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ABSTRACT: Lipopolysaccharide (LPS), a major component of Gram-negative bacteria, signals bacterial
invasion and triggers defensive host responses. However, excessive responses also lead to the serious
pathophysiological consequence of septic shock. To develop Gram-negative selective compounds that
can inhibit the effects of LPS-induced sepsis, we have designed constrained cyclic antimicrobial peptides
based on a cystine-stabilizgestranded framework mimicking the putative LPS-binding sites of the LPS-
binding protein family. Our prototype termed R4A, c(PRCRAG-PARCRCAG), consists of an eight

amino acid degenerated repeat constrained by a head-to-tail cyclic peptide backbone and two cross-bracing
disulfides. NMR study of K4A, an R4A analogue with four Arg Lys replacements, confirmed the
amphipathic design elements with four Lys on one face of the antipafaizhnd and two hydrophobic

cystine pairs plus two Ala on the opposite face. K4A and R4A displayed moderate microbicidal potency
and Gram-negative selectivity. However, R4A analogues with single or multiple replacements of Ala and
Gly with Arg or bulky hydrophobic amino acids displayed increased potency and selectivity in both low-
and high-salt conditions. Analogues R5L and R6Y containing additional cationic and bulky hydrophobic
amino acids proved the best mimics of the amphipathic topology of the “activefsigands of LPS-

binding proteins. They displayed potent activity against Gram-neggtigeli with a minimal inhibitory
concentration of 20 nM and a200-fold selectivity over Gram-positivB. aureusOur results suggest

that an LPS-targeted design may present an effective approach for preparing selective peptide antibiotics.

Gram-negative bacterial lipopolysaccharides (LP&s2 responses, release of tissue-damaging levels of cytokines and
well-known endotoxins with diverse structures that are clotting-promoting tissue factors can lead to the pathophysi-
displayed on bacterial outer membranes. They contain theological consequence of septic shock. This major cause of
conserved toxic moiety of lipid A, a fatty-acid-acylated and morbidity and mortality has been estimated to cause over
phosphorylated disaccharidé—<3). As a group, LPSs are 100 000 deaths annually in the United Sta®s loreover,
one of the most potent bacterial signal molecules that activateantibiotics currently used for Gram-negative infections result
host defenses to release proinflammatory mediators, cyto-in the release of LPS into the bloodstream and thus cannot
kines, chemokines, and lipoproteins{6). However, when adequately treat sepsis.

there are dysfunctional LPS-induced host inflammatory  yechanisms that regulate host responses to LPS are known
to involve plasma lipoproteins and the LPS-binding receptor
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1 Abbreviations: Amino acids and nomenclature of peptide structure different cellular effects. Of these, the roles of LBP and BPI

are in accordance with the recommendations of the IUPAG (53). are best understood.

Other abbreviations are as follows: Acm, acetamidomethyl; BOP, LBP is a lipid transfer protein whose facilitation of LPS
benzotriazol-l-yloxytris(dimethylamino)phosphonium hexafluorophos-

phate; GB2, dicystine antiparallgs-stranded; Cg32, cyclic dicystine binding to CD14 on cell membranes or soluble CD14 in
antiparalle|3-stranded; Cg32, cyclic tricystine antiparallgd-stranded; plasma activates a wide variety of cells through Toll-like
CD, circular dichroism; CHCA,a-cyano-4-hydroxycinnamic acid; - i

DCC, N,N-dicyclohexylcarbodiimide; DCM, dichloromethane; DIC, receptorS:(S 15)' CIrCUIatory LBP and CD14 may represent
N,N-diisopropylcarbodiimide; DIEAN,N-diisopropylethylamine; DMF, the major pathway for triggering host responses to Fhe
dimethylformamide; DMSO, dimethy! sulfoxide; DQF-COSY, double presence of LPS in the bloodstream and for mounting
quantum filtered correlation spectroscopy; HF, hydrofluoric acid; HOBL, appropriate responses to Gram-negative bacteria. In contrast

N-hydroxybenzotriazole; LPS, lipopolysaccharide; MALDI/MS, matrix- : . L .
assisted laser desorption ionization mass spectrometry; MBHA resin, to the stimulatory properties of LBP, LPS binding by BP! is

methylbenzhydrylamine resin; MIC, minimal inhibitory concentration; ~thought to be inhibitory, which accounts for its antibiotic
NMP, 1-methyl-2-pyrrolidinone; NOESY, nuclear Overhauser effect activity against Gram-negative bacterid6( 17. Similar

spectroscopy; RP-HPLC, reverse-phase high-performance liquid chro-) pg_pinding proteins have also been found in lower animals.
matography; TCEP, tris(carboxyethyl)phosphine; TFA, trifluoroacetic Limul ti-LPS fact LALE) f dinh h b
acid; TOCSY, total correlated spectroscopy; TSB, trypticase soy broth; LIMulus anti- actor ( ) found in horseshoe crabs

SPPS, solid-phase peptide synthesis. displays not only a strong affinity to LPS, but also selective
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FIGURE2: Amphipathic topology of RTD-1, TP-1, and PG-1. Pluses
(+) indicate cationic residues, either Arg or Lys. Black circles
indicate bulky hydrophobic residues: Leu, Val, Phe, Tyr, Trp. Gray
circles connected by dashed lines indicate cystine pairs. Sequences
are as follows: RTD-1, ¢(GFCRCLCRRGVCRCICTK); TP-1,
HRK KWCFRVCYRGICYRRCR; PG-1, RGGRLCYCRRRFCVCVGR.

