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ABSTRACT. Cyclic peptide backbone and cystine constraints were used to develop a broadly active salt-
insensitive antimicrobial peptide [GllecTP la with eight Gly residues in an 18-residue sequence. The
importance of rigidity and amphipathicity imparted by the cyclic and cystine constraints was examined in
two peptide series based on tachyplesin, a kngvetranded antimicrobial peptide. The first series, which
retained the charge and hydrophobic amino acids of tachyplesin, but contained zero to four covalent
constraints, included a cyclic tricystine tachyplesin (cdJ.RCorresponding [Gl} analogues were prepared

in a parallel series with all six bulky hydrophobic amino acids in their sequences replaced with Gly.
Circular dichroism measurements showed that ctBRd [Gly]ccTP 1a exhibited well-ordere@-sheet
structures, while the less constrained [§pnalogues were disordered. Except for linear peptides assayed
under high-salt conditions, peptides with increased or decreased conformational constraints retained broad
activity spectra with small variations in potency of 20-fold compared to that of tachyplesin. In contrast,

Gly replacement analogues resulted in large variations in activity spectra and significant decreases in
potency that roughly correlated with the decreases in conformational constraints. Exceptzgydiagthia

coli, the Gly-rich analogues with two or fewer covalent constraints were largely inactive under high-salt
conditions. Remarkably, the most constrained [&lgTP 1a retained a broad activity spectrum against

all 10 test microbes in both low- and high-salt assays. Collectively, our results show thgt¢GR 1a

could serve as a template for further analogue study to improve potency and specificity through single or
multiple replacements of hydrophobic or unnatural amino acids.

Antimicrobial peptides are important components of the these highly constrained peptides could serve as models to
host defense against microbial infections—@). These minimize conformational changes and salt sensitivity in
peptides are usually cationic and possess broad-spectrunanalogue activity studies.
activities against bacteria and fungi through killing mecha-  Both types of rigid antimicrobial peptides contain a tri-
nisms such as altered permeability and pore formation thatcystine-stabilizegs-stranded and end-to-end cyclic peptide
are directed against microbial membranes. Furthermore, theyhackbone framework. The first type is found in plant-derived
are known to display or have the propensity to fold as peptides that include kalata, circulin A and B, and cyclopsy-
amphipathic structures with clusters of hydrophobic and chotride g2—25). These cyclic peptides of about 30 amino
charge regions. This structural property appears to be closelyacid residues exhibit a well-ordered framework of three
related to their membranolytic activity, including their g-strands stabilized by three cystine pairs in a cystine-knot
activity spectrum and hemolytic selectivity. However, their motif that is commonly observed in protease inhibitors and
activity is often abrogated under physiological conditions toxins (26). More recently, a second type of cyclic tricystine
containing 106-150 mM NaCl (hereafter termed high-salt peptide termed RTD-1 (rhesus theta defensin, Figure 1) has
conditions) that limit their therapeutic applicatiors 6). been identified from monkey leukocyte®0j. RTD-1 is an

Modulation of amphipathicity and hydrophobicity has been 18-amino acid cyclic peptide also with a “cystine-knot”-like
used for designing analogues and for correlating mechanismamotif but on a twop-strand framework. Unlike other
of action (/—19). However, it is often difficult to dissociate  members of the defensin family, RTD-1 is salt-insensitive.
unambiguously the sequence changes from concomitant Qur need for rigid peptides to correlate conformational
conformational changes that affect membranolytic activity, effects and salt sensitivity in antimicrobial peptides has led
particularly under high-salt conditions. Recently, two types tg the development of cyclic tricystine templates based on
of highly rigid cyclic antimicrobial peptides have been protegrins 27) and tachyplesin2g, 29) that are structurally
identified from natural source®Q, 21). We envision that  gimilar to RTD-1 (Figure 1). The synthetic template ccTP
(cc, cyclic cystine) based on the tachyplesin-1 (TP) isolated
f This work was supported in part by U.S. Public Health Service from the Japanese horseshoe craachypleus tridentat)s

NIHTGraans CAﬁ6544, AI46C1164, ant:]Gl?QSEMde 4 Devart tcontains the whole length of the 17-amino acid TP sequence
* To whom all correspondence should be addressed: Departmen e ; ; ;
of Microbiology and Immunology, A-5119 MCN, Vanderbilt Univer- and an additional Gly at its COOH terminus. Lengthening

sity, 1161 21st Ave. S., Nashville, TN 37232-2363. Telephone: (615) TP t0 an 18-residue, even-numbered peptide ii®vides
343-1465. Fax: (615) 343-1467. E-mail: tamjp@ctrvax.vanderbilt.edu. @ symmetrical antiparallel strand in the cyclic peptide
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Ficure 1: Amino acid sequences and topology of a charged amino
acid in TP, TP18, ccTP, ccPG, and RTD-1: cationic amino acid

(®) Arg and @) Lys and(- - -) disulfide bond. The arrow indicates
the N to C direction of peptide bonds.

ccPG

template. TP contains six cationic amino acids and two cross-
braced disulfide bonds, whereas ccIontains only four
cationic amino acids. However, ccTlRyains two additional

Tam et al.
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Ficure 2: Two analogue series of TP18 4. (a) Sequences PP18
shown on top of the figure. Closed structures represent the end-
to-end peptide bond between Lysnd Gly*8. The arrow indicates

the N to C direction of peptide bonds. Cysteine replacements are
shown in the compound name. Linear peptide analo@iekl

constraints through an end-to-end cyclic peptide bond and acontain the following sequence9, KWC(Acm)FRVC(Acm)-

third cross-strand disulfide bond by replacing the ®fgpair
positioned in the middle of the antiparaljglstrands with a
Cys% pair.

An unusual feature of these naturally occurring and
synthetic cyclic tricystine peptides is their pseudosymmetry
which is contributed by a closed-chained, tgstrand
structure with three evenly spaced disulfide bonds. From a
minimalistic perspective, they approximate/atile”- or “ -
tape”-like structure consisting of four consecutively fused
cyclic hexapeptides. The up-and-down side chain arrange-
ments on these rigid twg-strand frameworks produce a top
face (arbitrarily assigned) containing clusters of hydrophobic
and positive charged amino acids and a sulfur-rich hydro-
phobic bottom face formed by three cystine pairs.

