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Abstract

Scorpion and snake venoms cvonsistv of diverse mixtures.of peptides and proteins with
varying biological activities and offer an attractive source for the development of novel
therapeutics. Smp24 (24 aa) and Smp43 (43 aa) are antimicrobial peptides (AMPs) that

were identified - from the venom gland of the Egyptian scorpion. Scorpio
~maurus palmatus. These alpha-helioal peptides shoWed poter\t activity -against both

‘Gram positive en_d Grarn negativevbacteria with MICs ranging from 4 t.o 128pg/ml.

Four-.a'nti-bacteriali peptides \ivere purified using HPLC chromatography f_rom‘ tHe-
venom of three ,dif‘feren_t speoies of Egyptiari snakes.- The n‘\olecultar,.masses of the

purified proteins Were i‘de‘ntified by MALDI-TOF/MS and N-terminal sequences suggest :
vtzhat th-ey are members of the three-finger toxin superfaimily. Both SEM end TEivi were
employed to visualise morphological changes and me_mbrane dema‘ge of E. coli and S
vaureus.'- in'brespOnse to ’different concentrations of Smp peptides at different time
intervals. Using DNA rriicroarray, we e‘xamir_\ed the transcriptomic responses ot E. coli
- to sub-inhibitory doses of Srnp24 and Smp43 peptides f’oI‘Iowing 5’hours of incubaition.
Differentially expressed 'genes in the presence of peptides or a c_ontrol antibiotic
(Polyrriyxin B) ‘compared with the abse_rice of peptides were predori'\inantly related to
‘siderophore biosyrithesis and"trarlsport, as well as_m‘Ore generalised»oation_trensport
and oxidative stress responses. The antibacterial effects of Smp peptides were V
- inhibited in the presence of calcium and magnesium ions, but not other cetions.‘ Smp-
'peptides offer a promising starting point for the developnﬁent of new antimicro_bial -
agents and transcriptomie analysis can help identify metabolic proceSSesvaffected by A
: _scorpion \renom AMPs "whir:h‘_may be benefiCiaI in understanding t‘heir meohapisn'i of

action.
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1 Introduction




1.1 Antimicrobial resistance

Antimicrobial resistance is an increasingly serious worldwide threat associated with
millions of illnesses and deaths annually over the world. Antimiorobial resistance is
predicted to cause ten million deaths in 2050 (O’Neil 2014). The~emerf‘;‘ence of
resistant si:rains is endangering'the eificacy of a wide range of éntibiotics; ’Resistance is
an old pi\enomeno_n, when sulphonamide and penicillin werevmarketed in the first half
of the 20th century; researchers réporfed that resistance patterns startedvto appear

only a few years after their introduction (Rammelkamp, Maxon 1942, Damrosch 1946). -

Antimicrobial resistarico is a major cause of morbidity and high healthcare soending
Worldwide. Massive_ épiden'iics as a conseqUe"n‘ce of microbial resistance to antibiotics v
~ﬁemvergo after theif widespread cIinicaiI use, misuse and overuse, resul_ting iri selective.

kpressu'rbe by a’llowin'g'survivail of» the resistant bacteria (Yanling, Zhiyuan et al. 2013, :
Fo‘nkwo 2008). Sub-inhibitoiy and sub-theiapeutic antibiotic doses ca.nv oromote
ohanges in gene expression ond iriutagenesis, leading to antibiotic resistance
(Viswa_nathan 2014, Ventola 2015). Resistance to a range oi‘ ant‘ibioﬁcs is one the
common key factors ihét drive Methiciliin-rosistant Staphylococcus aureus epidemics
- (MRSA). MRSA ‘was rep‘or‘tedin the United King’dom hosp_’itals in 1960. Ther.eabftér,"
MRSA iiai/e spread globally énd were multiply resistant to non-B¥laictam abntibiotics.»
recognizéd as ebideniic M.RSA (EMRSA) associated with serious infections in hos_pitais
‘(B.arber' 1961, Devons 1961, Eni”ight, ‘Robi.nson et al. 2002, Staple’ton, Taylor 2002, Udo,N
_ Bosi/vihi etal. 2016,).. | |

- Until 2003, oarjbapenem-r:esistant strainsv were extremely rare in both' the _UK and
Eu“rope. HoWever, sohe' c‘arbapenem’-resistant cIinioal isolates ‘have beé‘n reoently
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identified within the UK. The UK has launehed arnbitious programs to limit and control
the development and spread of antimicrobial re‘sistance. The major compbnents of
these programs incIUde increasing the understanding of this th’reat among the 'public
such as hand and environmental hygiene, patient isolation and patient/staffscreening o
besides reducing the prescribing of antibiotics among human and animals. Aecerdingly,
a significant reduction in th.e' incidente of Methicillin-resistant Staphylor,‘oer:us’ aureus
(MRSA) has been achieved within _hdspitals in the UK and proportions o.f isolates of
some resistant species has stablibiized. Ne.vertheless, a significant increase_ has
occurred in .some infe‘ctions such as"_bactere.mia which require nQve_I antibiotics to.' |

control it (Shal_lc_:rbss, Howard et al. 2015, Hopkins 2016).

":rhe threat of antimicrobial resistance requires an understanding of the antibiotic
targets as well as the biochemical and genetic aspects of antibiotic resistance
mecha.nisms in order to develoﬁp antimierobial agents that are more effective against
’bacterial resistance (Figure 1.1).‘Bai:teria have developed Various mechanisrns to resist
~ novel chemetherapeutics'(Rodriguez-Rojas, Ro‘driguez-BeItra'mj et al. 2013). Altndugh
the intrinsic genes that ‘could prbduceresistance,t’o certain antibiotics in bacterial
genomes or transfer ameng species, baeteria can alsdacquire resisi:ance via mutations._
in existing genes (Biair, Jessie'a MA, et al.2015). Baeterial resistance 'can be ,aehieved
biochernically in kdiffe.rent general ways such» as efflux pUmps (Pdole 2065), ‘
- modification o_f bacterial _"target sites (Lambert 2005) and enzymatic degradation

(Figure 1.1) (Vranakis, Goniofakis et al. 2014).

Resistant vpatho'gensirequire novel antibiotic classes or new generations of marketed .
antibiotics and the crisis of antibiotic resistance ‘has increased with the decline in new

antibiotic drugs enteringvthe clinical development pipeline (COnIy, Johnston 2005).
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1.2 Antimicrobial drug discovery

Different ancient cultures have used natural products to treat bacterial infections.
Many observations have revealed the antagonism effect of Penicillium on microbial
growth (Burdon-Sanderson 1871, Lister 1875). However, the main breakthrough in
antimicrobial drug research was observation by Fleming in 1921 of the susceptibility of
Micrococcus lysodeikticus to lysozyme. This observation led to Fleming's discovery of
the specific mold species (Penicilium notatum) that inhibited the growth of
Staphylococcus bacteria (Fleming 1922). Following this discovery penicillin was
eventually purified and charcterised by Florey and Chain in the 1940s (Abraham, Chain
1942). Penicillin was the first antimicrobial agent isolated from a natural source. Many
other antibiotics were released later following penicillin's development, although the
sulfonamide drug Prontosil was marketed as the first synthetic antibiotic in the 1930s

(Domagk 1935).

Natural products are the main source for the isolation of novel antimicrobial drugs. At
the beginning of the antibiotic era, actinomycetes and fungi were the major sources
for antibiotics such as penicillin derived from Penicillium sp and fusidic acid, from the
fungi Fusidium griseum. Approximately 65% of current antimicrobials are produced
from Streptomyces species including vancomycin, fosfomycin, tetracycline,
chloramphenicol, and gentamycin (Pelaez 2006, Abdulkadir, Waliyu 2012).
Streptomycin was isolated from Streptomyces griseus by the American scientist Stanley
Waksman. Streptomycin was the first successful antibiotic against tuberculosis (Schatz,
Bugle et al. 1944), and Waksman was awarded the Nobel Prize in 1952. Many other
antibiotics were isolated from bacteria that have evolved a biosynthetic process to

protect themselves. This is a particular trend for soil bacteria (e.g. Bacillus sp.) in order

5



to increase dominance in their own ecological niche. For examples, antibiotics such as
bacitracin and gramicidin were identified from Bacillus licheniformis and Bacillus brevis

respectively (Abdulkadir, Waliyu 2012).

The golden age of antibiotic discovery was from 1943 to 1960, and in this period more

than twenty classes of antibiotics were released into global markets. The majority of

current antibiotic classes today were developed from this earlier era (Coates, Halls et

al. 2011, Lewis 2013). Based on the penicillin structure, antimicrobial researchers have

succeeded in producing semi-synthetic beta-lactam antibiotics such as cephradine,

cephalexin and cefadroxil (Elander 2003, Thakuria, Lahon 2013). Analysis of global

antibiotic consumption from the 71 countries during the period of 2000 to 2010

revealed that beta-lactam antibiotics led the field (Error! Reference source not found.)

(Van Boeckel, Gandra et al. 2014).

Broad-spectrum penicillins
Cephalosporins

Macrolides
Fluoroquinolones
Trimethoprim

Tetracyclines
IMarrow-spectrum penicillins
Chloramphenicols
Aminoglycosides

Other

Carbapcnems

Rifamycins J
Glycopeptides
Monobactams
Polymyxins
‘enicillin-streptomycin combinations
A 2000
Carbacephems O 2010

+
0-5*10C 1-0x10* 1-5x101C 2010 2-5*10K

Standard units (log)

Figure 1.2 Global antibiotic consumption in from 2000-2010 (Van Boeckel et al., 2014).



1.3 Antibiotic innovation gap

Between the mid- sixties until the turn of the millenniUrh, no new classes of antibiotics
have been comme-r'cially approved, although there are gome antibiuoticsvthat have been
found in the different phases of clihical t;ials (Figure 1.3). Only two new classes have
“been marketedin the last f_ifteen"years dapt.omycin aﬁd linezvolid"(Coates, Halls et al.
2011, Gbost'elow, éonzalez et al. 2014). Daptomycin (Cqbiciﬁ) is a lipopeptide-based
antibiotic produced by Streptom'ycef roséosporus, discovered in thé 19805 and
approvéd for use (Shoemaker,, Simou et al.- 20}06,» Humphries, 'Pbllett et al. 2013,.
Kelesidis 2_014):. _,Daptomycih haS'é .broad sbectrﬁm activity agairist' Gram positive
bacteria i’ncludi.ng MRSA strairlm.s and no acti_yity against Gram negative bacteria (Stfeit,.
._ .:loknes' et :aI. 2004). The most' recently "bdis.covere‘d' antibiotic class is that of
.oxa‘zolidinvones, such as Linezoli-d. Linezpl_id |s used to treat [:.)ne'umonia, ;kin ianCtioﬁ.

| and bacte’remia'cau_sed by vancomycin-resistant strains (Livermore 2003, Wilcox 2005).

1910 1920 1930 1940 1950 1960 I‘ 19[70 { 19l80 | 19'90 I 20'00 ; 20|10 .
. A
‘ IIIIIIIHHIHIHIII LT O O T A AT AT O AT IT LT i
’ " Discovery Void /
Sulfonamide
Streptomycin : '
o I—Bacitracin_l “Nalidixic acid
[Nirofurans
Chloramphenicol
Polymyxin Fusidic acid
Chlortetracycline I Fosfomycin ’
Cephalosporin | Metronidazole I [ Mupirocin l
: l Pleuromutilin |- . | Rifamycin ] ' Carbapenem
I Erythromycin ] ‘ Novobiocin I o Oxazolidinone ’
I "Isoniazid I Cycloserine | . I Monobactam ; .
Vancomycin ) lDaptomycin ’

Figure 1.3 lllustration of the “discovery innovation gap.” (Sil\)er 2011).




The antibiotic drug discovery innovation gap has been caused by a combination of
several factors (Bérdy 2012) and the developmentk of drug safety,'reguiations has had a
great impact onvthe antibiotic pipeline. These'r‘egulations haVe raised the cost and
timeline of antibiotic development, resulting in a shortage vof novel antibiotics in -
production. Currently, many new antibiotics arein late-stage clinical development but
fewv of them belong to novel classes (Butler, Blaskovich et al. 2016, Fernandes, Martens
2016). More recently, the FDA has, khoweve_r, announced a new, shorter and more
v feasible procedure called Special .‘Populationsj Limited Medicall Use (SPLMU)_, to
approve some critiCaIva needed drugs to treat life-threatening diseases like 're'sistant ; "
infections aIIowmg patients earlier access to promising new antlblotlcs (Spellberg
2012) Under this new program, a qumolme .based antibiotic (Sirturo T"") has been

approved to treat multi-drug resistant tuberculosis (Dowling, O’Dwyer et al. 2013).

From a pharmaceutical industry‘perspective, antibiotic drug research and development
is unattractive econornically. Most pharmaceutical companies have diminished
investment into the discovery and development of new antibiotics due to theA rapid
increase of drug.resista_nce caused by resistant bacteria. Pharmaceutical companies
can gain twenty times more profit if they de‘velop‘ new drugs to treat chronic disease |
'SUCh a.s Vdiabetes' and epilepsy. kthan_' generating | a novel antibiotic (Figure 1.4)
(Fernandes, Martens 2016). According to the Regional Drug and Therapeutlcs Centre at
.Newcastle in 2016, the cost of a 5-day treatment of antlblotlcs was from £0.5 to £114, 2

as compared with £150 to £2500 spent on the cos_t of insulins for 1 year. Many novel E
antibiotic classes a're‘ urgently needed inthe next fifty years to treat bacterial infection

caused by resistant SpeCies (Coates, Halls et al. 2011).
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Figure 1.4 Drug expendituras in USA of recent!y launched antibiotics versus other brands
aécording to the iMS Health Natio_nal Sales Perspectives (NSP) database in 2016 with.
fo;us on Tefl'aro sales o_ver‘two years (Fernandes and Martens, 2016). -
The decline in the antibiotic drug discovei'y and prqduction pipaline may be att“ributéc.:‘I
f’;o»the' Iirﬁitation of some methodolbvgie's_ which were ‘used previously to .identify new,
_antibiOtics such as screening'soil-derived actinomycetea (Lewis 2013). Recent akdvances
in .high_throughbut screéning ‘techniq_ue.s may dec‘re’ase costs and the time to ger.\evrate
hovel. antibiotics,.for axample, isblatio.rivchiio which was used to identify a new class of
lipid 11 binding an_tibiOtics.(teix’obactin) (Ling, Schneider et al. 1201‘5). Svu‘ch techniqués B
may e‘nco“urage a'ntinaic'robial researahefs and pharmaceutical companies to reinvéSt
: againin ant_ibiotit drug dis_covéry (Chan, Macarron et al. 2002, Ddugherty, Barreft et al.
‘2002). Th'ere is an urgent need to discover novel antimicrobial a‘ge'nts with different
mechanisms ‘of actio‘;n fof overaomfng tHe Iife-threatening resiétance of patho.gen‘ic
'Vm‘icroo’rganism"s to classic antibiptics (Haacock 2_001). Transcriptomic and bioinfolfmatic;
» b‘ap'pyroaches'such aa cDNA microarra_y and other sequencev-_based technologies may
”offerv an oppoft_unity‘ to identify new naolecular paihways, beneficial in un‘derstanding v
the fheaha_nism of kiIIing action of bactefia, ia Ofder to develop new anvtibiotbic (Bra’zas,

Hancock 2005, Scavnl‘o'n, Dostal et al. 2014).



1.4 Antimicrobial peptides -

Most living organisms are continuously exposed to a large number of pathogens and
therefore have evolved two main defence mechanisms against infection; the innate ‘
immune system vvhich constitutes the first line of non-specific. host defence
' mechanisma’noithe adaptive _immime system which includves 'aispecific recognition toa
particular pathogen acting as a second Iine through generation of specific antibodies.
The innate immune system provides a .‘broad‘ range of different immediate defensive
V mechanismsagainst the invasion by other organisms such as phagocytes, macrOphages
and natural killer .cell_sas wellas.the aotivation and/or release of some antimicrobial
molecules ranging from smaI‘I inorganic molecules to large proteins (Gani 20}03,‘

. Oppenheim, Biragyn et al. 2003, Diamond, Beckloff et al. 2009).

_Antimiorobial peptides (AMPs; also called host defence peptides) play a‘critical role in '
the innate'immone defence system of all livingorganisms-ranging from b'acteria‘and

other single celleo organisms to.plants‘andv multicellular animals (Zasloff 2002, Zasloff
-2007, Giiilhelmelli,.ViIel.ab et al. 2014). Howeve'r, in organisms that have no adaptive_ ‘
immunity,v AMPs 'repreSent the principai bconstittienvt of their defence mechanisms
(Meister, Lemaitre et al. 1_9_97):. AMPs are foond and secreted in varied tissues and cells '
such as.epithelial surfaces, granules of phagocytic cells, haemolymph and'glandular.

structures (Rosa, Barracco 2010).

‘Most AMPs have.h'ydrolyticf activities to kill pathogenic organisms such as bacteria, -
~ parasites, and viruses as well as cancer cells. They have been used as food
preservatives and in biological control of plant pathogens and they are considered to |

be promising templates for the design of novel antibiotics. A small number of these
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peptides have been commercially developed into thefapeutics such as daptomycin,
polymyxin B and Locilex™ (an anaiogue of magainin 2) (Brahmachary, Krishnan ét al.
2004, Jenssén, Hamill et al. 2006, Giuliani, Pirri et al. 2007, Laverty, Gorman et al.

2011, Hintz, Matthews et al. 2015).
1.5 Antimicrobial peptide diversity, classification and structure

According to the Antimici"obial Peptide _Da‘tabase (APi)) more than 2500 peptides héve
been discovered as of December 2015 About 75% of AMPs have been isolatea from
animal .souri:es. (Wang, Warig_ 2004, Wang, L| et al. 2016). In v193>9kv_the' firsi AMP, ;
gramicidin, vsias disc'.ov_ered.fromt'he bacterium éacil/us brevis with .ant'imicrobia.l
activity on both_Grain negativé and Gram‘ ppsitive bacteria (Yamada, Shinodé_et aIi .

“ 2006, Phoenix, Derinison et al. 2013).

'-Antimi'c.robial pepfide research uhas expaﬁded witii the dis_cévery of AMP‘s>from,r.nuIti. |
c.ellular organisms; amOrig the fiifst wére ce¢ropins (Hultmaik, ENGSTRC)M etal. 1982).
- Cecropins were initially. identified in silk inoth '(Hyalop-h»oAm _cecrbpia) -héerriol?niph,
with broad spect'r'ubm aciivity against both “Giam piositive and-Graninegative bacteria
and little or no haémolytic effects (Moore, Beazley et al. 1996). Cét;ropins and their
.fd‘eri\_/atives weré also.isol‘ated from o’ihe'r insects aiid nem'atqdés (Piliai, Ueno etj al..

2005, Castillo, Reynolds et al. 2011). .

| Defensins were the firSt mammalian AMPs, isolated from rabbit macr’ophéges in 1980’
(Kaiser, Diamonci 2000)."Defens.ins énd defensin-like peptides‘were also isolated fro_m a
wid_e variety of organisms ‘s.uchvas fungi (Mygind, Fischér e‘t' al. 2i)05),_ platypus venom
(Torres, Dantas et al. 2(‘_):10), and dunvg t.)eétles. (H‘vi/ang( Lee et ai. 2b09). Defensihé.haye

also been reported in plants. HoWever, plant defensins c_liffér’from other defensins as
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they are mainly active on fungi and yeast rather than bacteria (Stotz, Thomson et al.

2009, de Oliveira Carvalho, Moreira Gomes 2011).

AMPs cah be classifiéd on the basis of their biological ac;civities,v bio;:hemic‘al pléoperties
or on the biological source from which have been isolated from. However, they are
-categorized baéed mainly Qn thei.r Set:ondary structuré, into two groﬁps_ namely a-
helicallstructures a.n.d those with‘ B-sheet structures. Howevef, some AMPs haye mixed
structures and chers have non- a- or B- stl;uctures (extended) (Figure 1.5) (Vizioli,

' Salzet 2002, Bahar, Ren 2013).

| Leu - oms ’ mGlut2
NN WYSNN D-Phe \ .
i ' : { Gly5 - Kyni3
y ' , ’\ P
) 1 ' v - _ Thie__ /C\\o ]
= s .o : g : |
. ) S \;ﬁ . Asp3
L ; . . | : .
 Leu Om  Val - Pro , » DAsn2 o
, A ‘ Top1
. . , rp1 L

- WOANANANA -
Figure 1.5 Structural classes of AMPs. A: a-helical magainin-2, B: B-sheeted defensin, C: mixed

structure of thionins, D: extended indolicidin, E: cYcIic structure of gramicidin S a_nd F: Lipopeptide

(Daptomycin)‘ (modifiéd from (Ganz 2003., Lee, Hodges 2003, Jenssen, Hamill et al. 2006).
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I-a-helical AMPs

The best-studied AMPs are the a-helix peptides such as cecropins, magainins, and

mellitin (Epand, Vogel 1999, Bahar, Ren 2013). Several spectroscopic studies have

revealed that a-helix peptides are usually unstructured in aqueous solution and form

helices in the presence of membrane-like models (Bechinger, Zasloff et al. 1998). The

a-helical structure of magainin 2 and its analogues have been abundant reported using

circular dichroism (CD) spectroscopy and nuclear magnetic resonance (NMR) analysis

(Ludtke, He et al. 1994, Mecke, Lee et al. 2005) in the presence of membrane-

mimicking environments such as solvents like trifluoroethanol (TFE) (Gesell, Zasloff et

al. 1997) (Figure 1.5A). The secondary structure analysis of melittin and cecropin B1 by

CD and NMR revealed two helical segments (Bazzo, Tappin et al. 1988, Srisailam,

Arunkumar et al. 2000).

Il- p-sheet AMPs

Defensins are one of the most common p-sheet AMPs, they are cationic peptides

having six (vertebrates) to eight (plants) conserved cysteine residues (Tu, L et al

2015). Defensins are classified into two subfamilies a- and p -defensins based on

cysteine linking pattern (Ganz 2003). Secondary structure analysis of human p-

defensins by NMR revealed 3-stranded antiparallel p-sheets with a single helical turn

(Bauer, Schweimer et al. 2001, Qi, Xu et al. 2016) (Figure 1.5B).

Ill- Mixed structure AMPs

Some peptides have a-helix and P sheet mixed structures. For instance, thionins are

cationic plant AMPs which includes two a-helices and double-stranded p-sheet with

three or four disulfide bonds (Figure 1.5C). For example, NMR analysis of hordothionin-

a revealed two a-helical regions running in opposite directions and two short
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antiparallel B-sheets (Nawrot, Barylski et al. 2014, Tam, Wang et al. 2015).

Iv- Extended AMPs
Indolitidin is an AIViP that fbelongs to the cathelicidins family isolated from bovine
neutrophils. CD spectra of indolicidin in 0-50% TFE, on neutral and negatively charged
‘Iiposomes‘showed no distinct,conformational change suggeSting unordered peptide
(Rozek, Friedrich et al. 2000, Friedrich, Rozek et al. 2001, Hsu, Chen et aI.b.2.0.05, Chan,

Prenner et al. 2006a) (Figure 1.SD).

V- Cycllc AMPs
Gramicidin S is a cyclic broad spectrum AMP |solated firstly from the bacterium Bac:llus_
brews Itis syntheSIsed by gramladln S synthetase enzymes by forming thioester bonds
to join two identical pentapeptldes head to tail (Figure 1.5E) (Bredesen Berg et a/‘
1968, Abraham, Prenner et dl. 2014) Other cyclic AMPs have a fatty acnd chain‘_
attached to the peptlde m0|ety (Ilpopeptldes), the lipid tail fauhtates peptlde insertion
into bacterial membranes which enhance their antimicrobla_l activities (Pirrl,_Giullani et
al. 2009, Meena, »K_anwar»2015). For exampie, daptomycin is a cyclic anionic (-3 'net-
charge) _Iipopeptide isolated from actinobacteria Stréptomyces roseosporus made up 'of
13 amino aci.ds ‘connected to a fatty acid side chain (iun’g, Rozek et al. 20(54,

Steenbergen, Alder et al. 2005) (Figure 1_.5F). ,
1.6 Important Pro}perties of AMPs

- Net charge -

' Most AMPs'are‘ cationic peotides with a positive net, cha_rge from +1.'to_-l‘-10 that are
rich in arginine an’d‘/orﬂ Iysine'amino a:cids (yizioii, Salzet 2002, Jenssen, H_amilliet al.
2006, AZasIoff 20'07)‘.' They are amphibathic molecules as hydrophobic and positively.
. » s " S .



charged .amino acids are arranged in oppbosite régions of the Structure (Melo, Ferre‘ et
al. 2009, Seo, Won et al. 2012). Binding of AMPs to patﬁbgen membranes is crucial in
order to disrupt Iipid bilayér integrity and to pe’rmeabilisve the membrane leading to
cell death. The cationic amphipathic nature is essential for AMPs killing activity as it
helps AMPs‘ to interact electrostatically and. .hydfophobically wifh thé bacteria?
membrane,} which’ has an a'ni.onic surface and is rjch in hydrophobiclbcémponents
(Wimley 2010, Midura-Néwaczek, MarkoWska 2014). A small nuhber of éspartate-rich
'AMPs are anionic (charges -1 to -7).', for exérﬁple Dermcidin (-2 net charge) whigh is
secreted by ‘h"uman swéat glands (Schittek, Hiéfel et Aal.’ 2001,'Fa»les-WiIlviams,A B'rogden‘
etal. 2002, Harri;.;, DénniSon etal. 2009, Paulmann, Arnold et al. 2012). Anio'niic AMPs
ihferact with the mémbrane of the pathbgen by forming cationic bridges with metél
“ions such as zinc ‘(Fales-WiIIi‘ams, B‘rogden.et a]. 2002, Harris,' Der‘misonb ef ql. 2009,

' Becuci, Valensin et al. 2014). -

* 1I- Hydrophobicity I-
Previous. studies on ‘structure activity rélationships of AMPs ‘revealed thét : the
| hydrophobic faté :of AMPs enhancés_their afffnify with target membrane lipid bilayers,
which results in a‘ntim'icfobial effects and leads additiénally to cyvtotoxicikty (Kirﬁ, Janget
' ;7[. 2014, Lee, Lée 2015). The hydrophobic face of péptides enhante; their.pgnetrva‘-ciqn
into the 'hydrophdbi_c ;:ore of membrane (Chen, Guarnieri 'et al. 2007, Bahar, Ren '
2013). AThus, tﬁe rekplacem‘én»t of hydrophobié residues with more hYdrophiIic'ones or.
.'re_mbval of _hydrophobi,c C- or N-ter'minals of Som.e cytotoxic peptides improVe fheir
."séle;tivity thwardn »prokaryot‘ic membranes énd reduces their toxicity toWard
: eukaryotés .(Skérlavaj, Gen‘vr)aro et al. 1996, Lee, Park et al. 1997, Ciornei, Sigufd'ardpttivr

et al: 2005).However, there is an optimal threshold:of hydrophObicity for any AMP,
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beyond which its antimicrobial activity decreases or is abolished (Chen, Guarnieri et al.

2007, Bahar, Ren 2013).

lll- Helicity
The helicity of a-hel-ical AMPs plays an important role in peptidé specificity toward
» prokaryotic mémbranes (Matsuzéki 2009). Several studies hai/e investigated the
relationship of pebtide helicity and hydrophobicity (Chen, Mant et al. 2005, Huang, He
et al. 2014, Zhai\g, Song et al. 2016). Minimising the hydrophobicity of pépi:ides to
imprbvé their tiierapeutic indices resulted in a remarkable de‘cbrease in _q—helical_
content, due to fhe charige‘iri éont_ini:ity of ihe hydrophobic/hydrophilic face of the

helical structure.
1.7 Selectivity of antimicrobial peptides

Phospholipids aré the main 'térget of‘cationic AMi’s. Thé éntibacteriél ‘activity of
sever_aI.Al\‘/IPs was foUrid to dépend ‘upon' the binding afiinity of ihe phosphdlipid
constituents of bacterial.membranes (Ntwasa 2012, 'Pérk; Kaan et al. 2013). '}The
phospholipid éonﬁbositipn of bacterial meintiraneg plays a key rolé in the mechanism
of membrane disriiption of AMPs, détérmining the susceptibility of bacteria and

driving the specificity of AMPs..

Bacterial'membranesﬁ contain vaiying amounts and composition of n_egatiyely chaiged
phospholipids such as phosphatidylglyterol (PG) and cardiolipin (CL) as Wéll as
zwitterionic bhbspholibids ‘suéh és ph.bsphatidylethanolamine (PE). Gram positive
'bac_'terial merhbrahes contéin.no or lower amounts ofPE arid higiier ‘amou‘nts of
" negatively charged p‘)h’_(.JsphoIipids \i\/hen compared with Gram negative nﬁerhbranes

(Tablé 1.1) (Epahd, Savage et dl. ,2'007, Epand, Epand 2009). Most cationic AMPs have
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less affinity for eukaryotic cell membranes which have mainly neutral lipids such as PE

and phosphatidylcholine (PC). Also the presence of a large amount of cholesterol in a

eukaryotic cell membrane inhibits membrane disruption by rigidifying the lipid bilayer

structure compared with the lack of cholesterol in bacterial cell membranes which

makes the membrane disruption by an AMP easier (Figure 1.6) (Sanderson 2005,

Brender, McHenry et al. 2012, Seo, Won et al. 2012, Sani, Separovic 2016).

Table 1.1 Percentages of major phospholipid components of bacterial membranes

% Total membrane

Bacterial species phospholipid References
PE PG CL
S aureus 0 58 42 (Epand et al., 2007, Epand and
Gram positive Epand, 2009)
B subtilis 12 70 4 (Clejan, Krulwich et al. 1986)
Gram negative E coli 80 10-15 0-10 (Shokri, Larsson 2004, Epand,
Epand 2009)
Bacterial membrane Mammalian membrane
acidic Cationic, amphipathic peptide
phospholipid \
zwitterionic " v holesterol
phospholipid
\ A A |  Exterior leaflet

Figure 1.6 Lipid bilayers mimicking bacterial and eukaryotic cell membranes

(Brender et al., 2012).

17



Another significant factor driving the binding affinity of bacterial membranes is the
asymmetric distribution of phospholipids in membra‘nelleaﬂets. The outer leaflet of
bacterial membrane consists mainly of PG, while CL is foun_d in botii membrane Ieaflets
(Barsukov, Kulikov et al. 1976, Marquardt, Geier'et al. 2015). Negatively charged -
phospholipids such as phosphatidylinositol (P1) and phosphatidylserine (PS) are Ibcateci
in che inner monolayer of eu'keryotic membranes (Zwaal, R. F. A. 1991).‘i’S is exposed
externally in mammalian cells as an apoptotic signal and the ‘presence.'of'PS in the
outer monolayer of cancer celImerribianes piay a major role in the disruption pf t-hese
membranes by AMPs k(Hoskin, ‘Rama'moorthy_ 2008, Riedl,- Rinner ef al. 2011). Such
‘asymmetry prorriotirig'_elect.rostai,tic interactions of caiionic peptides with negativelyv
charged phospholipids in_bacterial_énd ‘c'a.ncer cell membranes provides enother ‘

explanatioh for AMP specificity (Sato, Feik 2006).

A Iarge number of studies | have investigate’d AMP selectivity toward model
membranes of various compqsitions, mimicking different brokaryotic and eukaryotic
membranes.’For instance,- it has been found thet the ability of cath_eiicidin AMP iLL—37)
to induce merhbrehe disruption is dependeni on negatively charged phospholipids, as
the pebtide shqwed' nc disruptive ac'cion.toward zwitterionic .membrahes (Zhang,‘
Oglecka e’tial. 20‘1'0). .Such'préfer‘ential activity towerd ‘anionic phosvpholipids iS typical

‘for abundant AMPS s_uch as melittin (Kleinsch.midt, Mahaney et cil. 1997) and novic.iciin :
- (Dorosz, Gofman ef al. 2010), which showed membi'ane selectivity fo enriched

‘negative phospholipid model membranes rather than zwitterionic membranes.

Cohsistent with other species, several cationic AMPs from scorpion venom have been
shown to target the anionic - phospholipid compcnents in prokaryotic mimetic

membranes. For example, UyCT. pe‘ptides identified from Australian scorpion venom

18



Urodacus ydschenkoi induced more efficient ﬂuorescent 'dye‘releése from membra‘ne
bilayers mimicking E. coli and S. atJreus, rather than phespholipids mimicking human
red blood cells (LunaQRamirez, Quintero-i-lerné_ndez et al. 2013). From these studies, a
strategy_of how to develop these AMPs as novel antibiotics have begun to eme‘rge, as
the phospholipid selectivity of AMPs is used‘ to increase their therapeutic inde>t

(Matsuzaki 2009, Aoki, Ueda 2013).

