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ABSTRACT: In a previous report we described the selection of pojessteet pore-forming peptides from

a combinatorial library designed to mimic membrane-spanfigirpins (Rausch, J. M., Marks, J. R.,

and Wimley, W. C. (2005proc. Natl. Acad. Sci. U.S.A. 1020511-10515). Here, we characterize their
mechanism of action and compare the structdizaction relationships in lipid vesicles to their activity

in biological membranes. The pore-forming peptides bind to membrane interfaces and self-assemble into
p-sheets that cause a transient burst of graded leakage across the bilayers. Despite the continued presence
of the structured peptides in the bilayer, at most peptide concentrations leakage is incomplete and ceases
quickly after peptide addition with a deactivation half-time of several minutes. Molecules up to 3,000 Da
escape from the transient pores, but much larger molecules do not. Fluorescence spectroscopy and quenching
showed that the peptides reside mainly on the bilayer surface and are partially exposed to water, rather
than in a membrane-spanning state. The “carpet” or “sinking raft” model of peptide pore formation offers

a viable explanation for our observations and suggests that the selected pore-formers function with a
mechanism that is similar to the natural pore-forming antimicrobial peptides. We therefore also characterized
the antimicrobial and cytotoxic activity of these peptides. All peptides studied, including non-pore-formers,
had sterilizing antimicrobial activity against at least some microbes, and most have low activity against
mammalian cell membranes. Thus, the structdiuaction relationships that were apparent in the vesicle
systems are similar to, but do not correlate completely with, the activity of the same peptides in biological
membranes. However, of the peptides tested, only the pore-formers selected in the high-throughput screen
have potent, broad-spectrum sterilizing activity against Gram-positive and Gram-negative bacteria as well
as against fungi, while having only small lytic effects on human cells.

A wide variety of pore-forming proteins and peptides take tides (AMPs} that are soluble in water and which self-
advantage of the discontinuous hydrophobicity of membrane-assemble intg-sheet-rich pores in membranes—€). To
spanning g-sheets, which makes them well suited for explore the structural determinants of folding and self-
undergoing transitions between hydrophilic and hydrophobic assembly ofi-sheets in synthetic and biological membranes

environments. For example, th&barrel protein toxins
including perfringolysin-O 1), o-hemolysin ), and the
anthrax protective antige®) preassemble a protein scaffold

we have been using rational combinatorial chemistry and
high-throughput screening as learning tools to study peptides
that spontaneously self-assemble ifitsheet pores in lipid

on membrane surfaces and then undergo a spontaneousesicles {—9). For the purpose of this work, we define a
transition in which loop sequences change conformation and“pore” as any peptide-induced mechanism of membrane

are inserted into the membrane to forphbarrel pores.
Similarly, there are many pore-forming, antimicrobial pep-
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leakage without regard to structure or mechanism. The
peptide library screened for pore-forming activity, shown in
Figure 1, was designed to incorporate the common attributes
of membrane-spanning-hairpins into a 26 residue frame-
work sequence. Combinatorial chemistry allowed a rapid top-
down approach to determine which sequences favor pore-
formation in lipid bilayer membranes over nonproductive
processes such as aggregation.

Starting with an amphipathic dyad repeat framewd®
12) and six combinatorial sites within the membrane-
spanning region we identified a single potent pore-forming
motif from the 9,604 member library7). With only six
combinatorial sites in 26 residues there is a 77% identity
among library members. The common framework consists
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dyad repeat dyad repeat Table 1: Peptide Sequences

}
}

++ +- ++ Peptide Pore-forming Sequence®
+RRGO O LO LALAKDGWALMLO LO O GRR-NH,

FSSSTL RRGFSLSLALAKDGWALMLSLTLGRR
> FSGRGY RRGFSLGLALAKDGWALMLRLGYGRR
> © o > FSKGGY RRGFSLKLALAKDGWALMLGLGYGRR
20 X X 0L YGTKTF RRGYGLTLALAKDGWALMLKLTFGRR
= E w = YGKRGY RRGYGLKLALAKDGWALMLRLGYGRR
5 o b & > FSSRGY  RRGFSLSLALAKDGWALMLRLGYGRR
o o YSRRTF RRGYSLRLALAKDGWALMLRLTEGRR
Ficure 1. The rational combinatorial library used to select the FSRKTY RRGFSLRLALAKDGWALMLKLTYGRR
peptides studied here. Details of library design, synthesis, and LSRRGF RRGLSLRLALAKDGWALMLRLGFGRR
screening are given elsewhem®.(The library was designed to have > YGKRGF RRGYGLKLALAKDGWALMLRLGFGRR
a high propensity for membrarfesheet formation by designing it FSKRGF RRGFSLKLALAKDGWALMLRLGFGRR
to have two dyad repeats of alternating hydrophobic and hydrophilic FGRRTF RRGFGLRLALAKDGWALMLRLTEFGRR

amino acids 10, 11). The KGDW sequence is consistent with a
type I turn. The possible residues present in the combinatorially
varied positions are shown as vertical columns. From this library
of 9604 possible sequences 12 potent pore-formers were identified

Negative Control Sequences

. . . b

in vesicle-based high-throughput screefs These sequences are > AGGKGF®  RRGAGLGLALAKDGWALMLKLGFGRR

shown in Table 1. GGEDGA®  RRGGGLELALAKDGWALMLDLGAGRR

of basic terminal residues, a pair of nine residue putative Composite Positive Sequences'

[-strand dyad repeats with hydrophobic external residues,

and a potential type' Iturn (Figure 1). Internal alanine » FSKRGY  RRGESLKLALAKDGWALMLRLGYGRR
> FGKRGY RRGFGLKLALAKDGWALMLRLGYGRR

residues increase hydrophobicity to favor membrane parti-
tioning (13). The variable residues include the intended

. - a Sequences of the most potent pore-forming peptides selected from
membrane interface of both strands and four sites that al'€; 9604 member combinatorial library. Residues in bold/underline are

in register with the polar surface of the dyad repeat. In @ positions that were varied in the library (Figure Negative control
stringent screen of 10,000 sequences, about a dozen vergequence from a well that had no visually detectible pore-forming
. . y e . . . .

potent pore-forming peptides, assessed by the extent ofactivity at low stringency® DeS|gned_negat|ve peptide that has none

leakage they caused in lipid vesicles, were identifiég ( of the six features of the pore-forming motif. This peptide does not
- . . . form secondary structure and does not form pores in vesicles

These peptlde_s, which Se!f'assembled ﬁm;hee,ts in mem' . (unpublished observatiorf) Composite positive sequences that conform

bl’anes_, contained a consistent sequence motif that is similatg the pore-forming motif, but were not actually observed in the library

to motifs found in naturally occurring pore-forming pep- screen. Marked sequences were synthesized and purified for detailed

tides: interfacial aromatic residues (4—17), a single inter- ~ characterization of pore-forming activity in this work.

facial hydroxyl group, and a basic residue within each pre-

sumedgs-strand b, 18—20). Sequences are shown in Table 1.

Here we used biophysical methods to characterize thequent additions of peptide will result in a additional bursts
mechanism of leakage induced in lipid vesicles by these Of partial leakage.
peptides. A variety of mechanisms have been proposed to In this work we address the mechanism of action of the
describe the action of pore-forming peptides in membranes pore-forming peptides that were selected from the rational
(4,5, 15, 16, 21). These models range from molecular models combinatorial library shown in Figure 17), We report
of highly specific transmembrane pore structures like the one evidence that these pore-formers, selected with no bias
formed by gramicidin Z2) to nonspecific colloidal models  toward any particular mechanism of action, form pores by
such as the so-called “carpet modeR3|, “sinking raft the “carpet model”, a mechanism that is also observed for
model” (24), and their variants. In the vast literature on pore- many of the natural pore-forming antimicrobial peptides. This
forming peptides, convincing evidence for specific three- mechanism is dependent on nonspecific self-assembly of
dimensional transmembrane pore structures is exceedinglypeptides on membrane surfaces into peptide-rich domains
rare. Nonetheless, the existence of a specific structure isthat, in turn, drive destabilization of the bilayer and transient
assumed in many studies. leakage of vesicle contents. The pore-forming peptides