32(113)[132]

50(111)[113]

E i . . , duces a topological amphipathic motif that pairs the basic
IGURE 1: Amino acid sequences (from right to left) of the puta- . . ) . . ;
tive LPS-bindingp-strands of Limulus anti-LPS factor (LALF, ~@mino acids on one face with the hydrophobic amino acids

residues 3250), LPS-binding protein (LBP, residues £130), on the opposite face. To provide the structural integrity of
and bactericidal permeability-increasing protein (BPI, residues such a topological motif in our design, we use a cyclic
113-132). dicystine-stabilized antiparallgl-stranded (Cg32) frame-

work (32—34) modified from the Rhesus monkey theta
defensin-1 (RTD-1). This recently discovered antimicrobial
peptide with a Cg32 framework contains a cyclic tricystine
antiparallelg-stranded structure3g). Our CGS2 structure
also resembles the antimicrobial peptide family of the open-
chain, dicystine-stabilized-stranded (g32) protegrins and
tachyplesins 36, 37 that consist of 1719 amino acids
r(Figure 2). This paper describes the design, synthesis, and

antimicrobial activity against Gram-negative bacteria. Despite
differences in their modes of action, the LPS-binding
domains of LBP, BPI, and LALF have been found to share
an interchangeable LPS-binding motif that is functionally
independent of LPS transport or neutralizatidg)(

Cationic antimicrobial peptides with diverse structures
have been reported to bind LPSs and thus suppress thei

abt|||t|2{ to stgw_n;éateRthe ;tjlrodgctl?tn :)f Ipromflatmcrjna'tor)éI activities of a series of constrained @R antimicrobial
cytokines { ). Recently, Scott et al. reported goo peptides with enhanced activity against Gram-negative

correlation between the Gram-negative activity of certain bacteria Two CG,32 prototypes, R4A and K4A (Figure 3)
antimicrobial peptides and their ability to block the interac- in our initial design displayed promising antimicrobial

tion of LPS with LBP @2). Since antimicrobial peptides are activity and selectivity. Incremental changes to R4A with
generally low molecular_ mass molecule§5(k_Da) POSSESS” ~ ‘the salient property of the putative LPS-bindifigstrands

ing broad-spectrum activities and constituting an important markedly increased potency and selectivity against the test
part of the host defense against microbial infectia®4 Gram-negative organisrk,. coli. We have also determined
27), they provide a starting point for designing low molecular the design elements of K4A by 2D NMR experiments and
mass anti-LPS compounds. Furthermore, they are known toconfirmed that four Lys are located on the hydrophilic face

have a propensity to fold into amphipathic structures with while there are two bracing disulfide pairs and two Ala on
clusters of hydrophobic and charge regions, a feature closelythe opposite hydrophobic face

related to their membranolytic activity. Because LPSs are

also amphipathic molecules, LPS-binding antimicrobial pep- pMATERIALS AND METHODS

tides can neutralize LPS-induced toxicity and thus are

potentially useful for treatment of septic shock and to temper  Materials. Boc-(tert-butyoxycarbonyl) amino acid deriva-

aggressive host proinflammatory responses to LPS. tives andN-hydroxybenzotriazole (HOBt) were obtained
Our design of Gram-negative selective antimicrobial from Chem-impex International Inc. All solvents, including

peptides is based on the putative LPS-binding domains of acetonitrile (CHCN), dichloromethane (DCM), dimethyl-

LBP, BPI, and LALF @8—31) consisting of a conserved formamide (DMF), dimethyl sulfoxide (DMSQO), and 1-methyl-

motif of long S-strands with alternating basic and bulky 2-pyrrolidinone (NMP) used without additional distillation,

hydrophobic amino acids (Figure 1). The up-and-down were obtained from EM Scienc®,N'-Dicyclohexylcarbo-

arrangement of side chains in an antiparghiedtrand pro- diimide (DCC),N,N'-diisopropylethylamine (DIEA)ga-cy-
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Table 1: Sequence and Molecular Weights of,@ZPeptide%

residue

MW,
peptide 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 calc/meas
R4A P A C R C R A G P A R C R C A G 1626/1626
K4A K K K K 1514/1514
R4Y Y 1717/1717
R5Y R Y 1817/1817
R5W W R Y 1932/1933
R5L L \Y, R Y \Y 1915/1915
R6A R R 1796/1796
R6F R Y F R L 2020/2020
K5L L K K \Y K Y K K \Y 1775/1776
E4A E E E E 1518/1518
E5L L E E \Y E Y E E \% 1779/1779

@ Molecular weights were determined by MALDI mass spectrometry and rounded to the nearest whole number. The measured masses were all
within 0.05% of the calculated mass.

