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Abstract: We have designed S-amino acid oligomers that are helical, cationic, and amphiphilic with the
intention of mimicking the biological activity of amphiphilic, cationic a-helical antimicrobial peptides found
in nature (e.g., magainins). We have previously identified a 17-residue -peptide (called 5-17) with antibiotic
activity similar to that of a magainin derivative against four bacterial species, including two clinical isolates
that are resistant to common antibiotics. This S-peptide displays very low hemolytic activity against human
red blood cells, which indicates selectivity for bacterial cells over mammalian cells. Here we examine some
of the factors important for activity in this class of g-peptides. An amphiphilic helix is necessary, because
a nonamphiphilic isomer proved to be inactive. The ratio of cationic to hydrophobic residues is also important.
Active p-peptides induce the leakage of -galactosidase from treated Bacillus subtilis cells, as do a-helical
antibiotic peptides, and this similarity suggests that the -peptide mode of action involves disruption of
microbial membranes. This class of 3-peptides is not degraded by proteases, which bodes well for biological
applications.

Chart 1. Building Blocks Used for -Peptide Synthesis
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Introduction

Nonnatural oligomers that are capable of adopting discrete HoN O\\\LOH HN.  MOoH N O
secondary structures (“foldamers”) have attracted widespread Z—> t\
attention'™* S-Amino acid oligomers (8-peptides”), in par- b N NH
ticular, have been studied in several laboratotie®Ve have H
shown that oligomers ofR,R-trans2-aminocyclopentanecar- ACPC APC AP
boxylic acid (ACPC) form a 12-helix with approximately 2.5
residues per tur® This helix is defined by 12-membered ring The APC residue introduces a positive charge into the 12-helix
hydrogen bonds between each backbone carbonyl group and?y Virtue of ring nitrogen protonation (Chart 1).
the amide NH of the third residue in the carboxy-terminal Most multicellular organisms produce antimicrobial peptides
direction. Thea-helix found in natural peptides, with ap- as part of their natural defense systéfhslany of these host-
proximately 3.6 residues per turn, is defined by 13-membered defense peptides, such as magaittiaad cecropind? are short
ring C=0- -H—N hydrogen bonds with the same directionality (<30 amino acids) and form cationic, amphiphitiehelices in
relative to the termini. A pyrrolidine analog of ACPC 8R)- the presence of target cells, micelles, vesicles, or organic
trans-3-aminopyrrolidine-4-carboxylic acid (APC), is also ca- solvents!O It is estimated that at least 150 peptides belong to

mechanisms of action, as well as parameters that are important
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net positive charge of these peptides facilitates interaction with have independently described a different clagé-péptides that

the negatively charged membranes of bacterial &if.Host-

kill Escherichia coliwith varying cell selectivitie4?-5°Seebach

defense peptides are selective for bacterial versus mammaliarand co-workers have reported a serieg-qfeptides with very
cells, but other natural peptide toxins, such as melittin (a limited antibacterial activity! Here we compare the behavior

component of bee venom), kill both mammalian cells and
bacterial cell€> The origin of the bacterial selectivity of peptides

such as magainin is not fully understood; many factors, including

of 8-17 with that of relate@-peptides, in an effort to gain insight
on the factors that lead to selective antibacterial activity.

hydrophobic moment, hydrophobicity, and structure, seem to Experimental Section

influence selectivity:326 Modified peptides with improved
selectivity have been generated by insertion mamino
acidg927.28 or by combining sequence motifs from different
natural peptide3®-33

We thought that it would be possible to uSepeptides to
mimic the structure and function of antimicrobiatpeptides
because the rules governing helix formationtbpeptides are

p-Peptide Synthesis and Purification Fmoc-APC(Boc) and Fmoc-
ACPC were synthesized as descrifg@Fmoc-AP(Boc) was generated
by a synthesis similar to that of one previously reported for Fmoc-
ACPC?&5 3-Peptides were synthesized on a2bol scale by standard
Fmoc methods with HBTU activation on Rink amide AM resin (Applied
Biosystems) on a Synergy automated synthesizer (Applied Biosystems).
After s-peptide synthesis was complete, the N-termini were acylated

