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Abstract: g-Peptides are a class of polyamides that have been demonstrated to adopt a variety of helical
conformations. Recently, a series of amphiphilic, helical 5-peptides were designed, which were intended

to mimic the overall physicochemical properties of a class of membrane-active antimicrobial peptides, including
magainin and cecropin. Although these peptides showed potent antimicrobial activity, they also showed
significant activity against human erythrocytes. Operating under the assumption that their lack of specificity
arose from excessive hydrophobicity, two additiofiadeptides H463-HAla-53-HLys-33-HVal)-NH; (n = 4,

5) were designed and synthesized. Both have high antimicrobial activities, but very low hemolytic potencies.
The peptides bind in ah +, conformation to phospholipid vesicles, inducing leakage of entrapped small
molecules. The peptides have a low affinity for membranes consisting of neutral phosphatidylcholine lipids,
but bind avidly to vesicles containing 10 mol % of acidic phosphatidylserine lipids. Differences in vesicle
leakage kinetics for the two peptides suggest that chain length could affect their mechanisms of disrupting cell
membranes. Thus, insights gained from the study of variants of nattpajptides have provided a useful
guide for the design of nonnatural antimicrobfapeptides.

testing the rules of protein folding and structural stabilization,
while also providing an excellent medium for the design of
biomimetic structures with practical applications in the areas

Introduction

Proteins fold into well-defined three-dimensional structures,
which are essential to their unique biological activities. For £ oh tical d material h
decades, the question of how a protein’s amino acid sequenceo pharmaceuticals and materiais science. .
dictates its conformation has captivated the attention of many . p -Peptld(_as can adopt a variety of d'ﬁeref‘t helical conforma-
chemists, biophysicists, and biochemists. As the fundamentalions. dlfferzlng in chirality as well as the radius of the structure.
understanding of this problem has progressed, it has becomeS°de et ak?suggested a nomenclature based on the handedness
increasingly clear that proteins composedredimino acids are o_f the_ heI|>_< (left or right as. or R rgspectn/_ely) as well as the_
not the only molecules able to fold into well-defined three- dlreptlonallty of hydrogen bondmg_lnteracnons W|Fh|n the main
dimensional structuré's? Indeed, a variety of other oligomers cha!n. For example, a"‘*? hellcgl .conforma.tlon V_VOEJ'O'
have been shown to adopt secondary structures, includingd€signate a left-handed helix consisting of main chamain
peptoidsi5 5-peptides:26-8 y-peptide®1°5-peptidest 4 and chain hydrogen bonds between an amide proton of redidue

others!5-2L These nonnatural polymers present new systems for 2ggutehniecarb°nyl oxygen of residue— 3 preceding it in
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Figure 1. Molecular model ofl in aL +, helix conformation. Carbon
atoms are shown in green, nitrogen in blue, and oxygen in red.

Structural investigations of polg{isobutyl+-aspartate) pro-
vided the first indication thap-peptides may form helical
conformationg3-26 More recently, the synthesis gtpeptides
of defined sequence has allowed high-resolution NMR and
crystallographic studies of this class of compounds. Gellman’
group initially focused orf-peptides containing the conforma-
tionally constrained cyclic amino acid, 2-aminocyclohexanecar-
boxylic acid (ACHC), while Seebach’s group studiggeptides

prepared from acyclic residues with a diverse collection of side

chains. Both classes of compounds adopt aphelix2”-31 The
L +2 helix (Figure 1) is also referred to as the 14-h#liand a
3; helix.28-30 The L 4+, conformation is very stable relative to
the a-helical conformation ofa-peptides, in both organic
solvents and wat€¥.32-36 The features stabilizing tHe,, have

been probed through synthesis of a variety of peptides from

variously substitute@-amino acids. A single substituent at C1
or C2 tends to favor helix formatiof¥;3"-4° while the inclusion
of these centers into a cyclohexane fhig trans-2-aminocy-
clohexane carboxylic acid strongly stabilizes the, helix.

