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ABSTRACT

The Bioactive Properties of Syringomycin E-Rhampidli

Mixtures and Syringopeptins

by

Mekki F. Bensaci, Doctor of Philosophy
Utah State University, 2009

Major Professor: Dr. Jon Y. Takemoto
Department: Biology

The need for new antimicrobial agents has beconp®itant in the last decade
due to emerging resistance to a number of convagltiantimicrobial agents. New
approaches and sources are needed to generateamoveffective antimicrobials. For
example, synergistic combinations between two oremagents may lead to new
antimicrobial therapies. Furthermore, the increesédealth problems caused by the
exposure to agricultural crop pesticides and syimhingicides and the emerging
development of organic farming has increased tloessty to develop natural products
than can be used safely in controlling crop disease

In this work, | present the first studies on thedutive properties, particularly
fungicidal activities, of mixtures of SRE and rhashpids. The in vitro results clearly
showed strong synergism between SRE and rhamnslggdinst phytopathogenic fungi
and yeast. However, no activity was observed agaiamsteria. The hemolytic activities

and cytotoxicities of SRE and SYRA were dose depehd



iii

SRE acts on yeast and plant plasma membranes &e gqaumerous cellular
effects. The effects are consistent with SRE’sitgbtb form ion-conducting voltage
sensitive channels in membrane bilayers. In amditstudies with yeast have revealed
that sphingolipids and sterols modulate the fumigicactivity of SRE. Saccharomyces
cerevisiae sphingolipid and sterol biosynthetic mutants wesed to investigate the
mechanism of action of SYRA against fungi. Thesailts suggest that similar to SRE,
SYRA antifungal action is promoted by sphingolipidsd sterols of the plasma
membrane and involves pore formation.

| further explored the antimicrobial spectrum wfisgopeptin SP25A and show that
it specifically inhibits Gram-positive bacteria angtast. | also investigated its
mechanism of action against yeast and bacteria. rébelts revealed the role for D-
alanylation of teichoic acids in modulating the @ibility of B. subtilis to SP25A and
other syringopeptins. This is consistent with darged nature of the cyclic peptide
portions of the syringopeptins, and it provideseaplanation for SP25A’s higher degree
of specificity for Gram-positive bacteria. In addit and similar to SRE, SP25A
antifungal action is promoted by sphingolipids aterols of the plasma membrane and
involves pore formation.

Overall, the research shows that SRE and rhamdsligre synergistically active
against yeast and fungi and that the syringopeptave antimicrobial activities against
yeast and Gram-positive bacteria. Insights ineorttechanisms of action of the SRE and
rhamnolipid mixtures and the syringopeptins andrthetential as novel antimicrobial
agents are revealed.

(173 pages).
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CHAPTER 1

INTRODUCTION AND LITERATURE REVIEW

Cyclic Lipodepsipeptides ofPseudomonas syringae pv syringae

The phytopathogenic strains Bseudomonas syringae pv. syringaeproduce two
major groups of cyclic lipodepsipeptides: the snegttlic lipodepsinonapeptides and the
larger syringopeptins (2, 11, 83). IndividlRl syringae pv. syringae isolates typically
produce one of a variety of forms of the syringdpepand one form of the smaller
lipodepsinonapeptides (6, 74).

Four groups of small cyclic lipodepsinonapeptidese awell known:
syringomycins (Fig. 1.1), syringostatins, syringots and pseudomycins (31). They all
contain a long, unbranched-3-hydroxy fatty acidthwa positively charged and a
hydrophilic cyclic ring of nine amino acids at t8eerminus (31, 74). These small cyclic
lipodepsipeptides are considered to be antifunga). ( They exhibit fungicidal activity
against various yeast and filamentous fungi sudBaaslida, Cryptococcus, Geotrichum,
andAspergillus species (11, 23). Previous studies showed thaetbempounds tend to
be more active against yeasts than against filamnenfungi (54, 76). Inhibitory
activities against bacteria are not typically okedrfor the cyclic lipodepsinonapeptides
(47). In addition to their antifungal activitiethe cyclic lipodepsinonapeptides are
hemolytic and cytotoxic to mammalian cells (22,.76)

The syringopeptins (SPs) are larger and more hydiop than the cyclic
lipodepsinonapeptides. The best-studied syringime@re SP22 and SP25 (Fig. 1.2)

(4). Structural analyses of these metabolitesgf$ihand**C NMR (2) and tandem mass



spectrometry (2) revealed that SP22 and SP25 ms22sand 25 amino acids,
respectively (Fig. 1.2). The amino acids are pmedantly hydrophobic with a
prevalence of valines and alanines. About 70%hefahiral amino acids residues are of
the D configuration, and there are fauf-unsaturated and two 2,4- diaminobutyric acid
residues (2, 4, 32, 70). An N-terminal amino atéthydroaminobutyric acid (Dhb) is N-
acylated by a 3-hydroxylated fatty acid chain contey ten and twelve carbon atoms
giving homologs designated A and B, respectivety] gypically the more abundant and
less abundant forms, respectively. The C-termaaaboxyl group is esterified by the
hydroxyl group of thalloThr residue positioned at the distance of sevenlues, thus
forming an eight-membered lactone macrocycle. Restudies have shown that SPs
have antimicrobial activity against Gram-positivacteria Bacillus megaterium and
Micrococcus luteus (54). However, the activities against other baatespecies have not
been reported. The SPs are also antifungal biit s potency than the small cyclic
lipodepsipeptides.

Other species d?seudomonas such a$. syringae pv. atrofacien$87),
P. fuscovaginae (5), P. tolaasi (66) and P. corrugata (28) also produce cyclic
lipodepsipeptides (CLPs) that have antimicrobiaparties. Studies by Vassilev et al.
(87) showed thaP. syringae pv. atrofaciens, the causal agent of basal gluhwei@als
and grasses, also produces SRE and SP2PA fuscovaginae, the causal agent of
bacterial brown sheath, produces syringotoxin amscdpeptins (5, 30). Structure
analysis revealed that the fuscopeptins structufersl slightly from SP22. The
fuscopeptin lactone ring contains five amino acatber than eight in the case of SP22.

However, Like SPs, fuscopeptins have a high condértydrophobic amino acids and



amphiphilic properties (5). The biological propestof the fuscopeptins more closely
resemble those of the SPs than of the cyclic lipesh®napeptides (5, 30). The
phytopathogenic bacterium from tomat®, corrugata (69, 28) producescyclic
lipodepsipeptides known as corpeptin (MW 2121) aodnycin (MW1274). Structural
analysis of corpeptin (CP) and cormycin (CM) reedakthat overall these two are
structurally similar to SPs and lipodepsinonapegstjdespectively. The main differences
between CM and small lipodepsipeptides were atedbto the molecular net charge and
the nature of the amino acids occurring at positidr6 (69). The CP peptide moiety and
fatty acid moiety show very high homology to thadethe SPs (28). Additionally, CP
and CM display antimicrobial activities against teama and yeast (28, 69). The
antimicrobial activities of CP and the SPs are lsimi It was shown that CP was more
active against Gram-positive bacteria than agaieast (28). Interestingly, Scaloni et al.
(69) also showed that CM inhibits both bacteria gedst. The antibacterial observation
was not consistent with the antimicrobial actiwtief the other small lipodepsipeptides.
CM also exhibited phytotoxic effects and hemolwativity (69). Finally, Scaloni et al.
(69) have shown that CM forms pores in planar lipidyers and its primary target is the
plasma membrane.

Recent studies by De Bruijn et al. (21) using geiccanalyses have revealed new
CLPs produced by the bacterium str&n fluorescens SBW25. Structure analyses
revealed that the CLPs produced by SBW25 contaianfino acids linked to 3-
hydroxydecanoic acid. The structural features BIN@5 CLP are closely similar to
another CLP produced by viscosa called viscosin (55). In addition, the bioactvit

studies showed that the SBW25 CLPs play roles itiliogp biofilm formation and also



have antifungal activity against zoospore®bytophthora infestans (21). This discovery
shows that genome analyses are useful tools thaplement structural analyses for

finding new antibiotics produced by microorganisms.

Biosynthesis of Cyclic Lipodepsipeptides

The biosynthesis of the cyclic lipodepsipeptidesaision-ribosomal, template-
directed process. Certain enzymes — but not r@éponsible for cyclic lipodepsipeptide
production have been identified (11, 35). The ¥atisesis of SRE has been the most
thoroughly studied among the cyclic lipodepsipegsid

SRE synthesis takes place on a multienzymaticehiptate. Analysis of the syrB
and syrC genes #. syringae pv. syringae indicates that syringomycin is systhed by
a thiotemplate mechanism (89)The syringomycingyr) gene cluster contains a DNA
region of approximately 37 kb on the chromosomé.ofyringae pv. syringaeB301D
(36, 89). The gene cluster encodes four proteBwB1, SyrB2, SyrC and SyrE)
involved in biosynthesis (36, 89).The syrE gene encodes a 1,039 kDa synthetase
containing eight amino acid activation modules (36hesyrB gene represents an operon
that expresses two proteins (89). SyrBl is a 68 gitein that carries adenylation and
thiolation domains, and the 35 kDa SyrB2 proteid)(1 The syrC gene is located
between theyrB operon andyrE (36). ThesyrC gene encodes a 48 kDa protein similar
to several proteins containing thioesterase enaytis (86). ThesyrD gene encodes a
63 kDa protein that is involved in secretion ofisgomycin E and is a member of the
ATP Binding Cassette transporter protein family)(65

The regulatory mechanisms for SRE production areptex. The regulation of

syringomycin production by. syringae pv. syringae is modulated by both nutritional



factors and plant signal molecules (34). For eXampon exerts a positive regulatory
effect on SRE production, whereas inorganic phasptepresses the production (35). In
addition, plant signal molecules such as arbutso g@llay a role in SRE synthesis. The
syr gene cluster contains a regulatory gene calfel that is responsible for the control
of SRE production (91). SyrP is a 40 kDa protéiat tmay function in a phosphorelay
signal transduction pathway (65, 90), thereforas ibelieved to be a component of a
kinase cascade that regulates syringomycin pragluctAnother gene, known agrA ,
identified by Xu and Gross (88), encodes a regwyatorotein required for both
syringomycin synthesis and pathogenicity.

Global regulation of SRE production has been weitied (44, 68). ThéemA
andgacA genes encode members of a two-component senansdtrction system of
P. syringae pv. syringae that regulates toxigenesis and thétyalbd cause necrotic
lesions in plants (44). LemA is a transmembrasédine protein kinase activated by an
extracellular signal that phosphorylates GacA @8), GacA is assumed to function as a
transcriptional activator (68). The LemA-GacA miot pair appears to be at the top of
the regulatory hierarchy controlling SRE productidi). Strains with mutations in
either GacA or LemA do not produce syringomycinkiiten et al. identifiedsalA as a
member of théemA-gacA regulon that can restore SRE production if itusrexpressed
(52). Also, it was reported that the expressiosyoB-lacZ was reduced to less than 3%
in asalA mutant (52). The predicted SalA protein sequesdabits an H-T-H DNA-
binding motif with similarity to response regulaqi3). It remains to be determined if
SalA binds directly to the promoter region sfrB operon or activates the operon

indirectly through intermediate regulators suclsgsP (52) (11).



SPs are also synthesized by non-ribosomal mechanamd multienzymatic
peptide synthetases (73). Mapping and sequendgsenaave indicated that trsyp
gene cluster is located adjacent to$yregene cluster (11, 37). Almost the entyp and
syr gene clusters are located on approximately 14Brdb fragment on the chromosome
of P. syringae pv.syringae (73). The syp gene cluster is esticthtdeencompasss 80 kb
of DNA, and 70 kb of DNA from this region is dedied to encoding peptide
synthetases. Mutations located in regions encodeyide synthetase disrupted either
syringomycin or SPs production indicating that théwo are synthesized by separate
peptide synthetase systems (73). $jresyp gene cluster contained genes of phytotoxin
regulation $yrP, salA, syrF,andsyrG) and secretioifsyrD), in addition to syringomycin
and SP biosynthesis genegE, syrB1, syrC, andsypA) (72). Guenzi et al. (36) showed
that SypA, SyrB, and SyrC exhibit 45.5, 45.6, aBd®%%6 identity, respectively to SyrE,
and 42.7, 44.3, and 43.3 % , respectively to Syt#th of which are syringomycin
synthetases. SP is produced under the same @sliis syringomycin. It was
suggested that the synthesis of SP is activatedhbysame regulatory system that

regulates syringomycin (11).

Syringomycin E Mechanism of Action

Physiological studies SRE produced b¥r. syringae pv. syringae is the best
studied of the small cyclic lipodepsipeptides. &dcstudies with SRE have focused on
the antifungal mechanism of action of the smalllicyjgpodepsinonapeptides (40). The
amphipathic lipopeptide structure of SRE promotess imteraction with the plasma
membrane as the first site of action (11). Previork by Zhang and Takemoto (92) on

Rhodotorula pilimanae showed that SRE causes an increase in tetraphsgponium



uptake indicating an increase in membrane pote(@2). This results in a variety of
effects such as Keffluxes and H influx which eventually result in cell death (93)n
plants, SRE induced stomata closing<anthium strumarium andVicia faba by causing

K™ efflux (59). A reversal effect was observed whesidoccin was applied. This result
leads to an argument that SRE does not permandistiypt the plasma membrane (59).
Other studies show that SRE collapses the pH gradieross the plasma membrane by
inducing K™ efflux and H influx (11, 67, 92). Moreover, it was also shothat H'-
ATPase activities oR. pilimanae and red beet storage tissue were stimulated by SRE
(13). However, no stimulation was observed whenfipd enzyme was used; this
suggests that SRE’s stimulation effect was notctlyeon the enzyme and that other
components are involved. In addition t6 &d H exchange, SRE also stimulatesCa
influx (84, 85). Studies with syringomycin E-tredtred beet storage tissue have shown
an overall increase in €auptake (84, 85). The influx of €awas followed by a cascade
of events associated with cellular signaling impa84) such as the induction of kinase-
mediated phosphorylation of membrane proteinsAMPase) (13) and the incorporation
of 1,3-B-callose into plant cell walls (11, 51).

Bilayer studies In recent years more studies were done to charzet&RE
channel formation and properties using artificipild membranes. Studies by Hutchison
and Gross (45) and Feigin et al. (29) revealed3REE forms voltage-dependent channels
in artificial planar bilayer membranes. These msdevealed that SRE forms non
specific pores which are permeable to both monowaded divalent cations. It was
shown that at least six SRE molecules are reqdoedhannel formation and the pore

radius was estimated to be 1 nm (29) (18) (46).addition, Ostroumova et al. (62)



showed that SRE channels are larger attthes side with radii of 0.5-0.9 nm versus
0.25-0.35 at theis side, concluding that the SRE channel is asymoatri Additional
studies showed that SRE forms two types of chanfsisall” and “large” differing 6 to
7 times in their conductance (49, 71). The SREwchE cluster transiently and exhibit
synchronous channel opening and closing resultinthé wide range of conductances
(49). In addition, these channels display tempeeatiependent pore inactivation (58,

71, 81) .

The Roles of Yeast Sphingolipids and Sterols

In yeast, sphingolipids and sterols play importesies in the action of SRE.
Sphingolipids are major components of the eukacyplasma membrane, and they
represent about 8 % of its total mass (42, 63)e Jphingolipids are composed of a long
chain base with an amide-linked fatty acid at th2 @osition and a polar constituent at
the C-1 position. Sphingolipids are ubiquitougukaryotes, and they play roles in many
cellular functions such as protein glycophosphéitidgitol (GPI) anchoring, heat stress
responses, and modulation of membrane enzymetsdiy27, 64).

The biosynthesis o8 cervisiae sphingolipids has been well elucidated, and the
major functional genes for sphingolipid biosyntlsdsave been identified
(Fig. 1.3) (26). The first step of sphingolipidbbynthesis begins with condensation of
palmitoyl-CoA and serine to form 3-ketodihydrosgosine (14). The condensation
reaction is catalyzed by a multi-subunit membranzyme serine palmitoyl transferase.
In S. cerevisiae this enzyme is encoded hyB1 andLCB2 (9, 15, 60). The next step of
sphingolipid biosynthesis involves the reduction 8fketodihydrosphingosine to

dihydrosphingosine by the NADPH-dependent reduct&8€10 (80). In yeast this is



followed by conversion of dihydrosphingosine intoyfpsphingosine by hydroxylation at
the C4 position of the sphingoid base by 8W&2/SUR2 gene product (17, 27, 33, 38). A
special feature of sphingolipids is its very loadty acyl side chain that contains 24 to 26
carbons atoms. The synthesis of these long clisidsne by th&eLO2 andELO3 that
convert Gg and Ggfatty acids to Gy and Ggsphingolipid molecule§Fig. 1.3).
In addition, the FAH1 is responsible foo-hydroxylation of the amide linked very long
chain fatty acids

Three main forms of sphingolipids are formed & cerevisae
inositolphosphorylceramide (IPC) (78), mannosylsit@phosphorylceramide (MIPC),
and mannosyl-diinositolphosphorylceramide (M{P) (75) (Fig. 1.3). The formation of
these three lipids requires successive additionphaisphorylinositol, mannose and a
second phosphorylinositol to ceramide. First, tfamsfer of phosphorylinositol from
phosphatidylinositol to ceramide is catalyzed b¢ I®ynthase encoded BUJRL (60).
Then, a mannose group is added to IPC to form nsytinositolphosphoceramide
(MIPC). This step in yeast requires the ge@861 andCSG2 (9) (10). Finally, the last
step in sphingolipids biosynthesis is tin@nsfer of phosphorylinositol to M(Ii. This
step is catalyzed by M(IEQ synthase, the encoded proteirS8R4/IPT1 (27, 56).

Findings withS cerevisiae mutants resistant to SRE have shown that structural
features of sphingolipids and sterols are involve8RE’s mechanism of action
(Fig. 1.4). For instance, one of the genes thatnptes SRE action BYRI/ERG3, which
encodes the sterol C5,6 desaturase for the biossistbf ergosterol, the primary sterol in
yeast plasma membrane (82). The expression offgpgehingolipid biosynthetic genes

SYR2, FAH1, ELO2, ELO3 CSG1, CSG2 andIPT1 also promote SRE action. A mutation
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in any one of the genes causes no cell lethality elach renders resistance to the killing
effects of SRE (40, 79). In addition, the workkaulin et al. (50) revealed that the C4-
OH sphingoid base is important for SRE channel fogrability and a mutation in the

C4-hydroxylase gen8YR2 causes a reduction in the number of pores fornyesiRE.