There are roughly 1000 known pore-forming peptides discovered by screening tfiehairpin library in lipid vesicles
including toxins and antimicrobial peptide2y( 26). Of those thus share features in common with naturally occurring, pore-
that have been studied carefully in lipid vesicles, most forming antimicrobial peptides (AMPR{). We hypothesized
function by a mechanism that is not consistent with specific, that the mechanism of pore-formation in biological mem-
stable transmembrane pore structure. For example mostranes is also similar, however, the correlation between
require a very high peptide concentration in the bilayer, structure and function of pore-forming peptide in vesicles
amounting to hundreds or thousands of peptide moleculesand in biological membranes remains controversg).(
bound to each lipid vesicle. Furthermore, many pore-forming Therefore, we characterized the antimicrobial and cytotoxic
peptides induce partial leakage of vesicle contents throughactivity of four similar peptides originating from this
transient pores. Transient pores of this type typically form framework that have very different structures and pore-
immediately after addition of peptide to bilayers causing forming propensities in vesicles, including members of the
partial leakage of contents, followed by rapid inactivation library that do not form pores in vesicles under stringent
or closure of the pores by an unknown mechanism. Subse-conditions. While the specific structuréunction relation-
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ships observed in lipid vesicles are not completely coupled resuspension buffer of 50 mM Tb{I100 mM sodium

to pore-forming activity in all microbial membranes, our data citrate, and 10 mM TES, pH 7.2, was used?ThUV were
suggest a correlation between pore formation in vesicles anddiluted to 25 mM lipid for the extrusion process, due to
activity that is like natural AMPs, comprisifoad-spectrum increased viscosity. ANTS/DPX LUV were prepared with a
antimicrobial activity with little or no lytic activity against  resuspension buffer of 10 mM potassium phosphate, pH 7.0,
mammalian membranes. We discuss the implications of these25 mM ANTS, and 5 mM DPX. Dextran containing LUV
observations for design and characterization of pore-forming used a buffer of 10 mM potassium phosphate, pH 7.0, 10

and antimicrobial peptides. mg/mL labeled dextran. To ensure maximal encapsulation,
20 cycles of freeze thaw were used in preparation of dextran
EXPERIMENTAL PROCEDURES LUV. Following extrusion, LUV samples were run over a

gel filtration column (4 cm i.d., 40 cm length) of Sephadex
G-200 equilibrated to elution buffer. In the case of dextran
encapsulation, unlabeled dextrans were added to the buffer
at 10 mg/mL to eliminate osmotic pressure on the vesicles.
Leakage Assayéssays to assess the extent of dye leakage
from liposomes were performed at 50M lipid concentra-
Iﬁ'fions, and peptide concentrations were varied between 1 and
10 uM, or 1:50 through 1:500 peptide to lipid (P:L) ratio.
Peptides were mixed with lipid solutions by inversion of the
cuvette five times followed 2 h incubation for peptides
to have full effect. Fluorescence was recorded using excita-
tion and emission wavelengths of 270 and 490 nm, forTb
! . . X .. DPA fluorescence and 350 and 510 nm for ANTS/DPX.
S|g.ma-AIdr|ch .(St' Louis, MO.)' SYTOX green nucleic acid Fluorescence corresponding to complete release was deter-
stain W_as obtamed_ from Inyltrogen (C_arlsbad, CA): mined by Triton X-100 solubilization of the vesicles.
Peptide SynthesiSynthesis of peptides was carried out  pyorescent dextrans were entrapped in LUV at concentra-
using 0.5 g (0.2 mmol/g) of Tentagel S-AM resin on an ions of 10 mg/mL, sufficient to obtain measurable self-
Applied Biosystems AP Pioneer peptide synthesizer (Applied quenching. External labeled dextran was exchanged with
Biosystems, Foster City, CA) using standard Fmoc strategiesnjabeled dextran using gel filtration chromatography. Pep-
(29, 30). Cleavage of peptide and removal of side-chain tiqes were added to 50@M lipid solution in 10 mM
protecting groups was done by Reagent R (90% (V/V) potassium phosphate, pH 7, at P:L ratios of 1:50 and 1:500
trifluoroacetic acid, 5% thioanisole, 3% ethanedithiol, and 5,4 mixed by inversion of cuvette five times. After 15 min,
2% anisole) that was chilled on ice before adding it to the f,orescence of samples was recorded using 8 nm bandwidths
resin. The vessels were kept chilled for 30 min before 4, 54 SML Aminco 8100 spectrofluorometer. For the 3 kDa
removing to a bench top shaker for an additional 1.5 h. The gexiran labeled with rhodamine, excitation and emission
trifluoroacetic acid solution was drained into silanized 20 wavelengths were 545 and 600 nm, respectively. For the 40
mL glass vials, dried under nitrogen gas stream in a fume ypa dextran labeled with fluorescein, excitation and emission
hood,. _washed .mult|.ple times Wlth. dlchIO(omthane, and wavelengths were 465 and 530 nm, respectively. Leakage
lyophilized multiple times from glacial acetic acid. was measured by relief of self-quenching. Fluorescence
Lyophilized crude peptide was resuspended in DMSO and corresponding to complete release was determined by Triton
purified by reverse phase HPLC, using a Waters 600 HPLC X-100 solubilization of the vesicles.
pump system equipped with a Waters 486 in-line UV/vis ~ ANTS/DPX Requenching Assdihe requenching assay
absorbance detector (Waters Corporation, Milford, MA) and was used to determine mechanism of leakage as described
a Dynamax C18 fused silica column of dimensions 1 cm previously 6, 33, 34). Briefly, peptides were added from a
inner diameter and 30 cm length (Dynamax Inc., Houston, stock solution to 2.5 mL of assay solution in a quartz cuvette
TX). Samples were eluted from the column using a gradient with a rotating stir bar. Assay solution consists of 5N
from 0 to 60% acetonitrile (0.1% TFA) and water (0.1% |ipid vesicles with entrapped ANTS and DPX in 10 mM
TFA) over 45 min. Fractions corresponding to the predomi- potassium phosphate, pH 7. To a series of individual samples,
nant peak were collected and dried. Identity of purified increasing concentration of peptide was added and the
peptides was confirmed by MALDI mass spectroscopy at |eakage was allowed to proceed for 2 h, until complete. Then,
the LSU Protein Core Facility (Louisiana State University the quencher DPX was titrated in externally to quench the
Health Sciences Center, New Orleans, LA) using a PerceptiveANTS that had leaked out. ANTS that remains entrapped is
Biosystems Voyager DE system (Applied Biosystems, Foster not quenched by externally added DPX. Finally, an excess

ReagentsMost chemicals and materials were purchased
through Fischer Scientific (St. Louis, MO). Fluorescent
dextrans, ANTS, DPX, DPA, and Thglvere obtained from
Molecular Probes (Eugene, OR). All lipids were obtained
from Avanti Polar Lipids (Alabaster, AL). Fmoc-amino acids
and other peptide synthesis reagents were purchased fro
Advanced Chemtech (Advanced Chemtech, Louisville, KY).
Tryptophan octyl amide (TOA) was synthesized by coupling
tryptophanamide to octanoic acid, followed by RP-HPLC
purification. RPMI-1640, DMEM, fetal bovine serum, pen-
icillin-streptomycin, and 3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide (MTT) were obtained from

City, CA). Triton X-100 was added to assess the fluorescence intensity
Liposome Preparatiori.arge unilamellar vesicles (LUV)  for complete leakage. Calculation of the fraction of ANTS
of 100 nm diameter were prepared by extrusi@d, (32) released and the quenching of the ANTS that remained

using lipids dried from chloroform and rehydrated with entrapped within vesicles was done as we have previously
buffer. During the preparation of LUV, repeated freezing described §, 33, 34).

and thawing of lipid solutions was done to increase the Peptide PartitioningPeptide partitioning into lipid bilayers
encapsulation of reporter molecules. Dried lipid films were was determined spectroscopically by fluorescence methods
resuspended in buffer to a concentration of 100 mM lipid to described by White et al36, 36). Partitioning of peptides
maximize encapsulation. For LUV encapsulating®Tha into lipid bilayers was monitored by the fluorescence
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enhancement of tryptophan upon addition of lipid vesicles. and buffer contributions and represented as mean molar
Fluorescence was recorded using excitation wavelength ofellipticity (®).
270 nm and scanning for emission between 290 and 500 Membrane FusiorExperiments to detect membrane fusion
nm with 8 nm bandwidths. Measurements were carried out during leakage were performed with a fluorescence resonance
in 10 mM potassium phosphate, pH 7. Peptides were addedenergy transfer (FRET) technique using NBD and rhodamine-
from DMSO stock solutions or from 0.1% acetic acid stock labeled lipids 89). In brief, the fluorescence of the donor
to 500uL of buffer and mixed by inversion. (NBD) is quenched by the presence of the acceptor
Fluorescence scans were analyzed using Origin 5.0 (rhodamine) in a concentration dependent manner. Fusion
software (Origin Lab Corp., Northampton, MA). Scans were of labeled and unlabeled vesicles dilutes the dye concentra-
subtracted for background and lipid scattering effects and tions in the bilayer and relieves the quenching. In the FRET
compensated for scattering loss by scaling to free tryptophanfusion assays we used 28V vesicles composed of 19:1
samples at the same lipid concentrati®6)( From these data, POPC:POPG LUV with NBD-POPE and rhodamine-POPE
the area under the curve was taken as a measure of th¢Avanti Polar Lipids, Alabaster, AL) concentrations of 2.5%
intensity () of tryptophan fluorescence. Intensity values were and 1% mol fraction of total lipid, respectively. NBD is the
normalized to peptide in buffetd). Mole fraction partition fluorescent donor, and rhodamine is the acceptor. A 19-fold

coefficients Ky) were obtained by fitting the formula excess of unlabeled POPC:POPG LUV was then added to
the system to a total lipid concentration of 50M. The
1_ 1+(  — 1)( KJL] ) fluorescence spectra for these samples were recorded from
ly max Ky[L] + [W] 480 to 750 nm on an SLM Aminco 8100 spectrofluorometer

with excitation at 465 nnmia 4 mLquartz cuvette containing

where | is the fluorescence intensityy and Iqax are the a stir bar. An initial spectrum was obtained for 2.5 mL of
intensities before lipid addition and after saturation of this solution before a time trace was performed to monitor
binding, [L] is the lipid concentration, [W] is the molar NBD emission at 530 nm. Detergents or peptides in DMSO
concentration of water (55.3 M), ar, is the mole fraction =~ were added to sample after 1 min. Fusion was measured at
partition coefficient. Measured partition coefficients were 1:50 and 1:100 P:L ratios where it was observed. No fusion
independent of peptide concentration, indicating “infinite occurred at P:L ratios higher than 1:100. Triton X-100 was
dilution” conditions such that we are measuring a true added after the time course to samples and the emission
partition coefficient. However we note that that the contribu- spectrum measured again for normalization.
tion of electrostatic interactions is influenced by experimental ~ Control vesicles were prepared as separate LUV solutions
details such as bilayer surface charge and ionic stre@gth (  representing serial 2 fold dilutions of dye concentrations
38), and these partition coefficients are thus specific for our within bilayers. Control LUV were prepared at NBD/
experimental conditions. rhodamine POPE concentrations of 1.25%/0.5%, 0.63%/

