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Abstract: A new class of antimicrobial agents with lower rates of resistance and different
targets is urgently needebecauseof the rapidly increasing resistance to classical
antibiotics. Amphipathic cationicthelical antimicrobial peptides (AMPs) represent such a

class of compounds. In our previous studies, using -#e@flue de novo designed
antimicrobial peptide, we proposedtbteo ncept of HAspeci ficity det
charged residue(s) in the rter of the norpolar face of AMPs that could decrease
hemolytic activity/toxicity but increase or maintain the same level of antimicrobial activity

to increase dramatically the therapeutic index. In the current study, we-@sethtiomers

of two AMPs, Pscidin 1 isolated from fish andermaseptinS4 isolated from frog. We

substituted different positions in the center of the hydrophobic face with one or two lysine
residue(s) (one or two fAspecificity deter mi
maintained or improved antimicrobial activity ags# Gramnegative pathogens
Acinetobacterbaumannii(11 strains)and Pseudomonaseruginosa(6 strains) but also
dramatically decreased hemolytic activity of human red blood cells, as predicted.
Therapeutigndicesimproved by 55old and 736fold for piscidinl (I9K) anddermaseptin

S4 (L7K, Al4K), respectively, againgt. baumannii Similarly, the therapeutic indices
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improved 32fold and 986fold for piscidin 1 (19K) and dermaseptinS4 (L7K, A14K),
respectively, again®. aeruginosa

Keywords: Acinetobacterbaumannij antimicrobial peptides; Gramegative pathogens;
Pseudomonaaeruginosaspecificity determinant(s); temperatupeofiling by RRHPLC

1. Introduction

Emergence of antimicrobial resistance is becomingrg largepublic health thrat and has been
recognized by amongst othersthe World Health Organizatiorjl], the U.S. Congress Office of
Technology Assessmefft] and the United Kingdorilouse of Lordg$3]. The urgency to develop new
classes of antimicrobial agents against Greagative pathogengcinetobacter baumannii and
Pseudomonasaeruginosa was demonstrated by thdramatic increases in the incidence of
antibioticresistant species in a recent studyiexico [4]. In the latter study4], 550 clinical isolates
of A. baumanniiand 250 clinical isolates dP. aeruginosawere analyzed for the prevalence of
multi-drug resistance and 74% Afbaumanniiand 34% of. aeruginosavere multidrug resistant.

Antimicrobial peptides (AMPsarewidely distributed in naturandrepresent a promising class of
new antimicrobial agents. AMPs are rapidly bactericatad generally havbroadspectrumactivity.

It is difficult for bacteria todevelop resistance toAMPs since tleir mode of action involves
norspecific interactions with the cytoplasmic membraimeaddition, @antiomeric forms of AMPs
with all-D-amino acids have showed equal activities to theic-alhantiomers[5i 13], suggesting that
the antimicrobial mechanism of such peptides does not involve a stereoselective interaction with a
chiral enzyme olipid or protein receptor. In addition, atpeptides are resistant to proteolytic enzyme
degradation, which enhances ithgotential as therapeutic agenkdoreover, it isrelativdy eay to
engineer their structure, since peptide chemistry allows a multitudemef and costeffective
modifications.However, it is widely believed thatative AMPs lack specificity and migtbe too toxic
(ability to lyse mammalian cellsyormally expressed as hemolytic activiigainst human red blood
cellg) to be usedor systemic treatmerjii4,15. To overcome this problem, we devedojiithe design
concept ofthefi s peci f i ci t yhichdetetseosubstitutingpasitivelywcharged residue(s) in
the center of the nepolar face of amphipathic-helical or cyclic b-sheetantimicrobial peptides to
create selectivity between eukaryotic and prokaryotic mempgrainasis antimicrobial actiity is
maintained and hemolytic activity or cell toxicity to mammalian cells is decreased or eliminated
Previously, we demonstrated that a hybrid pept@81 (cecropin A (1-8) + melittin B (1i 18)
derivative, had excellent antimicrobial activityput also exhibited high toxicityo human red blood
cells asmeasuredby hemolytic activity [13,16,17. We showed that a singlealine to lysine
substitution in the center of the npolar face(V13K) dramatically reduced toxicity and increased
the thergeutic index[13,16,17. We recently addressed the questionwdfetherwe could take a
broadspectrum,26-residue antimicrobial peptide in the allconformation with excellent biological
properties and use a rational design approach to enhance furttéoltiggcal properties if the focus
was to develop a better Gramegative AMP rather than maintain bresygectrumactivity. Our results
clearly demonstrated the feasibility of such a prop¢ta], where our final AMP had a 74i6ld
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improvement(i.e., decease)n its hemolytic activity, maintained antimicrobial activity and improved
the therapeutic indices by 136&d and 895fold, respectively, againstA. baumannii and
P. aeruginosa.