ano-4-hydroxycinnamic acid, angicresol were purchased 5.6). Aliquots of crude unprotected peptide thioesters were
from Sigma-Aldrich Chemical Co. Trifluoroacetic acid purified to confirm their identity before cyclization.
(TFA) was obtained from Halocarbon. Tris(carboxyethyl)-  Head-to-Tail Cyclization of N-Terminal Cysteinyl Thioester
phosphine (TCEP) came from Calbiochem. Ultrapure urea peptide Cyclization of the unprotected linear thioester
was obtained from ICN Biomedical and dialysis membrane precursors was performed as described by Tam e#al. (
from Spectrum Medical. 43). Briefly, the extracted crude peptides 8 M urea (50
Test organisms obtained from the American Type Culture mL) were dialyzed (MW cutoff 500) by sequentially lowering
Collection (ATCC; Rockville, MD) were used for anti- the urea concentration (2000 mL) ino8 M to 4 M andthen
microbial assays. These included Gram-negdiiseherichia 2 M urea, 0.2 M Tris buffered at pH 7.61f@d h each. The
coli ATCC 25922 Pseudomonas aeruginogd CC 27853, 12—18 h dialysis sequence also permitted concurrent cy-
and Gram-positiveStaphylococcus aureuATCC 29213 clization that was monitored by analyticald&®RP-HPLC and
bacteria as well a€andida albicansATCC 37092. The MALDI-MS. In general, all cyclization reactions were
strains were incubated in trypticase soy broth (TSB), which complete by 18 h. For disulfide formation, the dialyzed
was prepared in double-distilled water and autoclaved for peptide urea solution was further diluted with water to 1 M
sterilization. TSB was purchased from Bectddickinson urea (300 mL), 10% DMSO was added, and disulfide bond
(Cockeysville, MD). formation was complete in 24 h as monitored by HPLC.
Peptide Syntheses and Purificatigkutomated solid-phase ~ MALDI-MS measurement determined the identity of these
peptide synthesis on an ABI 430A peptide synthesizer was Purified cyclic peptides and gave the expected values
performed using Boc-chemistry and a coupling protocol with (Table 1).
DCC/HOBt in DMF/NMP (1:1, v/v). Analytical reverse- NMR and CD Measurement$he 2D double quantum
phase high-performance liquid chromatography (RP-HPLC) filtered correlation spectroscopy (DQF-COSY), total cor-
was conducted on a Shimadzu LG-6A system with,;g C related spectroscopy (TOCSY), and nuclear Overhauser
Vydac column (4.6< 250 mm) running a linear gradient of ~ effect spectroscopy (NOESY) experiments)(were per-
10—-90% buffer B for 30 min at 1 mL/min with detection at  formed under aqueous conditions on 500 MHz Bruker NMR
225 mm. Eluent A: 0.04% TFA/JD; eluent B: 0.04% TFA/ equipment using Watergate graduated water suppression.
60% CHCN/H,0. Preparative RP-HPLC was performed on Spin systems were identified on the TOCSY spectra, and
a Waters 600 system with a§Vydac column (20x 250 proton assignments were made according to the sequential
mm). Matrix-assisted laser desorption ionization mass spec-NOESY connectivities. ThéJy, vicinal couplings were
trometry (MALDI-MS) was measured on a PerSeptive measured from the DQF-COSY spectra. CD spectra were
Biosystems Voyager instrument. Samples were dissolved inrecorded on a Jasco J-720 spectropolarimeter over the
1 uL of a 1:2 mixture of HO/CH,CN. Measurements were ~ wavelength range of 256190 nm using a 1.0 mm path
made in a linear mode wittt-cyano-4-hydroxycinnamic acid  length cell, a bandwidth of 1.0 nm, a response time of 2 s,
as the matrix. and averaging over three scans. The spectra are expressed

Preparation of N-Terminal Cysteine Thioester Precursors &S molar ellipticity, ].
Precursors of Cyc|ic peptides were assembled by Boc- Antimicrobial AssaysA two-stage radial diffusion anti-
chemistry solid-phase synthesB8( 39 on 0.26 mmol (1 microbial assay described by Lehrer et 46)(was employed.
g) of a detachable thiol resin, HSGEH,CO-MBHA resin Antimicrobial activities were expressed in units (0.1 mm
(40, 49). All four cysteines were uniformly protected with 1 U) and the minimal inhibitory concentrations (MICs)
MeBzl. The assembled peptides were cleaved from the resindetermined from thex-intercepts of the doseresponse
(250 mg) by high hydrofluoric acid (HF) treatment (HF/ curves. Two assay conditions were used: low salt that
cresolp-thiocresol, 9:1:0.1, v/v, 12 mL) for 75 min at°C. corresponds to typical bacterial media, and high salt (100
After removal of HF by vacuum and washing with ether to MM NacCl) that corresponds to serum salt conditions.
remove the organic scavengers, the crude and deprotected LPS Neutralization Assayhe ability of selected peptides
peptides collected on a glass filter-funnel were extracted with to neutralize LPS was tested with thenulusamoebocyte
50 mL of 8 M urea, 0.2 M Tris, with 100 mg of TCEP (pH lysate assay (LAL) according to the manufacturer’s instruc-
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o GHs o R/K o R/IK o 41). Following assembly on a thioester resin and the removal
H H H of all protecting groups by HF, head-to-tail cyclization of
N N N o X ) o »
Mﬁjz\f( \3)\”/"1\{( \s)\ﬁje\f \%Lﬁ/s\f the free peptide thioesters in aqueous conditions buffered at
§<N o © é/? 0 © é/s o O ChHs N pH 7.6 afforded the macrocyclic peptides. Because of their
0 16 15H 14 & 13H 12 \\I 11H 10§H3 9 H
R\N)H/N N N)H/N < N A circular permutated nature, any of the four Ey&aa bonds
H 701/\H \Io]/\H & HO can be used as a starting point for the synthesis of the linear
CHa R/K R/K precursor to give the desired cyclic peptide. For example,