Tryptophan QuenchingThe effects of the collisional  0.25%, 0.31%/0.13% and 0.16%/0.06% as well as LUV with
guencher iodide () were used to probe the exposure of the only 2.5% NBD-POPE or 1% rhodamine-POPE. These LUV
Trp residue at position 15 of the peptides (Figure 1). Peptidesare representative of 1, 3, 7, 15, and an infinite number of
were added to 10 mM potassium phosphate buffer, pH 7, fusion events assuming that all vesicles undergo uniform
and scanned followed by a titration with KI. A second series fusion with unlabeled LUV. Stocks of each of these labeled
of samples were prepared with 1 mM lipid. Quenching of LUV solutions were prepared with unlabeled LUV to 500
the Trp was similar in the two experiments with Stern ~ uM in proportions such that the overall concentration of lipid
Volmer quenching constants greater than 4Mor all and dye is maintained. The NBD fluorescence at 530 nm
peptides, indicating significant water exposure of the Trp can then be used to calculate the extent of membrane fusion
residue of bound peptides. For comparison free tryptophanobserved upon addition of peptide to the standard assay
has a quenching constant of around 8*M solution with NBD-POPE and rhodamine-POPE concentra-

For doxyl-PSPC quenching experiments, LUV were tions of 2.5% and 1%. Using the curve obtained for LUV
prepared either with lipid compositions of 90% POPC and standards, the amount of fusion occurring upon peptide
10% POPG or with 87.5% POP€ 2.5% of 5-, 10-, or 16- addition is calculated from an empirical relationship that
doxyl-PSPC lipids plus 10% POPG. Peptides were added tocorrelates fluorescence with the number of fusion events.
10 mM phosphate buffer pH 7 to a concentration gfM. The inclusion of LUV individually labeled with NBD- or
Fluorescence emission scans were collected before and afterhodamine-POPE represented a theoretical absolute fusion
the addition of 1 mM lipid. The effects of doxyl-PSPC were whereby the dyes are in separate bilayers. Using this
determined by comparison to standard 90% POPC, 10%empirical curve we quantitate fusion in unknown samples
POPG LUV. guantitated by the number of theoretical fusion events that

Circular Dichroism. Peptides were dissolved in 0.025% have taken place.
acetic acid solution with brief vortexing and sonicationina  Antimicrobial Actwity. Microbes Escherichia colNaplV,
Fisher FS 60 bath sonicator. Concentrations were measuredseudomonas aeruginoBA01, Staphylococcus aureEA
by UV absorbance at 280 nm. The peptides were diluted 209, andCryptococcus neoformari4-A) were grown to
into 10 mM potassium phosphate, pH 7, and spectra weremidlogarithmic phase and diluted to“dblony forming units
recorded on a Jasco 810 spectropolarimeter (Jasco Inc.(CFU)/mL with liquid test medium (10% growth broth in
Easton, MD) between 190 and 280 nm using a quartz cuvettePBS). 120uL of cells were incubated with serial dilutions
with 0.1 cm path length. Spectra were taken before and afterof selected peptides f@ h at 37°C, 180uL assay. 12%L
the addition of 2 mM LUV composed of 90% POPC and of 2x concentrated growth medium was added to the cell
10% POPG. Spectra are corrected for small background lipid solution, and cells were allowed to recover overnight8
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h. Visual inspection and optical density at 600 nm was used 24771 7T T T T
to evaluate cell growth. Typically, wells were either opaque 20 +P PC/POPG(10%) ]
(OD > 0.5), indicating stationary phase growth, or they were ] ) ]
transparent (OB< 0.02), indicating no growth. Aliquots from
wells with no apparent growth were spread on nutrient agar
plates to verify sterility. In all cases there werd 00 CFU/

mL in those wells compared to 1CFU/mL in the opaque
wells. In many cases transparent wells contained zero CFU.
The lowest concentration of peptide that prevented cell
growth is the minimum sterilizing concentration (MSC). All
MSC measurements are the average eB83ndependent
experiments.

Hemolytic Actiity. To determine if theS-sheet pore-
formers could also permeabilize a robust eukaryotic mem- _ ' ' ' ' ' ' —
brane we tested hemolysis in sheep and human erythrocytes. 300 320 340 360 380 400 420 440
A 10% (v/v) suspension of erythrocytes (Lampire Biological Wavelength (nm)

Laboratories, Pipersville, PA) was incubated with different E o . : .

- . - IGURE 2: Binding and quenching of tryptophan in pore-forming
concentrations of selected peptidé§)( Cells were diluted s sheet peptides. Fluorescence emission spectra are shown for
to 7.7 x 10° celll mL and incubated at room temperature peptide FSKRGY in buffer at about 1M, and after addition of
for 1 h with peptide (0.5:M, 5uM, or 154M). The samples 1 mM lipid vesicles made from 90% POPC and 10% POPG which

were then centrifuged at 1009@or 5 min, and the heme  Produces a large blue shift of the emission maximum, and after
' addition of vesicles which also contained 1 mol % of doxyl-labeled

absor_bance in the supernatant was mea;ured at 410 Y lipids. These quenching experiments are used to determine the
Baseline was defined by RBC incubated with PBS only and gepth of penetration of the tryptophan residue and indicate an

lysis was normalized to 18M melittin, a peptide concentra-  interfacial location rather than a transmembrane one.
tion that causes complete lysis and by osmotic lysis with

Fluorescence Intensity

distilled water. 22 T ]
Cytotoxicity against Liing Mammalian CellsMV4:11 217 : Egg&g‘;{ ]
leukemia cells/HEK293T cells (5 1C° cells/mL) grown in s, 207 | & Fskroy 7
RPMI-1640/DMEM + 10% FBS and 1% penicillin-strep- 3= 1.9 : f(g'éig\; > A
tomycin were treated with BVl of peptide or an equivalent s 18] ® AGGKGE // N
volume of buffer (positive control). Following addition of g€ ;] m tp v ]
peptides, the cell suspension was incubated for 72 h at 377 16 > v ]
°C with 5% CQ in a humidified incubator. 509 of 3-(4,5- 2
dimethylthiazol-2-yl)-2 5-diphenyltetrazolium bromide (MTT) & ™7 * ]
(Sigma) was added, and then cells were incubated for 6 h. B 14 ) .
Formazan crystals were then dissolved using acidified &g 1.3 4 )
isopropanol (90% isopropanol:10% Triton-X-100: 0.4% 3 4, ] o ]
HCI), and the optical density at 550 nm was measured using" 11.] > ]
a plate spectrophotometer. Fractional MTT activity was o] ;
obtained by comparing peptide treated samples to cells *° e - £ = & ® 7
treated with buffer only and wells with no cells. 0 200 400 600 800 1000
Permeabilization of Microbial Membranes. E. calias [ Lipid ] (uM)

grown in TSB at 37C to reach its late expo_nentlal growth Ficure 3: Fluorescence titration of tryptophan fluorescence at 330
phase (Ol ’\“0-5_), and then cells were Centﬂfugedz WaShE'd’_ nm with increasing amounts of lipid vesicles. Peptide binding to

and suspended in PBS for membrane permeability experi-large unilamellar vesicles made from 90% POPC and 10% POPG
ments. Cell suspension in PBS (2 10’ cells/mL) was p(odyces anincrease in fluorescenceintensityindicati_ve Qf bindipg.
incubated with 2uM SYTOX green for 15 min in the dark. Binding was measured by tryptophan fluorescence titration using

. . about 10uM peptide and monitoring the intensity of tryptophan
Then 5uM of peptides was added to the cell suspension, fluorescence. Mole fraction partition coefficients were calculated

and the increase in fluorescence was measured (excitatiofrom the binding isotherms as described elsewh@g All peptides
wavelength at 485 nm and emission at 520 nm) immediately studied bind to membranes with similar partition coefficients.