Mechanism of Action of Syringopeptins

Despite the structural differences between SREthadSPs, both elicit similar
physiological and membrane biophysical responseger@l studies have shown that the
SPs are capable of forming ion conducting membges (19, 45). The amphipathic
nature of the SPs facilitates their insertion ilypod bilayers causing channel formation
and disruption of the membrane. In plant systethns,SPs have been shown to cause
electrolyte leakage in leaf tissues, which leadth&development of necrotic symptoms
(47). In addition, Di Giorgio et al. (25) have shothat the SPs can alter the distribution
of H" across the plasma membrane of maize cells and gieostomatal closure in
Xanthium strumarium leaves. The SPs also induce lysis and generedpia influx of
*Ce* across the plasma membrane of tobacco protopiS)s (In yeast, SP action is
promoted by sphingolipids and sterols of the plasmeambrane (Bensaci et al., 2008
submitted and Chapter 4, this dissertation). HRmnahe SPs interact with the bacterial
cell surface teichoic acids (12) but the mechanisiminteraction with bacterial

membranes is still unknown.
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Biosurfactants

Diversity, Properties, and Roles

Biosurfactants are a structurally diverse group safface active molecules
synthesized by a variety of microorganisms (baafegieast and fungi) (24, 77).
Biosurfactants are categorized mainly by their deahcomposition and their microbial
origin (7). There are six types of biosurfactanipopolysaccharides, glycolipids,
lipopeptides-lipoproteins, phospholipids, and hygtated and cross-linked fatty acids
(mycolic acids) (7, 24). The biosurfactants arephiphatic molecules. As a
consequence, these molecules have the abilitydiaceesurface and interfacial tensions
in both aqueous solutions and hydrocarbon mixt(8&s In addition, biosurfactants are
biodegradable, low in toxicity, ecologically accalpie, and can be produced from
renewable substrates (57). In nature the functmibiosurfactants are not clear (77)
However, it has been proposed that biosurfactaats g variety of roles that include: a)
enhancement of bioavailability and biodegradatidrslaghtly soluble organic carbon
sources such as petroleum hydrocarbons (77) @jhattent and detachment of bacterial
cells to surfaces (77), and defense strategiesnstgaother microbes (c) (77).
Biosurfactants are also used in cosmetics, hepltaymaceuticals, agriculture, and the

food industry (57).

Rhamnolipids

Among the glycolipid biosurfactants, rhamnolipidse athe most studied.
Rhamnolipids are produced by cert®seudomonads and were first described in 1949 by
Jarvis et al. (48). Their biosyntheses have beelh studied by Hauser and Karnovsky

and Burger et al. (16, 41) . Rhamnolipids are etecr by Pseudomonas aeruginosa
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during the stationary phase of growth under lingitconditions of nitrogen and iron (41,
61). The synthesis of rhamnolipids proceeds byeetal glycosyl transfer reactions,
each catalyzed by specific rhamnosyltransferaset WDP-rhamnose acting as a
rhamnosyl donor and

3-hydroxydecanoyl-3-hydroxydecanoate serving as abeeptor (53, 61). Structural
analysis revealed that glycolipid biosurfactants farmed by the linking of rhamnose to
fatty acids composed of saturated or unsaturated ehains with lengths between C8

and C12 (Fig. 1.5) (39). Their molecular weiglasge from 504 to 650 (78, 94).

Antimicrobial Activities of Rhamnolipid s

Rhamnolipids possess antimicrobial activities (39They are active against
zoosporic plant pathogens such @&hythium and Phytophthora species (77).
Rhamnolipids are also active against fungal spesigsh asFusarium solani and
Penicillium funiculosum (1, 39). Haba et al. (39) have shown that rhaipits also have
antibacterial activities against certain Gram-ngaind Gram-positive bacteria. Among
the Gram-negative and Gram-positive bacteria testitebsiella pneumoniae,
Entrobacter aerogenes, Bacillus subtilis and Micrococcus luteus were the most sensitive
to rhamnolipids (1, 39).However, no activity against yeast was observeB9), The
mechanism of action of rhamnolipids against fungi still unknown. However,
Stanghellini et al. (77) suggested that the rhaipits inhibit zoosporic fungi by

disrupting the zoospore plasma membrane.
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Crop Fungicides

Fungicides are extensively used in agricultureafmumber of purposes including
protection of crops, seedlings, and storage. Al& different fungicidal compounds
are currently used with a global market value a6 billion U.S. dollars accounting
for almost 20% of the agrochemicals market (43).

Fungicides can be classified in two groups basedthair source: synthetic
organic chemicals and naturally-derived fungici(®®). Organomercurials were the first
synthetic organic chemicals used as agrofungicideble early twentieth century (20).
Later, varieties of organic fungicides were introeld such as: ferbam, ziram, and
dinocap. These compounds are known to be multiskiditors. They disturb fungal
physiology by interacting with functional groups erizymes and other key constituents
of fungal cells (20). Their non-selective actiammgtimes cause undesirable effects in
plants, mammals, and beneficial organisms (20).erdfore, in the early 1960s, new
measures and regulations were adopted to limitube of these fungicides and to
promote the search for novel fungicides with spedérget sites (20). The search
resulted in the discovery of specific-site fungesdsuch as the benzimidazolds,
arylcarbamates, sterols and melanin biosynthesisibitors, phenylpyrroles,
dicarboximides, and other fungicides such as angrhgtrocarbons (20). However, due
to the increase in resistance, side effects in maand wildlife with extensive use, and
the low biodegradability of these compounds (2Mew effort was promoted to screen
microbial products in order to discover new natucampounds that are highly
biodegradable and low in toxicity. The searchttethe first discovery by Takeuchi et al.

in 1958 of blasticidin A (20). This fungicide isrgauced by Streptomyces
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griseochromogenes. It was used for the control of rice blast digeasaused by
Pyricularia oryzae. Following this discovery more fungicides of nabral origin such as
kasugamycin, polyoxins, validamycin A, and mildiozity were discovered and used in
agriculture (20). Prior to 1970, most of the udedgicides were multisite inhibitors.
Resistance to these compounds is rare. Howevtr,the use of site specific fungicides
the rate of resistance increased dramatically amel time between commercial
introduction and the emergence of resistance washmshorter than with the multisite
fungicides. A good example of resistance is thibbr@ak of benzimidazole resistance of
Cercopsora beticola in sugar beet and the loss of matalaxyl controPbytophthora
infestans (43). Fungicide resistance can have significant impastagriculture and crop
protection that include economic loss. Awarendsthese problems led researchers to
define the factors which influenced the spread aesfistance and to seek strategies to
combat it (43). However, resistance is not they dattor to limit the use of particular
fungicides. Selectivity and the distinct spectfaactivity are a concern because most
specific site fungicides have limited use agairestasn important plant pathogens (20).
These problems raise the call for new and effedtimgicides with broad spectra and no

resistance.

Justification and objectives for the present reseah

The need for novel antimicrobial agents has beconpertant in the last decade
due to emerging resistance to a number of convagltiantimicrobial agents. New
approaches and sources are needed to generateamoveffective antimicrobials. For
example, synergistic combinations between two oremagents may lead to new

antimicrobial therapies. Furthermore, the increeséealth problems caused by the
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exposure to agricultural crop pesticides and syithingicides and the emerging
development of organic farming has increased tloessty to develop natural products
than can be used safely in controlling crop disease

The overall aim of the research is to investig&e bioactive and synergistic
properties (particularly fungicidal activities) ofmixtures of the cyclic
lipodepsinonapeptide SRE and rhamnolipids. Bemgnal products, there is interest in
the commercial applications of both compounds agiftides. Both are physically and
chemically similar with the ability to be extractadd processed using similar procedures
from cultures of fluorescent pseudomonads. Rhaipidsl are now commercially
available, and industrial production of SRE is undevelopment. If synergistic, the
mixtures of the two could have major applicatiomsgricultural crop disease control as
well as other important applications involving aahtof fungal growth. In the present
research, the bioactive properties of SRE, rhampitsdj and combination mixtures of the
two were investigated.
The objectives of the research were to study:

1) the parameters of SRE-rhamnolipid mixtures (S¥RAhat give optimal

antimicrobial activities against yeasts, fungi &#adteria,

2) the spectrum of fungal species that are intddite SYRAS,

3) the fungicidal mechanism of action of SYRAS,

4) the toxicities of SYRAs on mammalian cell linegd blood cells, and

honeybees.

5) the possibility of other pseudomonad cyclic tippsipeptides having

synergistic antimicrobial activities when combinegith rhamnolipids.
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FIG. 1.1. Structure of the cyclic lipodepsinonapdpsyringomycin E. Dab:2,4
diaminobutyric acid; Dhb:dehydroaminobutanoic aéidp(OH):[3-OH aspartic acid;
Thr(ClI): 4-chlorothreonine.
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FIG. 1.2. Structure of syringopeptin. R = €ICH,) ,-CH (OH)-CH.CO, SP22A (n=6),
SP25A(n=6)Abbreviation Dab=1,4-diaminobutyricadithb=2,3 dehydroaminobutyric acid; all
other amino acids are identified by standard thetter biochemical notation.
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CHAPTER 2
THE BIOACTIVE PROPERTIES OF SRE AND

RHAMNOLIPID MIXTURES

Introduction

The need for new antifungals and fungicidal biooaindgents is growing due to
the narrowing spectra of fungal targets and inengaresistance to existing antifungals
such as amphotericin B and the azoles (30, 31).e @pproach to develop novel
antifungals is to combine known antifungal compaindguch combinations may have
improved bioactivities and expanded target spedtra to the synergy between the
compounds. Moreover, lower effective doses ofdtibination components may have
less toxicity.

The plant bacteriuniPseudomonas syringae pv. syringae produces an array of
antimicrobial peptides known as the small cyclotdepsipeptides such as syringomycin,
and the large cyclic lipodepsipeptides known assyringopeptins (3, 38). The small
cyclic lipodepsipeptides contain an unbranched-@yy fatty acid with a positively
charged cyclic ring of nine amino acids at the @ntaus (14, 32). Their molecular
weights range from 1000 to 1300 (14, 32). The kasfied is SRE. Previous studies
showed that SRE has inhibitory activity againstgiuaind yeast such &otrytis cinerea,
Geotrichum candidum and Rhodotorula pilimanae (21, 38). It tends to be more active
against yeasts than against filamentous fungi (R¢cent studies have focused on the
antifungal mechanism of action of the small cydipodepsinonapeptide SRE (16) was

shown to form channels in phospholipid bilayersd ainis speculated that a similar
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mechanism occurs in the target fungal membrane Channel formation may cause the
influx of ions such as Kand C&" (38).

Many strains of Pseudomonas aerginosa produce several homologs of the
biosurfactant known as rhamnolipid (1, 15). Rhalpnts were first described in 1949
by Jarvis and Johnson (20) and their biosyntheses well studied by Hauser and
Karnovsky (17). Rhamnolipids are glycolipids séedeat the stationary phase of growth
under limiting conditions of nitrogen and iron (128). Structure analysis revealed that
these compounds are formed by rhamnose linkageatty ficids of saturated or
unsaturated alkyl chain between C8 and C12 (19j)eirTmolecular weights range from
504 to 650 (37, 41). The antimicrobial activitefsrhamnolipids are well studied. They
are active against zoosporic plant pathogens ssi€tmyhium andPhytophthora species
(35). Rhamnolipids are also active against fungal s¢rauch ag-usarium solani and
Penicillium funiculosum (1, 15). Moreover, Haba et al. (1, 15) have shawat
rhamnolipids also have antibacterial activitiesiagfacertain gram-negative and gram-
positive bacteria. Among the gram-negative and nGGpasitive bacteria tested,
Klebsiella pneumoniae, Enterobacter aerogenes, Bacillus subtilis andMicrococcus luteus
were the most sensitive to rhamnolipids (15). Hesveno activity against yeast was
observed (1, 15).

The main objective of this study was to examineithetro interaction of SRE
and RL against bacteria, yeast, and filamentougifuh investigated the antimicrobial
properties and cytotoxicity of syringomycin E (SREyamnolipids (Rkonix) and the
mixture SYRA (3:1 mixture of Rignix and SRE). Synergistic antifungal activities

between SRE and Riaix in the mixtures (SYRAs) were observed. The SREimml
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inhibitory concentrations (MICs) were lowered wheambined with Rkonix. However,

no activity was observed against bacteria. lrowfytotoxicity and erythrocyte lysis were
also investigated. The hemolytic activity and ¢gkicity of SRE, Rlzonix and SYRA
were dose dependent. However, the concentratibrSR& and SYRA that caused
hemolysis and cytotoxicity were 3 to 5 times higliean the MICs. In addition, the
honeybees toxicity effect of SRE, Rkix, and SYRA was also studied. The use of most
pesticides in agriculture has often negative effeagainst bee populations and
ecosystems. The ecological and agricultural ingran# of bees requires the use of safe
and less toxic fungicides. The results showedaxaity at concentrations higher than

the MICs.

Materials and Methods

SRE and Rhamnolipids

SRE was purified fronP.syringae pv.syringae strain B301D by the method of
Bidwai et al. (4)P.syringae pv.syringae strain B301D was grown in non-comnagrci
potato dextrose casamino acids medium in 4 oreB-titiltures as described by Zhang
et al. (40). The SRE was extracted from cultusgsgiacidified acetone and purified
using the chromatographic methods describedidyvai et al. (4). HPLC column
fractions were tested for bioactivity by applyin@ @l aliquots on a fresh lawn k.
pilimanae on potato-dextrose agar plates, incubation 8€28nd observing cleared
growth inhibition areas (40).

The rhamnolipids (Rkenix) Was obtained from Jeneil Biotech, Inc. Zonix com$

8.5 % solution of rhamnolipids in water. Two formsrhamnolipids are in zonix ,
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R1 (GgHss09) has the molecular formula ofa-L-rhamnopyranosyp-
hydroxydecanoyp-hydroxydecanoate,R2§gHss0;3),2-O-0-L-rhamnopyranosyt-L-

rhamnopyranosylp hydroxydecanoate.

Organism and Media

The following organisms were obtained from the wial culture collection of
the Department of Biology, Utah State Universitiz pilimanae ATCC9449,Candida
albicans ATCC10231 Aspergillus flavus, Aspergillus niger, Rhizopus stonifer, Fusarium
oxysporum, Rhizoctonia solani, Botrytis cinerea, Cladosporium cladosporioides,
Penicillium oxalicum, Penicillium sp. All fungi werecultivated in potato dextrose
medium (Difco) (PDA) at 28 to 30°CSaccharomyces cerevisiae W303C S. cerevisiae
BY4741 and S. cerevisiae 8A-1B were obtained from Dr. Takemoto’s laboratory
collection. S cerevisiae strains were grown oMPD at 28°C. S aureus ATCC653,B.
subtilis ATCC1965 E. coli ATCC25922 Proteus vulgaris ATCC13315. The bacteria
strains were grown at 37°C for 24 h on Luria-Bertaredium exceptS. aureus was

grown on Mueller-Hinton medium.

Antifungal Susceptibility

Agar disk diffusion method. The disk diffusion assay was done according to
National Committee for Clinical Laboratory Standa(MlCCLS) protocols for antifungal
testing with modification (26) (25)Fungal isolates were subcultured on PDA plates and
incubated for 3 to 5 days at 35°C. The fungalgdavereovered with 5 mL of distilled
sterile water. Then, the fungal spores were héedesnd suspended in sterile water. The

suspension was adjusted td $pores/ml (36). A 100 pl of the suspension was
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transferred and spread uniformly onto solid agahefappropriate growth medium using
cotton swabs (36).

To test the antifungal activity of SRE in combimatiwith Rlzonix, 10 nl of SRE
(2 mg/ml) was applied on disk and placed on plategaining different concentrations of
RLzonix (22). Another test was done by applying SRE abgh i to a different disk. The
distance between the disks was equal to the suradif of zones of inhibition of the
drugs applied alone. The plates were incubate@4dp 72 h at 35°C (5) and the zone of
inhibition was measured. To examine the effectvafying the SRE and Rbnix
concentrations in SYRA, 4 mm diameter sterilizeghgradisks were deposited on the
surface and 1Ql of different ratio of SRE and Rdknix mixtures were applied.

Tested bacteria were grown in LB broth for 24 h #&adsferred onto solid agar
medium of the appropriate growth medium. The cakuwere spread over the surface as
a thin film (39). Four mm diameter sterilized papésk was deposited on the surface
and 10ul of SRE, Rlzonix and SYRA were applied. The plates were incubfied4 h at
37°C and the zone of inhibition was measured.

Hyphal extension assay.The hyphal extension essay was done as described by
Dash et al. (9) with modification. A 100 pl of 1L® spores/ml suspension was paper
strip in a middle of the Petri dish and incubated 48 h until the appearance of the
growing hyphae. Sterile filter disks (4mm diamgteere deposited in the front of the
growing hyphea and 10 pl of tested solutions wemdied to each disk. The plates were
further incubated at room temperature and pictwkshe plate were taken at the

designated time.
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Spore suspension assay The spore suspension assay was performed as
described by Mauch et al. (23). The fungal sponese harvested as described
previously. The spore suspension was adjustedxtdl® spores/ml. The freshly
prepared suspension was spread on a Petri dishaidtincubated for 20 to 24 h at room
temperature. After this period, four mm paper dliglere deposited and 10 pl of the test
solutions were applied to the disks. The platesevirther incubated and the zones of
inhibitions were measured after 48 h.

Microbroth dilution method . The MICs were determined by the microbroth
dilution assay according to method outlined byN&CLS with modification (25, 26).

The inocula suspensions were prepared as desqibeibusly (5). Fungal isolates were
subcultured on PDA plate and incubated for 3 tayscat 35°C. The inoculums
suspensions were prepared from fregtures. The fungal plates weevered with 5 ml
of distilled sterile water. Then, the fungal sgoveere harvested and suspended in sterile
water. After harvesting the spores, the conidgpsusions were diluted with RPMI
medium (RPMI 1640 with L-glutamine buffered to phvith 0.165 M
morpholinepropanesulfonic acids (MOPS) and supehasd with 2% glucose) (18, 25,
29) (HyClone Laboratories) and adjusted to a fawicentration of 1 xF0spores/ml
using cell counting hemocytometer. A 50 pl of toaidia suspensions were added to
each well of 96-welbolystyrene microtiter plates (Fisher Scientifitatag no21-377-
203) to achieve ax110* concentrationvith conidia/ml. Aliquots (50 pl) of twofolgerial
dilutions of SRE and RL were added to each welD(i0total volume). The plates were

incubated for 24 to 72 h at 35°C. The MIC wasdi as the lowest concentration that
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completely inhibited the growth. The tests wengied out in three replicates to confirm
the MIC value.