the least hindered CysAla bond in K4A was chosen as the
R4A c(Pro Ala Cys Arg Cys Arg Ala Gly Pro Ala Arg Cys Arg Cys Ala Gly) . . . . .
K4A c(Pro Ala Cys Lys Cys Lys Ala Gly Pro Ala Lys Cys Lys Cys Ala Gly) site for the head-to-tail cyclization from the linear precursor
FIGURE 3: Schematic representation of the ¢ design of R4a/  thioester sequence of CKCKAGPAKCKCAGPA.
K4A. Note: subsequent analogues are derived from R4A by The cyclization rates to form K4A, R4A, and their
substitutions at positions 2, 7, 8, 10, 15, or 16. corresponding analogues were found to be efficient and
. ) ) ] o ) generally complete within 12 h. This efficiency is likely
tions (Bio Whittaker) using=scherichia coli055:B5 LPS.  contributed by the multiple Cys in these 16-aa linear thioester
This assay is an extremely sensitive indicator of the presenceprecursors that facilitate lactamization under aqueous condi-
of free, nonneutrallzed LES, which a_tctwates theulus tions by a thia-zip mechanisn#%). The zip mechanism
coagulation cascade leading to gelation of the lysd®.(  mediated by a series of thisthiolactone exchange reactions
LPS specific activity was determined by a serial dilution s injtiated by one of the four cysteinyl thiols to form a
series to show the concentration required to activate theipioglactone between the two termini of the linear K4A
coagulation cascgde. Three selected peptides, R4A, R5L, anghipester under aqueous conditions at pH 7.6. Such an
R6F, and a positive control, polymyxin B (PMB), were jntramolecular transthioesterification is rapid, reversible, and
assayed with a semilogarithmic dilution to reveal the minimal proximity-driven that favors the formation of a small
concentration for inhibition of LPS-induced gelation. thiolactone. Since there are four thiols present in the K4A
sequence, a series of thiethiolactone exchanges similar to
RESULTS AND DISCUSSION a zip reaction leads ultimately to the formation of an
Design of CG32 Prototypes R4A and K4Ahe CGS2 N-terminal thiolactone through smaller thiolactone interme-
prototypes R4A and K4A (Figure 3) contain two degenerated diates. Once the N-terminal thiolactone is formed, a spon-
octapeptide repeating sequences of five amino acids (Gly,taneous and irreversible ring contraction viaSixd-acyl shift
Pro, Cys, Ala, and Arg/Lys) and a cyclic structure of affords the desired CysAla bond. The resulting cyclic
C(PACXCXAG-PAXCXCAG) where X= R in R4A and peptide was immediately oxidized with 10% DMSO in a
X = K in K4A. Three of these amino acids are used for buffered aqueous solution at pH 7.6 and purified hy RP-
structural roles. Four of the Cys residues form two cross- HPLC. According to MALDI-MS, the purified K4A had a
bracing disulfides that can position a cationic cluster of four molecular mass of 1514 Da, which is in agreement with the
Lys or Arg at the top face, similar to the putative LPS- calculated molecular mass. No oligomerization or end-to-
binding sites of LBP, BPI, and LALF with charged amino side-chain cyclized products were detected as monitored by
acids in the middle of a long-strand. The Gly-Pro reverse HPLC and MALDI-MS analyses. Thus, our synthetic scheme
turns form the two ends flanking a pair of Ala in two Ala- for preparing rigid cyclic peptides is facile, efficient, and,
Gly-Pro-Ala sequences. These design elements were intendednore importantly, regiospecific. It offers a significant
to generate a rigid pseudo-symmetric antipargtesitrand improvement over conventional methods of cyclization using
scaffold with an amphipathic tegbottom face mimicking protected peptide segments and enthalpic activation. The
the LPS-binding loop of the LPS-binding protein family. The antiparallel3-sheet design, coupled with DMSO-mediated
use of simple amino acids in R4A and K4A was also oxidation, also favored the desired cross-stranded parallel
intended to facilitate structural determination of the peptides disulfide pairings. Of three possible disulfide isomers, only
by NMR. These cyclic peptides consisting of 16 amino acids the desired disulfide isomer was detected throughout this
are slightly smaller than the open-charstranded protegrins ~ series of 12 analogues.
and tachyplesins that range in length from 17 to 19 residues. 1D and 2D NMR Characterization of Cyclic Peptide K4A.
K4A was designed to mimic the putative LPS-binding sites The positions of the disulfide bonds were determined by
of LBP, BPI, and LALF that are rich in Lys, whereas R4A comparing a 1D spectrum of cyclic monocystine K4A,
was designed to mimic the Arg-rich protegrins, tachyplesins, [Abu3'4K4A, with S-aminobutyric acid (Abu) substituting
and RTD-1. Except for the four Arg> Lys replacements, for Cys3 and -14 (data not shown). Tl chemical shifts
the other design elements of R4A and K4A were similar. for Cys5 and Cys12 (4.70, 4.63 ppm), common to K4A and
SynthesisThe synthetic plan to prepare R4A, K4A, and [Abu34K4A, are identical in both peptides and provide firm
other CGf2 peptides consisted of two reactions. An on- assignment of the Cys3 and Cys14 disulfide bond in K4A.
resin stepwise solid-phase synthesis by Boc-chemistry wasThe secondary structural elements were determined by the
used to prepare linear peptide precursors with an amino (N)-2D DQF-COSY, TOCSY, and NOESY experiments. The
terminal Cys and a carboxyl (C)-terminal thioester. An off- residue assignments and chemical shifts are shown in
resin thioester cyclization of the linear unprotected peptide Table 2.
thioesters produced the macrocyclic peptides. The C-terminal The dipolar connectivities obtained from the NOESY
thioester was prepared from mmethylbenzhydrylamine  experiments (Figure 4) were used to determine secondary
resin coupled to mercaptopropionic acid to give a removable structural elements. Sindgy coupling constants follow the
thiopropionyl linker. Coupling of Boc-Ala, by DCC or BOP  Karplus equation, they are predicted to be about 9 Hz for
activation, formed the C-terminal Boc-Ala-thioester redi, ( the extendeg-sheet. Values a,n > 8 Hz are found in all
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Table 2: Chemical Shifts of K4A in 5% f®/H,O at 25°C, pH 5.0