pB-Peptides can also adopt a number of other conformations,

analogous to the secondary structuresxgdeptides. Seebach

has documented a “12/10/12” conformation, featuring a central
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C10 turn flanked on either side by a C12 tdf#8 A repeating
pattern of C12 hydrogen bonding also stabilized.ag helical
conformation intrans-2-aminocyclopentane carboxylic acid
(ACPC)-containing peptided.Finally, appropriately substituted
B-amino acids are able to stabilize the formation of antiparallel
hairpin and sheet-like structurgk?042:43

The favorable conformational and enzymatic properties of
B-peptides suggest that they might have interesting biological
applications**~47 Recently, we designed a series of peptides
with potent cytolytic propertie® Previous studies had identified
a basic amphiphilie-helix as a feature that underlies the potent
cell-killing behavior of a large class of peptides that includes
melittin, magainins, cecropins, and many other antimicrobial
peptidest®54 These peptides kill their target cells by disrupting
the integrity of cellular membranes, either through the formation
of discreet channels or by more generalized disruption of the
bilayer structure. It has long been hypothesized that the overall
physicochemical properties of these helices, and not their precise
amino acid sequences, are responsible for their cell-killing
activities?® To test this hypothesis, we prepared a series of
pB-peptides with a high potential to adopt an amphiphilic,
helix.48

H-(B-HVal-B*-HLys-B*-HLeu) -OH; n = 2-4

H-(B*-HLeu-B*-HLys-B*-HLeu) -OH; n = 2-6

+H;N
HoN J\)LOH HoN OH  H,N H  HyN OH

B>-HAla B*-HVval B3-HLeu B*-HLys

The hydrophobic side chains in this series of peptides occur
with a repeat matching the 3-residue repeat oflthe helix.
Thus, the positively chargegf-HLys and the hydrophobig®-
HVal and83-HLeu side chains segregate to opposite faces of
the helix in these peptides. Circular dichroism spectroscopy
indicated that, although the peptides were unstructured in dilute
aqueous solution, dny, helical conformation was induced upon
binding to the surface of micelles. Further, the formation of
this secondary structure was necessary for hemolytic and
antimicrobial activity.

More recently, Gellman and co-workers described an anti-
microbial 3-peptide, composed of conformationally constrained,
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Characterization of Antimicrobigb-Peptides

cyclic S-amino acids, that adopts &n 3 helical conformatiort®
These peptides displayed potent antimicrobial activity, and, in
contrast to our earlier series of peptides, displayed minimal
activity against mammalian cells.

H (o] H o] H o] H O
N N N
\ﬂ/ N ~ N N N NH,
0 H o 4 H o] H o)
N N
3
Hy' Hy"

B-17

There are a large number of differences between these two
series of peptides including their helix type, hydrophobicity,
and rigidity, which may account for their differential selectivi-
ties. Previous studies have shown that the selectivity of anti-
microbial o-peptides reflects a delicate balance of hydropho-
bicity, size, helical propensity, and charge distribufi®pt In
particular, the hydrophobicity is critical, and inclusion of too
many hydrophobic amino acids will lead to compounds with
very low selectivity for mammalian versus bacterial cells.
Therefore, in the current study the hydrophobic content of our

J. Am. Chem. Soc., Vol. 123, No. 31, 201855

on a reverse phase C4 column, with a linear gradient from 20% to
50% solvent B in 50 min fol, and from 30% to 60% solvent B in 60
min for 2. LRMS (MALDI-TOF) m/e calcd for 1 (CegH13aN17012)
(MH*) 1379.1, found 1379.6. LRMS (MALDI)We calcd for 2
(C85H164N21015) (MH+) 1719.4, found 1720.1.

Circular Dichroism Studies. CD spectra were measured on an
AVIV 62DS spectropolarimeter using both 1 mm and 10 mm quartz
cuvettes. Sample stock solutions were prepared in water and diluted
into appropriate buffers. Peptide concentrations were determined from
the dry weight of lyophilized peptide.