The combination of rigidity, disulfide motifs, and pseu-
dosymmetry in thesg-tile templates affords a structure that
maintains amphipathicity through the variable top face and
the invariable hydrophobic sulfur-rich bottom face. To
correlate the structural requirements of fhéle ccTP1 to
salt sensitivity, we have examined a panel of peptite$l
ranging from a rigid cyclic peptide with three covalent
constraints to linear peptides with no constraints (Figure 2).
To test the importance of rigidity and a cystine core in

YRGIC(Acm)YRRC(Acm)RG-X; andl0 and 11, GYRGIGYR-
RGRGKWGFRV-X, where X is thioester COSGEH,CONH, in
10 and NHOH in 11 (b) [Glyg] analogues contain six Gly
replacements at TepPhé, Val®, Tyr8, Tyrl3 and Ilé! shown in
italics at the top of the figure. Amino acid sequence9afKGC-
(Acm)GRGC(Acm)GRGGC(Acm)GRRC(Acm)RG-X] andOa
(GGRGGGGRRGRGKGGGRG-X, where X is SGEH,CONH,).
(c) ND means not done.

combination of conformational rigidity and cystine pairs in
the [Glys] analogues can maintain amphipathicity and broad-
spectrum antimicrobial activity under high-salt conditions.
Unexpectedly, these Gly-rich tachyplesin analogues with or
without constraints also exhibit specific activity under low-
salt conditions againgEscherichia coli.

MATERIALS AND METHODS

Boc (tert-butoxycarbonyl) amino acid derivatives and
N-hydroxybenzotriazole (HOBtwere obtained from Chem-
impex International Inc. (Wood Dale, IL). All solvents,
including acetonitrile (CHCN), dichloromethane (DCM),
dimethylformamide (DMF), dimethyl sulfoxide (DMSO), and
1-methyl-2-pyrrolidinone (NMP), used without additional
distillation were obtained from EM Science (Gibbstown, NJ).

maintaining the amphipathic design, we have also prepared’:N -Dicyclohexylcarbodiimide (DCC)N,N"-diisopropyl-

a second panel of selected [@lyanaloguesla—10a that

ethylamine (DIEA), andp-cresol were purchased from

retain the constraint elements but make drastic sequence

changes by replacing all six hydrophobic amino acids with
Gly. Gly, the smallest of the 20 genetically coded amino
acids, generally disrupts ordered structures in peptig@s (
Via replacement of six bulky hydrophobic amino acids with
six Gly residues, significant changes in physiochemical
properties are anticipated, including the disruption of am-
phipathic structures and the total loss of the hydrophobic

amino acid cluster. In this report, we describe the syntheses,

conformation, and activity of these two panels of tachyplesin
peptides. Our results show that conformational rigidity
increases activity under high-salt conditions, while the

1 Amino acids and the nomenclature of peptide structure are in
accordance with the recommendations of the IUPAC-IUB Riol.
Chem. 264 668—-673). Abbreviations: Acm, acetamidomethyl; CD,
circular dichroism; CHCA a-cyano-4-hydroxycinnamic acid; DCC,
N,N-dicyclohexylcarbodiimide; DCM, dichloromethane; DI®],N-
diisopropylcarbodiimide; DIEA,N,N-diisopropylethylamine; DMF,
dimethylformamide; DMSO, dimethyl sulfoxide; HF, hydrofluoric acid;
HOBt, N-hydroxybenzotriazole; MALDI-MS, matrix-assisted laser
desorption ionization mass spectrometry; MBHA resin, methylbenzhy-
drylamine resin; NMP, 1-methyl-2-pyrrolidinone; RP-HPLC, reverse-
phase high-performance liquid chromatography; retention time;
TCEP, tris(carboxyethyl)phosphine; TFA, trifluoroacetic acid; TFE,
trifluoroethanol; TSB, trypticase soy broth; SPPS, solid-phase peptide
synthesis.
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Aldrich Chemical Co. (Milwaukee, WI)a-Chymotrypsin, thioesters were purified to confirm their identity before
trypsin, anda-cyano-4-hydroxycinnamic acid were pur- cyclization and to determine their rates of cyclization.
chased from Sigma Chemical Co. (St. Louis, MO). Trifluo- End-to-End Cyclization of N-Terminal Cysteinyl Peptide
roacetic acid (TFA) was obtained from Halocarbon (River Thioester (35)The 8 M urea solution (150 mL) was dialyzed
Edge, NJ). Tris(carboxyethyl)phosphine (TCEP) was ob- (MW cutoff of 1000) by sequentially lowering the urea
tained from Calbiochem (La Jolla, CA). Ultrapure urea was concentration (2000 mL) to 4 M, and them2 M to permit
obtained from ICN Biomedical (Costa Mesa, CA). Dialysis concurrent cyclization which was monitored by analytical
membranes was from Spectrum Laboratories, Inc. (LagunaCig reversed-phase HPLC and MALDI-MS. In general, all
Hills, CA). cyclization reactions were complete during the—18 h
Ten organisms obtained from the American Type Culture dialysis sequence. The dialyzed solution was then diluted
Collection (ATCC, Rockville, MD) were used for antimi-  with water b 1 M urea (300 mL) for disulfide formation
crobial assays. Four Gram-negative bacteria incluglezbli based on the previously described cysteinyl protecting group
ATCC 25922, Pseudomonas aeruginosdTCC 27853, strategy. In method A, two disulfide bonds (e.g., pepfijie
Klebsiella oxytocaATCC 49131, andProteus wulgaris were formed by adding 10% DMSO to the peptide urea
ATCC 49132. The three Gram-positive bacteria w8ta- solution (1 M), and bond formation was complete in 24 h as
phylococcus aureu29213, Micrococcus luteusATCC monitored by HPLC and MALDI-MS. A part of this
49732, andenterococcus faecalidTCC 29212. The three  intermediate was taken for enzymatic digestion to confirm
fungi wereCandida albicansATCC 37092,Candida kefyr the disulfide bond linkages. To remove tBeacetamido-
ATCC 37095, andCandida tropicalisATCC 37097. The methyl group and to form the third pair of disulfide bonds,
strains were incubated in trypticase soy broth (TSB) which the solution was adjusted to pH 4 with acetic acid and 0.1
was prepared in double-distilled water and autoclaved for N HCI, and then nitrogen was bubbled through the mixture
sterilization. TSB was purchased from Becton-Dickinson for 10 min. An iodine/methanol mixture was then added
(Cockeysville, MD). dropwise until a brown color persisted. The reaction, where
Peptide Syntheses and Purificatigkutomated solid-phase  the mixture was maintained in a nitrogen atmosphere and in
peptide synthesis on an ABI 430A peptide synthesizer was a darkened vessel, was completed in 45 min, as monitored
performed using Boc chemistry and a single coupling by HPLC and MALDI-MS. The solution was cooled in an
protocol with DCC/HOBt in DMF/NMP (1:1, v/v). Analyti-  ice bath, and excess iodine was quenched by ascorbic acid.
cal reverse-phase high-performance liquid chromatographyThe peptide was purified by preparative HPLC in the same
(RP-HPLC) was conducted on a Shimadzu LG-6A system manner described above and again characterized by MS. In
with a Cg Vydac column (4.6 mmx 250 mm). A linear method B, all disulfide bonds were formed in a 10%
gradient from 0 to 85% buffer B was run for 30 min at a DMSO/1 M urea solution for 2440 h. MALDI-MS
flow rate of 1 mL/min with detection at 225 nm. Eluent A measurements were used to determine the identity of these
was 0.04% TFA/HO; eluent B was 0.04% TFA/60% purified cyclic peptides and gave the expected values.
CH3CN/H,0O. Preparative RP-HPLC was performed on a  Agt-Assisted Cyclization to Synthesis of an End-to-End
Waters 600 system with a;€Vydac column (22 mmx Cyclic Peptide without a Disulfide Bon@he Agt-assisted
250 mm). Matrix-assisted laser desorption ionization mass cyclization method according to Zhang and TaB)(was
spectrometry (MALDI-MS) was carried out on a PerSeptive used to prepare cyclic peptidés and 8a. This method
Biosystems Voyager instrument. Samples were dissolved incircularized peptides in an end-to-end fashion and used
1 uL of a 1:2 mixture of HO and CHCN. Measurements  unprotected thioester peptides obtained from the stepwise
were taken in the linear mode, withrcyano-4-hydroxycin- solid-phase synthesis described previously for the thioester
namic acid as the matrix. cyclization methods. For the general procedure, linear
Preparation of N-Terminal Cysteinyl Peptide Thioester precursors (peptide thioester) were dissolved in 0.2 M sodium
Precursors.All cyclic peptide precursors were assembled acetate buffer (pH 5:25.6) in concentrations ranging from
by Boc chemistry solid-phase synthesi&l,(32) on Boc 2 to 20 mM. AgOTfa (3-5 equiv) in DMSO was added to
amino acid SCKHCH,CO-MBHA resin (1 g, 0.26 mmol/g)  the solution to give a final concentration ranging from 1 to
(33, 34). The cysteinyl protecting groups of these linear 10 mM. Aliquots were withdrawn for analytical HPLC.
precursors were designed with two different protecting group Cyclizations were usually complete with-20 h. Cyclized
schemes. In method A (peptidésand 2 and their corre- peptide was isolated by HPLC and characterized by MALDI-
sponding [Gly] analogues), chemoselective protection,'Cys MS. The synthesis of c((KGGGRGGGRGGGGRRGR3a)
and Cy$* were protected with acetamidomethyl (Acm) and served as an example of Agssisted cyclization. The
the remaining four with 4-methylbenzyl (MeBzl), and for purified peptide thioester, GGRGGGGRRGR®GGRG-
peptide3, one cysteine pair was protected with Acm and SCH,CH,CONH; (1.5 mg, 0.8&mol, tr = 16.7 min, MW
the other pair with MeBz. In method B (all other cystine- 1698.7, found 1699.3), was dissolved in a mixed solvent (1.2
containing peptides), uniform protection, all cysteines were mL, pH 5.6, 1:4 sodium acetate buffer/DMSO, v/v). £F
protected with MeBzl. The assembled peptides were cleavedCOOAg (0.9 mg, 4.0%mol) was added to the peptide
from the resin (250 mg) by hydrofluoric acid (HF) treatment solution. After 36 h, a single peak was obtained via HPLC
(9:1 HFp-cresol, viv, 12 mL) for 75 min at OC. After (tr = 14.9 min, MW 1593.7, found 1594.1).
removal of HF under vacuum and washing with ether to  Enzymatic Digestion for the Determination of Disulfide
remove the organic scavenger, the crude and deprotectedBond LinkagesDisulfide connectivities of cyclic peptide
peptides collected on a glass filter funnel were extracted into intermediates prepared from method A were determined by
an 8 M urea solution (pH 7.8, 100 mL) containing TCEP a-chymotrypsin or trypsin digestiol37), and fragments were
(100 mg). Aliquots of crude unprotected linear peptide determined on target MS analysi88]. Trypsin cleavages
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on the C-terminal side of lysine and arginine residues and global structural alternations: a partially retro sequence