‘Some AMPs, however, are not ceII-Seiec'tive; they can lyse both prokaryotic end normal
euka_tyotic menttira‘nes (Shai. 1999) arid this represents one qf the biggest bari'iers to
- the use of AMPs es the_rat)el.itic egents. For insta.nce, the IYtic activity of Aurein 1.2, an
AMPisolated from the skin of. the Australian ttee frog is not a charge dependent es it'.
_has the ability to induce ‘membrane disrupticn to both negative and‘ zwitterionic
| bilayets (Shahmiri, Enciso et al. 2015‘)_. Recent studies | i1a\)e 'revéaleci that thev
substitution of some non-polat residues with basic arid hydrochobic resid_ties of both
AR-23 (a meIittin-related‘ peptide)' (zhang, Song et al. 2016) and snake \ietlom
cathelicidi_n-BF (Jin, Bai-et al. 2016) have tesulted in a series of analogues Witi1 iiigh

specificity toward prokaryotic cells.
1.8 Proposed models of n‘iembrane'c_lisru‘ption mechahisms of AMPs

The interactions of A_MPs with phospholipid bilayers indicate different mec‘hanisms for .
pore formatioiﬁ and iysis cf model membranes. The gerieral mechanism ’propo_sed is

.jthat the peptides ('i)} interact with metnbranes, (i) concentrate to reach a threshold -
' ’_concentratioh to (iii) permealsilise or reerrangev mermbranes by a variety of diffetent
mec_hanisms de'.pendent on the specific AMP (Giaser, Sachse et’ al. 2005, Matsuzaki

2009, Yu, Guo et al. 2009).
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Several spectroscopic techniques such as CD spectroscopy and NMR, and microscopic

techniques such as atomic force microscopy (AFM), have been used to analyse

membrane disruption and pore formation mechanisms by AMPs into lipid bilayer

models (Oliynyk, Kaatze et al. 2007, Fernandez, Sani et al. 2013). Three main

mechanisms for artificial membrane disruption or pore formation have been suggested

depending on the peptide structure, membrane lipid composition and peptide

concentration; these are the carpet, barrel-stave, and toroidal models (Figure 1.7)

(Sengupta, Leontiadou et al. 2008, Wimley 2010).

Figure 1.7 Classical models of pore forming antimicrobial peptide. (A) Barrel-stave pore: peptides

form a bundle with a central lumen, the hydrophobic surfaces interact with the lipid core. (B)

Carpet mechanism: a detergent-like action forming micelles which disrupt the membrane

structure. (C) Toroidal pore: the hydrophilic portion of the peptide interacts with the phospholipid

head groups while the hydrophobic regions associate with the lipid core. The red part of the

peptide represents a hydrophilic surface, while blue is hydrophobic (modified from Chan, David

1.,2006).
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The carpet model is characterised by covering tl'ie membrane‘with the peptide parallel
to the membrane surface via eIectrostatic’int’erac.tions uritil a threshold concentration
is reached. This is _fbllowed by a detergent-lik_e action forming micelles, as the polar
residues facing the hydrophilic head groups of the phospholipids lead to the disruption '
of the membrane structure (Figure 1.7) (Shai 1999, Li, Xiang et al. 2012, Teixeira, Feie
et al. 2012). Specific peptide—peptide interactions are nof included in ihis’ model
(Melo, Fe.rre et al. 2009). Multiple Studies have bropoSed the carpet mechanisrr1 to
explain the actiVity 'of several a-helieal catioriie AMPs such as cecropin P1 (Gazii, Miller
et al. 1996) .and au'rein. 1.2 (Fe_rnande,z, Le Brim etaal. 2012, Sarii, Gagne et al. 2014).‘
The findings of NMRland otiier sipectroscopic experiments revealed that AMPs which
are pr_oposed to act with‘the ca_rpet m’odelwere‘ incorporated parallel. to tl\,e l|p|d _
» bilayer Iipdsome and didn’t penetrate deeper into the bilayer interior (Gazit, Miller et
al. 1996, Yamag‘uc'hi, l_-iuster.et al. 2001). The'interaction of aurein 1.2 with eukaryptie-
Iike bilayers was‘ analyeed dsing NMR anvd 'CD‘. saeetroseopy and revealed that the
fatty‘acyl chains of the outer bilayer w'e’re the most affected and not the bilayer -
‘ interior,v following_- p'eptide ineorporation (Fernandez, Sani et al. 2013). Liposome
leakage. assays with vfli,iorescent markers Qf varying sizes on PC/PG Iiposomes_at
different Iipid/peptide ratios iiave been carried out toe*ainine the effects of aurei_n
1.2'.vMarkers vl/ere released in an uncontrolled ma'nrier following treatmenvt. with the _
peptide, indicating a‘j carp.et mechanism for membrane breakdown (F,erriandez: et dI;,

2012).

| - The barrel-stave model proposes that the peptide firstly binds to the membrane as a
‘monomer, and then oligo;merizes to form a bundle with a central aqueous 'pbre; the
hydrophobie surfaces interact with the lipid core, w'hile the hydrophilic surfaces orient
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inwardly to Iin_e the pore (Figure 1.7). This arrapgement 'crea.tes an aqueous chan_nel
resulting in diSturbapce of membrane function. wh.ichv leads to the discharge of
cytoplasmic contents and spbsequent death of the cell (Jensseh, Hamill et al. 2006, Li, -
Xiang et al. 2012, Schmidtchen, Pasupuleti et al. 2014). The Bbarrel stave pdre model
has been proposed firstly for elamethicin (Bapmann, Mueller 1974) describing the
channel forming propertie'svbf the peptide. Subsequ.ently, many studiee Have been
published on alamethicin pore for'matiovn‘ using a varied composition of .pho'spholbipid
, ’bilayers and‘a va'riety of techniques:. YS>uch studi‘es revealed that alamethicin ipdpce_d
pores consisti:ng of 6 tov 11 monpmers, with veried'outeide end inside diameters from
>18 -26 and 40 450 A‘respectively (Cbnstantin, Br’otons> et al. 2007, Qian, Wa‘hg et .aI. :

2008,' Ye, Lietal. 2012, Rahaman, Lazaridis 2014).

’Other 'bpeptides, such as the magainins and melittins, insert into in the phpspholipidﬂ
'bila}yer-_for'ming toroidal-shaped pores (toroidal of wormhole model). In this model a
‘_wider_ ranging peptides.firstly aggrégate, then initiate b.inding of the hvydr'opvhilic
. portion of the peptid'e with the phospholipid head groups while the hy’drop.h(;)bicf
.regions associate‘\jlv.ith the lipid core. ‘The pepfi'de insertiop induces inward membr‘ane
bendihg to form_a pore, lined by the Head"groups pf the bila.yer'”together\/vith the
.'charged and polar sivde chéins_of't.he peptide molecules, while the peptide hydrdphdbie
side chains are orient_ed.toward the inside of fhe bend (Figure 1.7) (Jenssen, Hamili et
al. 2006, Sengl_..lpta,:L'eon.tiadpu et al. 2008, Li, Xiang et a). 2012, Lee,,Sun ét al. 2013, :

Schmidtchen, Pasupu_leti et al. 2014).

Bot"h toroidal _and barrel stave models are functionally similar but differ in the ‘
' 'suggested structure of the pore and membrane intera_ctionS (Gee, Burton et al. 2013).

The barrel-stave 'mpdel was the prototype before the introduction of the toroidal
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model in the mrid of 1990s to describe the pore forming me‘chanism of magainin (Yang,

Harroun et al. 2001, Matsuzaki, Murase et al. 1996).

The toroidal pore is‘a lipid-dependent pore as lipids pley a key role in the membrane
bending (Sengupta, l.eontiadou et al. 2008, Gilbert, Dalla Serra et al. 2014;'Sychev,
Balandin et or/. -2015). The NIVlR data of LL-37 in PC lipid' bilayers reflected
conformational changes ofllipid headgroups, as they become bent in thepresenc_e of
kLL-37 in a concentration-dependent ma'nner_euggesting a toroidal pore nﬁecharlism for
the pepfide '(Henrler Wildma.n,' Lee er al. 2003). According to‘biophysical studies,' it is
lsuggested that AMP }bibndin‘gv te »sorﬁe lipid bvila\‘/er models generates membrane
curva'rure dependihg’ en the‘lipi’d co'mposit_io.n; curl/ed membranes facilitate AMP‘
_ihsertion. These Suggestions are' consist_en't' w.lth the formation of teroidal 'pores '
F(Halloc‘k, Lee et al. 2003, Saro, Feix 2006, Cheh, Mark 2011). The same ob.servations“
v'were Seen i'n a vst»udy.of Smr>24 agair\st prokaryoric-like ﬁembranes _USing- AFM
;'(VH’arris‘o,n, Heath et aI.él)lG). Toroldal pores of varying size are obéerved, depenr:lent
on thevAMP;‘ for example, the magainin-lt pores (assembled:by 4 to 10 monemers)
have diameters re'rrgirlg_ from 0.5 - 3 nm ir| 'mammalian and baeterial membranes
(Watanabe, Kawano '2016), while Smp 24 indu»cecl'v pores ir‘r PC/PG bilayers have |

diameters averaging 80 nm (Harrison, Heath et al. 2016).

Recent models have prdvided .mirlor nﬁodificatlons for fhese orig_inal »pro.totype'.s
"models. _For instance, a varient rnodel wirh irregular arrarlgements of pepticle arld lipid-
A molecules (di_sordered t'eroidalpore model)‘has been revealed through the analysis of
the_i'nteractioh of mag'aini_nvMG-HZ with PC phospllolipid bileyers. Only one Vm‘olec»ule »
of .the ‘MGQHz peptide is found near tlie'centl'r._e of the pere, ‘while‘ other beptide

molecules line the "pore (Leontiadou, Mark et al. 2006). Ohly one or two melittin -
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molécules were found inserted into a pore-induced PC bilayer, also suggesting: the
disordered toroidal pore as a mechanism of melittin. This pore (dianﬁetef 1.5 nhri)

contains 8-10 Iibid head-groups (Sengupta, Leontiadou et al. 2008).

The aggregate channel model is anothér variant that was p‘ropo\sed to. explain
increasing on membrane pe.rmeability without causing cell death. Cationic‘p‘eptides
destabilise areas aﬁd gain access to both outer and inner membranes by the removal
or displacement of Iipopolysacch'aridé (LPS)-associated cations (Mg2+ énd Ca2+)

(Giuliahi, Pirri et al. 2007, Li, Xiéng et al. 2012).
1.9 Other targets of AMPs in bacteria

| The previous models propose that AMPs indﬁce Talm increase in membrane permeability
Ieading to cell death ‘(Carnicélli, Lizzi et al. 2013). AMPs may have multiple modes of
'ac_tion‘,causihg Iefhél cell damage including 'addiAtionaI or‘aIternative‘no‘n-r.nemI:‘Jrané‘
‘permeabilfsing mechani‘sms, such as. targeting specific ir‘1tra_cellu'lar moleculesAand
resulting in inhibitio.n of the biqsynthesis of DNA, RNA, pr}oteinvand:the cell wall (vBa.har,

Ren 2013, Guilhelfhell_i, Vilela et al. 2014, Scocch.i, Mardirossian et al. 2016).

~ Several studies have suggested DNA and RNA as targe»'tsv for the an"cibacterial acfc‘ivity'of :

some AMés; For gxample, fI}‘u'orescein isothiocyanaté (FITC)-IabeIIed buforin I _wés :
observed to 'pénet_ra,te the ceil membrane of E. coli at subinhibitory con;entration's; :
the peptide also inhibited the migration of DNA and RNA in a concentration-dependent
manner (Park, Kim et al. 1998). Sifnilarly, gel retardation assayé have revealed the

~ specific interattion of indolicidin with DNA (Hsu, Chén etal. 2005). f
Some AMPs can interfere‘ with_céll wall biosynthesis. For instance, bacteriocins inhibit
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septum formation in Lactococcus lactis as a primary target of their killing activity.

Lactococcin 972 did not show any immediate decrease in cell viability indicating that

no membrane lysis occurred upon addition of the bacteriocin (Martinez, Suarez et al.

1996). Newer studies have found that bacteriocins like nisin and lactococcin 972 bind

to Lipid Il, the main component in peptidoglycan biosynthesis which leads to cell wall

synthesis inhibition (Breukink, de Kruijff 2006, Martinez, Bottiger et al. 2008).

1.10 Bacterial resistance to AMPs

Understanding bacterial resistance mechanisms to AMPs is crucial in the development

and use of AMPs as anti-infective agents. Although AMPs are non-specifically targeted

antimicrobial agents and there is a relatively low potential of bacterial resistance

emerging to AMPs, however bacterial resistance to AMPs should also be highlighted in

order to develop and use AMPs as novel antimicrobials (Gruenheid, Le Moual 2012,

Nawrocki, Crispell et al. 2014).

One of the common resistance strategies is AMP hydrolysis by bacterial proteases. For

example, extracellular metalloproteases are secreted by Bacillus anthracis to catalyse

the hydrolysis of peptide bonds of some AMPs such as cathelicidin-derived peptide LL-

37. The addition of metalloprotease inhibitors significantly increases the sensitivity of

B. anthracis to LL-37, which reveals the key role of proteolytic activity in inducing B

anthracis resistance (Thwaite, Hibbs et al. 2006). Also, a number of proteases secreted

by Gram negative bacteria such as Pseudomonas aeruginosa and Proteus mirabilis

have been reported that they inactivate and cleave LL-37 (Gruenheid, Le Moual 2012).

Some bacteria produce extracellular polymeric substances such as exopolysaccharides

which are involved in biofilm and exopolysaccharide capsule formation. These
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structures protect bacteria by binding or fepulsing AMPs, to réduce their access to the
cell (Gruenheid, Le Moual 2012, Schﬁrr 2013). S. epidermidis produces the
polysaccharide adh-e'sion, as> an inte'rcelluklar resistance mechaniSm'égainst some AMPs
such as LL-37, and dermcidin (Costa, Henriques et al. 2009, Néwrocki, Crispell et al. =~ -
2014). Also, Neisseria meningitidis and Klebsielld pnedmoniae shield théir cell surfaces
by using capsule bolysaccharidés tb reduce the amount of AMPs reaching‘th‘ve bacterial

membrane such as polymyxin B, défensi_ns and LL-37 (Gruenheid, Le Moual 2012).

- Other resistancé .mechanism:s may be implicated such as the use of efflux pumps. For
instance, E. coli avnd‘ KIebsfeII_a pneumb‘niae strains Iécking the .AcrAB efflux. pu.m'p were
more.sensitive-t.o polymyxin“B, 'LL-37 and hUman.B-defensin-l peptides th_an th_e_
| 1 parental strain (Padilla, VLI.obet et al. 2010, Warﬁer, Levy 2010). ATP-binding caﬁsefte
| (ABC) tranﬁporters are‘one'_éf the most efficient resistance mechanisms involved in
AMP export by _uéing the enérgy of ATP hydrolyéis (Gebha_rd ‘2012). DNA ’hicroarray
analysis of S. aureus folvlowing exposure to Ovispirin-1 an.d. dermaséptin K4—S4(i—16)
revealed a significént upregulation of vraDE (encodin'g"an ABvC ktranspor.ter'). 'The
| déletiOn of geneé'thét encode ABC transporferé §u_th as yejABEF (B_rucella melitensis)
and vraDE (S. au}éus) fesulted in signifiéa_nt increése in the MIC of bacitracin and
.p‘QIym\)xin B réspe»cti}vely'compared Wifh valﬁes oh_ the parent strains (P_ietiéihén,

Frangois et al. 2009, Wang, Bie et al. 2016).

~ Additionally, some bacterial species alter their membrane permeability to>IoWer‘ their:
fse_nsitivity to AMPs. This -.rvnvé<.:hani'sm v‘include_s vmodifiéatibns_ to their merﬁbfane N
' ‘struc_ture such' as reducing or neutralising surfacé negative ’charges and intreaéihg the |
~ concentration of the 'fatty écid§ in order to decrease the affinity of AMPs. For.ekample,
exami‘natidn. of  the out__er'. membrane of a nisin-resistant - strain of Listeria
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monbcytogene_s revealed a higher propo'rtion’o’f lipids on ité surface. Some bacteria
such as Proteus mirabilis synthesise a LFS with reducéd negative net charge; this
induces resistance ‘to the cationic po‘lymyxin' B (Gutsmann; Hagge et al. >2005,
Gruenheid, Le Moual 2012). Moreover, the specific’aminoacyl.ation of the p'o_la‘r head
group of phospholipids_in thve bacterial membrane ha\}e»been also usevd’to resisf AMPs,.
for examples addftion of alahine or lysine to PG to n‘evutralise its net negaAt‘iv.é} charge of‘
in Pseudomonas' aerdginosa Qrk Staphylococcus  aureus respecfivély. This
Aaminoacylation'i‘s mediated-by am-fnbacyI-phoSphatidngcheroI synthases results in
~ conferring s.e'veral ‘resistanc“e .p‘henotAypes in i,the pfesence of sdme AMPsV s'uch_ asA

protamine (Roy, Dare et al. 2009,,Afendt, Hebecker et al. 2012, Joo, Fu et al; 2016).

Nevertheless, most bacterial resistance to AMPs has limitations. Bacteria have not yet -
developed effective resistance to a broad range of AMPs in the way that they have
succeeded against some classical antibiotic class_es (Kraus, Peschel 2006, _Greber,‘

‘Dawgul 2017). However, the clinical use of AMPs is still limited (Section 1.11).
. 1.11 Antimicrobial peptides as potential antibiotics in clinical pipeline

Gramicidin, bacitracin, polymyxin B, colistin and daptomycin are examples of licensed
“and commercially available peptide-based antibiotics. They have achiéVed‘widespréad_
usage as successful antibiotics to treat a broad range of infections, pointing tofth}e A

clinical potential of other similar antimicrobials in the future.

‘Several new AMPs are being cui'rently ihvestigéted and developed in different clinical
.,phases, suggésting promise as future antibiotic therapies. For instance, Novexatin is a
. novel cétioni_c peptide based on human a- and B-defensins structures. Novexatin has

antifungal.activity, particularly against Candida and’_CryptococCus species. Phase Il

27



clinical trials established the safety. and efficacy of novexatinis as topical dermal
therapy for fungal nail infectioh (ohychomycosis) (Fox 2013). Also, phasé Il clinical trial
data has been rbevealled the safety and effectivity of‘LL-37 as a tdpical treatment for
hronic leg ulcers in patient population (Grénberg, Mahlapuu et.al. 2014). Further larger o
clinical studies are required to support the use of these promisiﬁg AMVPs as n{arketed

treatments.

Although AMPs rébresen't promising_vantirr.microbial therapeutic agents, their c.linyi_cal and
commercial deQéIopment have some challengés due to high- manufacturing costs
associated with the chefﬁical SYr_\thes:is of peptideé; in comparison with c.onve.ntional
svrvnall‘ molecu_le' abntibi.otic vproductio_n» (Bomméﬁus’, Jenssen et al.b | 2010)}._
V._Gastro‘intestinal' énzymatic degrédation (Fosgerau, Hoffmann 2015), salﬁt and $erum :
| inéctivation_ (Mohanram, Bhéttacharjya 2016), as well as short haIf—Iivesv and rapid
elimination (Kovallai’nen, Ménkére et aI; 201-5), afe_ dther cﬁallenges thaf need fo be

overcome.

Some AMPs have faile'd'fo obtain regulatpry ‘appro'val as they were nbt ablé to
derhohstrate bim;‘)'rvov'ement over"current therapiés. For} instance, bmiganan (an
'indolicidin anélpgue) .didn't show any vsij_gnifi(':ant anti-infective éctivity compéred with
bpo‘sitive controls like poQidohé ‘iodvinefn vphase Il trials (Sader,"bF_edler et af. 2004,
Gordon, Ro'mano.wski. et al. 2005). XMP.629 peptide dérived from human
Vbacteri_cidal/permeabiIity-incAreasing protein (BPI) failed Phase Il cli.n,icélk‘triéls. as a
topical use for acné ,becausé the beptide offere_d.no significant‘ clinical ber‘mefitA m{er a
~vehicle-gel céntroi t_reatme'nt (Lim, Ammons et al. 2001, Gordbn, Romanowski .e.t a[.

©2005).
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1.12 Snake and scorpion venoms

Both snakes and scorpions use their venoms to immobilise the prey, defend against
predators and help in the digestion process by solubilizing food (Kuhn-Nentwig 2003).
Snake venom is a salivary secretion, stored in the venom gland and injected through
specialised fangs which connect to the gland via venom ducts (Mackessy 2016). In
contrast, the scorpion venom apparatus consists of a pair venom glands found in the
telson at the end of the abdomen (metasoma) which deliver venom through sharp
stinger (Torres-Larios, Gurrola et al. 2000). Snake venom is composed mainly of
mixtures of large proteins/enzymes. However, scorpion venom is primarily
characterised by having smaller peptides and mucopolysaccharides. Venom
composition can vary inter - or intraspecifically according to age, diet, and sex as well
as the environmental habitat of the snake or scorpion (Blaylock 2000, Newton, Clench

et al. 2007, Ruiming, Yibao et al. 2010).

Most snake venoms are nonlethal, while a proportion causes significant mortality.
Scorpion venoms contain some of the most lethal toxins derived from animals.
Scorpion venom includes a wide variety of peptides which are categorised based on
their structure into two main groups; the majority are disulfide-bridged peptides
(DBPs) which usually target membrane-bound ion channels. A few non disulfide-
bridged peptides (NDBPs) comprise a smaller group within scorpion venom that exhibit
multifunctional activities. DBPs are further sub-grouped according to their ion channel
targets (Na+ K+ Caztand CI") which play key roles in many essential cellular processes,
such as nerve conduction or muscle contraction. Scorpion venoms also contain toxic
enzymes such as hyaluronidase and phospholipases A2 (PLA2) (Venancio, Portaro et al.

2013, Diaz-Garcia, Ruiz-Fuentes et al. 2015, Nabi, Ahmad et al. 2015, Shanbhag 2015).
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1.13 Therapeutic uses of snake and scorpion venoms

Early Egyptian and Chinese civilisations have used bee, Scorpion and snake venoms for
various medicinal purposes, inqluding analgesic and antiQinflamrnatory agents (Utkin
2015). Snake and scorpion venoms contain a variety of biologically active molecules
with diverse potential therapeutic applications such as énticancer agents, insecticides,
antimicrobials, anticoagulants, and painkillers (Hmeci, Serria et al.. 2013, Vyas,

-Brahmbhatt et al. 2013).

‘Some énaké venoms have hypbtensi\_/e propérties through the cbrnbined actions of
'bradykinin-potentiating ‘peptides, 'Caz“-chnnnel blockérs and natriuretic p.eptides..,
These antihypertenéive molecules induce the dilation of blood vesse_lé resu_‘l‘ting |n
’ lowering blood préssuré (Koh, Kini 2012, \iyas, Brahmbhatt et al. 2013). Capoten, one
~of the most widely pfescribéd drugs used in the treatn‘ient of hypertension Since 1981’,‘
it has :been dev‘ebloped kbased on the si:ructlire »of, teprotide, isolated from tne snake
Bothrops jararacn. Tévprotide is angiotensin converting enzyme (ACE) inhibitor-which
. inhibits' the breakdow‘n of angiotensin- and - therefore prévents vasoconstriction

(Komajda, Wimart 2000).

' ‘Numerous anficoagnlant' drugs have been designed ‘based on snake ‘venom
ccimnpnentssuch as three-finger toxins, phospholipases A2, metalloproiéinasesand -
ciisintegrins. F_or invst.ance,. Tirofiban and Eptifibatide aré antiplatelektv'drug‘s based on
_peptides and proteins isolated from Echis carinatys and Sistrurus miliarius barbouri

‘ "respectively.‘They inhibit platelet aggregation i)y interfering with the binding of‘the
mavjo’r p}Ia‘teIet surface receptor to integrins. Annrod and batroxobin nre ‘pro'co'agulant.n

serine proteases isolated from the venoms of Agkistrodon rhodostoma and Bothrops
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atrox respectively, which convert fibrinogen to fibrin. Defibrase a currently licensed
defibrinogenating drug based on the structure of batroxobin, while Viprinex is
approved for patients with acute ischemic stroke and is based on the structure of

ancord (Calvete, Marcinkiewicz et al. 2005, Koh, Kini 2012, Marcinkiewicz 2013).

-Some snake ve‘nom peptides of the fa'mily of tnree finger tQXins.‘exhib.ited‘ disfinct in
vivo analgesic activities thaf could lead to the development of new pofent pain reliever
agents. For instance, hannalgesin, isQlated from the venom of king cobra (Ophiophagus
hannah)', has been found to show significant analgesi_a withouf any neurotcxic effects

- (Pu, Wong et al. 1995_, Alewobd, Allerfon etal. 2013). .

Generally, licensed snake venom-based medicines are more numerous than.those
'rnedicines based from scorpion venoms; this might refer to difficulties in thve
charac"_cerisa.tion of low abundance peptides generally fodnd in scorpion Vendmv(Hmed,
- Serria et ’aI. ‘2(‘)13). ‘Aiwide range of scorpion venoms peptides have potvential
therapeutic effects but‘these' have yet td be developed into incensed dfugs. Anti-
_nypertensive peptides vha\./e been isplated from scorpion venoms, for example
.bradykinin.-potentiating peptides, firs't p_Urified from Tityus serrulatus venom (Ferreira,
}Alves et al. 1993). A variety of scorpidn' 'venom pept}idés could lead _te tf\e’
developinent of novel a_nalge'sic agents. For example,y severalb peptides with'ana‘lgesic
activities wer.e isolated from the venom yof Chine.se scofpidn Bdthus martensii. Sucn
peptides might be potential.templates fdr new painkillers as most of them are insect -“
'vne'u'rotoxins' witn no cyfotoxic effects against human cells (Guan, Wang et al. 2001,

Shao, Kang et al. 2007, Shao, Cui et al. 2014).
Chiorotoxins'(CTX) isolated from Leiurus quinquestriatus are playing key roles in the
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diaghosis and development of treatment for several Cantefs. CTX specifically binds
to matrix metalloproteinase 2 (MMP-Z) vs)hic'h. is'overe*bressed' in many tumor cells
and is involved ih cancer progression (Dong, Li ‘et’al. 2011). CTX - anticancer conjugates
enhance the delivery of some anticancer agehts such as plafinum-based anticancer -
dr_ugs (Wang, Wang et al. 2015).- Fluorescently;labevlled chlorofoxin ?:an be used iﬁ
imaging.diagnoét.ics and I-fadiolabelled toxin is. in. clinical trials to térget gliomas

(Veiseh, Gabikian et al. 2007).
' 1.14 Antimicrobial activities of scorpion and snake venoms

Snake and scorpibn food is frequblen’tly contaminated wifh a variety of p‘otehti'al prey-.
bbrné pathogens (Ba.stos 2012); The main éreés-of vinfection for snakes are the moutﬁ
band féng, While the telson of scorpions'is‘ the most accessible to a wide range of
: pathogénic microbes (Gao, Tian et al. 2007). Salmonelld and Bacillus sp are the most
v frequehtly‘isolafed bacferia from’snakes (Gérciva-l.ima, Laure 1987, Shek, Tsuvi>et al.
2009) There are .a féw reports of 'thé breyalence of pathogehic infections iﬁ snakes
such as mouth rot infeﬁtioné cause_d Pasteurella and Proteus sp and ulcerative
dérmatitis which r'nay'lead to snéke.death (Talan, Cifron et.al. 1991, Garcia-Lima, Laure
1987). The presence df 'potent antimicrobial‘ cbnstituenfs in snake and sc‘o‘rbpicj)nb
venoms might confribu_te to ajntimicroAbiaI protectioh as a host defence méchénisrﬁ
when éttécking prey..:For éxample, a significant upfegulation of the AMP Bmel’ ivn the
'venom gland of Buthus ‘mqr'tensii has been d_etected when ihfected by E. cbli and
‘ ‘Micrococcus luteus. 'Interést-ingly, the milked crude venom of the chaII_enged
"ind'ivv’iduals ShoWed greater an‘tibacter‘ia'l activity aéainst Gram posjtivé bacteria than -
'unin-fec.ted_ individuals. It has also béen observed that B. martensii use their.venoms as

antimicrobial sprays to proteét their bodies against pa‘thog'ven’_s (Gao, Tian et al. 2007,
. 2 R y _



Torrés-Lario‘s, Gurrola et al. 2000).

The crude venoms qf numerous scorpion spécies have been shown to inhibit the
growth of diverse péthogens such as Gram negative, Gram positivé bacteria,_ fungi and
viruses (Erdes, Dogan et al. 2014). Varied bactericidal and viricidal activities have been
réported fromAcrude venoms of d,ivffér.ént species such és the: Chinese Bbthus martensii
(_Gao, kTi‘an et al. 2607) a,nd Egyptiah species such as Leiurus quinquestriatu; (Salama,
vGeasa 2014), Scorpio maurus paIm'atusf and Androctonus australis (El-Bitér, Sérhan et

al. 2015).

Three viperia veh_om‘s.(.Agkistréd'c‘;r‘;"rhodosfonﬁ, Bdthrops jararaca and B, atrox) havé

been shown to have potent ant.imicrobia'l actiyity againsfc resistant bacteria stra'ivns such.
. as Staphylococcus epiderm)'dis and Eﬁterdébécus faecalis (Ferreira, Santos et af. 2011),

3 Venoms of Bothrops alternatus (Argentina) (Bustillo, Leiva et al. 2008), Echis carinatus
: (lran) (.Fat‘hi, Jan.'lshidi» et al. 2011), Egyptian s.nakes'venom’s (Pseudechis aUstraIiS, Naja
haja and Naja nigricbllis) (Shebl, Mohavme(.j‘ et al. 2012) aﬁd Bothrobs jararqca (Brazil)
'. (CendAro‘n,v Bertol' et a_l; 2614; chas Hen'rique__ Cendron, 2014) a" have signifitant u
ahtimicrqbial acth)itiésﬁ against widé réﬁge of ‘bacteria ahd fuhgi. These studies
_ encourage further inveStigation to detect _an.d identify othe.rl nbve] active antimi.c‘r'oblial
peptfdés in snake and scorpio‘r‘ivenoms’ using highly déveloped proteomic and gehomié ‘

techniques.
1.15 Enzymes of scorpion and snake venoms with antimicrobial activities

" The antimicrob_ial potential of snake venom enzymés is widely investigéted. PLAz and L-

-a‘mi'no'acid oxidases (LAAO1 and LAAOZ) are among the best studievcvl enzymes

associated with antibacterial properties (Samy, Pachiappan et al. 2006). Both PLA; and
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LAAO are usually responsible for the maj.or toxiﬁ effects during s'nake envenomation.
The phospholipid of the bacterial membfaneé ‘is the hain target of .PLAi, as 'théy
hydrolyse the phiospholipid by releasing the fatty acids fro_m the second carbon Vgroup
of the glycerol backbone of the membrane p}Hospholipid (Toyama, Rodrigvuesv et al.
2012). Some PLAges derived‘ frofn 'snake venom$ have displayed a variety 6f potent
antibacterial activfties. For 'ex'a.mplle, PLA; from Daboia russelii pulchella v.en.om exerts
antibacterial activity agbainst bot_h Gram positive and Gram negative bactéria
‘(Sudharshan, Dha’nanjaya 2015); sim.ilér éntibattérial activities have been reported for

PLA2es from the venom of Naja naja (Sudarshan, Dhanénjaya 20_16).

LAAO Ais widely found |n snaké. venoms in high concéntrations; Several snake _venbm ,
vl;AAOs have shown potenfial antibacterial aétivify. For example, Balt-LAAO-1, an acidic '
LAAO i}s_olated from Bqthrops. alternatus venom inhibits S. aureus and E. VCO/I; .growth |n
a dosé_-de‘pe»nden‘t manner '(.Stébeli, Marcukssi ét al. 2004). Several reports  have
suggested that the antib.acterial'ac‘tio'n of LAAO might be caused b{/ the generavtiokn' of
- H202during the deamination of L- amino acfds which havevinduced 'the oxidative ‘st.ress-
|eading to membféhe dva‘mage and c_onséquently; bacterial cell death (Torres, Dantas et

al. 2010; Lee, Tan et al. 2011).
1.16 Antimicrobial peptides from scorpion and snake venoms

Scorpion venoms haVe an abundant supply of AMPs; although less than 1% (= 50

AMPs) of all described AMPS 'from living organisms were isolated from sCorpion -
venoms (Harrison, Abdel-Rahman et al. 2014, ;I”a.ra;i 2016).,Storpion venom AMPsiiare
classifie’d basedA on the presence of disulfide bonds fn their structUré ihfo two maiﬁ |

groups: the majority are NDBPs and DBPs (Table 1.2) (Luna-R_amfrﬁez, Jiménez-Vargas et
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al. 2016). NDBPs are further sub-grouped according to their sequence length into long
(>35 amino acids), intermediate (20-35 amino acids) and short (<20 amino acids) chain
peptides (Zeng, Corzo et al. 2005, Almaaytah, Tarazi et al 2014, Harrison, Abdel-

Rahman etal. 2014).