now becoming C|ed‘r_ﬁ_Peptides have some advantages over using acetic anhydride/NEC€H,Cl, and shaking for 1 h. The resin-
the naturally occurring peptides, from a biomedical perspective, boundp-peptides were cleaved from the solid support and deprotected

such as stability to proteas#s3¢ More broadly, successful
mimicry of host-defense peptides Bypeptides would raise the

possibility that other functions of natural peptides and proteins

could be engineered int@-peptides and other unnatural

simultaneously by using trifluoracetic acid/ethanedithig@H38/1/1,
v/vilv) and shaking for 3 h3-Peptides were precipitated by evaporation
of the deprotection solution, addition of methanol to solubilize the
S-peptide, and addition of excess cold anhydrous diethyl ether. The
B-peptides were purified by reversed-phase HPLC on sssilita

foldamers¥™*4 (Savage et al. have shown that peptide antibiotics yeyersed-phase semipreparative columnafs, 10 mm x 250 mm;

can be mimicked by cleverly designed small molect?es)

Vydac). The column was eluted with a linear gradient of acetonitrile

We have reported preliminary data showing that a 17-residue in water (0.1% trifluoroacetic acid in each) at a flow rate of 3 mL/

S-peptide made up of APC and ACPC residues-{7") is
indeed capable of killing bacterfa*¢DeGrado and co-workers
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min. The purifiedS-peptides were shown to be95% homogeneous

by analytical HPLC with a @silica reversed-phase analytical column
(5um, 4 mmx 250 mm; Vydac), and their masses were confirmed by
MALDI-TOF mass spectrometrys-Peptide concentrations for all
experiments were determined from the weight of the lyophilized
p-peptide calculated as the TFA salt (assuming association of one
molecule of TFA per cationic residue).

CD Spectroscopy Circular dichroism (CD) data were obtained on
an Aviv instrument at 25C using a quartz cell with a 1-mm path
length, between 200 and 260 nm. The peptides were analyzed at 0.19
0.38 mM in methanol or Tris buffer (0.05 M, pH 7.2). The data were
normalized forj-peptide concentration and number of residues (i.e.,
the vertical axis in CD plots is mean residue ellipticity).

Antibacterial Activity of f-Peptides.The bacteria used for these
experiments wer&scherichia coliJM109% Bacillus subtilisBR151%¢
Enterococcus faecium634 (vancomycin-resistant},and Staphylo-
coccus aureud 206 (penicillin-resistan? The antibacterial activity
of the3-peptides was determined in sterile 96-well plates (Falcon 3075
microtiter plate) by a microdilution method. A bacterial suspension of
approximately 10CFU/mI BHI medium was added in 5L aliquots
to 50uL of medium containing th@-peptide in 2-fold serial dilutions
for a total volume of 10QL in each well. The plates were incubated
at 37 °C for 6 h. Growth inhibition was determined by measuring
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absorbance at 590 nm with a microplate reader. Antibacterial activity
is stated as the minimal inhibitory concentration (MIC), the concentra-
tion at which growth of the bacteria was totally inhibited. A synthetic
magainin analog, Aft3€magainin Il amide (Sigma$, was used for
comparison.

Hemolytic Activity of p-Peptides.Freshly drawn human red blood
cells (hRBC, blood type A) were washed several times with Tris buffer
and centrifuged until a clear supernatant was observed. A 1% v/v
suspension of hRBC in Tris was used. Two-fold serial dilutions of
p-peptide in Tris were added to each well in a sterile 96-well plate
(Falcon 3075 microtiter plate), for a total volume of 20 in each
well. The 1% hRBC suspension (8.) was added to each well.
Melittin (Sigma) at 20Qg/mL was used as the 100% hemolysis point,
and Tris containing no peptide was used as the 0% hemolysis point.
The plate was incubated at 3 for 1 h and then centrifuged at 3500
rpom for 5 min. (Note Our previous hemolysis experiments were
performed at 25°C.4) The supernatant (8@L) was diluted with
Millipore water (80uL), and hemoglobin was detected by measuring
ODgyss.