trypsin digestion of4 yielded two fragments, WRC'®R)-
FR (M + H* calcd 886.4, found 886.0) and V(GIC'?YR)-
YR (M + H* calcd 1148.5, found 1148.3) that confirmed
the Cy$—Cys'® and Cy$—Cys'? disulfide connectivity. TP
contains four aromatic residues, amathymotrypsin cleaves
the C-terminal side of the aromatic amino acid residues.
a-Chymotrypsin digestion & yielded two peptide segments,
C(Acm)RC(CF)RGKW (MW calcd 1245.4, found M H*
1247.1) and C(Acm)VC(YCIGR)Y (MW calcd 1165.8,
found M + H* 1167.1), that confirmed the desired parallel
cross-strand disulfide motif (C$sCys'® and Cyg—Cys'?)
of 2.

Circular Dichroism (CD) Measurement€D spectra were

(GYRGIGYRRGRGKWGFRYV) to cluster cationic charges

in a continuous sequence and four Gly residues (in bold)
replacing Cys residues. It should be noted that the linear
peptides9 and 10 as well as9a and 10a of the next series
were prepared as thioesters. They were linear precursors in
our synthetic schemes for preparing various cyclic peptides.
The local effect of thioester ctDwas examined ii1, which
contained a polar carboxyl-terminal hydroximate aft@had
been treated with NJOH.

A parallel series of eight analogues with global alternations
designatedla—10a contained structural design elements
similar to those in the previous series<10), but with six
hydrophobic amino acids (T#pPhé, Valé, Tyré, Tyr!3 and

recorded on a Jasco J-720 spectropolarimeter over thelle™) replaced with Gly to remove the side chain contribu-

wavelength range of 250190 nm using a 1.0 mm path
length cell, a bandwidth of 1.0 nm, a response time of 2 s,

tions to hydrophobicity. Thus, [GiccTP laand [Gly]cTP
3awith Gly replacements for six hydrophobic amino acids

and averaging over three scans. The spectra are expresseeprresponded to ccTP and cTP3 but retained the cyclic

as molar ellipticity p].

Antimicrobial AssaysA sensitive and reproducible two-
stage radial diffusion assa¥) was employed for testing
the antimicrobial activity of these peptides. The activities
were expressed in units (0.1 mm 1 unit), and the MICs
were determined from theintercepts of the doseresponse

and disulfide bonds as constraining elements. Furthermore,
the sequences of [Glyanalogues were simplified to three
types of amino acids and were particularly rich in Gly
residues. The most constrained [ghlgnaloguela contained
eight Gly residues (two invariable Gly residues from the
TP18 sequencd), six Cys residues, and four cationic amino

curves. Hemolytic activity was determined using fresh human acids, while [Gly]cTP 8a and [Gly]-rLTP 10a contained
erythrocytes. Peptide concentrations causing 50% hemolysist2 Gly residues and six cationic amino acids in their

(EGso) were derived from the doseesponse curvel(). The
membranolytic selectivity index is expressed as@EaIC.

RESULTS

Peptide DesignGlobal and local alterations were used as

sequences and no other types of amino acids.