Hemolysis Assay.Hemolysis experiments were carried out by
incubating a 0.25% suspension of human erythrocytes (RBC'’s) with
peptides of different concentrations in 150 mM sodium chloride and
10 mM Tris buffer, pH 7.0. The sample was prepared by combining
400 uL of the RBC suspension and 100 of the peptide solution.
After the sample was incubated at 3Z for 1 h, it was centrifuged at
14 000 rpm for 5 min, and the Qi of the supernatant was measured.
Melittin (50 «M) was used to define 100% hemolysis. The hemolytic
HC50 was obtained by plotting hemolysis percentage versus peptide
concentration, and the concentration required for 50% hemolysis was
interpolated by exponential curve fitting to the graph.

Antimicrobial Assay. Antimicrobial assay was performed by
incubation of K91E. coli and peptide of different concentrations in
minimal media, pH 7.4. The peptide solution (&0) and K 91E. coli

previous series of compounds was decreased by changing @ulture (20xL, grown in minimal media for 24 to 36 h) were mixed

singleB?-HVal for 83-HAla, yielding H-(3%-HAla-33-HLys-3°-

with 1 mL of minimal media. After incubation at 37C for 8 h, the

HVal),-NH; (1, n= 4; 2, n = 5). Previous studies of analogues ODso was measured. The peptide doses required for 50% and 100%
of natural antimicrobial peptides revealed that C-terminal amides suppression of bacterial growth were interpolated by exponential curve
are more active than the corresponding free carboxyl ®cid. f!ttlng to the graph of suppression percentage versus peptide concentra-

Hencel and2 were designed to have C-terminal carboxamide fon- . o . .
groups. Here, we describe the antimicrobial potencies of these  PPtide Binding to Phospholipid Bilayers.The binding of peptides

! - . . .~ "to phospholipid bilayers was measured using CD spectra of the peptide
peptldes,.a.nd gddltlonal!y explore their mode of action using in the presence of varying concentrations of phospholipid vesicles. The
phospholipid bilayer vesicles.

peptides showed very small molar ellipticities at 214 nm in the absence
of vesicles. Upon addition of phospholipid vesicles, the ellipiticity at
214 nm became more intense as a consequence of helix formation due
to interactions between the peptide and phospholipid surface. Small

esters were purchased from Nova Biochem, HBTU and HOBt from unilamellar vesicles (SUV) of SOPC/SOPS were prepared by sonicating

Advanced ChemTech., Fmoc PAL-PEG-PS resin (loading).17 large phospholipid vesicles in 10 mM phosphate buffer, pH 7. CD

mmol/g) from PerSeptive Biosystems, SOPC and SOPS from Avanti Spectra were taken before and after the addition of aliquots of vesicle

Polar-Lipids, Inc., calcein from Lancaster Synthesis, and all other t0 2.0 mL of peptide solution in 10 mM phosphate buffer, pH 7. The

reagents from Aldrich; all were used without further purification. All ~ dissociation constanKy was determined by least-square fitting

Fmoc 8-amino acids were synthesized from the corresponding Fmoc (KaleidaGraph) using eq 1 for single-site binditig:

o-amino acid pentafluorophenyl esters via ArEistert homologation

following a published procedufé Peptides were manually synthesized [PI(r — 1) — [PL/n — Ky + [PL}/((n1) = O 1)

in a standard glass peptide synthesis vessel. The purification was carried ) N )

out on a Waters HPLC using a Vydac C4 column. Solvent A was Where [P]and [PL] are peptide and phospholipid molar concentrations,

composed of 0.1% TFA in water and solvent B was composed of 90% réspectively, and is the number of phospholipids per peptide binding

acetonitrile, 10% water, and 0.1% TFA. Mass spectra were measuredsite. The fraction of peptide bound, is calculated from eq 2!

on a Hewlett-Packard 1100 ESI spectrometer and a PerSpective

Biosystems Voyager-DE RP MALDI-TOF mass spectrometer. NMR I = (Oobs — 00)/(6), — 6)

spectra were obtained on a Bruker AC-250 spectrometer—&/ . . . . o .