Peptide-Induced f-Galactosidase Leakage fromB. subtilis. B.
subtilis BAU102° was grown in trypticase soy broth with 1@/mL
erythromycin and 34«g/mL chloramphenicol to ensure retention of
the plasmid containing thiacZ reporter gene. The cells were grown
at 37°C to a density of 0.6 absorbance unifsofe It is very important
to grow the bacteria to the same turbidity each time. If the bacteria
grow out of mid-logarithmic phase and are then diluted for the assay,

Table 1. Antimicrobial Activities of Ala813.18-Magainin 1l Amide
and S-Peptides (ug/mL)?2

E. coli B. subtilis E. faecium S. aureus
magainin 6.3 3.2 25 25
$-17 (APC40) 6.3 0.8 12.5 3.2
AP40 25 1.6 50 12.5
APC60 100 50 >200 >200
AP60 >200 25 >200 >200
scrambled 200 200 >200 >200

aMinimal inhibitory concentration (MIC, intg/mL) is defined here as
the lowest concentration of peptide required for complete inhibition of
growth, as determined from the absorbance at 590 nm. Bacteria in BHI
medium (~10° CFU/ml) were incubated fo6 h at 37°C with a 2-fold-
dilution series of peptide in medium in a sterile 96-well plate. Microbial
growth was determined by the increase indggy®ver the 6-h period. Each
MIC is the result of at least two separate trials; each trial is the result of an
assay run in duplicate. Results are accurate within a factor of 2. The more
conservative MIC for each set of trials is reported.

over 45 min was used (A: 0.1% TFA{B, B: CH:CN/H,O/TFA
(80/20/0.1)).

Results and Discussion

P-Peptide design The first peptide examined in this study,
pB-17, was designed to form a helix that would display cationic
residues on 40% of the helical surface and hydrophobic residues
on 60% of the surface (Figure 1). Thispeptide is very simple

the results are irreproducible.) The cells were then spun down, and thej, that it is composed of only two different residues. The

supernatant was replaced with fresh medium to remove any residual
extracellulap3-galactosidasestgal). Aliquots (10uL) of peptide stock
solutions (200ug/mL) were added to wells in a sterile 96-well plate
(Falcon 3075 microtiter plate). Bacterial suspensiongBPpwas then
added to the wells to give a total volume of 100 (final peptide
concentration: 2@g/mL). The final peptide concentration used in this

sequence has three pentad repeats preceded by two hydrophobic
residues (Figure 1). Short8rpeptides that contained only one
or two pentad repeats;7 andf3-12, were also evaluated (data
not shown)3-7 did not display any activity in our assays, and
B-12 was only marginally active. Magainin Il is approximately

assay is above the MIC in all cases. The plates were incubated at room34.5 A long when it is in am-helical conformation (calculation

temperature fol h toallow for the release g#-gal. After the incubation
period, the plate was centrifuged for 5 min at 5000 rpm to remove all
cells and cellular debris. An aliquot (&) of the supernatant was
removed and placed in a separate well. 4-Methylumbellifgyl-
galactoside (MUG, Sigma) was used as a fluorescent indicajgaf
activity. An aliquot of MUG in DMSO (2QuL, 0.4 mg/mL) was added

to the well, and fluorescence was monitored over a period of at least
10 min. Initial velocities of MUG hydrolysis, which were taken to
indicate $-gal concentration, were obtained from the linear plot of

based on 23 residues, 3.6 residues/turn, and a pitch of 5.4 A).
B-17 is approximately 36 A long in a 12-helical conformation
(2.6 residues/turn and a pitch of 5.5 A).

Assays with four bacteria showed#17 to be an antibiotic
(Table 1); as a result, othgrpeptides were designed to explore
some of the requirements for activity (Figure Analog APC60
has reversed residue proportions (60% cationic APC/40%
hydrophobic ACPC) relative to those gf17. (3-17 can be

fluorescence units versus time. Water containing no peptide was addedreferred to as APC40 by this nomenclature.) A more hydro-

as a negative control.