In the current study, we chopescidin 1 anddermaseptirS4 astwo examples of native AMPfer
substitution ofone or two amino acid(s) to lysine(s) at different pos#tionthe center of their nen
polar face to investigate theaneralityofthei s pe ci f i c i tdgsigntenteptitorenhangenor 0
maintain antimgrobial activity and significantly improve the therapeutic index

The dermaseptinsare a family of linear peptides isolattdm the skin of various treéwelling,
South American frog of the Phyllomedusaspecieswere discoveredn 1991 [1820]. These
amphipathic U-helical cationic antimicrobial peptidesare structurally and functionallyelated.
They exhibit rapid cytolytic activity against a variety of microorganismsluding viruseg21,29,
bacteria [23,24, protozoa[25], yeast and filamentous rigi [18,2(0. Unlike other dermaseptin
members dermaseptinS4, a B-residue AMP,lyses erythrocytes at micromolaconcentrations
The HCso, the peptide concentration that causes 50% lysis of human red blood veadis,
approximately 1.41M using a three hournincubation timeat 37 °C [26]. Very rapid kineticgwithin
secondgfor thelysis ofhumanred blood cells can be observed unaericroscopg20,23,26.

The piscidin family comprisegshe most common group of AN teleost fisH27]. Piscidinl was
first isolated in 2001 from hybrid striped baddofone saxatilismale xMorone chrysopgemale),
where it is produced in mast cells (immune cells of uncertain function present in all vertgB&jtes)
skin, gill and gastrointestinal traf29,37. Piscidin 1 is a 22esidue amphipathit-helical AMP rich
in histidines and phenylalanire{28]. Piscidin 1 has the highest biological activitythis family with
broadspectrum activity against atibiotic-resistant bacterja flamentous fungi, yeast and
viruses [28,31,32]; howevepiscidin 1 is not selective for bacteriabrsusmammalian cellsand caused
hemolysisof human red blood cellsith aHCso of 11~20uM, within one hour at 37C [33,34.

2. Experimental
2.1.Peptide Synthesis aurification

Synthesis of the peptides was carried out by standardswdise peptide synthesis methodology
using 9-fluorenylmethoxycarbonyl (Fmoc) chemistry andméthylbenzhydrylamine hydrochloride
(MBHA) resin using a CEM Liberty microwave peptide dydizer. The coupling procedure
was catalyzed by -PlH-benzotriazoll-yl)-1,1,3,3tetramethyluronium hexafluorophosphate
(HBTU, 0.5 M)/hydroxybenzotriazole (HOBt, 0.48 M) in dimethylformamide (DMF) with
N,N-diisopropylethylamine (DIPEA, 2 M in fhethyl2-pyrrolidinone (NMP)). The deprotection
procedure (removal of Fmoc protecting group) was carried out by treatment of the resin with 0.1 M
HOBt in DMF with 20% piperidine. Aftecompletion ofthe synthesis the peptide resin was dried
under vacuum anthe peptide was cleaved from the resiith a mixture of 90% trifluoroacetic acid
(TFA), 5% waterand 5% triisopropylsilane (TISjor 1i 2 h. The resin wasemoved by filtration and
peptidewas precipitated withice-cooled ethyl ether on ice foir 2 h. Thepellet was spn down and
redissolved in acetonitrile/water (1:1, with 0.2% TFA) and the solution Iyophilized to obtain the crude
peptide. Peptide purification was performed by revepese higiperformance liquid chromatography
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(RP-HPLC) on a Zorbax 308B-Cg column (250x 9.4 mm 1.D.; 6.5um particle size, 300 A pore size;
Agilent Technologies, Little Falls, DE, USA) with a linear AB gradient at a flow rate of 2 mL/min,
where eluent A was 0.2% aqueous TFA, pH 2, and eluent B was 0.18% TFA in acetdim&itzude

sample was loaded onto the column in 0.28p TFA, pH 2, followed by a 1% acetonitrile/min
gradient to the poinvhereashallow 0.1% acetonitrile/min gradient started 12% below the acetonitrile
concentration required to elute the peptide gaction of analytical sample using a gradient of 1%
acetonitrile/min [35].The 0.1%acetonitrile/min gradientvas run for 170 min. Fractions of 4 mL were
collected and fraction analyses on an analytical column (as described below) were carried out and the
appropriate fractions were pooled and fredded to obtain pure peptide.