spectra were measured on a Hewlett-Packard 8453 spectrometeri Which ovs is the mean residue ellipticity at 214 nm at a given

Fluorescence measurements were carried out using a Hitachi F-2500°0ncentration of phospholipid®l, and ¢ are the mean residue

fluoresence spectrophotometer. CD spectra were obtained on an AvIv ellipticities of the peptides in free solution and when bound to the

62DS spectropolarimeter. vesicle, respectively. Since phospholipid vesicles cause light scattering,
Synthesis of H-B3-HAla- f3-HLys-B5-HVal) -NH. (n = 4, 5).Fmoc it was difficult to obtain data at very high vesicle concentrations,

PAL-PEG-PS resin (588 mg, 0.1 mmol) was allowed to swell in DMF necessary to directly measufg. Therefore¢, was considered as a

(5 mL) for 30 min before the synthesis. The Fmoc was deprotected variable during the curve fitting.

with 20% piperidine/DMF (3x 5 mL x 5 min) and washed with DMF Peptide-Induced Leakage of Vesicle ContentsThe leakage of

(5 x 5mL x 2 min). Amino acid couplings were carried out by adding  VeSicle contents to the external media was monitored by the release of

a 2 mL solution of amino acid (0.25 mmol), HBTU (95 mg, 0.25 mmol), calcein encapsulated in large unilamellar vesicles. The vesicles were

HOBL (34 mg, 0.25 mmol), and DIEA (132, 0.8 mmol) in DMF to prepared by reverse-phase evaporation in 10 mM sodium phosphate

the resin, shaking for 4 h, and washing with DMF ¥55 mL x 2 buffer, pH 7, followed by a single extrusion through a @i pore

min). The peptides were cleaved from the resin by treatment of TFA/ Size polycarbonate filter. The non-trapped calcein was removed by

TIS (95:5) for 2 h. The solution was concentrated and the peptide was €Uting through a size exclusion Sephadex G-25 column, with 90 mM

precipitated by addition of cold ether. Peptides were purified by HPLC Sedium chloride, 10 mM sodium phosphate, pH 7. The kinetics of
leakage were monitored by following the increase of calcein fluores-

Experimental Section

Methods and Material. Fmoc a-amino acid pentafluorophenyl

@

(55) Porter, E. A.; Wang, X.; Lee, H.-S.; Weisblum, B.; Gellman, S. H.

Nature 2000 404, 565.
(56) Suresh Babu, V. V.; Gopi, H. N.; Ananda, K.Peptide Resl999
53, 308-313.

cence intensity at 515 nm (excitation at 490 nm, slit width 3.8 nm)

(57) Lear, J. D.; DeGrado, W. B. Biol. Chem1987, 262 6500-6505.
(58) Dufourcq, J.; Faucon, J. Biochim. Biophys. Acta977 467, 1—11.




7556 J. Am. Chem. Soc., Vol. 123, No. 31, 2001

40

--=--1HO
. — — 1DPC
— - - = --2HO
2 20 :
_g — «  2DPC
5
g OE;Q'J':-- "
E
— -20 F
=2

-40 L 1 1 1 1

190 200 210 220 230 240 250
Wavelength (nm)
Figure 2. CD spectra ofl and2in 10 mM Tris buffer (pH 7.0) in the
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Table 1. Cellular Activities and Membrane-Binding Properties of
1land2?2

H-(3-HVal-53-HLys-

peptide 3-HLeu)-OHP 1(n=4) 2 (n=5)
ICs0 [MM] 2541 5+ 1 3+1
HCso [uM] 37+5 910+ 260 320+ 60
MIC [pg/mL] 9 26 20
selectivity 15 180 110
K4(SOPS/SOPC 1.4+ 0.28 0.3+ 0.06

(1:9)) [uM]

K4(SOPC) jiM] c 15+ 8

aThe assays were conducted as described in the Experimental
Section.” These data differ somewhat from the values quoted in our
earlier report® The peptide described in the earlier report was
contaminated with a small amount of the Fmoc-containing peptide,
which resulted in increased hemolytic poteneio binding was
detected by CD spectra.