Syntheses and Characterizatio@pen-chained peptides
such as TP and TP18were prepared by the conventional
solid-phase methods31, 32). Cyclic tachyplesin peptides
were prepared by orthogonal ligation strategy Cys-thioester
and Ag" ion-assisted cyclization84—36). Both cyclization

design elements in the analogue study. In particular, Gly methods employed linear peptide thioesters as precursors
replacements were used in both series of tachyplesin peptidegbtained by a stepwise solid-phase method, and then the
to disrupt conformation and to decrease hydrophobicity. The precursors were cyclized to form end-to-end peptide bonds
first series designateti-11 contained TP, ccTR, and 10 in aqueous solutions to afford the desired products. Cys-
other peptides with decreasing constraints. These localthioester cyclization was used to prepare cystine-containing
alterations based on a graded decrease from four to nopeptides1—3, 5, and 6 and their corresponding [Gly
constraints permitted the evaluation of conformational rigidity analogues, while the Agion-assisted cyclization was used
in relation to antimicrobial activity. Two peptides had the for preparing non-cystine peptided and 8a. End-group
three covalent constraints of an end-to-end peptide bond andjetermination was used to confirm the end-to-end cyclic
two cross-strand disulfide bonds; [Cys(AGH]cTP 2 structures 34—36).
contained a pair ofS-acetamidomethylated (Acm) Cys (a) Cys-Thioester Cyclizatiohe Cys-thioester cycliza-
derivatives to replace the ArgArg' pair, and the more  tion was performed in a phosphate buffer at pH 7.6 without
cationic cTP3 (c, cyclic) was the cyclic version of TP18 the use of any coupling reager@4( 35). The process was
TP, TP184, and two other cyclic peptides (and 6) assisted by a thia-zip reaction involving a series of thiol-
contained two constraints. Both TP and TRii&tained the assisted intramolecular rearrangements. Ultimately, an amino-
two native disulfide bonds as constraints, while the cyclic terminal thiolactone is formed, leading to a spontaneous ring
[Cys(AcmY14cTP 5 and [Cys(Acm}ifcTP 6 peptides contraction through a8 N-acyl isomerization which forms
contained only one disulfide bond and a cyclic peptide the end-to-end peptide bond1j. The cyclization rates of
backbone as constraints. Peptidevas an open-chained these 18-residue macrocyclic peptides were found to be
peptide similar to TP18, but contained a single disulfide facile, and the reactions were found to be completed 10
bond as the sole constraint with the outer CGySys'? h as monitored by RP-HPLC.
disulfide bond replaced with two blocked (Acm)Cy<Cysté After the cyclization, disulfide bond formation in peptides
derivatives. [Gly]cTP 8 with four Cys residues replaced with 1—7 and 1a—7a was achieved essentially in a one-pot
Gly was constrained by an end-to-end cyclic peptide bond reaction by adding 10% DMSO to the peptide solution. It
without any disulfide bond and had common design elementswas complete in 12 h as monitored by HPLC and MS. For
that were useful for comparisons with [Glyanaloguesla TP, TP184, and ccTPL, chemoselective oxidative disulfide
and?2a. As controls, three linear peptid®s-11 without any formation for the Cys(Acm) was performed by adjusting the
constraints were also prepared. Peptide l9Tfetained the aqueous solution to pH 4 with an acetic acid/0.1 N HCI
sequence of TP18& but contained fourS-alkylated Cys mixture and treatment with; land methanol to form the
residues as Cys(Acm), while [GIyLTP 10 contained two desired cystine pair. The crude peptide was purified on
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7 18 1 6
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Ficure 3: Representative synthetic scheme for end-to-end cyclization and disulfide formation 8f Théthioester peptide was obtained
by stepwise synthesis and the cyclic peptide from thia-zip-assisted cyclization. The disulfide bond is first formed by DMSO oxidation. The
Cys(Acm) protected disulfide is formed by CH;OH. SR is SCHCH,CONH,.

i
Do

7 1 6
G.ly-Gly-Arg-Gly-Gly-Gly-Gly-Arg-Arg-Gly-Arg-Gly-Lys -Gly-Gly-Gly-Arg-Gly-SCHyCHyCONH =
"~
0
N Ag CSSR
GIY-W/ CSSR —» ( S+
° pH 5.6 lag]
Gly-NHy-~

8a

Ficure 4. Ag' ion-assisted orthogonal cyclization to form end-to-end cyclic peptide. The thioester peptide is obtained by stepwise synthesis.
SR is SCHCH,CONH,.

preparative HPLC. The disulfide connectivity of peptides segregates hydrophobic and charge groups in our series, the
2—4 was determined by “on-target” trypsin eot-chymo- increase in constraints is also a method for determining
tyrpsin digestion and MALDI mass spectral analys38)( amphipathicity. As shown in Table 1, the two series of
(b) Ag™-Assisted CyclizatiorThis cyclization method was  peptidesl—7 and1a—7a, which essentially share the same
used for preparing cyclic peptid8sand8awithout any Cys sequence, displayed a rough correlation of retention times
in their sequences (Figure 4). Cyclization of an unprotected with increasing constraints, with the highest retention times
peptide thioester obtained by solid-phase synthesis wasobserved in peptidebandla, the most constrained peptides.
performed in an aqueous solution assisted by g which Peptide® and10 and their correspondin@slys] analogues
coordinates the reactive N- and C-terminal thioester ends of9a and 10a containing carboxyl-terminal thioesters were
an unprotected peptide thioester in forming a cyclic peptide relatively hydrophobic and displayed retention times similar
(36). Since Gly as an N-terminal amino acid is favored for to those of the more constrained analogous peptides in each
steric consideration, precursor peptid@sand 8a were series.
selected and cyclized (assisted by Aign) at pH 5.6 to Circular Dichroism Measurementshree types of CD
afford cyclic peptideBa in 75% yield. spectra representing different peptides designed in this study
Hydrophobicity and Amphipathicity As Determined by RP- were obtained in methanol, water, and phosphate-buffered
HPLC. The hydrophobicity of each peptide in both series high-salt solution with 100 mM NacCl at pH 7 (Figure 5).
was determined by its retention time on reverse-phase HPLC.The type | spectra (Figure 5A'®,D') included the cystine-
This method of analysis, which is based on the ability of stabilized peptides of the open-chained TP, TR1&nd
the hydrophobic clusters in a peptide to interact with the monocystine TF7. They exhibited two positive bands near
hydrophobic surface of the HPLC matrix, has been applied 200 and 230 nm and a weak negative band near 208 nm.
to a-helical and g-sheet peptides16, 42). Thus, the The positive band#—x* transition) around 200 nm and a
differences due to increases in hydrophobicity can affect weaker negative band{mr* transition) around 207 nm have
retention times. Because the preformed cyclic structure been associated with ordergesheet peptides connected by
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Table 1: RP-HPLC Retention Times and Hemolytic Activities 20 Water 70 High-salt, pH 7
- . 50 -
selective index 5 ol
(ECMIC) P "\
1-11 I AN AN 0 A
. . . 2 .20} 1 -l ~J Lo T N O
retention  hemolytic activity "Gram- Gram- 820, T \\\
time (min} ECso (uM) negative negative 2 " . " A
peptide 1-11 la-1la 1-11 1la-1la bacteria bacteria fungi g MO = Tris e o Y
1,1a 245 19.1 >450 >450 nc nc nc 60' el I SN
- L 1 L L - L L 1 L L
2,2a 212 10.6 89 >450 3 34 3 200 220 240 200 220 240
3, 3a 202 139 159 >450 398 265 227 Wavelength [nm] Wavelength [nm]
TP 201 - 91 - 151 130 88
4,4a 194 111 108 >450 360 360 216 20 20 \ Highsalt,pri 7
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spectra of TP 44, 45). The strong positive band near 230
nm is usually not observed jftstrand proteins but has been
observed in cystine-kngit-strand peptides4g). The type I
spectra (data not shown) exhibited by the less constrained
peptides that included cyclic TB, linear peptide®9—11, —p 3 —r 3