2.2. Analytical RFHPLC and Temperature Profiling of Peptides

The purity of the peptides was verified by analyticatRPLC andthe peptides were characterized
by mass spectrometry (LC/MS). Crude and purified peptides were analyzed on an Agilent 1100 series
liquid chromatographAnalytical uns were performed on a Zorbax 300-S8column (150x 2.1 mm
1.D.; 5 um particle size, 30\ pore size) from Adent Technologies using a linear AB gradient (1%
acetonitrile/min) and a flow rate of 0.25 mL/min, where eluent A was 0.2% aqueous TFA, pH 2, and
eluent B was 0.18% TFA in acetonitrile. Temperature profiling analyses were perforrniesl same
column in 3€ increments, from 5C to 80 € using a linear AB gradient of 0.5% acetonitrile/min, as
described previouslji3,16,17,3640].

2.3. Characterization of Helical Structure

The mean residue molar ellipticities of peptides were detexdnloy circular dichroism (CD)
spectroscopy, using a Jasc@1b spectropolarimeter (Jasco Inc. Easton, MD, USA) &t énder
benign (nordenaturing) conditions (50 mM NaPlOJ/NaHPQO,/100 mM KCI, pH 7.0), hereafter
referred to asfibenign buffeo, as well & i n t he p r éale mdueing eolventa n
2,2, 2trifluoroethanol, TFE, (50 mM NaPO/NaHPQO/100 mM KC1, pH 7.0 buffer/50% TFE).
A 10-fold dilution of an approximately 50QM stock solutionof the peptide analogs was loaded
into a 0.1 cm quartz cell and its ellipticity scanned from 195 to 250 nm. Peptide concentrations were
determined by amino acid analysis.

2.4.Determination of Peptide Amphipathicity

Amphipathicity of peptides asdetermined by the calculation of hydrophmibhoment41], using
the software package Jemboss versioR.11[42], modifiedto include a hydrophobicity scale
determined in our laboratofy#3,44. The hydrophobicity scale used in this studyassfollows. Trp,
33.0; Phe, 30.1; Leu, 24.6; lle, 22.8; tM&7.3; Tyr, 16.0; Val, 15.0; Pro, 10.4; Cys, 9.1; His, 4.7; Ala,
4.1; Thr, 4.1; Arg, 4.1; GIn, 1.6; Ser, 1.2; Asn, 1.0; Gly, 0.0; G0u4; Asp,1 0.8 and Lysj 2.0. These
hydrophobicity coefficients were determined fr&®R-HPLC at pH7 (10 mM PQ buffer containing
50 mM NacCl) of a model random coil peptide with a single substitution of all 20 naturally occurring
amino acids [43]This HPLGderived scale reflects the relative difference in hydophilicity/hydrophobicity
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of the 20 amino acid sidehains moreccurately than previously determined scales (see recent review
where this scale was compared to other s¢4/d3.

2.5.Gram-NegativeBacteria Strains Usedin This Study

All the A. baumannistrains used in this study we® obtained from the collection of Dr. Anthony
A. Campagnari at the University of Buffalo and originally isolated from differpatients and
organs/tissuesstrain 649, blood; strain 689, groin; strain 759, gluteus; strain 821, urine; strain 884,
axilla; stain 899, perineum; strain 964, throat; strain 985, pleural fluid and strain 1012, yputum
(2) were purchased from the American Type Culture Collection (ATCC, Manas&as)SA) (strain
ATCC 17978, fatal meningitis; and strain ATCC 19606, Yrtine

P. aerwginosastrains used are as follows: strain PAO1 was isolated from a human wound in 1955
in Australia [45]; strain WR5 was isolated from a burn patient at Walter Reed Army Hospital,
Washington, DCUSA, in 1976 and is a natur&xA mutant but is virulent in experimental mouse
models] 46, 47]; strain PAK was originally isol at et
Canada, and is widely used in the analysis of pili [48,49]; strain PA14 was originally isolated as a
clinical isolae in 1995 at the Massachusetts General Hospital, BdgtAnUSA and is virulentn a
variety of plant and animal models of infecti&@®]; strain M2 was originally isolated in 1975 from the
gastrointestinal tract of a healthy CF1 mouse, University oti@mati College of Medicine, and
Shriners Burns Institute, Cincinnati, OHSA and is virulent in a burn mouse modelRofaeruginosa
infection [51]; and strain CP204 was isolated from a cystic fibrosis patient in 1989 at the National
Jewish Medical and Rearch Center, Denver, COSA. All strains have been maintained 80 € in
the laboratory of Michael VasiUniversity of Colorado, School of Medicine.