pression (IGo), the minimal inhibitory concentration (MIC), and

absence and presence of DPC micelles (5 mM), plotted in mean residueth® peptide concentration required for 50% RBC lysis (D
ellipticity. The spectra were measured in 1 mm cuvettes with peptide are listed in Table 1. Both peptides show high antimicrobial

concentrations between 50 and 10d.

activity with MIC values of 26 and 2@g/mL for 1 and 2,
respectively. The values are slightly higher than the natural

due to the inhibition of self-quenching. Complete leakage was achieved antimicrobial peptide magainin (MIC 329/mL) and the j3-

by addition of 10uL of 0.2% Triton 100 to the 2 mL solution, and the

17" B-peptide (MIC 6.3ug/mL) recently reported by Gellman

corresponding fluorescence intensity was used as 100% leakage forand co-worker§® The small increase in potency with chain

the calculation of the leakage fraction. Multiple exponentials were fit
to the data using Igor Pro 3.12.

Results

Circular Dichoism Studies. Circular dichoism (CD) spec-

length betweerl and 2 has been observed in our previous

studies?® To test the selectivity of the peptides toward mam-
malian cells, their hemolytic activity was also measured. The
results indicate that they show very strong selectivity for
bacteria. The Hig is 920uM for 1 and 320uM for 2.

troscopy is a rapid method to determine secondary structures Membrane Binding Studies.We also examined the binding

of proteins and peptides. For peptides/amino acids, the

of the peptides to small unilamellar phospholipid membranes,

standard of structure determination is not as well developed aswhich better approximate biological membranes than the
that for peptides and proteins afamino acids. Nevertheless, micelles used to obtain CD spectra. Although it was not possible
typical CD spectra of several types of helices adopted by to obtain CD spectra below 200 nm with single unilamellar
B-peptides have been reported and provide useful refer-vesicles (SUV’s), it was possible to monitor conformational
ences»?829.3841The CD spectrum of the, helix has a positive ~ changes associated with binding by monitoring the ellipticity
cotton effect centered around 195 nm and a negative oneat 214 nm. Absorbance spectra of the samples were carefully
centered around 215 nm, arising primarily from an exciton- examined to ensure that light-scattering artifacts did not affect

coupledz—a* transition22
The CD spectra ofl and2 were measured in the presence

the quality of the result®’ 60
Mammalian cell membranes consist primarily of neutral

and absence of dodecylphosphocholine (DPC) micelles (Figurephosphatidylcholine, while bacterial membranes are more

2). In contrast to some of our earlier antimicrobfapeptides
that showed limited solubility in aqueous bufférpeptidesl
and 2 show good solubility in water and do not form large
insoluble aggregates at concentrations up to 100. In

negatively charged due to the presence of large amounts of
lipopolysaccharides or acidic polysaccharife®ve therefore
measured the binding of and 2 to bilayers composed of
stearoyl-oleoyl-phosphatidylcholine (SOPC) as well as bilayers

