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ABSTRACT: Lipid membranes compartmentalize eukaryotic cells and separate the cell interior from the
extracellular milieu. So far, studies of peptide and protein interactions with membranes have largely been
limited to naturally occurring peptides or to sequences designed on the basis of structural information and
biophysical parameters. To expand on these studies, utilizing a system with minimal assumptions, we
used phage-display technology to identify 12 amino acid-long peptides that bind to liposomes at pH 5.0
but not at pH 7.5. Of the nineteen peptides discovered, three were able to cause leakage of liposome
contents. Multivalent presentation of these membrane-active peptides by conjugation ontd psigé)
enhanced their lytic potential. The secondary structures were analyzed by circular dichroism in aqueous
2,2,2-trifluoroethanol and in buffered aqueous solutions, both in the presence and absence of liposomes.
Two of the three lytic peptides show alpha helical profiles, whereas none of the nonlytic peptides formed
stable secondary structures. The diverse characteristics of the peptides identified in this study demonstrate
that phage-displayed peptide library screens on lipid membranes result in the discovery of nonclassical
membrane-active peptides, whose study will provide novel insights into peptidenbrane interactions.

Membranes play an integral role in biology by acting as membranes have been predominantly discovered by deletion
compartmentalizing barriers and are involved in many and substitution studied4?), homology (3), photolabeling
biological processes, such as signalint), (membrane  studies {4), and by biophysical analyse$5—17).
trafficking (2) including endo- and exocytosi8)( and viral A more encompassing approach is an experimental one
cell entry and propagatiord). aimed at identifying peptides without being constrained by

Much of our understanding of proteimembrane interac-  current paradigms. In this study, we achieve the identification
tions has been gained from studying the interaction of viral of Iytic peptides with minimal a priori assumptions. By using
fusion proteins with membranes)( The study of the  aphage-display peptide library screé)(for peptides with
interaction of fusion peptides of enveloped viruses with membrane affinity, we circumvent structural or sequence
membranes proved to be particularly fruitfu)( The restrictions used in rational peptide desid®,(20) and avoid
knowledge gained by these studies has not only greatly the limitations imposed by combinatorial chemistt) To
increased our understanding of the role of these fusion test the concept, we have chosen to identify peptides that
peptides in membrane fusion but also yielded important are lytic in a pH-dependent fashion. A deeper knowledge of
insights into the interaction of peptides with membranes in pH-dependent lytic behavior will help us to understand better
general. Furthermore, these studies allowed for the harnessingrocesses such as endosomal escape of viruses and gene
of peptides for improved delivery of genetic material and delivery vehicles into the cytoplasm. The knowledge gained
membrane-impermeable drugs into the cell cytoplagn ( by these studies opens the possibility to develop methods in

Despite the large number of membrane-active peptidesinterfering with this step in the infectious pathway of
known, no apparent consensus sequence or motif exists thaPathological viruses. Furthermore, the insights gained will
governs membrane activitg). Mechanistically, membrane ~Pave the way to increase endosomal escape of nonviral gene
disturbance can range from surface or interfacial effects, suchdelivery vehicles.
as the carpet model9( 10) _membrane insertion1(Q), MATERIALS AND METHODS
membrane fusion, pore formation, or membrane rupture. For
each of these mechanisms, the structure and length require- Materials The Ph.D.-12 phage-display Peptide Library Kit
ments may be different. Until now, regions of both cellular Was purchased from New England Biolabs (Beverly, MA).
and viral proteins as well as peptides that interact with All lipids were purchased from Avanti Polar Lipids (Ala-

baster, AL).C-terminally amidated peptides were either

o - purchased as crude powder from Research Genetics (Invit-
reseach award rom the March of Dimes Birth Defect Foundation (5. 10den, Carlsbad, CA) with the exception of INF7*, which
FY00-530 to T.W.) and a grant from the National Institute of Health Was purchased from Anaspec (San Jose, CA), or synthesized
(GD/I‘I('J(SGS;}C)?ntgoTr'(\eAé)bndence should be addressed. Tel: 212-659-8293 using the FastMocTM chemistry with Fmoc-Rink amide
Fax: 02\1\12-8493-2437?E-mail: thomas.weber@mssh.edu. .M.BHA resin’ (Anaspec, San Jose, CA) on an _Applle_d