over a time scale of 0 to 30 min. SYTOX green is not
membrane permeable. Its fluorescence increases only whe
the bacterial inner membranes are permeabilized and the dy%1
can interact with the cellular DNA.

rposition 15 increased by an average of 1.7-fold (Figures 2
nd 3). The wavelength of maximum emission shifted from
50 nm in buffer to about 330 nm when bound to lipid
vesicles (Figure 2). Mole fraction partition coefficient§

RESULTS ranged from 1 to 4x 1CP° (Table 2). For any experiment the
fraction of peptide bound can be calculated by fraction bound
Peptide Membrane Interactiond.he fluorescence en- = K,L]J/(KJL] + 55), whereK, is the apparent mole fraction

hancement of tryptophan was used to determine mole fractionpartition coefficient, [L] is the lipid concentration (molar),
partition coefficients in the method described by White et and 55 is the molar concentration of water. This is an infinite
al. (39). Upon titration with vesicles composed of 90% POPC dilution measurement in which partition coefficients are
and 10% POPG fluorescence of the tryptophan residue atindependent of peptide concentration. However because there
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Table 2: Peptide Interactions with Bilayers

Kx fluorescence Amaxin 5-doxyl 10-doxyl 16-doxyl quench

peptide (x10P)2 enhancemeht vesicles (nnf PSPC PSPC PSPC by KIf
FSGRGY 2.9 1.68 331 0.80 0.93 0.93 ++
FSSRGY 3.7 1.90 331 0.86 0.93 0.93 ++
FSKRGY 2.3 1.70 330 0.86 0.98 1.00 ++
FGKRGY 3.9 1.67 330 0.86 1.00 1.00 ++
YGKRGF 2.9 2.01 329 0.88 0.94 1.00 ++
AGGKGF 1.0 1.80 332 0.85 0.92 0.94 ++
melittin 16.3 1.55 321 0.75 0.83 0.92 +
TOA 5.4 1.55 339 0.87 0.80 0.87 -

aMole fraction partition coefficient calculated from fluorescence titration experiment (FigufeERhancement is the ratio of the tryptophan
fluorescence intensity at 330 nm in lipid vesicles to the intensity in buffer. Lipid vesicles are composed of 90% POPC/10% P@m@velength
of maximum emission after interaction with lipid vesiclés.ay in buffer is between 344 and 350 nfDoxyl spin labeled lipids quench Trp
fluorescence in a distance dependent manner. The doxyl-labeled lipids we use here are labeled nearwedipiaterface (5-doxyl), midway
along the acyl chains (10-doxyl), or at the midplane of the hydrocarbon core of the bilayer (16-doxyl). Quenching is defined as intensity in the
presence of 1% doxyl lipids divided by the intensity without doxy! lipitleinlike the 5- and 10-doxyl labels, the 16-doxyl labels from both
monolayers are at approximately the same depth in the bilayer, leading to an effective concentration of 16-doxyl lipid at the bilayer midplane that
is twice the local concentration of the 5- and 10-doxyl labels. Thus quenching by 16-doxy! lipids is exagde&atmtthing by Kl is a measure
of water exposure of the Trp residue. All peptide tryptophans were quenched by Kl at least 50% as well as free tryptephardicating
significant water exposure.

are electrostatic interactions, the values are dependent orpore-forming peptide melittin. TOA is a simple tryptophan
experimental conditions such as ionic strength).(All of analogue known to partition strongly into membranes and
the peptides studied here have similar membrane binding.bury itself in the hydrocarbon chains of the bilay42); For
In fact, most members of the library bind membranes well TOA the most pronounced quenching occurred with the 10-
(unpublished observation), which is not surprising when the doxyl PSPC. Kl had no effect on TOA fluorescence once it
compositional similarity of the library members is considered. was fully partitioned into bilayers. The bee venom, pore-
Importantly, this means that the differences in pore-forming forming peptide melittin has a unique tryptophan at position
potency that we are exploring are not due to differences in 19. This residue was quenched equally well by 5- and 10-
membrane binding, but rather to differences in self-assemblydoxyl PSPC, indicating that the melittin tryptophan has
and membrane disruption that occurs after the peptide ispenetrated deeper into the bilayer than the library-derived
bound. peptides. Melittin was less affected by Kl in experiments
The Location of the Peptides in the Bilaydihe wave- than library-derived peptides, indicating that it was less
length of maximum emission of the tryptophan of these pore- exposed to the buffer.
forming peptides in lipid bilayers was around 330 nm,  Secondary StructureCircular dichroism (CD) was used
suggesting an interfacial location of the Trp residue at to characterize the secondary structure of the peptides that
position 15 B86). The location of the peptides with respect had been designed to fav@rhairpin formation (Figure 1).
to the bilayer plane was further investigated using fluores- In buffer, the pore-forming peptides had CD spectra with a
cence quenching techniques. Experiments were done usingmall negative band at 218 nm, indicative of a pajiiaheet
doxyl labeled lipids as membrane-bound, depth dependentstructure 43). Upon addition of the peptide to 1 mM lipid,
guencherg5, 6). The doxyl group was anchored at different the 5-sheet content increases (Figure 4) for most of the
depths of the lipid bilayer through attachment to the 5, 10, peptides as observed in the wavelength shift for the negative
or 16 carbon of a stearoyl (C18:0) chain of a PC lipid. band to around 215 nm and increased ellipticity at 195 nm.
Tryptophan fluorescence spectra were collected for peptidesThe CD spectra in lipid are consistent with ordefesheets
in buffer and when mixed with 1 mM lipid (Figure 2). The (44). The selected non-pore-forming control peptide, AG-
fluorescence enhancement of tryptophan was determined GKGF, exhibited a CD spectrum characteristic of a random
Comparison of enhancement between vesicles containingcoil in buffer that changed to a-helix upon titration with
different spin labeled lipids showed that the 5-doxyl PSPC lipid. The designed negative GGEDGA was unstructured in
had the greatest quenching effect on the peptides, includingbuffer and had a small amount of helical content in lipid
AGGKGF. Several peptides were not quenched at all by the bilayers (Figure 4).
16-doxyl lipids. Taken together, thgx of Trp fluorescence Peptide Induced Leakage from Vesicl&he purified
and the doxyl quenching results indicate a interfacial location peptides were assayed for their ability to inducéTbPA
of the tryptophan residue at position 15. Similarly, an and ANTS/DPX leakage from vesicles. The peptides were
aqueous quencher of tryptophan, potassium iodide (Kl), wasassayed at various peptide to lipid (P:L) ratios. Vesicles
used to assess the aqueous phase exposure of the tryptophaomposed of 90% POPC and 10% POPG were used in most
residues of the peptides and accessibility to buffer. The experiments, but we also performed some experiments using
library-derived peptides all had significant KI quenching that pure POPC and bilayers containing 10% POPG and up to
was comparable to that of free tryptophan (Table 2). This is 30% cholesterol. In semiquantitative plate-based scré®ns (
also consistent with the tryptophan residue being localized similar pore-forming activity was observed for all lipid
to the interfacial region of the lipid bilayer where it is compositions studied. All selected pore-forming peptides are
exposed to lipids and water simultaneously. active against all lipid compositions down to 1:500 P:L, the
The same quenching experiments were performed on twoconditions of the high-throughput screen. AGGKGF did not
standards, tryptophan octyl amide (TOA) and the helical induce leakage in these assays.
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Ficure 4: Circular dichroism spectroscopy. For circular dichroism spectroscopy, peptides were added to 50 mM potassium phosphate
buffer (pH 7) or to phosphate buffer containing 2 mM large unilamellar vesicles made from 90% POPC and 10% POPG. Peptides were
added from stock solutions of-5 mM in dilute acetic acid up to a concentration of roughly®0. Actual concentrations were determined

by UV absorbance. Multiple scans at 10 nm/min scan rate were averaged, and a similarly collected background was subtracted. Dotted lines
are for the peptides in buffer and solid lines are for the same concentration of peptide in the presence of 2 mM lipid vesicles. All pore-
forming peptides had som@sheet content in buffer which increased in lipid vesicles.

Time dependence of Pb and ANTS fluorescence was 1.0 ; —
similar and showed that leakage was a rapid and transient 0.9
process, with most leakage occurring within the first minutes ] T°|'Zs"(’;;g(°m
after peptide addition (Figure 5). Within 15 min of peptide 081 FSSRGY
addition leakage from vesicles had stopped. This is despite 0.7+ FSKRGY
the fact that the vesicles still contained entrapped markers & g¢]| FGKRGY
and despite the fact that the peptides were still bound tothe ~ § .1 L YGKRGF 1
membranes witl#-sheet secondary structure. This enigmatic o
observation of transient pore formation, which is difficult 5 %4 ]
to explain using models of particular transmembrane peptide u—=_ 0.3 8
structures, has been made in many other peptide pore-formers 0.2 ]
also. 041 ]

The Size of the Pores Formed in Bilayekolecules of o
different size were used to estimate the size of the transient 0.0 : o = 0 2 20
pores formed by the peptides. Large pores or detergent-like . .