35



9t

: . , JnnAjowaey o , . , .
?Hom, ‘D 13 nx ‘1) : Mo 00T-v +9 pue -9 ) 1154332d snJjawol319H vovHaI _
(€roz nhtowaey - iauny 0. .EmQEN snuipup, unue m
.\B 19 _JOr_N ~MC®NV \501_ Nw w UCN +w ‘ |w m.ﬂ 1 ‘ H b Q. H.lC.C_HC n_ .||u..
(Toot apAjowsey : SIsualpoIspbopow _
|0 13 epnsea ‘1eq) Mo 0s1-L°0 +Opue-o €t sny3upopy3sIdo 1081
($TOZ '/0 22 3IN ‘M) J1nAjowaey m,vA-m +9 u,cm -9 L 43fiulds sni1owo.a1aH Z-ULIR12H W
. : 18uny : , , 3 w
(2102 /0 3 8uaZ ‘aIN) J1AjowaeH TTISSTT pUE 4 ‘D 6¢C Jafiuids sni3awo.aa1aH dysH 2 @
- (T00C - . 18uny _ : _ . 7
‘Ib 15 SeqnO3s3 ‘0210)) u_f»_oEmm_._ . - 8€-T pue +9 ‘ -9 e g.&EmQE\ snuipund Z ulujpued ®
(9T0C “1ZR4R)‘VTOT anAjowaey 18uny snibulipg. .
“Ib 3 UosLLIEH) Mo 0s-T pue +9 ‘ -o 144 snwpy3ydossido T ulodolsido
_ (Tooz onAjowseH _ -18uny o 5
/b 32 SeqnOJs3 ‘0z40)) |  OU 10 SS9 01 pue +9 ‘-9 144 403043dw snuipund T ululpued &
00z “Jp 12 8uaz) - J1iAjowaeH . 0S-0T +9 pue -9 TV $N233zD SNInJpoy unnipey.
*(£00T "0 33 ZHEMYIS _ : . L ‘ _
~ ‘e121e9-0921) JilAjowseH YN - sijngns g ,o.n .Eu.wtmm snInipoH | H.Q_aummm_._ - , ,M
B ; paulwaiap (ot eueew snjpulpd : oo 5
(v00z 183341 “Nyz) 10N -3'8=0501) | pue+o ‘-9 9L snwjpyiydoysidp | Touiduoosido
N (sanpisau) A
“Audxolo m A1 . uojdiods - apnds
saouaialey wixo1034y | (M) oI Aoy 8uaT 1di0ds ,_o_u ad

‘suasoyied 10} saNeA JJIA Yim spioe oujwe Jo J3quinu e se y33ud| pue sa1ads uoldiods .mc_v:onmubg yum ,mm_u_un_.mn [elqoJoiwiue kuuw_ww 3 L) |

'Toqel



Scorpine is considered as the first antimicrobibal DBPs wasv isolated from scorpion
(Pandinus imperator) venom. The amino-terminal sequonce of storpiné shares some
similarities with insect cecropins (Possani, Corona et ‘aI_. 2002).0ther scorpine-like -
peptides have subsequently identified such as ngScplpl (Hadrurus gertschi) (Diego-
Garcia, Schwartz et al. »2007) and »Heteroscorpine-l (Heterorﬁ»vetrusk Iaoticus):

(Uawonggul, Thammasirirak ét al. 2007).

To date approxiroately 34 antimicrobial NDBPs have been identified and functionally
'~ characterised froh _scorpions; (Table 1.2). One.of the‘ most ba'sic_ p‘eptides_among this
‘subfamily is hadro'rin ‘(+5>het'cha‘rge') (Zeng, Corzo et al.v2005). It was purified from the
venom of the Mexioa’n Scorpioo Hadrurus qzteotu (Torre‘s-Larios, Gurrola et ol._ ZOOYO)._»
CD spe’ctra_of pandinin 1 isolated from P. imperotor showed the peptide adopts an.a '
‘helioal structure in different hembrane mimicking solvents, ‘it w'as‘predicted‘ that Pinl.
'shouldr"have two d helical regioos separated by a ranoom coil region (Corzo, Escoubas

et al. 2001).

' Pandinin 2 (Pin 2) was ‘the‘first'intormediate-chain AMPs charcterised were, has beehv‘ |
purified _from the vonom, of the scofpion _P.~ imperatof. Pin2 shares 60 to 70% homology
,.with some AAI\‘/IPS from frog s'kin_ suc’h as brevinin 1, pioinjhé ’and magainins (.Cor‘zo, ‘
Escoubas et . 20_01). .HsAp'oonsideréd as novel cléss intermediate chain peptidés
showed no significant horhology to any ofher clas‘s‘of» scorpion AMPs (Ni'e,_Zeng ef dl.

2012).

' Th_e first short chain AMPs. were isolated from the African scorpion Opisthacanthus
madagasca(ienis; IsCT and IsCT2 differ only in 3 positions (Dai, Yasuda et al. 2001):. |

.Pahtinin-l,‘-Z and -3_aré homologous peptides (61-81%) have been identified from the
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venom gland of P. imperator showed considerable seqUence identities (50-64%) with
IsCT and IsCT2 (Zeng, Zhou et al. 2013). Interestingly the emergence of Hp1404
resistance was e.vaIUated in S. aureus; no signifitant resistance for was seen until 15

passages (Li, Xu et al: 2014).

-Few small and moderate sized non-enzymatic peptides with pbtent antimicrobial
effects against a wide range of bacteria and fungi have been reported from snake
venoms (Tablé 1.3). Most chara’cteﬁsed AMPs from snake venoms belong to

~ cathelicidins (Wang et al., 2008, Zhao et al., 2008, Zhang et al., 2010)..
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Three-finger toxins (3FTxs) are a family of cytotoxic proteins abundantly

present in elapid and colubrid venoms. They are relatively small proteins (6-7

KDa) in contrast to the other families of snake venom proteins. 3FTxs have

three (3-stranded loops in their structure (Figure 1.8), these loops fixed to

central core by four or five conserved disulphide bridges (Girish, Kumar et al.

2012, Dubovskii, Utkin 2014). 3FTxs include two subfamilies short-chain (four

disulfides, 60-62 residues) and long-chain (five disulfides, 66-75 residues)

(Tsetlin 1999). They can be structurally classified into two divisions as P-type

(have Pro30 residue at the tip of the second loop) and S-type (presence of a

serine residue at position 29) (Chien, Chiang et al. 1994, Menez 2002,

Dubovskii, Utkin 2014).

Figure 1.8 Three-dimensional structures of three-finger toxins (3FTx) showing loops
and disulphide bridges. A) Short-chain (Erabutoxin) and B) Long-chain (x-bungarotoxin).
The loops (‘fingers') are marked with Roman numbers HHI. The extension of second loop
in long-chain 3FTx due to fifth disulphide bridge and is shown in red color (Kini, Doley

2010).
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3FTxs are multi-target proteins with a wide variety of biologi.cal activities
ii‘ncluding neurotoxic (Jiané, Li et al.y 2011), anticoag.ula‘nt (Barnwal, Jobichen et
al. 2016)) and antiplételét (Chanda, Sarkar et al. ‘20'13) effects. This fémily is
aI.so one of the most cytotoxic, believed to contribute to the antib‘acterial and
cytolytic properties of snake venom (Dubovskii, Utkin 2014, Florea, Andrei et al.

- 2016).

Most 3FTxs such as short-chain cardiotoxins can induce structural and
functional effects of fhe heart, rich in basjc residues (mainly Iysin'e) that flank
: ;he fips of the loops Which a.r.e otherwis}é aominatéd by hydrophobic residues v
(Anbazhag;zan, Reddy et 'ql.- 2007, bubovskii,vUtkin 2614). Depending on their
amphipathi‘c cha_racteﬁstics, 3FTxs can bind and inse_rt into anionic or neutral
' Iipfd biléyers (Kini, Evans 1989, Efremov, VplynSky et al. AZQOZ, Bechinger, |
Lohner 2006). The mode of actionvobf 3FTxs égainst prbkat;yotic and eukaryotic
model' membranes has beéﬁ studvie.d using several'spéctroscépic techniques
revealing that they have a ‘high_evr affinity for Vnegativelyvcharged_ model
mérﬁbranés than zv'viffcerioni_c‘ surfaces. Studies also suggest that loop | play a
key role in cérdiotoxin binding to membrénes‘ (Carbone, Macdo_‘nald 1996,

Efremov, Volynsky et al. 2002).
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1.17 Scope of the present study

This present study aims to explore several Egyptian scbrpion and-snake venoms as a
source for novel antim_icro_bial p_eptides. It also aims to improve oqr undefstanding the
mechanism of action of some synthetic AMP -identified previously from 'Egyptian
" scorpion Scorpio-maurus palmatus.‘T.he‘se findings will be -uéeful in elucidating AMP
mechan>ism of action and using thése peptides templates to develop therapeutically

useful drugs.

The objectives were to:

Evaluate the antimicrobial and cytotoxié activities of the purified peptfdes ffom.
snake venoms and three éynthetivé" aIApha‘-heIi’caI (Smp) peptides idéntiffed '
‘previously through the genomic analysis of the Egypfian scorpion Scorpib
“maurus pélmatus. |
. “ldentify and chéracterise novel AMPs from Egyptia’ﬁ snake vénoms.
° ‘Examine the morph’olo_gical change's of‘ bacterial tv:eklls in response to différent
concent'ré.ltibons.of Smp peptideS tréatmeht-at different time intervals.
o | Identify the différentially expressed genes following ,to__éxpvosure of Srﬁp24 and
Smp43in E. ’cclvli as a model fqr patﬁogenic Gram negative 'ba‘cte.fia.
o vIn’vestigate the‘ antibacterial activity of Smp24 in presence of different' .

concentrations of various cations.
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2 Materials and Methods
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2.1 Materials

All strains used in this study were provided by SHU culture collection except the Keio
collection and the parental E. coli BW25113 were provided by the National
" BioResource Project (NBRP), National Institute of Genetics (NIG), Japan. All chemicals

used in this study were purchased from Sigma-Aldrich; UK.
2.2 Collection of scorpion and snake venoms.

Venoms were collected from Qcorpions and snakes originating from Egypt's des'erfs.- )
,Scorpjon venbm_.Was co[lected by elléctrical Stimulation of the telsonv'(Oz,k‘an, Filazi
2004, Oukkache, .Chvgbﬁry .et aI.'2013). Venom droplets were collected in an Ep;’)enc‘iorfb
: t:u_be IYOph‘iIisedv and stored at -20 °C. Venoms wére extracted in 1% atetit ac‘id and
éentrifuged‘(lS,OQO X g) to rembve insoluble fnatter. Snake venoms were collected bY
.manua’l mi_lkfng,”lyophilized a.nd stored at -20 °C. Snake venom was exi:ractéd in water

and centrifuged as s_cofpion venoms for 15,000 x'g. ”
2.3 Peptide synthesis

'Smp13,kS'mp24 and Smp43 (10-20 mg each) were synthesised by solid phase FMOC
synthesis (Prolmmune Limited, Oxford, UK). Peptide purity was > 90% (C18 reverse
phase HPLC and mass spectroscopy). The sequences of the three peptides are given in

~Table 2.1.
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'_I'ablé 2.1 Amino acid sequences of Scorpio rhaurus palmatus venom gland AMPs used for
this study ' v ‘

Peptide , Amino acids sequence
Smp13 ILODIWNGIKNLF.
Smp24 IWSFLIKAATKLLPSLFGGGKKDS

Smp43 GVWDWIKKTAGKIWNSEPVKALKSQALNAAKNFVAEKIGATPS

24 ~Antimicrobial activity assay>and determination of minimum inhibitory ‘

concentrations

The minimum inhibitbfy concént‘r.ations (MlC}s)v'of the active peptides against a vafiety
_, 6f organisr.ns. were determined using'the BSAC t.)ro‘th micro-dilution method described |
be Andrews (2001) and performed on a Tecan CENios Plus (Tecan( l.\/léinnedorf;‘
Switze‘rland)‘. Thermo Scienti-ﬁcTM Nunc+M 96-Well, Polypropylene MicroWell™ ~p|atés‘

were used.

: Serial_dAiIvu'tion_s of syntﬁefic AIVIPs and pufifiéd:snake venomipeptideé were assayed. _»
Cultures without ‘pep_fides were usedv asv.positive cokntrols. Fresh uninoculated_ Muellebr-
‘Hinton broth- was used as a negative ,cbnt’r'ol-.' Th’e,MICj Was_ determined a{s_tjhe‘
cbnéentration of the peptides in the last well in whiﬁh no growth was observéd. AII ’
samples were tested in‘dupliclate‘ on fwo sepérate occésions for a 'total_ of foﬁr -
replicates. Teﬁt strains uSed in this préject included th_ree Gram hegatiye bv_a'cteria,‘
sevén Granﬁ_ pésif_i&e bacteria,. and .onev fungus and were obtained from the BMRC

(Table 2.2).
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Table 2.2 Microorganisms used for micro-broth dilution minimum inhibitory concentration
tests and their sources

Microorganism Source

Gram-negative Escherichia coli JM109
Klebsiella pneumoniae NCTC 13439
Pseudomonas aeruginosa NCIMB 8295

bacteria

Staphylococcus aureus SH1000
Staphylococcus epidermidis
Gram positive Bacillus cereus NCTC 2599 SHU culture collection

Bacillus cereus UM20.1.

bacteria
Bacillus subtilis NCIMB 8054
Bacillus subtilis NCIMB 8056
Bacillus subtilis NCIMB 3610
Fungus Candida albicans

2.5 Haemolytic activity assay

The haemolytic activity of a peptide was tested using sheep erythrocytes as described

by Corzo et al.,, (2001). Briefly, a 10% (v/v) suspension of washed erythrocytes in

Phosphate-buffered saline (PBS) was incubated with the purified protein in a 96-well

plate for 1 h with intermittent shaking. The absorbance in the supernatant was

measured at 570 nm. PBS and 10% (v/v) Triton X-100 were used as 0% and 100%

controls respectively. The percent hemolysis was calculated using the following

formula: Percent Haemolysis = 100 x [(Absorbance of sample - Absorbance of negative

control) / (Absorbance of positive control - Absorbance of negative control)].

2.6 Cytotoxicity assay

Cellular proliferation was determined by measuring the amount of ATP generated by

viable cells using the CellTiter-Glo luminescent cell viability assay (Promega, Madison,

USA) as per manufacturer's instructions. Peptides were assayed at different
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§oncentrations_ against a human kidney cell line (HEK293) éﬁd a human keratinocyte
(HaCat) cell line to dletermine the potential to*ic effecfs in vitro. All cell lines were
tested routinely for mycoplasma. Cells werevg'rown in Dulbe'cco:'s modified Eagle's
| mediun"\‘(DMEM) with 5 % of fetal bovine serurﬁ (FBS), 1% penicillin/streptorﬁycin, and

| 1% glutamine. All cells were incubated at 37°C |n a 5% CO; atmosphefe. The medium
waé changed twic.e' a week. Bfiéfly, HEK293 and HaCat bceIIs were seeded ét é density of
2.5x10* per well'in a 96-wel| plate in 100 pl DMEM media and. 'incubated.Wit'h peptide

~ for 24 hours. Uhtreated cells were ‘.u‘s'ed as a hegyative control. 10% triton (v/v)‘was
‘used as a pQSitive co“ntrol.‘ AII. treatments wer'e pefformed in triplicate, in threev
independenf _QXberiments. | Befo?é cell viability was detefmined, plétes wére-
équilibrated at rodm temperatu_re for.30 rhinutes, thereafter 100 ul CeIITfter-G!é
? Reage“nt® was added to each well. The pl.atve was shaken for 2 minutes to induce cell
~lysis ahd incubate’d fqr 10 rﬁinutes at room temperature to stabilise the Iu'mineSf:ent .
signal. The'lumineséencé wasvrecorde_d‘ gsing CLARI(jgtar® rﬁitrqplate réader‘aﬁd MARS
data an‘alys.is softwa‘re_ (EMG LABTECH; Orténb'erg, Germahy)T |

2.7 Fluoresceﬁﬁé microscopy

- Following treatment wi'.chk .Sm.|.:>24 and Smp43 as in the-plrev'iOUS section, HEK293 and '
Hé’Cét cell lines Weré éxaminedj using Hoechst 33342 aﬁd Propidium Iddide‘(PI) staininrgv '
'(Sigma-AIdrich, Dorsét, Uk). Cells wére sfained wifh 10 ug/ml Hbechst 33342 and 'iO B

'ug/ml PI for 30 min at 37°C and examined using a fl'uorescence'r'nicro'sc':ope (Olympus,

_ .IX81, UK) and images were éaptured using Cell-F software.
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2.8 Purification of crude snake venoms

Individual venoms were initially fractionated by size-exclusion chromatography.

Lyophilised crude venoms (35-60 mg) were dissolved in water and applied to a HiLoad

26/600 Superdex 200 pg column (60 x2.6 cm diameter) connected to an AKTA Prime

system (GE Healthcare) and equilibrated with 10 mM sodium chloride/50mM sodium

acetate buffer pH 4.3. Fractions (3 ml) were monitored at 280/220 nm and collected at

a flow rate of 0.5 ml/min. Fractions were collected, dialysed (MW Cut off 500 Da)

against distilled water at 4°C using PUR-A-Lyzer™ dialysis kit (Sigma-Aldrich, USA) and

then freeze dried. The protein concentrations were measured (NanoDrop™ 1000,

Thermo Scientific, USA) and screened for antibacterial activity against different species

of bacteria.

Active fractions were resuspended in 1 ml of water and further purified by cation
exchange chromatography with a SP Sepharose column (100x16 mm diameter). Prior
to this purification process, the column was equilibrated in buffer (A) 10 mM sodium
chloride/50 mM sodium acetate buffer pH 4.3. The column washed with buffer A to
remove any unbound proteins. Samples were eluted with a linear gradient (20 CV) of
buffer (B) 1 M sodium chloride/50 mM sodium acetate buffer pH 4.3 at a flow rate of
0.5 ml/min. The chromatography was carried out at 4°C using an AKTA Prime system as

before.

2.9 Analysis of molecular mass by mass spectrometry

The molecular mass of purified peptides was determined by mass-assisted laser

desorption ionization time of flight (MALDI-TOF) mass spectrometry of the fraction

obtained after separation through cation exchange chromatography. 5 pL of fraction
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was mixed with 5 plL of matrix solution (a-cyano-4-hydroxy-cin’na‘mic acid in 0.1%
Trifluoroacetic acid (fFA) /acetonitrile 1:2). 0.5 - 1 pL of‘this mixture was transferred
to a MALDI sarhple"plate and allowed to dry_. The r‘novl‘e‘cular ‘ma.ss was determined
using MALD]-TOF mass spectrometry (Voyager Spec # 1 MC) in positiVe 'io_nization

mode.
2.10 Identification of N-terminal residues

_ N-terminal sequencing using the Edman de‘grédati‘on technique was used to identify
the first five amino acids (Alta Bioscie’nce Ltd, University of Birmvingha'm, Birmingham,'

UK of purified snéke_ proteinS. :
2.11 Peptide homology analysis

Online 'bioinforma'tics tools were used to characterise the purified active peptides by
comparing- the N-terminal séquence’ to the database of published sequences of
peptides and proteins. EXPASY BLAST software, Protein-protein BLAST (blastp)
‘ v(http://blavst.ncbi.nlm.nih.gov/Blast.cgi), was used. to subject the obtaihed N-terminal
sequence to a similarity search.
212 Preparation of cells for scanning electron m_icrbscopy '
Overnight cultures of E. coli IM109 and S. aureus SH1000 were diluted into fresh MH
Broth to a cell density 1x10° CFU/m then incubated at 37°C until an ODéoo nm Of 0.3 was:
reached (mid-expohential growth phase). Bacterial cells were treated with different -

“concentrations of Smp peptides for different time intervals ('10 minutes, 1 hour, and 24

~hours) at 37°C .. Untreated controls were preparéd in free MH medium.
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The cells were harvested by centrifugation (10,000 x g, 10 mins) re-suspended in wash
buffer (0.1 M sodium phosphate buffer, pH 7.4), and then collected by centrifugation
(10,000 x g, 10 mins).Cells were fixed with 2% glutaraldehyde in 0.1 M sodium
phosphate at 4°C for 24 hours. Cells were washed twice with 0.1 M phosphate buffer
for 15 minutes intervals at room temperature. To post fix the cells, 1% aqueous
osmium tetroxide was added and the samples were left at room temperature for one
hour and then washed twice with 0.1 M phosphate buffer. The samples were
dehydrated with graded ethanol solutions (75% ethanol for 15 minutes, 95% for 15
minutes, 100% ethanol for 15 minutes, 100% ethanol for 15 minutes). Samples were
then exposed to 100% ethanol: hexamethyldisilazane (1:1) for 30 minutes followed by
30 minutes in hexamethyldisilazane. All dehydration steps were carried out at room
temperature. Specimens were allowed to air dry overnight in a fume hood and
mounted onto a pin-stub using a Leit-C sticky tab (Agar Scientific Ltd, Essex, UK) and
gold coated using an Edwards S150B sputter coater (BOC Edwards, UK) and examined

in a Philips XL-20 SEM (Philips, Eindhoven, The Netherlands) at 15kV.

2.13 Preparation of cells for transmission electron microscopy

TEM was used to investigate the morphology of bacterial cells induced only by
subinhibitory concentrations of Smp peptides for different time intervals (10 minutes,
1 hour, and 24 hours) at 37°C. Samples were prepared in the same manner as for the
SEM experiments, except that after dehydration in ethanol, samples were cleared in
epoxypropane (EPP) and infiltrated in 50/50 araldite resin: EPP mixture overnight on a
rotor. This mixture was changed twice, over 8 hours, with fresh araldite resin mixture
before being embedded and cured in a 60 °C oven for 48-72 hours.Ultrathin sections,

approximately 85nm thick, were cut on a Leica UC 6 ultramicrotome (Leica, Wetzlar,
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Gerrnany) ontQ 200 mesh copper grids, stained for 30 mins with saturated aquequs
Uranyl Acetate ’follovx.led by Reynold's Lead Citrété for 5 ,hins. Sections were examined
using a FEI Tecnai Transmission Electron Micrqscope (FE_I Tecnai™, FOregon, USA) at an
acceleréting voltage of 80Kv. Electron micrographs were recor‘ded‘ using a Gét_an Orius = -

1000 digital camera and Digital Micrograph software (Gatan, Pleasanton, USA).
2.14 Determination of killing curV_es

Four independent cultures of the.E.. coli strain JIM109 were exposed to different
vconéen;crations (zero to MICAI) of each’»peptideﬁ. A cultubre of E. coli JM.109 w‘a;' gvro.wn
overnight in I\./Iuevl_le‘r-Hinton br_otn, then dilnted intob fresh Muelléf-Hintbn broth (2xv10.7
CFU/ml) 2.7 ml of,thfs suspensinn was tnen added to 0.3 ml of peptide, and inéubatea |
k at 37°C With shaking and grown to the exndnential growth phase of an optical density
at 600 nm (ODeoo) of 0_./6.‘At-specific ‘time points, O‘D was measured at 600 nm
. wéveléngth by a. Jenway'6715 (UV/Vis) Qpectrnpnotnmeter'v(Jenway, Staffordsnire,-UK).
" Untreated vbacte‘ria’n/er.e used as neéativé contfols. The assay was repeated. three

times and'the,averag'e was reported.
2.15 Isolation of total cellular RNA

Total RNA was extracted by using a SV Total- RNA Isolation System (Promeg.‘é :
‘Corpo'ration, Madisdn, wi, USA). The céIIs weré harvésted by centrifug_atiqn fclar‘2 B
“minutes at 14,‘000_>< g. Pell.ets were resuspended and incubate’d-fdr five minutes in
.‘100ul of freshly vpr}epare'.d TE containing Ob.4mg/ml lysozymeb. Cells were lysed With,75 pl
SV‘_RNA Lysis b_Uffer,’ t'h.en'incuAbated at 70°C in SV RNA dilution buffer for 3 minutes,
' 'folldwéd b_y centrifugafion at 14,000 x g ét robrn"t:emperature for 16 minutes. ZOb ul of

95% ethanol wa_é added to the cleared lysate. The lysate was passed through a SV Total.
: v 1 A



RNA Isolation System spin column. ‘From Athis, point on the manufacture‘r's
recommendations were followed. The exfrécted RNA was assessed for its
concentratidn, p.urity'and integrity using the NénoDrop Spectrophotometer and the
Agilent'2100 Bioanalyzer instrument (Agilent, Wokingham, UK) in order tov reduce
biases in microarray analysis cause}d by poor RNA quality. For _RNA judged suitable for
bmicro’array énal?sfs, the follbWing criteria were met (Table 2_.3) (Bhagwst, Ying et al.b

2013).

" Table 2.3 Recommended ‘par'amet'ers for RNA used for microarray ana_lysié

Pa»i*amétefs "; | T Rangé

RNA ccvmcen'.cratio.r.m - 10- 200 ng/ul__ .
260/280 nm | ‘ | 2 1..9
260/230 hm , 219
'RNAnnegﬂyNumbmme) "'3. &g_
' .2'35 rRNA / 16S rRNA . v 2 1.5

2.16 Gene expression microarray analysis

Gene Exp’ressionvAnalysis protocol (version 6.5, May 2010) was performed using a one-
Colour Microarray. techhique (Agilent, Wokingham, VUK‘). Unless indicated, all

~ microarray reagents, data analysis software were ordered from Agilent.
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2.16.1 Sample_ labelling and hybridisation
For each tested sarﬁple, serial di'lutionsbof Agilént Oﬁe-Colour Spike-In Mix which
contains 10 pre-deSigned positive ‘control tranScripfs were mixéd with a total RNA
input amount of 100 ng/dilution. Sample RNA, together with the internal control
transcripts, were labelled -with Cyanine 3-CTPF (Cy3) dye during ba'n ampl.ificatioh
reaction using ‘the Agilentb Low Input Quick Amp Kit. THe generate.d fluorescent
éomplemehtary RNA (cR.NA) products were then kpurified (RNeésy Mini kit; Qiagen).
The yield of the Iinearly amplified cRNA and fhe Cy3 specific actiVity were quant‘ified by
absdrbénce vat 260 nm. To jrbeduce its structLJraI complexity, 600 ng cRNA of eachl
sample was fragrhented to reduce .the size of the cRNAv to approximately 50-200 bases
With a median of around 85 base.s. The.‘fraragr_hentation step took place af 60°é_for 36 _
- min using a Fragmentation Mix fof 8- pack‘m‘i‘croarray format. S_uch ffagmentation
“would improve _chNAvspecifi.city ‘and bin‘ding efficjency to the oligo arréys which hav.e' :
_ deers as the»tar.get probes..25 pL of the fragmentation re’actipn weré combined with
25 pL Hybrfdisation 'buffer and ihmediétely loaded onto the gésk’et slide. The 8 x 15K
- whole l:;.’coli K12 oligo array sjlide was placed on top of the gasket slide loaded with
hybridisa_ﬁon mix'tUré and the mitroarra‘y slide chamber was prepared. AAssembI.e‘d
~ slide chambers were placed |n a hybridisation r'btatbr tlo‘ fpm, 65°C) hybrid‘izati‘ovn
OVen. After 17 hours, hybridiséd slides.were disassembled, washed and then scénned | '
at 3 um resoiution uiéing Agilent C Microarray Scanner (Agiient, Wokinghar_n, UK_) pi‘é- |
set with the défaulf setfcings for a 8 x 15_k Microarray Format. AII sém‘iples were festedn )

in 'duplicate on each of two separate arrays.’
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2.16.2 Data analysis

After detecting the fluorescence signals of the hybridised slides, the Agilent Feature

Extraction (FE) Software (version 10.7) was used to process the generated image. A

pre-defined protocol (GEI_107_Sep09) that matches the slide type was initiated to

import a set of parameter values and settings, which allow the software to align the

default grid to the image. Following identification of the image spots, the software

automatically performs a background correction and dye normalisation by subtracting

the background intensities from the foreground intensities and scale average signal

intensity for each sample to the average signal intensity for all samples in order to flag

and reject the outliers and low quality probes. This was followed by an automatic

computing of feature log ratios (Agilent's Processed Signal value) and their p-values.

The FE preliminary processing ends with producing a quality control (QC) report for

each array image, which includes statistical results with thresholds useful for

evaluating the reproducibility and reliability of the microarray, and an exportable raw

data file in a "txt" format, which contains all the parameters, statistical calculations

and the annotation information associated with the Agilent microarray used in the

experiment.

Raw "txt" data files were then analysed using Agilent GeneSpring GX software (version

13.1) (http://www.genomics.agilent.com/article.isp?pageld=2141). Briefly, intensity

values were subjected to a log2 transformation and normalisation to the 75th

percentile-shift normalisation. The imported data files were then grouped and

assigned to the experiment parameters and conditions. For instance, data files of cells

treated with peptide were assigned to the condition "treated", while the control cells

were assigned to the condition "untreated". To identify differentially expressed genes,
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statistical an‘alysis was performed by using unpaired T-test énd applying a Benjamini-
Hochberg multiple testing correction method to corr?ect the computed 'p-valués.
Finally, the list of the identified genes wa; filtered to include only génes with a 2 2 fold
change'using the built-in fold change functionv before exportihg the list into an Excel

file.
2.17 Gene cluster and pathway enrichment analysis

Database for Annotation, Visualisation and Irntegrated Discovery (DAVID) software

tools was used for - gene and  molecular  pathways  analysis

(https://daVid.nci'f_crf.gOV/hohwe.ispv).‘ In our work, the -sfgnificant biological procéss‘
terms and pathways‘ enrichmeﬁt analyséé 6f the differentially expresse_d» genés weré |
. perforrﬁed using DAVID 6.7 with the t.hresf.wbldsbof p-value <0.05 and e_nriéhment gene.
count >2. Fu_nctionél annotation clustering (FAC) allows clustering of Gene Ontology .

(GO) categories sharing a significant number of genes.
~ 2.18 Reverse transcriptase-pblymerasefchain reaction (RT-PCR)

FRT-PCR‘w'as perform.ed.to con'ﬁr'm‘ the 'microaffay expression datay obtained By
,bfoinformatics analysis. Total RNA was isblated from cell _'saAmpIes as deécribéd ’
'prev'iously. RNA was reversé transcribed into cDNA with a»QuantibTect Revers‘eA
Transc'ription: Kit (Qiagenlinc., C‘hatSV\'IOI”th,A CA,} USA}. Manufa'cturér’s instructions Weré
followed and briefly asbfollows. Sample RNA was mixed with water in the preséhce of
v‘RNa'se and 'incubatéd ét 42'>°C‘ fof 3 minutes, this was foﬁowedby the addition of -
polyme'rase 'an' d nu‘cledtidg .mix' plus Qdantiscript RT buffer. The cocktail wés incubated .

for a further 30 min at 42°C, then Incubated at 95°C for 3 minutes to inactivate the
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reverse transcriptase. Once DNA has been synthesised, a Nanodrop measurement was

taken to determine the concentration of DNA.

The RT-PCR reactions were then performed on a StepOnePlusTM Real-Time PCR

System (Applied Biosystems, California, USA) using DNA samples in order to investigate

gene expression levels of investigated genes. cysG, idnT, and hcoT were used as

housekeeping genes. These housekeeping genes have been strongly recommended by

(Zhou, Zhou et al. 2011) as novel reference genes for quantifying gene expressions of

E coli by RT-PCR and they were stably expressed under all the conditions investigated

in this study. Probes for real-time PCR were purchased from Applied Biosystems,

conjugated at the 5' end to the fluorochrome FAM, and at the 3' end to the non-

fluorescent quencher with minor groove binder NFQ-MGB. Two pi aliquots containing

25 ng of the investigated samples were used in the preparation of the total ten-

microlitre reactions using the TagMan Universal PCR Master Mix (Applied Biosystems).

Samples were run for 40 cycles and results were analysed using the 2_ AAQ method and

presented as relative gene expression normalised to the average cycle threshold for

the three housekeeping genes. Each sample was run in triplicate for each biological

replicate. To test the primers for specificity and quality, efficiency curves were

performed.

2.19 Screening of Keio collection

In order to identify the essential genes whose products are involved in the response of

E coli when treated by Smp peptides, the susceptibility of 79 E coli single knockout

mutant strains was assayed. The Keio collection and the parental E coli BW25113 were

provided by the National BioResource Project (NBRP), National Institute of Genetics
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(NIG), Japan. The pre-selection of the mutan.ts for the .avssay'was based onthe
differentially eXpressed genes‘ produced from microarra\j analysis compared with that
of the E. coli BW25113 parent strain. Also, eigh't strains with genes not identified as
significant were selected from the Keio collection, having a single deletion of either '
| ith, UXUR, hacT, ¢ysG, ugpQ, idnT,. yghB or pbbC genes and tﬁese Were assayed as
exeefimental ceﬁtrols. Th‘iS essay was performed on a TecanCENios Pies (Tecan,‘
Switzerland). Thermo Sc“ientificTM NUnc“" 96-WeI|V»P.o|ypropyI‘ene Microwel™ pl.ates

were used a‘nd carried out as described in section 24
~ 2.20 Effect of cavtiovnvs on the antibacterial éctivity of Smp2_4

The effect of cation eoncentration on the a'nti.microbial activity of Smp24 was tested by |
f determinihg the MICs of the peptides. agaiest E.‘Coli in the presence of titrated eations‘.
v MICs were determined by the same method as vdescribed in Sectie'n ‘2.4 fqr
vdeterrﬁining the effecf of t.he saltv‘ concentration ‘on the activity of Smp24. The
' monevélent ‘catien,' N-a+ and four’divelent‘_ cations, Fe?, Mné*, Ca?" and Mg* were
B added as chloride salts \)Vifh Srhp24. The concentrations of cations in the assay ranged‘

from 0to 20 mM. -

2.21 Analysis of cell surface COmposition of E. coli treated with Svmp'24 using X-

ray photoelec_trdn spectroscopy (XPS)

‘A culture of E. coli '_JlVl109 'was grown oyernight,in Mueller-Hintbn‘brot'h, then vdilutedp
| .invt'o fresh M_uelie.r-ll-i'int‘on broth (2x107 CFU/ml), and incubated at 37°C with shaking "
and grown to the eXpbnentiaI growth_phése rep‘re:sented‘b.y an opfcical density at 600
nm (ODéoo) of 0.4. 0.9 ml of thiS’suepeneion Was fhen added to 0.1 m! of peptide'and

then incubated for 10 minutes. The cells were harvested by centrifugation (10.000 xg,



10 minutes). Each cell sample (cells + any retaiﬁed'liquid) was placed as 1 pl on the
sample holder at room temperature and atmosbﬁéric pressure. The sémple holder was
then placed in the p'reparatbry chamber of the XPS and the atmosphere reduced to a
pressure of 5 x 107 Torr. Once the sample was under vacuum the sample holder was -
cooled to -100 °C. The sampleé were then transferféd to the analysié chamber. The
temperature at the beginning.of the analysis was -70°C but had increased to -39 °C
once the data had been clollected‘.» The an'alyses,wére carried out using a kra'tos Supra
XPS with the mo‘nqchromated alun"\i‘num s6urce (Kratos Analytical Ltd, UK). Survey
- 'scans were c@llected between 1200 to0eV biﬁding _energy; at 160 eV pass ehergy andv

atleVv intervals."The analysis area was 300 to 700 um; The data was quantified using.
théofetical Scofield relatiye sens‘itiv‘ity VfaictgrS" with small angular disytrib_uti:;.),n ané ‘
| kiheti¢ energy corrections. The datab Waé télibrafed for binding energy by making the

main éarbon peak Cblls at .285._0, and 'cbrrecting all data for each samble analysibs‘

‘accordingly.
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3 Characterisation of novel antimicrobial peptides from " |

“Egyptian scorpion and snake venoms




3.1 Introduction

Snake and scorpion venoms have attracted some interest as a source of novel AMPs.