2.6. Measurement of Antimicrobial Activity (MIC)

The minimal inhibitory concentration (MIC) is defimheasthe lowest peptide concentration that
inhibited bacterialgrowth. MICs were measureldy a standard microtiter dilution method in Mueller
Hinton (MH) medium. Briefly, cells were grown overnight at@74n MH broth and were diluted in
the same medium. Serial dilutions of the peptides were added to the microtiter plates in a volume of
50 L, followed by the addition of 50Luof bacteria to give a final inoculum of*610° colony-forming
units (CFU)/mL.The plates were incubated at@7or 24 h, and the MICs were determined.

2.7. Measurement of Hemolytic ActivityCs)

Peptide samples (concentrations determined by amino acid analysis) were added to 1% humar
erythrocytes in phosphataiffered saline (0 mM NaCl, 80 mM NgHPQ,, 20 mM NaHPQO,, pH
7.4) and the reaction mixtures were incubated a€3dr 18 h in microtiter plates. Twdold serial
dilutions of the peptide samples were carried blgmolytic activitywasdeterminedoy withdrawing
aliquots from the hemolysis assays and removing unlysed erythrocytes by centrifugatrg)800
Hemoglobin release was determined spectrophotometrically at 570 nm. The control for 100%
hemolysis was a sample of erythrocytes treated withrvaait®.1% TritonX 100. The control for no
release of hemoglobin was a sample of 1% erythrocytes without any peptide added. Since erythrocyte:
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were in an isotonic medium, no detectable release (<1% of that released upon complete hemolysis) o
hemoglobin wa observed from this control during the course of the assay. The hemolytic activity was
determined as the peptide concentration that caused 50% hemolysis of erythrocytes aftersi8 h (HC
HCso was determined from a plot of percent lysisrsuspeptide corncentration (M) . We also
determined the hemolytic activity after 1 hour a37

2.8.Calculation of Therapeutic Index (HEMIC Ratio)

The therapeutic index is a widely accepted parameter to represent the specificity of antimicrobial
peptides for prokawtic versuseukaryotic cells. It is calculated by the ratio of ggd@hemolytic
activity) and MIC (animicrobial activity); thus, larger values of therapeutic index indicate greater
specificity for prokaryotic cells.

3. Results and Discussion
3.1. PeptideDesign and Specificity Determindsi

As mentioned above, enantiomeric forms of AMPs withDadimino acids have showed equal
activities to their alL-enantiomers. The property that Blpeptides are resistant to proteolytic enzyme
degradation enhanceseir potential as therapeutic agentsthis study we designed and synthesized
nine all-D antimicrobial peptidesincluding the native sequerge D-piscidin 1 and a
27-residue version ob-dermaseptinS4 which has adeletion of Alal8. This includetbur analogs
of D-piscidin 1 andthreeanalogs ob-demaseptinS4 as shown iffable 1. Figure1 and 2show the
amino acid sequences in helical wheel and helical net representations. The positively charged lysine o
arginine residues are colored blamd are located on the poléace of the AMP. The large
hydrophobes\(al, lle, Leu Met, Pheand Trp) are colored yellovand are located on the npolar
face of the AMP. The only exception is V23darmaseptirS4 which is located in the center of the
polar face. However, there is only one large hydrophobe on the polar face compared to ten large
hydrophobes on the negpolar face The positively charged residue(s) in the center of thepuobar
face fspecificity determinant ( s)potentiahi tog+3 dretootdd e d ¢
electrostatic repulsions between positively charged residues are shown as black dotted lines. The
i+3 or i to i+4 hydrophobic interactions between largedtgphobes are shown as solid black lines.
These representations allow easy comparison of different analogs to explain their biological and
biophyscal properties describe below.