homogeneous aqueous solution, the CD spectra of both peptideshat additionally contain 10 mol % of the corresponding
are relatively flat, indicating that they failed to form the, negatively charged phosphatidylserine derivative (SOPS). Both
helix. These data suggest that the peptides might adopt randonpeptides exhibit tight binding to SOPS/SOPC (1:9) vesicles. The
coil conformations in the absence of stabilizing interactions with curves are typical of single-site binding isotherms (Figure 3),
DPC micelles. The random coil conformation would maximize allowing the determination of the dissociation constant for
the peptides’ conformational entropy as well as minimize the binding as well as the stoichiometry of the peptide/phospholipid
repulsion among positively chargefP-HLys side chains. complex as described in the Experimental Section. Compound
However, upon addition of DPC micelles (5 mM DPC), astrong 1 binds to SOPS/SOPC (1:9) vesicles with a dissociation
positive peak around 195 nm and a negative peak around 215constant of 1.4«M, and a limiting binding stoichiometry of
nm were observed, indicative of &n, helix. The magnitudes  approximately 42 phospholipid molecules per peptide. Consis-
of the mean residue ellipticities df and 2 are comparable,  tent with its increased length, pepti®bound with greater
suggesting complete helix with 12 residues< 4), similar to affinity (0.2 uM) and a larger number of phospholipids (52)
results obtained in a previous study of analoggumeptides® were required to create a binding site for this peptide.
The position of the minimum shifts to slightly lower energy By contrast to the high affinity displayed by these peptides
for the shorter peptide (213 nm f@rvs 214 nm forl). for SOPC/SOPS membranes, they showed very limited binding
Cellular Assays.The activity and selectivity of and2 were
examined ysin@. coliand human e.rythrotytes (RBC) as models (60) Wallace, B. AMethods Enzymoll982 88, 447—462,
for bacterial cells and mammalian cells, respectively. The (g1 Brock, T. D.Biology of Microorganisms2nd ed.; Prentice Hall:
peptide concentration required for 50% bacterial growth sup- Englewood Cliffs, NJ, 1974.

(59) Johnson, W. C., JRroteins199Q 7, 205-214.
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Figure 3. Lipid binding experiments of (3.92uM) and2 (5.27 uM) _oloum
in 10 mM sodium phosphate buffer (pH 7.Q)with SOPS/SOPC 1.:9. 0.8l N “_..,..................-.-..-- e
to pure SOPC bilayers, as assessed by the CD method. The _§ -
addition of SOPC SUV vesicles to a solutionlofailed to give & 06F
rise to any increase in its signal at 214 nm. Thus, this peptide w
failed to bind SOPC vesicles in a helical conformation, although g :
this method does not rule out the possibility that it might bind % 0.4 . PRt
in a random coil conformation. Upon addition of SOPC vesicles 9 N PP
to peptide2, one observes a small increase in helix content, 0.0 e ogss
consistent with a binding constant of approximately\s The ' ,” e )
much lower affinity of2 for SOPC vesicles versus SOPS/SOPC STt ug:g;%.ﬁg
(1:9) vesicles is consistent with its selective activity against 0 i Ll s i s s
bacterial cells. 0 50 100 150 200 250 300

Peptide-Induced Leakage of Liposomal ContentsAl-
though the mechanism of action of amphiphilkichelical
antimicrobial peptides is still a matter of debate, it is generally Figure 4. Time course of peptide induced leakage of liposomal
believed their primary mode of action involves the disruption contents forl (A) and 2 (B).
of cellular membrane®-5262-70 Tg assess the extent to which .
peptidesl and2 disrupt phospholipid membranes, we measured  1ne parameters describing the fast componenkeaedF,
their abilities to induce leakage of a dye, calcein, entrapped the rate constant and the fractional leakage extrapolated to
within the interiors of large unilamellar vesicles (LUV) of SOPS/  infinite time. The corresponding parameters for the slow phase
SOPC (1:9). The time course of the leakage of encapsulated@re Fs andks, respectively. The constai@ was found to be
calcein was detected by its fluorescence at 515 nm (Figure 4).Very close to 0 for each kinetic run, verifying that the double

Although a complete kinetic study would be beyond the scope exponential equation is sufficient to describe the process.

of this article, several features are immediately apparent. First, F19Uré 5A-C showsFy, Fs, and the sum of these parameters
at low peptide/phospholipid ratios, many of the kinetic traces Versus the fraction of peptn_je bc_)und (rglat_we to th_e theoretical
in Figure 4 appear to level off at less than 100% leakage, Maximum bound as determined in the binding studies). The sum

indicating that at these peptide/lipid ratios the process of IeakageOf_':S andF provides _the total lysis extra_polated to ”?f'”'te time
does not go to completion, even after long times. Second, the(':Igure 50). Ir)terestmgly, Comp'ete lysis of the ve_s|cles oceurs
time courses are biphasic, suggesting that at least two different!_Subsaturating concentrations of bound peptide, reaching

processes contribute to the leakage. The kinetics of vesicle IysisNgO% lysis at~30-40% b!nding, for both peF’“des- Eor
are well described by the sum of two exponentials (eq 3) compoundL at low concentrations, the extent of lysis associated
' with the slow phase dominates (Figure 5A). However, as more

peptide is bound, thE; makes an increasingly large contribution,
approaching that of at the highest peptide concentrations. A
similar picture emerges fd, except thaF; actually dominates
(62) DeGrado, W. F.; Musso, G. F.; Lieber, M.; Kaiser, E. T.; Kezdy, at high concentrations of peptide (Figure 5B).

