 1(0.86 <0.5(<0.43)  <0.5(<0.43)

Taula.R.9. Assaig d'activitat de diferents pepadfats de les secretions de les granotes en swoes

d’Acinetobactesusceptible a colistina

Péptid Acinetobacter sp.Strain  colistina resistent

19606 77778
(mg/L) mutant mutant  G13 mutant  Ab22P Abl Ab113
[GA4K]XT-7 42.2.) 32(17.3) 4(2.2) 8(4.3) 32(17.3) 64(34.7)
[E4K]alyteserin-1c 4(1.8) 8(3.5) 8(3.5) 4(1.8) 8(3.5) 16(7)
PGLa-AM1 16(7.7) 64(30.9) 16(7.7) 16(7.7) 64(30.9) 128(61.9)
B2RP-ERa 8(4.2) 64(34) 8(4.2) 8(4.2) 32(17) 64(34)
CPF-AM1 4(2.5) 64(39.5) 8(4.9) 8(4.9) 64(39.5) 128(78.9)
[D4K]B2RP 4(1.7) 16(6.9) 16(6.9) 8(3.4) 16(6.9) 16(6.9)

>512

Colistin 256 (221.6)  >256 (>221.6)  >256 (>221.6) 64(55.4) (>443.3) 256 (221.6)

Taula.R.10. Assaig d'activitat de diferents péptdkats de les secretions de les granotes en $aies

d’Acinetobacteresistent a colistina

De tots els peptids testats [E4K]alyteserin-1c 4KIB2RP son els que presenten una
millor activitat tant en soques resistents comaguss sensibles a colistina.

Per ultim, els tipus de compostos que varem testdront de soques colistina resistents
i colistina sensibles van ser uns compostos anasereagenines. Les ceragenines son

compostos provinents del acid colic, algunes mealiions del acid colic son
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introduides dins l'estructura de tal manera quedguena part cationica i una part
hidrofobica. Aquest tipus d’estructura, molt semblals peptids antimicrobians, poden
anomenar-se peptidomimetics. Aquests compostossganestats en front de soques

colistina sensible i colistina resistentsferbaumanniiK. Pneumoniaé P. aeruginosa

MIC (mg/l) A. baumannii K. pneumoniae P .aeruginosa
(UM]
ceragenines Col-S col-R col-S col-R col-S col-R
138 2[2.7] 4[5.4] 16[21.4] 16[21.4] 1[1.3] 1[1.3]
13 4[5.9] 4[5.9] 8[11.8]  16[23.6] <0,5[<0.7] <0,5[<0.7]
131 2[2.7] 2[2.7] 8[10.9] 8[10.9] <0,5[<0.7] <0,5[<0.7]
44 8[10.9] 4[5.4] 4[5.4]  16[21.8] 1[1.4] 1[1.4]

Taula.R.11. Assaig d'activitat de diferents peptyagenines en front soques tant resistents com

sensibles a colistina de baumanniiK. pneumoniaé P. aeruginosa

Tots els compostos presenten bones activitats an fte totes les soques, de totes
maneres caldria destacar el compost 131 per selsalires i especialment en front de
soques deP. aeruginosa També es pot apreciar com [lactivitat dels difése
peptidomimetics es independent del grau de resistéle les soques emprades.

Fins ara tots els tipus d’aproximacio utilitzats s classic antimicrobia, pero la idea
que varem utilitzar parteix de la idea d’'inhibirddherencia dels bacteris a les cel-lules

mitjancant la inhibicié de la proteina ompA.

Aprofitant una llibreria d’hexapeptids ciclics vaar provatsn silico com a inhibidor
de la proteina ompA. Els resultats obtinguissilico demostren que els peptids que

contenen Pro/ Trp /Arg tenen major afinitat pepriateina.

209



Resum

T
£ e

N |y

==

Figura.R.10. Imatge de la interaccié entre un casnge la llibreria EXORIS i la proteina OmpA.
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Figura.R.11. Imatge de la interaccié entre un casnge la llibreria EXORIS i la proteina OmpA.

Diferents péptids varem ser provats com a inhilside la adheréncia de bacteris en

cel-lules.

MV5

120 -

100
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40 *
* *
a | . - - |
0 ‘ = = ,

ATCC17978 MV50,25 mg/ml MV50,5 mg/ml MV5 1 mg/ml

Bacterial adherence (%)

De tots els péptids provats, el que te millor d@iztives el compost MV5, a més a meés de

presentar una bona activitat inhibidora, tambéogest@xic i no es antibacteria.

MVS5 ciclo [Trp-D-Pro-Arg-Trp-D-Pro-Arg]
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L’activitat d’aquest péptid va ser testada utilitzaoques més resistents i es va veure

com seguia mantenint la seva efectivitat.

Després de veure que era un péptid efectiu, esovarmpen ratolins. Primer de tot només
el peptid per veure la toxicitat vivo,on es va veure que a una dosi de 40 mg/kg tots
els ratolins sobrevivierPosteriorment es va duu a terme la dosi efectiva 8ierents

concentracions.

MVS5 (mg/kg)
10 20 40
Survival (%) 66,67 83,33 50

A les 3 concentracions utilitzades es pot veure hoha dosi efectiva 50 perqué es veu
una supervivencia superior al 50% de la poblaeidt €émfasi especialment en 20 mg/kg

on sobreviuen 5 ratolins dels 6 tractats.
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