The design <concept qsho A pmesad it fi iveil tyegidoatsntn dherdi nl.
center of norp o | ar  fhalicatAMBS} introducedby our laboratory previously achieved the
following biophysicaland biological propertiegi) decreased the number of hydrophobic interactions
and disrupted the continuous hydropholsurfacethat stabilizes the helical structure of the AMP
(i) reduced thehydrophobicity on the noepolar face andoverall hydrophobicity (iii) prevented
peptide seHassociation in aqueous condit®ofi6,17] (iv) dramaticallyreduced hemolytic actity;

(v) maintained orenhanced antimicrobial activitgnd (vi) dramaticallyimproved the therapeutic
index [16,17]. The WA speci f i c iallbwed aue angémicnobiaipaptidesd to discriminate
between eukaryotic and prokaryotic cell membranes, thatxhibit pronouncedelectivity for
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prokaryotic cell membrane3.he use of our approachasalso been recently validated by another
groupwho demonstrated the importance of a positively charged residue in timolaorface (Leu to
Arg) of a native 1&esidue antimicrobial peptide, RTA3 (derived frdatreptococcus mitjs which
decreased hemolytic activity by -20id [52].

Table 1 Peptides used in this study

PeptideName? Length Sequence MW
D-Piscidin 1 22 NH- FFHHIFRGIVHVGKTIHRLVTGamide 2571
D-Piscidin 1 G8F 22 NH- FFHHIFRPIVHVGKTIHRLVTG amide 2611
D-Piscidin 1 19K 22 NH- FFHHIFR&XVHVGKTIHRLVTGamide 2586
D-Piscidin 1 V12K 22 NH- FFHHIFRGIVHKGKTIHRLVTG amide 2600
D-Piscidin 1 G13K 22 NH- FFHHIFRGIVHWKKTIHRLVTG amide 2642
D-Dermaseptin S4 27 NH- ALWMTLLKKVLKAAAKALNAVLVGAMNAIde 2778
D-Dermaseptin S4 L7K 27 NH- ALWMTKKKVLKAAAKALNAVLVGANAmMide 2794
D-Dermaseptin SA14K 27 NH- ALWMTLLKKVLKRAKALNAVLVGANAamide 2837
D-Dermaseptin S4 L7KA14K 27 NH- ALWMTKKKVLKAKAKALNAVLVGANAamide 2851
Control C° 18 Ac- ELEKGGLEGEKGGKELE#mide -

2 The D- denotes that all amino acid residues in each peptide are indteformation ® Peptide sequences
are shown using the oietter code for amino acid residues; Ac dendﬂg’sacetyl and amide denotes
c” amide. Theispecificity determinant(8) Lys residues incorporated in the center of thepalar faceare
bolded © Results ofL-piscidin 1 G8P were published previously by Leeal, [33] and was their most
selective pepitle; ¢ This peptide is a random coil peptide in the lattonformation used as a control for
reverseebhase chromatography temperature profiling to examine peptidasseltiation.

In the current studylX+helical D-piscidin 1 and D-dermaseptinS4 are usedis framework to
substituteone or two lysine residue(s) at different positiam the center othe nonpolar face (19K,
V12K and G13K forD-piscidin 1 (Figure 1) and L7KA14K and L7KA14K for D-dermaseptinS4
(Figure 3 to investigate the effecf suhfispeci fi city det er mi prapertte s ) 0O
including hydrophobicity, amphipathicity, helicity and sa#fsociabn (oligomerization as well as
their biological activities including antibacterial activities against six strainB. aferuginosaand
eleven strains oA. baumannij hemolytic activities to human red blood cells and therapeutic indices.

3.2. Peptide Hydrophobicity

Amphipathic -helical AMPs must have a certain minimum hydrophobitity penetrate the
hydrophobic membrane of prokaryotic cells. Hydrophobicity is one ofléisggn featuret optimize
in AMPs. It is generally accepted that increasing the hydrophobicity of thepolan face of
amphipathicU-helical AMPs will increase aimicrobial activity. However, our laboratory made a
major contribution to understanding the role of hydrophobicity in antimicrobial and hemolytic
activity [37]. At relatively low levels of hydrophobicity on the npolar face, an increase in peptide
hydrgohobicity caused an improvement in antimicrobial activity until an optimum hydrophobicity was
reached, at which poifiartherincreases in hydrophobicity beyond this optimum resulted in a dramatic
loss of antimicrobial activityln other words, there is aoptimal hydrophobicity window where
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decreases or increases in hydrophobicity outside this window cause significant decreases in
antimicrobial activity(37].