and their [Gly] analogues contained only a negative band B I
near 200 nm characteristic of predominantly unordered  7° 330 240 200 220 240
structures in aqueous solution. Similar CD spectra of linear Wavetengtn [nm] Wavelenath inm]
tachyplesin analogues have previously been reported by 10 70

others 45, 47). The type Il spectra exhibited by cyclic and
cystine-stabilized ccTH, la (Figure 5A,B), cTP3, 3a
(Figure 5C) 4a (Figure 5D), andba (data not shown) could

be considered as nonclassical CD spectrafedtrand
structures. These cyclic peptides retained the negative band
near 208 nm and the positive band near 230 nm, but exhibited 4
variations in ellipticity below 200 nm. Furthermore, there ok, T e b (= - [GIvITPIS 4a
are substantial differences in their magnitudes as measured L. . . . P [ L.
by ellipticity and band shifts in their minima and maxima 200 220 240
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unde_r_ methanol, water, or phosphate-buffered high-salt Ficure 5: CD spectra of tachyplesin and its analogues. High-salt
conditions. For example, the CD spectra of cc'Bnd its conditions include 100 mM NacCl.

[Glyg] analoguela (Figure 5B), which were determined in
methanol to avoid peptide aggregation, exhibited a negativecystine-stabilized structures with unambiguity due to the
band at 203-208 nm, a strong positive band at 22830 various contributions by-turns, aromatic residues, disul-
nm, but a weak positive bang200 nm. Under water or high-  fides, andS-sheet structures. Nevertheless, it is reasonable
salt conditions, ccTR exhibited a slightly different spectrum  to conclude that the more constrained cyclic peptitie8
(Figure 5A,B) with a minimum blue-shifted to 202 nm and and their corresponding [Glly analogues display some
the absence of the positive band<s200 nm, whereas the  degree of ordered structures in aqueous and high-salt
[Glye] analoguelaexhibited a strong positive band aR00 solutions. Furthermore, because the CD profiles of ctTP
nm. Tachyplesin is known to behave as a soluble monomeric[Glyg]ccTP lain this study, and RTD-1 of Tang et aRQ)
peptide without any tendency to aggregate in aqueousare very similar, even though their amino acid sequences
solutions 44), and our results also confirm that there are no differ, the rigidity of the cyclic two-strand cystine-knot
significant changes in the CD spectra of TRr TP184 in templates will likely retain a similar ordered structure.
methanol or water (data not shown). The differences in CD  Antimicrobial and Hemolytic Assay# two-stage radial
spectra observed under water and high-salt conditions or withdiffusion assay in agarose gelB9 was employed to test
methanol suggest the possibility of aggregation of cdTP  the 17-residue TP and its analogues against 10 organisms
in low-ionic strength agueous environments. under both low- and high-salt conditions, with and without
At present, there is insufficient information to deconvolute 100 mM NaCl, respectively. Each peptide was tested over a
CD spectra of these highly constrained tfxstrand cyclic 5000-fold range of concentrations, and activities were
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Table 2: Antimicrobial Activity of Tachyplesin Peptides-11 with Different Constraings

minimum inhibitory concentrationuM)

Gram-negative bacteria Gram-positive bacteria fungi
E. Pse. Pr. K. mean S. M. E. mean C. C. C. mean
peptide salt coli aerug. wulg. oxytoca MIC aureus luteus faecalis MIC albic. kefyr  tropi. MIC
1 L 3.0 5.0 6.0 2.1 4.0 1.0 0.5 1.0 0.8 5.1 3.9 5.2 4.7
H 6.9 5.2 14.4 7.8 8.6 0.8 0.4 0.9 0.7 17.2 4.1 1.1 7.5
2 L 10.7 12.4 5.6 4.0 8.2 0.6 15 4.6 2.2 425 10.3 52 193
H 10.4 34.6 17.8 448 26.9 5.0 0.9 1.9 2.6 72.6 2.8 5.9 27.1
3 L 0.1 0.7 0.5 0.4 0.4 0.4 1.0 0.3 0.6 0.7 0.9 0.5 0.7
H 0.5 0.2 0.8 0.7 0.6 0.5 1.1 0.4 0.7 0.9 13 1.0
TP L 0.3 0.9 0.7 0.2 0.5 0.4 1.0 0.3 0.6 0.7 0.9 0.5 0.7
H 0.4 0.5 1.0 0.5 0.6 0.5 1.1 0.4 0.7 0.9 13 1.0 11
4 L 0.4 0.5 0.4 0.3 0.4 0.4 0.1 0.3 0.3 0.2 0.3 0.4 0.3
H 0.1 0.2 0.7 0.2 0.3 0.5 0.1 0.4 0.3 0.4 0.4 0.8 0.5
5 L 0.3 0.6 0.8 0.5 0.6 0.9 0.8 0.6 0.8 0.2 0.5 0.9 0.5
H 0.4 0.3 0.8 0.4 0.5 0.3 0.5 0.9 0.6 0.7 0.7 0.9 0.8
6 L 0.5 11 13 0.7 0.9 0.8 0.8 NT 0.8 1.2 0.7 1.2 1.0
H 9.0 2.8 19 14 3.8 0.5 0.4 NT 0.5 0.8 0.7 1.0 0.8
7 L 0.5 0.7 0.6 0.4 0.6 0.5 0.4 NT 0.5 0.4 0.3 0.4 0.4
H 0.1 0.2 19 0.4 0.7 0.6 0.5 NT 0.6 0.7 0.5 0.6 0.6
8 L 17 1.2 11 4.1 2.0 4.1 2.3 NT 3.2 2.7 19 2.3 2.3
H 24 20.4 10.5 18.7 13.0 4.5 20.2 NT 12.4 30.2 40.5 >500 354
9 L 0.8 0.9 11 1.8 1.2 0.6 0.6 0.7 0.6 1.2 0.5 1.2 1.0
H 0.9 0.6 19 19 13 1.0 0.9 1.0 1.0 19 2.0 1.0 1.6
10 L 0.6 1.0 1.4 0.7 0.9 1.9 0.9 NT 1.4 0.9 1.3 105 1.1
H 1.9 >500 48.0 20.8 23.6 1.9 2.0 NT 2.0 312 73.8 >500 52.5
11 L 9.9 12.2 3.0 22.8 12.0 50.4 30.4 NT 40.4 38.4 15.0 48.0 33.7
H >500 =500 =>500 >500 >500 >500 >500 NT >500 >500 >500 >500 >500