Time (min)

solubilization of the bilayer will produce leakage without

solute size dependencé5) while pores smaller than about J ) lame

20 A will show size dependence of permeabiliéy 45). All by the pore-forming peptides selected in high-throughput screens.
. . . . In all experiments, kM peptide was added from a stock solution

peptides were tested for their ability to induce leakage of i, g 194 acetic acid to a cuvette containing 104 lipid vesicles

lipid encapsulated fluorescent indicators of different molec- with entrapped TH and external DPA. Peptide: lipid ratio is thus

ular weights. The Th assay employs components of about 1:100. Leakage of T from the vesicles increases fluorescence

150 g/mol, which are oppositely charged and separated by(34) due to interaction with the external chelator DPA. The peptides

the membrane. The ANTS/DPX assay uses probes of aboutnduce a burst of leakage that is nearly stopped by 10 min. At 25

. L2 . min, Triton X-100 was added to completely disrupt the vesicles

425 g/mol each having charged moieties and diameters of 55,4 release 100% of the contents.

to 8 A. We also used fluorescent-labeled dextrans of either

3,000 or 40,000 g/mol average molecular weight. Dextrans hydrodynamic radii of 3 kDa and 40 kDa dextrans have been

have an ellipsoidal shape, with a short axis 20 A reported to be 18 and 25 Al§) respectively. The question

diameter but differing in their long axis. The effective of whether larger dextrans can reptate through peptide pores

FiGURE5: Leakage of TH" from large unilamellar vesicles induced
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Table 3: Leakage Assayed with the Terbium/DPA Assay and the ConS_iStent with reports of Other pore-forming antimicropif_il
peptides §). The control peptides are the toxins alamethicin

ANTS/DPX Assay
and melittin that partition into bilayers and may assemble

peptide 1:50 P:L 1:100 P:L 1:250 P:L  1:500 P:L ) . .
TO/DPA Leakag® into membrane?spannlng barrel—st_ave or toroidal pores made
FSGRGY 37% 26% 11% 7% from the association of 4 to 8 helice4dj. These two pep-
FSSRGY 33% 28% 13% 7% tides caused complete leakage of TBPA and ANTS/DPX
FSKRGY 33% 28% 13% 9% under nearly all conditions tested. As expected from the
'\:(g*égg; %Z(‘? ggzﬁl ﬁf;o Zsff hypothetical pore structure of melittin and alamethicin,
AGGKGF i <106 o6 106 neither allowed leakage of the larger dextran. However, some
melittin 100% 100% 100% 54% leakage of the 3 kDa dextran was observed for melittin and
alamethicin 100% 100% 100% 100% alamethicin at the 1:50 P:L conditions. These results demon-
ANTS/DPX Leakage strated a significantly smaller pore for melittin and alame-
FSGRGY 100% 86% 47% 28% thicin compared to that observed for the library peptides.
E§§Eg¥ ggg’//;’ ;373(%’ gg%’ 232%’ Mechanism of LeakagPartial leakage of vesicles contents
FGKRGY 100% 84% 15% 2504 through transient pores is a common mechanism of action
YGKRGF 100% 72% 42% 33% of antimicrobial peptides. Transient, partial leakage can occur
AGGKGF <1% <1% <1% <1% in one of two modes. Leakage can be a graded process,
melittin 100% 100% 86% 36% whereby all vesicles leak a portion of their contents, or an
alamethicin___ 100% 100% 100% 100% all-or-none process, where a fraction of the vesicles release

* Leakage was measured by mixing lipid vesicles with entrapped || of their contents while the rest retain their contents
dyes and monitoring fluorescence intensity. See text for details. After completely 6, 33). All-or-none leakage occurs when pore

about 15 min leakage had usually stopped. Intensity was measured after, - . .
g Y Soph Y formation is a rare stochastic process, such that only a

several hours of incubation. The intensity for 100% leakage was \ " - -
determined after the addition of Triton X-100 to completely solubilize fraction of the vesicles have had a pore self-assemble in their

membrane. Graded leakage occurs when all vesicles experi-

the bilayers.
ence an equal probability of transient, low-conductance pore
Table 4: Peptide-Induced Leakage of Dextrans from Vesicles formation during which some fraction of the vesicle contents
dextran leakage are relegsed. It has been demonstrateq prewously that the
mechanism of leakage can be determined experimentally
3 kDa dextran 40 kDa dextrah using the ANTS/DPX system followed by “requenching,”
peptide 150P:L  1:500P:L 1:50P:L 1:500P:L o titration of the system with exogenous DPX, after the
FSGRGY 60% 32% 12% 7% peptide-induced leakage had stopp8d, 34). The ANTS/
FSSRGY 65% 26% 8% 4% DPX requenching method was used to determine the mech-
Eg’éﬁg\({ ;gf;‘)’ ﬁ’sﬁ’ igg//;’ g;’//g anism of leakage for the library-derived peptides in order to
YGKRGF 65% 219 18% 12% differentiate the possible mechanism of pore formation.
AGGKGF 9% 5% 8% 5% The general theory of the requenching meth6ygi$ as
melittin~ 43% 7% 12% 12% follows. After the initial burst of peptide-induced leakage
alamethicin 39% 12% 13% 6% has occurred (Figure 6) some ANTS remains entrapped

2 Rhodamine-labeled dextran of 3000 Da molecular weight was within the vesicles and some has been released. The solution
entrapped within vesicles at 10 mg/miFluorescein-labeled dextran s then titrated with external DPX to quench the external

of 40,000 Da molecular weight was entrapped in lipid vesicles at 10 ANTS. This allows determination of the extent to which

mg/mL. Leakage of dextran is monitored by fluorescence because . . - .
release from vesicles relieves self-quenching and increases intensity ANTS molecules still retained within the vesicles are

Fluorescence intensity for complete release is determined after solu-quenched. Two values are obtained in such an experiment:
bilizing the vesicles with the detergent Triton X-100. fouy, the fraction of ANTS released, ar@,, the degree of
guenching of the ANTS that is still entrapped within the
has not been resolved, but the clear distinction between 3vesicles. The value fde, is varied by conducting indepen-
and 40 kDa molecules is a reasonable measure of apparentient experiments at increasing P:L ratios. In all-or-none
“pore” size. leakage, the ANTS in the vesicles which failed to leak their
As shown in Tables 3 and 4, the selected pore-forming contents would still be subject to the original level of internal
peptides induced measurable, concentration-dependent leakguenching Qin), thus Qi, versusfqy is a horizontal line. If
age of TB"/DPA, ANTS/DPX, and the 3 kDa dextran at leakage is by a graded leakage mechanism, both the ANTS
concentrations as low as 1:500, a P:L ratio consistent with and DPX will be partially released from all vesicles to some
the high-throughput selection conditiond.(It is interesting extent during fractional leakage, thereby decreasing the local
to note that the ANTS/DPX assay always reports higher concentration of DPX inside the vesicles. This decreases the
leakage than the Th/DPA assay, despite using larger probesquenching inside the vesicle®,{ increases toward 1.0). Both
This is probably because terbium(lll) exists in solution as a mechanisms have been observed33). The results of the
citrate chelated complex{) having an effective diameter requenching experiments are presented in Figure 6. The
of around 10 A and a higher charge density. Very little results are similar for all th@-sheet pore-formers, which
leakage of the 40 kDa dextran was observed under anyare plotted together. The value @f, increases dramatically
conditions. AGGKGF did not induce significant leakage in asf,increases. Thus, the transient, peptide induced leakage
any of these assays. These experiments show that the poredFigure 5) is occurring by a graded mechanism in which all
forming peptides selected from the library can only release of the vesicles leak a portion of their contents during the
molecules that are roughly 20 A in diameter or smaller, burst of leakage that follows addition of peptide. The
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FiIGuRe 7: Membrane fusion induced by the pore-formjfigheet

) __peptides. Membrane fusion was measured with a fluorescence
Ficure 6: Mechanism .of leakage assessed by the r,equenCh'”gresonance energy transfer (FRET) technique using NBD and
method. The requenching method, described in detail elsewhereyhogamine-labeled lipids8g). In brief, the fluorescence of the donor
(33), can be used to distinguish graded release, in which all vesicles\\BD) at 520 nm is quenched by the presence of the acceptor
release a portion of their contents, from all-or-none release, in which (thodamine) in a concentration dependent manner. Fusion of labeled
a fraction of the vesicles release all of their contents. In a and unlabeled vesicles dilutes the dye concentrations in the bilayer
requenching measurement, peptide is added to vesicles containingyng relieves the quenching causing an increase in donor fluorescence
ANTS and DPX and the leakage is allowed to occur (see Figure a¢ 520 and a decrease in acceptor fluourescence at 580 nm. We
5). After leakage has stopped the quencher DPX is titrated into the ,seq 25,M vesicles composed of 19:1 POPC:POPG LUV with
cuvettes and fluorescence is measured again. In this way the fractionygp-pOPE and rhodamine-POPE at 2.5 and 1 mol % fraction of
of ANTS released and the quenching of the entrapped con®@als ( total lipid, respectively. A 19-fold excess of unlabeled POPC:POPG

out

can be determined. If release is graded, tQgnwill increase with | yv was then added to the system to a total lipid concentration of
fou because the concentration of DPX decreases inside the vesicles5og,M. Curves shown are for P:& 1:50 of the indicated peptides.
On the other hand, if release is all or none, ti@nwill remain Using the curve obtained for vesicle standards, the amount of fusion

unchanged because those vesicles that did not release their contenisecyrring upon peptide addition can be calculated as described in

will have the same initial concentration of entrapped DPX. These the text. The pore-forming peptides caused a moderate amount of
two possible outcomes are drawn in the plot. Release caused byssjon at P:L 1:50, but not at higher P:L.