Biochemistry, Vol. 40, No. 19, 2005781

Ho/amide interaction between Cys?dys4, Cys5-Lys13.
These residues must be in relatively close proximity to

NH Ho Hp Hy Ho He generate the NOE accounting for an antiparafiedheet
ZZ% 6 38 i-gg i-gg 192 351,367 conformation. The strong coupling of the glycine residues
C3 753 448 2,85, 2.96 and the innate structural constraints of the proline suggest
K-4 866 4.38 1.74 1.39 162 292  type Il -turns.
C-5 819 4.70 2.96, 3.04 The data are consistent with the proposed structure
i:g g-gg j-gg 1-22 137 162 292 consisting of a rigid antiparalleB-sheet. The identified
G-8 793 383434 structure places all four lysines in a unidirectional config-
P-9 4.32 2.20 1.92 3.51,3.67 uration shown in Figure 3. The addition of the two disulfide
A-10 8.08 4.22 1.32 linkages also provides greater rigidity to the template that
éﬁ 2'385 1-%% é-gé 208 1.34 162 292 permits a well-defined structure of K4A to be determined
K-13 871 4.38 183 130 163 292 [N aqueous conditions. _
C-14 7.77 4.48 2.88,3.21 Our series of Cg32 peptides were also characterized by
A-15 851 4.48 1.30 circular dichroism (CD) spectroscopy in aqueous solutions
G-16 8.28 4.36,3.88

P1A2 C3K4C5K6A7TGEPIAIOKIL C12K13 Cl14AL15 G16

(45). The CD spectra obtained were similar to the three series
of CC,52 peptides of protegrins, tachyplesins, and RTD-1
previously reported by us3—34). Such spectra are con-

Woa @0 60606 o ¢ 60000 sistent with the presence of typediturns with an antiparallel
dNa L pB-sheet secondary structure. The peptides display charac-
dNN teristic red-shifted Az* minima near 224 nm and strong
NN —m = — s—m* minima between 192 and 197 nm (data not shown).
aN = . - u Antimicrobial Actwity and Selectiity of K4A and R4A

A two-stage radial diffusion assay in agarose géB) (vas
employed to test K4A, R4A, and their analogues against four
organisms under both high-salt (with 100 mM NaCl) and
low-salt (without NaCl) conditions. The former simulates
physiological conditions and provides a useful guide to the
four lysines (Lys4, -6, -11, and -13) and cysteines (Cys3, therapeutic potential of an antimicrobial peptide. The anti-
-5, -12, and -14), and in two alanines (Ala2 and Alal5), microbial activity of each peptide was expressed as the
indicating a stable extendg#isheet conformation of Ala2  minimum inhibitory concentrations (MICs) of 0.01 500

to Cys6 and Cysl2 to Alal5. The presence of strong uM (Table 3). We used the MIC ratios of two model
sequential and long-range NOE cross-peaks also suggestsrganisms to indicate Gram-negative selectivity, Gram-
an antiparalle|3-sheet structure. Ala7 and Alal0, both of positiveS. aureu&Gram-negativee. coli.

which couple at 6.4 Hz, are suggestive of a bulge or bend at K4A displayed a wide spectrum of activity against the four
one end of the peptide. This may occur because the Gly-Protest organisms with MICs ranging from 4.8 t500 uM

at the Cys5-Cysl12 turn is larger and, therefore, more under both low- and high-salt conditions. With the exception
flexible than the corresponding Gly-Pro Cyst@ys3 turn. of C. albicans the activity of K4A was abrogated against
The strongly . connectivities with weaket y connectivities all organisms under high-salt conditions. Under low-salt
are also characteristic of an antiparafiedheet structuretd). conditions, R4A was the more active of these two prototypic
This conformation is further supported by long-range NOEs peptides with MICs at +45uM. Under high-salt conditions,
between the amides of Ala2Alal5, Cys3—~Lys13, and the R4A had no activity agains®. aureusand P. aeruginosa

Ficure 4: Nuclear Overhauser effecly, coupling >8 Hz is
indicated by black circles. Strong short-range NOEs are indicated
by thick black bars; long-range NOEs are indicated by connected
black boxes.