However, they have been largely unexplored for identification of such agents in

contrast to other organisms (de Lima, Alvarez Abreu et al. 2005, Sarny, Stiles et al.

2015). Thus, a wider range of undiscovered peptides with potential antimicrobial

activities are likely to be found in unexplored snake and scorpion venoms.

The majority of antimicrobial molecules that have been purified from snake venoms

are enzymes such as LAAO and PLA2 which constitutes the major component of snake

venom (Torres, Dantas et al. 2010, Vargas, Londono et al. 2012, Sudharshan,

Dhananjaya 2015). These have been purified by conventional chromatographic

techniques such as gel filtration, ion-exchange, reverse phase HPLC.

The identification and development of therapeutic molecules from snakes and

scorpion venom as prototype drugs have been revolutionised by the rapid

advancement of new methodologies in the last twenty years. Proteomic and genomic

analyses have been widely used to determine the distribution of protein families in a

variety of snake and scorpion venoms in order to expand our understanding regarding

the venom complexity.

Further insights into venom compositions have been achieved by gene cloning by PCR-

based methods conducted with cDNA libraries of venom gland tissue. Interestingly,

most of the AMPs identified from scorpion and snake venoms have been cloned from

the venom glands cDNA libraries combined with some proteomic analyses. A huge

number of antimicrobial like sequences have been recorded from the transcriptome
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anal\jses of several snake and scorpion venom glands (Ma, Zhao et al. 2009, Almeida,

Scortecci et al. 2012).

The current study has evaluated the antimicrobial anbd cytotoxic;_ activifies ».of three

synthetic alpha-helical peptides (SrhplS,’Smp24 and Smp24),‘.previously identified
-from Egyptian scorpion Scorpio maurus pdlmatu_s | as 'pUtative AMPs ﬁsing a
combination of proteomics.and transcriptome sequencing apbroaches (Abd_el-Rahman,
Quintero-Hernéﬁdez et al. 2013). SOme"of thése data have been publishéd récently by

our group (Harrison, Abdel'-Rah'man et al. 2016).

‘Although mahy d_iffere‘nt spéciés' of snakés are fouﬁd in Egypt, no AMPs haye béeﬁ_
gharacterised from Egyptian snake venoh’vls.. To the best of our knowledge, this study is
~ the first fo isolate such aﬁtibacteriall pe|'3.t'ides’."This chapter examines a nuﬁber of
different ve.noms of Egyptiah‘ elapids and vipersin order to both pu?ify and investigate -
th_é potential of Asomé» purified beptidés as éntibacterial agents as well as to as.sess
“some of their éytotokic éffects in orde:r: to vi‘ncrease the prospects of developihg nQ.veI

AMPs.
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3.2 | Method Summary

Antimicrobial activity of Smp peptides (O-512pg/m|) was determined against Gram
positive and Grarn. negat_ive bacteria and fungi by the micro dilution method as -
described in section 2.4. The haemoli/tic potential was assayed. againét sheep
~erythrocytes end cytotoxic .effects_ by CeIITiter-GId® assays:.using kidney and
keratindcyt'e cell iines. Snake vendms were purified Aby siie-excluéion'and cation-
exchange quuid chromatograp.hy[Antimicrdbial activity was determined. as‘ above.
| Active fractions were ,charaicterised by MALDI-TOF mass- spectrometry. N-terminal
amino acid ’sequences.wei’e'detei’rnined by Edman degradation. Fractions that
displayed antin'ﬁi‘crobiail‘ activitii \ivere assayed for their ha‘emolytic and cytotoxie effects v

-, as above.
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3.3 Results _ ‘

3.3.1 Antimicrobial activity of synthetic scorpion venom antimicrobial peptides

The minimum inhibitory concentrations (MICs) of Smp13, Smp24 and Smp43 were

determined using the broth microdilution method described in section 3.2. The test

Organisms included three Gram negative and three Gram positive bacteria as well as

one fungi strain. The MICs are reported in Table 3.1.

No antimicrobial activities were found in Smp13. However, Smp24 and Smp43 showed

potent broad-spec‘trum'activity again_stvall organisms tested. Both peptides exhibited

highest activity a"g.ainst"Gram positive bacteria with MICs ranging from 4 to '64_ pg/ml.

Smp43 showed a higher activity against"Gram negative bacteria (MICs 32-64>‘pg/m|)'

‘than Smp24 (MICs 32-256 pg/ml). Both Smp24 a'nd Smp43 showed antifungal activity.

‘towardbthe yeast, C. albicans with MIC values of 32 and 128 pg/ml respectively.

“Table 3.1 Minimum inhibitory concéntrations (MICs of pg/ml) of synthetic Scorpio maurus
" palmatus venom antimicrobial peptides against various organisms

Microorganism Smp13 | Smp24 | Smp43
Escherichia coli JM10_9 o ) 32 32
Gram-negative _ : :
. : . : - 128 64
bacteria | Klebsiella pneumoniae NCTC 13439 :
Pseudomonas aeruginosa NCIMB 8295 : 25? 64
, o : - 8 16
C Staphylococcus aureus SH1000 ,
Gram positive _ :
bacteria Staphylococcus epidermidis ) _ 8 - 64
_— e N : - 4 4
Bacillus subtilis NCIMB 8054
~ Fungus Candida albicans - 32 128
NC*V Negative control was Fresh Muller-Hinton broth without peptides. = no inhibition.. -
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3.3.2 Haemolytic activities of scorpion venom peptides

Smp43 showed very low haemolytic activity at the highest concentration of 512pg/ml.

Smp24 exhibited high haemolytic effects at the same concentration. Smp43 showed

very low toxicity at the maximum concentration tested (2.25 + 0.2%) lysis at 512

pg/ml). In comparison, Smp24 caused significant erythrocyte disruption (88.4 + 0.8%)

at the same concentration. Indeed, a significant disruption was observed between 64

pg/ml (15.6 £ 0.5%) and 128 pg/ml (52 + 1.7%) with an increase in lysis of 36.4%

(Figure 3.1).

Smp24
Smp43

Peptide concentration (ug/ml)

Figure 3.1 Haemolytic activities of Smp24 and Smp43. A 10% (v/v) suspension of
washed erythrocytes in PBS was incubated with serial dilution peptides 1 h with
intermittent shaking. The absorbance in the supernatant was measured at 570 nm. PBS
and 10% (v/v) Triton X-100 were used as 0 and 100% controls respectively. Error bars

indicate SD.
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3.3.3 Cytotoxic activities of scorpion venom peptides

Smp24 caused increased damage to HaCaT cells but only at higher concentrations (128

and 256 pg/ml), in comparison to Smp43 which was inactive at all concentrations

igure 3.2). pg/ml no peptide caused more than 15+ 1.7% cell damage;
(Fi 3.2). At 16 pg/ml tid d th 15+ 1.7% HEK293 cell d

however, a doubling of the concentration caused 56 + 6.6% cell damage with Smp43

and Smp24 showed a similar decrease in cell viability 67.3 + 3.9% (Figure 3.3). Low

cytotoxic activity was detected for Smp24 against HEK293 at concentrations higher

than MICs for Gram positive strains (4-8 pg/ml).

Both tested cell lines were examined by fluorescence microscopy to assess the cell

death pathway after incubation with Smp24 and Smp43. After 24 h; untreated cells

showed normal structure without any signs of apoptosis or necrosis, whereas dead

cells appeared red due to staining with Pl which cannot cross intact cell membranes.

Neither cell lines showed any morphological hallmarks of apoptosis such as nuclear

fragmentation after incubation with Smp24 (Figure 3.4 and Figure 3.6). Only the

highest concentration of Smp43 (256 pg/ml) induced apoptosis in a few human

keratinocytes as indicated by the green arrows (Figure 3.5). Our results indicated that

exposure to increasing doses of either Smp24 or Smp43 over a period of 24 hours

decreased the viability of HEK293 cells in a dose-dependent fashion as the number of

Pl-stained cells increased (Figure 3.6 and Figure 3.7). The highest concentration of

Smp43 (256 pg/ml) did not affect the viability of HaCaT cells as evidenced by Hoechst

staining (Figure 3.5), although the numbers of dead cell treated with Smp24 increased

at 128 pg/ml (Figure 3.4).

Both Smp peptides decreased the viability of HEK293 cells in a concentration-

dependent manner with a noted effect seen at 32 pg/ml with both peptides.
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Interestingly, HaCaT skin cell lines were not affected by Smp43 at 4x MIC 128 pg/ml for

24 hours of incubation, while Smp24 showed a noted decrease in cell viability at the

same concentration.

HaCaT cell line

Smp43
Smp24

Peptide concentration (ug/ml)

Figure 3.2 Evaluation of ATP-based cytotoxicity of human keratinocytes (HaCat)
incubated with Smp peptides at various concentrations after 24 h of incubation.
Control (HaCat) cells without treatment used as a control. HaCat cells were incubated
with the different concentrations (8-256 pg/ml) of Smp24 and Smp43. 10% (v/v) Triton

X-100 was used as positive control. Error bars indicate SD.
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Figure 3.3 Evaluation of ATP-based cytotoxicity of human kidney cells (HEI'(293)'
" incubated with Smp pepfides at various ‘conc‘en.trations after 24.h of incubation.
"Control (HEK293) cells without tréatmehf used as a control. HEK293 cells were
incubated with the diff'erent'con,centrations (8-256 pg/ml) of Smp24 ahd Smp43.

10% (v/v) Triton X-100 was used as positive confrolﬁ E‘rvror bars indicate SD.
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Smp24 and Smp43 are broad spectrum AMPs have been characterised from the venom
gland of the Egyptian scorpion Scorpio mourus palmotus. They have potent activity
against both Gram positive and Gram negative bacteria (MICs 4 to 128 pg/ml). The in
vitro cytotoxicity assay indicated that HEK293 cells were more vulnerable to the Smp

peptides-induced cytotoxicity than HaCaT cells.

In the following sections, crude snake venoms will be separated through HPLC

chromatography to purify AMPs from snake venoms as follow:

Snake crude venom

Size exclusion chromatography

Fractions

Antimicrobial activity assaying

Active fraction for further Purification

Cation exchange chromatography

Fractions

Antimicrobial activity assaying <-*-

Active fraction for characterisation

Cytotoxicity assaying N-terminal sequencing
Mass determination
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3_.3.4 Purification of Naja haje venom péptides by size exclusion chromatography
and cation exchange chromatography

60 mg of the elapid snake Naja haje crude venom extract was séparated by Superdex |
200 gel filtration.‘ Ch_romatogra_phy resulted in 6 fractions designated NH1 to NH6 |
(Figure 3.8). Each fraction was dialysed bagainst ultrapure water, freeze-dried and
“dissolved ‘in 1 ml of water;. Fractions were assayed against Gram neéative bacteria
(Escheriéhia coli) and Gram positiVe bacteria (Staphylococcus aureus -and Bacillus
subtilis) (Table 3.2). Three fractions'(NH.Z, NH3 and NH4) showed antimicrobfal activity.
NHFZ éxhibited full growth inHibition on all tested bacteria, whereas NH3 and ’NI-.I4‘
showed full inhi,b.itory acti\/ity againét only Bacjllus subtilis,' with partial,inhibitbry

activity against Escherichia coli compared with negative controls.
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Figure 3.8 Fractiohation of qrude Naja haje venom by size-exclusion chromatography. Six ‘
peaks were obtained from the chromatography of 60 mg Naja haje crude venom on a  '
HiLoad 26/600 (60 x2.6 cm diameter) Superdex 200 pg column at pH 4.'3. Sample was eluted.
at 0.5 ml/min flow rate via 1.5 column volume of buffer A. Protein concentration was
- monitored at 280 nm and the collected fractions (3 mL/tube) were n'umbered from NH1 to
'NH6. Peak NH3 and NH4 were pooled together ('NH3/4). The peak labelled with aiblack
-arrow exhibited inhibitory. antibacterial aétivityia.gainst Escherichia coli, Staphylococcbs
: aureus, and Bacv‘iillusisubtilis. Peaks labelled with red arrow have én inhibitory activity against . .

. Bacillus subtilis.
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Table' 3.2 Antimicrobial activity of Naja haje fractions after gel f'iltration'chromatography,

Protein Growth inhibition
Peak | concentration Gram negative Gram positive '

(mg/mi) - —

E. coli S. aureus B. subtilis

NH1 0.01 - - -
NH2 0.5 ++ R ++
NH3 3.2 + - _—
NH4 6.2 + - o+t
NHS5 05 - - | -
N6 | 002 | - | . | -

Negative control was Fresh Muller-Hinton broth without peptides. — no inhibition, + partial inhibition

and ++ Full inhibition.

Growth inhibition was determined using the broth microdilution method. Fractions were -
ihcubated with 1X10° CFU/ml of overnight culture for 15 hours at 37°. The ‘optical density :
: (_OD) at a wavelength of 600 nm was read every 10 r_hins. Full inhibition was determined when.

0D =0..
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NH2 was eluted mid-way through the run whén one column vo‘l‘ume of buffer ‘h‘ad
passed through the column (Vt 320ml, sebarafion rangé’ 10 - 60 kDa) suggesting that
the protein had a MW > iO kDa. NH3 and NH4, withk elution characteristics of low
molecular weight peptides, were pooled (NH3/4) and further bdrified on a éatidnic SP
Sepharose column. A NaCl gradient (0.1-1 M) Was run -and foﬁr.peaks.were ,collected

(NH3/4-1 to NH3/4-4) (Figuré 3.9). Each fraction was dialysed against ultrabure water,
freeze-drigd and then dis;solved‘ in 1 ml of water. AntibaCteriaI’aétivities wéré asséyed
~ against a range of Gram positive anavGram négati\)e organismsv(Table 3.3). ‘Only peak
NH3/4-4 (0.‘5A mg/ml) éxhib_ited potént antibacteriél acti?ity, but, sQrpr'isin'gl'y, o_nIy‘

against B. subtilis. B

76



NH3/4-4

2H
NH3/4-1
18-
16.
14.
NH3/4-3
12-
10-
NH3/4-2
4.
2

100 200 300 400 500 700 900 1000

Figure 3.9 SP Sepharose cation exchange elution profile of NH3/4 from size exclusion
fractionation of Naja haje (Figure 3.8). The column (100x16 mm diameter) was washed
with buffer A (50 mM Sodium acetate pH 4.3) to remove any unbound proteins, and the
bound proteins were eluted with a linear gradient of 20 column volumes of NaCl (0.1-1 M)
in the same buffer. Sample was eluted at 0.5 ml/min flow rate. Protein concentration was
monitored at 280 nm and collected fractions (3 mL/tube) were numbered from NH3/4-1 to

NH3/4-4. The peak labelled with a black arrow fully inhibited the growth of Bacillus subtfilis.

NaCl gradient is shown by green line.
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Table 3.3 Antimicrobial activity of Naja haje fractions after SP Sepharose cation exchange
chromatography

Growth inhibition

Microorganism NH3/4- NH3/4- NH3/4- NH3/4-
1 2 3 4

Gram- £ ¢5//JM109 - - - -

negative Klebsiella pneumoniae NCTC 13439 B B B B

bacteria
Pseudomonas aeruginosa NCIMB 8295
5. aureus SH1000 B B B B

S epidermidis

Gram  pailus cereus NCTC 2599 - - - -

positive Bacillus cereus UM20.1. - - - -
bacteria
B subtilis NCIMB 8054 - - - ++
B subtilis NCIMB 8056 - - - ++
B subtilis NCIMB 3610 - - - ++

Negative control was Fresh Muller-Hinton broth without peptides. - no inhibition. ++ Full inhibition

Growth inhibition was determined using the broth microdilution method. Fractions were
incubated with 1X106 CFU/ml of overnight culture for 15 hours at 37°c. The optical density

(OD) at awavelength of 600 nm was read every 10 mins. Full inhibition was determined when

OD =0. o
Naja haje crude venom
)
Size exclusion chromatography
Fractions NH1 to NH6
Antimicrobial activity assaying
NH3/4
NH3 and NH4 for further Purification
Cation exchange chromatography
Fractions NH3/4-1 to NH3/4-4

Antimicrobial activity assaying

NH3/4-4 for characterisation
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3.3.5 Purification of Naja nubiae venom peptides by size exclusmn chromatography
and catlon exchange chromatography

Naja nubiae (Nubian spitting cobra) crude venom (35 mg) wa‘s fractionated by gel
excluSion chromatography ona HiLoad 26/600 Superdex 200 column and resolved into _
four protein peaks (Figure 3.10). Whole l'venom inhibited the growth of E. coli, S
aufeus, and B. subtilis. When individuol peaks were scroened for antibacterial activity
against fhe same _bacterial species,‘ only peaks NN2 ankd NN3 shoWed -antibacterial
activity and only against B subtflis. Both NN2 and NN3 were pooled, conoenfrated and
»dialysed against ultfapuro wabte'r.v

Ay e
. 200+

1053 . NNI: NNa4

MWAN\MNMN\J \/\/JJ-

, huwuunnuuaﬂ; PHHIHHHHUHHHUHHWHHHHHHP]ﬂHHdH!NHUHHIUHHUUUNHHUHH{NHHAHHH!HHHH !dHH!HUI
0 »‘40 &0 1?0 ) 150 . ?00 240 -?&0 3?'0 360 400 440 : 460 5:0

LT j\Hvﬁauﬁﬂﬁ»AﬁiJUVrvﬂhﬁﬂf

‘Figbure 3.10 Fractionation of crude Naja »nubiaé venom by siie-exclusion chromatography. .
Four peavks.were obtainled' from fractionating 60 mg Naja nubiae orude \)enom ona HiLoéd
26/600 (60 x2.6 cm diameter) Superdex 200 pg co‘Iumniat vva 4.3. The column was eluted at 0.5
'mI/min ﬂ‘ow'ratevvia 1.5 column volume of buffer A. Protein contenfration was monitored at
280 nm and the collected fractiohs (3 ml;/tobe) were numbered from NN1 to NN4. Peaks 2 and
3 were pooled together (NN2/3). Peaks labelled with red arrow have an mhlbltory activity

agamst Bac:l/us Suth/IS
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The pooled fractions (NN2/3) were further resolved into five peaks on a SP Sepharose
cation exchange column 16X100 column by applying NaCl gradient (Figure 3.11). Only

peak 3 (NN2/3-3) exhibited potent antibacterial activity against B. subtilis (Table 3.4).

m— W
j NN2/3-2 1™
185"
18(H
NN2/3-3
175 NN2/3-1 Lc)“
pz4
|
,7.0-1 NN2/3*4
NN2/3-5
165 TJAX*tNAAA LA im ,

160

iy i
1% 01 M

0 50 100 150 200 250 300 350 400 WA 500 550 600 650 700 750 800 850
Figure 3.11 SP Sepharose cation exchange elution profile of pooled fractions NN2/3 from
size exclusion fractionation Naja nubiae (Figure 3.10). The column (100x16 mm diameter)
was washed with buffer A (50 mM Sodium acetate pH 4.3) to remove any unbound proteins,
and the bound proteins were eluted with a linear gradient of 20 column volumes of NaCl (0.1-

1 M) in the same buffer. Sample was eluted at 0.5 mi/min flow rate. Protein concentration
was monitored at 280 nm and the collected fractions (3 mL/tube) were numbered from
NN2/3-1 to NN2/3-5. The peak labelled with a red arrow fully inhibited the growth of Bacillus

subtilis. NaCl gradient is shown by green line.
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Table 3.4 Antimicrobial activity of Naja nubiae crude venom and fractions

: ‘Microorganism growth inhibition
Naja nubiae »
E. coli S. aureus B. subtilis
Crude venom ' R ++ o+
NN1 - R -
Superdex NNZ' oL L o+
200 NN3 - - s
NNa - -
o NN2/3-1 S ] ]
Fractionation : _
NN2/32 | . | o
sp R |
o  NN2/3-3 - : o
Sepharose : v ,
NN2/3-4 | . ) B
NN2/3-5 | - - -

Negative control was Fresh MuIIer-Hin:con broth without pep_tides. - no inhibition. ++ Full.inhibition

Growth- inhjbitiori was .determi'ned using the broth microdilution method. Fractions were
“incubated with 1X10® CFU/ml of overnight culture for 15 hours at 37°c. The optical density
(OD) at a wavelength of 600 nm was read every 10 mins. Full inhibition was determined when

- 0D =0.

Naja nubiae crude venom

Size exclusion chromatography

Fractions NN1 to NN4

Antimicrobial 'activ'ity assaying

NN2/3
NN2 and NN3 for further Purification

- Cation exchange chrom_atography' 1

Fractons = NN2/3-1 to NH3/4-5

" Antimicrobial activity assaying

NN2/3-3 for characterisation -
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3.3.6 Purification of Walterinnesia aegyptia venom peptides by size exclusion

chromatography and cation exchange chromatography

50 mg of the Egyptian elapid Walterinnesia aegyptia (Black Desert Cobra) was

fractionated by gel exclusion chromatography on a HiLoad 26/600 Superdex 200

column and resolved into four protein peaks (Figure 3.12). The crude venom

inhibited the growth of E coli, S aureus, and B subtilis. However, when individual

fractions were screened for antibacterial activity, only peak WG4 showed

antibacterial activity and only against B subtilis. WG4 was pooled, dialysed and

concentrated and subsequently purified on a SP Sepharose cation column.

uv Cone
mAu

41.0—
40.5-
40.0-
39.5-

39.0-

WG3
38.5— WGl
WG2

38.0-

37.5-

0 40 80 12 160 200 240 280 320 360 400

Figure 3.12 Fractionation of crude Walterinnesia aegyptia venom by size-exclusion
chromatography. Four peaks were obtained from fractionating 50 mg Walterinnesia aegyptia
crude venom on a HiLoad 26/600 (60 x2.6 cm diameter) Superdex 200 pg column at pH 4.3.
The column was eluted at 0.5 ml/min flow rate via 1.5 column volume of buffer A. Protein
concentration was monitored at 280 nm and the collected fractions (3 mL/tube) were
numbered from WGI to WG4. Peaks 4 was collected for further purification. Peak labelled

with red arrow have an inhibitory activity against Bacillus subtilis.
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Six protein peaks were obtained when WG4 (10 mg) was fractionated by SP Sepharose

cation chromatography by applying NaCl gradient (Figure 3.13). Three protein peaks

(WG4-2, W G4-3, and WG4-4) exhibited potent antibacterial activity exclusively against

B. subtilis. These fractions also showed slight inhibitory activity against diluted (1X106

CFU/ml) cultures of E coli (1X103CFU/mI) (Table 3.5).

M.

lov

Figure 3.13 SP Sepharose cation exchange elution profile of pooled peak fractions (F4) from
SEC fractionation of Walterinnesia aegyptia venom (Figure 3.12). The column (100x16 mm
diameter) was washed with buffer A (50 mM Sodium acetate pH 4.3) to remove any unbound
proteins, and the bound proteins were eluted with a linear gradient of 20 column volumes of
NaCl (0.1-1 M) in the same buffer. Sample was eluted at 0.5 ml/min flow rate. Protein
concentration was monitored at 280 nm and the collected fractions (3 mL/tube) were
numbered from WG4-1 to WG4-5. The peaks with dotted black circle fully inhibited the
growth of Bacillus subtilis. NaCl gradient is shown by green line. Figure 3.13 inset: Growth

curve of E coli (1X103CFU/mI) culture in the absence or presence of WG4-2 (0.4 mg/ml).
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Table 3.5 Antimicrobial activity of Walterinnesia aegyptia crude venom and fractions

Microorganism growth inhibition
Walterinnesia aeavptia

E coli S. aureus B subtilis
Crude venom ++ ++ ++
WGI B - -
Superdex WG2 - - -
200 WG3 - - -
WG4 - - ++
Fractionation WG4-1 - - -
WG4-2 + R ++
SP

WG4-3 + - ++

Sepharose
WG4-4 + . —+
WG4-5 - - -

Negative control was Fresh Muller-Hinton broth without peptides. - no inhibition, + partial inhibition
and ++ Full inhibition.

Growth inhibition was determined using the broth microdilution method. Fractions were
incubated with 1X106 CFU/mI of overnight culture for 15 hours at 37°c. The optical density

(OD) at wavelength of 600 nm was read every 10 mins. Full inhibition was determined when

OD =0. , , ,
Walterinnesia aegyptia crude venom
1
Size exclusion chromatography
ir
Fractions WG1 to WG4
Antimicrobial activity assaying
WG4
WG4 for further Purification
Cation exchange chromatography 1
Irll
Fractions WG4-1 to WG4-5
J

Antimicrobial activity assaying

WG4-2 to WG4-4 for characterisation
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B.B.7 Purification of Echis carinatus venom peptides by size exclusion

chromatography and cation exchange chromatography
The Size-exclusion chromatography of Egyptian viper E carinatus (saw-scaled viper)
venom on a HiLoad 26/600 Superdex 200 pg column resulted in obtaining four peaks
(Figure 3.14). These fractions were assayed against E coli, S aureus and B. subtilis.
Whole venom of E carinatus inhibited the growth of E coli and S. aureus at 500 pg/ml.
Of the individual peaks, only EC3 showed slight growth inhibitory activity against S.
aureus and B subtilis. EC3 was collected, dialysed and loaded onto a SP Sepharose

cation column and fractionated by applying NaCl gradient for further purification.

5. EC3

EC4
EC2

EC1

I  MM%rtoO EMMA* MRAMALY.

20 0 20 40 60 80 100 120 140 160 180 200 220 240 260 280 300 320 340 360 380 400
Figure 3.14 Fractionation of crude Echis carinatus venom by size-exclusion chromatography.
Four peaks were obtained from fractionating 35 mg Naja nubiae crude venom on o HilLoad
26/600 (60 x2.6 cm diameter) Superdex 200 pg column at pH 4.3. The column was eluted at 0.5
ml/min flow rate via 1.5 column volume of buffer A. Protein concentration was monitored at
280 nm and the collected fractions (3 mL/tube) were numbered from EC1to ECA. Peak labelled

with red arrow have an inhibitory antibacterial activity against B subtilis and S aureus.
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Ten eluted peaks resulted from SP Sepharose chromatography of EC3 (Figure 3.15). No

fractions showed any activity against E coli, S aureus or B subtilis.
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Figure 3.15 SP Sepharose cation exchange elution profile of EC3 from SEC fractionation of Echis
carinatus (Fig.3.14). The column (100x16 mm diameter) was washed with buffer A (50 mM Sodium
acetate pH 4.3) to remove any unbound proteins, and the bound proteins were eluted with a linear
gradient of 20 column volumes of NaCl (0.1-1 M) in the same buffer. Sample was eluted at 0.5
ml/min flow rate. Protein concentration was monitored at 280 nm and the collected fractions (3

mL/tube) were numbered from EC3-1 to EC3-10. NaCl gradient is shown by green line.

Echis carinatus crude venom

I
Size exclusion chromatography
ir
Fractions EC1 to EC4
|
Antimicrobial activity assaying
EC3
EC3 for further Purification
Cation exchange chromatography
Ir
Fractions EC3-1 to EC3-10
1
Antimicrobial activity assaying
No activity
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3.3.8 Haemolytic activities of snake venom peptides
NH3/4-4, WG4-2, WG4-3, WG4-4 and NN2/3-3 displayed low or no haemolytic activity

on sheep erythrocytes at concentrations of 50 pg/ml (Figure 3.16).

Snake venom derived peptides

Figure 3.16 Haemolytic activities of Snake venom peptides of 50 pg/ml. A 10% (v/v)
suspension of washed erythrocytes in PBS was incubated with serial dilution peptides
1 h with intermittent shaking. The absorbance in the supernatant was measured at
570 nm. PBS and 10% (v/v) Triton X-100 were used as 0 and 100% controls

respectively. Error bars indicate SD.
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3.3.9 Cytotoxic activities of snake venom peptides
The cytotoxic potential of snake venom purified peptides and sy’nthetic‘ scorpion
peptides was determined using an ATP assay, to determine the ATP content of cells

following incubation of HEK293 and HaCaT cells for 24 hours.

- Cytotoxicities of. each of snake-derfved venom peptide_Were ebmparable |n the two cell
lines. NH3/4-4 exhibited the Iowest level of cytotoxicity tewafds the twe cell lines; the
percentages of cell viability were 85 + 1% for HEK293 ceile and 77 7 % for HaCaT cells

at a "co'ncentration of 50 ug/fnl (Figure 3.17). However, HEK293V cells were more
vvuInerable to WG4—2 and NN>2/3-3‘-in'duced Cytdtoxicity in dose-de‘pehder_!t manner
(Figure 3.18). After 24 hours of> exposure to eitHer 50 pg/ml of WG4-2 or NN2/3-3, the

_ percentage cells viability reduced to 55 ;2%-'anel 61.5% +2% (HEK293), and 73 #4.9% °

and 90 +4% (HaCaT) respectively.
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Figure 3.17 Evaluation of ATP-based cytotoxicity pf'human keratinocytes
(HaCat) incubaied with sna.kve' venom peptides af various concentrations after
. 24 h of incubation. Control (HaC’at)_teIIs without treatment used as a contfol.
HaCat cells were incubated with the'diffe_fent concentratiéns (8;256 ug/ml) of
Smp24 and Smp43. 10% (v/v) Triton X-100 was used aS positive'cqntrol. Error
~ bars indicate " SD. All treatments were p‘e.rvfor‘m'ed in’ tripiicate; in three
V indepehdent experfments. Statistical analysis was performed by the - Kruskal-

Wallis test. *Significant P <0.05 **Significant P <0.01. **xSignificant P <0.001.
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Figure 3.18 Evaluation of ATP-based cytotoxicity of human kidney cells
(HEK293) incubated with snake venom peptides at various concentrations
after 24 h of incubation. Control (HEK293) cells without treatment used as a
control. HEK293 cells were incubated with the different concentrations (8-256
Ug/ml) of Smp24 and Smp43. 10% (v/v) Triton X-100 was used as positive
control. Error bars indicate SD. All treatments were performed in triplicate, in
three independent experiments. The significance of differences between
treated and untreated cells were statistically analysed by the two-way

analysis of varience. ANOVA results were significant (P <0.05).

90



3.3.10 Analysis of snake venom peptides by mass spectroi'netry i
Active fractions from N. haje, N. nubiae, and W. aegyptia venoms were analysed ‘b‘y
MALDI-TOF-MS (Table 3.6). MALDI-TOF spectra of the purified fractions are shown in

Figure 3.19 to Figure 3.22.

Table 3.6 measured mass to _cha'rg‘e ratio (m/z) of active snake venom peptides

SP Sepharose peak Mass-es m/z, Da
NH3/4-4 | 6870
wGa-2- 6757

| _.WG4-$ | ems
&N2/3-3 ] N 6868

A sinéle peptide with a molecular mass of_>6870 Da was 6bserved in the purified»
.fr'action ffom N 'hajé venom N.Iv-l3/4-4, a minorbbeak at 2x m/z 13760 (Fi‘gu‘re'3.19t).
Molecﬁlar maéses of 6?57 and 6715 .I.):a. were defected for W. aegyptia pept.ides_ WG4-
Z.and WG4-3 respecfiVely.(Figure 3.20 anbd Figure 3.21). WG4-3 was not. pure wifh
thrvee proteins present; at 6594,>67'31 and 6747 Da. WG4-4 yielded é MAALDI mass
- spectrum with no detectable peaks wheni scanned up to SOKDa. The purified fkactibn
{NN'2/3-3) .from the ve,‘no.m bfv N. nubiae venom had a célculated mass of 68680’a :
(Figure 3.22)‘with a number of minor peaks observed in the'masé spectra rgpresentihg o

m/2z, 2x m/z and 3x m/z. -

91



Voyager Spec #1=>BC=>NF0.7=>NF1.0[BP = 6869.9,12151]
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Figure 3.19 MALDI-TOF-TOF-MS spectra of purified N. haje venom peptide (NH3/4-

4). The molecular masses of peptides were determined using MALDI-TOF mass

spectrometry in positive ionization mode. a-Cyano-4-hydroxycinnamic acid was

used as MALDI matrix.
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Figure 3.20 MALDI-TOF-TOF-MS spectra of purified W. aegyptia venom peptide
(WG4-2).The molecular masses of peptides were determined using MALDI-TOF
mass spectrometry in positive ionization mode.a-Cyano-4-hydroxycinnamic acid

was used as MALDI matrix.
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Figure 3.21 MALDI-TOF-TOF-MS spectra of purified W. aegyptia venom peptide
(WG4-3). The molecular masses of peptides were determined using MALDI-TOF
mass spectrometry in positive ionization mode.a-Cyano-4-hydroxycinnamic acid

was used as MALDI matrix.
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Figure 3.22 MALDI-TOF-TOF-MS spectra of purified N. nubiae venom peptide
(NN2/3-3). The molecular masses of peptides were determined using MALDI-TOF
mass spectrometry in positive ionization mode.a-Cyano-4-hydroxycinnamic acid was

used as MALDI matrix.
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3.3.11 Identification of N-terminal residues

The first five N-terminal amino acid residues of NH3/4-4, WG4-2, WG4-3 and NN2/3-3
were sequenced, and compared with those found in the ExXPASY proteomics database
using a basic local alignment search tool (BLAST). The sequence of NH3/4-4 was
identical to "Short neurotoxin 2" (Joubert 1975) which has been identified as a
member of the three-finger toxin superfamily. This sequence is present in a number of
different Naja species (Figure 3.23) Naja nivea (Botes, 1971), Naja haje (Joubert 1975)

and Naja annulifera (Joubert & Taljaard, 1978) but is unique to Naja genus.