For yeast, cells were grown to a final concentratib1¢® CFU/mland suspended
at a final concentration of 6L0° CFU/ml. Cellsuspensions (25 ml) were added to 25-ml
aliquots of two foldserial dilutions of SRE and Rl.ix, and appropriate broth media (27)
were dispensed (100 pl total volume) in wells ofv@8dl polystyrene microtiter plates
(Fisher Scientific catalog n@1-377-203). The plates were incubated for 2428aC.

The colony-forming unit (CFU) experiment was penied under the same
experimental conditions as described for the miatyb dilution. In brief, starting
inoculum of 1-4x 10° CFU/ml of C. albicans ATCC10231were treated with different
concentrations of SRE and SYRA. The CFU were aifity subculturing 10@ of
serial dilution of each well on PDA. The experimearas performed in three triplicates,
and the results were reported as mean values.

Checkerboard microtiter plate testing To test the antifungal combinations of
SRE and RkEkonix, @ checkerboard microtiter assay was done acaprdm the
recommendations of the NCCLS for in vitro suscelitybtesting (26). The testing was
done in RPMI 1640 with L-glutamine buffered to pHwith 0.165 M of MOPS
supplemented with 2% glucose (12). A 96-well platas used to determine the
fractional inhibitory concentration (FICs). Seriavofold dilutions of SRE and Rbnix
was prepared separately. Then, 25ul of differentcentrations of SRE was added in a
vertical orientation and 25 pl of different congatibns of Rlznix Was added in
horizontal orientation (33). The conidia and yeesli suspensions were prepared as

described previously (36) and 50 ul of the susperssiwvere added to each well. The
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final volume of the well contains 50 ul of the dsugnd 50 pl of the tested culture. The
plates were incubated for 24 to 72 h at 35°C. fraetional inhibitory concentrations
(FICs) of each drug was defined as the MIC of tbhenlgination of SRE and Rbnix
divided by the MIC of the drug alone (12) (33). efihthe FIC index was calculated by
adding up the FICs for each of the drugs (33). ifkeraction was defined as synergistic
if the FIC index was <1.0, additive if the FIC ixde&as 1.0, and antagonistic if the FIC
index was >2.0 (12, 22).

Time-kill curves. The time-kill curve assay was done according tohoes
described by Marchetti et al. (22) with modificatioAn inoculum of 5«10° CFU/ml of
C. albicans ATCC10231 was used under the same experimentdalitcmms as described
for the microbroth dilution (27). The effects omability of SRE (1.97ug/ml) and SYRA
(0.97 SRE + Rlonix 2.92 pug /ml) after 3, 6, 9, 12, and 24 h of indidrawere examined.
A synergy effect is defined &2 10g10 decrease in CFU per milliliter comparedhe

most active ingredient (6, 24).

Toxicity Assays

Hemolysis assay Hemolytic activity was determined by the methodaiik®d by
Dartois et al. (8) and Sorensen et al. (34) withdifiration. Sheep erythrocytes were
used to test hemolytic activity of SRE, Rkx, and SYRA. Sheep red blood cells (RBC)
were obtained by centrifuging whole blood at 1,600, washed four times with PBS,
and resuspended in 10 ml of PBS to a final conagatr of 5% of RBC (8). The RBC
suspension (8Ql) was added to each well containing different @nications of SRE or

RLzonix Or SYRA (20ul). The plate was incubated at 37°C for 60 mireiddized water
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and triton X-100 1% (w/v) were used as positivetoala. The percent of hemolysis was
calculated using the following equation:

% hemolysis= (absorbance of sample) — (absorbahddaok) x100/ (absorbance of
positive control). Fifty percent hemolysis (kfpvalues were calculated as the sample
concentrations required to lyse 50 % of the RBC (8)

In vitro Cytotoxicity . The cytotoxicity assay against mammalian cells determined
by the method described by Dartois et al. (8).| @ability was determined using MTS
(3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxygtyl)-2-(4-sulfophenyl)-2H-
tetrazolium, inner salt; MTS) and the electron diowpreagent, phenazine methosulfate
(PMS). This assay is based on the ability of #lés¢o convert a soluble tetrazolium salt
to formazan product. The cell lines for the cykitdy tests were obtained from the Utah
State University collection. The NIH-3T3 9 (mouderdblast), HEK293 and HelLa cells
(American Type Culture Collection, Manassas, VAYyevpropagated in culture medium
containing 90% (v/v) Dulbecco’s modified Eagle’s anen (D-MEM) (Invitrogen,
Carlsbad, CA), 10 % defined fetal bovine serum (biye Laboratories,Logan, UT).
MDA-MB-435 cells were cultured in a 1:1 mixture DMEM and Ham’s F12 medium
supplemented with 5% (v/v) fetal bovine serum (léye Laboratories, Logan, UT), 1%
non-essential amino acids, and 1mM sodium pyruvé&ells were cultured in Corning
tissue culture flasks at 37 with 5 % CQ. The confluent cells were treated with trypsin-
EDTA and diluted in serum free media. The cellsemeansferred into 96-well plates at
a density of 2x1Dcells per well and 20 pl of MTS reagent was addeedach well
containing 100 pul of cells in culture medium. Tdedls were incubated in a humidified 5

% CO2 incubator at 37°C for 3 h (8). The platesenead with a microplate reader at
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490 nm. Percent cytotoxicity was calculated asn{jo| value — test value) x 100/control
value. Lethal concentrations that caused 50% Hhitgrt@ere calculated using Origin 7.0
(OriginLabCorporation, One Round House Plaza, Norpton, MA 01060).

Honeybee toxicity The test was performed according to methods puedidly
the U.S. Environmental Protection Agency (EPA) CHfiof Prevention, Pesticides, and
Toxic Substances (OPPTS) with modification (13)s ®kcommended by the OPPTS,
Apis mellifera specieswvere used Worker honeybees were captured at the entrance of a
single healthy hive the day of use. The bees Wane brought to the laboratory and kept
in a small cage at room temperature. Prior to akéees in each cage were anesthetized
with CO2and transferred to three individual cups to haveta of 10 bees in each cup.
Two tests were performed to test the toxicitieSBE, Rlzonix and SYRA. The first test
was done by feeding the bees with 200 ul of diffecncentrations of SRE, Rlaix and
SYRA (Table.2.4). For the second test, the beesarh cup were anesthetized again
with CO, and different concentrations of SRE, Bl and SYRA were applied in 1 pl
drops to the ventral side of the thorax of each Bder treatments, the bees were fed
with 3 ml of sucrose solution (50 % volume of sse@nd 50 % volume of water). The
cups were kept at 28°C incubator for 48 h and ob@éavery 4 h. The ratio of living to
dead bees was recorded. The treatments with eademiation were replicated three

times.
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Results

Antifungal Activities

The combination of SRE with Rbnx was tested by an agar disk diffusion assay
in which R. pilimanae was plated onto PDA and PDA with Rkix (RL-PDA). Different
concentrations of SRE were applied on disks andsitgrl on RL-PDA and PDA.
The results showed that the zones of inhibitiolsBEE in RL-PDB were slightly larger
compared to the agar with no Rk (Fig. 2.2). This indicates some degree of a pa@sit
interaction between SRE and Rkx. However, due to the lower concentrations of SRE
the zone of inhibition did not increase noticealblynpare to the control. In the
experiments where SRE and Rkx were applied to a different disk, no change was
observed in SRE zone of inhibition (data not shown)

In this experiment SRE and RJsix were mixed at different ratios prior to use.
SRE, Rlzonix and SYRA were tested against yeast, fungi andebactSRE and SYRA
showed antifungal activities against all testedgfuand yeast. However, no activity was
observed with Rkonix €xcept againsR.pilimanae. A strong synergy between SRE and
RLzonix Was observed (Fig. 2.1.). The SYRA activity wascinstronger than SRE when
against tested yeast and fungi. For example, ap@iralbicans, the zones of inhibition
were 20 and 40 mm for SRE and SYRA, respectively. (E1, Table 2.1). In addition,
the concentration of SRE in SYRA (0.6mg/ml SRE) legabto the disks to give these
zones of inhibition was 4-fold less than for SR&n& (2.4mg/ml). It is important to note
that the highest zones of inhibition against yeast fungi were obtained when SRE and
RLzonix Were mixed at a ratio of 1:3 (as in SYRA). Noidties were observed against

tested bacteria.
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To further investigate the antifungal activity dRE, RLlzonix and SYRA, | tested
their activity againsP. oxalicum, R. stonifer, A. flavus, andA. niger both hyphal growth
and germinated spores. In both experiments, SRESMRA were inhibitory against
germinated spores and hyphal extension of all desfeecies (Fig. 2.3 and Fig. 2.4).
However, no activity was observed with Rkx. The zones of inhibition were from 15 to
20 mm against germinated spores. However, theigcof SRE and SYRA were
stronger wherapplied directly after inoculation of the plate®rfes of inhibition were
from 25 to 30mm). SRE and SYRA inhibited the hypjrawth as it was demonstrated
by the crescent zone due to the retarded mycehatgr(Fig. 2.4).

To quantify the antifungal activity of SRE, Rkix and SYRA, the microbroth
dilution and the checkerboard methods were usdRE iBhibited tested fungi and yeast
with MIC’s that ranged from 1.95 to 7.8 ug per mbble. 2.1). Rkonix did not show
activity against the tested organisms exdeppilimanae with an MIC of 93.75 ug per
ml. However, no antibacterial activity was observath SRE and Rionix.

The SYRA's MICs ranged from 0.5 to 3.9 ug /ml (TeaB.1). Based on the data
obtained from the checkerboard assay, the FICsesdf SRE plus Riix were ranging
from 0.25 to 0.5 (FIC<1) indicating synergism betwethese two compounds. In
addition, SRE and SYRA showed significant reductionthe viable counts against

C.albicans (Fig. 2.5). However, SYRA was more fungicidal thadRESalone.

Time Kill Assay
The synergisms observed between SRE angdrlin the checkerboard microtiter
assay were confirmed in time-kill curves experinsenfig. 2.6. shows time-kill results

for SRE and SYRA. SYRA was more active than SRif@land displayed much more
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rapid killing againstC.albicans. The decreases in CFU with SYRA comply with a

synergistic relationship between SRE ang &Rk .

In vitro Toxicity Studies

Hemolysis assay SRE, Rlznix and SYRA were found to be hemolytic and
displayed dose dependent hemolytic activity agahsep RBCs (Fig. 2.5)RLzonix was
the least hemolytic among the three.

Cytotoxicity studies. The cytotoxicity effects of SRE, Rlnx and SYRA on
mammalian cell lines are shown in Fig. 2.6. SREzR«x and SYRA displayed a dose
dependent cytotoxicityagainst NIH-3T3 (mouse fibash), HEK293, MDA-MB-435,
and Hela cells (Fig.2.6.)However, the concentrations showing toxic effectshe cell
lines were higher than those needed for hemolyiity. Interestingly, SRE, Rlenix,
and SYRA displayed more toxicity against the MDA-MBS5 cell line. The MDA-MB-
435 LC50 for SRE, Rienix and SYRA were almost three times lower comparo¢he
LC50 of NIH-3T3 (mouse fibroblast), HEK293, and Hetells (Table 2.3).

Honeybee toxicity The honeybee toxicity studies of SRE, &k and SYRA
were examined againgtpis mellifera. The presented results were from three separate
experiments. The no treatment control had no mtytand the positive control had
100% mortality after 48 h of observation. The &ttbffect was observed when bees were
on their back. Table2-4 shows the effects of SRE,f and SYRA against honeybees.
The SRE, Rkonix and SYRA were slightly toxic when they were digestby the
honeybees. The percentagenudrtality was from 20 to 30% after 48 h observatidn
contrast, the contact exposure test showed ththeagame concentrations, the honeybees

were indifferent.
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Discussion

In this work, | studied the antimicrobial activéi@nd the toxicity of SRE, Rbnix
and the mixture (SYRA). As expected, SRE was acégainst a large array of fungi
including yeasts and filamentous fungi such Gsalbicans, Aspergillus spp., and
Penicillium spp. The MIC’'s ranged from 1.95-7.8 pg/ml. Howewveo activity was
observed against bacteria. Rkx did not show antimicrobial activities against most
tested organisms. The present study is the ®sbnt on the antimicrobial activities of
SRE and Rkonix cCOmbinations. SRE showed strong synergism with,RLfor all tested
yeast and fungi. Checkerboard analyses showe®Rihgtix reduced the SRE MICs two
to four fold. The FIC indices ranged between 0.2Bdicating strong synergism between
SRE and Rkonix. It is noteworthy that the strongest activity vadiserved when Rignix
and SRE were combined at a 3:1 ratio, respectivélye mixture at this ratio is termed
SYRA. In addition to spore germination inhibitioBRE and SYRA also displayed
antifungal effects against germinated spores aptddygrowth.

Interestingly, Rkonix alone did not exhibit antifungal activity agaitssted fungi.
However, in the presence of SRE these two showemtl ®gynergism. Antifungal
synergism was previously observed when amphoteBaivas combined with gramicidin
S or NF againsC. albicans (19). In contrast, Marchetti et al. demonstrateat despite
the antifungal activity of combined Fluconazole amgtlosporine (cy) (FLC) against
C.albicans , the MIC of FLC remained unchanged (22). Howewefungicidal effect
was observed after 48 h of exposure to this contbimesuggesting that perhaps Cy
action was dependent on the slow effect of FLOCabicans cells , and Cy interaction

with the multidrug transporters render@glbicans more susceptible to FL(22). Work
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by Arikan et al. (2) showed favorable interactioetvieen amphotericin B and

caspofungin againsispergillus and Fusarium spp (2). The combination resulted in a
decrease in amphotericin B MICs (2), and this magbe to better penetration of

amphotericin B following the effect of caspofungin the cell wall (2) .

Previous work by Stanghellini (35) showed that Rhibits zoosporic plant
pathogens by lysing zoospore membranes. Both SRERi .nx act on the cell
membrane but their mechanism of action are differ@ne nature of their interaction is
still under investigation. One explanation coulel #hat Rlzonix interaction with the
plasma membrane facilitated SRE binding and intemaaevith the lipid membrane which
resulted in enhancement of channel formation. A@oexplanation is that perhaps the
anionic characteristic of Rbnix at physiological pH and its interaction with cellrface
provided more negative charges on the surface wdllolwed more binding and stronger
interaction of SRE with the negatively charged meanb causing an increase in number
of channels formed by SRE. The mechanism of intenais still under investigation.

| also studied the effect of the addition of Bl on the hemolytic activity and
cytotoxicity of SRE. Previous studies by Sorenseml. (34) ande Lucca et al. (10)
have shown that SRE had hemolytic activity agasi&tep erythrocytes amoxicity on
HelLa cells. However, De Lucca and Walsh (11) shbweat SRE reduces fungal
viability by 90 to 98% at concentrations that cau28% release of hemoglobin from
sheep erythrocytes. This result is consistent myhcurrent findings, where SRE MICs
were 3 to 5 times lower than the concentrations thase 50% of hemolysis and cell

toxicity. In addition, SRE, Rienix and SYRA effects on honeybees was studied. No



49

effects were observed against honeybees at thertratons that showed hemolytic and

cytotoxicity effects.

In this work, | present the first studies on théiraitrobial activities of SRE and

RLzonix combinations. The in vitro results showed cleathpng synergism between SRE

and Rlzonix against phytopathogenic fungi and yeast. Theuwgal spectrum and low

toxicity suggests that SYRA is a potential canddddbr fungicidal agricultural

applications. However, more work is needed todbetinderstand the mechanism of

interaction in vivo.
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TABLE .2.1. Antimicrobial activities of SRE, RL diSYRA.

MIC (ug/ml) ZI (mm)
Organism SRE RL SYRA SRE SYRA FIC
(SRE/RL) index
Aspergillus flavus 7.8 >20 3.9/5.85 11 18 0.5
Rhodotorula 3.9 93.75 0.97/2.92 22 35 0.24
pilimanae
Candida albicans 3.9 >250 1.95/5.85 21 40 0.5
Rhizopus stonifer 7.8 >250 3.9/11.7 11.5 20 0.5
Fusarium 7.8 >250 3.9/11.7 10 17 0.5
oxysporum
Penicillium spl 7.8 >250 7.8/23.43 10 16 1
Botrytis cinerea 3.9 93.75 0.975/2.92 13 25 0.24
Rhizoctonia solani 3.9 >250 1.95/5.85 10 19 0.5
Cladosporium 3.9 >250 1.95/5.85 15 20 0.5
cladosporioides
Penicillium 7.8 >250 1.95/5.85 13 22 0.25
oxalicum
Saccharomyces 1.97 >250 0.48/1.44 14 25 0.25
cerevisiae W303C
Saccharomyces 1.97 >250 0.48/1.44 13 24 0.25
cerevisiae
BY4741
Saccharomyces 1.97 >250 0.48/1.44 15 24 0.25
cerevisiae
8A-1B
Aspergillus niger 3.9 >250 1.95/5.85 115 20 0.5
Saphylococcus >250 >250 >250 >1 >1 ND
aureus
Bacillus subtilis >250 >250 >250 >1 >1 ND
Escherichia cali >250 >250 >250 >1 >1 ND
Proteus vulgaris >250 >250 >250 >1 >1 ND

MICs values were obtained from triplicate deterrtioves

The zone of inhibition: The error was + 2 mm, atedmined from triplicate determinations.

For FIC index calculations with RL, a value of 2k8s used for those organisms with an MIC of >250.
ND, not determined



TABLE. 2.2. Hemolytic activity of SRE, Rlnix and SYRA
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HD 50% (pg/ml)

SRE 26
RLzonix 75.5
SYRA (SRE) 23

TABLE.2.3. Lethal concentration that caused mamalf 50% of the cells.