F. J.Biophys. J1982 37, 329-338. Surprisingly, there are major differences between the rate
(63) Kaiser, E. T.; Kezdy, F. Annu. Re. Biophys. Biomol. Struci.987, P gy, J

Time (s)

F=F(1l-e"“+F(1-e"+cC (3)

16, 561-581. constants for vesicle leakage, induced by the two different
(64) Kaiser, E. T.; Kezdy, F. Bciencel984 223 249-255. peptides. It was difficult to obtain good estimates for the rates
(gg) Fletcher, J-CE-: Jianff]}, M. 3D>ﬂ0001993931v 683?—695-& 6 over portions of the experimental range for the two peptides
&573 EAZEB?%, kﬁfﬁnﬁgg’ﬁyﬁ\ﬁ?&a 013176 ]égf_ 4010.1' (Figure 6). Nevertheless, it is apparent that the rate constant
(68) Wieprechi, T.; M., D.; Epand, R. M.; Beyermann, M.; Krause, E.; associated with the slow phadg, is independent of peptide

Maloy, W. L.; MacDonald, D. L.; Bienert, MBiochemistry1997, 36, concentration for peptidg, but approximately third order with

12869-12880. respect to bound peptide f@& Even more striking, thés is

69) Hancock, R. E. W.; Falla, T.; Brown, M. FAdv. Microb. Physiol. . . . .
1955 )37, 135-175. W v vel largely independent of peptide concentration for peptideut

(70) Bechinger, BBiochim. Biophys. Actd999 1462 157-183. very high order in bound peptide concentration for pepfide
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§ 0.6 This paper also addresses a second question: Is it possible
'-c'l-) to obtain high cell selectivity within this series Bfpeptides,
2 04r which are prepared from relatively flexible monosubstituted
< B-amino acids? Earlier studies suggested that the helical potential
9 0oL must be appropriately tuned to provide binding specificity: if
) the helical potential was too low the peptides failed to be
effective, whereas if the helical potential was too high they were
0 ' ‘ antimicrobial, but lost their cell selectivifit:’2 75 Previously,
0 01 02 03 04 05

Gellman showed that a series of conformationally constrained
[B-peptides, which formed very stable helices in water, were able
to form highly selective antimicrobial ager¥sBy contrast, we
demonstrate that highly flexible compounds are also able to
show highly selective antimicrobial activity. We conclude that
there is no a priori requirement concerning the helix-forming
potential (in homogeneous aqueous solution) of the compound.
Clearly, a peptide with a highly stable helix will bind more
Numerous studies on natural antimicrobial peptides revealed tightly to membranes than a peptide with a marginally stable
that an appropriate balance in the distribution of hydrophobic helix, assuming that the hydrophobicity and charge distribution
and polar residues is required to obtain a high selectivity for were otherwise identical. Thus, by increasing the helical
kiling bacteria versus mammalian cells. If the peptides are potential of a highly selective peptide, it might be possible to
overly hydrophobic they bind indiscriminately to cellular  optain a peptide that binds too avidly to mammalian membranes,
membranes, resulting in very low selectivity for bacterial versus thereby losing its selectivity. However, the results of Gellman
mammalian membrané8>* Peptidesl and2 are significantly  and co-workers indicate that highly stable helices can show
less hydrophobic than the previously reported series (as assesseghpropriate selectivity if their charge and hydrophobicity
by their retention times on reverse-phase HPLC), as a result of gjstributions are appropriate.
the replacement gf*-HAla for 5%-HLeu ands3-HVal at several Several mechanisms have been proposed for the process of

positions of the sequencéThe results from the antimicrobial  cel| killing by antimicrobial peptides. In the carpet mechanism,
assay and hemolysis experiments indicate that by reducing the

hydrophobicity of the peptide, the selectivity is enhanced as
predicted.