NH3/4-4 MI-HN
Naja haje MICHNQQSSQPPTIKTCPGETNCYKKQWRDHRGTIIERGCGCPSVKKGVGIYCCKTDKCNR 61
Naja nivea MICHNQQSSQRPTIKTCPGETNCYKKRWRDHRGTIIERGCGCPSVKKGVGIYCCKTDKCKR 61

Naja annuliferaMCHNQQSSQPPTIKTCPGETNCYKKRWRDHRGTIIERGCGCPSVKKGVGIYCCKTNKCRR 61

Figure 3.23 N - terminal Sequence alignment of NH3/4-4 with full sequences of short neurotoxin2
sequences (three-finger toxins) from some Naja genus venoms. N-terminal sequence of NH3/4-4
was obtained by automated Edman degradation. Other protein sequences were obtained from the
NCBI database. Conserved cysteine residues are shown in green colour. Residue (-) at position 3 is
most likely due to cysteine as it cannot be detected using N-terminal sequencing, without prior

chemical modification.
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N-terminal sequencing of both 6 kDa peptides WG4-2 and WG4-3 (NFh-Leu- Lys- (Cys)-

Asn- Gin) also revealed their homology with the three-finger toxins. The five amino

acids residues are similar to Naja mossambica (Mozambique spitting cobra) cytotoxins

CTX M I, M3 and M4 (Figure 3.24). No sequence data was obtained for the N-terminus

of NN2/3-3, the most likely cause is that it is N-terminally blocked.

WG4-2 LKNQ
WG4-3 LK-NQ

CTX M1

CTX M3

CTX M4
Fiffic A Yo Cciide Ji ot AA HHL_t 114

Figure 3.24 N - terminal Sequence alignment of WG4-2 and WG4-3 with full sequences of
Naja mossambica (Mozambique spitting cobra) cytotoxins CTX M1,M3 and M4. N-terminal
sequence of WG4-2 and WG4-3 was obtained by automated Edman degradation. Other
protein sequences were obtained from the NCBI database. Conserved cysteine residues are
shown in green colour. Residue (-) at position 3 is most likely due to cysteine as it cannot be

detected using N-terminal sequencing, without prior chemical modification.
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3.4 DiscuSsioh

Snake and scorpion:v_enoms are enriched sources of soime biologitally active peptide
with many therap‘eu_tic uses. The enven'om‘ati'on appaiéfus of»snakes ai'ld.scorpions
which is used either for defence or to obtain food, is often contaminated with Vmultiple
péthogenic miCrObés (Garéia-Limé, Laui,e 1987, Shek, TsUi et al. 2009, Babalola;
Balogun 2013). Since snakes and sﬁorpions are assbciated with a Iowincidgnce of
.microbial infection (Talan, Ciiron ei al. 1991); this suggests that venoms might contain
vpoter‘\t antimicrobial vagents r.)rotectv against’ pathogens, ’although venoms remain-
largely unexaininéd as sourcéé.for 'AMPs (de Lima’, Alvarez Abreu et al. 2005, Ferreira,

Santos et al. 2011, Samy, Stiles et al. 2015).

‘.A large number of puvtative' AMPsk iiave I‘oeen.identifi.ed'from scorpioii and snake
' vehom}é by pio_tei)mic or/ai\d "transcriptbmic a»p'.proaches- from venori1 giand CDNA
._IiErary, However,I the antimicrobial and cytdtoxic brofilesj"c‘if most dfv these peptides
| have 'nc“at yét been fUIIy inve_stigated. Thé pr‘ésént study aimed to evaluate the potential
biological .activi,tiesv of three SLiCh pui:ative.AMPs '(Smp13; Smb24 and Smp43), which
have beeri identified irom a cDNA Iibrary bf the venom gland of S. m&urus palmat:us
- (Abdel-Rahman, 'Quintero-rHer:nandez et al. 201‘3)’.‘A'ls.c‘),' thisjstudy represents the firs_t
aftéinpt to idéntify and éharaétérise the pe.ptides and prdtéins ’théf iiavirig

antibacterial activities from Egyptian snake venoms.

:Although Smp13 sh.ares'a high level of sequencé id‘entityv\‘/vith some potent AMPs such
'--'as' UyCT3 and IsCT derived from _Urbdqcus yaschenkoi (Inllahd‘robust scOrpioh) and

, AOpistha'canth,us madagascariensis respectively,'_it is likely that Smp13 exhibit‘ed“ no

97



antimicrobial activity against tested bacterial strains because it has a net charge of
zero. Electrostatic interactions play a crucial role in the binding of cationic AMPs to
negatively charged prokaryotic membranes (Yu, Guo et al. 2009, Bahar, Ren 2013). The
enhancement of antimicrobial potency of some AMPs is dependent on
the increase in positive net charge and the number of positively charged residues
which could increase the electrostatic binding of the peptide to anionic bacterial
membranes (Zelezetsky, Tossi 2006, Jiang, Vasil et al. 2008, Phoenix, Dennison et al.
2012). Experimental modifications which either increase charge (e.g. to AamAPI from
Androctonus amoerux) (Almaaytah, Tarazi et al. 2014) or decrease charge (e.g. to

ToAP2 from Tityus pachyuru) (Guilhelmelli, Vilela et al. 2016) support this hypothesis.

Both Smp24 and Smp43 exhibit broad-spectrum antimicrobial activity against a wide
range of Gram positive and Gram negative bacteria and fungi. Smp43 (MIC 4-64
pg/ml) was found to have slight higher activity than Smp24 (MIC 4 - 256 pg/ml). Smp24
has a net charge of +3 with four lysine residues 4 in comparison to Smp43 which has a
net charge +4 with seven lysines and greater positive. The greater positive charge on

Smp43 might reflect the relative antimicrobial potency of the two peptides.

Smp24 and Smp43 both possess higher activity against Gram positive (MIC 32-256 pg
/m1) than Gram negative bacteria (MIC 8-64 pg/ml). Such preferential activity has also
been reported for Pinl and Pin2 which displayed up to twenty times more potent
activity against some Gram positive than Gram negative strains (Corzo, Escoubas et al.
2001) as well as other AMPs from P. imperator (Zeng, Zhou et al. 2013) and from

Heterometrus petersii (Li, Xu et al. 2014). The bacterial selectivity of some AMPs
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depends on the presence and distributionb of abuhda.nt hegatively charged
phosphoiipids in the bacterial membranes where the phospholipid composition of
Gram -negative mernbranes such E. coli is less ariionic than Gram positive membranes
S. aureus and B. subtilis which contain higher amounts .of negatively charged
‘p‘hospholipids PG (Epand, Savage et al. 2007,Mci-ienry, Sciacca et al. 2612, Aoki, Ueda
2013_).‘Asymmetric lipid distribution has been reported in bacterial membranes, as.
neutral phospholip’ids as i’E are located in the inner leaflet, while, PG is ciistributed in
the outer leaflet. Whilst, CL is distrilooted oyer bot.‘h leaflets in pIa_srna membranes in
Grani positive bacteria. Such membrane asymmetry is known to.affect variouS bilayer |
vproperties, including ‘binding- atfinity to AMPs (Barsukov, Kulikov et 'al.. 1976,

- Marquardt, Geier et al. 2015).

FSmp43 showed very iow haemolytic actiwty at the hlghest concentratlon of 512ug/m| .‘
.'Whlle Smp24 exhibited. hlghly haemolytlc effect at the same concentratlon Smp24
“shares 54% homology with Pin 2, while Smp43 sharlng 86% |dent|ty with P|n 1
(Harrison, Abdel- Rahman et al. 2016). Pin2 has high haemolytlc activity is S|m|Iar to
rthat of Smp24, ancl Pinl is similar to Smp43 have Iess or no haemolytic activity even at B
" high concentrations (Corzo Escoubas et al. 2001) .The.haem’olytic activity of Pinl
.depends on the Zwrtterlomc phosphollplds (PC) and sphmgomyelin (SM) ratlo it
dlsplayed higher haemolytlc activity against guinea pig erythrocytes than sheep '
erythrocytes, which have _Ie;s ratio of PC/SM. Therefore, Smp43 may show much

higher haemolytic activity against other mammal _erythroCytes such as hurhan blood -

cells (rich in PC) than sheep cells (rich in SM) (Belokoneva, Viliega's et al. 2003).
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Both peptides induced cytotoxic effects on HEK2§3 cellsina Concentration-dependent
manner with a decréase in cell viability séen at.32 ug/ml with both peptides. Smp43
showed limited cytotoxic effect agai‘nst keratinocyte_HaCaT ceil line at a highest
concentration of 256 pg/ml, while, Smp24 siiowed significarit degreasé HaCaT cells -
i/iability at 128 pg/ml. Our prevviovus work has in‘dicated that,b-o‘th Smp24 and Smp43
ha\ie cytotoxicvevffects on HepGZ liver cells in a gbncentfation-dependent mannei
(Harrison,. AbdeI-R’ahman: etal. 201_6). These resulté have beenvati:ributed..td the overall
negative charge on extracellular facié of botii cancer and prokéryptic cell membranes
'due‘to the’presence of négatively 'charged;phos.pholipids on the §utér leéflet of' |
prokaryotic me_nibr'anes'and thé_ei(posure of intracellular PS on the outer leaflet of
éancer cell membrane as _apopt'o_ticvsig.na.l (,Riedl, Rinnei et al. 2011). Howeyer, the
: _eI’ectrostatii: affinity of AMPs to anio‘nicv mémbrvanesb is less important tdward neutral
' eukarthic membia'nés (Hariiso_n, Abdel-'Rahman‘ et al. 20-16)‘Hydroph‘obi<>:ity of -Smp
. peptides (more fhan Gi)%) n’iay has a stronger _infiuenc’eiri terms of marhmalian cell
toxicity. Thus, a strong covrrélatién is reborted f‘bet\ii/ee'n i:ytotoxicity ‘and
"‘hydropiioioicity, as hydrdphobic residues of AMPs enhancé their iriteraction iNith ,

hydrophobic g:oré of membrane (Chén, Guarnieri et al. 2007, Bahar, Ren 2013)

V In conclusion, Smp24 and Smp43 are ielafively shoit_non-disulphide ibridged peptides
‘with a spectrum 6f potent activity -against av wide range of Gram positivé and Gram ‘
- negative bact_eria._‘Tiiere was a clear difference in the‘cytoto_xicity,o-f Srﬁp43 when
-cqniparéd to Smp24.‘Smp43 showed ’very low héemolytic and cytotoxic activities at
_the _maximurh cohvcen,tration tested against sheép red‘bloodb cells and HaCaT cells, in

. contrast, Smp24 caused Significant erythrocyte disruption and cytotoxic effects on -
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HaCaT cells at the same concentration. However, both péptides were cytotoxic toward

HEK293 cells.

In-the c»urrent study; fo.ur proteins ('NH3/4-4, WG4-2, W.G4-‘3 and NN2/3-3) héve been
isolated from three Egyptian elapid venoms Naja haje (Egyptian cobra), Walterinnesia
aegyptia (Black Desert Cobra),and Naja nubiae (nubiah spitting cobrav). The purified
proteins displayed »prefer_ential acti\iity against B. subtilis. It has been reportedvthat B.
subtilis exhibited high susceptibility | tpwa'rd crude elapid venoms ‘such as N.
' melaho/euca (African cobra) énd N. atra (Chinese cobra). In comparvison, E. cqli and S.

aureus are much more resistant to these venoms (Dubovskii, l;‘l'tkin 2014).

QUr results appear consistent with the 'fihd.irigs of Ovadia and coIleagUes that has
" demonstrétéd the prefere.ntial a.cti\)ity Of'é cytotoxin (CT P4) isolated from Naj;q
‘nigrico'_l'lis tdward.B; subtilis and Micrococcus flavus -wfth no apparent antimicrobial
; activitiés égainsf Gram hegative bacteria and fungi (Mollmann, Gutsche et al. 1997).

' Unfoftu“nately, the amino acid seqUencé of this toxin has not been reported. -

B. subtilis is one of the most commonly ‘visola;ceAd bacterié from the oral caVity, '
oropharynx and cioaca of diverse snékeé (Shek, Tsui Ae.t al. 2009’, Jho, Park et al. 2011,
' Bébalola, Baloéuﬁ 2013).‘-ln addition, B subtfliﬁ Has the “most anl;onic’k membran_e
corﬁpared with S. GU(eds and E. coli fnembranes. B.. subtilis contain ‘higher”'amounts of
PG distributed in the outer leaflet of their membrane (Clejan, KrulWich et al.._1986,v
AEpa_rid,.Savage}et al. 2007, Epand, Epand 2009).‘.This suggestsb that the membrane- .
' _da_‘maging acfivity of elapid péptides that have "been ﬁﬁrified are dependant on "the |
| présénc_e of anionic bhospholiﬁids in the outer Ie_éflet §f the biIayef.:
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The cytotoxic effects of the purified proteins have been evaluated against different

eukaryotic cells. All purified proteins showed no haemolytic activity at the highest

concentration 50 pg/ml. Whereas, the ATP assay has demonstrated that the purified

protein from N. haje venom (NH3/4-4) exhibited less cytotoxic effect against both

tested cell lines (HaCaT and HEK293) at the highest concentration 50 pg/ml, but both

WG4-2 and NN2/3-3 showed cytotoxic effect against HEK293 cell line in a

concentration-dependent manner.

Few enzymatic peptides with antimicrobial activities derived from snake venoms such

as cathelicidins , myotoxins and waprins (Nair, Fry et al. 2007, Wang, Hong et al. 2008,

Oguiura, Boni-Mitake et al. 2011, Yamane, Bizerra et al. 2013). Other snake venom

cytotoxic peptides such as three-finger toxins (3FTxs) (~60 amino acids) might

contribute to the snake venom antibacterial activities profile although very few studies

have explored this potential (Dubovskii, Utkin 2014).

The molecular masses of the purified proteins and N-terminal sequences suggests that

they are members of the 3FTxs family. NH3/4-4 is identical to the N-terminal sequence

short neurotoxin2 of N. haje (Joubert 1975), N. nivea (Botes 1971) and N. annulifera

(Joubert, Taljaard 1978). WG4-2 and WG4-3 have the same N-terminal sequence as

the cardiotoxins CTX- M | and M2 of N. mossambica (OTTING, STEINMETZ et al. 1987,

Chien, Chiang et al. 1994) and CTX-1 of N. nigricollis (Rees, Bilwes et al. 1990, Bilwes,

Rees et al. 1994). Only two cytotoxins have been reported for N. nigricollis are toxin y

(Bilwes, Rees et al. 1994) and toxin a (Zinn-Justin, Roumestand et al. 1992).

Interestingly, the first five amino acids of the N-terminal end of toxin y were found to
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share 100% identity with the N- terminal of both purified‘ or:oteinsrfrom W. aegyptia
venom WG4-2 and WG4-3 (Bilwes, Rees et al. 1994). Conversely, a newer study (Chen,
Kao et al. 2011) shovved that toxin y have a prominent antibacterial activity against
both E. coli and S. aureus through a perr.neabi.lising effect ofA the toxin as evidenced '
trom fluorescent dye leakage‘studies (Chen, .Kao étr al. 20’11V)'. The comrnOn LCK
seouence of the peptides isolated in this chapter, unique among ‘many cardiotoxins of

the Naja genus (Chen, Rose et al. 1_991,._DUbovskii, Lesov0y et al. 2003).

 The mo‘st dominant protein cornponents of elapid venoms are 3ﬁsz. 3FTx$ constitdtes,
' .' half the contentstof the Najar venome (Dufton,.Hiderv1988, Chen, Rose et al. 1991).
OnIy two 3FTxs protelns (Wa III 6852 Da and Wa IV; 6782 Da) have been prewously
_‘ |dent|f|ed in W. aegyptia (Samejlma Aokl-Tomomatsu et al. 1997, Tsai, Wang et al ‘
| 2008) Both Wa Il and Wa-IV are similar i in size to WG4-2 and WG4-3. However WG4-
2 and WG4 3 have completely dlfferent N-terminal sequences compared with Wa-lll
' and Wa-lV,. suggests these protelns represent novel additions to the w. aegyptla 3FTx
family. Although abundant 3FTxs have been |s‘olated from other 'Naja species like N.
naja, the pote.n'ti‘ajl shdrt chain 3Fsz_ (NN2/3-3) from N. nubiae venom may represent :

the first member of the 3FTxs family fron'\ this snake.

'The‘maj0rity of cardiotoxins have a potent haemolytic activity such as CTX1 (Gorai,
Sivaraman 2016) and CTX3 (Troiano, Gould et al. 2006, Kao, Lin et al. 2010). The
“haemolytic activity of the snake peptides is consistent with results of various studies

showing that some the cytotoxins have no haemolytic effect for example, Beta-
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cardiotoxin CTX27 from Ophiophagus hannah (King cobra)'venom' (Rajagopalan, Pung

et al. 2007).

AlthOugh no previo.us data have investigated the cytdtoXic éffecf of cardiotoxins on |
HaCaT and HEK293 céll lines, it has been re‘ported‘that» only P-type cardiotoxin can bind
to zwitterionic membranes ‘_(Sue, A.Raja'n et al. 1997). The analysis" of the structure of
yarious 3Fsz revealed that, loop | and Il of 3FTxs are rich in cationic residues while
loop Il is the hydrophobic surface (Gir_is'h,‘ Kumar et al. 2012). Thqs, P-typé cardiotoxins
(Pro30 residue at the tip of .th'e. second loop). have binding activity more strongly to
zwitterionic membranes than S—fype toxins (have sevrine reéidué) as P-type use the tips
of all three loops in th}eA penetr.ati’on while S-tybe ins‘erts' via the tip of the loop | only

(Chien, Chiang et al. 1994, Efremov, Volynsky et al. 2002).

.‘The findings‘ of the interactions of the purified proteins with eukaryotic cell lines
_ su_ggesf that both WG.4.-‘2 and. NN2/3-3 appear to bélbng td‘P-type CTs as they aIbIAe to
induce membrane diéruption of kidhéy ceIAI Iines. These findings’ are consistent with
_ Chien et al., (1994) that»ha\./e demonstrated that P-type cardviotoxin s su;h as CTX M1,
‘M4band M5 which hav‘_'e similar N- ter'r.ninlé.l sequence to both WG4-2 and WG4-3 have
._higher affinity~to'zwitteriqnic membranesv(Lo.uw 1974, Chieh,‘Chiar‘\g et al. 1994)_. Tﬁe
‘fu'II-IAength sequences of purified proteins are needed ln order to _cIassify it-as S-tYpe orv

P-type cardiotoxins.

;Our'findings indicate that' NH3/4-4, FWG4-3,’WG4-2 and NN2/3-3 proteins have .
antimicrobial properfies with limited or no cytotoxic potential. Further studies are
needed to com‘plete sequencing of these proteins and to investigate their mode of |
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action with more details. These isolated 3FTxs may serve as starting templates for
designing novel synthetic AMPs with enhanced antimicrobial activities and valuable

therapeutic effect.
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4 A morphological study of the effects of Smp24 and Smp43 on

- Escherichia coliand Staph y]oéaccus aureus using scanning

and transmission electron microscopes.
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4.1 Introduc_tion

Imagin>g the action ovfbantimicrobial peptides on living bacterial ;élls can provide novel
Insights in to the méc‘hbanism of_AMP action. Different s'péctroscobic techniques such
as fluorescence microscopy, AFM and 'électron microscopes have been used to
demonstrate morphological chan’ge$ of _living cells treated with AMPs (Anderson,’
Haverkamp et al. 2004, Meincken, Holroyd et al. 2005, vTorrent, Sénchez-C_hardi et al.

2010, Scheinpflug, Krylova et al. 2015).

Fluofescencé microscopy: pfovides more detéiled ihformétio__n 'abo.utv‘ AMP—bacteriaI'
membrane interactio"n's_. It can ahalyse ar‘1db d}etermine fhé distribution and target. of
AMPS intracellularly '6r extracellularly byvdete’c}ting :and localising attache_d quofescenf |
.' probes (Scheinpflug, Krylova et al. 2'015')‘.'The'interaction of fluorescently labelled.

melittin K14 with PC vesicle and with E: coli revealed’ir.'nsig'niﬁcant pore formation in
Vliv.e ba_tteria, cémpared with the artificial‘ me.r‘nb.rane sYstem. According tio .(Gee,
Burton et al. 2013) a ‘new model. is neébtA:led“'to explain peptide-bmé‘r_nbrane'interactions
in live bacterial »ceIIs, as fhéy discovered the co_mplexity of Iipid-peptide interactions in

living cells when compared with simple artificial systems.

'Séanning and f?ansmissidn electron rﬁic‘roscopes‘ wé_re applied in sé\/'era’l studies to.
vis.ﬁalisev the _‘ultras'trgctUral damage and _mokpholdgical changes to. the bécferial cell -
ehvelope induced by AMPs. SEM and TEM are can.be used as complementary‘

-b'_cechhiques to gain insights in‘to AMP mechanism of action when combined with other
‘ findings (Matsu_zaki, ngishita bet al. 1997, Matsﬁzaki; sugishita ket al.'1999, Avitabile,

- D'Andrea et al. 2014).
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Blebs or blister formation on microbial surfaces are a common effect for AMPs. Blister-

like formations in the outer membrane of Gram negative bacteria might be attributed

to the electrostatic interaction of cationic AMPs with LPS by displacing cations from

their binding sites on LPS promoting the uptake of peptides across the outer

membrane (Zhang, Dhillon et al. 2000, Grubor, Meyerholz et al. 2006). The appearance

of abundant blebs has been previously reported on the surface of Pseudomonas

aeruginosa strains treated with cathelicidin peptide SMAP29 as examined by SEM

(Saiman, Tabibi et al. 2001a). LPS-binding studies of full-length and truncated SMAP-29

molecules revealed that presence of multiple binding sites in the peptide allow binding

LPS with high affinity (Tack, Sawai et al. 2002). This affinity to LPS has been confirmed

by assessing the ability of SMAP29 to displace the fluorescent dansyl polymyxin B

(DPX) bound to LPS (Anderson, Yu 2005a).

The surface roughening and corrugating of cell membrane have also been identified
following exposure to several AMPs of a wide range of bacterial cells examined by EM
techniques. These observations demonstrated loss of membrane integrity and the
release of cellular contents following treatment with the peptides leading to cell lysis

and death (Lv et al., 2014, Wang et al., 2015).

EM also has been used successfully to monitor the action of some labelled AMPs on

live bacteria in order to clarify their antimicrobial action. Nanogold-labelled sushi

peptide has been tracked on E coli. Gold particles were found on the inner and outer

membranes, as well as in the periplasmic space and cytoplasm, while no particles were

observed bound to the bacteria for controls with nanogold alone. The distribution of

these particles has been quantified, the majority of nanogold (77%) was found

attached to the exterior leaflet of the outer membrane. These results suggest that the
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local environment at the bacterial outer surface is nécessar_y for sushi peptide
attachment to penetrate the membrane and enter the cell (Leptihn, Har et al. 2009).
These observations were consistent with imaging’ of sushi peptide-treated E. coli and P.

aeruginosa with AFM (Li, Lee et al. 2007). -

.Understan'ding. the mode Qf actioh of broad spectrum Smp peptides agéinst live
bvacter‘ial' cells will help to increase their potency and minimise their Cytotoxic éffects.
Previously, AFM and quartz crystal microbaIahvce-dissipafion (QCM-D) have been used
to st;jdy Smp pepﬁdes mechénisms on synthetic prototypical prokaryotic membranes.
_The results indic'ateo‘l that thésé p'eptides.caUSéd"po_re formation and induced the
formation of - ndn-lameilar Ivilpid structures (HarriSon, Heath et al. 2016). The
4i'nterac'tions of AMPs against IiQing 1cel|_meml:..)‘rahes might be different and mdre '
complicated cpmpared with Simple artificki'al membranes-(Géé, Burton et al. '2013). The
interactions of anp peptides With the. merﬁbraﬁes ’of live bacteria ha‘ve not. been
';Iéarl,y"investigated. Th.erefore,. o>ne’ the goéls ‘of this cu&ent vstuciy is to examine
concenf_ratioh- and time-dependent effecf's of Smp pepbt.id’es'on Vintac»t' E. coli énd S.

aureus cells using SEM and TEM.
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4.2 Method Summary

Both SEM and TEM were employed‘ to examine mbrphological changes and membrané
damage in E. col)‘ andAS. aureus strains in res'ponée to different cohAcentration‘s 0f Smp
peptidés treatment across arange of time inter‘vals. The overnight cultures obe. coli
JM109 and S. aureus SH1000 were diluted in frésh MH Broth to a cell density'lxloﬁi
CFU/ml then incubated at 37°C to grow to ODeoo=0.3b (mid-ex‘ponenvtial grthh phase).
Bacterial cells were treatéd with differenf concentrations of éither Smp24 or'.Smp43
Afor different time intervals (10 minufés, 1 hdur, Ian'd 24 hours) at 37°C. Then samples
, were‘ prepared for SEM and TEM as described' in séctions 212 and 2.13 and then

visualised.
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4.3 Results

4.3.1 Determination of Smp peptides concentrations used for SEM sample

- preparation

Since a h.igh cell density is needed to observe EM images. E. c'oIiIJM109 and'S. aureus
SH1000 were growﬁ to mid4eprnential phase then treated with Smp peptides atv
different coﬁcentrations _fbr three time jntervals (10 minutes, 1 hoﬁr, and 24 houré) to
. examine céncentration- a‘nd time-dependenf effects of Smp peptides on intact E. coli

and S. aureus cells using SEM.

The inintial peptide concentration range that was used to evaluate inhibitbry'
c:oncen',tratio_ns in the conditions required for SEM imaging was based on those found
in section 2.4. Due to differences in volume and cell densities in these experiments,"

new inhibitofy concentrations were defined (Figure 4.1 and Figure 4.2).

Therefore, three concentrations of each peptide; sub-MIC (one-quarter), MIC and
~ supra-MIC (4x) against E. coli and S. aureus were selected for growth curves

cofnparing' Smp peptide exposed Culturés with untreated cells (Table 4.1).
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24.

20- Untreated E.coli
<
g 1.6- Smp43(32pg/ml)
cM 1.2- Smp24(32pg/ml)
v
2 Smp43(8pg/ml)

0.8-
o
2 Smp24(8pg/ml)

0.4

0.0

0 2 4 6 8 10 12 14 16 18 20 22 24
Hours

Figure 4.1 Growth of E coli. Treatment with Smp24 and Smp43, at the MIC (32 pg/ml) and

one -quarter (8 pg/ml) of the MIC concentrations.

24H /
Untreated 5. aureus
Smp43(16pg/ml)
Smp24(16pg/ml)
Smp43(8pg/ml)
Smp24(8pg/ml)

0.0 — 1 O — 1

Hours

Figure 4.2 Growth of S.aureus. Treatment with Smp24 and Smp43 at the MIC (16 pg/ml) and

one -quarter (4 pg/ml) of the MIC concentrations.

Table 4.1 Peptide concentrations used for SEM sample preparation

Concentrations (pg/ml)

Bacteria
Sub- MIC (1/4x) mMiC Supra -MIC (4x)
E coli 8 32 128
S. aureus 4 16 64



4.3.2 SEM of E. coli and S. aureus incubéted with SmpA peptides for 10 minutes

Untreated E coli and S. aureus cells showed .normal bright srhooth intact surfaces
(Figure 4.3A and Figure 4.4 A). E. coli cells developed surface protrusions of numerous
small nubs and bliste.r like structures (indiéated with .r_ed arrows) after incubation with
‘concentration 6f Smp24 belowthé MIC and at fhe MIC concentrations for 10 minutes
(Figuré 438 and D). In comparison, E. coli ceIIsbappeared' very rough, corrugated
(marked by orahge arrow) and shrun_keh when treated by equiVéIent concentrations of

~ Smp43 (Figure 4.3C and E).

Distortions of the morpholbgy of E. coli were observed in many treated cells at
greater than MIC concentrations of both peptides with depressions and fractures on
‘their surfaces. Numerous cells look corrugated as indicated by the orénge arrows

(Figure 4.3Fand G). -

- Following exposure for the samé period of time, the sub-MlC concentrations of eifher
peptide resulted in the appearance of bacterial memibrane blebs in S. aureus cells
(Figure 4.4 B and C). MIC and supra-MIC concentrations induced little cell membrane

- damage with accumulation of cell debris at this period of time (Figure 4.4 D- G).
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- 4.3.3 SEM of E. coli and S. aureus incubated with Smp pe'ptides for 1 hour

After 1 of h_our incubation, most E. coli cells trgated_with sub-MIC concentrations of
Smp24» showed obVious consisteﬁt with roughening' and corrugating membrane
damage, it also revéaled few ruptufed cells (Figure‘4.SB). In comparison, damage of
-Smp43 treatedb cells at the same _cbhcentration was Ieés evident; :although_most cells
maintained intact.cell structures, a few showed surface torrugatéd patterns and

ruptured membranes (Figure 4.SC).' : "

Many damaged E. coli cells were seen with r.norevblebbing and corrugated surfaces
following treatment of either peptide at MIC concentrations (Figure 4.5D and 'E)._
Panels Fand G in Figure 4.5 showed mény distinguishable lysed E. coli cells treated

~ with supra-MIC concentrations of either Smp24 or Smp43.

E After treatment of S aureus wiih either Smp24 or Smp43 fo_r 1‘ hour, completely iysed
“cells a;cofnpanied bwith' the in}tracelvlbular, ﬁaferial extruéfon were observed in a
, éoncenfration depeﬁdent _rﬁannér, Aas nearly no intact ce'l.IS were séeh in S.‘ aureus cells
| exbosed to Supra'-'Mlés' of both peptides (F_igdre' 4.6F and G). 'fhe damage is indicated

by yellow arrows showed the complete loss of membvranevintegr'ity.' '
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4.3.4 SEM of E. coli and S. aureus incubated with Smp peptides for 24 hours

After 24 hours of incubation with concentration; of Smp peptidés below the MIC and
at the MIC, a small ﬁumber of E. col;' cells were shrunkeh’a'nd have “corrugated surfaces
(Figure 4.7B - E). Alsé, some blebs were seen on the surface of a few S. aureus treated
.cells at the same concentrations (Figufe 4.8E). No cells were:harvested‘after 24 hours

of Smp peptides treatments at supra-MIC concentrations which induce cell death and

led to cell lysis.
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4.3.5 TEM images of E coliand S. aureus incubated with sub- MICs of Smp24 and

Smp43

To investigate the morphological changes of bacterial cells, TEM was employed to

study the membrane integrity of bacterial cells before and after treatment with Smp

peptides. E.coli and S. oureus cells were treated with sub-MICs of Smp24 or Smp43 for

10 minutes, 1 hour, and 24 hours. The samples were fixed and cut into thin sections.

For each treatment duplicate samples were prepared and numerous sections were cut

from each.

As shown in Figure 4.9 (panels A and B) and Figure 4.10 (panels A and B), the
untreated E.coli and 5. aureus cells were all uniformly shaped, with an undamaged
structure and intact cell envelops. While after 10 minutes of incubation with both
peptides, many treated E coli cells showed morphological changes as cells without cell
envelops and cells with separated cell surface components. In some cases the
cytoplasmic contents had leaked out of the cells and exhibited obvious cytoplasmic
clear zones as indicated by blue arrows in panels C and D. Some leakage of cellular
material was seen after the exposure of S. aureus cells to Smp peptides for 10 minutes

of incubation as shown in Figure 4.10 Cand D

The majority of the treated cells appeared severely morphologically affected after 1

hour of incubation. They exhibited completely damaged membranes and cellular

content spillage. Disrupted membranes were observed for E coli cells being treated

with Smp24 for 1 hour (Figure 4.9 Eand F). Formation of ghost cells which have intact

cell envelopes without cellular contents were visualised after 10 minutes and 1 hour

and indicated by green arrows. It was obvious that S. aureus cells underwent lysis after
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1 hoUr of incubation with SMP peptidés as they exhibited damaged and ruptured

envelops with released cellular contents (Figure 4.10 E and F).