Cells LC50 (ug/ml)
Hek292 SRE 96
RLzonix 101
SYRA ([SRE]) 28.78
3T3 SRE 100.63
RLzonix 95.85
SYRA ([SRE]) 25.40
Hela SRE 95.85
RLzonix 96.13
SYRA ([SRE)) 26.25
MDA-MB-435 SRE 30.7
RLzonix 41.4
SYRA ([SRE)) 12




TABLE.2.4. Honeybee mortality

A- Contact exposure to SRE and Bl .
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Time (Hours)

4

12

24

48

Concentration
(mg/ml)

Dead

Live

Dead Live

Dead Live

Dead Liv

1%

RI-Zonix
12.5mg/mi

0

10

1 9

SRE
5 mg/ml

0

10

1 9

B- Feeding SRE and Rbyix

Time (Hours)

4

12

24

48

Concentration
(mg/ml)

Dead

Live

Dead Live

Dead Live

Dead Liv

1%

RLZonix
12.5mg/mi

0

10

SRE
5 mg/ml

0

10

D- Contact exposure to SYRA

Time (Hours)

4

12

24

48

Concentration
(mg/ml)

Dead

Live

Dead Live

Dead Live

Dead Live

SYRA

(SRE 4.5 mg/ml,
RLzonix 12.5 mg/ml)

0

10

C- Feeding with SYRA

Time (Hours)

4

12

24

48

Concentration
(mg/ml)

Dead

Live

Dead Live

Dead Live

Dead Live

SYRA
(SRE 1.6 mg/ml,
RI—Zoni>< 5 mg/ml)

0

10
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FIG.2.1. Disk diffusion assay testing the comhborat of SRE with Rlzpnix.

10 pl of SRE (2.5mg/ml), Rlenix (2.5 mg/ml) and the combination SYRA (0.6mg/ml SRE
and 1.95 mg/ml Rienix ), SYRAZ2 (1.95 mg/ml SRE and 0.6 mg/ml Bk« ) were applied
on disks. A-Botrytis cinerea. B-Candida albicans. C-Schizophyllum commun.
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Plain agar Agar contains 10pg/ml Agar contains 25ug/ml
of F’zl-Zonix of RI—Zonix

FIG. 2.2. Fungicidal activities of different amasirof SRE deposited on PDA containing
RLzonix againstR. pilimanae. Different concentrations of SRE were applied BARA) and
Agar containing: 10 pg/ml (B), 25 pg/ml (C) of Rkix -



FIG.2.3. SRE and SYRA inhibition against fungalwtio. The fungal spore$( oxalicum, R.
stonifer) were allowed to germinate on PDA plate and grow3f@th before SRE (0.25mg/ml)
and SYRA (0.25mg/ml SRE and 0.75mg/mIBlx ), SYRA

(0.6mg /ml SRE and 1.95mg/ml Rkix ) were applied on the disks (Column B). Then the

plates were allowed to grow for 24 h. In columnSRE and SYRA were applied directly after
inoculating the plates with fungal spores.Z&l showed no inhibition.
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FIG. 2.4. Disk diffusion assay against hyphal estem. The fungal spores were applied
to a filter strip and allowed to grow for 48 h urttie appearance of hypae. Then, the
disks were deposited in front of the growing hyphad 10 pl of SRE (0.25mg/ml) and
SYRA (0.25mg/ml SRE and 0.75mg/ml RL) were appliddhe plates were incubated for
another 48 h. RL showed no inhibition.
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FIG. 2.6. Time-kill curves o€C. albicans. CFU were determined after 3, 6, 9, 12, and
24 h of incubation. Mean CFU values of three safgagxperiments are shown. Symbols:
SRE ¢), RL (%), SYRA@), and control&)
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FIG. 2.7. Hemolytic activity of SRE#), RLzonix (m), and SYRA @&). The RBCs were
incubated for 1 h at 37°C.
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CHAPTER 3
PHYSICAL-CHEMICAL PROPERTIES OF SRE AND SRE-RHAMN@RID

MIXTURES

Introduction

In recent years, the need for new and effectivefaggicides has emerged due to
decreases in the effectiveness and safety of diynesed products (10).

The small cyclic lipodepsipeptide syringomycin ERE contains a long,
unbranched-3-hydroxy fatty acid with a positivehacged and hydrophilic cyclic ring of
nine amino acids at the C terminus (5, 13). Previstudies showed that SRE has
inhibitory activity against fungi and yeast suchBasrytis cinerea, Geotrichum candidum
andRhodotorula pilimanae (9, 17)

The antifungal activity of SRE against a wide ranfigeast and fungi, elected it
to be a possible agrofungicide. However, its ckarto be developed as a commercial
fungicide agent will strongly depend on its stapilinder different conditions.

A comprehensive examination of the literature réagt@o publications that describe the
chemical stability of SRE over a range of pHs amdgeratures. However, Hu et al. (7)
examined the stability of crude extracfsPseudomonas speciesunder high temperature,

and acidic and alkaline pHs. The results reveglmotl stabilities of the extract to heat
and acid but not to alkaline pHs (7). Furthermdrased on earlier studies on SRE
activity, it has been observed that SRE solutia Ibng shelf-lives and remained stable

for years under dry freezing conditions (unpublélodservations, J. Takemoto, Utah
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State University). In addition, examination of SREBtructural features suggests that it
would be relatively stable to different temperatuaad acidic pHs.

Rhamnolipids are glycolipids formed by rhamnosekdme to fatty acids of
saturated or unsaturated alkyl chain between C8Ar&d(6). Recent studies have shown
that rhamnolipids are active against zoosporic tpjaathogens such aBythium and
Phytophthora species (16) and against fungal strains suchwssrium solani and
Penicillium funiculosum (6). In addition, the biosurfactants are knowrbéoeffective at
extreme temperature and pH values (2). Howevery ligle information has been
reported on stability of rhamnolipids under differéemperatures and pHs. Thaniyavarn
et al. (18) have tested the surface tension agtofirhamnolipids over a wide range of
pHs, temperatures, and NaCl concentrations. Tédtseshowed a significant stability of
rhamnolipids over all conditions tested.

SRE and SRE + rhamnolipid (SYRA) formulations prgential candidates for
postharvest disease control and possibly otherididad applications in agriculture such
as seed treatment and fruit storage. In Chaptstudjes on the bioactive properties of
both SRE and SYRA were described. The results stdostrong antifungal activities
against yeast and plant pathogenic filamentousifultgs important to mention that most
of the experiments were administered in vitro undemtrolled or optimal conditions.
However, if used in the field these compounds magxposed to proteolysis and variety
of environmental and climate conditions such ashhigmperatures, humidity and
different pHs that may abolish or alter their amtigal activities. Their usefulness as

agrofungicides requires sufficient stability whermgcted to such conditions.



70

The aim of this study is to examine the physicad ahemical stability of SRE
and SYRA. To further explore their stabilities armhdidacies as agrofungicides, SRE
and SYRA formulations were exposed to differentgeratures and pHs, and subjected
to autoclaving, ultraviolet light, sonication, aptbteolysis. The treated solutions were
tested for antifungal activities and analyzed byH_C in the cases of temperature and
proteolysis treatments. In addition, SRE and SY\Rére mixed with mineral oil and
their activities were tested. The overall resstiewed significantly high stability of SRE

and SYRA under the tested conditions.

Materials and Methods

SRE and SYRA

SRE was purified fronP.syringae pv.syringae strain B301D by the method of
Bidwai et al. (3).P.syringae pv.syringae strain B301D was grown in non-comnatrci
potato dextrose casamino acids medium in 4- ote8-tiultures as described by Zhang
and Takemoto (19). The SRE was extracted fronmusgt using acidified acetone and
purified using the chromatographic methods desdribg Bidwai et al. (3). HPLC
column fractions were tested for bioactivity by Bpopg 10 pl aliquots on a fresh lawn of
R. pilimanae on potato-dextrose agafates, incubation at 28, and observing cleared
growth inhibition areas (19). Commercial rhamnialifZonix) (RLzonix) Was obtained
from Jeneil Biotech, Inc. Rknix is an 8.5% (wt/vol) solution of rhamnolipid anasoig
water. Two forms of rhamnolipids are in Rhx, R1 (GeHisOg9) has the molecular
formula of a-L-rhamnopyranosyp-hydroxydecanoyp-hydroxydecanoate, and R2

(C32Hs58013)
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is 2-Ow-L-rhamnopyranosyl-L-rhamnopyranosyly§ hydroxydecanoate. SYRA was
prepared by combining SRE and Rlx at 1:3 (wt/wt) ratios, respectively. Two
formulations were used: SYRA 195(0.6 mg SRE and 1.95 mg Rix per ml) and

SYRA 250.75(0.25 mg SRE and 0.75 mg Rhix per ml).

Antifungal Activities

Agar disk diffusion method. The disk diffusion assay was done accordingly to
the method described by the National CommitteeCliamical Laboratory Standards (1)
protocols for antifungal testing with modificatighl, 15) . R .pilimanae was grown in
potato dextrose broth (PDB) and adjusted to 85BU/ml (8, 14) , and transferred onto
solid agar medium. The culture was spread ovestingce as a thin film (14). Four mm
diameter sterilized paper disks were depositecherstirface and SRE and SY{HRA os0r
SYRAv 25 0.7swere applied on diskl and disk 2, respectivelto(ZOul aliquots).

HPLC analysis The high performance reverse-phase liquid chtography
(RP-HPLC) analysis was performed by the methodrdeted by Bidwai et al. with
modification (3). The treated SRE and SYRA weredéxh onto C18 reverse-phase
column for HPLC analysis. The samples were eluted B5 min (0.5ml per min) linear
gradient of the 70% of 0.1% trifluoroacetic acid water, and 30% of 0.1%
trifluoroacetic acid in isopropanol. Eluted SRE aBY¥RA were detected by UV
detection at 240 nm.

Effect of temperature. SRE (1mg/ml) and SYRAs5 o 7ssolutions were prepared
and incubated at 4°, 28°, 50°, and 65°C. At 501&] 65°C the activities were tested as
described previously every day for 17 days. At 4t@ 28°C the activities were tested

each day for 60 days. The solutions were also &awed for 15, 30 and 45 min and their
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activities were tested againBt.pilimanae and 50 pl of the treated SRE solutions or
SYRAv 25075 were analyzed by RP-HPLC as described previously (8 the case of
SYRAv 25075, tWo sample variations were prepared and usethese experiments.
Sample A was prepared by mixing SRE (0.25mg/ml) Bhdonix (0.75 mg/ml) after
autoclaving the individual solutions separatelyamle B was prepared by mixing SRE
(0.25 mg/ml) and Rienix (0.75 mg/ml) before autoclaving.

Effect of pH on SRE and SYRA activity The effect of pH on the activities of
SRE (2.4 mg/ml) and SYRA 1.9swas examined using the disk diffusion assay ag&inst
pilimanae as described before (12). The solutions were agtjust pH values of 4, 5, 6,
and 7 by the addition of 1N HCI or 1N NaOH and inated at room temperature for 24
h. Ten pl of SRE and SYRA 195 were applied on the disks. The plates were iatad
at 28C for 48 h and the zones of inhibition were meagur

Effects of ultraviolet light and sonication
on SRE and SYRA activities The effects of UV light and sonication on SRE

and SYRA activities were studied using the diskudibn assay againBt.pilimanae
(12). One hundred pl SRE (2.4 mg/ml) and SY¥RAs were added to 96 well-plates
and irradiated using a Fisher Biotech ultraviokendi-held lamp (Fisher Scientific) for 60
min at a wave length of 320 nm. Ten ul of SRE (BgIml) and SYRAs 1.95 Were taken
every 10 min for 60 min and applied on disks. Plates were incubated at 28°C for 48
h and the zones of inhibition were measured.

Two hundred pl of SRE (2.4 mg/ml) and SYRA o5 in 2 ml glass tubes were
sonicated for different time intervals in a watexttb sonicator ( Bransonic ultrasonic

Model 1210, 50-60Hz). The 10 ul samples were takegry 10 min for 60 min and
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tested for activity as described previously. Thetgs were incubated at 28°C for 48 h
and the zones of inhibition were measured.

Trypsin treatment. To study the effect of protease on SRE and SYRAi#es,
the solutions were dissolved in PBS buffer, pHiid.4.5 mL capacity microcentrifuge
tubes (20). Trypsin (bovine pancreas, Sigma, &tid) was added at ratio of 1:25
(enzyme/peptide, w/w). SRE (1mg/ml) and SYR#v 7swere mixed with 40 pg/ml and
10 pg/ml of trypsin, respectively. The tubes wieribated at 37°C for 2 h and stopped
by adding trypsin inhibitor aprotinin (Sigma) (10pd). The treated samples were
examined for their activities agairRtpilimanae and analyzed by RP-HPLC as described
earlier.

Effect of mineral oil on SRE and SYRA
activities. SRE and SYRAzs,0.75 were mixed with mineral oil at a ratio of 1:1

(vol/vol) and incubated at room temperature for.1Ten pl of SRE and SYRAs .75
were tested by disk diffusion assay as describdoteaThe plate was incubated at 28°C

for 48 h and the zones of inhibition were measured.

Results and Discussion

Physico-chemical Stability of SRE and SYRA

The use of SRE and SYRA as fungicides agents regjtirat they be sufficiently
stable. Their useful applications will necessitatgg-term stability, as well as resistance
to environmental conditions such as temperatuteggwiblet light, and pH variations.
The results show that SRE and SYRR4o7sare stable at 4°C and 28°C (Fig. 3.1).
However, at 55°C and 65°C, SYR# 075 activity began to decrease after 4 days and

was completely lost after 6 and 11 days at 65°C ZBfC, respectively (Fig. 3.1). In
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contrast, SRE remained completely active at thesgeratures. It is important to note
that at 4°C and 28°C SRE and SY§A\ 7sactivities were very stable after 60 days of
incubation (data not shown).

To further explore the effect of temperature on SRE SYRA 25 o 75activities.
SRE and SYRAzs 0. 7swere autoclaved for 15, 30, and 45 min at 121°Mi@.as3.1, Fig.
3.2). SREshowed full inhibitory activity againd® . pilimanae at each time. In contrast
the activity of SYRA 25075 (sample B) declined when autoclaved. However, nwhe
SYRAv 25075 prepared with separately autoclaved solutiorSRE and REonix (Sample
A), it was active. To further examine the effettatoclaving on SRE and SYRAs .75
HPLC analyses were performed on treated samplgs 3R3.). HPLC profiles of Rignix
showed that its structure was not affected by dawory. However, 60 % of SRE was
degraded. as a consequence of autoclaving. loabe of sample B, the SRE structure
was completely degraded (Fig. 3.3). It appearsRha,ix interaction with SRE forms a
complex that is heatensitive. It could be speculated that the twoerules physically
interacted via their hydrophobic and hydrophilicieties, respectively, and that high heat
(e.g. autoclaving) disrupts the interactions that mainly hydrophobic interactions and
hydrogen bonding. SRE and Rlix each showed significant long term stability. le th
case of SYRAs5,0.75 the long term stability was very good at 4°C &&1C, but, the
stability began to decline at 55°C and 65°C. Thebservations are important for
considerations of storage and transportation of SYdRmulations.

To further explore the physical properties of SRl &YRAy 6195, these two
were exposed to UV light, sonication, and variecspélvels. The results showed UV

light and sonication had no effects on antifungaivéties againstR. pilimanae were not
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affected by UV light (Fig. 3.5). SRE and SYRA 95 antifungal activities were also
stable at pHs between 4 and 7 (Fig. 3.4). Howevithh SYRA;s195 | Observed a
moderate increase in activity at pH 5 and 6 (Fig).3 This difference in activity is
perhaps due to the net charge of RLs. RL is anamigiosurfactant with a pKa value of
5.6 (2). It was reported by Aranda et al. (2) thapH 7.4, 98.4 % of thehamnolipid
forms are negatively charged, whereas, at pH 4%9@re neutral. Possibly, the ratio
between the anionic and neutral forms have cortgtbtio the activity of SYRQs 1.05
This information is important for considering pHnstraints when combining SRE and
RLzonix to make SYRA formulations for applications. Thell results indicate a good
degree of stability for both SRE and SY&A o5 at pH range of 4 to 7.

The successful use of SRE and SYRA formulationguagicidal agents may
depend on environmental and climate conditions sashhumidity, radiation, and
temperature. Wet and humid conditions may reguapetitive treatments to reach the
desired control. In addition, this may enhance d#fiectiveness of fungicides by
facilitating its spread and penetration into thehpgen. However, repetitive applications
might be costly. Perhaps using mineral oil to\dlithese agents may reduce the cost.
SRE and SYRA were mixed with mineral oil and testadactivity againsR. pilimanae .
The results showed th&@RE and SYRAs0.75 were active after mixing them with

mineral oil (Table. 3.2.).

Effects of Trypsin
To examine whether SRE and SYRA formulations ar&blet to protease
treatment, SRE and SYRAs 075 were pretreated with trypsin and their antimicabbi

activities were tested. The results showed thagisin treatment did not alter SRE and
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SYRAv 25075 activities againsR. pilimanae. Moreover, no degradation was observed in
the tryspin-treated samples. HPLC analyses shaladhe peaks were almost identical
to the control (Fig. 3.6). The trypsin is known di@gave at the carboxyl side of both
lysine and arginine that are connected to othenaracids. Interestingly, trypsin did not
cleave the Arg-Phe bond in SRE. Perhaps the ninecarrcids cyclic ring and the
structural conformation of SRE prevented and ptetethe molecule from trypsin active
site. This result is consistent with observatiorfs Fernandez-Lopez et al. (4) on
chemically synthesized cycliz,L-alpha-peptides.

In conclusion, the results of this study providéormation on the activities and
chemical stabilities of SRE and SYRA formulationadar a variety of physical
conditions and chemical treatments. Overall, SRE the SYRA show long term
stabilities. Their broad spectrum antifungal pmips and physical stabilities reinforce

the prediction that they are promising candidabesi§e as agrofungicides.
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Table. 3.1. Effect of autoclaving on SRE and SR 75 activities

Zone of inhibition (mm)
Autoclave time 15 minutes 30 minutes 45 minute$
2.4mg/mISRE- 22 20 20
Autoclaved
SYRA) 25075 NI NI NI
Mixture B
2.6mg/ml RL NI NI NI
Autoclaved
SYRAv 25075 34 32 29
Mixture A

NI= no inhibition

Table.3.2. Effect of mineral oil on SRE and SYfR4A\ 75 activities.