* Department of Gene and Cell Medicine. Biosystems (Foster City, CA) 431A peptide synthesizer using

8 Department of Cell, Molecular and Developmental Biology. the protocol of Fisher et al2p). Cleavage from the resin
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and deprotection was accomplished with a mixture of
trifluoroacetic acid (TFA)/phenol/water/thioanisol/1,2-
ethanedithiol (EDT)/triisopropylsilane (TIPS) 77.5:5:5:5:
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the MLVs by centrifugation (10 min, 20 8904 °C). This
supernatant was transferred into a fresh tube for amplifica-
tion. The amplification and titering steps were performed as

2.5:5. Peptide synthesis-grade reagents were purchased frordescribed by the manufacturer. After four rounds of screen-
Applied Biosystems, and the resin and protected amino acidsing, the phages were harvested and plaques were picked for

were purchased from Anaspec (San Jose, CA).
Poly(L-Lysine) hydrobromide (dys) was purchased from
Sigma (St. Louis, MO), catalog number P2636, Mwn30—
70 kDa.N-Succinimidyl 3-(2-pyridyldithio)propionate (SPDP)
was purchased from Aldrich. Calcein (Sigma, St. Louis, MO)
was used without further purification. All other chemicals
were of reagent-grade unless otherwise noted.
Preparation of Multilamellar Vesicles (MLV) for Library
Screen Multilamellar vesicles were prepared either from
1-palmitoyl-2-oleoyl phosphatidylcholine (POPC) or from

sequencing (Department of Human Genetics, Mount Sinai
School of Medicine) using the primers provided in the kit.

Peptide Purification The crude peptides were analyzed
and purified on a Gilson HPLC system using reverse-phase
Vydac Protein and Peptide C18 analytical and semiprepara-
tive columns (Grace Vydac, Hesperia, CA). The aqueous
mobile phase consisted of 0.1% TFA or ammonium acetate
in MilliQ water and the organic phase of 0.1% TFA or
ammonium acetate in HPLC grade acetonitrile. The identity
of the peptide was confirmed by MALDI-TOF (Rockefeller

a mixture of lipids representing the endosomal membrane University, Protein DNA Technology Center, New York,

(endosomal lipid mix: ELM) 23). The endosomal lipid mix
consists of liver PC/liver PE/brain PS/brain SM/cholesterol/
liver Pl/porcine brain ganglioside 5:1:1:1:3:1:1. The lipid
(2.5umol) was dried into a film under argon, and the residual

NY).
Conjugation of Peptide onto Poly{ysine) Peptides were

conjugated onto SPDP activated pal(ysine) (p.Lys)
using a method described by Erbacher et a2W).( The

solvents were removed under high vacuum for an hour. The fractions containing activated pys were then pooled and

lipid film was then dispersed in 50@L of buffer (25 mM
citric acid, 25 mM NaHPQ,, and 150 mM sodium chloride,
adjusted to pH 5 with sodium hydroxide) with 10% fetal
bovine serum (FBS, Mediatech, Herndon, VA). The serum
was added in the buffer to mimic cell culture conditions.
After vortexing for 4 min, the MLVs were collected by
centrifugation for 4 min at 20 8@Pat 4°C. The supernatant
was removed, and the MLVs were resuspended in/&00
of 10% FBS in pH 5 buffer for immediate use in screening
experiments.