the pore-forming peptides follows a graded release mechanism in

which all vesicles release a portion of their contents during the oAl
burst of leakage that follows peptide addition. the pore-formers (number of events?) at P:L 1:50. For

assays at 1:250 or 1:500 P:L conditions we observed little

observation tha€);, increases slightly faster than for ideal or no fusion with any peptide (not shown). Alamethicin and
graded leakage indicates that DPX leaks from vesicles melittin have been well studied for their barrel-stave or
slightly faster than ANTS, a phenomenon we have previously toroidal pores, and neither is known to cause severe distortion
observed 34). of bilayer integrity at low peptide concentration. In this assay,

Effects of Peptides on Bilayer Stabiliyhe classical image ~ we observed little fusion in this system (number of fusion
of peptide pore formation involves a specific, membrane- events< 1.0) at any concentration of melittin or alamethicin
spanning, three-dimensional structure, while other models tested. These results suggest that ghgheet pore-formers
evoke images of peptide-rich domains in which the bilayer do, in fact, destabilize bilayers consistent with our proposed
integrity is compromised. To assess the overall destabilizationmechanism for self-assembly and leakage. Importantly, the
of bilayer integrity by our pore-forming peptides, we absence of fusion at peptide concentrations that cause leakage
measured membrane fusion of large unilamellar vesicles (Table 3 and 4) demonstrates that fusion is not required for
caused by the pore-forming peptides usirigsker resonance  leakage.
energy transfer (FRETBQ). Local destabilization of bilayer Peptides-Framework Is Sufficient for Bactericidal Aeti
integrity should result in fusion of the bilayers as well as ity. Based on studies witStaph. aureuswe reported that a
leakage. To assess fusion, LUV were prepared with of NBD- pore-forming peptide from the library had better antimicro-
and rhodamine-labeled lipids. At 1 mol % of the FRET bial activity than a non-pore-former); For this work, we
acceptor rhodamine, near total quenching of the NBD is studied additional peptides and tested the peptides against
attained. Labeled LUV were then mixed with a 19-fold the Gram-negative bacterla coli and P. aeruginosaand
excess of unlabeled 9:1 POPC:POPG LUV, up to 00 against the fungu€ryptococcus neoformans addition to
total lipid concentration. Fusion between labeled and unla- the Gram-negative bacterfataph. aureusWe show here
beled vesicles decreases the concentration of the FRETthat the correlation between function in lipid vesicles and
acceptor rhodamine and increases NBD fluorescence (Figurebiological membranes is not as simple as first reported.
7). In the absence of peptide, these vesicles were very stabld*eptides were assessed for bactericidal activity based on the
over time and no fusion occurred. Addition of the pore- ability of the peptide to sterilize a culture of 46L of E.
forming peptides at P:E 1:50 to 90:10 POPC/POPG caused coli, P. aeruginosaor S. aureusat peptide concentrations
a small increase in NBD fluorescence, indicating that some of 15 uM or less (Figure 8). Cells were incubated with
fusion is occurring. The number of fusion “events” that serially diluted peptide fio3 h in minimal media. A nutrient
would account for the observed increase in NBD fluorescencerich media was added, and the cells were subsequently
is between 3 and 6 (see Experimental Procedures above) foallowed to recover overnight. A plate reader was used to
the pore-formers. AGGKGF caused much less fusion than measure opacity. Sterilized wells were as transparent as
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Ficure 8: Antimicrobial activity of the peptides. A: Minimum
sterilizing concentration (MSC) was measured by performing a
serial dilution assay with a 16M starting peptide concentration.
Microorganisms were grown to midlogarithmic phase and diluted
to 1 colony forming units (CFU)/mL with liquid test medium,
5% growth broth in PBS. 120L of cells was incubated with serial
dilutions of selected peptidesrf@ h at 37°C, 180uL assay. 125
uL of 2x concentrated growth broth was added to the cell solution,
and cells were allowed to recover overnightl,8 h. Optical density

at 600 nm was used to evaluate cell growth. Typically, wells were
either opaque (OD~ 0.5), indicating stationary phase growth or
they were transparent (OB 0.02), indicating no growth. Wells
with intermediate optical densities were rare. Aliquots from wells

Biochemistry, Vol. 46, No. 43, 200712133

buffer (OD < 0.02), while nonsterilized wells grew to log
phase and were turbid (OB 0.5). Very few wells had
optical densities between these two extremes. All of the
library-derived peptides sterilized at least some of the bacteria
species tested at lowM concentrations (Figure 8A). The
p-sheet pore-formers YGKRGF, FSKRGY, and théelical
non-pore-former AGGKGF sterilize all of the bacterial
cultures at concentrations of2 uM. The designed non-pore-
former GGEDGA is less effective, sterilizing the two Gram-
negative bacteria at concentrationd M but not killing S.
aureus a Gram-positive bacterium at concentrations up to
15 uM. All peptides share the same 20 residue framework
of two potential dyad repeat segments connected by a four-
residue turn, suggesting that this framework is sufficient for
some bactericidal activity. In initial surveys of the antimi-
crobial activity of other peptides conforming to the pore-
forming motif (7) we found that all have potent antimicrobial
activity againsg. coli. It is interesting to note that FSKRGY,
YGKRGF, and AGGKGF have sterilizing antimicrobial
activity at concentrations roughly 2-fold lower than the
natural antimicrobial peptide indolicidin (Figure 8A).

We also used the SYTOX Green DNA binding dye (Figure
8B) to verify that the antimicrobial activity is correlated with
permeabilization of the microbial membranes. In all cases,
the broadly antimicrobial peptides rapidly permeabilize
microbial membranes. The rate and extent of membrane
permeabilization was similar to that caused by the lytic toxin
melittin. Interestingly, the designed negative peptide,
GGEDGA, which has the most limited spectrum of antimi-
crobial activity, is also the least effective at permeabilizing
E. colimembranes. However it permeabilizEdcoli mem-
branes about as well as indolicidin and has sterilizing anti-
microbial activity against this organism at this concentration.

Antimicrobial Assessment of ControEhe negative con-
trol peptide, the perfringolysin O membrane-spanning domain
(PMSD), adopts a membrane-spannifibairpin conforma-
tion in the context of the membrane-bound protein multimer
(1, 49). Like the framework of the peptides of this study,
PMSD contains dyad repeat sequences of potential amphi-
pathic -sheets. However, unlike the peptides designed in
our lab, PMSD does not wholly conform to the common
characteristics of AMPs. PMSD is anionic, with a net charge
of —2. The hydrophobic-to-charged residue ratio is 3:1,
outside the 1:1 to 2:1 range typical for AMPs, and the amino
acids that are common in AMP sequences make up less than
half of the peptide. Accordingly, PMSD is unable to induce
leakage (unpublished observation) in vesicles and completely

with no apparent growth were spread on nutrient agar plates tolacks antibacterial activity, suggesting that amphipathic

verify sterility. In all cases there were100 CFU/mL in those wells
compared to T0CFU/mL in the opaque wells. The average lowest
concentration of peptide that prevented cell growth (OD peptide
well = OD of buffer only well) is given as the minimum sterilizing

B-hairpin propensity is not sufficient for bactericidal activity
and supporting our framework as a uniqgue AMP template.
The positive control peptide indolicidin, a defensin isolated

concentration (MSC). Each measurement is the average of about 5Tom bovine neutrophils50), has sterilizing antimicrobial

individual experiments. Means and SEM were calculated using activity in the range of 24 uM as reported previouslylé,
dilution number and then converted to concentration. B: SYTOX gQ

Green/DNA binding dye assay for membrane permeabilization. In
these experiments 1. coli cells were equilibrated in 96 well
plates in buffer containing the membrane-impermeable, DNA
binding dye SYTOX Green. At time zero,:BM peptide or buffer

The Pore-Forming Motif Also Correlates to Antifungal
Activity. To test whether the pore-forming peptides have the
broad spectrum activity typical of natural antimicrobial

only was added and the fluorescence caused by DNA binding of peptides, we also tested the ability of the peptides to sterilize

the SYTOX Green dye was monitored. Melittin is used as a control

peptide because it caused maximal SYTOX Green binding at 5

uM peptide or above due to membrane lysis. All of the antimicrobial

a liquid culture of the fungus I@ptococcus neoformanéill
three of the peptides with at least one aspect of the pore-

peptides caused immediate SYTOX green permeation across thdorming motif, FSKRGY, YGKRGF, and AGGKGF, steril-

bacterial membranes.