Zone of inhibition (mm)

SRE SYRA 25075

With mineral oil 22 35

Without mineral oil 22 35
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Zone of inhibition (mm)

0 2 4 6 8 10 12 14 16 18
Time (days)

Fig. 3.1. Effect of temperature on SYRA 075 activity 4°Ca) , 28°C¢) , 55°Ce) ,
65°C(A).SRE activity ¢) 4°C, 28°C , 55°C , 65°C ( SRE activity was siaene for all

temperatures)
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Fig. 3.2. The antifungal activity of SRE, RL, aB¥RA againsR .pilimanae.after
autoclaving. Ten ul of SRE, RL, SYRAs o.7smixture A (SYRA) prepared after
autoclaving the components SRE and&l and SYRA 25 0.7s mixture B (SYRA")
mixed before autoclaving) were applied on diskegdbon a lawn of

R .pilimanae.



400 A

Azox10°

100 A

0 10 20 30
Time (min)

300 A SRE

Azap 107

]

s

1
—

Tume ( 1in)

400 7 G

Az 10°
=
o

0 10 20 30
Time (mir)

Fig. 3.3. HPLC analyses of : (A) SRE 1mg/ml, (B) EZonix 0.75mg/ml (the arrows
represent rhamnolipid isomers RL1 and RL2), and (§ SYRA0.25,0.75. (---)
before autoclaving and €) after autoclaving. Shown are the HPLC profiles

obtained using a C18 column with a 25 minute of 06P%6 gradient 2-propanol in
0.1% TFA.
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Fig. 3.5. Effect of UV exposure and sonication &®#8ESand SYRA s 1.95 activities.
SRE: UV exposures(), sonication ¢). SYRAy.1.95 UV exposure %), sonication )
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Fig. 3.6. HPLC analyses ¢R) SRE (Img/ml) andB) SYRAy 25075 before trypsin
treatment (---) and after trypsin treatmen).(Shown are the Shown are the HP

profiles obtained using a C18 column with a 25 rtemaf 0-70% gradient
2-propanol in 0.1% TFA.
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CHAPTER 4

MECHANISM OF ACTION OF SRE- Rionix COMBINATION

Introduction

Syringomycin  E is a cyclic lipodepsinonapeptide dueced by the
phytopathogenic strains &seudomonas syringae pv. syringae (Takemoto, 1992). SRE
has inhibitory activity against fungi and yeast Iswas Botrytis cinerea, Geotrichum
candidum and Rhodoturula pilimanae (Takemotoet al., 1992; Lavermicocgaet al.,
1997). The mechanism of action of SRE is well ®dd SRE acts on yeast and plant
plasma membranes to cause numerous cellular efféttsncreases in cellular Kefflux
and transient Ca fluxes among the most prominent. The effects camesistent with
SRE’s ability to form ion-conducting voltage sen&tchannels in membrane bilayers.
However, ion channel formation in the native plagmambrane as the primary cause of
growth inhibition has not yet been determined. dddition, studies with lipid
biosynthesis yeast mutants have revealed that gpliprds and sterols modulate the
fungicidal activity of SRE (Clifteret al., 1996; Grilleyet al., 1998; Stoclet al., 2000).
For instance, among the genes that promote SREnathie SYR2 is gene required for
sphingolipid C-4 hydroxylationELO2 andELQO3 are responsible for very long fatty acid
elongation,FAH1, responsible foo-hydroxylation of the amide linked very long chain
fatty acids, andlPT1, which encodes the enzyme that catalyzes the naimjeast
sphingolipid biosynthetic step (Clifteet al., 1996, Grilleyet al., 1998; Stocket al.,
2000). In addition SVIR1 (identical to ERG3), which encodes the C-5,6 desaturase

required for ergosterol biosynthesis (Taguethal., 1994)is also needed for SRE action.
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SRE lipidic pore formation has been proposed asn&ehanistic basis for SRE action on
membranes (Malesgt al., 2002).

Rhamnolipids are produced Mgseudomonas aeruginosa and are formed by
rhamnose linkage to fatty acids of saturated omatumated alkyl chain between C8 and
C12 ( Habaet al., 2002). Rhamnolipids possess antimicrobial &/ ( Habaet al.,
2002). They are active against zoosporic plarthqeens (Stanghelliret al, 1997) and
other fungal species such Rssarium solani andPenicillium funiculosum ( Habaet al.,
2002). The mechanism of action of rhamnolipidsirgiafungi is still unknown.
However, Stanghellini and Miller (Stanghellini & N&r, 1997) suggested that the
rhamnolipids inhibit the zoosporic fungi by disrimgt the zoospore plasma membrane.

Combinations of existing fungicides show some psanifor use as next
generation and more effective antifungal strate(fRexet al., 1995). The current work
is part of a general study on the antifungal properand efficacy of combined SRE and
RL onix formulations. | hypothesize that SYRA the combimaof SRE and Rlgnixalso
inhibit fungi by mechanisms that are similar togddor SRE action. Therefore, | studied
the effects of SYRA orEaccharomyces cerevisiae strains deficient in various steps of
sphingolipid and sterol biosynthesie investigate whether the antifungal action of
SYRA, like SRE, depends on sphingolipids and sserol

To further examine the basis for the fungicidaliaigt of SYRA, | studied the
channel-forming properties of SRE, Bk« ,.and SYRA in lipid bilayers in comparison
with those of SRE. The results suggest that splipigs and sterols are important for
the killing action of SYRA in a manner similar foet mechanism of action of SRE, and |

found that SYRA and SRE have similar single-chapoeé forming properties.
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Materials and Methods

SRE and SYRA

SRE was purified fronP.syringae pv.syringae strain B301D by the method of
(Bidwai et al., 1987). P.syringae pv.syringae strain B301D was grown in non-
commercial potato dextrose casamino acids mediuda or 8-liter cultures as described
by Zhang and Takemoto (1987). The SRE was extiacten cultures using acidified
acetone and purified using the chromatographic ousthdescribed by Bidwai et al
(Bidwai et al., 1987). HPLC column fractions were tested forbtovity by applying 10
pl aliquots on a fresh lawn @&. pilimanae on potato-dextrose agpfates, incubation at
28°C, and observing cleared growth inhibition areatafy & Takemoto, 1987).
Commercial rhamnolipid Zonix (Rhnix) was obtained from Jeneil Biotech, Inc. Rl
is an 8.5% (wt/vol) solution of rhamnolipid analdgswvater. Two forms of rhamnolipids
are in Rlzonix, R1 (GgHag0g) has the molecular formula of-L-rhamnopyranosyp-
hydroxydecanoyB-hydroxydecanoate, and R2855013) is 2-O0-L-
rhamnopyranosytL-rhamnopyranosyl-p  hydroxydecanoate. A formulation was
prepared by combining SRE and Bl at 1:3 (wt/wt) ratios (0.25 mg SRE and 0.75 mg

RLzonix per ml), respectively, and designated SYR# .75

Yeast strains and maintenance

SRE-sensitiveS. cerevisiae strains 8A-1B, W303C, and BY4741 and isogenic
SRE-resistant and lipid biosynthesis mutant stralegy3, 4syr2, diptl, 4delo2, 4elo3,
Asknl and Afahl were described previously. SRE-resistant straisys2 and 4elo3 are

single-gene disruptants isogenic to parental Sré303C and 8A-1B, respectively. All
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other SRE-resistant mutants are single gene damntgtisogenic to parental strain
BY4741. The strains were grown at’28and maintained af6 in yeast extract-peptone

dextrose (YPD) broth or on agar medium (Hana., 2000).

Effects on yeast growth

Replica plating. The effects of SRE, Rbnix , and SYRA 25 0.750n the growth of
yeast strains were determined using the replicte ptaethod as previously described
(Hama et al., 2000). Freshlgrown cells of yeast parental and lipid mutantisgavere
replica-plated onto YPD agar containing differenohecentrations of SRE, Rbaix , and
SYRAu 25075 and incubated for 2 to 3 days at 28°C. Growtls determined by visual
inspection of the agar plates.

Disk diffusion assay. The disk diffusion assay was done accordingly ® th
method described by the National Committee for iCéh Laboratory Standards
(NCCLS) protocols for antifungal testing with maddtion (NCCLS, 1997,2002).
Different yeast parental and lipid mutant strawere grown on YPD for 48 h at 28°C
and 50 ul of cell suspension was transferred anelagpuniformly using a cotton swab
onto YPD agar (Steinbadd al., 2004). Four mm diameter sterilized paper disksew
deposited on the surface and {i0of SRE (0.25 mg/ml), Rienix (0.75 mg/ml), and
SYRAv 25 0.7sWere applied onto each disk. The plates werebiatad for 24 to 48 h and
the zones of inhibition were measured.

Microbroth dilution assay. Minimal inhibitory concentrations (MICs) were
determined by the microbroth dilution assay acewydio methods outlined by the
NCCLS with modification (NCCLS, 1997, 2002). Yegpstrental and lipid mutant strains

were grown to a final concentration offXOFU/mland suspended at a final concentration
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of 5x10° CFU/mI. Cellsuspensions (2l ) were added to 28 aliquots of twofoldserial
dilutions of SRE, Rkonix , and SYRA 25 0.7sand YPD broth media were dispensed (100
pl - total volume) in wells of 96-welpolystyrene microtiter plates (Fisher Scientific,
catalog no21-377-203). The plates were incubated for 24 B8C. The MICs were

determined by visual inspection of the 96-well plat

Lipid bilayer channel formation

Lipid bilayer electrophysiological experiments weperformed using 1,2-
dioleoyl-sn-glycero-3-phosphorylcholine (DOPC), @i Polar Lipids) as previously
described (Blaskat al., 1998, Malevet al., 2002). Solutions of 0.1 M of NaCl were
buffered with 5 mM MOPS (Sigma) to pH 6. Bilaygidl membranes were prepared by
the monolayer-opposition technique (Montal & Mugpll®72) on a 50-100 pum diameter
aperture in the 10 um thick Teflon film separating (cis andtrans) compartments of a
Teflon chamber (Montal & Muelleet al., 1972; Bezrukov & Vodyanoy, 1993). The
membrane-forming solution was DOPC. A pair of AgA electrodes with agarose/2 M
KCI bridges was used to apply transmembrane vdtagel to measure single channel
currents. Current measurements were carried aagu Axopatch 200B amplifier
(Axon Instruments) in the voltage clamp mode. dhta were filtered with a low-pass 8-
pole Model 9002 Bessel filter (Frequency Devices) &Hz and directly recorded into
computer memory with a sampling frequency of 5 kHBata were analyzed using
pClamp 9.2 (Axon Instruments) and Origin 7.0 (QrigLab). Single channel
conductance was calculated as the mean single-ehanrrent divided by the applied
transmembrane voltage. All experiments were paréal at room temperature.

SRE (5 pg/ml) and Rignix (4 ng/ml) were added to the aqueous phase asviollo
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1- Att=0, SRE was added tis side compartment
2- At t=0, Rlzonix Was added tais side compartment, then at t=10 min, SRE was
added to the same side.
3- At t=0, SRE was added to tles side compartment, then at t=10 min, R
was added to the opposite stdans side.
4- At t=0, RLzonix Wwas added to theans side, then at t=10 min, SRE was added to
thetrans side.
Results
Susceptibility of SRE-resistant lipid
biosynthesis mutants
The growth ofS. cerevisiae sphingolipid and sterol biosynthetic mutants in the
presence of different concentrations of SRE and Y&, 7swas examined. On replica-
plated YPD agar medium SRE (0.75 pg/ml) and S¥RA.75(0.5ug/ml of SRE and 1.5
pna/ml of Rlzonix) inhibited the growth of parental yeast strains3Q8C, BY4741, and
8A-1B) (Fig. 4.1) but not thépid mutant straing Fig. 4.2) SYRAg 250.75was the most
effective inhibitor against th& cerevisiae strains (Table. 4.1, Fig. 4.2). The MICs (of
equivalent SRE levels in SYRAs 079 were 2 to 4 fold lower than the SRE MICs (of
SRE alone) (Table. 4.1) against &ll cerevisiae strains tested. Although all of the
mutants were less susceptible to the SRE and ¥§¥scompared to their parental
strains, there was some variation in the extemésistance among the tested mutants. For
example, the corresponding SRE-resistant isogeantamh strains with deletions in genes
for sphingolipid @syr2, diptl, andAsknl) or ergosterolAerg3) biosynthesis were less

susceptible to inhibition by SYRAs.7scompare to the other mutantifghl, 4elo3,
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and 4elo2). However, in the case of SREAsyr2 and 4erg3 were the most resistant
compared to the other strains. Overall, the paiteoh relative susceptibility and
resistance of the lipid mutants to SYRA,.7sand SRE were similar. At relatively high
concentrations of SRE (3.9 pg/ml) and SYR&.75(1,95ug/ml SRE and 5,85 pg/ml

RLzonix ) Neither the wild type nor the mutants grew.

lon channel formation

To study the influence of Rbnix on SRE interaction with the plasma membrane,
| examined the membrane channel forming propemesSRE in the presence and
absence of Rignix. The effects on ion conductance across planat bgayers were
measured. Figure. 4.3 shows time courses of tegral macroscopic conductance of the
bilayers doped with SRE alone and SRE withy ik

The results showed that the negative potentialiegtdn drove the increase of
the membrane conductance. Remarkably, the addafoRLzonix to both sides of the
bilayer (cis and trans) caused a significant inreeeia membrane conductance indicating
an increase in the number of pores formed by timebawed mixture of SRE and Rixix.
However, after 40 min of the imposing voltage, toaductance decreased indicating the
closing or disappearance of the pores. As repagprediously (Szabat al., 2004)
(Malev et al., 2002) SRE produced a smaller steady-state conductande nan
subsequent decrease was observed after 40 mirha&hge in conductance was observed
when Rlznix was applied alone. In contrast to the differena@smacroscopic
conductance, the properties of the transmembraiggesthannels formed by SRE with or

without RLzonix Were the same (Fig. 4.3).
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Discussion

It is known that SRE interacts with membranes tesyin lipidic pore formation
that in yeast leads to ion leakage, membrane dgstum and possibly other cell
damaging effects. It is also known that growthibition by SRE is modulated by
sphingolipids and sterols (Grillest al., 1998; Cliftenet al., 1996; Stocket al., 2000;
Hamaet al., 2000) Sphingolipid and sterol biosynthetic musaonf yeast were less
susceptible to SRE as compared to the isogenic tyid strains. The same effect was
observed with SYRA. However, the presence ofJirendered the wild type and the
mutants cell more sensitive to SRE. the effect gi@satest in yeast with mutations in
either SYR2, the gene responsible for C4 hydroxylation of sghlipids, or SMRL1,
which encodes the C-5, 6 desaturase required for ergb&tisynthesis. It is unclear
whether the Rkonix interaction with the plasma membrane was affedbgd the
sphingolipid and sterol biosynthetic mutation sashthe lack of C-4 hydroxylation or
C5, 6 desaturase as it was shown for SRE actiooweMer, the presence of Rbkix
facilitated SRE binding to the plasma membraneusTISRE was more effective and it
increased its activity.

To further explore and understand the effect of;dJgk on SRE action, the
transmembrane channel properties of SRE+.RLwere examined and compared to
those of SRE channels. SRE caused voltage-depemdaaroscopic conductance
increases due to the formation of ion permeablenmmbla in the membrane bilayers.
However, when Rionix Was added, a significant increase in the condaetdevel was
observed. This increase is mainly due to the tmahbers of channels formed. | suggest

that the observed increase in the number of chanigeldue most likely to the
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enhancement and favorable binding of SRE in thegmee of Rkonix. However, after 40
min a decrease in conductance was observed asagqumnce of pore inactivation in the
planar membrane. This perhaps is triggered byligsociation of SRE+ Rignix complex
from the plasma membrane. The nature of intenadiietween SRE, Rknix, and the
plasma membrane, however, is not clear. One ptissibithat the penetration of Rbnix
into the plasma membrane (in which the hydrophpbition interacts with lipids and the
negatively charged polar head points outward inagpet-like manner (Oren & Shai,
1998) attracts more SRE binding to the membrangite an increase in number of
channels (Fig. 4.4). It is important to mentioattthe nature of the membrane plays an
important role in how Rienix binds and inserts into the membrane (Aramtial., 2007).
Aranda et al., (2007) suggested that a high presence of chobéste the membrane
rendered the binding of diRL more difficult; howeythe presence of
phosphatidylethanolamine enhanced its binding aaditioning into the membrane.
Another possibility is that SRE interacts with fhlasma membrane with a barrel-stave
mechanism as described by Oren et al. (1998) fwali amphipathic peptides. The
positive charge of the SRE polar head and pore dbam results in a decrease in the
motional order of the lipids and as a consequeRteggnix binding and insertion into the
membrane is enhanced (Arareal., 2007) with an increase in the number of channels.
In summary, the present study suggests that SYRWiis yeast by the same
mechanism as does SRE by itself. Its antifungabads promoted by sphingolipids and
sterols of the plasma membrane and involves paredtion. The results also provide an
explanation for the antifungal synergy between SR& Rlzonix. The addition of Rgonix

results in an increase in the number of membranaretis formed by SRE.
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Table. 4.1 Antimicrobial activities of SRE and SYR#&ainst yeadipid
biosynthetic mutants.