Screening ProcedureThe screen was conducted as
follows: 2.4 x 10" plague-forming units (PFU) were diluted
with pH 5 buffer with 10% FBS, which was added to prevent
unspecific binding. To remove any traces of potential phage

aggregates, the phage solution was centrifuged for 4 min at

20 80@ at 4 °C. The supernatant was added to the MLVs
to a final volume of 1 mL. After incubation for 15 min at

37 °C, with occasional shaking, those phages that bound to

MLVs were harvested by collecting the MLVs by centrifu-
gation for 4 min at 20 80§ at 4 °C. The supernatant was

removed by aspiration, and the pellet was resuspended in 1

mL of 10% FBS in pH 5 buffer. This washing procedure at
pH 5 was repeated 10 times. After the final centrifugation,
the MLV/phage pellet was resuspended in 1 mL of 10% FBS
in pH 7.5 buffer (pH 7.5 buffer: 25 mM citric acid, 25 mM
NaHPQO,, and 150 mM sodium chloride, adjusted to pH 7.5
with sodium hydroxide). Following a 15 min incubation at
37 °C, the phages that bound MLVs at pH 5 but were
released from MLVs at pH 7.5 were harvested by removing

1 Abbreviations: CD, circular dichroism; ELM, endosomal lipid mix;
EDT, 1,2-ethanedithiol; FBS, fetal bovine serum; LUVs, large unila-
mellar vesicles; MBHA resin, (4-(2'-dimethoxyphenyl-Fmoc-ami-
nomethyl-phenoxyacetamido-norleucyl)-4-methylbenzhydrylamine) resin;
MLVs, multilamellar vesicles; POPC, 1-palmitoyl-2-oleoyl phosphati-
dylcholine; PBS, phosphate buffered saline; PC, phosphatidylcholine;
PE, phosphatidylethanolamine; PI, phosphatidylinositol; 3H-DPPC,
L-3—1,2-dipalmitoyl phosphatidylN-methyl-3H] choline; PS, phos-
phatidylserine; pLys, poly(-Lysine) hydrobromide; SUVs, small
unilamellar vesicles; SM, sphingomyelin; SPMNRsuccinimidyl 3-(2-
pyridyldithio)propionate; 2-TP, 2-thiopyridone; TCEP, tri(2-carboxy-
ethyl)phosphine hydrochloride; TFA, trifluoroacetic acid; TFE, 2,2,2-
trifluoroethanol; TIPS, triisopropylsilane; TX100, Triton X-100.

dialyzed against water. Activatedlpys was purified by gel
permeation chromatography on a 1.8545 cm Sephadex
G25 column equilibrated in 0.15 M sodium chloride. The
concentration of pLys was determined by ninhydrin assay
(45), and the grade of modification was measured by
thiopyridone release at 343 nm after incubation with excess
DTT.

Activated p.Lys in one tenth of the total reaction volume
(2.2 mL) was added dropwise to peptides dissolved i 5
final reaction buffer (2 M guanidine hydrochloric acid, 20
mM ammonium bicarbonate), layered with argon, and rotated
at room temperature overnight. The extent of reaction was
analyzed by thiopyridone absorbance.

The peptide-pLys conjugate was diluted 4-fold with 25
mM HEPES sodium hydroxide at pH 7.4 and purified by
ion-exchange chromatography @ 1 mLHiPrep S column
(equilibrated in 25 mM HEPES-sodium hydroxide at pH 7.4
and 0.5 M guanidine hydrochloric acid) using a linear
gradient ® 3 M guanidine hydrochloric acid. Elution profiles
were monitored by ninhydrin assay). After dialysis
against 25 mM HEPES-sodium hydroxide at pH 7.4 and 150
mM sodium chloride, the final concentration of Lyys-
peptide conjugate was determined by ninhydrin asd&y. (
The final peptide concentration was determined by analytical
HPLC after treatment with DTT and ninhydrin ass@p)(