Table 3: Antimicrobial Activity of CGS2 Peptide3

MIC (uM)

S. aureus E. coli P. aeruginosa C. albicans Gram-negative selectivity
peptide H Lb H L H L H L H L
K4A >500 40 >500 4.8 >500 >500 7.0 6.0 - 8.3
R4A >500 45 19.0 1.0 >500 11.0 6.8 6.2 26 45
R4Y >500 40 21.0 1.0 180 11.2 6.3 6.8 24 40
R5Y 50 10 2.05 0.2 18 1.8 13 1.4 25 50
R5W >500 30 2.05 0.07 5.0 2.0 2.6 25 250 429
R5L 50 4.0 0.64 0.02 1.0 0.9 1.6 0.8 78 200
R6A >500 30 17.0 0.18 17.0 2.8 3.0 2.2 29 167
R6F 50 5.0 0.24 0.02 21 0.3 1.3 1.0 208 250
K5L >500 7.0 >500 5.0 >500 >500 ND! ND¢ - 14
E4A >500 >500 >500 >500 >500 >500 >500 >500 - -
E5L >500 >500 >500 >500 >500 >500 >500 >500 - -
TP-1 0.5 0.4 0.4 0.3 0.5 0.9 0.9 0.7 1.2 1.3
PG-1 0.6 0.7 0.8 0.9 2.0 12 1.0 13 0.75 0.78
RTD-1 0.9 1.1 28.4 2.0 5.2 2.0 5.2 4.0 0.03 0.55

2 Antimicrobial activity was determined by radial diffusion assay and is expressed as minimal inhibitory concentratiopfI€H = high
salt (100 mM NaCl), L= low salt. ¢ Selectivity= MIC S. aureugGram-positive)/MICE. coli (Gram-negative)? ND = not determined.
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K4A/R4A

Ficure 5: Amphipathic topology of C&52 peptide series. Pluses
indicate cationic residues, either Arg or Lys. Black circles indicate
bulky hydrophobic residues: Leu, Val, Phe, Tyr, Trp (LBP/BPI

also contains Met, lle, His, GIn). Gray circles connected by dashed

Muhle and Tam

scaffold resulted in a-5100-fold increase in potency and
improved the MIC againstt. coli to 0.2 uM. More
significantly, the addition of the positively charged Arg
enabled R5Y to be salt-insensitive with MICs2.1 uM
against three test organisms and an MIC ofi®0 against

S. aureus Adding another bulky hydrophobic Trp residue
to R5Y at the bottom face by the AlaTrp substitution in
R5W resulted in a 3-fold decrease of Gram-positive potency
againstS. aureusoncomitant with an increase to 70 nM in
Gram-negative potency agairistcoliin low-salt conditions.
Interestingly, the Ala7Trp substitution completely abro-
gated Gram-positive activity under high-salt conditions. R5W
is the most selective of the three analogues with mutations
of the CGB2 R4A scaffold. It displays Gram-negative
selectivity of 429 and>250 under low- and high-salt
conditions, respectively.

We then mutated residues Ala2, Alal5, and Gly16 at the
left half of the CG52 R4A scaffold (Figure 3). Building on
the favorable results of Gly8Arg replacement in R5Y, R5L
was designed to retain the five Arg on the top face. In
addition, all four Ala in R5Y were globally substituted by
four bulky amino acids (Leu2, Val7, Tyr10, and Vall5) to
increase the hydrophobicity of the molecule. To provide a
different cationic topology on the top face, peptide R6Y was
designed to contain a cluster of six Arg in the middle of the
molecule by substituting Arg for the two top-face Ala, Ala2
and Alal5. R6F also contained three bulky hydrophobic

lines indicate cystine pairs. Sequences of R4A and its analogues,amino acids, two at the bottom face (Tyr7, Phel0) and one

TP-1 as well as PG-1, are found in Table 1 and Figure 2.

but retained activity againg. coli. Furthermore, R4A and
K4A displayed Gram-negative selectivities of 8- and 45-
fold, respectively, under low-salt conditions (Table 3). It is

at the reverse turn (Leul6). Compared with R4A, the potency
(MIC) and selectivity of R5L and R6F againkt coli in
low-salt conditions were increased 50-fold to 20 nM and
>200, respectively. Activity and selectivity in high-salt
conditions also increased significantly, ranging from 0.64

also encouraging to note that R4A exhibited Gram-negative yM and 78 for R5L to 0.24uM and 208 for R6F,

selectivity of >26-fold under high-salt conditions. These

respectively. R6A, a highly positively charged peptide

results suggest that Arg is more suitable than Lys as awithout the additional hydrophobic groups of R6F, had no

cationic amino acid to improve the design of £5€ peptides

increase in Gram-positive activity, but displayed a 5-fold

that can tolerate high-salt conditions and be selective for increase of Gram-negative activity and selectivity under low-
Gram-negative bacteria. Based on these results, R4A wassalt conditions.