Organisms Zone of inhibition MIC (ug/ml)
(mm)
Saccharomyces SRE SYRA SRE SYRA

cerevisiae (SRE/ Rlzonix )
W303C 14 25 0.97 0.48/1.44
Asyr2 10 7 3.9 1.95/5.85.
Aelo3 14 19 1.95 0.97/2.91
BY4741 13 24 0.97 0.48/1.44
Aiptl 12 17 1.95 1.95/5.85
Afahl 12 22 1.95 0.97/2.91
Aelo2 12 22 1.95 0.97/2.91
Asknl 12 22 1.95 0.97/2.91
A8A-1B 15 24 0.97 0.48/1.44
Asmrl 10 8 3.9 1.95/5.85

MICs values were obtained from triplicate deterrtiones

The zone of inhibition: The error was £ 2 mm, agedwined from triplicate

determinations

99
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BT4741 Aiptl  Adela2 skl Afahl

W303C  delol  dgrd

B4-1B Asmrl

Control

SRE 0.75ug/ml

Fig. 4.1 .Effect of SRE and SYRA on growthya&fastipid biosynthetic mutants.
Sphingolipid and ergosterol biosynthesis mutant @er@éntal strains were replica plated
onto YPD agar with or without: SRE (0.75ug/ml) ofFFA (0.5pug/ml SRE, 1.5pg/ml
RL) the plates were incubated at28or 48 h.
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SRE SYRA 25,0.75

BY4741 84-1B

. delal h
AelaZ ﬂy

L_—

an

Fig. 4.2 . SRE and SYRAs 0.75 inhibition against yeadipid biosynthetic mutants. Ten pl
of SRE (0.25mg/ml) and SYRAs .75 were applied on the disks. The plates were ineaba
for 48 h. Rlzonix Showed no inhibition.
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i R

Fig. 4.4. A cartoon illustrating on the mechanismSRE and RL combination and
membrane pore formation. Red symbol representamiRlLblue symbol represents SF
Left: A- the RL interacted with the plasma membranth their hydrophobic embedded
in the membrane and hydrophilic portion on the axef B- the binding of RL attracted
more SRE to the surface of the plasma membranédit:Régthe syringomycin interacts
with the plasma membrane. B- The binding of SRkilted in channel formation and a
decrease in the motional order of the lipids asoasequence, Rknix binding and
insertion into the membrane is enhanced with arease in the number of channels.
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CHAPTER 5
MECHANISMS OF YEAST GROWTH INHIBITION

BY SYRINGOPEPTINS

Introduction

In addition to well-characterized cyclic lipodepsmapeptides,Pseudomonas
syringae pv. syringae produces larger cyclic lipodepsipeptides known the
syringopeptins (SPs). These compounds are commbtior 25 amino acids (SP22 and
SP25, respectively) with an octadepsipeptide rimgcture and a 3-hydroxy fatty acyl
chain. Isoforms of SP22 and SP25 possessing &atfl chains composed of ten and
twelve carbons are designated A and B homologpentively. The SPs are phytotoxic,
and they have antimicrobial activities against Gyawsitive bacteria (Lavermicocca
al., 1992; Grgurinat al., 2005, Chapter 6). They are also antifungaloaitin typically
less potent in this regard than the cyclic lipode@sapeptides (lacobelliat al. 1992;
Lavermicoccaet al., 1997; Grgurinaet al., 2005). Nevertheless, SP22 analogs show
strong inhibitory activities against certain fungalasts including the pathog&andida
albicans (Grgurinaet al., 2005).

The mechanisms of action of the cyclic lipodepsameptides, particularly
syringomycin E (SRE), are well studied. SRE actyeast and plant plasma membranes
to cause numerous cellular effects with increaseseilular K efflux and transient G&
fluxes among the most prominent. The effects aresistent with SRE’s ability to form
ion-conducting voltage sensitive channels in membrailayers. However, ion channel

formation in the native plasma membrane as thegimause of growth inhibition has
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not yet been determined. In addition, studies weéast have revealed that sphingolipids
and sterols (lipids that occur predominantly in fplasma membrane) modulate the
fungicidal activity of SRE (Clifteret al., 1996; Grilleyet al., 1998; Stock et al., 2000).
SRE lipidic pore formation has been proposed asn&ehanistic basis for SRE action on
membranes (Male#t al., 2002). Less is known of the mechanisms of aatibthe SPs.
A few studies have shown that the SPs are capéldtgming ion conducting membrane
channels (Hutchison & Gross, 1997; Dalla Setral., 1999; Agnegt al., 2000). In lipid
bilayers and erythrocytes, SP22A channels do netnthlly inactivate as do SRE
channels — a phenomenon related to SP22A’s grefitativeness in ordering membrane
lipids (Szaboet al., 2004). In plant systems, SPs have been showause electrolyte
leakage in leaf tissues (lacobellis 1992; Lavermoecet al., 1997), to increase the
permeability of tonoplasts (Carpanetbal., 2002) close stomata (Di Giorgiet al.,
1996) and modify A fluxes across mitochondria and plasma membraneSi@gio et
al., 1994;1996). Finally, SPs interact with bactecill surface teichoic acids (Chapter
6Bensaci), but the mechanism of interaction withté@al membranes is still unknown.
Despite recognition that the SPs have antifung@ites, there have been no published
studies on the mechanisms of action of SPs aggsasts or other fungi.

In this study, we address the mechanisms of acti@Ps against yeast. We show
that the physiological responses of yeast to the &t the membrane lipid requirements
for fungicidal action resemble those of SRE. Tisisso despite the large structural
differences between the SPs and SRE moleculeexd@mine the basis for the fungicidal
activity of SPs, we studied the channel-formingpambies of the SPs in lipid bilayers in

comparison with those of SRE. We found that SP228 &P25A produce higher
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macroscopic conductance than SRE but, surprisingbye similar single-channel

properties.

Materials and methods

Yeast strains and maintenance

Saccharomyces cerevisiae SRE-sensitivestrains KZ1-1C, 8A-1B, W303C, and
BY4741 and SRE-resistant and lipid biosynthesisamiustrainsderg3, Adsyr2, Aiptl,
Ael02, 4elo3 and 4fahl were described previously (Taguddtial., 1994, Hamaet al.,
2000, Stocket al., 2000). SRE-resistant straidisrg3 (formerly Asyrl, (Taguchiet al.,
1994)) and 4fahl are single-gene disruptants isogenic to pareritains 8A-1B and
BY4741, respectively. All other SRE-resistant nmii¢aare single gene disruptants
isogenic to parental strain W303C. The strainsevggown (28C) and maintained {&)

in yeast extract-peptone dextrose (YPD) broth cager medium (Hamet al., 2000).

Purification of SRE, SP22A and SP25A

SRE was purified fronfPseudomonas syringae pv. syringae strains B301D or M1
by previously described methods of (Bidvetial., 1987; Adetuyiet al., 1995). SP22A
and SP25A were purified from extracts of straihssyringae pv. syringae B301D and

M1 respectively, using methods described eaflidrapter 6).

Effects on yeast growth
The effects of SP22A, SP25A and SRE on the growtlyeast strains were
determined using two methods. A replica plate methvas used as previously described

(Hama et al., 2000). Freshly grown cells of ygmsental and lipid mutant strains were
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replica-plated onto YPD agar medium containingetéht concentrations (between 0.61
and 2.06 uM) of SRE, SP22A, and SP25A and incubfated to 3 days at 28°C. Growth
was determined by visual inspection of the agatepla For measuring effects on growth
in liquid batch cultures, parental yeast strain KX was first grown in YPD broth
medium at 28°C in 125 mL capacity Erlenmeyer flaskth rotary shaking for 48h to a
density of ~8 x 1Bcells mi*. The cells were centrifuged and resuspended in BREh
medium to give 2.4 xTcells mI* and SRE, SP22A or SP25A were added at designated
concentrations (between 0.81 and 9.33 uM). Theeasspns were incubated with rotary
shaking at 28°C and samples removed hourly forctizell counts. The number of cells
was counted using a hemocytometer and light miomscand generation times

determined from calculated specific growth ratestants.

K™ efflux

Whole cell K efflux rates were determined as changes in extrdaelK*
concentrations. Yeast strain KZ1-1C was grown inDYBroth medium with rotary
shaking at 2% to a density of T0cells mi*. Cells were suspended in 2 mM Tris/MES
buffer, pH6.5, and 0.1M-glucose with or without SREP22A or SP25A (at
concentrations of 1, 10 or 1Q0/) to Asgo M of 1 in 125 ml capacity Erlenmeyer flasks
with rotary shaking (200 rpm) at Z8 (Takemotoet al., 1991). At 5 min after
suspension, 1 ml samples were withdrawn, centrdugean Eppendorf microcentrifuge
for 30 sec, and the supernatant fractions werevezed. K concentrations were
determined by atomic absorption spectroscopy (AA/ARectrophotometer 457,
Instrumentation Laboratories)

Ca”* uptake



108

The net cellular uptake 8fC&* was measured using strain KZ1-1C as described
previously (Takemotet al., 1991). Cells were grown in YPD broth mediunatdensity
of 1 X 10 cells mi*, harvested by centrifugation, and then suspendedFD broth
medium to a density of 4 x i@ells mi"). Ten mL aliquots were dispensed in 125 ml
capacity Erlenmeyer flasks with radioacti{icaCh (Amersham Radiochemicals) and
incubated with rotary shaking (200 rpm) af@8 The specific radioactivity oPCa"
was adjusted to 4mCi (148MBq) per mmole of Ga(lakemotoet al., 1991). SRE,
SP22A or SP25A were added 5 min following addiwdri®CaCb. At designated times,
cell samples (200 ul) were collected on glass filiers (0.45 uM pore size), the filters
were quickly washed twice with ice-cold water, ati@é radioactivity on the filters

determined using a liquid scintillation counter.

Channel formation in lipid bilayers

Lipid bilayer electrophysiological experiments weperformed using 1,2-
dioleoyl-sn-glycero-3-phosphorylcholine (DOPC) (AwiaPolar Lipids) as previously
described (Blaskeet al., 1998; Malevet al., 2002). Solutions of 0.1 M NaCl were
buffered with 5 mM MOPS (Sigma) to pH 6. Bilaygidl membranes were prepared by
the monolayer-opposition technique (Montal & Mugell®72) on a 50-100 um diameter
aperture in the 10 pum thick Teflon film separating (cis andtrans) compartments of a
Teflon chamber. SP22A, SP25A, or SRE were addéldet@aqueous phase of ttie-side
compartment. A pair of Ag/AgCI electrodes with exge/2 M KCI bridges was used to
apply transmembrane voltages and to measure sthglenel currents. All experiments
were performed at room temperature. Current measmts were carried out using an

Axopatch 200B amplifier (Axon Instruments) in theltage clamp mode. The data were



109

filtered with a low-pass 8-pole Model 9002 Besskerf (Frequency Devices) at 1 kHz
and directly recorded into computer memory withampgling frequency of 5 kHz. Data
were analyzed using pClamp 9.2 (Axon Instruments) &®rigin 7.0 (Origin Lab).

Current transition histograms were generated feh dasted voltage. Histogram peaks
were fitted with the normal distribution functiogingle channel conductance was
calculated as the mean single-channel current elividy the applied transmembrane

voltage.

Results

Yeast growth inhibition by SP22A and SP25A

The growth of S. cerevisiae strain KZ1-1C in batch cultures with YPD broth
medium was completely inhibited by SP22A and SP2a5A&oncentrations of 4.66 uM
and 8.24 uM, respectively (Table 5. 1). In con{ir&RE gave complete inhibition at
0.81 uM. In all cases, growth did not resume adi@n indicating that inhibition was

fungicidal.

Susceptibility of SRE-resistant lipid mutants

On replica-plated YPD agar medium SP22A and SP2#bited the growth of
parental yeast strains (W303C, BY4741, and 8A-1B)1d46 uM and 2.06 uM,
respectively (Fig. 5.1). Corresponding SRE-resistmogenic mutant strains with
deletions in genes for sphingolipidsyr2, Aiptl, 4el02 andAelo3) or ergosterol{erg3)
biosynthesis were less susceptible to inhibitiorSIA22A and SP25A at these respective
concentrations (Fig. 5. 1). In contrast, sphingdlip—hydroxylase mutan#fahl was

more susceptible to SP22A than to SRE or SP25As Mutant strain was nevertheless
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resistant to SP22A concentrations belowM that were still inhibitory to isogenic strain
BY4741 (data not shown). Overall, the patternsetdtive susceptibility and resistance
of the lipid mutants to SP22A and SP25A were simitathose shown previously for

SRE (Cliftenet al., 1996; Hamat al., 2000; Stoclet al., 2000).

Effects on K" efflux

As previously observed for SR akemotoet al., 1991) SP22A and SP25A
stimulated K efflux from cells of strain KZ1-1C (Fig. 5.2). ¢her concentrations of
SP22A and SP25A were required to give the effectt@mpared to SRE. SRE
stimulated K efflux as low as 1 uM. But, 10 and 100 uM of SR22nd SP25A,

respectively, were required to achieve similar degrof K efflux.

Effects on C&* uptake

As previously observed for SR akemotoet al., 1991) SP22A and SP25A
stimulatedCa* uptake by strain KZ1-1C cells (Fig. 5. 3)s with K* efflux (Fig. 5. 2),
higher concentrations of SP22A and SP25A, as cazdpts SRE, were required to
produce the effect. Gauptake was observed within 15 min after 5 pM SRHitéon.
But, 40 uM and 120uM were the minimal concentrations of SP22A and SP25A,
respectively, required for observing Caiptake. At these concentrations,?Captake
was not evident until about 20 min and 30 min a#iddition of SP22A and SP25A,

respectively.
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Channel formation in lipid bilayers

To examine the membrane channels properties of &RESPs, their effects on
ion conductance across planar lipid bilayers weeasured. Figure.5. 4-A shows time
courses of the integral conductance of the bilagerged with SP22A, SP25A, and SRE.
In all three cases, negative potential applicatioove the increase of the membrane
conductance after 5 min delay followed by stabladuwtance levels for 10 minutes.
Positive voltages produced membrane conductanceeat®s (not shown), indicating
closing of the pores. SP22A produced slightly highenductance than SP25A (10
individual observations). SRE produced smalleadyestate conductance levels, even at
concentrations of SRE that were higher than thdé$keeoSPs (17 uM of SRE vs. 0.1 uM
of SP22A and 0.11 pM of SP25A).

The single-channel recordings with all three lippsipeptides were similar (Fig.
5.4). In all cases, two types of single-channelduwtance fluctuations were observed,
small and large, differing in the levels of conduate 5 to 6 fold. The dwell times of the
large channels were longer than the small ones. vidlees of the single-channel
conductance for the small channels over the rahg2@> mV were similar for all three
lipodepsipeptides (Fig. 5.4-C). Thus, the properted the transmembrane channels,

formed by SRE, SP22A, and SP25A were essentiadgdme.

Discussion

Despite the structural differences between SRE,28Pand SP25A, all three
lipodepsipeptides displayed similar physiologicatlanodel membrane-permeabilyzing

activities. They stimulated Gauptake and Kefflux by yeast cells. SRE, however, was
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active at lower concentrations compared to the 8Bgh parallels its relatively higher
fungicidal activities. As in the case of SRE, stnot yet known how the SPs cause
changes in fluxes. However, it is likely that thbgth form pores in the plasma
membrane as a key step in their action that leadsnt leakage, membrane dysfunction,
and possibly other cell-damaging effects. It inadbown that growth inhibition by the
SPs is modulated by sphingolipids and sterols, lwhiso is the case with inhibition by
SRE (Cliftenet al., 1996; Hameaet al., 2000). Sphingolipids and sterol biosynthetic
mutants of yeast were less susceptible to SP22/S&2HA as compared to the isogenic
wild type strains. By analogy to SRE action, itsisggested that the SPs also impart
fungicidal activities by forming lipidic pores thate influenced by specific sphingolipids
and sterols (Maleet al., 2002; Takemoto, 2003; Kaulebal., 2005).

To further explore their resemblance, the transnranmd channel properties of
SP22A and SP25A were examined and compared to tidSRE channels. SP22A and
SP25A caused voltage-dependent macroscopic comsbectiacrease due to the formation
of ion-permeable channels in the membrane bilaygosh SPs were ~150 times more
effective in channel formation than SRE. At thensatime, despite large structural
differences, the properties of single channel fatrog all three cyclic lipodepsipeptides
were very close (Fig. 4.5). Thus, the differene@smacroscopic transmembrane
conductance levels were mostly due to differenceshe total numbers of channels
formed by SRE vs. SP22A and SP25A. We suggesthibabbserved differences in the
membrane activity of SPs and SRE most likely stesmfthe structural differences in
their molecules, and, subsequently, from differenae interaction with the DOPC

bilayers. As opposed to the SPs, SRE lacks a pytmc peptide domain. SP22 and
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SP25 have hydrophobic peptide domains of fourteed seventeen amino acids,
respectively (Ballio et al., 1991). As a conseaqéeithe SPs will interact more favorably
with the lipid bilayer than will SRE. It is not kn precisely how the SPs and SRE
interact with membrane lipids to form channels ®4akt al., 2002). However, the
electrostatic and hydrophobic interactions betw8&22A and the lipid membrane are
known to increase lipid order as a prelude to st@oire formation (Szaba al., 2004).

In addition, it was shown that unlike SRE, the SRPpdre was not thermally inactivated
suggesting a higher degree of affinity between $P&#1 membrane lipids.

In summary, the present study suggests that althalifferent in fungicidal
potencies, SRE and the two SPs kill yeast cellthbysame mechanism, involving lipid-
dependent membrane pore formation as a crucial diq® SRE, the action of the SPs
against yeast is promoted by sphingolipids andolstesf the plasma membrane. Our
observations also show that the structures of ptwvased by SRE and the SPs in

membranes are very similar despite large structiifidrences between these molecules.
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TABLE. 5.1. Effects of SRE, SP22A, and SP25A otthaulture growth o&.
cerevisiae strain KZ-IC*

Additions to *Generation time (hr)
medium (LM)
None 5.33
SRE
0.81 0
SP22A
2.33 8.66
4.66 0
9.33 0
SP25A
2.06 6.3
4,12 8.66
8.24 o0

* Growth was determined by microscopic direct cellints during exponential growth in
YPD broth medium.

* Calculated as 0.693 divided by the specific grorate (cell doubling Kt during
exponential growth.

oo = infinite
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FIG. 5.1. Effect of SRE and SPs on growttyeéstlipid biosynthetic mutants.
Sphingolipid and ergosterol biosynthesis mutant @ar@éntal strains were replica plated

onto YPD agar with or without: SP25A (2.06uM), SR42.16uM), or SRE (0.61uM).
The plates were incubated at’@8for 48 h.
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FIG. 5.2. Effects of SRE (blank bars), SP22A (drays) and SP25A (striped bars) on
K™ efflux by yeast strain KZ1-1C cells growing in YRBedium. The cells were
exposed to designated concentrations of SRE, SB2ER25A and extracellular K+
concentrations measured . The same results weaettfrom three separate
experiments. Results from a single experimenpeaesented. Control efflux was

similar to SP25A at{IM.
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FIG. 5.3. Effects of SRE, SP22A and SP25A 664" uptake by strain KZ1-1C
cell suspensions. SRE and SPs were added 5 minvfolj addition of°CaCb.
SP22A concentrations were 1€).(40 @); SP25A (dashed lines) concentrations
were 10 ¢) , 40 @), and 1204) uM; SRE concentration wasi®1 (¢). Total CaCl
concentration was 50M. The same results were obtained from two separat
experiments. Results from a single experiment sesgnted.