ized fungal cultures within a narrow concentration range of
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4.5+ 0.9 uM (Figure 8). However, GGEGDA, with none A

of the pore-forming motif features in the combinatorial sites,

was unable to killC. neoformanat any concentration. PMSD 1 | BB 0.5 M peptide  Sheep RBC N

had no effect orCryptococcusand indolicidin sterilized the 1-°_ % f;ﬂf?ggﬁge gn::g ey

fungus at around 2M peptide. =l _ |
Peptides Do Not Hee Broad Membrane-Lytic Adity. B bl 02 )

Finally, we conducted experiments with sheep and human _g 0.6 | EZ23 15uMpeptide  Human RBC |

erythrocytes as well as living human cell lines to determine 30

if these peptides were broadly membrane-lytic, like the bee T 044

venom toxin melittin, or were selectively toxic to microbes S

like most natural antimicrobial peptides. First we tested the g 024

ability of the peptides to lyse sheep erythrocytes, which are i

bounded by a very robust plasma membrane, as well as
human erythrocytes. A characteristic of natural antimicrobial
peptides 4, 16) is that they do not readily lyse mammalian
cells whereas potent membrane-lytic toxin peptides will lyse
any membrane, including the robust ruminant erythrocyte
membranes. Peptides were incubated with erythrocytes in

e
(=]
PO

W

PBS. Hemolysis was determined optically by measuring 14 _

hemoglobin released compared to a buffer-only control. S bl —na AR o d B
Melittin, the lytic peptide positive control, completely lysed = 15 1M peptide EEEE] MV4:11 EZZJHEK293T_ |
the cells at a concentration of 8Vl peptide (Figure 9A). £ 1.0 1 I -
Hemolysis caused by the library-derived peptides was much T 1 H H 11
lower. The peptides AGGKGF, YGKRGF, and indolicidin g o i H ]
caused a moderate amount of concentration-dependent lysis, »

significant only at the highest peptide concentration studied 3

(15 uM). None of thes-hairpin framework peptides caused §

substantial lysis at antimicrobial concentrations, therefore the B

library derived pore-forming peptides are not broadly £

membrane-lytic pore-formers. Interestingly, AGGKGF, which

is a helical non-pore-former in vesicles, caused little lysis
of sheep erythrocytes, but did cause significant lysis of
human erythrocytes at the highest concentration studied.

Similarly, neither the pore-formers nor the control peptides Ficure 9: Activity against mammalian cell membranes. A:
PMSD and indolicidin have significant cytotoxic activity —Hemolytic activity of the pore-forming and antimicrobial peptides.

; i ; ; _ ; 10% (v/v) suspensions of sheep or human erythrocytes were
against living human cell lines (Figure 9B). The pore-forming incubated with different concentrations of selected peptid€s (

peptides, like natural antibiotic peptides, are much more peq higod cells (RBC) were diluted to 757 10° cell/ mL and
active against microbial membranes than mammalian mem-incubated at room temperaturer fb h with 0.54M, 5:M, or 15

branes. The only exception is the peptide AGGKGF, which «M peptide. The samples were then centrifuged at 16006 5
was toxic to MV4:11 cells, just as it was also hemolytic in min, and heme absorbance in the supernatant was measured at 410

; e nm. Baseline was defined by RBC incubated with PBS only and
humar_1 erythropytes, at J6M peptide. '.A‘S expected, melittin lysis was normalized to 1M melittin and with osmotic lysis with
was highly toxic toward all mammalian cells. distilled water. Each measurement represents the average%f 3

separate experiments SEM. B: Cytotoxicity activity of peptides
DISCUSSION incubated with MV4:11 cells in suspension and with adherent
HEK293T cells in culture. Cytotoxicity was measured using the
Mechanism of Membrane Leakagecomplex image of indicator MTT which quantitates mitochondiral activity. A sample
peptide-induced leakage in lipid vesicles emerges from these\'l\\//l'tf(‘j_ce"s_:r: media ﬁvas used todd?termlne maXt')mUlin MTTdS|g_naI.|
; : . ; . edia with no cells was used to measure background signal.
expe.(rjlmen_ts. AL a typical dP'L ratio of 1b1%0 apd?m 1000h Treatment of cells with 0.1% TWEEN detergent reduced MTT
peptides with-sheet secondary structure bind rapidly to each 5 ivity to zero. Cells were treated with peptides in growth media,
vesicle and begin to cause almost immediate leakage of theand then were allowed to recover. The data are the fractional MTT
vesicle contents. Molecules as large as 3 kDa, with hydro- activity in the culture after incubation at 3T for 72 h.

dynamic radii as large as 18 A, leak from the bilayers.
Despite the fact that the peptides remain bound to the vesiclesof 0.1 4um and an internal volume of about 1:2 10720 L,
and do not change secondary structure, the rate of leakagéror a small molecule such as ANTS, present at 10 mM, only
slows hyperbolically with a half-time of a few minutes and around 750 molecules are inside each vesicle. We have
approaches zero within about 15 min. Thus the “pores” are previously performed numerical simulations which show that
transient, rather than equilibrium structures that form im- a single water-filled, transmembrane channel of 10 A
mediately following peptide binding, and are rapidly inac- diameter leads to complete leakage of a vesicle’s contents
tivated or dissipated by an unknown process. in only 10 ms 6), and requires as few as-® peptides48),

To determine the mechanism of leakage observed it is equaling a P:L ratio 0/~1:10000. This is consistent with
imperative to explore the physical requirements for leakage the observation that a single protein ion channel can conduct
from lipid vesicles. A large unilamellar vesicle has a diameter more than 10ions per seconds(l). Instead, what we observe




B-Sheet Pore-Forming Peptides Biochemistry, Vol. 46, No. 43, 200712135

here is that, at 1000 peptides per vesicle, only partial leakage ANAAS Dl
of the vesicle contents, typically just a few hundred indicator SAAA
molecules, occurs with a half-time of several minutes. It is A AN

unlikely that these peptides are forming water-filled pores
because they would have to have a cumulative lifetime far
less than 10 ms. Instead, it is much more likely that the
membrane-spanning structure formed by these peptides is
not a water-filled channel or pore, but instead is a local non-
bilayer, peptide-lipid structure, perhaps a reverse-micelle-
like structure, through which a few solute molecules can pass
while it exists.

The so-called “carpet model” or “sinking raft” model4)
offers the best possible explanation for the formation of such
a peptide-lipid “pore” structure and explains our observa-
tions in this system. In this model, peptides bind to the
membrane surface and self-assemble into peptide-rich do-
mains. The asymmetric transbilayer distribution of peptide
causes an imbalance in packing, surface tension, and charge
This imbalance across the membrane drives the formation
of transient, non-bilayer, peptiddipid domains that allow
for the transbilayer equilibration, or flip-flofp®), of peptides.

Y

il

. . 5 . SENTAvavl. SO o Y| oo SO S S
The translocation of peptides across the bilayer relieves the 7 .“‘"1:' "f_; '
imbalance and thus leakage stops when the peptides havt EolHEE
equilibrated across the bilayer. In this model, leakage occurs ._.;%._,‘,j:-;;;‘:;;_;
concomitantly with peptide translocation, and there is no ) l\\'jip%:“'f‘

requirement for a water-filled, transmembrane structure to

be present at any time. This type of structure, shown

schematically in Figure 10, is consistent with the observation

of partial graded leakage of a few hundred indicator

molecules from a vesicle to which there are a few hundred

peptides bound. T,
The mechanism of membrane leakage according to the

carpet model relies on self-assembled peptide-rich domains,

destabilization of the bilayer structure, and formation of non-

bilayer structures. In buffer alone the peptides chosen for

the study here, which were the most potent 0.1% of the

library, are soluble and favor @-sheet structure. Because Ficure 10: The “carpet model” or “sinking raft’ model of peptide

tryptophan fluorescence in buffer (Figure 2; Table 2) induced pore formation in lipid vesicles. This model for peptide

indicates water exposure of the tryptophan residue, the Pore formation explains the observed mechanism of action of many

: pore-forming, antimicrobial peptides such as the ones we have
solution structure must be composed of small aggregates,studied here. In this model peptides bind to a membrane surface

or possibly intramoleculgi-sheets. The two studied peptides A~ driven by a combination of hydrophobic and electrostatic
that are negative for pore formation were found to be random interactions, followed by self-assembly into peptide-rich domains,
coils in buffer (Figure 4) and at least partially helical in B, driven by the propensity of these peptides to self-assemble into
membranes. p-sheets in membranes. The peptide-rich domains are hypothesized

. . . . to destabilization of the bilayer because of the asymmetry in mass,
Peptide interactions with membranes were Char""Cte”mdcharge, or surface tension. Relief of the asymmetry occurs when

by fluorescence spectroscopy, which indicated that thesethe membrane breaks down, C, and peptide and lipid can undergo

peptides reside predominantly in a configuration where self- transbilayer equilibration. During this transient breakdown of the

assembleg-strands are at the bilayer interface, exposed to bilayer integrity, entrapped molecules are also released. In the post-

water and probably roughly parallel with the bilayer surface. Poreé structure, D, the peptide is present on both sides of the

A small amount of membrane-spanning secondary Structuremembrane’ therefore there is no asymmetry-driven destabilization

and these bilayers do not release their contents.

cannot be ruled out. However because leakage stops after

about 15 min in vesicles, it is unlikely that there are any we showed that fusion itself is not the process that causes

equilibrium transmembrane pores. leakage, because fusion only occurs at the highest P:L ratios
Addition of these pore-forming peptides to vesicles results we studied whereas leakage occurs at much lower P:L ratios.

in a rapid burst of graded leakage that slows with a half- These observations are entirely consistent with the carpet

time of approximately 23 min (Figures 5 and 6). Subse- model’s requirement for self-assembly, destabilization of the

guent additions of peptide caused additional bursts of leakagebilayer, and formation of non-bilayer structures.