Analysis of Peptide Binding to Multilamellar Liposomes
Synthetic peptide (25@M) was incubated with 2.5 mM
MLVs of one of two lipid compositions in a total volume of
100uL in either pH 5 or 7.5 buffer with 1 mM DTT. After
incubation for 30 min at 37°C, the peptide bound to
liposomes was pelleted by centrifugation &Cfor 10 min
at 20 80@ followed by two washes with 20@L of the
respective chilled buffer. The pellets were dissolved in TFE
and applied onto a thin-layer chromatography plate (Silica
Gel 60 kss, EMD Chemicals, Inc., Darmstadt, Germany).
The peptide and lipids were resolved by thin-layer chroma-
tography with the mobile phase (1-butanol/acetic acid/water
= 5:2:3). The peptides were visualized by ninhydrin spraying
(I mg/mL ninhydrin in water-saturated-butanol) and
heating for color development.
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Measurement of Leakage of Liposome Contémtrge joo [T
unilamellar vesicles (LUVS) were prepared by extrusion

using a Liposofast hand-held extrudezg), Avestin, Ottawa, O gl ]
Canada) with 100 nm pore-sized polycarbonate filters %

(Avestin). Briefly, 25umol of lipid and 1uCi of L-1,2- % 60

dipalmitoyl, 3-phosphatidyl N-methyl®H] choline €H- @ L ]
DPPC, Amersham Biosciences, Piscataway, NJ) in chloro- —

form was dried into a film as described above. Liposomes S r ]
for contents-leakage assays were prepared by hydrating the ©

above film in 500uL of calcein solution (40 mM calcein D“_’ 20+ .

(neutralized with 3.75 equiv of sodium hydroxide) in pH
7.5 buffer) by vortexing. The lipid dispersion was then either 0 ]
sonicated to make SUVs (two-times-5 min continuous o 5 10 15 20 25 30 a5 40
sonication in a water bath attachment at setting 10 with a

Sonicator XL, Misonix, Farmingdale, NY) or extruded to . .
make LUVs as described above. The free calcein was Time [min.]

removed from liposomes by flotation on an Accudenz FiGure 1: Lytic activity of PC1. A typical calcein release assay
(Accurate Chemical & Scientific Corporation, Westbury, with PC1 is shown. The peptide was incubated at pH 5 and 7.5 in

. : . . the presence of calcein-loaded phosphatidylcholine large, unila-
NY) density gradient. All Accudenz solutions are w/v in pH mellar vesicles approximately 100 nm in diameter (POPC LUVSs).

7.5 buffer. The liposome solution (19@) was mixed with  pc1 and lipid concentrations were 281. The incubation tem-
100 uL of 40% Accudenz and introduced into>6 41 mm perature was 37C. Leakage was followed by measuring the

ultra-Clear ultracentrifuge tubes (Beckman Instruments, Paloincrease in calcein fluorescence at 485/537 nm. At 30 min

Alto, CA). This solution was then overlaid in succession with (@rowhead), TX100 was added to a final concentration of 0.25%.
’ Percent leakage was calculated by setting the fluorescence of

150uL of 19%’ 150uL of 5%, and 10QuL of 0% Accudenz liposomes in buffer at time= 0 min as 0% leakage and fluorescence
for POPC liposomes and 1%Q of 15%, 150uL of 12.5%, after complete lysis by TX100 addition as 100% leakage. Sym-
37.5uL of 10%, and 100QuL of 5% Accudenz for ELM bols: 25uM PC1 at pH 5 @); 25 M PC1 at pH 7.50).
liposomes. The liposomes were centrifuged4dch at 4°C

at 48 000 rpm with the deceleration set at 5 on the Beckman
L8-M ultracentrifuge in an SW55Ti swinging bucket rotor. ’
The calcein-loaded POPC and ELM liposomes were isolated CD Spectrometer wit a 1 mmpath length quartz cuvette
from the 0%/5% and 5%/10% interfaces, respectively. The (Hellma QS 284, Hellma U.S.A., Plainview, NY). All spectra

lipid concentration was monitored by the amount of tritiated &€ @verages of four measurements taken between 250 and

DPPC (Wallac 1409, Perkin-Elmer, Boston, MA: CytoScint, 190 nm at 25£ 2 °C, unless noted otherwise.