121



122

A 5| SP2A0L M B SRE
:D,
2
. 5 P25, 011 uM
8
g 2
°
S 154
=
8 Dy SE, 7 M
54 SP2A
04— : : ‘
0 5 10 5
Time minutes
30 i
o SRE ! SPEA
C + SP2A %
B« sP2a ! <
0 !
3 201 §§
% 15] %? §§§§
5 i%igi%&q
3 10 wige 1t Q
c e o
S s | e
1 s
@ m o 1w
Transmerrbrane voltage, mv

FIG. 5.4. (A) Time courses of the ion conductaotthe bilayers doped with SRE, SP22A,
and SP25A, recorded at the applied voltage of -AA00(B) Records of conductance
fluctuations at —150 mV transmembrane potenti@RE, SP22A, and SP25A-modifuied
bilayers. (C) conductance-voltage curves for SRE2ZA and SP25A small channels
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CHAPTER 6
SYRINGOPEPTIN SP25A INHIBITION OF GRAM-POSITIVE
BACTERIA AND ROLE OF TEICHOIC ACID

D-ALANYLATION

Introduction

The syringopeptins are secondary metabolites pemtlly many strains of the
plant-associated bacteriufPseudomonas syringae (Ballio et al., 1991; Bender et al.,
1999). They are cyclic lipodepsipeptides, with thegptide portions containing either 22
[syringopeptins (SP)22] or 25 (SP25) amino acidg #re predominantly hydrophobic
and largely of the d configuration (Ballio et @991, Isogai et al., 1995) (Fig. 6.1). A
common N-terminus dehydroaminobutyric acid (Dhb) amide linked to a 3-
hydroxylated acyl chain containing 10 or 12 carbdosgive A and B homologs,
respectively. The C-terminus carboxyl group is rekitéed to a Thr hydroxyl to form an
eight-membered amino acid lactone ring with a regtoaic charge. SP25 homologs,
SP25A and SP25B, are produced by strain®.odyringae pv. syringae isolated from
millet (strain B359; Ballio et al., 1991), citrusti@in B427; Ballio et al., 1991), and
wheat (strain M1; Adetuyi et al., 1995), and by thkeat pathogerr. syringae pv.
atrofaciens (Vassilev et al., 1996). Variants diffg in the C-terminal residue (Phe vs.
Tyr) are produced by a laurel-infectify syringae strain (Scaloni et al., 1997). SP22 A
and B homologs are produced by the pear isdtatgringae pv. syringae strain B301
(Ballio et al., 1991), and variants are producedPbgyringae pv. syringae isolates from

sugar cane [SP(SC; Isogai et al., 1995)], bean l{8PBrgurina et al., 2002), and apple
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(SP508; Grgurina et al., 2005). All syringopeptiegucingP. syringae strains produce
one type of syringopeptin together with a small@ne amino acid-containing cyclic
lipodepsipeptide — either syringomycin, syringotgxsyringostatin, or pseudomycin
(Bender et al., 1999; Takemoto et al., 2003). Thagopeptins are phytotoxic and also
antimicrobial. In plant systems, they perturb mitoedria and protoplasts of tobacco
leaves (lacobellis et al., 1992; Hutchison & Grd€397) and form ion channels in sugar
beet vacuoles (Carpaneto et al., 2002). They a® attifungal (lacobellis et al., 1992;
Lavermicocca et al.,, 1997), particularly when comeoi with cell wall-degrading
enzymes (Fogliano et al., 2002). SP22A and SP5Q8 lantibacterial activities against
several Gram-positive bacteria suchBasillus megaterium, Staphyl ococcus aureus, and
Mycobacterium smegmatis but not against Gram-negative bacteria (Lavernuacet al.,
1997; Grgurina et al., 2005). In contrast, thekadierial spectrum for SP25A is less well
known, although it is reported to inhil8t megaterium and to inhibitMicrococcus luteus
marginally (Lavermicocca et al., 1997). The molacudasis for the inhibitory specificity
of syringopeptins against Gram-positive bacterianeg known. The most probable
physiological targets of the syringopeptins are tmemes, and lipid bilayer studies
suggest that the inhibitory mechanism of actioroimegs formation of membrane pores
(Hutchison & Gross, 1997; Dalla Serra et al., 1999)

Teichoic acids are major cell surface component&m@m-positive bacteria that
confer high densities of negative charges (phogptiatups) on the cell envelope surface.
Such anionic sites might serve as initial ionicerattion sites for the cationic ‘head
groups' of the syringopeptins. The charge densttiggeptidoglycan-linked wall teichoic

acids and membrane-linked lipoteichoic acids arelutaded by esterification with d-



125

alanine. The enzymes that catalyze and regulatadiei acid d-alanylation are encoded
by five genes of the dit operon (Perego et al.,519&enedltA andditC encode a d-
alanine-d-alanyl carrier protein ligase and d-al@ayrier protein, respectively. BothtB
and ditD encoded proteins facilitate the transport of at#istad-alanine across the
membrane for incorporation into lipoteichoic acithe function of the fifth gene of tH2
subtilis dIt operon,ditE, remains unknown and defectsditE do not lead to impairment
of d-alanylation. d-alanine moieties of lipoteichoacid serve as precursors for d-
alanylation of wall-linked teichoic acids (Haas at, 1984). Studies with dlt mutants
reveal that teichoic acid d-alanylation is not esisé for viability (Perego et al., 1995),
but the process influences susceptibility to I{§leschel et al., 1999), acid (Boyd et al.,
2000), and antimicrobial peptides (Peschel eR8DQ; Kristian et al., 2005).

In the present study, the antimicrobial spectrun$BR5A and it is shown that it
specifically inhibits Gram-positive bacteria is éqed further. This includesB.
megaterium, which was previously shown to be sensitive ts #yiringopeptin (lacobellis
et al.,, 1992; Lavermicocca et al., 1997). Data ramgorted that reveal a role for d-
alanylation of teichoic acids in modulating the cibility of B. subtilis to SP25A and
other syringopeptins. This is consistent with th@éanic character of the cyclic peptide
portion of SP25A, and it provides an explanationife higher degree of specificity for

Gram-positive bacteria.
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Materials and Methods

Syringopeptin purification

SP25A, SP22A, and SP508A were purified from cuffuoé P. syringae pv.
syringae strains M1 (Adetuyi et al., 1995), B301DeVay et al., 1968) and 508
(Grgurina et al., 2005), respectively, followingepiously described methods (Ballio et
al., 1991). Cultures were extracted with acidifeambtone (0.4% HCI), and extracts were
chromatographed on Amberlite XAD-2 (Bidwai et d987). Final purification was
achieved by preparative HPLC using a Varian 50&@esy and an Alltech reverse-phase
C18 silica column (Bidwai et al., 1987). For grovutinibition studies, dry and purified
syringopeptins were each gravimetrically weighedixesh in 0.001N HCI at a
concentration of 10 mg mt (4.6, 4.5, and 4.1 mM for SP22A, SP508A, and SP25A

respectively), and diluted accordingly with distdlwater before use.

Organisms and culture conditions

The following organisms were obtained from the Aicean Type Culture
Collection (Manassas, VAM. smegmatis ATCC 14468,Saphylococcus aureus ATCC
6538, B. megaterium ATCC 14381,B. subtilis ATCC 1965,Alcaligenes faecalis ATCC
8750, Escherichia coli ATCC 25922, Proteus vulgaris ATCC 13315, Pseudomonas
aeruginosa ATCC 15442,Salmonella enterica (serovar typhimurium) ATCC 14028,
Serratia marcescens ATCC 8100, andCitrobacter freundii ATCC 8090. Listeria
monocytogenes ATCC 82302and a laboratory strain lafteria innocua were obtained
from B. Weimer (Department of Nutrition and Foodighces, Utah State University).

Streptococcus agalactiae and Streptococcus pyogenes strains were obtained from the
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Department of Biology Culture Collection, Utah $taUniversity. Mycobacterium
smegmatis was grown at 37°C in Middlebrook 7H9 broth suppdeed with 0.2%
glycerol and 10% Middlebrook oleic acid-albumin-ttese-catalase enrichment.
Saphylococcus aureus was grown at 37°C in Mueller—Hinton medium (DifcandB.
megaterium andB. subtilis were grown in Luria—Bertani (LB) medium (Sambraaikal.,
1989) at 37°C.Listeria monocytogenes, and L. innocua were grown on brain heart
infusion medium (Difco) at 37°CAlcaligenes faecalis, E. coli, Proteus vulgaris,
Pseudomonas aeruginosa, Salmonella enterica serovar typhimurium, Serratia
marcescens, and C. freundii were grown on LB medium at 37°C3reptococcus
agalactiae and Streptococcus pyogenes were cultured on blood agar medium as described
by Jasir et al. (2003).Bacillus subtilis teichoic acid d-alanylation mutant strains and
wild-type JH642 (trpC2, phe-1) (Perego et al.,, )99&re obtained from Z. Pragai
(University of Newcastle Upon Tyne). The mutamaists were deleted idltB anddItD
by insertional mutagenesis with integrative vecyad. T72 (derived from pJM103) and
pDLT74A (derived from JM105A), respectively. Botrutants are deficient in d-alanine
esterification of lipoteichoic acids and wall texat acids (Perego et al., 1995). A third
dit operon mutant strain disrupted by pDLT76 (dedvfrom pDLT74A) and with a
truncatedditD gene and completely defectivdtE still incorporates d-alanine into
lipoteichoic acid and wall teichoic acids at wilgpe levels (Perego et al., 1995). Wild-
type strain JH642 was grown in LB medium, and thenaditant strains were grown in LB
medium in the presence ofu§y mL™* chloramphenicol, 29 mL™* kanamaycin, and

1 ng mL™* erythromycin (Perego et al., 1995).
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Effects of SP25A on batch culture
growth of B. subtilis

Bacillus subtilis strains ATCC 1965, JH642 (trpC2, phe-1), pDLT72da
pDLT74A were each initially grown in 25 mL nutriefiroth in 125 mL capacity
Erlenmeyer flasks with gyratory shaking (200 r.p.m.a New Brunswick G26 incubator
shaker for 24 h at 37°C. Ten microlitres of eachtheff cultures were transferred into
100 mL of fresh nutrient broth medium in 250 mL aaipy Erlenmeyer flasks containing
0 (control), 5, or 1qug mL™* of SP25A. The flasks were incubated at 37°C wijttapry
shaking in a New Brunswick G76 water bath incubaigpeed setting at 6). Cell
turbidities at designated times were measured abasorbance wavelength of 660 nm
with a Shimadzu UV1201 spectrophotometer using Jath length cuvettes.
Determination of minimal inhibitory
concentration (MIC) values

The Clinical and Laboratory Standards Institute $CLformerly NCCLS)-
approved standard reference methods for microkdidtition susceptibility assays were
performed to obtain MIC values (NCCLS, 1993, 200Bpncteria, except forM.
smegmatis and Streptococcus agalactiae and Streptococcus pyogenes, were grown to a
final concentration of TOCFU mL* and suspended to a final concentration of 5 x
10° CFU mL™. Cell suspensions (25-50) and 10uL aliquots of twofold dilutions of
SP25A were deposited in wells of 96-well polystyerates. The plates were incubated
at 37°C for 16—20 hMycobacterium smegmatis cells were grown to a density of 1.0
McFarland unit (c. 3 x FOCFU mL": Liu & Nikaido, 1999), andStreptococcus
agalactiae and Streptococcus pyogenes colonies grown on blood agar plates were

suspended to 0.5 McFarland units (c. 1.5 ¥@BU mL™) in saline (Jasir et al., 2003).



129

Inocula were diluted to 5 x 1@FU mL™, the cells were dispensed, and twofold dilution
series of SP25A (initial concentration 1.0 mgMlwere applied to 96-well polystyrene
plates. MICs were determined after 48-h incuba@br37°C. Minimum bacteriocidal
concentrations were determined as described byyPetral. (1999). After MIC
determinations, 100L aliquots were removed from each micrototiter @latell and
spread-plated on appropriate agar medium. All platere incubated at the optimal
temperature for each organism and growing coloniese counted after 24-48 h. The
minimal bacteriocidal concentration values weresdatned as the lowest concentrations
of SP25A that yielded a >99.9% killing of the orgamn. Half-maximal inhibitory
concentration (I6) values were determined as the SP25A concentrgtelding 50%
killing.
Determination of disk diffusion zone
of inhibition (ZI) diameters

Disk diffusion assays were performed according toSkapproved standard
reference methods (NCCLS, 1993) with modificatioBacteria were grown in
appropriate media for 24-48 h. The culture derssitiere adjusted to 0.5 McFarland
units, and cultures were spread on agar plate medurfaces. Sterilized paper disks
(0.5 cm diameter) were placed on the inoculated agalium surfaces. Ten microlitres
aliquots of SP25A solutions were applied to théslisand the plates were incubated for
16-24 h at optimal temperature (37 or 28°C) beéxamination and measurement of the
diameters of the cleared ZlIs. To examine pH effentsyringopeptin activities using disk
diffusion assaysB. subtilis strains JH642 (trpC2, phe-19itB, dItD, and dItE mutant

strains were spread-plated onto surfaces of LB agatium adjusted to pHs 7.0, 9.0, or
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5.8, syringopeptins SP25A, SP22A, or SP508A appbedisks as described above, and

the LB agar medium plates incubated at 37°C fo246x-
Results and Discussion

Inhibition of bacteria by SP25A

Previous studies by Lavermicocca et al. (1997) sibthhat SP25A inhibited the
growth of B. megaterium but not of several Gram-negative bacteria. Inpresent study,
the inhibitory effects of SP25A against additio@abm-positive bacteria were examined,
and its effects against Gram-negative bacteria werevaluated (Table. 6.1). MICs
ranged between 1.95 and T@mL™* for all Gram-positive bacteria tested. The
inhibition by SP25A was bacteriocidal as the mirlilmacteriocidal concentrations were
identical to the MICs. I6 values were twofold lower than the correspondingCM
values. In contrast and consistent with the prewviohservations (Lavermicocca et al.,
1997), none of the Gram-negative bacterial spemeted were inhibited by SP25A
(Table. 6.1).
Effects of SP25A orB. subtilis teichoic
acid d-alanylation mutants

The basis for SP25A's specificity against Gram4{pasibacteria was studied
usingB. subtilis teichoic acid d-alanylation dlt mutants. SP25/& ag mL™ inhibited dlt
operon wild-typeB. subtilis strains JH642 (trpC2, phe-1) to varying degreesmgrown
with aeration at 37°C in nutrient broth (Fig.6.B3train JH642 grew slowly with
5ug mL! SP25A with a generation time of 6.97+0.07 h coragawith a generation time

of 1.58+0.41 h when grown with no added SP25A. émtast, d-alanylation mutant
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strains pDLT74A dItB deletion) and pDLT72d{tD deletion) (both constructed in strain
JH642) were completely inhibited by g mL™ SP25A. Therefore, the lack of d-
alanylation of teichoic acids led to a higher degoé sensitivity to SP25A. SP25A at
10ug mL™* completely inhibited the growth of these straisswell as B. subtilis strain
ATCC 1965. The higher sensitivities of ttiéB anddltD mutants were also evident from
microbroth dilution susceptibility and disk diffesi assays. Both mutants showed
approximately fourfold lesser MIC values (0©8mL™Y) and twofold larger ZI
diameters (19-20 mm) compared with the parent tyj strain JH642 (3.95g mL™
and 10 mm, respectively) (Table.6.1). With bothagss the mutant strain inactivated in
ditE served as an integrative vector control, and ainsdd susceptibilities comparable to
the parental strain JH642 (Table. 6.1).Effect of @i SP25A inhibiton oB. subtilis
strains and comparisons with SP22A and SP508A.likkgpH promotes the hydrolytic
removal of d-alanine from teichoic acids (MacArtl&uArchibald, 1984; Hyyrylainen et
al., 2000). As d-alanylation has the effect of niagkhe phosphate-negative charges of
teichoic acids, it was speculated that alkaline pMB increase the potential for
interaction and therefore susceptibility Bf subtilis to cationic SP25A. Such an effect
was observed. In disk diffusion assays (Table,&PPR5A gave larger ZI diameters (30—
50%) withB. subtilis wild-type strain JH642 at pH 9.0 as compared whh7p0 and 5.8.

In contrast, the ZI diameters with td#B andditD mutants were comparable or slightly
larger (10-15%) at pH 9.0 as compared with pH Ad &8 (Table. 6.2). The integrative
vector controldIitE mutant displayed the same degrees of inhibitiorpagntal strain
JH642 at all three pHs. The alkaline pH effect \abs® analyzed with syringopeptins,

SP22A and SP508A. With these syringopeptins, thdiameters were essentially the



132

same at pHs 7.0 and 9.0 with all strains testede(yal wild type andditB and ditD
mutants; Table 2). However, SP22A displayed higlegrees of growth inhibition of the
ditB anddItD mutants at acidic pH. At pH 5.8, the ZI diametwese 30-40% larger for
both mutants as compared with the cases at pHl09aD. Although uncertain, it is
conceivable that the chemical stabilities of SP228 SP508A were compromised at pH
9.0. These findings expand upon previous repoms@&ming SP25A's inhibitory activity
againstB. megaterium (lacobellis et al., 1992; Lavermicocca et al., 29%nd they
solidify the notion that the antibacterial spectroithe syringopeptins is confined to
Gram-positive bacteria (Grgurina et al., 2002, 2005he variability in MICs (ranging
from 1.95 to 7.8ig mL™) among the Gram-positive species is likely duéhtoevolving
variations in cell surface structure and chargé&itigtion that occur with these organisms
(Peschel & Sahl, 2006). Like SP22A and SP508A (@Ginguet al., 2005), SP25A is
inhibitory to M. smegmatis, raising the prospect that these lipopeptides beagieveloped
as antimycobacterial therapeutics.

This study shows that the anionic charges of teeclagids are important for
SP25A's inhibitory action again& subtilis. In contrast, SP22A and SP508A are less
reliant on teichoic acid charge as the dlt muténairss were as susceptible as the parental
wild-type strain to these syringopeptins. Two pipat structural differences between
SP25A vs. SP22A and SP508A may account for thipadity: (1) SP25A possesses
valine instead of dehydroaminobutyrate at the fopudsition of the cyclic portion of the
peptide (from the N-terminus), and (2) SP25A hasdditional three amino acids in the
hydrophobic portion of the peptide. It is speculatbat one or both of these features

promotes interaction between the cationic chardehe SP25A cyclic peptide moiety
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and the anionic teichoic acid phosphate groupsthatdsuch interactions are weaker or
lacking with SP22A and SP508A. Differences in thedes of interactions of these
syringopeptins with the cell surface were also entdy the increased level of inhibition
by SP22A and SP508A at acidic pH, but not by SPZB#e acidic effect seen with the
former two syringopeptins remains unexplained alk asgsa mechanism to account for
their specific growth inhibition of Gram-positivatteria. Of relevance is the observation
that growth inhibition by positively charged polglge is not altered inlt mutants of
Saphylococcus species (Peschel et al., 1999). Apparently, catiproperties alone are
not sufficient for peptides to inhibit selectivahe growth of Gram-positive bacteria even

when lacking teichoic acid d-alanines.
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Table 6.1. SP25A inhibitory activities against lesict
species and strains.