(not shown). For leakage to occur there must be a destabi- Activity against Biological Membrane3he pore-forming

lization of the bilayer. The membrane fusion we observed peptides discovered by screening fhbairpin library in lipid

with the pore-forming peptides, Figure 7, shows that these vesicles share features in common with endogenous pore-

peptides destabilize the bilayers by disruption of the hydra- forming AMP; they are cationic peptides with amphipathic

tion layer and exposing hydrophobic moieties. Importantly, secondary structure and a propensity to self-assemble on

B
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memb_ran(_es. We hypOtheSized tha_t th_e _meChanism of POr€raple 5: Correlation of StructureFunction Relationships
formation in biological membranes is similar. Therefore, we
initiated the studies described here to characterize the

antimicrobial broad-

. . . . e pore activity spectrum  hemolytic
antimicrobial, hemolytic, and cytotoxic activity of four formation against  antimicrobial or cytotoxic
similar peptides originating from this framework that have  peptide invesicles  E. colP activity® activity
very different structures and functions in vesicles. The potent jnqolicidine yes yes yes no
pore-formers FSKRGY and YGKRGF correspond to the FSKRGY yes yes yes no
conserved pore-forming sequence motif and displaheet Ygéﬁg'; i’igs yg: y:SS ngs
content in solution and in membrané&3.(The selected non- GGEDGA no ies i’\o ?\’o

pore-former, AGGKGF, shares the 20 residue framework “Doesth o = P—
_ ; ; oes the peptide cause measurablB%) leakage of contents from

Sequfenced aindbsoi?ei.asip.e(:ts of i;he bore fgr;n(ljng rtnOtIf’ butvesicles made from POPC alone or POPC with 10% POPG or POPC

was Tound to bex-helical In membranes and did Not Cause ity 1096 POPG and 30% cholesterol?Does the peptide have

substantial leakage from vesicl&.(The fourth peptide, with  sterilizing antimicrobial activity againsE. coli at 5 M or lower

the residues GGEDGA in the six varied sites, was designed concentration? Does the peptide have sterilizing antimicrobial activity

as a negative control for this work. With acidic instead of against all four organisms studief, coli, P. aeruginosas. aureus
basic residues and glycine and alanine in place of the andC. neoformansat concentrations below/V? ¢ Does the peptide

. facial . > diff ible f h cause greater than 50% hemolysis or cytotoxicity for any mammalian
Interfacial aromatics, It Is as different as possible from the ¢ type at any concentration studiedndolicidin is a natural pore-

pore-forming motif, while still maintaining th¢-hairpin forming antimicrobial peptide found in bovine neutrophils.
template used in the library. This peptide is largely unstruc-
tured when bound to vesicles and is not a potent pore-former
in vesicles where it has a small amounioshelix. The four
i . L : . cells.

peptides share 77% sequence identity in their 20-residue . )
framework sequence. Table 5 shows a summary of the activity of these peptides

All four peptides YGKRGF, FSKRGY, AGGKGF, and against vesicles, microbes, and human cell membranes.

GGEDGA, despite having different activities and different PepPtides with the motif selected in the high-throughput
secondary structure in the vesicle experiments, have similarlySCreen, which are pore-formirfigsheets in vesicles (YGKRGF,

potent sterilizing antimicrobial activity against the Gram- SKRGY), have activity against Gram-negative bacteria that
negative bacteri&scherichia coliandPseudomonas aerugi- S indistinguishable from peptides that are non-pore-forming
nosa Thus the framework sequence alone, which was not @"h€lices (AGGKGF) or mostly random coils (GGEDGA)
sufficient for pore-forming activity in the more stringent Under the same conditions. However, against a screen of
vesicle system and which does not promote a unique multiple classes of microorganisms, only pe_zptldes with at
secondary structure in vesicles, is apparently sufficient for |€St 0ne aspect of the pore-forming motif have potent
at least some biological activity. Activity against other classes 2ntimicrobial activity. AGGKGF, the only peptide studied
of microorganisms apparently requires more stringent prop- that has strong activity against mammalian cells, is also a
erties. Only peptides with at least one aspect of the pore- potent gntlmlqroblal peptide, but is helical and does not fo'rm
forming motif, YGKRGF, FSKRGY, and AGGKGF, have POres in vesicles. These resu_lts 'suggest that th_ere is a
activity against the Gram-positive bacteri8taphylococcus correlation between pore format|o_n in _ve_3|cles and microbial
aureusand the fungu€ryptococcus neoformanwhile the ~ Membranes, but that the correlation is imperfect.
designed negative peptide, GGEDGA, does not have mea- Correlation between Structure and Function in Mem-
surable activity against these organisms (Figure 8A). branes. The carpet or sinking raft model is the most
We show in Figure 8B that the broad spectrum peptides commonly accepted model for antimicrobial peptide activity
YGKRGF, FSKRGY, and AGGKGF rapidly and completely in vesicles {, 23, 24, 53). In this model, peptides self-
permeabilizeE. colimembranes, further supporting the idea assemble into peptide-rich domains likened to “rafts” in the
that they are acting in a manner that is similar to the natural outer leaflet of the membrane, which results in a local
pore-forming antimicrobial peptides. Interestingly, the de- increase in surface area, surface tension, or electrostatic
signed negative peptidle GGEDGA has a much lower potential of the outer leaflet relative to inner leaflet, causing
propensity to permeabi“ze microbial membranes. A|though strain within the bilayer. The strain is relieved by a structural
GGEDGA is still antimicrobial at this concentration, this transition in which transient, membrane-spanning peptide
result suggests an addition correlation between the vesiclelipid pore structures form. Peptides and lipids are expected
results and the antimicrobial activity. Taken together the to rapidly equilibrate across the bilayer through these non-
experiments on antimicrobial activity suggest a close, but bilayer structures. We hypothesize that this model also may
not perfect, correlation between peptide pore formation in €xplain why the underlying mechanism of action of these
vesicle membranes and in biological membranes. types of peptides in biological membranes is not specific to
Like many natural antimicrobial peptides, the four peptides Secondary structure or membrane-spanning structures ob-
tested genera”y have low activity against mammalian cell served in vesicles. |nstead, the Carpet mOdel, ifitis applicable
membranes at sterilizing antimicrobial concentrations, in- to microbial membranes, would suggest that antimicrobial
cluding sheep and human erythrocytes, and two human cellactivity relies on the balance of fundamental peptitigid
lines. Interestingly, the peptide AGGKGF, which is negative and peptide-peptide interactions that can be mimicked, but
for pore formation in vesicles and is helical rather than Not precisely recreated, in model system such as vesicles.
p-sheet, has the highest activity against mammalian cell There is ample evidence in the literature supporting the
membranes, lysing human erythrocytes and killing MV4:11 idea that specific structures are not required for antimicrobial
cells at 15uM. This peptide does not have measurable activity. Foremost among the lines of evidence is the

activity against sheep erythrocytes or the adherent HEK293T
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remarkable diversity in the sequence, structure, length, andforming activity in vesicles do have antimicrobial activity.
composition of naturally occurring antimicrobial peptides. However, because the peptides that are pore-formers in
Furthermore, systematic engineering of several antimicrobial vesicles also have broad-spectrum antimicrobial activity and
peptides have given fully active analogues that are very have little or no cytotoxicity activity, we hypothesize that
different from the parent peptid®4). The disulfide-cross-  combinatorial chemistry and vesicle-based high-throughput
linked, antimicrobial3-hairpin peptide lactoferricin retains  screens are selecting for peptides with physical properties
its antimicrobial biological activity even after 19 of its 25 that are shared by both processes. Results we have obtained
residues, including all of the disulfide cross-links, are recently by screening other libraries strongly support this
removed, requiring only a core linear hexapeptide that is asconclusion (R.R. and W.C.W., unpublished results). In this
active as the 25-residue disulfide-cross-linked pafehéir- small sample, the pore-forming peptides selected in the
pin (55). In fact many derivatives of lactoferricin are highly vesicle screen are the ones that are most similar to natural
active antimicrobial peptide$6—58). Disulfide-cross-linked pore-forming antibiotic peptides: they form pores in vesicles
variants of our FSKRGY have antimicrobial activity thatis by a carpet model mechanism, they have broad-spectrum
indistinguishable from the non-cross-linked peptide (J.R.M. antimicrobial activity, and they have little hemolytic or
and W.C.W., unpublished observations). As further evidence cytotoxicity activity.

of the unimportance of specific tertiary structure, it has been
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