Figure 1. Helical wheel (uppempanel) and helical net (lower panel) representation of
D-piscidin 1 and analogs are shownTable 1 The oneletter code is used for amino acid

residuesD denotes that all residues in the peptides are irbtbenformation. Positively

charged residues (Lys and Arg) are colored dargehydrophobic residue@/al, lle, Leu

and Phgare colored yellowThefi s peci fi ci ty dehlye@inkirianglasint 6 1 s ¢
the helical wheelthenonpolar face is indicated as an open arc tegolar face is shown

as a solid arcn the helical net,ie residues on theolar faceareboxedand the residues

on the norpolar face areircled TheiY i+3 andiY i+4 potential hydrophobimteractions

along the helixare shown aslack bars. The iY i+4 potential electrostatic repulsions

between positively charged residues along the helix are shown as dotted bars.

Hydrophobic interactions: 10 Hydrophobic interactions: 7 Hydrophobic interactions: 8 Hydrophobic interactions: 10

No. of large hydrophobes: 10 No. of large hydrophobes: 9 No. of large hydrophobes: 9 No. of large hydrophobes: 10
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Figure 2. Helical wheel (upper pah) and helical net (lower paneiepresentation of
D-dermaseptirS4 and analogareshown in Table 1The oneletter code is used for amino

acid residuesD denotes that all residues in the peptides are inbtr@nformation.
Positively charged residues (Lys) are cetbblue, largehydrophobic residueé/al, Leu,

Met and Trp are colored yellowThefispeci fi city det dympnknant so
trianglgs). In the helical wheelthenon-polar face is indicated as an open arc tegolar

face is shown as a solid afn.the helical net,hie residues on the polar fagesboxedand

the residues on ¢hnonrpolar face areircled TheiY i+3 andiY i+4 potential hydrophobic
interactionsalong the helixare shown aslack bars. The iY i+3 andiY i+4 potential
electrostatic repulsions between positively charged residues along the helix are shown as
dotted bas.

Hydrophobic interactions: 9 Hydrophobic interactions: 5 Hydrophobic interactions: 9 Hydrophobic interactions: 5

No. of large hydrophobes: 11 No. of large hydrophobes: 10 No. of large hydrophobes: 11 No. of large hydrophobes: 10

However, this relationship is not observed with hemolytic actiwtyere increasing hydrophobicity
correlates with stronger hemolytic activity and no decrease in hemolytic activity is observed at high
hydrophobicity where antimicrobial activity is dramatically decreased. We have associated the
decrease in antimicrobial activity with high hydrophobicity and strong peptidasstiation, which
prevents the AMP from passing thrdug capsuleor the cell wall in prokayotic cells to reach the
cytoplasmic membrane. Peptide dimers/oligomers are in their foltleelical conformation and would
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be inhibited from passing tthugha capsule ana cell wall to reach the target membranes. Thesre
no polysaccharidbased ck walls in eukaryotic cells, thus increasing hydrophobicity usually
increases hemolytic activity on human red blood cells.iOsrpeci f i ci ty de+ealcalmi na
structure in aqueous media and maintain an unfolded monomer which can moreeasimatea
capsule and cell wall of prokaryotic cells to reach the membrane where the hydrophobicity of the
membr ane induces p e-pefical dtrictufe ahddhe MNP dam how distupt the
membrane causing leakage and cell d¢ai). Thus, there is an optimum hydrophobicity for each
AMP to have the best antimicrobial activity and the least hemolytic activity.

In the current study, substiing) a largehydrophobic residuessoleucine or valine (19K or V12K)
in the center othe nonpolar face oD-piscidin 1 dramatically reducedverall hydrophobicity(more
than 10 minas measuretly RRHPLC retention timeTable 3) anddisruptedtwo (for D-piscidin 1
V12K) or three (forD-piscidin 1 19K) hydrophobic interactions between lafdggdrophobic residues
that stabilize the hydrophobic surface of the hé¢kigure 1). Howeverswitchingthe hydrophilic
glycine to lysine at position 1®{piscidin G13K) had very littleeffecton overall hydrophobicityThe
retention times were 76.4 mime 74.6 min forD-piscidin 1 andD-piscidin 1 G13K, respectively
(Table 2).For D-dermaseptinS4, a single leucine to lysine substitution at positiogisfuptedfour
hydrophobic interactions on the npolar face (Figure 2) thus decreasg peptide overal
hydrophobicity by more than 29 min (Tablle¢ 2)
(D-dermaseptinS4 L7K, A14K) further decreased hydrophobicity by almost 17,ntiat is, a total
decrease of 46 min from nativedermaseptirs4 (Table 2).