ICN, Costa Mesa, CA). Alternatively, the liposomes can be _1N€ peptide stock solutions were prepared in 2,2,2-
purified by repeated spin-column chromatography using trifluoroethanol (TFE). Measurements were performed in
Sephadex G25. TFE/water = 1:1 with 1 mM TCEP. The pH of these

lcei K iginall ) solutions was 3.0. For measurements of peptides in aqueous
Calcein Leakage Assagps originally described by Duz- o) ion, the peptides were dissolved in 0.1% ammonia from
gunes et al.26), contents leakage was measured by calcein \ich dilutions were made. The final CD buffer was 0.01%

i ammonia, 2 mM citrate, 2 mM borate, and 2 mM potassium

Circular Dichroism Peptide conformation was studied by
circular dichroism (CD) spectroscopy using a JASCO J-810

release from the liposomes. Peptide stocks were made in

DMF and borate buffer pH 8.4 mixtures to allow for oh,qhhate buffered with 10 mM sodium chloride and 10 mM
complete dissolution of all peptides. Peptide concentrations Tcep. The buffering components were used to adjust the
were determined by a ninhydrin assag7)\ The lipid solutions to either pH 5 or 7.5. If present, the liposomes
concentrations are 2/6M unless otherwise noted. The f!nal (SUVs), made as described above, were added to the peptide
concentrations of stock components for leakage experimentsgq tion in less than 10% of the total volume. The peptide
were 1% DMF and 1.2 mM borate. The assays were concentrations were derived from amino acid analysis

conducted in 96-well plates (Nunc white polysorb plates, (rockefeller University Protein DNA Technology Center,
Nalgene Nunc International, Rochester, NY), and calcein new York NY).

fluorescence was foII_owed in a fluorescence plat_e reader gjpinformatics AnalysisThe probability that a peptide
(fmax, Molecular Devices, Sunnyvale, CA). Excitation and sequence occurred by chance, and positional amino acid
emission wavelengths were set to 485 and 538 nm respecyrequencies were calculated using algorithms in RELIC:
t|vel_y. Fluoresce_-nce was measurec_i in 1 min intervals with |NFO  and AAFREQ (which was modified so peptide
an integration time of 100 ms using SoftMax Pro 1.3.2 yequndancies were allowed3q). The unamplified Ph.D.-
software. The reaction time was 30 min at*&7, after which 17 jiprary sequences were obtained from http://relic.bio.an-
complete leakage was determined by the addition of Triton | goy/relicPeptides.aspx (file ran-12s.txt). Normalized amino

X-100 to a final concentration of 0.25%. acid occurrences for Figure 4 were calculated with these data,
Calculation Method Percent leakage and leakage units namely, the frequency of a residue found in our phage screen
were calculated as defined by Plank et aB)( divided by that of the parent library. The probability that

Calcein Leakage in the Presence ofLgs—Peptide amino acid X occurs at positionby chance im out of N
ConjugatesCalcein leakage studies conducted with peptide ~ Picked phage clones was calculated as follows
pLLys conjugates were normalized for peptide concentration n (N—n)
as determined above, with and without 1 mM DTT. (Fpnp-1X aty))” x (1= (Fppp_1(X aty)))
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Peptide Concentration [uM]

Ficure 2: Extent of pH-dependent leakage of all peptides. Leakage studies were conducted as described for Figure 1 at various peptide
concentrations (0 to 76M, except for PC4, for which the concentration range was 0 ta:®Bdecause of peptide aggregation in solution).

The extent of leakage after 30 min of incubation with peptide was plotted against peptide concentration as an average of three independent
experimentst standard deviation. Symbols: pH ®) pH 7.5 ©); 50% leakage (---).

Percent Leakage

1 L 1 L ! 1

15 20 25 30 35

Time [min]

40

Ficure 3: Effect of oligomeric presentation on pH-dependent
contents leakage from liposomes. Calcein leakage in the presenceéFiGuRE 4: Amino acid occurrence in discovered peptides. The
of PC1-poly(L-Lysine) (p.Lys) at 25uM PC1 was followed as
described for Figure 1. The peptides were coupled via their cysteinewas normalized against that of the parent Ph.D.-12 library. The
residues to the-amino groups of 46 kDauybys at 16.6+ 1.7%,

as described in reR4 and Materials and Methods. Symbols:
conjugated peptides at pH ®); free peptides (i.e., released from
pLLys with 1 mM DTT) at pH 5 H); conjugated peptides at pH
7.5 ©); free peptides at pH 7.31). The arrowhead denotes the

time of TX100 addition.

whereFpnp-12(X aty) is the frequency of X at positiog
found in the unamplified Ph.D.-12 library.