a Experiments were performed via the radial diffusion assay with an underlay gel containing 1% agarose and 10 mM phosphate buffer with
(high-salt, H) or without (low-salt, L) 100 mM NaCl. Activities against multiple strains are expressed as the minimum inhibitory concentration
(MIC, micromolar).? The mean value did not include these data. NT means not tested.

expressed as the minimum inhibitory concentrations (MICs) bacteria, and fungi (see Table 2) were being used to calculate
of 0.1 to >500 uM. As shown in Table 2, TP displayed a the selective indexes which showed some improvements in
broad activity spectrum against 10 test organisms with MICs cytoxicity over TP under high-salt conditions. The selectivity
ranging from 0.2 to 1.3:M under both low- and high-salt  indexes of [Gly] analoguesla—10a were not calculated
conditions. In the series of peptidés-11, TP184 was the because the large variations of their MICs would make those
most active peptide with MICs at 6-D.5uM and exhibited indexes statistically unstable.
antifungal activity higher than that of TP. Peptid@s10
displayed potencies and activity profiles similar to those of PISCUSSION
T_P under low-salt cgnditions but .p.roduced a larger range of Design, Synthesis, and Conformatidi. better understand
differences under high-salt conditions. how to develop salt-insensitive antimicrobial peptides, we
Overall, the cyclic constrained peptides ccTBnd [Cys-  have designed tachyplesin peptides with global and/or local
(Acm)>M|cTP 2 under low- and high-salt conditions were changes that include different degrees of constraints and
less active than TP against Gram-negative bacteria and fungiselected corresponding [Glyanalogues in which all six
However, ccTP1 was as active as TP against three test pbulky hydrophobic amino acids were replaced with Gly. Of
Gram-positive bacteri&. aureusM. luteus andE. faecalis  particular interest are peptideand its globally altered [Gl
with MICs of 1.0, 0.5, and 1.@M, respectively, in low-salt  analoguela that contain g-tile-like framework (Figures 1
and 0.4-0.9uM in high-salt assays. Peptideexhibited an  and 2) rigidified by three cross-braced disulfide bonds and
activity profile similar to that of ccTH with MICs ranging an end-to-end cyclic peptide bond.
from 0.6 to 4.6uM against Gram-positive bacteria. The  CD measurements in aqueous and high-salt solutions also
[Glyg] analoguesla—10ain the parallel series were uni- show that thep-tile peptides1 and 1a display ordered
formly less active than TP, and there was a large variation structures with characteristics @fsheet peptides. These two-
of activity spectra with MICs ranging from 0.7 to500uM strandegB-tile-like structures are amphipathic due to positive
(Table 3). charges tethered above the plane and a hydrophobic sulfur
We also determined the hemolytic activity on human core of cystine pairs below the plane. Correlation of
erythrocytes of both series of peptides (Table 1). ThgoEC constraints and amphipathicity based on their elution times
of TP that produced 50% hemolysis of human erythrocytes on RP-HPLC provides support for this conclusion. Syntheses
was 91uM. Except for peptide?, all peptides were less  of cyclic peptidesl—8 and 1a—8a are also facilitated by
hemolytic than TP, especially those highly constrained and methods using unprotected peptide thioesters that cyclize in
linear peptides with Egs of >450 uM. Table 1 also aqueous solutions. The thia-zip cyclization method yields
compares the membranolytic selectivity indexes{f@ean cyclic peptides such a@s-3 andla—3acontaining a Cys in
MIC) of peptidesl—11. For simplification, the group-specific  their sequences, while the Agssisted cyclization method
mean MICs for Gram-negative bacteria, Gram-positive provides cyclic peptides such 8sand8a without any Cys
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Table 3: Antimicrobial Activity of [Gly] Analogues la 10

[Glye] minimum inhibitory concentration{\)
peptide salt E.coli P.aeruginosa Prulgaris K.oxytoca S.aureus M.luteus E.faecalis C.albicans C.kefyr C. tropicals
la L 2.2 1.2 1.9 8.2 7.5 0.7 3.9 4.2 0.9 1.0
H 1.7 7.8 2.3 18.9 3.0 0.6 19.8 12.4 5.0 5.8
2a L 2.0 4.7 2.0 54.2 24 0.7 20.6 49.8 5.3 5.0
H 1.7 32.8 2.3 >500 3.0 0.7 54.2 >500 >500 30.2
3a L 21 11.7 13.2 7.8 42.2 30.2 NT 41.0 55.2 >500
H >500 >500 >500 >500 >500 >500 NT >500 >500 >500
da L 3.4 1.2 56.5 4.2 7.8 105.2 NT >500 82.6 18.5
H >500 10.9 >500 >500 >500 >500 NT >500 225 >500
5a L 4.1 11.2 32.8 29.9 42.2 12.4 NT >500 >500 >500
H >500 >500 >500 >500 >500 >500 NT >500 >500 >500
8a L 1.9 16.8 8.1 8.9 >500 48.0 NT >500 >500 >500
H >500 >500 >500 >500 >500 >500 NT >500 >500 >500
9a L 17.2 22.1 >500 16.0 7.9 >500 NT >500 >500 >500
H >500 >500 >500 >500 >500 >500 NT >500 >500 >500
10a L 2.1 4.4 5.3 18.8 30.0 10.5 NT 12.6 17.3 >500
H 105 >500 >500 >500 >500 48.0 NT >500 >500 >500

a Experiments were performed via the radial diffusion assay with an underlay gel containing 1% agarose and 10 mM phosphate buffer with
(high-salt, H) or without (low-salt, L) 100 mM NaCl. Activities against multiple strains are expressed as the minimum inhibitory concentration
(MIC, micromolar). NT means not tested.