After 24 hours of inéubation, a regular cell shape was seen. AAsvbméII number of E. coli
- cells showed morphological cﬁanges sUch as rou}ghened membranes, zones of
translucen't.cytop‘lasm and separafioh of outer membrahe and cytoplasmi_c m'embraneb
(Figure 4.9 G and H). A_|sb, the majority of the cells were indistinguiShabIe from
untreated. cells. However, some zoneslof transparent cy.t‘oplasm were evideﬁt as seen

~ in Figure 4.10 (panels G and H)

In conclusion; TEM images showed signifiéant mofphology changes as result of the

exposure of bacterial cells to Smp peptides at s'ub-MICS uptol hour of incubation. o
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Control

10 minutes

-1 hour

24 hours

Flgure 4.9 Transmission electron mlcroscope images taken of E. coli JM109 cells mcubated WIth
Smp peptides at sub-MIC for different time intervals. Cells were cultured at 37 °C to mid-log phase,
before treatment. (A) Untreated cells after 10 minutes; (B) Untreated cells after 1 hour; (C) Smp24-
treated ceIIs for 10 mmutes (D) Smp43-treated ceIIs for'10 mlnutes, (E) Smp24-treated cells for 1
hour; (F) Smp43-treated cells for 1 hour; (G) Smp24—treated cells for 24 hours; (H) Smp43-treated '
cells 24 hours. The green arrows pomt to ghost cells that are not surrounded by a cell wall. Images

shown are representatlve of twenty images from three repllcates
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10 minutes o

Figﬁre 4.10 Transmission electron microscope images takén of S. aureus SH1000 cells
_ inéub,ated .’w‘ith Smp »Apeptides at 'sub‘-‘IVIIC for different time intervals. Cells were
cultured at 37°C to mid-AIog'phase before treatment: (A) Untréated cells after“'lo
minutes; (B) Untreated cells after 1 hour; (C) Smp24-treated ce.l'ls for 10 minutes; (D)
Smp43-treated cells for 10 minutes; (E) Smp24-treated cells for 1 hour; (F) Smp43-
: trééted cells for 1 hour; (G) Smp24-treated cells for 24 houfs; (H) Smp43-treated cells
| 24 houfs; The. blue arrdws indicate fhe _cytoplasmic clear zonés. Images shown afe

representative of twenty images from three replicates. '
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4.4 Discussion

Interactions between Smp peptides and synthetic prokaryotic membrane models have

been previously investigated using liposome leakage assays, AFM and QCM-D. These

data suggested that the bactericidal mechanism of Smp peptides against prokaryotic

like membranes is toroidal pore formation (Harrison, Heath et al. 2016). While in the

current study, we investigated interaction of Smp peptides with live bacterial cells to

support our understanding of the antibacterial mechanism of these molecules in order

to develop their therapeutic potential as novel antimicrobial agents.

In the current study, SEM was performed on two species of bacteria E coli and 5.
aureus, as representatives of Gram positive and Gram negative bacteria to visualise
morphological changes following exposure to Smp peptides at different concentrations
and intervals of time to investigate the dose-dependent and time-dependent

interactions of Smp peptides against E coli and S. aureus.

Formation of blebs was evident for the two species of bacteria at sub-MIC and MIC

concentrations after 10 minutes of incubation. Our SEM observations provide

morphological evidence of the potent permeabilising activity of Smp peptides at MIC

and supra-MIC concentrations after 1 hour of treatment. The treated cells were

obviously roughened and disrupted when treated with the peptide. Also, they

exhibited changes to their morphology such as shortening and membrane corrugating.

In addition to SEM, TEM was employed to study the morphological and intracellular

changes of E coli and 5. aureus following treatment with Smp peptides at sub-MIC

concentrations after 10 minutes, 1 hour and 24 hours of incubations. Sub-inhibitory

concentrations of numerous antimicrobial agents were commonly used to evaluate
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the morphological and ultrastructural changes following antimicrobials challenge

using TEM (Haukland, Ulvatne et al. 2001, Chen, Zhan et al. 2009, Wenzel, Chiriac et

al. 2014). Our TEM images of these cells treated with sub-MICs concentrations of both

Smp peptides confirm the interaction of the peptides with the bacterial membranes

causing significant rupture and leakage of cytoplasm contents which lead to cell death.

Apparent morphological changes were seen in the Smp treated cells such as

cytoplasmic clear cells with intact cell membranes forming ghost cells compared with

the control sample which showed regular shapes with homogenous electron density.

Similarly, other cationic AMPs e.g. melittin, magainin, moricin and King cobra venom

AMP(OH-CATH) have induced the appearance of blebs and blisters like protusions after

afew minutes of treatment at the Sub-MICs concentrations (Skerlavaj, Benincasa et al.

1999, Saiman, Tabibi et al. 2001b, Mangoni, Papo et al. 2004, Chen, Zhan et al. 2009,

Hu, Wang et al. 2013). Blebbing appears on the bacterial cell surface as a result of

expansion of the outer membrane due to the antibacterial activity of AMP peptides

(Hancock, Rozek 2002). Moreover, formation of blebs and blisters may be indicative of

the electrostatic interactions of Smp or other cationic AMPs such as LfcinB (bovine

AMP) with the anionic bacterial cell membrane. It has been suggested that interactions

include displacement of divalent cations (Ca2t, Mg2+) of the outer bacterial membrane

by the large peptides and that this results in blebs formation (Hancock, Rozek 2002,

Grubor, Meyerholz et al. 2006). Blebbing formation has also been attributed to

detachment of cytoskeleton from the cell membrane causing the latter to swell

(Omardien, Brul et al. 2016).

When the attached AMP aggregated on the bacterial surface at a high enough

concentration, permeabilisation of the cell membrane is induced leading to cell death
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(Chan, Prenner et ol. 2006b). The permeabilisation effect of AMPs may also be

confirmed by the electrostatic interactions between basic residues of the AMP and the

negatively charged phospholipids of the bacteria membranes (Matsuzaki, Sugishita et

al. 1997). The 24-residue AMP GI24; a derivative of PMAP-36, interacts with anionic

phospholipids to induce membrane permeabilisiation. Also, the bee venom AMP

melittin destabilise bacterial cell membranes by binding the anionic phospholipids

inducing cell lysis (Oren, Shai 1997). The SEM examination of Melittin- and Gl24

treated E coli revealed the roughening and corrugating of the membrane surface at

the MIC after 1 hour of incubation which is similar to Smp peptide effect against E coli

at the MIC after the same period of time (Lv, Wang et al. 2014, Wang, Chou et al.

2015).

The attraction to phospholipids is one of the most frequently proposed mechanisms

for a-helical peptides, permeablisation of the bacterial membrane causing cell death

(Shai 1999). Both Smp peptides are positively charged; net charge of Smp24 is +3 and

Smp43 is +4. The positive net charge of the AMPs enhances their attraction to

phospholipids.

These findings are consistent with the previous AFM micrographs of Smp peptides

against synthetic prokaryotic membrane models which identified the importance of the

electrostatic attraction of Smp peptides to negatively charged bilayers for induction of

membrane damage (Harrison, Heath et al. 2016). The same topography of

permeabilisation has been reported in several AFM and SEM studies of different

species of bacteria treated by AMPs. For instance, the AFM and EM analyses of the 21

residue lugworm AMP arenicin interacts with E .coli revealed a similar effect on
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bacterial membranes as we have observed with Smp peptides (Andra, Jakovkin et al.

2008).

Smp peptides have more than 60% hydrophobic residues in their amino acids

sequences. The hydrophobic interactions of AMPs and the lipid constituents of the

bacterial membranes have been proposed to lead to membrane destabilization. This

interpretation is in full agreement of the proposed mechanism of several AMPs such as

the 26-residue amphipathic a-helical AMP v13K1 (Chen, Guarnieri et al. 2007).

Interestingly, in the latter study they found that there is an optimum hydrophobicity in

which maximum antibacterial activity of v13kK1l. Any alteration of this hydrophobicity

decreases its antimicrobial effect (Chen, Guarnieri et al. 2007).

Both hydrostatic and hydrophobic interactions of AMPs with the bacterial membranes
are necessary for the antibacterial action of AMPs (Shai 1999). Similarly, the
mechanism of action of magainins on bacterial cells determined against Gram negative
bacteria can be summarised in two main steps; interaction with anionic
lipopolysaccharides and then aggregation to form pores (Hancock, Rozek 2002,
Grubor, Meyerholz et al. 2006). According to (Saiman, Tabibi et al. 2001b), bacteria are
unlikely to develop a resistance for peptides with this mode of action. AMPs act non-
specifically on the entire bacterial membrane (Park, Park et al. 2011). Development of
microbial resistance by changing conserved targets such as the cell membrane or by
gene mutation to such mechanism of action is difficult requiring significant alteration

to the physiology of the cell (Zasloff 2002, Matsuzaki 2009, Aoki, Ueda 2013).

Similar micrographs of ghost cells formation have been reported in TEM studies of

bacterial cells treated with some cationic AMPs such as TEM studies of E coli treated

with a variety of AMPs (Chappie, Mason et al. 1998, Anderson, Haverkamp et al. 2004,
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Chen, Zhan et a). 2009, Makobongb, Gancz et al. 2012) . The formation of ghost cells
'sugg‘esf that cationic AMPs induce‘the ‘forma'tion of pqres which were more evident at
the 1-hour timé poiht of Smp24 treated E. coli. It seems to be argénel;all mechanism for
‘cationic AMP:‘:; which form transmembrane péres whén thé pebtidés_ inserted into the
lipid constituents Of the bacterial membranes.v (Sengupta, Leontiadou et al. 2008,

Makobongo, Gancz et al. 2012, Bahér, Ren 2013, Chen, Jia et al. 2013). B

’ Ih addition, some éxt'ré'cellulér electron-dense materials and_slbug_hing of  cell walls-
~ from some cells have béen visualised using TEM followitng the éxpoSure to sub_—MIC
.concentrafion.s of _Smp' peptides after  10 and _'60 minutes. Similarly, :the TEM

rlnvi_crogra:phs’ of'AMPs such as RRIKA, NK-'ZIag‘ainst differeﬁt species of »lv;)act.eria
‘revealed the same obsefvatibﬁs (Hammer, Brauser ét al. 201_0, M’ohamed,.l-_ia:mmac, et
al. 2014); Thése fihdings support the pernv\eabbil'isation effect of cationic AMPs agai‘r_\st

'~ bacterial cells (Hartmann, Berditsch et al. 2010). - o

The highly disintegfated membranes of Smp peptide treated bacteria ‘may..im‘:rease' fhe
influx of water ihtb the cytoplasm Which induces cytoplasmic.membra‘né rupture
Igading to é discharge of cytoplasmic_materiéls. The cyfolyéis efféct of Smp péptidés‘
Was sgén for supra-MICs concentrations as many E. coli lysed ce.ils'wi‘th cytoplasmicA
.content$ release and debris have been observed even after 10 mir‘|utes..of incubatiqh.
| Similarly, the high concenfrations of other cationic AMPS;»,G_S énd PGLa lead td
mem‘bran'e ’damége and cell cpntent Iéakage resulting ivn.bcelvl.death (.Hartmann',

Berditsch ét al. 2010).

However, the majority of E. coli and S. aureus of the 'n'iid-expo.nential growth'bhases
- exposed to sub-MIC and MIC concentrations of Smp peptides showed no prominent’. :

morphological changes after 24 hours of incubétion- (Figure 4.7-8).' They‘ showed
v _ 127 . v _



normal cell shape with an undamaged structure of their membranes and homogenous

electron-dense materials. Very few cells revealed morphological changes in the form

of roughened membranes and blisters on their surfaces at the MIC of Smp peptides.

These results revealed that sub-MIC and MIC concentrations as determined by broth

microdilution of Smp peptides were insufficient for allowing the peptide binding and

interaction with all of E coli and S. aureus cells at the mid-exponential growth phase,

unbound viable bacterial cells continuously grew and the peptide effect declined after

longer exposure for 24 hours (Pacor, Giangaspero et al. 2002). These findings

demonstrate the dose-dependent manner of Smp peptides against bacterial

membranes.

Some Smp24 treated E coli at the MIC concentration revealed electron-dense

materials inside the cells when examined using TEM similar to the reported effects of

waterfowl cathelicidin peptide dCATH (Gao, Xing et al. 2015) and Ci2K-2312 against E

coli suggesting the aggregation of biological macromolecules.

In conclusion, both SEM and TEM are influential imaging techniques that allow us to

gain insights into AMP action. Our findings of EM micrographs indicated that Smp

peptides and bacterial interactions might take place in a stepwise fashion including

peptide binding and insertion into bacterial membranes which lead to membrane

permeabilisation and cytoplasmic contents leakage even at low concentrations. Firstly,

the amphipathic properties of Smp peptides could help peptides to interact with the

negatively charged bacterial membrane hydrostatically by binding to positively

charged amino acid residues and embedded in the non-polar components of the

bacterial membrane by the hydrophobic residues. Then, the embedded peptides

aggregate and reach a threshold concentration which induces the membrane
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permeability to from pores or rupture the bacterial membrane. Finally, the contehts of

the cells were released inducing cell death. '
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5 Transcriptomic profiling of Escherichia coli following

.~ exposure to Smp24 and Smp43,
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5.1 Introduction

Bacteria have evolved mechanisms to recognise and respond to AMPs by differentially

expressing genes as a response to stress or as a unique resistance mechanism against

each AMP (Brazas, Hancock 2005, Fehri, Sirand-Pugnet et al. 2005, Pietiainen,

Gardemeister et al. 2005). The differentially expressed genes of bacteria in response to

different types of stress and treatment has been widely investigated using DNA

microarray in order to identify and characterise the biological processes and pathways

most affected (Overhage, Bains ef al. 2008, Monras, Collao et al. 2014).

High-density gene detection techniques like DNA microarrays can facilitate the
prediction of the mode of action of antibiotics. For instance, microarray analysis has
been used to investigate the mechanisms of increased activity of a combination of two
antibiotics; Fosfomycin and tobramycin (F:T) against P. aeruginosa compared with
tobramycin alone under anaerobic conditions (McCaughey, McKevitt et al. 2012). It
was found that nitrate reductase genes narG and narH were down regulated
significantly in response to growth in F.T under anaerobic conditions. Interestingly,
nitrate reductase mutant strains showed higher sensitivity to F.T in anaerobic
conditions compared with an aerobic environment which confirm the role of nar
genes in inducing increased activity of F:T against P. aeruginosa as revealed by

microarray analysis (McCaughey, Gilpin et al. 2013).

Bacterial resistance mechanisms to antibiotics can also be investigated using

microarray. Bang-Ce Ye and colleagues (Yu, Yin et al. 2012) have investigated and

identified the differentially expressed genes and pathways induced by fusaricidin

against Bacillus subtilis by DNA microarray technique. They revealed that the most
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upregulated genes are known to be regulated by owextracytoplasmic function sigma

factor which indicate that this regulon may play an important role in B subtilis

resistance to fusaricidin. Also, fusaricidin addition has led to an increase in the

catabolism of fatty and amino acids and the loss of some intracellular ions that induce

cation transport into the cell which may point to the mode of action of fusaricidin

against B subtilis. These findings indicate that a microarray-based approach allows for

a more comprehensive analysis of bacterial responses to antibiotics.

DNA microarray has been used to provide insights into the mode of action of AMPs

and AMP-resistance mechanisms to understand how bacteria respond to AMPs. E col,

S aureus, and B. subtilis have often been used as models to study the mechanism of

action of AMPs as the complete genome of these bacteria have been sequenced (Yu,

Yin et al. 2012, Suzuki, Horinouchi et al. 2014, Kramer, van Hijum et al. 2006, Li, Lai et

al. 2007). For instance, the responses of S. aureus, following exposure to some linear

cationic AMPs, such as temporin L dermaseptin K4-S4 (1-16) and ovispirin-1 were

analysed by DNA microarray. These AMPs share some upregulated genes with cells

treated by cell wall-inhibition antibiotics such as vancomycin. The functional clustering

analysis of gene groups induced by these peptides displayed some specific pathways

implicated in the resistance mechanism of 5. aureus. In particular, an ABC transporter

encoded by the vraDE regulon was induced strongly by ovispirin-1 and dermaseptin

K4-S4 (1-16) (Pietiainen, Francois et al. 2009). Gene expression patterns of E coli were

analysed using DNA microarray in response to different antimicrobial peptides derived

from human and animal resources (Audrain, Ferrieres et al. 2013). This study

concluded that the sublethal doses an AMP derived from human apolipoprotein E
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induced some distinct pathways that contribute to cell wall stress resistance (Audfain,

Ferrieres et al. 2013).

vSmp peptides offer .a promising Starting Apoint for the devglopnﬁent of new
yahtimicrobiallvagehts énd transcriptomic analysis can help identify ‘me'tabolicvprocesses
_ affected by AM Ps which may be beneficial |n u'nderstand‘ing their meﬁhanism of ac’;ion.
The main objective of this chaptér is to identify differentially ex’bressed geﬁés
.following eXposuré of E.'vcoli to Smp24 and Smp43 as a model for pa’fhogenic Gram -
negatiVé bacteria. A }génbme-Wide vph.enotypic profiling o.f.Smp peptide sensitivity in
the KEIO collection str'éin's of E. coli single gene knockout mut’anté Was._car'ri‘ed out to
a‘ddresvs thé effect of deletion of some highly differentially exp}essed genes identi_ﬁed

by microarray.
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5.2 Method Summary

Bacteria were cultured overnight at 37°C in Muller Hinton broth, MICs and
subinhibitory concentrations were determined by serial microdilution methods. Total
RNA was extracted, then assessed for its concentration, purity and integrity. RNA was
labelled with Cyanine 3-CTP (Cy3) dye and the complimentary RNA (cRNA) was
amplified and Cy3 specific activity was quantified. The labelled cRNA was loaded onto a
gasket slide and assembled on the microarray slide, which contains s x 15K whole E
coli K12 oligo arrays. After hybridization, slides were disassembled, and then scanned
using an Agilent C Microarray Scanner (Agilent, Wokingham, UK). All samples were
tested in duplicate on each of two separate arrays We analysed the changes in gene
expression of E coli to sub-inhibitory doses of the Smp24 and Smp43 peptides and
polymyxin B as a positive control using Agilent GeneSpring GX software (version 13.1).
In order to identify genes that affect the susceptibility of E colito Smp peptides, the
Keio collection of knockout mutants of differentially regulated genes were screened
against Smp24 and Smp43. TagMan RT-PCR primers were used as a reference to
evaluate the accuracy of expression from microarray in three experiments for four
genes identified through keio collection screening (two upregulated genes, fepA and

fiu and two down regulated genes, fdnG and proB).
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5.3 Results
5.3.1 Determination of subinhibitory concentrations

in order tp .s>tud‘y gene expression patterﬁs in reéponsé to Smp peptides, E. coli
célls were- ~exposed ‘to subinhibitory _co'ncentrations.‘ df tested .peptides.,
Subinhibitory concentrations sﬁm’qlate batterial ada‘ptativon to different strésse_s,
including antim_icrbbia_l effects. These concentrations éﬁect cellular_physiology ahd
genetic‘expvression profilés which can assist iﬁ th_é jdentificatioﬁ Qf'tﬁe.mode of action

of Smp péptides.

Killing cgiives Were perfofme_d to identify 'su‘E.)ihhibitory cohfcentrations of‘Smpv24,
. sm'p43‘~ and Polymyxih B a.g‘ainst E. coli; Subjinhibitobry concéntrafighs were
determined és concentrations that induce a measurable stress res.ponvs'e without
" totally iﬁhibitiné th_égrowth of E. coli oVer four to ﬁvé hoﬁf ti.me periOds when
compared with 'untr'eat.ed cells. Subinhibitor}y Smp pept_iv.de‘ con’centratfdns'ranged _
from a concentration of zero to the MiC. It wa§ observed that the grth_h of E. céli
was reduced at Smp2..4,>Smp43, and quymyxin B concentvrationsiio‘f 12, 7 aﬁd 0.18

' lig/ml respectively (Figure 5.1).
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-.- Untr_eated E.coli
- Smp24 12 pg/ml
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-0~ Untreated E. coli
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Log OD A;qg

10.01

Hours

-o- Untreated Ecoli
& Polymyxin B 0.24 pg/ml

LogOD Aggp

0.01

Hours

_Flgure 5. 1 Growth of E. coli K12. Treatment with Smp24 at concentration of 12 ug/ml (A), Smp43
o7 ug/ml (B) and Polymyxyln B 0.24 pg/ml (C). -
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5.3.2 Pre-microarray analysis quality control

Before carrying out the microarray experiment, the quality and purity of the
extracted RNA samples were assessed by the NanoDrop spectrophotometer (Figure
5.2) then confirmed by the Agilent 2100 Bioanalyzer (Figure 5.3). All the tested
samples were of a highly pure and un-degraded RNA. The QC reports of the Agilent
Feature Extraction Software showed a good quality hybridisation represented by
the level and distribution of the detected signals (Figure 5.4), and the Spike-In

Linearity Plot reflects the accuracy and reproducibility of the probes signals (Figure

5.5).
Re-blank Print Screen Recording Measurement complete 9/12/2014 10:55 AM
Measure .
Blank Print Report Show Report User Ottilie
Overlay control Clear graph each Sample Sample Type
1.60
1.40 Sample ID
1.20
Sample #
S 0.80
Abs. 0784
0.60
A-260 10 mm path  1.5-18
A-280 10 mm path
0.20
260/280 2.20
0.00
260/230 1.98
017

Wavelength nm ng/uL 61.9

3.5.2 BB749 0.03/112/24

Figure 5.2 Nanodrop spectrophotometer analysis for RNA extracted from E coli untreated at
260 nm. The concentration is shown is 61.9 ng/pl. 260/280 ratio is 2.2 and 260/230 ratio is
1.98.
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Figure 5.3 Representative electropherogram for total RNA sample using the Agilent
Bioanalyzer of E coli untreated. The electropherogram peaks include 16S rRNA (16S), and 23S
rRNA (23S). Peak intensities are shown as fluorescence units (FU). (Inset: Instrument software

generated 'virtual gel 'pattern). The RIN value is indicated.
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Figure 5.4 Representative histogram of microarray signal plot of E coli treated with
a sub lethal dose of Smp43. Following subtraction of the background intensity, FE
software plots the number of spots against the log of the processed signal to create a
Histogram of Signals Plot. A bell-shape confirms a normal distribution of the (Cy3)

signals intensity across the array.
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Figure 5.5 Representative Agilent Spike-In QC Report of E.coli
treated by sub lethal dose of Smp43. Log (Signal) versus Log
(Relative Concentration) Plot. Spike-in Linearity Plot shows the
linear increase in the detection level from the lowest detection
limit up to the optimal saturation point using the detection levels
of the serially diluted spike-in internal positive controls. Small
error bars occurs when the signal level is close to the saturation
point, while more visible error bars indicate that the signal is close
to the background noise. FE extracted data are considered reliable
when falling within the signal range, while the signal increases

linearly with the concentration of the target.
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5.3.3 Microarray gene éxpression analysis

Analysis of réw data'started' with importing "txt" data'files generated by the Feature
‘Ext_raction software into Agilent 'Ge'neSprinvg software followed by an automatic
Cbmputing Of the 75‘“ percentilé-shift normalisation. In order to identify genes that
. Wére differe’ntially expressed due to the _pfesence of Smp peptides in E. coli three
’different peptides were used for the transcri‘ptome analysis: Smp24, Smp43 .énd
| polymyxin B.‘Po'lyr.nyxi'n k'B was chosen as a well characterised AMP positi\)g control.
Samplés forvtrénscrip‘tbme anal'ys‘eswére collected from bacterial cultures treated with
sublethal conclentrat’io"ns of AMPs and were corhpafed with control samples without
béptide_ .trea‘tmént. All genes with at least ‘a_ -two-fold changé in expression in fwo

"independent arbray experiments with two replicates were recorded (Figure 5,_6)

139



log2(Fold change)

Select pair  [Treated] Vs [Untreated]

Figure 5.6 Gene expression of E coli treated by a subinhibitory
concentration of Smp43. Volcano plot in Genespringl3.1 with P-
values and intensity ratios (treated versus untreated) as log-
scaled axes. Significant differences at p < 0.05 with >2-fold
intensity ratios are shown. Red dots indicate significantly
differentially expressed transcripts; upregulated (right) and down

regulated (left).
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In total, 313 significantly differentially expressed transcripts were identified,

distributed over the three comparisons of each peptide against the inhibitor-free

control. Comparing Smp24 treatment with the control revealed 130 differentially

expressed transcripts (109 coding for known RefSeq genes), Smp43 induced 84

differentially expressed transcripts (68 known), and polymyxin B induced 99

differentially expressed transcripts (76 known). The 25 most differentially expressed

genes for each peptide are listed in Table 5.1. We found that only 2 out of the 313

differentially expressed genes were common among all three treatments, and only 13

genes were common between Smp24 and Smp43 (Figure 5.7). Smp24 and polymyxin B

upregulated a large number of genes (48 and 18 respectively) compared with the

number of upregulated genes in response to Smp43 where there were only three. Ten

upregulated genes were induced commonly by Smp24 and polymyxin B and are listed

in Table 5.2. Forty-eight unique upregulated transcripts were identified for Smp24

treatment. While treatments with Smp43 and polymyxin B induced 3 and 18 unique

upregulated transcripts respectively (Figure 5.7).

There were also down regulated genes in the transcriptomes. Smp24, Smp43, and

polymyxin B decreased the expression of 56, 71 and 81 genes, respectively. There were

only two genes down-regulated commonly by all peptides. 13 of 153 genes were

commonly down regulated by Smp24 and Smp43 treatment as shown in Table 5.3

Also, Smp43 and polymyxin B share 38 out of 152 down regulated expressed

transcripts (25%) are listed in Table 5.4.
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Table 5.1 The most differéntially expressed gene lists folAIobwing exposure to Smp24, Smp43

and Polymyxin

Smp24

Upregulated

Down regulated

Gene Fold: Gene description
Symbdl Change ' |
CirA 56 outer membrane receptor for iron-regulated colicin | receptor
fepA- 40 Ferrienterobactin receptor precursor o _
fiu N 39 putative outer membrane receptor for iron transport3
“fepA 35 outer membrane receptor for ferrié enterobactin |
ybil 33 Probable tonB-dependent receptor ybil precursor
entC | 33 isochorismate hydroxymutase 2, enterochelin biosynthesis
ybdB 26 - | orf, hypothetical pirotein |
yde , 23 Hypothetical protein \}de
EC50636 . 20 hypothetical protein
‘entB , 19 2,3-di,hydro-2,3-d‘ihydrpxybenzovat'e synthetase '
" entA 18 ‘2,3-dihydfo-2,3-dihydroxybenzoate dehydrogenase
nrdl 19 orf, hypothetical protein - o
- entF 17 Enterobactinsynthetaée componéht F
narG -| . 45 nitrate reductase 1, alpha subuvn’vit
nava ‘27 nitrate redﬁctés’e’ 1, delta_ Subunif, assembly fun'ctioh
tdcF ‘ 24 orf, hypothetical_protein _
fdnG 11 formate d_ehyd}rbgenase-N, nitrafe-inducible, alpha subunit
ftnA 9 cyfoplasmic ferritin ‘ |
fdnl 9 ‘formate dehydrogenase-N, nitrate-induciblv,e ,cytocHrome B556 A
yeiT .8 putative dxidbreductasé | ;
fdnH 7 formate dehydrogenase-N, iron-sulfur befa Asub'unit' . v
- ygeC ."6 orf, hypothetical protein
A i/jjl 6 orf, hypothetical protein -
‘. SOXS | 5 regulation of superoxide response régulori '
ECs0981 | - 5 | anaerobic dimethyl sulfoxide redu‘ctavse subunit C

‘Continued
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Smp43 _

Gene Fold Gene description -
§ .. Symbol ' Change
L . '
) ' 1
g. flgG 3 flagellar biosynthes‘is, cell-distal portion of basal-body rod
> ubiH 2 2—octaprenyl-6-methoXyphenoI hyd_fokylése
‘Idcl 948 | transcriptional repressor of the Iac',oper'on
pepD 1372 | aminoacyl-histidine dipeptidase
betB 151 .'NAD+dependent betaine'aldehyde dehydrogenése '
frsA 111 orf, hypothetical protein [b0239]
'. gpt - - 109 guanine-hypoxanthine phosphoriboSyltransferaSe
SopA 100 ‘plasmid partitfoning protein »
- yagN .92 orf, hypothetical brdtein
fimC 88 _hypotheﬁtalprofeh1”
bétl - 87 probably transcriptional repressor of bet genes
86 cytotoxic protéin LetB . |
2 ‘ykgF 72 | orf, hypothetical protein
.8—% » ’69 SopB protein V
s yahK - 62 putative oxidoreductase .
a8 yka 54 | orf, hypothetical prot_éin -
lacZ 54 bet‘a-D-g‘aIactosidase
ccdB 52 pIasmAivd mbaivnteﬁaricé protein
gpt 50 Xaﬁthine-guanine phosphoribosyltransferase -
"harH 42 nitrate reductase 1, beta subunit '
narG - .39 nitrate reductase 1, alpha subunit
- proB -~ 37 gamma—glutamate kinase .
| yahN | 34 putative ﬁytochrome subunit of dehy.drogenase’ '
© ECs0346 31 putative transporter . | o
“ intF 30 putative phage integrase
ECs0360 30 “high-affinity choline transportv.
proB 29 gamma-glutamate kinase

Continued
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PolymyXinB S

Gene

Fold

Gene description
Symbol | Chafngeb '
cirA 39 outer nﬁenﬁbrane receptor for iron-regulated colicin | receptor
fépA 23 outer membrane receptor for ferric entérobactin A
iyde 18 - Hypothetical protein ybdB - o
-ybdB 17 orf, hypothetical protein
3 ECs0636 15 hypotheﬁcal protein
2
L : . ‘
: a:.f entF 14 | Enterobactinsynthetase component F
% entF 14 | ATP-dependent serine activating e'nzyme -
" entB 12 2,3-dihydro-2,3-dihydrobeenzoate synthetése,
entE 1 2,3-dihydroxyb’enzoate-AMP ligase '
yncE 10 | putative receptor.
' ybdB 10, _orf, hypothetical protein
‘ féoA 9 ferrous iron transport protéiﬁ A
 feoC 8 orf, hypotheticél protein
“acl | - 226 | transcriptional repressor of the lac operon
| frsA- 135 orf, hypotheticall hrotéin' , |
betB 127 NAD+-dependent betaine aldehydé d‘ehydrog’eAnase '
= gpt 117 guahine-hyboxanthine phbsphoribosyltransferasé -
g crl 109 tra nsbcri'ptional regulator of cryptic csgA gene
| betr 107 | high-affinity choline transport '
% fimC . 98 hypothetical protein
° pepD 94 aminoacyl-histidine dipeptidase
- yagN 94 orf, hypothetical protein -
| ~ sopA 90 plasmid partitioning protein
| sbbB 80 | plasmid partitioning protein
ykfB 71 orf, hypothetiéal protein
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Table 5.2 Upregulatéd transcripts induced commonly by Smp24 and Polymyxin B. '

Gene

. R Peptide (FC) . :
Transcript ID : Gene description
» " symbol Smp24 | Polymyxin B A _
A_07_P003540 cirA 55° 39 ferric iron-catecholate outer
' membrane transporter
-A_07_P016680 fepA 40 23 iron-enterobactin outer
| : membrane transporter
A_07_P044007 ybdB 26 19 hypothetical protein
A_07_P031332 ybdB’ 23 18 hypothetical protein
A_07_P054207 ECs0636 20 15 -hypothetical protein
A_07_P016731 entB 19 12 | isvochorismataseb
A 07 _P031313 entF 17 14 enterobactin synthase subunit F
| A_07_P016744 ybdB 14 10 . conserved protein
A_07_P009354 yncE 10 10 " conserved protein -
A_07_P002712 fhuA 5 . 5 ferrichrome outer membrane
‘ . transporter
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_Table 5.3 Down regulated transcripts induced commonly by Smp24 and Smp43

Gene

. o Peptide (FC) :
Transcript ID : . Gene description
_ " symbol Smp24 Smp43 o
A_07_P007073 narG 45 | 39 nitrate reductase 1, alpha subunit
A_07_P007083.' - narl .27 20 molybdenum-;ofactor-assembly
‘ | chaperone subunit (delta subunit)

_ of nitrate reductase 1

A_07_P009461 |  fdnG 11 8 formate dehydrogenase-N, alpha
: '  subunit, 'nitréte-induciblé'

| A_07_P009475 fdnl. 9 7 formate dehydrogenase-N,

' : cytochrorhe B556 (gamma)
' subunit, nitrate-inducible |

“A_07_P003491 yeiT 8 6 predicted oxidoreductase
A_O7_POOQ468 fdnH 7 5 form.ate déhydrogenase-N, Fe-S

“ - A ' _(beta) 3ubuhit,_nitrate-ihducible
A;07_P000799 : napC 5 4 nitrate redﬁctasé, cytochrome c- |
o - type, periplasmic

' A_07_P004926 dmsC 5 3 dimethyl sulfo*ide reduct.ase,'

. - | ‘ ~ anaerobic, sﬁbunitC »
A_O7_P036723 “hybA 5 3 hy'drogenase'z. protein HybA’v
A_07_P002090 hypC 4 4 protein required for maituration

| | of hydrogenases land3
A_07_P012100 hybD 3 3 predicted m'aturat_ion element for

' ' | 'hydrogena‘se 2
A_O7_P018368 f:fa 2 . 3 éycloprbpane fatty acyl
o phosphblipid'synt.hése
(dn.saturatéd-phospholipid
_ rﬁethYItransféras’e)

A_O?_PO41771 yhaV 2 } 3 Hypothetical proteinyhaV -
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Table 5.4 Down regulated genes induced commonly by Smp43 and polymyxin B

Gene Peptide (FC)
Gene description
symbol Smp43 polymyxin
betA 26 43 choline dehydrogenase, aflavoprotein
betB 151 127 betaine aldehyde dehydrogenase
betT 24 39 high-affinity choline transport
ccdA 15 26 plasmid maintenance protein
ccdB 52 44 High-affinity choline transport protein
codA 19 9 cytosine deaminase
fimC 88 98 hypothetical protein
ECS0346 29 44 putative transporter
ECs0360 30 28 high-affinity choline transport
frsA 111 135 orf, hypothetical protein
garR 15 15 putative dehydrogenase
QPt 50 51 Xanthine-guanine phosphoribosyltransferase
intF 30 42 putative phage integrase
lad 948 226 transcriptional repressor of the lac operon
lacY 26 41 galactoside permease
lacZ 54 67 beta-D-galactosidase
mhpR 20 21 transcriptional regulator for mhp operon
mmuM 25 40 putative enzyme
norG 39 9 nitrate reductase 1, alpha subunit
norH 42 12 nitrate reductase 1, beta subunit
pepD 372 94 aminoacyl-histidine dipeptidase
proB 37 38 gamma-glutamate kinase
SOpA 100 90 plasmid partitioning protein
yafY 23 18 putative transcriptional regulator LYSR-type
yogN 92 94 orf, hypothetical protein
yahB 12 18 putative transcriptional regulator LYSR-type
yahK 62 54 putative oxidoreductase
yahN 34 59 putative cytochrome subunit of dehydrogenase
yohO 17 27 orf, hypothetical protein
yeiT 6 4 putative oxidoreductase
ykifB 54 71 orf, hypothetical protein
ykgG 25 44 orf Unknown function

148



5.3.4 Analysis of expressed gene lists using DAVID bioinformatics resources

To determine the bacterial metabolic pathways which were significantly affected by

peptide exposure, the upregulated genes were submitted to the Database for

Annotation, Visualisation and Integrated Discovery (DAVID) analysis tool. Functional

annotation clustering (FAC) analysis of 48 upregulated genes in response to Smp24

treatment resulted in 9 enriched functional clusters under the medium stringency

option.