BLAST searches were done on NCBI BLAST (http://
www.ncbi.nim.nih.gov/BLAST/) for short, nearly exact
matches. Significant motifs were not found within the
discovered peptides according to MEMEAST (http://

meme.sdsc.edu/meme/website/intro.htrl)
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fold enrichment
relative to frequency in Ph.D. 12 library

frequency of amino acids in the peptides discovered from the screen

parent library’s amino acid frequency has been previously deter-
mined and was calculated from the sequences of 100 randomly
selected phage clones (see Materials and Methods aB@)refhe
amino acids are ordered according to the residue’s propensity of
partitioning into either water or liposomal bilayers. This rank order
is depicted according to the WimleyVhite water/bilayer whole
residue hydrophobicity scalél). Wimley—White obtained this
scale by experimentally determining the free energy of transfer
(kcalFmol~1) of an amino acid residue from water into a POPC
bilayer. Each peptide sequence that was isolated more than once
was counted as a distinct peptide for each of the occurrences.

RESULTS

Phage Screen and Identified Peptidédl. viruses have
to breach a cellular membrane to access the cytoplasm.
Inevitably, this requires the interaction of viral proteins with
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Table 1: Sequences of Peptides Identified after Four Rounds of P&nning

Phage Library Screen
Liposome Screened Peptide Sequence Occurrence
PC PCl1 HWYDSFVPWGHOQC 16
PC2 IPSPLEFLSELMC 7
PC3 KMPIPSPAMPFGC 1
PC4 SSAWWSYWPPVAC 1
PC5 LPLMKTNETYPDLC 1
PC6 GYFSPRISPSPSOC 1
ELM ELMI MHGKVHHPLSPRC 5
ELM2 M GHSHNTPAPKSC 2
ELIM3 GHFNKHMRASVPC 2
LTHHTSPPPVEPA 1
MHHAPRLNPPVM 1
MHSHWOQRPOQSPTF 1
MHHPVYPFQHPP 1
LTTHNTWPFHHRS 1
LSHHEKTVPIDAN 1
AHFGEKPPHTFGSS 1
MEHRHLGPALSDA 1
MHSPHRTLPILT 1
YHPRALTPPTPL 1

Positive Controls
SFP3 WEAALAEALAEALAC
INF7* GLFEAIEGFIENGWEGMIDGW?YGC

aTwo distinct lipid mixtures, POPC and ELM, were used in panning to screen for peptides with pH-dependent membrane-binding activity
(Materials and Methods). Those peptides that were further characterized are in bold with an adgltesn@hal cysteine that was used in conjugation
studies. In addition, the sequence of positive control peptides INF7* and SFP3 are shown.

cellular membranes. These interactions can occur either atlinked by a GGGS spacer to théterminus of the minor
the plasma membrane (e.g., HI82) or in the endosomal  coat protein plll of the filamentous phage M-13. Specifically,
system (e.g., influenza38) and adenovirus34)). Confor- the library of the filamentous phage was incubated with
mational changes of both class | and class Il fusion proteins MLVs at pH 5. Phages that stably bind to MLVs were then
of enveloped viruses3) play an essential role in the fusion isolated by collecting the MLVs by centrifugation; nonbind-
of viral and cellular membranes. It has been recognized earlying phages remained in the supernatant. Those phages that
on that the pH-dependent interaction of fusion peptides with did not firmly bind to MLVs at pH 7.5 were selected by
lipid bilayers are an important part of merging of membranes eluting phages with pH 7.5 buffer at 3T. This eluant was
(12, 36, 37). That pH-dependent membrane interactions are amplified to repeat the panning three more times (Materials
also vital in the endosomal escape of nonenveloped virusesand Methods).