Protease Stability of af-Peptide. The stability of a truncated
amphiphilic s-peptide, -7, to trypsin (from bovine pancreas, EC
3.4.21.4) and Pronase E (type XIV protease fi®tmeptomyces griseus
EC 3.4.24.31) was determined by an HPLC asbby-Benzoyl arginine
ethyl ester (BAEE) was used as a standard substrateypsin
experiments used 2.4 mL Tris buffer (50 mM, pH 8.2, Ga@.5 mL
peptide (2 mg/mL stock solution), and 0.1 mL trypsin (0.1 mg/mL stock
solution). Pronase experiments used 2.4 mL Tris buffer (50 mM, pH
7.5), 0.5 mL peptide (2 mg/mL stock solution), and 0.1 mL Pronase (1

mg/mL stock solution). The enzyme concentrations used in the assays

phobic analog, APC20, with cationic residues displayed on only
20% of the helical surface, was also prepared; however, APC20
proved too insoluble for reversed-phase HPLC purification.
AP40 and AP60, isomers gf-17 and APC60, contain an
alternative cationi@-amino acid, R)-5-aminob-proline (AP),
in place of APC3* We were interested to see whether shifting
the position of the cationic nitrogen in the five-membered ring
would have any effect on biological activity.

We prepared a “scrambled” isomer §f17 to determine

whether amphiphilicity is required for activity, as suggested by

were high enough to cleave the standard substrate completely within Précedents with natural antimicrobial peptidéShe sequence

30 min. The3-peptide was incubated with enzyme at room temperature,
and the peak corresponding to thispeptide was monitored in the
HPLC trace over time. A gsilica reversed-phase analytical column
(5um, 4 mmx 250 mm; Vydac) with a linear gradient ofF®5% B

(59) Chen, H. C.; Brown, J. H.; Morell, J. L.; Huang, C. MEBS Lett.1988
236, 462-466.

(60) Ulijasz, A. T.; Grenader, A.; Weisblum, B. Bacteriol.1996 178 6305—
6309

(61) SchWert, G. W.; Takenaka, Biochim. Biophys. Actd955 16, 570—
575.
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of the scrambled isomer distributes the positive charges around
the 12-helix circumference, preventing formation of an am-
phiphilic helix (Figure 1).

Secondary Structure. Figure 2 shows CD data for five
pB-peptides -17, APC60, AP40, AP60, and scrambled) in
methanol and in aqueous buffer. Eggfpeptide exhibits the

(62) Dathe, M.; Wieprecht, T.; Nikolenko, H.; Handel, L.; Maloy, W. L
MacDonald, D. L.; Beyermann, M.; Bienert, MEEBS Lett.1997 403
208-212.
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Figure 1. Design of antimicrobiaB-peptides. (A) Fivegs-peptides investigated in this study. (B) Helical wheel diagramg{d7, APC60, and the scrambled
peptide. These diagrams represent fhgeptide in the 12-helical conformation, viewed along the helix gxi&7 can also be designated APC40, to be
consistent with the nomenclature used for the othpeptides discussed here. “H” indicates the hydrophobic ACPC residtientiicates the cationic APC
residue. “Ac” indicates the acetylated N-terminus; “Nkhdicates the amidated C-terminus.

12-helical CD signature, with a maximum at 206 nm and a  The scrambleg-peptide shows the most intense signal in
minimum at 223 nm in methan®t.The maxima are blue-shifted  both solvents, suggesting that this molecule has the highest 12-
to 203 nm in aqueous buffer. Ajf-peptides show stronger  helix population-17, AP40, and APC60 show similar intensi-

signals in methanol than in aqueous solution, which agrees withtjes in hoth solvents. AP60 displayed the weakest CD signal of
data that have previously been reported for these types of ;| ¢ the 3-peptides.

B-peptides:54 This solvent-dependent difference in CD intensity
indicates that the 12-helix is more highly populated in methanol ~ Antibacterial Activity. The activities of thef-peptides
than in water. Helix stabilization by alcohols relative to water against four species of bacteria (one Gram-negative, three Gram-
is well established for more flexiblgs-peptide& and for positive) are shown in Table 1. A&3&magainin Il amide
conventional peptide®. The fact that thesg-peptides display (GIGKFLHAAKKFAKAFVAEIMNS-NH ), a synthetic ma-
partial 12-helix formation in water sets them apart from many gainin derivative that is more active than natural magaiffins,
conventionalo-peptides. Magainins and other antimicrobial \yas used as a positive contr@k17 (APC40) and AP40 had

g-peptides do T)Ot displgngfgéci\'% inhthe abselncelof rglem- activities similar to those of the synthetic magainin (AP40 was
ranes or memorane mimics- (We have previously s own slightly less active in some cases). Both of these peptides have
that S-peptides containing ACPC, APC, and related residues .
a 40% cationic face.