residues. The advantage of these methods is their sim-insoluble under assay conditions containing phosphate buf-
plicity, particularly since cyclic peptides can be obtained fers. In particular, the topology of and 2 containing a
without undergoing a deprotection step after the cyclization continuous stretch of seven hydrophobic amino acids’Trp
reaction. Tyr®) occupying one entirg-strand favors aggregation in
Cationic Charges and Hydrophobicity in Peptidesind aqueous solutions and is reminiscent of the highly insoluble
2. The size and structural constraint elements of the ccTP g-amyloid peptides49). Thus, our current assay conditions
are similar to synthetic ccPG (Figure 1) and the recently using the overlay gel diffusion method may not accurately
discovered RTD-1 which was isolated from monkey leuko- portray their antimicrobial activity profile. However, it also
cytes @0). The cyclic RTD-1 peptide is generated by a novel likely that increasing the constraints of TP limits its con-
posttranslational head-to-tail ligation of two truncatede- formational spaces, which results in narrowing its activity
fensin-like gene products. Our tw#strand design is also  spectrum.
the result of simplification from our previous work on the Conformational Constraints and Functional Group Clus-
threep-strand antimicrobial peptides based on cydlide- tering in Peptides3—11. TP and TP184 exhibit MICs of
fensins @8) and the cyclic cystine-knot circulins2®). <0.8uM against 10 organisms. Unlike tetracationic peptides
Topologically, the distributions of hydrophobic and charged 1 and 2 and [Gly,] peptides8 and 10 in this series, an
clusters of thes@-tile templates are different. RTD-1 has increase or decrease in conformational constraints in peptides
an alternating hydrophobic and charged motif, whereas the3—7, 9, and10 containing six cationic charges produces a
synthetic ccTPL and ccPG contain a central hydrophobic surprisingly small overall effect in their activity spectra under
cluster and two charged clusters at the two four-residue low-salt conditions compared with TP. The more constrained
reverse turns. Despite their differences in sequences, CDcyclic peptide cTP3 displays similar potency and activity
measurements have confirmed that these rigidified cyclic spectrum under low- and high-salt conditions. Similarly, no
peptides display ordere@sheet structure20). large changes in the potency or activity spectrum of the less
In the comparison of the highly constrained antimicrobial constrained peptideés-7, 9, and10 can be discerned under
peptides, the ratio and topology of cationic and hydrophobic low-salt conditions. Under high-salt conditions, there is an
amino acids appear to be important for their activity. ccTP increasing loss of potency with decreasing conformational
1 and [Cys(AcmY*4cTP 2 contains either an extra cystine constraints, as observed in pepti@e8, and10. These results
pair or two Salkylated derivatives that replace a charged suggest that the primary sequence of TP with six bulky amino
Arg pair in their sequences based on TP. As a result, theyacids and six cysteines provides the threshold of hydropho-
are less cationic (by two positive charges) and also less activebicity for interaction with microbial membranes without any
than TP, RTD-1, ccPG, or peptid&s-11 in the analogue  constraint under low-ionic conditions.
series. However, ccTR was as potent as TP against the Requirement of Conformational Constraints for High-Salt
three test Gram-positive bacteria under low- and high-salt Activity in Peptides3—11. TP and TP184 as well as the
conditions. Compared to ccTE, the loss of the cystine  homologous family of protegrin peptides maintain their
constraint in peptide led to a >5-fold loss of potency  conformations via two disulfide bridges that make it possible
againstK. oxytoca E. faecalis andC. albicans to compare the importance of constraints for activity under
These results are consistent with the general observationhigh-salt conditions. The inner disulfide bond (Cy€yst?)
that antimicrobial activity, particularly against Gram-negative has been known to be important in maintaining fhstrand
bacteria, increases with increasing numbers of cationic structure. Indeed, the monocystine open-chained ERd
charges like those found in the defensin famiy §). The the cyclic TP5 without the outer Cys-Cys'é disulfide bond
decrease in cationic charges coupled with the increase indid not result in a loss of activity compared to that of TP in
hydrophobic amino acids also render ccT'&nd2 relatively low-salt assays. In contrast, removal of the outer disulfide
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FiGure 6: Sequences of tachyplesin [@yanaloguesa, 9a, and
10a and control thioester peptidd® and 13. Also shown is the
cationic clustering of retro sequencesl®fain relationship tda:

(®) cationic charge and (*) the Cys protected as Cys(Acm)
derivatives.

bond in the cyclic TP6 produced 223 lower potencies
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Ficure 7: Design difference of cyclic peptide with a hydrophobic
face on the top&) and on the bottom containing three disulfide
bonds (a).

protected by Acm group$(0) has been reported to display
antimicrobial activity 6.6-fold lower than that of TP against
E. coli. Furthermore, Rao4(y) found nearly full activity in
several linear TPs with aliphatic amino acids replacing four
Cys, which suggests that the two disulfide bonds do not play
an important role in their antimicrobial action. However,

under high-salt conditions compared to that of TP against these assays were performed under low-salt conditions. Thus,

all four test Gram-negative organismB, wulgaris, K.
oxytoca P. aeruginosaandE. coli.

Peptides8—11 contain both global and local design

our results suggest that the hydrophobic amino acids in
tachyplesins play dual structural and functional roles, and
while the linear tachyplesin is adequate for membranolytic

changes as well as graded hydrophobic differences. Theactivity, additional conformational constraints are required

singly constrained peptides and 8 differ in two design
elements; peptid8 contains an end-to-end cyclic structure

for activity under high-salt conditions. Furthermore, our
results also show that in the absence of conformational

instead of a cystine pair and four Gly replacements for the constraints, a small mutation such as the different carboxyl-
Cys derivatives. These combined changes lead to a moreterminal substitutions in peptidd® and11 could lead to a

flexible [Gly4] peptide8 that exhibited a 2 10-fold loss of
activity in low-salt assays and-al0-fold decrease in high-
salt assays compared 7o Peptide8 essentially lost all its
antifungal activity. A similar trend can be discerned in the
three linear peptide9¢-11).

Linear peptide® and10 contain a hydrophobic carboxyl-
terminal (CT) thioester and global differences in their linear
sequences. Peptide an open chain of TP18, maintains
potent antimicrobial activity against 10 bacteria and fungi
under low- and high-salt conditions with MICs at 0.6 and
2.0 uM. The partial retro peptide [GfLTP 10 with four
Cys — Gly replacements and a 10-amino acid stretch of
RRGRGKWGFR, designed to cluster six strong cationic

large change in activity.