Table 2 Biophysical data

i Net Hydrophobicity Benign 50% TFE d . e
Peptide name X X : PA % Amphipathicity
charge  tg?(min) [ d}° %Helix [ d,]° %Helix °

D-Piscidin 1 +3 76.4 100 <l 36,200 100 0.78 5.32
D-Piscidin 1 19K +4 65.4 1300 <1 20,950 58 1.29 4.24
D-Piscidin 1 V12K +4 65.9 1200 <1 16,000 44 0.69 4.81
D-Piscidin 1 G13K +4 74.6 1250 <1 34,050 94 0.95 5.27
D-Dermaseptin S4 +4 124.4 28,900 75 38,400 100 12.61 3.58 (5.48)
D-Dermaseptin S4 L7K +5 95.1 1,950 5 27,250 71 4.80 2.64 (4.12)
D-Dermaseptin S4 L7/A14K +6 78.6 2360 6 36,042 94 2.29 2.42 (3.76)

2 tr denotes retention time in RPPLC at pH 2 and room temperature, and is a measure of overall peptide
hydrophobicity ° The mean residue molar ellipticitied]{,, (deg cn¥dmol) at wavelength 222 nm were
measured at 5 € in benign conditions (100 mM KCI, 50 mM MNa&y/NaHPQ,, pH 7.0) or in benign
buffer containing 50% trifluoroethanol (TFE) by circular dichroism spectroscofyje helical content
(as a percentage) of a peptidelative to the molar ellipticity value gfarent peptide O¢-piscidin 1 or
D-dermaseptin S4) in the presence of 50% TEFE® P, denotes selfassociation parameter
(dimerization/oligomerizationdf each peptide during RRPLC temperature profiling, which is the maximal
retention time difference ofgtts for peptide analogs(ts-ts> for control peptide C) within the temperature
range; &-tz° is the retention time difference of a peptide apacific temperatureg} compared with that at
5 € (tr). The sequence dahe random coilcontrol peptide C is shown in Table & Amphipathicity
was determined by calculation of hydrophobic monfdai using hydrophobicity coefficients determined
by RP-HPLC [43,44]; see methods for detail§he amphipathicity values fap-dermaseptinS4 and its
analogs (residueg 14) are shown in brackets.
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3.3. Amphipathicity

The native sequence ofpiscidin 1 is very amphipathic with a value of 5.32 (Table®).
piscidin 1 G13K, the analogrhere there was no loss of a hydrophobewstitutionof a lysine
residue on the nepolar face, maintained the same level of amphipathicity with a value of 5.27.
Substituting one large hydrophobe with lysine, lowered the graghicity of D-piscidin 1 V12K
and D-pisadin 1 19K to 4.81 and 4.24respectively. However, these analogs with the single
specificity determinant still remain very amphipathtegure 3shows a comparison of the -27
and 28residue version ob-dermaseptin S4. Of particulanterestis that the deletion of Alal8
from the 28residue sequence dramatically changes the compositible norpolar face.

Figure 3. Helical wheel (upper pah) and helical net (lower paneiepresentation of
D-dermaseph S4(27 mer) and-dermaseptir54 (28 mer) The oneletter code is usefbr
amino acid residue® denotes that all residues in the peptides are irbtbenformation.
Positively charged residues (Lys) are cetbblue, largehydrophobic residueg/al, Leu,

Met and Trp are colored yellowin the helical wheelthenon-polar face is indicated as an
open arc andhe polar face is shown as a solid alc.the helical net,ite residues on the
polar faceare boxedand the residues on the npalar face aresircled. TheiY i+3 and

iY i+4 potential hydrophobidnteractionsalong the helixare shown adlack bars. The

iY i+3 andiY i+4 potential electrostatic repulsions between positively charged residues
along the helix are shown as dotted bars.