used as a template for subsequent analogue refinements.
Refinements of R4A Analogués. shown in Figure 5, the
top faces of the putative LPS-bindifigstrands are essentially
cationic with>8 Lys and Arg whereas the bottom faces are
hydrophobic with bulky hydrophobic amino acids consisting
of Phe, Tyr, Trp, Leu, lle, and Val. To better mimic the LPS-
binding 3-strands, one K4A and six R4A analogues (Table

To test the difference between Lys and Arg, K5L was
prepared to contain five ArglLys replacements. The result
of the Arg—Lys substitutions in K5L was a significant loss
of potency and selectivity. Under low-salt conditions, K5L
with an MIC of 5uM was 250-fold less active than R5L
againstE. coli and was inactive againgt. aeruginosabut
its potency was similar to R5L againSt aureus Further-

1) with graded increases of cationic charges and bulky more, K5L with Arg—Lys substitutions lost all activity
hydrophobic amino acids were prepared by substituting Ala against all three bacteria in high-salt conditions. Together

or Gly at or near the reverse turns of the 82 scaffold
(Figure 5). Peptides R4Y and R5Y contain one or two amino

with the results observed in the peptides K4A and R4A, Arg
appears to be a more suitable cationic amino acid than Lys

acid changes whereas peptide R5W contains three. Finally,in the design of small and constraingestranded antimi-

the four or five substitutions in R5L, K5L, R6A, and R6Y

crobial peptides with enhanced selectivity agatfistoli and

make the numbers of their charged and hydrophobic residueghe ability to retain potency under high-salt conditions. To

comparable to those of the putative LPS-bindjfigtrand
of LPS-binding proteins.

We first focused on mutating Ala7, Gly8, and Alal0 at
the right half of the Cg32 R4A scaffold (Figure 3). The
first analogue, R4Y with a single Alat8Tyr substitution,
had increased high-salt activity agaimstaeruginosabut
other activities and selectivities were largely unchanged.
Further modification of R4Y through the Gly8Arg sub-
stitution in R5Y to give five Arg on the top face of the g2

show that the cationic amino acids are essential for antimi-
crobial activity, we also prepared two acidic analogues, E4A
and E5L, containing global Glu6Arg substitutions of R4A
and R5L, respectively. Both acidic analogues were inactive.
Microbicidal activity against the yea&t. albicansvaried
little throughout the series, remaining in the ZuM range.
Microbicidal activity against the Gram-positi& aureusn
low-salt conditions varied only moderately, increasing from
45 to 5uM from the least to the most potent, but their activity
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FiGure 6: Inhibition of LPS-induced gelation by peptides in LAL
assay. The inhibitory concentration (IG(M) is the lowest

concentration of peptide that inhibits LPS from inducing the LAL
coagulation cascade. Polymixin B is used as the positive control.

R6F

is often abrogated in high-salt conditions. In contrast, the
variability of the Gram-negative activity in low-salt condi-
tions is high, with MICs againgt. coli ranging from 0.018

to 5uM and MICs againsP. aeruginosdrom 0.3 to>500
uM. Our results also show that the g82 peptides are

Biochemistry, Vol. 40, No. 19, 2005783

to protegrins, tachyplesins, and RTD-1. Protegrins and
tachyplesins are among the most potent broad-spectrum
pB-stranded antimicrobial peptides known to date. These
peptides are highly amphipathic with many basic and bulky
amino acids. Both protegrin-1 (PG-1) and tachyplesin-1
(TP-1) contain six basic amino acids that are either exclu-
sively or predominantly Arg. PG-1 contains five bulky amino
acids, of which two are aromatic (Phe and Tyr) and three
are aliphatic (Leu and two Val) whereas TP-1 contains six:
four aromatic (Trp, Phe, and two Tyr) and two aliphatic (Val,
lle). There are two cross-bracing disulfides on one face of
the S-stranded structures that constitute the hydrophobic face
of these peptides (Figure 5), which are equally active against
both Gram-negative and Gram-positive bacteria with a Gram-
negative selectivity ratio of about 1 under high-salt conditions
(Table 3). Since we have prepared £€ analogues of
protegrins, tachyplesins, and RTD-1 that retain activity
spectra and potency similar to their native molecu&—(
34), we can compare the structuractivity relationships of
these three series of GE2 peptides with R5L and R6F.
From a minimalist perspective, the g&2 and the more
rigid CC352 scaffolds approximate g3“tile”- or “5-tape”

selective for two test Gram-negative bacteria and generally like structure. The up-and-down side-chain arrangements on

display higher potency againkt coli thanP. aeruginosa
A minimum number of cationic and hydrophobic residues

these rigid twogB-strand frameworks produce a top face
containing clusters of hydrophobic and positively charged