[Glyg] Replacements of Hydrophobic Amino Acids in
Analoguesla—10a The 17-residue TP contains six bulky
hydrophobic acids, four of which are aromatic. Contributions
to conformational stability and amphipathicity by single
substitutions of these hydrophobic amino acids have been
shown to be important to the antimicrobial activity of TP
(47). Indeed, compared to previous series, the global change
of replacing six bulky hydrophobic residues (#rphé, Va®,

Tyr8, lle?, and Ty#) in the [Glyg] series (a—10a) sharply
decreased potency and produced large variations of activity
spectra (Table 2). Surprisingly, analogliewas as potent

as the parent ccTR under low-salt conditions. In 10 test

charges in a partial retro sequence, shows a small decreaserganisms, the activity of peptidea against seven organisms
in potency against eight test organisms under low-salt under low-salt conditions was similar or higher than those

conditions but is essentially inactive agair@t tropicalis
Under high-salt conditions, the potency of peptidiessharply
decreases with most of its MICs in the range of 26-%&00
uM. However, the most significant change in activity was
observed between the retro peptidésand 11 that contain

a small local change at the CT substitution, and peptitle

bears a hydrophilic hydroximate instead of a thioester. The

MICs of peptidell decreased>10-fold in seven of nine

cCTP 1. Under high-salt conditions, peptidea retained
similar or exhibited higher activity in six test organisms as
compared to that of ccTP. However, other [Gly] analogues
were far less active than analoglia With the exceptions
of [GlyelccTP 1la and [Gly](Cys(AcmP19)cTP 2a, their
activities are abrogated in high-salt assays.

In general, there is a rough correlation of activity spectra
of the [Glys] analogues with the increasing conformational

test organisms under low-salt conditions compared to thoseconstraints. For the purpose of comparison, we used arbitrary

of peptide10, which was completely inactive under high-
salt conditions with an MIC o500 uM. It is not clear
whether the CT thioester plays a functional role in addition
to its physiochemical property, but two unrelated basic
peptidesl2 and13 containing a CT thioester (Figure 6) did
not display any antimicrobial activity against 10 test organ-
isms in our assays (data not shown).

Our results on linear TP peptides are consistent with
findings by others. Linear TP with four Cys residues

MIC values of 1 and 1M as cutoff points for activity
criteria against a test organism. Under the. criterion,

the most constrained [GljccTP 1a retains a full active
spectrum against 10 test organisms in the low-salt assay and
7 out of 10 organisms in the high-salt assay. Linear analogue
9ais largely inactive under low-salt conditions except against
S. aureugMIC of 7.9 uM) and totally inactive under high-
salt conditions (MIC of>500uM). However, the partial retro
sequence 094, [Glyg]rLTP 10awith a cationic cluster in
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its sequence, is active against three Gram-negative bacteriare found in microcins§1) which are oxazolethiazole

with MICs of 2.1-5.3 uM. We will discuss analogue3a
andlOalater in the section dealing with specificity. The other
six [Glyg] analogues3a—8a), with three to one constraints,
exhibit activity spectra and potency somewhat similar to
those ofl0a Under the more stringent criterion of M,
[GlyglccTP la is active under low-salt conditions against
three organismayl. luteus C. kefyr andC. tropicalis and
active only againsM. luteus under high-salt conditions.
Although [Glys]c TP 2ais active againg¥l. luteusunder both
low- and high-salt conditions (MIC of 0.:M), all the other
[Glyg] analogues exhibit activity profiles with an MIC of
>1 uM.

Peptides8 and 1la share some common global design

peptide antibiotics with strings of Gly repeats.

Although the generally recognized mechanisms of killing
microbes by antimicrobial peptides include their inherent
property of membranolytic activity, several antimicrobial
peptides have been shown to act on specific targets. Some
o-defensins are inhibitors of adrenocorticotrophin receptors
and block the production of immunosuppressive adrenal
steroid hormones during acute infectid&®). TP analogues
and defensins are also known to be chemoattractad)s (
Tachyplesin analogues are inhibitors of CXCR4 receptors
and are effective as anti-HIV infective ageng=l), Several
p-defensins have now been linked to signal cellular immunity
as chemotactic factors in both immature dendritic cells and

changes (Figure 7). They contain Gly replacements for eithermemory T cells through the CCR6 chemokine receéy. (

the cystine pairs or six hydrophobic amino acids. [RIyP
8 with four Gly residues replacing two cystine pairs retains

Insect defensins bind to the Toll family of receptors to
mediate antimicrobial response defens6-(58). The Gly-

a cyclic structure. Such a design places both cationic chargesich antimicrobial peptide microcin B17 has been shown to

and hydrophobic amino acids on the top face but is devoid
of the bottom-face sulfur-rich cystine pairs. The [gly
analoguela has the reverse topological amphipathic design
which replaces the top-face hydrophobic clusters with Gly
but retains the bottom-face sulfur-rich cluster. Thus, it is
interesting to find that while peptide8 and la exhibit
comparable activity profiles and potencies under low-salt
conditions. Howeverla, which is more amphipathic (Table
1) and more constrained thadh retains its activity under
high-salt conditions. Moreovel,a (ECso > 450 uM) is far
less hemolytic tha® (ECso = 142uM), and it has a higher
therapeutic index that is favorable for clinical considerations.

be a DNA gyrase inhibitory9), and the bactencin family of
peptides with Arg-Pro-rich sequences is believed to have
DNA-binding properties0). A recent report by Breukink

et al. €1) has also shown that the antimicrobial peptide nisin
Z is specific for the membrane-anchored cell-wall precursor
Lipid Il, which is also the target of the conventional antibiotic
vancomycin. However, nisin Z binds to Lipid Il with high
affinity, rendering the plasma membrane more permeable.
These specific modes of action by antimicrobial peptides in
addition to their nonspecific membranolytic activity provide
a new incentive for developing highly rigid antimicrobial
peptides selective for targeting specific host or microbial

Thus, our results suggest that a highly constrained peptidecomponents.

such adlacould maintain broad-spectrum activity under both
low- and high-salt conditions even without any bulky amino
acids in its sequence.

Specificity Compared to TP, which has an &©f 91 uM,
an increase or decrease of constraints in pep8dadsresults
in less hemolytic activity (Table 1). However, the effect is
relatively small. In contrast, linear peptidés-11 are
nonhemolytic with an E& of >450 uM and contain the
highest selectivity index (E4/MIC). Since the [Gly]
analoguesla—10a are not as active as TP, they are also
nonhemolytic with an E& of >450.

Increased constraints in the [@)yanalogues also led to
specific recognition of microbial envelopes. The two con-
strained [Gly] analoguesla and 2a are active agains¥l.
luteusat <0.7 uM, even under high-salt conditions. Radio-
labeledla or 2a would be useful diagnostically in distin-
guishing infection from inflammation. Seven [@]yana-
logues also exhibited moderate but consistent microbial
activity againste. coli with MICs ranging from 2 to 4«M
under low-salt conditions, irrespective of the number of
constraints. The more constrained [glgnaloguesla and
2a can retain their activity under high-salt conditions with
an MIC of 1.7uM. The origin of this specificity is not clear
but could be related to the spatial clustering of cationic

charges of these cationic Gly-rich sequences (Figure 6). The

cyclic constrained nature dfa—4a and6a forms a cluster

of cationic charges in the RCRGK sequence. The RRGRGKG-
GR sequence is found Ba and the retro linear peptida

but not in the normal linear peptide, [GILTP 9a, which is
considerably less active (MIC of 17M). It is interesting

to note that Gly-rich sequences with weakly cationic clusters
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