A27 @
Hydrophobic interactions: 9 Hydrophobic interactions: 9

No. of large hydrophobes: 11 No. of large hydrophobes: 11
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In the case ob-dermaseptin S4 (28 mer) two hydrophobic Leul9 and Lee&8uesare located in
the center of the polar face (Figure 3, right panefereas in the case pfdermaseptirS4 (27 mer)
only a single hydrophah Val23, remains located in the center of the polar face (Figure 3, left panel).
This subtle change also has a large effect on the amphipathicity of the AMP. The amphipathicity
values forD-dermaseptirS4 (27 mer) and (28 mer) are 3.58 and 1.63, respectivelytdilés large
difference and the fact that most AMPs are highly amphipathic we decided to investigate the biological
and biophysical properties of the-B¥sidue version db-dermaseptirb4. Substituting with one or two
lysineresidues at positions 7 and bwered the amphipathicity to 2.64 fordermaseptirs4 L7K and
2.42 forD-dermaseptirS4 L7K, A14K. It should be noted that, although the overall amphipathicity is
low, the helical region identified in the NMR studi&8] (residues 414) has an amphigacity value
of 5.48 for nativeD-dermaseptinS4 (:14), 4.12 forD-dermaseptinS4 (I 14) L7K and 3.76 for
D-dermaseptinS4 (I 14) L7K, A14K (Table 2).The amphipathicity of regionill4 can explain the
overall hydrophobicity ofb-dermaseptinS4 and its malogs. The specificity determinant(s) in the
nonpolar face decreased overall hydrophobicity and amphipathicity as expected but these molecules
remained very amphipathic when in a helical conformation.

3.4. Secondary Structure of Peptides

Figure 4 shows the CD spectra of the peptides in different environmemts (nder benign
conditions (nordenaturing) and in the buffer with 50% TF# mimic the hydrophobic environment
of themembrang It should be noted that atl U-helical peptides exhibitea positive spectrurfi3].
The helicities of the peptides in benign buffer and in 50% TFE relative to that of their native peptide
(D-piscidin 1 or D-dermaseptirS4) in 50% TFE were determined (Table 2). Bdpiscidin 1 analogs
showed negligible secondastructure in benign buffer (FigurdA closed symbols) and a typical
U-helix spectrum with double maxima at 208 and 222 nm in thepotar environment of 50% TFE, a
mimic of hydrophobicity and th&-helix-inducing ability of the membrane (Figu4& opensymbols).
D-piscidin 1 19K andD-piscidin 1 V12K, the analogs with one large hydrophobe in thepalar face
replaced by lysineshowed respectively, a 42% and 56% decrease in helicit$0% TFE, while
D-piscidin 1 G13K, the analogvhere there was no loss of a hydrophobesobstitutionof a lysine
residue,showed only 6% reductiom helicity compared to that ofhe native sequence (Table 2).
D-dermaseptin S4 was 75%helical in benign medium and wasmpletelyinduced toU-helicd
structure in the presence of 50% TFE. By comparison, the analaigsmaseptinS4 L7K and
D-dermaseptirS4 L7K, A14K showed ndkhelical structure in benign medium, indicating that lysine
substitutions on the hydrophobic facempletelydisruptedU-helical structure (Figure 4B). Helical
structure can be induced in these two analogs in the presence of a hydropmabomment
(Figure 4C).

The general effeco f fispecificity detoeremivalbhelital striicture i s
in benign media butllaw induction of Uhelical structure in the present of the hydrophobicity of
the membrane.
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Figure 4. PanelA shows the CD spectra dfpisicidin 1 analogs in aqueous benign buffer
(100 mM KCI, 50 mM NaHPQOy/NaHPO, at pH 7.0), 5 € (closed symbols) and in the
presence of buffetrifluoroethanol (TFE) (1:1y/v) (open symbols). PanBl shows the CD
spectra ofb-dermaseptinS4 analogs in aqueous benign buffer (100 mM KCI, 50 mM
NaH,POJ/NaHPO, at pH 7.0), 5 € and paneC showsD-dermaseptirS4 analogs in the
presence of buffetrifluoroethanol(TFE) (1:1, v/v).

3.5. Peptide SelAssociation

Peptide selassociationi(e., the ability to oligomerize / dimeriyen aqueous solution is a very
important parameter for antimicrobial activity. We assume that monomeric racmbamtimicrobial
peptides are best suited to passough a polysaccharideapsule the outer membranei.€.,
lipopolysaccharide)andthe cel wall (i.e., peptidoglycanpf microorganisms prior to penetration into
the cytoplasmic membrane, induction @helical structure and disruption of membrane structure to
kill target cells. Thus, if the seHssociation ability of a peptide in aqueous e too strong (e.g.,
forming stable folded dimers/oligomers through interaction of their-pubar faces) this could
decrease the ability of the peptide to dissociate to monomer where the&otigonerer cannot
effectively pass through the capsule anilwell to reach the membrane. The ability of the peptides in
the present study to sedsociate was determined by the techniqueRHPLC temperature profiling
at pH 2 over the temperaturange of 5 € to 80 €. This novel methodo measure sekissocation of