Fraction Bound

Figure 5. Fractional lysis extrapolated to infinite time by fitting the
liposome leakage kinetic data to double exponential (edrs3nd F;
for 1 (A) and 2 (B) andFs + F; for both peptides (C).

Discussion

(72) Hong, J.; Oren, Z.; Shai, Biochemistry1l999 38, 16963-16973.
(73) Chen, H. C.; Brown, J. H.; Morell, J. L.; Huang, C. MEBS Lett.
1988 236, 462—466.
(74) Juvvadi, P.; Vunnam, S.; Merrifield, R. B. Am. Chem. Sod996
(71) HPLC retention time is listed in Table S1 in the Supporting 118 8989-8997.
Information. (75) Oren, Z.; Shai, YBiochemistryl997, 36, 1826-1835.
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peptides aggregate parallel to the membrane suffadélhe the translocation is likely to occur with concomitant formation
accumulated peptide molecules wrap the membrane surface inof transient openings in the membrane, which allow hydration
a carpet-like manner, leading to thinning and ultimately rupture of the polar side chains of the peptide. Leakage of the cellular
of the membrane after the concentration of the surface-boundcontents occurs during the formation of these transient pores.
peptide reaches a threshold value. The so-called barrel-staveOnce the equilibration of the bilayer is complete, the integrity
mechanism suggests that the bound peptides on the cell surfacef the membrane may be largely restored. Most antimicrobial
self-associate into transmembrane helical bundles that formpeptides probably act by more than one of these mechanisms.
stable aqueous pores in the membr&@A third explanation Interestingly, the difference in the kinetics of vesicle leakage
62 for the activity of this class of peptides is that the peptides for peptidesl versus2 suggests that chain length might also
initially bind only to the outer leaflet of the bilayer. Binding is  affect the mechanisms by which the peptides disrupt bilayers.
overall favorable because it leads to a decrease in the exposure In conclusion, this paper describes the design and synthesis
of the hydrophobic side chains to water, but also leads to an of a series of membrane-actiyepeptides with potencies and
increase in the lateral surface pressure of the outer leaflet relativespecificities similar to those of naturally occurring peptides such
to the inner leaflet of the bilayer. This pressure imbalance leadsas magainin. These results indicate that insights gained from
to translocation of the peptides into the interior of the bilayer the study of variants of naturetpeptides have provided a useful
thereby equilibrating the surface pressure on both sides of theguide to the design of nonnatural antimicrolfigbeptides. They
bilayer. However, because the peptides are very hydrophilic, also raise the possibility of designing molecules that are even
simpler in structure than thege-peptides, but nevertheless

11‘(1;%) Gazit, E.; Boman, H. G.; Shai, \Biohemistry1995 34, 11479~ reproduce the activities of this class of antimicrobial compounds.
(77) Pouny, Y.; Rapaport, D.; Mor, A.; Nicolas, P.; ShaiBfochemistry Supporting Information Available: The HPLC retention

1992 31, 12416-12423. ; ; 3
(78) Merrifield, R.; Merrifield, E.; Juvvadi, P.; Andreu, D.; Boman, H. time agd correzpondlng percent §CI-N.for L 2’, and H',ﬁ .
Antimicrobial Peptides-Ciba Findation Synposium No. Ii8eérrifield, R., HVal-$3-HLys-3°-HLeu)-OH (PDF). This material is available
Merrifield, E., Juvvadi, P., Andreu, D., Boman, H., Eds.; John Wiley & free of charge via the Internet at http://pubs.acs.org.

Sons: New York, 1994; pp-526.
(79) Ehrenstein, G.; Lecar, Q. Rev. Biophys.1977 10, 1—34. JA0107475