is demonstrated by the pH-dependent insertion of the capsid  1,yq gitferent lipid compositions were used in this screen

protein of rhinovi_ruses in_to t_he_endosqmal membre3 . ( to select for peptides that interact either with the aliphatic
Because of our interest in finding regions of other nonen- yy,ver core (using electroneutral PC liposomes) or the polar

ve!opeq viruse; involved in endosomal escape, we set OUtheadgroups of the endosomal membrane (using an acidic
to identify peptides that act on membranes in a pH'dependentendosomal lipid mix (ELM) described in the literatusy).
manner. . . - .

Although different mechanisms can be envisaged that These experiments yielded 19 distinct peptide sequences,

result in such pH-dependency, we reasoned that one possiblé‘_"hiCh are listed in Table 1. Somg peptid_es_occurred multiple
basis for pH-dependent membrane activity is the ability of UMes after four rounds of panning. This is not a result of
peptides to bind only to membranes at acidic but not at the incomplete sequence representation, the positional amino
neutral pH. Thus, the screen was designed to identify peptides2Cid biases dictated by M13 phage biology of the parent
that bind to membranes at pH 5 but not at 7.5. Peptides with Ph-D--12 library 89), or individual phage growth biases be-
pH-dependent membrane binding properties were discoveredf@use the number of occurrences in the screen does not cor-
by panning a phage-displayed peptide library against mul- relate ywth the prob_ab|I|t|es of the_sequences_ to occur ran-
tilamellar vesicles (MLVs) at the two pH conditions. For domly inthe parent library (Supporting Information, Table 1).
our screening, the Ph.D.-12 library (NEB, Beverly, MA), In Vitro Characterization of Peptide®verall, 11 short
which is composed of 2.% 10° random combinations of  peptides were characterized for their ability to interact with
12 amino acids, was used. The peptides in this library are and disturb membranes. Of the discovered peptides, all of
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Table 2: Peptide Binding to Multilamellar Vescicles (ML¥s)

Table 3: Summary of Leakage Activity of All Peptides

ELM MLV POPC MLV
peptide pH5 pH7.5 pH5 pH7.5
PC1 + + + +
PC2 b b + +
PC4 b b + +

a Peptide binding was assessed by incubating28Mpeptide with
2.5 mM MLVs in either pH 5 or 7.5 buffer for 30 min at 3T. After
pelleting the MLVs by centrifugation, both the supernatant and pellet

were analyzed for the presence of peptides by thin-layer chromatography

(TLC) and visualization by ninhydrin stainingThe amino lipids in
ELM MLVs could not be resolved from PC2 and PC4, making the
analysis of binding of these peptides to ELM MLVs impossible.

leakage unitsylL/uQ)
POPC LUVs
peptide pH5 pH7.5
PC1 13.6+ 0.3 b
PC2 122.4+12.8 39.4+5.2
PC4 303.9+ 118.2 b
SFP3 11.6t 0.7 b
INF7* 435.6+ 107.7 30.2+4.3

2 The leakage units were calculated from three independent samples
as described in Plank et akf) and in Materials and Methods. The
leakage units essentially represent a molar leakage coefficient corrected
for peptide length? Within the concentration range tested (0 toua8,

except for PC4, which was 0 to 8@/ because of peptide aggregation
) in solution), the peptides did not demonstrate 50% leakage after 30
the peptides recovered from the POPC MLV screen and themin and, therefore, did not allow the calculation of leakage units.