Siderophore biosynthetic processing and di - tri valent ion binding and transport were

the most biologically important gene groups with enrichment scores (ES) of 5.45 and

4.86 respectively (P < 0.05) for Smp24 (Figure 5.8A). FAC revealed four genes are

included in siderophore biosynthesis processing and thirteen genes were counted in

the second cluster of cation binding and transport functions. The remaining FAC

clusters of upregulated genes were dominated by genes of amino-acid biosynthesis,

magnesium ion binding, and nucleotide binding (chloride channels).

The majority (60%) of enriched clusters identified for polymyxin B upregulated genes

were similar to those clustered for Smp24 upregulated genes, both treatments share

clusters related to cation binding, siderophore biosynthesis and nucleotide binding

(Figure 5.8A). FAC analysis clustered the ten common upregulated genes in response

to Smp24 and Polymyxin B treatments in one enriched functional cluster including

mainly cation binding and transport processes under the medium stringency option

(ES= 3.82, p <0.05).

FAC analysis of 72 down regulated genes of Smp24 generated seven enriched clusters.

The highest enriched gene group was cellular respiration (ES= 10.11), followed by
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cation (iron) binding and transport (ES= 5.1). Some other clusters with lower ES were
mainly ‘related to cellular. respiration such ‘as electron transport and formaté

dehydrogenase (NAD+) activity. All of these clUster_s are shown in figure 5.8B.

Smp43 dow'n'.regUIatved genes were clustered into 14 enriched clusters, the highest two
- Cldsters were cellular réspirafion and catién (iron) binding, the same as identified for
- .Smp24 and the down regulated gené clusters are cellularrespiraﬁon 'anvd cation (irbh)
| bihding and trahsp.csrt Wfth vefy clos_e ES, 4.69 and 4.31 respectively, The next highest -
Smp43 down regulatéd_ bgene groups accdrding‘to ES values wére bost-Segregatidn
antitoxin Cch_, stress response, kelectron "transporvt thain, and some ofher' hefabolic »
‘ ;‘)a'thw‘ays_.b Cl'ustérs such a's post-segregation aﬁtftoxin CcdA (ES 3.84), Arginine’z.md’
.proline:met’abolism (ES 3..59); stress response (ES 3.21), cation binding '(ES i.99) , iron - | '
'vvsulfur cluéter bindjng (ES 1.4) and electron trans‘po‘rt chain (ES 1.1) were also identified

~ for polymyxin B down'_fegulated genes(Figure 5.88). -

. Interestingly, the biological processes of ‘cation bihding:,v cellular respiration, and
electron transport were the most affected processes in response to both Smp24 and

Smp43 treatments.
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Figure 5.8 DAVID Functional Annotation Clustering (FAC) analysis of
differentially expressed genes obtained by Microarray analysis of E coli
following exposures to subinhibitory concentrations of AMPs. A. Enriched
functional gene clusters for the 58 and 28 up-regulated genes of Smp24 and
Polymyxin B respectively. B. Enriched functional gene clusters for the 72, 81 and
71 down regulated genes of Smp24, Smp43 and polymyxin B respectively.

Significance is determined by corresponding enrichment scores.



In conclusion, microarray analysis of the E. céli response to Smp peptides compared
with the absence of pepf_ides has revealed seventy two genes were down-regulated by
Srhp24 and éighty one genes were down-régulated by Smp43.. Of these, thirteen
gehes we‘rve” down-regulated_ in commbn‘ and Were assbciafé_d wi}th bacterial
| respiratién."Forty eight genes We’re specifically up-régulated by Sﬁ1p24; tHese genes.
“were predominantly related to sideophdres biosynthe;is and tranAs'_p_ort és Wéll as

- cation transport, especially iron.

These gene lists has been interpreted using DAVID, gene clusters mainly assoc,i‘atéd
~with siderophore biosynthesis, cation transport, electron transport chain, cellular
respiration and oxidative stress responses were the most. biologically important

enriched gene groups.
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5.3.5 Screening the Kieo collection

The Keio collection is the most used genome-wide screens of E coli knockout strains.

This library includes singe gene deletions for 3,985 genes representing more than 90%

of the E coli K-12 genome. This analysis method has successfully been used as atool in

the last decade by screening mutant cells against antimicrobial agents to identify and

assess the most fundamental genetic variant or trait for antimicrobial mode of action

or bacterial resistance (Liu, Tran et ol. 2010, Audrain, Ferrieres et al. 2013, Stokes,

Davis et ol. 2014).

To characterise the genes that effectively contribute to the E coli response to Smp

peptides, a total of seventy nine strains from the Keio collection were tested for

Smp24 and Smp43 susceptibility, each of which have a single deletion of highly

differentially expressed genes of E coli identified by microarray analysis (Table 5.5).

The BW25113 parent strain of E coli was assayed first against concentrations of

Smp24 and Smp43 (0-512 pg/ml) to determine wild-type MIC (32 pg/ml). The

sensitivity profile of Smp24 was determined against thirty-eight single-gene knockouts.

Only fifteen mutants showed different MICs against Smp24 compared with the wild-

type strain. Ten mutant strains were more resistant to Smp24 and had an increased

MIC (64 pg/ml) with respect to the parent strain. The majority (> 75%) of these genes

(fiu, entC, entA, entB, entH, fepA and fhuA) are involved in the biosynthesis of

sideorphores and the transport of ions. Also, the deletion of the protein binding gene

fim C increased resistance to Smp24. Moreover, the mutant cell of tatE, a component

of TatABCE protein export complex, exhibited resistance to Smp24 (Table 5.6).
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Knocking out genes sodB,fdnG, ycgK, soxS and ccmB resulted in cellular sensitivity to

Smp24 with a one fold decrease in the MIC compared with the wild type strain. Two of

these genes sodB and soxS play an important role in bacterial protection from

superoxide; however fdnG and ccmB are involved in the nitrate reduction process

during anaerobic respiration (Table 5.7).

Forty one strains from the Keio knockouts were tested for Smp43 susceptibility. Only

nine mutants displayed different MICs against Smp43. The single deletion mutants of

the genes nopC, garK, fdnG, dsmA, hypA and fdnH which are involved in anaerobic

respiration and oxidoreductase gene ubiH, implicated in response to oxidative stress,

exhibited increases in susceptibility to Smp43 (16 pg/ml) (Table 5.7). Two strains

showed increased resistance, one of these carried a deletion of proB, a gene that has a

function in magnesium ion binding and kinase activity. While the other resistant strain

has a deletion of ykfB which is an uncharacterised 'hypothetical' gene (Table 5.6).

Eight genes (ihfB, uxuR, hcoT, cysG, ugpQ, idnT, yghB and pbpC) which  were not

differentially expressed were randomly selected to assess single gene deletion effect

on the susceptibility of E colito Smp peptides as experimental controls; all showed the

same MIC for Smp peptides when compared with the wild type strain.
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Table 5.5 MICs for Smp peptide aginst Keio strains compared with the wild type strain
(Smp24 and Smp43 MIC= 32 pug/ml) -

Smp24 (ug/ml) Smp43 (ug/mi)

. Strain | MIC | Strain | MIC Strain | MIC | Strain | MIC -

AFiu 64 Ayjjv 64 | AbetA 32 . AnapC 16

DentC 64 AsodB 16 32 AnarG 32

, | AQbetB
AybdB 64  DhybA 32 | Bbetl 32 AnarH 32
| AgntA 64 - AfdnH - 32 AbetT . 32 Anarl 32
NentB 64 AimC . 64 | Ao 32 ApepD 3
AcirA .32 § Adtqs 32 AcodA - 32 Ap‘roB‘ ‘>32
bnrdl 32 AfdnG 16 | AdmsA | 16 »Apr(po 32
AnrdE - 32 Aintf o NfdnG 16 BprpC 32
CdemtF 32 MgbiX 32 | MfdnH 16 AprD 32 |
MepA 64  Aykgl 32 | afge 32 DubiH 16
Ayn.cE 32 ayegk 16 | afrsa 32 ayafy 32 |
AfhuB 32 dccmB 16 Agark 16 AyagN 32
BnrdF 32 ofldB 32 | AgarR Y Ayagv 32
AfhuA 64 AdmsC 32 | Agpt 32 Ayah) 32
MotE 64 AhypC 32 | AhypA 16 AyahK - 32
Ml 32 Ahyp_o 32 | aintF 32 Ayaho 32
MiH 32 Anfo 32 Mol 32 DykfB > 32
AbioD 32 MynfF . 32 | MacY 32 AyfC 32 |
AsoxS 16 AygeC 32 'AmhpR 32 AykéF | 32
| . | ammum 32 AykgG - 32

AnapB 32
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Table 5.6 Mutant strains with increased resistance to Smp24 and Smp43

biosynthesis

' S Gene
| Peptide Functional Group Gene Function ’
' - knockout
Putative outer membrane receptor i
. o iu
" foriron transport - :
Outer membrane receptor for ferric
' : fepA
_enterobactin :
Outer membrane :
. » fhuA
-ferrichrometransport system-. ‘
| Siderophores transport : _ '
o ' Isochorismate synthase entC
, and biosynthesis : .
4 : 2,3-Dihydro-2,3-dihydroxybenzoate _
A (RN L entA
g. _ dehydrogenase
“ 2,3-dihydro-2,3-dihydroxybenzoate -
, ' - C entB
synthase; Asochorismatase’ . :
thioesterase required for efficient | S
_ _ - ybdB (entH).
» _enterobactin production - ‘ :
Protein transporter- Component bf TatABCE protein
o ' , tatE.
activity export complex ; Protein translocase S
" Nuclease activity _Putative DNase (nuclease activity) yijlv
Protein binding Periplasmic chaperone fimC
Unknown Function Unknown Function ykfB
o A .
<
g-: ‘ v Glutamate 5-kinase, proline
& Magnesium ion binding ‘ '

 proB
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_ Table 5.7 Mutant strains with increased susceptibilvity to Smp24 and Smp43

) : . Gene
Peptide Functional Group Gene Function
: knockout
Global transcription regulator for
o i soxS
Oxidative stress superoxide response :
res'ponse ‘Superoxide dismutase; response to
' sodB
_ oxidative stress
< : ,
'g. - Formate dehydrogenase-N " fdnG
@ : Heme exporter
Anaerobic respiration o ‘
S subunit;cytochrome c biogenesis ccmB
_ sy'stém | .
‘Unknown Function’ Unknown Function - yegk
Oxidative stress 2-octaprenyl-6-methoxyphenol Y
g : ' ubiH
" response hydroxylase -
Dimethyl sulfoxide reductase dmsA
Formate dehydrogenase-N fdnH
@ Metal ion binding - hypA
-y - >
: UE, ' A Quinol dehydrogenase; electron
Anaerobic respiration ‘ : , o
: source for NapAB; Cytochrome c- - napC -
type protein (é_lectron carrier) .
| Formate dehydrogenase-N fdnG
Glycerate kinase gark
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5.3.6 Real Time PCR

Prior to performing a RT-PCR analysis, the quality of the extracted RNA was assessed

using the NanoDrop spectrophotometer. Only RNA samples with A260/280 and

A260/230 > 1.9 were used for DNA preparation and RT-PCR analysis. RT-PCR analysis

was performed on four selected genes identified in the microarray analysis. The

selected genes were differentially expressed following E coli responses to either

Smp24 or Smp43 as determined from Keio collection screening. Two upregulated

genes selected for RT-PCR were related to siderophore transport functions; flu is an

outer membrane siderophore receptor for iron transport and fepA is an outer

membrane receptor for siderophores. The two down regulated genes chosen for

revalidation are proB, involved in magnesium ion binding in proline biosynthesis, and

fdnG, which has metal (iron and selenium) binding functions and is involved in electron

carrier activity in anaerobic respiration. Validation of the microarray data by RT-PCR

analysis showed that the expression of most of the assayed genes in cells treated by

Smp24 were comparable with the microarray analysis (Figure 5.9 and Figure 5.10).
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Figure 5.9 RT-PCR analysis of the relative mRNA expressidn levels of selected

} uprégﬁlated genes in polymyxin B, Smp24 and Sm>p43 treated E. coli when

compared with an untreated control. A: shows relative mRNA the expression of

fepA among the different treatments, table inset shows the eXpression patterh of -

the gene by microarray. B: represents the relative expressi'o'n of fiu among

- different tréétments, table inset shows the expression pattern of the gene by

micr’oarray; Data are expressed as the meanSE. S_tatisﬁcal analysis was performed -

by the KruskaI-Wallis test. *Significant P <0.05. **Signifi;ﬁant"P <0.01. -

. ***Significant P <0.001.
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>

Expression pattern of fdnG by Microarray
Gene Peptide (FC)
symbol | Control PolymyxinB | Smp24 | Smp43
fdnG 1 nd -11 -2

fdnG relative expression level

n.d. not differentially expressed

Expression pattern of pro8 by Microarray -

B _ Gene Peptide (FC)
- o ' % symbol | Control | PolymyxinB | Smp24 | 'Smp43
8 - ' . ‘proB. 1 -37 n.d. 5

-proB relative expression level

n.d. not differentially expressed

, jFigure_s.lo RT-PCR analysis of the relative 'mRNA ekpressibn ‘levels of
seléctgd down regulated genes in polymyxin B, Smp24 .and Smp43 treated
E. coli whén compared wifh an untreated control. A: shows. the relative
_ mRNA expression of fdnG éfnong the different treatments,'table inset shoWs
the.vexpression patterh of the gene by microarray. B:'represéhts the relative
expression of proB among different treatments, '_tablé inset' shows the

. expression pattern of the gehe by microarray. Data are expressed as the

meantSE * P<0.05 vs. untreated control cells. Statistical anély‘sis was

performed by the Kruskal-Wallis-test. *ngnificanf P <0.05. **Significant P

1 <0.01. ***Significant P <0.001.
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5.4 Discussion

Prior to this study there was no data regarding the interaction of Smp peptides and live

bacterial membranes in living cells. The mechanism of action of Smp peptides against

synthetic prokaryotic membranes models have been investigated before using

liposome leakage assays, AFM and QCM-D and revealed that Smp24 induced pore

formation in synthetic membrane models causing lipid segregation (Harrison, Heath et

al. 2016).

In our study, transcriptomic responses of E colito subinhibitory concentrations of Smp

peptides was analysed using DNA microarray. DNA microarray has been used to

provide insights into the mode of action of AMPs and AMP-resistance mechanisms to

understand how bacteria respond to AMPs. Antimicrobials at subinhibitory

concentrations may act as stress inducers or signalling molecules that induce the

expression of specific genes that help in understanding the mechanism of action of

many antimicrobial agents (Linares, Gustafsson et al. 2006, Bernier, Surette 2007,

Fajardo, Martinez 2008, Xu 2016).

Overall, the results of our microarray analysis correlated well with RT-PCR results,

indicating accurate detection of the differentially expressed genes by microarray from

atotal of twelve comparisons (four genes x three treatments). RT-PCR analysis showed

that the selected down regulated genes in Smp43 treated cells showed a significant

change in their expression as they exhibited lower expression than untreated cells.

fepA was overexpressed in Smp24 and polymyxin B treated cells as exhibited in the

microarray analysis and RT-PCR analysis. Some differences between microarray and

RT-PCR have been observed, however. For example, fepA was significantly
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overexpressed in Smp43 treated cells compared with control cells when analysed by

RT-PCR, while the microarray analysis for this upregulated gene showed no significant

expression in Smp43 treated cells (p>0.05). This type of variation is often seen

between microarray and RT-PCR data. This disagreement may refer to the differences

between the two methodological procedures such as the dyes or primer sets. Also, the

variability of normalisation between both analyses has a great impact on this

disagreement. Agilent One-Colour Microarray-based Gene Expression Analysis

undergoes global normalisation which includes transforming all microarray intensity

values below 1to 1 and then dividing by the median of all intensity values. This is in

contrast to RT-PCR which uses housekeeping genes as a reference point for

normalisation which may contribute to the lower correlations between microarray and

RT-PCR results (Etienne, Meyer et al. 2004, Morey, Ryan et al. 2006).

The data in our study clearly demonstrate that E coli exhibits transcriptional

differences in response to sublethal concentrations of Smp24 and Smp43. Most

identified differentially expressed genes in our study responding to Smp peptides

stress were genes that have been reported with increased expression during

siderophore biosynthesis and cation binding and transport. Also, genes implicated in

antioxidant responses and anaerobic respiration were prominent amongst the

differentiated genes responding to Smp peptides.

In order to increase iron uptake, bacteria synthesise siderophores to chelate ferric iron

and make complexes (Vassiliadis, Peduzzi et al. 2007). In the present study, entC, entA,

entB, entF and entH were upregulated in response to Smp24 stress. The ent gene

cluster encode proteins related to the biosynthesis of enterobactin (Fischbach, Lin et

al. 2006, Miethke, Marahiel 2007, Salvail, Lanthier-Bourbonnais et al. 2010).
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Siderophore ferric complexes will cross Gram negative bacteria outer membrane

through specific receptors and are translocated to the cytoplasm by inner membrane

transporter proteins to deliver iron (Vassiliadis, Peduzzi et al. 2007, Stintzi, Barnes et

al. 2000). The microarray analysis of E coli responses to a sublethal dose of Smp24

revealed that four genes encoding these types of receptors (fiu, fepA, cirA and fhuA)

were found to be significantly overexpressed compared with untreated cells. Also, the

siderophore transporter fepC was upregulated.

Siderophore biosynthesis is regulated by the ferric uptake regulator (Fur) system, as
Fur cluster genes repress the siderophore biosynthesis according to the availability of
Iron (Crosa, Walsh 2002, Dale, Doherty-Kirby et al. 2004). Also Fur has roles in cellular
oxidative stress defence such as activation of superoxide dismutase sodB which is
involved in oxidative stress response (Zhang, Ding et al. 2012, da Silva Neto, Braz et al.
2009). Fur is regulated by the oxidative stress response regulon soxS (Pomposiello,
Bennik et al. 2001). The microarray data revealed both soxS and sodB were
significantly down regulated in response to Smp24 treatment. The down regulation of
these oxidative stress response genes leads directly to lower resistance to oxidative
stress. Additional evidence comes from the susceptibility testing of Keio mutants which
support these findings by showing that the deletion of genes sodB or soxS resulted in
increased cellular sensitivity to Smp24 compared with the wild type strain. The
deletion of oxidative response gene ubiH generated higher susceptibility than seen in
the parent stain. Accordingly, Smp peptides may induce oxidative stress causing cell

death.

These results are in good agreement with other recent studies which have shown the

production and upregulation of siderophores in response to oxidative stress (Chen,
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Yang et al. 2014, Ruiz, Bernar et al. 2015). Particularly, enterobactin plays an important
role in the reduction of the oxidative stress in E coli. Enterobactin is hydrolysed to
release iron which is essential for the activities of antioxidants and the hydrolysed
enterobactin can scavenge radicals directly (Eisendle, Schrettl et al. 2006, Chung 2012,
Adler, Corbalan et al. 2014, Achard, Chen et al. 2013). However, both iron deficiency
and excess free iron can induce oxidative stress (Fernaeus, Land 2005, Galaris,
Pantopoulos 2008). Siderophores can act as a source of hydrogen atoms and efficiently
terminate radical chain reactions (Povie, Guillaume, et al.2010). Our findings suggest
that an imbalance in iron homeostasis and oxidative stress might be involved in E coli
response to Smp peptide treatment. These suggestions are consistent with other
antimicrobial peptides in the literature which induce oxidative stress, such as microcin
J25 which increase the production of reactive oxygen species and is recognised by the
siderophore outer membrane receptor FhuA (Destoumieux-Garzon, Duquesne et al.
2005, Mathavan, Zirah et al. 2014). Interestingly, the microarray analysis of the
transcriptomic response of E coli exposed to Smp24 revealed the significant
upregulation of fhuA. Polymyxin B can also produce reactive oxygen species (ROS)
when it enters Gram negative bacterial membranes. The induced ROS by polymyxin B
such as H20:2 affects iron homeostasis by oxidising Fe2 to Fe3+ through the Fenton

reaction (Sampson, Liu et al. 2012, Yu, Qin et al. 2015).

A recent study (Dong et al., 2015) has reported that the treatment of E coli with
polymyxin B induce a 35-fold increase in soxS expression level compared with the
untreated strain (Dong, Dong et al. 2015). Similarly, our microarray data analysis
revealed that soxS is down regulated when E coli was stressed by subinhibitory

concentrations of polymyxin B. Furthermore, polymyxin B induced the upregulation of
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genes that encode siderophore receptors (fepA, fhuA, and cirA), siderophores

biosynthesis (entF, entB, and entE) and iron transporters proteins [feoB, feoA and

feoC), similar to the E coli response to Smp24.These finding agree with other studies

which have shown that mutants of some siderophore biosynthesis and receptor genes

such as fiu, fepA, fhuE cirA, fhuA, entA, entB, entC, entD, entE, feoA, feoC and feoB

have a higher resistance to polymyxin Bthan wild type strains (Barrios 2013, Guo, Nair

etal 2011).

Production of ROS leads to inactivation of Fe -S clusters which are involved in many
cellular functions such as respiration (Ayala-Castro, Saini et al. 2008). 4Fe-4S Fes
protein is required for iron release from the ferric siderophore complex, therefore Fe-S
inactivation leads to a loss iron which results in ROS detoxication deficiencies (Li, Wang
et al. 2016). Our Functional Annotation Clustering (FAC) analysis results showed that
the Fe-S cluster was significantly down regulated in response to both Smp peptides
treatments. These findings also support the theory that the mechanism of action of
Smp peptides may involve oxidative stress. In addition, the susceptibility assay of the
Keio collection against Smp peptides revealed that knockout mutants of genes related
to oxidative stress response showed a marginally higher level of sensitivity to either

Smp24 or Smp43 compared with the parent strain.

The oxidative stress that causes inactivation of Fe-S clusters which are important

components of many proteins involved in anaerobic respirations such as DmsA, FdnH,

FdnG and NapC (Jormakka, Tornroth et al. 2002, Tang, Rothery et al. 2011).These facts

are amongst likely explanations of the highly significant down regulation of anaerobic

related genes following exposure to sublethal doses of both Smp peptides. Also, the

screening of some mutant strains from the Keio collection such as dmsA, fdnH, fdnG
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and nope) against Smp peptides revealed that deletions of genes related to anaerobic

respiration results in slightly decreased MIC for either Smp24 or Smp43 compared with

the parent strain.

Gene clusters mainly related to the electron transport chain and cellular respiration

were found to be highly significantly enriched as revealed by FAC analysis of down

regulated genes in response to Smp24, Smp43 and polymyxin B treatments.

Disruptions in the electron transport chain which have been reported before for

polymyxin treatment in £ coli enhance oxidative stress by producing ROS (Sampson,

Liu et al. 2012). In addition, polymyxin B has the ability to inhibit some respiratory

enzymes such as alternative NADH dehydrogenase, quinone oxidoreductase and type |l

NADH-quinone oxidoreductases (NDH-2) (Deris, Akter et al. 2014). Consistently, other

reports have found increases in the transcriptional levels of similar genes involved in

envelope and oxidative stress responses for polymyxin treated bacteria (Sikora,

Beyhan et al. 2009a, Ramos, Custodio et al. 2016).

The role of siderophores in enhancing the antibacterial activity of some antibiotics has

been recently investigated. Some antibiotics such as albomycin and salmycin are linked

naturally to siderophores to facilitate their delivery to the cell through iron uptake

pathways, known as the Trojan Horse' strategy. These siderophore-antibiotic

conjugates are called sideromycin which consists of a siderophore, a peptide linker,

and an antibiotic (Braun, Pramanik et al. 2009, Wencewicz, Long et al. 2013, Ferguson,

Coulton et al. 2000).

Siderophore uptake pathway is one of the most exploitable biological pathways in

bacteria to help antibiotics reach their cytoplasmic target. This strategy has been
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applied to increase susceptibility to antibiotics by avoiding or limiting the exposure of

antibiotics to resistance mechanisms providing an opportunity to recycle old

antibiotics rendered useless by resistance (Wencewicz, Long et al. 2013). The

antibacterial activity of [3-lactam antibiotics such as ampicillin and amoxicillin has been

investigated when bound to siderophores, the conjugates exhibited high antibacterial

activity compared with parent drugs (Ghosh, Ghosh et al. 1996, Kinzel, Tappe et al.

1998, Ji, Miller et al. 2012) (Ji, Cheng, 2012).

The potential uptake of Smp peptides by siderophores receptors has been supported
by assaying the susceptibility of Smp24 against single-gene knockout mutants of E coli
(Keio collection). Knockout mutants of genes from the Ent gene cluster (AentB, AentH,
AentC and AentA) and iron-regulated outer membrane receptors (AfepA, Afiu, and
AfhuA) showed a marginally higher level of resistance to Smp24 compared with the
parent strain. Also, the antibacterial activity of the modified form of microcin E492, a
pore-forming antimicrobial peptide, is mediated by enterobactin outer membrane
receptors such as FepA, Cir and Fiu. MccE492m is an 84 amino acid long first peptide
isolated from Klebsiella pneumonaie. It was post-translationally modified by binding
the C-terminal serine residue to a siderophore molecule via an ester linkage to form
conjugates with enterobactin with a broader spectrum of antibacterial activity
(Thomas, Destoumieux-Garzon et al. 2004, Destoumieux-Garzon, Peduzzi et al. 2006,
Nolan, Fischbach et al. 2007, Raines, Moroz et al. 2016). Microcins are rich in serine
and glycine residues with a conserved serine-rich C- terminus (Vassiliadis,
Destoumieux-Garzon etal. 2010). Both Smp24 and Smp43 have serine residues in their
C-terminal tail, and are rich in serine and glycine amino acids that may enhance its

binding to siderophores to form Smp24 - siderophore conjugates, that facilitate their
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delivery inside the bacterial cell leading to cell death. Similarly, sideromycins such as

albomycin binds to siderophores through a serine residue (Zeng, Roy et al. 2009, Zeng,

Kulkarni et al. 2012). Moreover, most siderphores have a backbone based on serine

and glycine residues (Zheng, Bullock et al. 2012). Siderophore receptors are amongst

bacterial membrane targets that have been suggested to recognise AMPs (Thomas,

Destoumieux-Garzon et al. 2004).

Despite their roles in iron transport, siderophores may act as a metallophores for a

variety of other metals and play a crucial role in the protection of bacteria from

oxidative stress. Some sideophores have the ability to scavenge radicals through

prevention of the Fenton reaction by chelating iron (Johnstone, Nolan 2015, Peralta,

Adler et al. 2016). AMPs promote the generation of ROS and induce plasma membrane

disruption which may contribute to cell death (Oyinloye, Adenowo et al. 2015).

Some AMPs exert their effects through alternative modes of action and may in fact act

upon multiple targets, however, the activities of AMPs are mainly dependent upon

direct interaction with the bacterial cell membrane (Jenssen, Hamill et al. 2006).

In conclusion, the microarray analysis of Smp treated E coli revealed some similar

gene induction patterns with polymyxin b but also some distinctly different ones. The

upregulation of siderophore biosynthesis, cation transport and oxidative stress

response genes may increase sensitivity of E colito both Smp peptides, demonstrated

by deletion of these upregulated genes, point to the role of oxidative stress in the

inhibitory effect of Smp peptides against E coli. This should be verified biochemically

in future studies.
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6 Influence of cations on antimicrobial activity of Smp24

 against Escherichia coli.

169



6.1 Introduction

Electrostatic binding is key to AMP interaction with the negatively charged molecules

of bacterial cell membrane. Such interactions between AMPs and the phospholipid

headgroups and other negatively charged molecules at numerous sites covering the

surface of bacteria are the initial driving force for AMPs mode of action (Berglund,

Piggot et al. 2015). A result of the electrostatic interaction is positively charged AMPs

destabilise bacterial membranes by interacting with negatively charged structures,

which displace or release divalent cations from the bacterial membrane leading to its

disruption (Hyldgaard, Mygind et al. 2014, Mojsoska, Jenssen 2015).

Cations are essential components of the bacterial cell membrane, they are also

necessary for a range of metabolic processes. Divalent ions such as Mg2+ and Ca2+

electrostatically cross-link and stabilise the LPS and teichoic acids which are major

anionic components of Gram negative and Gram positive bacterial cell membranes

(Baddiley, Hancock et al. 1973, Thomas lll, Rice 2014, Arunmanee, Pathania et al.

2016). These negatively charged molecules represent the first targets of cationic

AMPs leading to their antibacterial effects (Sun, Shang 2015, Malanovic, Lohner

2016). However, the attachment of cations to LPS and teichoic acids increases the

rigidity of bacterial membranes and decreases or neutralises their negative charges

reducing their affinity for the cationic AMPs (Hughes, Hancock et al. 1973, Sahalan,

Aziz et al. 2013). Therefore, removal of these ions or their displacement by cationic

AMPs from their relative binding sites facilitates the binding of the peptide leading to

permeability of the outer membrane, potentially leading to cytoplasmic access to the
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AMP which is defined as the self-promoted uptake model (Giuliani, Pirri et al. 2007,

Laverty, Gorman et al. 2011).

A number of studies have shown that polymyxin B is taken up by the self-promoted
uptake route by displacing divalent cations from their binding sites in the LPS
molecules in order to release the LPS component from the bacterial surface leading
to membrane disruption and subsequent cell death (Sahalan, Aziz et al. 2013). The
role of divalent cations in the antibacterial action of polymyxin B has been widely
studied against a wide range of Gram negative bacteria. For instance, it was found
that Ca2+ and Mg2+ at 20 mM protect the outer membrane of some Pseudomonas
strains from the inhibitory damage caused by polymyxin B at 25mg/ml (Chen,
Feingold 1972). Furthermore, polymyxin B-induced leakage of the outer and inner
membrane enzymes ((3-lactamase and (3-galactosidase) from E coli was significantly

reduced (2 to 3 folds) in the presence of Mg2+and Ca2t(Sahalan, Aziz et al. 2013).

Increasing the concentration of divalent cations reduced or inhibited the activity of
several cationic peptides against Gram negative bacteria such as Human @defensin 2
(Tomita, Hitomi et al. 2000), ostricacins ((3-defensins AMPs) (Sugiarto, Yu 2007) and
thanatin (insect defence peptide) (Wu, Ding et al. 2008). It is thought that basic
residues of the peptides are likely to compete with the cations for the same binding
sites in the lipid head group region (Kandasamy, Larson 2006). The effect of cations
on MICs against E coli was studied by determining MICs at increased concentrations
of monovalent and divalent cations. Treatment with divalent cations (Mg2+and Ca2+)
at IOmM inhibited the bactericidal activities of three cathelicidin peptides

significantly against E coli. All three of the test peptides had MICs that were higher
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in presence of monovalent cations (Na+and K+) than in the absence of these cations.

These findings indicate that these peptides appear to be ineffective at high salt

concentrations, that may limit the binding affinity of LPS to these cationic peptides

which negatively affected their bactericidal activities (Anderson, Yu 2005).