show significant 12-helix formation in aqueous solution with
as few as six residués?) APC60 and AP60, the two peptides with a 60% cationic face,

(63) AppleqUIst J.; Bode, K. A.; Appella, D. H.; Christianson, L. A.; Gellman, Showed very limited antibacterial activity. This result was not

J. Am. Chem. Sod.998 120, 4891-4892. ; ;
(64) Lee HS. Syud, F. A Waang 9 X_F.. Gellman, S.HAm. Chem. Soc. expected, since each of these peptides has a c&. Hy#o-

200_1 123 77217772,2. ) phobic sector, viewed along the helix axis, and the majority of
(65) Creighton, T. EProteins: Structures and Molecular Propertjeznd ed.; . . . .
W. H. Freeman and Company: New York, 1993. natural antimicrobial peptides have a hydrophobic sector of

(66) Bechinger, B.; Zasloff, M.; Opella, S.Brotein Sci.1993 2, 2077-2084.
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Figure 2. CD spectra of3-peptides. (Top) CD spectra recorded in methanol. (Bottom) CD spectra recorded in Tris buffer, 50 mM, pH 7.2. Concentrations
of f-peptides were 0.190.38 mM in both sets of spectra.

140-200°.1% We did not actively investigate thg-peptides
APC20 or APC80. APC80 would have likely been inactive,
given the marginal activity of APC60, and APC20 proved too 80

100

insoluble to assay (vide supraf-17 and AP40 have a  § == meltin
hydrophobic sector of ca. 216f the 12-helical circumference. g . ~#=magainin

It is our hypothesis that a relatively large hydrophobic sectoris & . =®=beta-17 (APC40)
required for activity in thig3-peptide series because the ACPC —=8=AP40

residue has limited hydrophobicity. Perhaps this limitation could 20

be overcome by appending hydrophobic side chains, which has

recently been achieved with APE. °, " _ %
. . .. . concentration (ugfrnl]

The scrambleg-peptide showed little or no activity against ~ _ i - . .

h . This result suoports our hypothesis thatFlgure 3. Hemolytic activities of f-peptides. Melittin was used as a
any of the prganlsms. - pp - yp hemolytic standard. Melittin at 2Q@g/mL was used as the 100% hemolysis
the 12-helix adopted by this class @Fpeptides must be value. APC60, AP60, and the scrambled peptide showed no hemolytic
amphiphilic for antibacterial activity. activity under these assay conditions.

Hemolytic Activity. The activities of the peptides against the magainin analog, with AP40 being the less hemolytic of
hRBC are shown in Figure 3. Melittin, a cytolytic peptide from the two B-peptides. Significant hemolysis occurs only at
bee venon#?was used as a positive contrt17 (APC40) and concentrations much higher than the antibacterial MIC values
AP40 have hemolytic activities somewhat lower than that of (Table 1), indicating selectivity for bacterial cells over mam-

1000
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45 by others?6:67.68 A typical assay monitors the cleavage of a
chromo- or fluorogenic substrate in the medium/ygal after
a membrane permeabilizing peptide is added tq3-gal
l ! constitutive strain of bacteria. However, in such an assay it is
difficult to deconvolute the kinetics of membrane permeabili-
zation by the peptide from the kinetics of the enzyme itself
acting on the indicator substrate. Therefore, we revised the assay
to test only whether leakage occurs and to what extent it occurs
over a period of 60 min. At the end of the 60 min incubation
with peptide, the samples are centrifuged to remove cells and
cellular debris. The fluorogenic substrate is then added to the
supernatant, which should contain orflygal released during
o menn | magann  bemr eosn Apeo the inqubation period_. T_he relatiye amount/®»fal can theq
5 be estimated by the initial velocity of the catalyzed reaction.
Figure 4. Peptide-induced leakage pfgalactosidase from BAU-102. The The leakage-inducing activities of melittin, Af&¢'¢magainin
vertical axis represents relative amountgSefalactosidase present in the |l amide,3-17, and AP40 were investigated. All of the oligomers
medil_Jr_n after incubation with the peptid_es for 60 min, based on initial gt died led to similar amounts Btgal in the supernatant after
velocities o_f the enzyme-catal_yzed reaction. Error bars_ are based on fourthe incubation period (Figure 4). In contrast, supernatant from
separate trials with each peptide (except AP40, for which only two trials ] . )
were run). cells with no peptide added showed no cleavage of the
fluorogenic substrate. These results suggest that-gheptides