appear to be necessary for achieving Gram-negative selectiv-amino acids and a sulfur-rich hydrophobic bottom face
ity in the CG32 peptide series. The two potent peptides R5L formed by two cystine pairs. Because their structural rigidity
and R6F contain a highly charged face with five or six Arg is due to thes-tile-type arrangement, we can correlate their
residues as well as a very hydrophobic face with three or activity with the topology of the cationic and hydrophobic
four bulky hydrophobic groups in addition to two cystine clusters. The amphipathic topologies of the Gram-negative
bridges. Their activity profiles are relatively similar. They selective R5L and R6F are characterized by a cationic top
are both active against Gram-negati&e coli with MICs face and a hydrophobic bottom face. Such topology can be
<0.7uM in low-salt conditions and & 20-fold increase to  described as unipolar, with five or more cationic charged
20 nM under low-salt conditions. In comparison, they are amino acids clustered on the top face of the,€Zscaffold
only moderately active against Gram-positi8e aureusn and hydrophobic amino acids at the bottom face, and bears
the 4-5 uM range. Furthermore, these two peptides are a similarity to the LPS-binding-strands of the LPS-binding
approximately 250 times more potent agaifstoli thanS. proteins (Figure 5). In contrast, the amphipathic topology
aureus These results suggest that although broad-spectrumof protegrin-1 and tachyplesin-1, which are nonselective to
activity is present against all test organisms, the peptidesboth Gram-positive and Gram-negative bacteria, can be
R5L and R6F have selective activity against Gram-negative characterized as end-to-end bipolar with a cluster of four or
bacteria. more bulky hydrophobic amino acids in the middle of the
LPS-Binding Actiity. To determine whether our designed molecule whereas the cationic charges are clustered at or
peptides would bind to LPS and that the affinity for LPS near the end of the antiparall@istrands (Figure 2). RTD-
binding would correlate with the antimicrobial activity 1, which is more selective for Gram-positive than Gram-
against Gram-negative organisms, we examined the ability negative bacteria, displays a slanting amphipathic topology
of three of the peptides to inhibit activation of the Limulus with alternating clusters of cationic and hydrophobic amino

coagulation cascade by LP&7). R4A, which had moderate
activity against Gram-negative organisms, was able to inhibit
gelation of the LAL assay in concentrations above.30
(Figure 6). The peptides R5L and R6F, which displayed
significantly enhanced Gram-negative activity, were able to
inhibit gelation at concentrations as low agMl, which was
comparable to inhibition by polymyxin B, a known potent
inhibitor of LPS. Although each of the peptides tested in
the LAL assay could inhibit LPS induction of the Limulus

acids. Thus, the topology of the charge and hydrophobic
clusters may provide a useful guide to the design of selective
peptide antibiotics using the G@2 scaffolds.

CONCLUSIONS AND PERSPECTIVES

To address the current need for developing novel com-
pounds to neutralize the effects of LPS-induced sepsis, we
have designed highly constrained £5€ antimicrobial pep-
tides selective for Gram-negative bacteria by mimicking the

coagulation cascade, R4A was 30-fold less effective than alternating charge and hydrophobic motifs of the putative
both R5L and R6F in this assay. These results are consistent. PS-binding -strands of the LPS-binding proteins. The

with the observation that R5L and R6F are, by comparison,
about 50 times more active than R4A in the antimicrobial
assay.

Comparison with Protegrins, Tachyplesins, and RTD-1.
Our series of CgB2 peptides shares structural similarities

structural design of the Gf32 prototypic K4A is confirmed
by 2D NMR to contain an antiparallgd-sheet backbone.
Two of our peptides, R5L and R6F, best mimic the—up
down topology of LPS-bindings-strands with alternating
charge and bulky hydrophobic amino acids, displaying MICs
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of 20 nM against the Gram-negatiize coli and a selectivity
of >200-fold over the Gram-positiv8. aureusAlthough
BPI, a promising LPS-binding protein of 60 kDa, has an
MIC of <1 nM against Gram-negative bacteria suctEas
coli, it has a molecular mass 30-fold higher than R5L or

R6F. Thus, it is encouraging to note that on a mass basis,

R5L or R6F with a molecular mass of 2 kDa and an MIC of

20 nM approaches the activity of BPI, but has the advantage

of being much smaller.

The small CG52 antimicrobial peptides also provide an
attractive template for structurdunction study because of
their conformational rigidity derived from a close-chain, two-
f-stranded structure with two cross-braced disulfide bonds.
Furthermore, cyclic peptides are likely to have more pro-
teolytic resistance and often retain antimicrobial activity
under physiological conditions of 16450 mM NacCl (high-
salt conditions) necessary for therapeutic applicati@ds-(

27, 32-37).

There are precedents for naturally occurring, organism-
or target-selective antimicrobial peptides. Breukink et48) (
have reported that the antimicrobial peptide nisin Z is specific
for the membrane-anchored cell-wall precursor Lipid I,
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.

Similarly, the proposed killing mechanisms of proline-rich

antimicrobial peptides such as apidaecin, drosocin, and 20, [arrick, J. W., Hirata, M., Balint, R. F., Lee, J., Zhong, J
pyrrhocoricin have been suggested to be intracellular bacterial

proteins after their translocation inside bactedi@, (50. Our
laboratory has shown that kalat®lf, a plant-derived
macrocyclic peptide containing a cystine-knot motif, is
specific for the Gram-positive. aureusvith an MIC of 0.26

uM

(52). It is essentially inactive against Gram-negative

bacteria with an MIC>500uM for E. coli andP. aerugi-
nosa RTD-1, a novel cyclic defensin-like peptide isolated
from Rhesus macaquéy), is shown to be more selective
for Gram-positive than Gram-negative bacteB2)( How-
ever, the molecular targets of kalata and RTD-1 have not

been determined. These modes of action targeting specific

proteins by antimicrobial peptides, in addition to their
membranolytic activity, may provide a rational approach for
developing new peptide antibiotics selective for targeting
specific extracellular or intracellular microbial components.
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