Bacteriocin peptide enterocin (Kumar, Srivastava 2011) and F12W-magainin 2

(Matsuzaki, Sugishita et al. 1999) induced no membrane permeabilisation in LPS-

containing liposomes in presence of some cations such as Mg2+ and Caz when

evaluated using the calcein leakage assay as the rigidity of the membrane was

increased which is probably due to cross-linking of adjacent LPS molecules with

these cations.

The sensitivity of some AMPs to high salt concentrations may limit their application

as pharmaceutical agents due to salt induced -inactivation in vivo (Yu, Tu et al. 2011).

Several strategies were developed to increase the salt tolerance of AMPs such as the

incorporation of arginine residues at the C-terminal end of synthetic defensins which

overcame the salt-resistance effect by increasing peptide cationic net charge which

improved electrostatic interaction between the peptide and the anionic bacterial

membranes (Li, Saravanan et al. 2013). Further several short amphipathic helical

peptides with potent antimicrobial activities and salt-tolerant properties have been

designed more recently (Mohamed, Hammac et al. 2014, Mohanram, Bhattacharjya

2016).

Divalent metal cations increase the activity of anionic AMPs such as kappacin (an

AMP derived from bovine milk) (Dashper, O'Brien-Simpson et al. 2005) and DCD-1L

(an AMP derived from Human Sweat) (Paulmann, Arnold et al. 2012). Interestingly,
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daptomycin has potent antibacterial activity against Gram positive bacteria rather

than the Gram negative bacteria as the outer membrane of Gram negative bacteria

act as a barrier to daptomycin. The Gram positive cytoplasmic membrane has a

higher an anionic phospholipid content than that found in Gram negative

membranes (Streit, Jones et al. 2004, Randall, Mariner et al. 2013). The insertion of

daptomycin into the cytoplasmic membrane of Gram positive bacteria is mediated

by calcium ions causing depolarisation and leakage of some ions to induce cell death

(Steenbergen, Alder et al. 2005, Straus, Hancock 2006, Mascio, Alder et al

2007).NMR analysis of daptomycin in the presence of a 1:1 molar ratio of Ca+

suggested that calcium binds Trpl and Kynl3 residues on daptomycin in order to

enhance its oligomerization and amphipathicity leading to insertion into the

membrane and the formation of a micellar structure (Ho, Jung et al. 2008). These

findings were confirmed by CD spectra as the peptide showed significant

conformational change in the presence of 5 mM CaCh and PC/PG liposomes,

indicating that the binding of daptomycin to the negatively charged model

membrane is Ca2+dependent (Jung, Rozek et al. 2004).

X-ray photoelectron spectroscopy (XPS) is a surface sensitive analysis technique that

characterises and quantifies the elemental composition of surfaces of solid

materials. XPS has been used in the last decade to provide insights about the

variation of bacterial surface elemental composition at various conditions such as

over a range of pH values (Leone, Loring et al. 2006) and following Zn 2 exposure

(Ramstedt, Leone et al. 2014). XPS has been used to characterise the chemical

changes within ~10 nm of the surface in different E coli LPS mutants with a range
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of surface compositions. The analysis is able to detect proteins/peptidoglycan, lipids,

and polysaccharides which reveal the changes of LPS content between different

mutants that may help in explaining changes in surface hydrophobicity which play a

crucial role in protecting bacteria against antimicrobial agents (Ramstedt, Nakao et

al. 2011). These studies provided important surface compositional biochemical

information that can help in exploring molecular level processes at the bacterial

surfaces in response to external stimuli which may affect metabolic activity of the

cells leading to change of the composition of cell surface molecules. However, the

bacterial surface characterisation of elemental composition following the exposure

to AMPs has been not examined using XPS before.

The objective of this chapter is to gather information about increasing

concentrations of cations that may enhance or decrease the activity of Smp24 which

may explain the upregulation of cation binding genes in response to Smp24

treatment as revealed by microarray analysis. In addition, the influence of Smp24 on

the elemental composition of E coli surface was analysed using XPS in order to get

chemical information on the outermost portion of bacterial cells when treated by

Smp24 to provide other insights to help elucidate the mechanism of action of

Smp24.

6.2 Method Summary

The effect of salt concentration on the antimicrobial activity of Smp24 was tested by

determining the MICs against E coli at various cation concentrations. The surface

composition of E coli has monitored using XPS after 10 minutes of incubation with

Smp24 at 0 and 12 pg/ml.
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6.3 _Resﬁlts_
6.3.1 The antlmlcroblal activity of Smp24 against E. coli at dlfferent
concentratlons of cations.

-The bactericidal_activity' of Smp24 against E. coli was compared v'undier- various
* concentrations of ions by dbetermini_ng the MI-C ih a variety of chloride salts. One -
m.on_ovalent cation, Né" at concentrations of 0 to 24 mM and four divalent cations
Caz;' Mg?*, Fe?* and Mn?* whfvch we:re added at 0 to 3 mM. This concent_ratibn' range
" indicates ‘ekéess concentrations of cations vand doesn;t fepresent fhei; physiolo.gi_cal
con'centrati‘on's The MIC df Smp2b4 increased with incréésing the 'ionic‘strength of
| Ca**and Mg2+ Smp24 had an eight-fold increase in MIC at 3 mM of CaCl, and MgCIz
(p values were less than 0. 05) (Table 6.1). However, the act|v1ty of Smp24 was stable
at the highestic‘oncen‘t_ra‘iti()n used of NaCl. Also,_ no significant'differences‘ in the M-IC‘
of Smp24_we're. obtéined When detérmined fn the présehce Of.divalent cafidns Fvez+
and Mn?*. An increasé in Fe?* and Mn?* concentrations was shown to havé no effecf

on the growth rate or viébili_ty of E. coli.
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Table 6.1 The effect of increased cation concentration on the minimum inhibitory

concentration (MIC) of Smp24 against E coli.

Concentrations

Cations MIC (]ig/ml)
(mM)
No additional ions 0 32
3 32
Na+ 6 32
12 32
24 32
0.375 32
Ca2+ 0.75 64
1.5 128
3 256
0.375 64
Mg2+ 0.75 64
1.5 128
3 256
0.375 32
Fe2+ 0.75 32
15 32
3 32
0.375 32
Mn2+ 0.75 32
1.5 32
3 32
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6.3.2 XPS Analysis of Smpé4- treated E. coli.

The ion content of Smp24- treated E. coli surface was characterised by XPS to
determine fhe effect of the treatmeht bonbthe chemical structure of the bacterial
mémbrane. SQrVéy scans were'sﬁtcessfully collected” from bacferiai cells at a
_red:uced température. However, these scané did not show a significant change to -

- surface ion conteht as a result of treatment with {he peptide in either washed
énd unwashed sémples When cbmpared with a peptidé-free control (Figures 6.1
and 6;2); Rich .oxygevn coﬁtent Was-detecté'd in ‘bot'h samples. There was little
variation in the!C: N rafid between trevated’and untrééted cells. Bofh Na* and CI

ions were largely removed by wéshing with wéter (Table 6.2 and:TabIe 6.3).
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wide

Name Pos. FWHM  Area At%

Nals 1068.00 3.84 7426.40 4.00
01s 531.00 4.06 2444429 22.08
N1s 400.00 3.78 6872.23 9.31
Cis 285.00 4.19 26131.88 59.47
Cl2p 199.00 4.85 4177.01 3.98
S2p 164.00 3.59 124.71 0.16
P2p 133.00 3.76 411.53 0.73
Si2p 102.00 3.04 113.54 0.29

900 600 300
Binding Energy (eV)

Figure 6.1 XPS survey scan from untreated E.coli.

wide
Name Pos. FWHM  Area At%
Natls 1070.00 3.47 10188.83 4.68
O1s 531.00 3.90 27117.28 20.93
Ti2p 442.00 2.84 1947.04 0.54
N1s 400.00 3.77 7433.88  8.60
Cis 285.00 4.44 2917571 56.74
Mo3d 212.00 2.37 16363.60 3.25
Ci2p 198.00 3.72 5071.57 4.13
. S2p 163.00 3.92 198.27 0.22
e P2p
x Si2p
&
900 600 300

Binding Energy (eV)

Figure 6.2 XPS survey scan from Smp24-treated E. coli after 10 minutes of incubation.

Table 6.2 Surface composition of unwashed samples determined by quantifying survey

scans (atomic%).

Sample Na F 0 Ti N C Mo (@] S P Si
Control 4 <0.1 221 <01 93 59.5 <01 4 0.2 0.7 0.3

Treated 4.7 <0.1 209 0.5 8.6 56.7 3.3 41 0.2 0.3 0.6
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wide

Name Pos. FWHM  Area At%
01s 530.00 5.45 28111.

N1s 399.00 4.82 7938.00 >95
C1s 285.00 5.37 34428.15 65.20
Mo3d 204.00 2.26 15508.20  3.00
P2p 134.00 471 717.98 1.05

Z 25_
10:
900 600 300 0
Bindina EneraWeVlI
Figure 6.3 XPS survey scan from washed untreated E.coli
wide
Name Pos. FWHM  Area At%
01s 531.00 5.81 28468.82 22.1'
N1s 400.00 4.21 5262.80 6.15
C1s 285.00 5.79 3411582 66.93
Mo 3d 211.00 291 14623.16 2.93
P2p 134.00 5.87 835.63 1.27
102
900 600 300 0

Bindina Enerav(eV)

Figure 6.4 XPS survey scan from washed Smp24-treated E coli after 2 hours of incubation.

Table 6.3 Surface composition of washed samples determined by quantifying survey scans

(atomic%).

Sample Na F 0 Ti N C Mo Cl S o] Si
Control/ washed <0.1 <01 211 0.7 9.0 652 3.0 <01 <01 11 <01

Treated/ washed <0.1 <01 222 06 6.2 669 29 <01 <01 13 <0.1
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6.4 Discussion

The functional classification of the upregulated genes of E coli in response to Smp24

treatment revealed that the most abundant group of genes was predominantly

related to cation binding and transport. These findings indicated that cations may

play a role in the mechanism of action of Smp24 against E coli.

The current study showed that the monovalent cation sodium ions Na+had no effect

on the inhibitory activity of Smp24, while the activity of the peptide was significantly

decreased in the presence of the divalent cations, Caz and Mg2+ as the MIC of

Smp24 was higher than in the absence of theses cations. Similar results of the effect

of these cations on AMPs have been reported by other investigators. The

antibacterial activity of short cationic peptide; Human Beta Defensin 2 (HBD-2) was

reduced by the Ca2 and Mg2 ions. Whereas at higher concentration of Na+ HBD-2

still retained its antimicrobial activity (Tomita, Hitomi et al. 2000).

A similar trend has also been reported with three cathelicidin peptides (SMAP29,

OaBacb5mini and OaBac7.5mini) as Caz and Mg2+ ions had a larger effect on their

antibacterial activities than the monovalent cations. Particularly, SMAP29 was

completely inactive against E coli in presence of Caz and Mg2+ ions at IOmM

(Anderson, Yu 2005). Moreover, lactoferricin B is salt sensitive, they decrease or

inhibit its antibacterial activity in presence of excess of Na+ K+ Mg2+ or Caz+

ions(Bellamy, Takase et al. 1992).

The antagonistic effect of Ca2+ and Mg2+on Smp24 and other cationic AMPs against

E coli may occur through competing interactions with these antimicrobial agents.
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The cationicity of AMPs is essential to enhance the electrostatic binding to the

bacterial membrane, by competitive displacement of cations that are normally cross-

linked to the LPS in Gram negative bacteria leading to membrane disruption (Grubor,

Meyerholz et al. 2006, Ebenhan, Gheysens et al. 2014).

Polymyxin is an example of a cationic AMP which disrupts the bacterial membrane

through displacing divalent cations from the LPS leading to disorganisation of the

membrane (Sahalan, Aziz et al. 2013). Such displacement mechanisms have been

proposed for cationic AMP such as bactenecin, it showed distinct ability to displace

dansyl-polymyxin that were bound to LPS in the dansyl-polymyxin B displacement

assay(Wu, Hancock 1999). However, bivalent ions compete with these cationic

molecules for anionic binding sites on the cell surface (Tille 2013).

A similar mechanism was also identified for aminoglycoside antibiotics (Yeaman,

Yount 2003). The bactericidal activity of gentamicin, streptomycin and related

aminoglycoside antibiotics vary significantly in the presence and in the absence of

divalent cations (Pimenta de Morais, Corrado et al. 1978, KUSSER, ZIMMER et al.

1985). The binding of labelled gentamicin to Pseudomonas aeruginosa increases in

absence of calcium and magnesium ions (Ramirez-Ronda, Holmes et al. 1975).

It has been reported that replacement of arginine residues with lysine residues in

human a-defensin-1 led to a decrease of its antimicrobial activity and a higher

sensitivity to increasing salt concentrations suggesting that lysine is more sensitive to

salt than arginine (Zou, de Leeuw et al. 2007, Li, Vorobyov et al. 2013). Many marine-

derived AMPs are tolerant of high salt concentrations. Thus may be because their

positive charge is based mainly on arginine rather than lysine (Falanga, Lombardi et
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al. 2016). However, the cationicity of Smp24 is based mainly on lysine residues which

may explain the salt sensitivity.

Similar concentrations of other divalent cations, Fe2+and Mn2+ had no effect on the

antimicrobial activity of Smp24 against E coli. In Gram negative bacteria, metals can

diffuse across the outer membrane and are transported into the cytosol by ABC

transporters (Zhen, Jacobsen et al. 2009). The affinity to these transporters for Fe2t

and Mn2exceeds that for Mg2+and Ca2+ The tendency preference follows the

universal order of the Irving-Williams series (Mg2+<Ca2+ < Mn2 < Fe2+) (Waldron,

Robinson 2009). In addition, specialised chelators such as siderophores are also bind

inorganic elements (notably iron) to diffuse across the outer membrane. The iron

that is transported into cells by siderophores can act as a signalling agent plays an

important regulatory role in iron homoeostasis (Muckenthaler, Galy et al. 2008).

In conclusion, calcium and magnesium reduce the activity of Smp24 against E coli
which might be a challenge for the application of Smp24 in vivo. Therefore, further
modifications are needed for Smp24 to be salt-resistant peptide in order to develop

it as novel antimicrobial therapeutic.

The XPS analysis of bacterial samples indicates that this technique is capable of
probing the cell surface and collecting data regarding their ion content. However,
Smp24-treated samples exhibited quite similar XPS spectra to those of untreated
cells, no considerable difference were obtained from both survey scans. These
results may be attributed to the depth of the XPS analysis as it was less than 10 nm,
where LPS can extend up to 40 nm from the outer membrane of Gram negative cells

(Beveridge 1999). Therefore, the analysis was not able to reach deeper to the cell
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mem’branev. It is more challengeable in case of the Gram ’p'o'sitive bacteria sufface as
it has a thick peptidoglycan layer (30-100 nm) containing teichoic acids, lipoteichoic

acids, and proteins (Ramstedt, Leone et al. 2014).

| Simila‘r 'challehges of th'evanalysis dépth were thainéd during the XPS analysis bf E.
cbli LPS mutahts with a varied composition of LPS (Ramstedt, Nakao et al. “2.011.) as
t,he_analysis was affected by the presence and size of surface structures and the
outer rﬁembrane kcompositiojn. In _a'ddition, our Var.1;'§ly'sis revealed _thatj both‘ XPS
Aspect'ra' of ;onfrbl and freatéd bacteriai surfaces were t_oo} rich in oxygen thatvmay' |
becaus'_e th'e experiment was carried out betwe_gn~-70°C to .-39°C, 'therefvo.re ény
e>‘<cess._'water.p_resent will also contribute to the oxygen content‘.v H’igh-resolutio.r'i
sbeétra (C 1s.and O 1s) would have given more information on. _altera’tions; to
_ functional groups on 'the:‘bat:»t’erial, sﬁrfaces_ components suéh as polyséécharides,

peptides, and lipids (Dufréne, van der Wal et al. 1997).

In addition, Smp24 may have no effect on the elemental compdsitibn of VE.Acoli.
Higher concentrations of Smp24 or extended incubation periods may affect the:

balance of ions of the surface of treated cells to be detected by XP_S.
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7 Current perspective and hypothesised mechanism of action
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The progressive development of resistance to classical antimicrobial agents causes an

increasing challenge to public health. It has led to an urgent need for novel

antimicrobial agents with novel mechanisms of action. AMPs play an essential role in

the innate immune system of the host as a first line defence in most living organisms

against invaders. They are considered to be useful templates for the design of novel

antibiotics (Li, Xiang et al. 2012, Seo, Won et al. 2012).

Snake and scorpion venoms are diverse sources of biologically active components and

various candidate therapeutics have been characterised including AMPs (Harrison,

Abdel-Rahman et al. 2014). However, the majority of venoms have not been fully

exploited as antimicrobial molecules. Therefore, there has been considerable interest

in potential novel AMPs from Egyptian snake and scorpion venoms as unexplored

sources for such candidates.

Scorpion venom is composed mainly of small peptides. A variety of AMPs have been

identified from scorpion venoms using proteomic and genomic techniques. Smp24 and

Smp43, two novel AMPs, have been identified from a cDNA library from the venom

gland of the Egyptian scorpion Scorpio maurus palmatus (Abdel-Rahman, Quintero-

Hernandez et al. 2013). Both peptides have potent antimicrobial activities against a

wide range of Gram positive and Gram negative bacteria and fungi. Smp43 exhibits

negligible haemolytic properties, in comparison Smp24 caused significant erythrocyte

disruption in a concentration dependent manner. Both peptides induced kidney cell

line death in a concentration-dependent manner. However, keratinocytes were not

affected by Smp43 at 4x MIC and low cytotoxic activities were detected for both

peptides against both cell lines at concentrations higher than the MIC for Gram

positive strains. Proteins (> 10 KDa) are the major constituents of snake venom and
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include enzymes, which are the main compounds exhibiting antimicrobial activity. Few

intermediate sized (3-7 KDa) non-enzymatic proteins with antimicrobial activity have

been reported from snake venoms (Wang, Hong et al. 2008, Yamane, Bizerra et al.

2013, Jin, Bai et al. 2016). In the current study four 3FTxs-like proteins have been

isolated and partially characterised from three Egyptian elapid venoms Naja haje,

Walterinnesia aegyptia and Naja nubiae. 3FTxs have been proposed to destabilize the

bilayer of anionic phospholipid-containing model membranes which is similar to the

action of most cationic AMPs against bacterial mimic membranes (Dubovskii, Lesovoy

et al. 2003, Dubovskii, Utkin 2014). The purified proteins exhibited inhibitory activity

mainly against Bacillus subtilis in comparison with other bacteria. B subtilis has an

unusually enriched outer leaflet membrane in the anionic phospholipid PG (Clejan,

Krulwich et al. 1986, Marquardt, Geier et al. 2015). Interestingly, B subtilis is one of

the most commonly isolated bacteria from the oral cavity of snakes which may point

us in the direction of co-evolution of snakes and this soil bacterium (Fonseca, Moreira

et al. 2009).

Improvement of the disadvantages that impede the development of AMPs as

therapeutic agents is crucial for clinical application of AMPs (Hancock, Sahl 2006). Such

limitations include low therapeutic index, high cost of production, salt resistance,

gastrointestinal enzymatic degradation , short half-lives and rapid elimination and a

broad spectrum of activity which may disrupt the indigenous microflora that protect

the host against pathogenic organisms (Bommarius, Jenssen et al. 2010, Aoki, Ueda

2013, Mohanram, Bhattacharjya 2016)

High therapeutic indices of AMPs are required to avoid cytotoxic effects on host cells.

Cationicity is undoubtedly crucial for the initial electrostatic binding of AMPs to
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negatively charged membranes of bacteria (Yeaman, Yount 2003, Aoki, Ueda 2013).

However, the electrostatic binding of AMPs is less important for mammalian

membranes due to their zwitterionic nature. Although truncation of the last four C-

terminal residues of Smp24 resulted in a reduction in net positive charge, it increased

the therapeutic index as it displayed less haemolytic effect than that of the unmodified

peptide (Harrison, Heath et al. 2016). Similar modifications increase the potency and

specificity of some scorpion AMPs for bacterial cells and thus improves their

therapeutic indices (Rodriguez, Villegas et al. 2014, Luna-Ramirez, Tonk et al. 2017).

The understanding of the fundamental mechanism of AMP action is critical to the

development of AMP-based antibiotics (Nguyen, Haney et al. 2011, Yang, Wang et al.

2013). Synthetic bilayer model membranes created to mimic the properties of living

cells membranes help researchers to investigate AMP-membrane interactions based

on the structure and hydrophilicity/hydrophobicity of AMPs and the composition of

lipid model membranes. Such biophysical interactions provide insights about AMP

transport, distribution and efficacy improving our understanding of AMP mechanisms

of action (Peetla, Stine et al. 2009). However, not surprisingly, model membrane

systems do not fully explain the interaction with microbial membranes or the response

of microbes to the presence of AMPs (Omardien, Brul et al. 2016). Previously, Smp

peptides were found to cause pore formation in synthetic prototypical prokaryotic and

eukaryotic membranes (Harrison, Heath et al. 2016). However, the mechanism of

action of AMPs against the living cell membrane may include more complicated

mechanistic interactions compared with simple artificial systems (Gee, Burton et al.

2013).
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Microscopic imaging includes useful techniques that may be used to explore the

antimicrobial action of AMPs against living cell membranes (Torrent, Sanchez-Chardi et

al. 2010). Of interest are SEM and TEM which provide an overall picture of damage of

the bacterial cell envelope upon AMP exposure (Hartmann, Berditsch et al. 2010). EM

micrographs of E coli and 5. aureus treated with Smp24 and Smp43 revealed changes

in cell morphology. Similar EM data have been reported for several AMPs against E

coli and 5. aureus such as cathelicidin-related AMPs (Chen et al., 2009), moricin (Hu et

al., 2013) and human lactoferrin peptide HLP2 (Chappie et al., 1998). These findings

indicated the permeabilisation effect of cationic AMPs against bacterial cells

(Makobongo, Gancz et al. 2012, Verdon, Coutos-Thevenot et al. 2016)

However, even though SEM and TEM are complementary techniques for observing
alterations in bacterial membrane integrity of cells treated with AMPs, it cannot clarify
the detailed mechanisms of cell death. Therefore, a combination of different methods
and techniques are needed as to gain a better understanding of the mode of action of
AMPs or the response of bacteria to AMPs (Hartmann, Berditsch et al. 2010,

Omardien, Brul et al. 2016).

DNA microarray has been used to analyse the transcriptomic responses of E coli

stressed by subinhibitory concentrations of Smp24 and Smp43 with polymyxin B as a

positive control. This analysis identified approximately 2% of E coli genes were

significantly differentially expressed in response to each peptide treatment.

Siderophore biosynthesis, cellular respiration, oxidative stress response and di - tri

valent ion binding and transport were the most biologically important gene groups

following exposure to Smp peptides and were similar to those clustered for polymyxin

B -induced differentially expressed genes. The deletion of genes involved in the
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biosynthesis of sideorphores and the transport of ions increase resistance to Smp24

compared with the parent strain. In contrast, mutants with decreased resistance to

Smp24 and Smp43 were associated with oxidative stress responses and anaerobic

respiration.

Beyond the known function of siderophores as an iron uptake-facilitator, several lines

of evidence indicate that siderophores play an alternative role in bacteria as an

antioxidant cytoprotector (Achard, Maud ES, et al 2013) (Johnstone, 2015). It was

found that hydrolysed enterobactin in E coli has exposed hydroxyl groups that can

scavenge radicals and therefore reduce oxidative stress. Therefore, siderophore

biosynthesis can be mediated by agents that affect oxidative stress (Adler, Corbalan et

al. 2012, Adler, Corbalan et al. 2014)

Many genes of the respiratory chain were found to be downregulated following

exposure to Smp peptides and polymyxin B. Downregulation of these components may

contribute significantly to the change in membrane potential, and the reduced

respiration may lead to a decline in energy consumption (Liu, Dong et al. 2013). The

deletion of these genes increased susceptibility to Smp24 and Smp43.

Cell envelope perturbations following exposure to Smp peptides, as seen in EM

micrographs, may induce common signalling pathways that ultimately lead to internal

oxidative stress and misregulation of iron homoeostasis (Sikora, Beyhan et al. 2009b).

AMPs disturb membrane structural integrity and function through disturbing proteins

involved in energy generation and redox balancing (Hurdle, O'neill et al. 2011).

Oxidative stress can be an important contributor to the lethal effect of these

nonspecific- target agents (Guilhelmelli, Vilela et al. 2014). Oxidative stress results in a
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more general cellular response leading to bacterial self-destruction by internal

production of hydroxyl radicals (Feld, Louise,2012)

It has been proposed that positively charged AMPs similar to the Smp peptides and

affect redox status or electron transfer. Cationic cathelicidin peptide LL-37 was found

to influence the redox and ion status of cells. It enhanced production of reactive

oxygen species causing lethal membrane depolarization (Liu, Dong et al. 2013). It has

been reported that polymyxin can possibly induce oxidative stress by ROS through the

accumulation of hydroxyl radical (*OH) which readily damages DNA, lipids, and

proteins and ultimately results in cell death (Yu, Zhiliang, et al. 2015) (Yu, Zhiliang, et

al. 2017).

Cation deficiency or the displacement of Mg2tand Ca2 may result in oxidative stress. It

was found that an increase in the concentration of ions like calcium may induce

oxidative defences by signalling the bacteria to upregulate antioxidant proteins (Rosch,

Jason W., et al.2008). These findings may support the oxidative stress induced effect

by Smp24 which has been found to be sensitive to the presence of Ca2+ and Mg2+

Therefore, a quantitative study of ROS release in cells following exposure to Smp

peptides is required to assess the role of oxidative stress in the antibacterial action of

Smp peptides.

Data and observations obtained for the different methods in this study have resulted

in a proposed transport mechanism for Smp24 across the cell envelope membranes of

Gram negative bacteria (Figure 7.1). We propose that the integration of cationic

peptides like Smp24 into the membrane may disturb metal cation homeostasis. The

most differentially expressed genes following Smp24 exposure were cation binding
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and transport. Smp24 also upregulates siderophore biosynthesis and transport genes.

Siderophore receptors are multifunctional proteins that can transport the antibiotics

such as albomycin and rifamycin across the outer membrane. The involvement of a

siderophore receptors in susceptibility to Smp24 was supported by the observation

that siderophore receptor-mutant E colistrain was resistant to Smp24. Disruption

of metal ions homeostasis is highly associated with oxidative stress. Therefore,

increasing concentrations of cations may protect bacteria from oxidative stress

induced by Smp24. Oxidative stress inactivates Fe-S dependent and leads to the

release of ferrous irons (Fe2+) which is oxidized to ferric iron (Fe3+), along with the

formation of »OH, which is called the Fenton reaction and may also mediate

siderophore biosynthesis for the chelation Fe3+ and prevent the formation of »OH.

Oxidative stress can also result from decreased protection against oxidants.

Siderophore biosynthesis is regulated by the ferric uptake regulator (Fur) which is an

iron protein that tends to lose activity under oxidative stress, and could potentially

lead to depression of the iron acquisition system and the stimulation of iron import.

The downregulation of transcriptional (bacterial Fur) regulators and iron-sulfur clusters

which mediate electron transfer to the Fe-siderophore substrate results in the

expression of a broad array of genes involved mainly in iron acquisition or reactive

oxygen species (ROS) protection. The deletion of oxidative stress-response genes have

increases the sensitivity of E coli to Smp24. High levels of ROS can induce lipid

peroxidation leading to disruption the membrane lipid bilayer and the integrity of cell

membranes as seen even at low concentration of Smp24 against E coli.
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Results obtained in this study support the idea that venoms are a viable source of
AMPs and that microscopy, biochemical and transcriptomic approaches can be used in
drug discovery to successfully develop new AMPs. These results indicate that the
identified AMPs from both scorpion and snake venoms were found to exhibit
promising antibacterial activities with favorable cytotoxic effects. Progress has been
made in understanding the mode of action of AMPs and the response of bacteria to
these peptides. These properties can be used as a starting point to develop AMPs as a
promising template for the design of novel classes of antibacterial agents to help

overcome the crisis of antimicrobial resistance.

Salt-sensitivity may limit the clinical use of Smp peptides as novel antimicrobial
therapeutics. Different strategies have been employed to overcome salt resistance to
some AMPs. Increasing helix stability of salt-sensitive AMPs by the introduction of
helix-capping motifs at the helix termini resulted in structurally stable peptides with
potent antimicrobial activities in high salt concentrations (Park, Cho et al. 2004).
Nature produces a number of salt-resistant AMPs such as marine-derived AMPs which
have evolved to adapt to the high salt concentration in sea water. Salt tolerance of
marine-derived AMPs may be attributed to their cationicity being mainly based on
arginine rather than Ilysine residues. Understanding the chemical tolerance
mechanisms of marine AMPs may represent a valuable approach for the design of
novel salt-resistant AMPs (Fedders, Michalek et al. 2008, Falanga, Lombardi et al.
2016). Like scorpions and snakes, marine organisms are another attractive source to

isolate and characterise novel AMPs.

Although the purified snake proteins discussed in this thesis have limited cytotoxic and

no haemolytic properties, much more work is required in order to evaluate their
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potential as antimicrobial templates. In general, 3FTxs have limited promise in this

regard due to their neurotoxic and cardiotoxic effects as well as synthesis difficulties

due to their size and the presence of disulfide bonds. (Fruchart-Gaillard, Mourier et al.

2012, Chandrudu, Simerska et al. 2013). Nevertheless, investigating the structure-

function relationships of these molecules using an alanine scanning method to

determine the key functional residues that bind phospholipids and disturb the

membrane surface may help in the synthesis of shorter peptides mimicking 3FTxs with

increased antibacterial activity and better therapeutic characteristics (lannucci,

Gonzalez et al. 2011, Cantisani, Finamore et al. 2014). It was found that alteration of

the positive charges of Lysine residues to neutral or negative charges resulted in the

loss of the lytic activity of CTX-1 from Naja nigricollis crawshawii venom (Kini, Evans

1989).

High production cost of AMPs presents a real obstacle to the pharmaceutical industry.

Peptide synthesis costs five to twenty times as much as the synthesis of small organic

molecule classical antibiotics. Expression and purification of AMPs in E coli is an

obvious alternative method for the production of synthetic AMPs but it is limited by

the antimicrobial activity of AMPs against the host and peptide susceptibility to

proteolytic degradation by the host cell (Giuliani, Pirri et al. 2007). The production of a

fusion protein between an AMP and Small Ubiquitin-like Modifier (SUMO) protein

protects the peptide from the host degradation enzymes and bacteria from the toxicity

of AMP and can be scaled up for industrial-scale production for therapeutic use

(Bommarius, Jenssen et al. 2010).

Poor stability of AMPs in serum has also limited their use as novel therapeutics.

However, disulfide-bridged peptides are more resistant to protease degradation than
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linear peptides, therefore joining the terminal ends of peptides by disulfide-bridges

(cyclisation) constrains the peptide structure and thereby enhances antimicrobial

activity (Brewer, Lajoie 2002, Rozek, Powers et al. 2003, Nan, Shin 2011)

The delivery of AMPs is another crucial factor limiting their clinical application.

Systemic and pre-systemic enzymatic degradation and rapid hepatic and renal removal

from the circulation are challenging for oral and systemic administration routes.

Therefore, the most common administration route of AMPs is localised topical

application (Mahlapuu, Hakansson et al. 2016). Several types of nanotools have been

used successfully to deliver AMPs providing specificity to particular cell types or

locations (Brandelli 2012, Urban, Jose Valle-Delgado et al. 2012). Recently Silva,

Gongalves et al. (2016) have succeeded in reducing proteolytic degradation of LL-37 by

encapsulating the peptide with nanogels. This nanocarrier stabilises the peptide and

delivers it towards the main infected sites leading to the reduction of its cytotoxic

activities with increased efficacy against Mycobacterium tuberculosis in vivo (Silva,

Gonsalves et al. 2016). Interestingly, some nanomaterials have antimicrobial activities

independent of AMPs which can enhance the inhibitory activity of peptides and reduce

any potential bacterial resistance (Malmsten 2011).

The synergistic effect of antibiotics combined with AMPs is a valuable approach to

overcome the increasing recurrence and rising of antibiotic resistance rates. Such

combinations enhance the potency of antibiotics making them effective against more

than one target in the cell and maximises the concentration of antimicrobial agents at

the site of infection. Membrane perturbation or pore formation on the bacterial

surface may facilitate the uptake and access of antibiotics into the bacterial cell

(Giuliani, Pirri et al. 2007, Nuding, Frasch et al. 2014). Some successful combinations of
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antibiotics with AMPs has led to an increase in antibacterial activity of conventional

antibiotics such as erythromycin and rifampicin (Ulvatne, Karoliussen et al. 2001).

Further research is needed for to better understanding of the mechanisrhs of action of

Smp peptide to develop their potency and stability.
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Appendix 1 List of other scorpion and snake venoms have been purified with no antibacterial

activity against E coli, S. aureus and B. subtilis

Venom Chromatography

Androctonus australis Reverse Phase Liquid Chromatography

Reverse Phase Liquid Chromatography

C

]

'g' leiurus quinquestriatus

u

to SP Sepharose cation exchange Chromatography
Androctonus amoreuxi Reverse Phase Liquid Chromatography

y Size exclusion Chromatography

J:rj Cerastes cerastes

<

SP Sepharose cation exchange Chromatography
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