Organism MIC ZI
(ng/ml) diameter(mm)

M. smegmatis ATCC14468 1.95 25
S aureus ATCC6538 1.95 17
B. megaterium ATCC14381 1.95 13
B. subtilisATCC1965 3.9 11
L. monocytogenes ATCC82302 3.9 ND
L. innocua 3.9 ND
B. subtilis JH642 3.9 10
B. subtilis dItB mutant strain (Pereg0,0.98 19
et al., 1995)

B. subtilis ditD mutant strain (Pereg0,0.98 20
et al., 1995)

B. subtilis dItE mutant strain (Pereg0,3.9 11
et al., 1995)

A. faecalisATCC8750 >250 <1
E. coli ATCC25922 >250 <1
P. vulgarisATCC13315 >250 <1
P. aeruginosa ATCC15442 >250 <1
S typhimurium ATCC14028 >250 <1
S marcescens ATCC8100 >250 <1
C. freundii ATCC8090 >250 <1

TMIC values represent two or three matching values from three experiments .
Theinitial undiluted SP25A concentration was 5 mg per ml.

2Error was +/- 2 mm from duplicate determinations.

ND= not determined
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Table 6. 2. Inhibition oBacillus subtilis strains by SP25A, SP22A
and SP508A at pH 7.0, 5.8, and 9.0

Strain * ZI diameter (mm)

SP25A | SP22A | SP508A

70 |58 | 90| 70| 58| 9.0/ 70 58 9.0

JH647 10 [13 [ 15 | 9 9 0] 9 8 10
ditB mutant 19 |19 [ 22 | 10 | 13| 9 8 11| 7
ditD mutant 20 [18 |22 | 9 13 | 10| 8 11| 10
ditE mutant 11 |13 [ 14 | 8 9 8 9 9 8




140

SP25A
R- Dhb-Pro-Val-Ala-Ala-Val-Leu-Ala-Ala-Dhb-Val-Dhb-Ala-Val-Ala-Ala-Dhb-Thr-Ser- Ala -Val

| |
Tyr-Dab*-Dab*- Ala
SP22A

R- Dhb-Pro-Val-Val -Ala-Ala-Val-Val- Dhb-Ala-Val-Ala-Ala-Dhb-Thr-Ser-Ala- Dhb

I |
Tyr-Dab*-Dab*-Ala

SP508A

R- Dhb-Pro-Val-Leu -Ala-Ala-Leu-Val- Ala-Ala-Val-Ala-Ala-Dhb-Thr-Ser-Ala- Dhb
| |
Tyr-Dab*-Dab*-Ala

R = CHa- (CHy) ,-CH (OH)-CH,CO

Fig. 6.1. Structures of SP25A, SP22A, and SP508K. Rhydroxydodecanoyl in
SP508A and 3-hydroxydecanoyl in SP22A and SP25A
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Fig. 6.2. Inhibitory effects of SP25A (& mL™) on the growth of Bacillus subtilis
strains JH642 (¢), dItB mutant), and dItD mutant=] strains and the growth of

B. subtilis JH642 in the absence of SP25A)( Asso nmiS optical absorbance at 660 nm.
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CHAPTER 7

SUMMARY AND FUTURE DIRECTIONS

The need for new antifungals and fungicidal bioognagents is growing due to
the narrowing spectrum of fungal targets and irgirgpresistance to existing antifungals
such as amphotericin B and the azoles (11, 12).e @pproach to develop novel
antifungals is to combine known antifungal compaind

The focus of this research was to examine the bi@aproperties of SRE and
RLzonix @gainst bacteria, yeast, and filamentous fungeviBus studies have shown that
SRE has inhibitory activity against yeast and funiglilCs range, 6.25-40 pug/ml)

(13, 7, 15) . However, no activity against bactevias reported. Moreover, Haba et al.
(1, 6) have shown that RLs have antibacterial @ms/ against certain fungi, Gram-
negative and Gram-positive bacteria. Although ativily against yeast was observed.
In this study | report strong synergistic antifuhgetivities between SRE and Rhkix in

the mixtures (SYRAs). The SRE minimal inhibitorpncentrations (MICs) were
lowered when combined with Rk.ix. However, no activity was observed against
bacteria.

In vitro cytotoxicity and erythrocyte lysis weresalinvestigated. The hemolytic
activity and cytotoxicity of SYRA was dose depentdétowever, the concentrations of
SRE in SYRA that caused hemolysis and cytotoxigieye 3 to 5 times higher than the
MICs. In addition, the honeybee toxicity effect ®Y¥RA was also studied. The results
showed no toxicity at concentrations higher thasm MiICs. The synergistic antifungal

interaction between SRE and RL occurred at low eptrations of SRE. As a result, the
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effective antifungal concentration of SYRA was noxic. These results present new
findings and potential uses for alternative theudioe against pathogenic yeasts and
fungi in various applications such as agricultund anedicine.

To further explore their candidacies as agrofunigisi SRE and SYRA
formulations were exposed to different temperatueesl pHs, and subjected to
autoclaving, ultraviolet light, sonication, and f@olysis. The treated solutions were
tested for antifungal activities and analyzed byH_C in the cases of temperature and
proteolysis treatments. In addition, SRE and SY\Rére mixed with mineral oil and
their activities were tested. The overall ressh®wed significantly high stabilities of
SRE and SYRA under the tested conditions. The iddiaate a possible exploitation of
SYRA as agrofungicide.

Finally, | studied the mechanism of action of SYRKAing Saccharomyces
cerevisiae strains deficient in various steps of sphingolipiad sterol biosyntheses a
model. | also studied the channel-forming propsrtof SYRAIn lipid bilayers in
comparison with those of SRE. Previously, it wheven that SRE acts on yeast and
plant plasma membranes to cause numerous cellféatsewith increases in cellular'’kK
efflux and transient G4 fluxes among the most prominent. The effectscamsistent
with SRE’s ability to form ion-conducting voltageerssitive channels in membrane
bilayers. In addition, studies with yeast haveemgd that sphingolipids and sterols
(lipids that occur predominantly in the plasma mesnk) modulate the fungicidal
activity of SRE (4, 5, 14). SRE lipidic pore fornmat has been proposed as the
mechanistic basis for SRE action on membranes (1®)}his study the results suggest

that SYRA inhibits yeast by the same mechanismoags GRE by itself. Its antifungal
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action is promoted by sphingolipids and sterolghaf plasma membrane and involves
pore formation. In addition, the present data ewn explanation for the antifungal
synergy between SRE and Rk The addition of Rkonix resulted in an increase in the
number of membrane channels formed by SRE. | sidgbat the observed increase in
the number of channels is due most likely to thieaeeement and favorable binding of
SRE in the presence of Rix. However, the nature of interaction between SRERL-
and the plasma membrane is not clear. One pasgisilthat the penetration of Riaix
into the plasma membrane attracts more SRE binthnthe membrane to give an
increase in number of channels. It would be oérest to induce RL into the lipid
membrane and study thattraction, insertion and orientation of SRE in thad
membrane using NMR spectroscopy @rcular dichroism (CD) spectroscof, 3)
Another approach will be to look directly at theEB&pore structure in the presence and
absence of RL using mercury porosimetry analysed ancular dichroism (CD)
spectroscopy8). It's noteworthy to mention that the nature of thhembrane plays an
important role in how Rienix binds and inserts into the membrane (2). Perkjulying
the characterization of a single channel in memidaitayers using different ratios of
lipids and solid-state NMR spectroscopy will hetpdefine the interaction of SRE and
RL with the plasma membrane and the effects of mman# composition on their
antimicrobial activity.

In conclusion, these studies show strong synerdistiveen SRE and Riaix
against fungi and yeast including phytopathogepecgs. The antifungal spectrum, low
toxicity, chemical and physical stabilities suggeasiat SYRA is a potential candidate for

fungicidal agricultural applications and antifungdderapy in medicine. However,
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additional studies such as in vivo examination BESand RL mixtures are needed to
evaluate the significance of the combination as odergial antifungal therapy or
agricultural fungicide. To illustrate SYRA candayaas antifungal agent, SYRA can be
tested against aspergillosis and candidiasis imanimodels. Additionally, further
studies in pharmacokinetics and pharmacodynamics & performed to develop
strategies dosing for an optimize treatment (Qrtliermore, to explore the possibility of
SYRA as a biocontrol agent against phytopathogémgi, infected plants or infected
seeds can be used as a model. In addition, SYRAals® be tested as a postharvest
control agent by studying the effect of SYRA orected and wounded fruit.

The studies reported here offer a new approachdéeeloping new antifungal
agents. For example, combining rhamnolipids witheotlipodepsipeptides such as
syringotoxins, syringostatins, and syringopepting with other amphipathic compounds
may lead to discoveries of novel and effective fawgl formulations for future

applications in agriculture and medicine.
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APPENDIX A

ANTIMICROBIAL ACTIVITY OF SP25A- RLzonix AND GRAMICIDIN- RL zonix

COMBINATIONS

Disk diffusion tests were done according to NCCL8thods with modification
{Washington, 1995 #55}. Tested organisms were grawappropriate media (Bacteria
strains were grown on Luria-Bertani medium excgpaureus was grown on Mueller-
Hinton medium andR. pilimanae on potato dextrose broth ( PDB) for 24 to 48 kg tre
cell densities were adjusted to 0.5 McFarland stechd A 100 pl aliquot of each culture
was spread over the surface of the appropriate grgawvth medium as a thin film. A 6
mm diameter sterilized paper disk was placed aedsed down onto the agar {Perego,
1995 #31}. The SP25A- Rknix, and gramicidin-Rkonix COmbinations were prepared by
adding SP25A or gramicidin (both at 1 mg/ml) togetwith RLZonix (1 mg/ml) in ratios
of 1:3 [wt/wt] ,1:2 [wt/wt] and 3:1 [wt/wt], respéeely. Tenul of the mixtures were
applied onto the disks. The plates were incubd&ed?4 to 48 h and the zones of

inhibition were measured.
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Table. Antimicrobial activities of SP25A (1mg/mRBLzonix (1mg/ml) combinations.

Zone of inhibition (mm)
SP25A[ Rlzonix | SP25A-Rlzonx | SP25A-Rlzonx | SP25A-Rlzonix
1:2 1:3 3:1
R. pilimanae 10 >1 >1 >1 9
S aureus 20 >1 9 >1 15
B. subtilis 12 >1 8 >1 9
E. coli >1 >1 >1 >1 >1

Table. Antimicrobial activities of gramicidin (1mgl)-RLzonix (1mg/ml) combinations.

Zone of inhibition (mm)
Gramicidin| RLzonix Gramicidin- | Gramicidin- Gramicdin-
RL zonix RLzonix RLzonix
1:2 1:3 31
R. pilimanae >1 >1 >1 >1 >1
S aureus 25 >1 15 10 18
B. subtilis 23 >1 10 >1 15
E. coli >1 >1 >1 >1 >1
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APPENDIX B

MECHANISM OF ACTION OF SP25A- Rienix COMBINATION

To study the influence of Rbnx on SP25A interaction with the plasma
membrane, | examined the membrane channel formmogepties of SP25A in the
presence and absence of Rk. The effects on ion conductance across planat lip
bilayers were measured. The figure shows time sesuof the integral macroscopic
conductance of the bilayers doped with SP25A alané SP25A with Rionix. The
results showed that the negative potential appiinatrove the increase of the membrane
conductance. Remarkably, the addition ofzfk to cis side of the bilayer caused no
changes in the membrane conductance.

Lipid bilayer electrophysiological experiments weperformed using 1,2-
dioleoyl-sn-glycero-3-phosphorylcholine (DOPC), @kt Polar Lipids) as previously
described (Maleyvet al., 2002) (Blaskopet al., 1998) Solutions of 0.1 M of NaCl were
buffered with 5 mM MOPS (Sigma) to pH 6. Bilaygril membranes were prepared by
the monolayer-opposition technique (Montal & Mugll®#72) on a 50-100 um diameter
aperture in the 10 pm thick Teflon film separating (cis andtrans) compartments of a
Teflon chamber (Bezrukov & Vodyanoy, 1993) (Mont&l Mueller, 1972). The
membrane-forming solution was DOPC. A pair of AgA electrodes with agarose/2 M
KCI bridges was used to apply transmembrane vadltagel to measure single channel
currents. Current measurements were carried dagum Axopatch 200B amplifier
(Axon Instruments) in the voltage clamp mode. dhta were filtered with a low-pass 8-

pole Model 9002 Bessel filter (Frequency Devicds) &Hz and directly recorded into
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computer memory with a sampling frequency of 5 kHbata were analyzed using
pClamp 9.2 (Axon Instruments) and Origin 7.0 (QrigLab). Single channel
conductance was calculated as the mean single-ehanrrent divided by the applied
transmembrane voltage. All experiments were paréal at room temperature.
SP25A (1 pg/ml) and Rinix (4 pg/ml) were added to the aqueous phase asviello

5- Att=0, SP25A was added to cis side compartment

6- At t=0, RLzonix Was added to cis side compartment, then at t=10 #25A was

added to the same side.

Conductance ns

Conductance, nS
I
1

Time, min Time, min

Time courses of the ion conductance of the bikgeped with A)- SP25A applied
to cis side. B)- SP25A and RJ.ix applied to Cis side.
recorded at the applied voltage of -50 mV
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APPENDIX C

ANTIFUNGAL ACTIVITY OF PSEUDOMONAS SYRINGAE PV SYRINGAE
SYRINGOMYCIN EXTRACT AND RHAMNOLIPID

COMBINATIONS

Syringomycin extracts were purified froRisyringae pv.syringae strain M1 by
the method of Bidwai et.al {Bidwai, 1987 #242}. vEthundred ml-capacity Erlenmeyer
flasks containing 250ml of PDB medium were inocedatwith 1 ml of an actively
growing culture. The flasks were incubated at rdemperature without shaking for 7 to
14 days. The flasks were chilled to°€ and 250 ml of cold acidified acetone was added
(4 ml HCI per litter acetone). The debris ands®lere removed by centrifugation. The
supernatant was then concentrated by rotary eviyporto 400 ml. Then, 600 ml of
acetone were added and the suspension was stiwechight at 4C. Finally, the
suspension was centrifuged and the supernatantremasved and concentrated, then
diluted to 1 | with 0.1% trifluoroacetic acid (TFA)The TFA solution was applied to an
Amberlite XAD-2 (20 to 50 mesh) columnx35 cm). The crude extract was eluted with
0.1% TFA using a nonlinear gradient of 2-propandbhe 2-propanol was removed using
a rotary evaporator and the solution was concesdrand lyophilized. The sample was
dissolved in 15 ml of water:acetone (40:60 v/v)eTmal extract was diluted2to 2*
with water before mixing (1:1 v/v) with 1 mg per rhlamnolipid (Zonix or Rkonix) -
Commercial Rkonix) Was obtained from Jeneil Biotech, Inc. Rlx is an 8.5% (wt/vol)
solution of rhamnolipid analogs in water. Two forgfsrhamnolipids are in Rignix, R1

(Ca6Hag0g) has the molecular formula af-L-rhamnopyranosyp-hydroxydecanoyB-
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hydroxydecanoate, and R2(855013) is 2-Oa-L-rhamnopyranosyl-L-
rhamnopyranosylp hydroxydecanoate.

The combinations were prepared by mixingzRk with diluted syringomycin
extract.

Method similar to those described by the NCCLSqwols for antifungal testing
{Washington, 1995 #55} was usedR. pilimanae was grown on PDB medium and
adjusted to 5x10CFU per ml {Shin, 2003 #63} {Johnson, 1999 #65) 100u! of the
culture was transferred onto solid agar medium. dilure was spread over the surface
as a thin film {Shin, 2003 #63}. Four mm diamet&argized paper disk was deposited on
the surface. Different mixtures of diluted cruddrast and Rkqnix were prepared and
applied on a disk (7 to 1@l aliquots). The plate was incubated at 28°C #h2Zand the
zone of inhibition was measured {Cuenca-Estrel(2#61}.

The antifungal activity of crude extract is showmTable (Appendix C). The
crude extract and Rknix Showed strong antifungal synergism agaiigiilimanae. The
zones of inhibition of the combinations were gre#tan the crude extract applied alone.
The strongest activity was observed when 3 mg/mRigknix was combined with 1/16 of

the crude extract.



Table (Appendix C). Antifungal activity of syringgmmin extract and Rienix

combinations again®. pilimanae.

RI-Zonix -
(2 mg/ml)

Dilution of syringomycin --

extract
(1 mg per ml) in mixed with
RI-Zonix
(2 mg/ml)

1 15

Y 14

Ya 13

1/8 12

1/16 12

ND: not determined

18.75

ND
ND
38
44
36

Zone of inhibition (mm)

3

ND
ND
30
42
45

0.850

ND
ND
20
21
20

155

0.250

ND
ND
15
15
15
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APPENDIX D

POSTHARVEST CONTROL OF FUNGI USING SRE AND SYRA

Postharvest fruit biocontrol assays were done bthods described by Bull et al.
{Bull, 1998 #151} and Zhou et al. {Ting Zhou, 2D&261} with modification. Peaches
(variety E Iberta) free of wounds and pesticideefinere obtained form a local home
garden (Jon Takemoto, North Logan, Utah). Thadmnwere washed using sterile water.
The fruits were wounded using a sterile steel i 201 of spore (1x £&Gpore/ml)
suspension was placed in the wound and allowedyto 8RE ( 40 pg/ml) and SYRA
( SRE 40 pg/ml, Rionix 120 pg/ml) were then applied. The fruits weretkdpoom
temperature and photographs recorded after 3 dagsh tray held three fruits and each
experiment was done three times.

The treatment with SRE and SYRA provided signiftaaauction in the growth
of tested fungi and it was effective in controlliBgtrytis cinerea and Rhizopus stonifer

on peaches.
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Fig. Biocontrol assayBotrytis cinerea (A), Rhizopus stonifer (B), Penicillium oxalicum
(C). 20ul of spore were dropped on the wound. The &f SRE (40 png/ml) and SYRA
( SRE 40 pg/ml, Rienix 120 pg/ml ) were applied after the spore suspensas dried.
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