malian cells. Thus, both-17 and isomer AP40 show selectivity we examined act by a membrane-disrupting mechanism similar
toward bacteria that mimics the selectivity of natural host- to that of the magainins.
defense peptides. APC60, AP60, and the scrambled peptide did Protease Stability of-7. A truncated analog g6-17, 3-7,
not show any hemolytic activity (data not shown). was tested for susceptibility to proteolytic cleavage. Proteolysis

p-Peptide-Induced Enzyme Leakage from BAU-102The
leakage of the enzymg@-galactosidase (MW 116 kDa) from \rfn N N N N N N NH,
B. subtilisBAU-102° was used as an indicator for membrane o m m @ mo( 7{%&“{ m %hor p-7
permeabilization by thg-peptides. BAU-102 has a plasmid
containinglacZ under control obanRS Disruption of the inner of this class of3-peptides has never been studied, Bpeptides
cell membrane, either by the direct action of an effector composed of acyclic residues have been shown to be very stable
molecule, or as the indirect effect resulting from inhibition of to many endogenous proteadés’® We examined trypsin
cell wall peptidoglycan synthesis, should allgwgal (and other because of the ability of this enzyme to cleamepeptides
cell contents) to diffuse out of the bacteria. We detected this adjacent to a positive charge (Lys or Arg). Pronase, which
leakage by measuring the initial velocity of a reaction catalyzed displays many proteolytic activiti€8, was also evaluated
by -gal; initial velocity was taken to indicate the amount of because of its broad activity toward many differenpeptide
enzyme that had leaked out of the bacterial cells. substrates.

The protocol that we developed to detect bacterial membrane (-7 was incubated with the proteases in appropriate buffers
permeabilization is somewhat different from protocols reported and monitored by RP-HPLC. The area of the peak representing
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Figure 5. HPLC assay for protease stability 6{7. -7 incubated in buffer (bottom)j-7 incubated for 50 h with trypsin (middle-7 incubated for 49

h with Pronase (top). The traces have been offset by one minute relative to one another along the horizontal axis so that peaks can be observed; all three
major peaks corresponding 7 occurred at 22.1 min. Small peaks in the top trace that are not present in the other traces are not likely due to degradation

of B-7; these peaks were also present in other traces containing the Pronase solution (data not shown).
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-7 did not change significantly over a period of 2 days (Figure Conclusions
5). At the conclusion of the experiment, the standard substrate,
N-o-benzoyl arginine ethyl ester (BAEE), was added to a portion
of the solution and incubated for 30 min. Cleavage of the
standard substrate was completesiB0 min, indicating retention

of enzyme activity over the 2-day period at room temperature.
BAEE cleavage in the presence @7 also indicates that the
B-peptide does not inhibit enzyme activity. These results are
consistent with the results of Seebach and co-workers for other
B-peptided*36 as well as with the general knowledge that
proteases are usually specific for peptides containing at least
some o-amino acids.f-Amino acids have previously been
incorporated into peptidomimetics to confer proteolytic stabil-
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We have shown that 12-helic@lpeptides are capable of
selectively killing a variety of bacterial species, including two
clinical isolates that are resistant to common antibiotics. For
this class off-peptides, it seems that a 40% cationic face is
best for activity;3-peptides containing more cationic residues
are not as active. Helical amphiphilicity is also important for
activity. Theses-peptides appear to act by a mechanism similar
to that of antimicrobiati-peptides, based on their ability to cause
rapid release of a cytoplasmic enzyme fr@nsubtilis cells.
The 12-helicals-peptides are impervious to proteases, which
is encouraging with regard to potential biological applications.
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