three peptides that occurred more than once in the ELM
MLV screen were used. As positive controls for membrane quenching concentrations; when released into the surrounding
activity, two peptides were chosen that are known to be buffer, quenching is relieved, resulting in increased fluores-
membrane-active in a pH-dependent manner (Table 1). INF7cence. A typical calcein release curve during incubation of
is the first 23 amino acids of the amino-terminal sequence 25uM PC1 peptide with POPC LUVs at 3T can be seen
of influenza virus X-31 (H3N2) hemagglutinin subunit HA-2 in Figure 1. As expected, because of substrate (i.e., nonlysed,
with two G to E substitutions (positions 4 and 7) that render calcein filled liposomes) depletion, the leakage curve was
the peptide more membrane-active in in vitro ass@g. ( biphasic. At pH 5, the initial release rate was 4.2% leakage/
The other peptide is a 15-mer known as short fusion min, and the extent of leakage at 30 min was 34.5%. At pH
peptide 3 (SFP3)40). This amphipathic peptide is a 7.5, however, leakage was negligible.
shortened version of the synthetic pH-sensitive peptide To determine the relative leakage activity of each peptide,
GALA (41), which has been described in detail for its contents leakage was determined at peptide concentrations
membrane activity in vitroZ0). In addition to the relevant  from 0 to 75uM (except for PC4, for which the highest
amino acid sequences, a cysteine was added toCthe concentration was 8.8M because of peptide aggregation
terminus of each peptide (except for SFP3, which already at higher concentrations). Whereas the peptide concentrations
has aC-terminal cysteine). Each peptide is named after the were varied as a 3-fold dilution series, the lipid concentration
screen from which it was recovered. INF7 with tia was kept constant at 28M. The titration curves for all the
terminal Cysteine is now called INF7*. This additional peptides analyzed by this method are shown in Figure 2. To
cysteine allowed the conjugation of the peptides to poly- summarize the leakage data from various concentrations of
(lysine) for multimeric presentation as discussed later. The all peptides, their activity was represented in leakage units
C-termini were amidated. as previously defined by Plank et al. (Table 33)( Leakage
MLV Binding of Free Peptide§he 13-mer peptides were units are defined as the inverse of the amount of peptide
first tested to determine whether they retained the ability to (expressed img) necessary to result m50% leakage after
bind to liposomes on which the screen was based. To 30 min 28). In effect, leakage units represent a molar leakage
demonstrate peptide association with MLVs, individual coefficient corrected for peptide length.
peptides were incubated with POPC or ELM MLVs under  As anticipated, some peptides PC1, PC2, and PC4, namely,
the same pH conditions as those for the phage screen. Aftethose which bound to MLVs, as well as the two positive
centrifugation, the peptides and lipids in the pellet were control peptides SFP3 and INF7* demonstrate membrane
separated by thin-layer chromatography and the peptidesactivity with greater leakage at pH 5 than at 7.5 (Figure 2
visualized by ninhydrin spray. For optimal recovery and and Table 3). The other peptides analyzed do not show any
detection, 25:M peptide and 2.5 mM lipid were used. The activity under these conditions (data not shown). The leakage
peptides ELM1, ELM2, ELM3, PC3, PC5, and PC6 were, triggered by INF7* is comparable to the results reported by
in contrast to PC1, PC2, and PC4, not detectable in the pelletPlank et al. 28) (Table 3). PC4 is almost as active as INF7*,
of POPC MLVs (Table 2 and data not shown). For technical whereas PC2 is approximately 3-fold less active. The leakage
reasons, it was not possible to measure the binding of PC2activities of SFP3 and PC1 at pH 5 are more than 1-order of
and PC4 to ELM MLVs. Of the remaining peptides, however, magnitude lower than the activity of INF7* (Table 3, Figure
only PC1 could bind to ELM MLVs (Table 2). PC4 also 2). For certain peptides and pH conditions, it was not possible
pelleted in the absence of MLVs in a pH-independent to calculate leakage units because 50% leakage was not
manner, although to a lesser degree than in their presencereached in the concentration range tested. For two of these
suggesting that PC4 has a tendency to aggregate under theseonditions, namely, PC1 and SFP3 at pH 7.5, the leakage
conditions (data not shown). was negligible. For the third condition, PC4 at pH 7.5, the
Contents-Leakage Assalo analyze the lytic potential of  leakage measured at the highest peptide concentration
our peptides, the ability of these peptides to induce leakagewithout detectable peptide aggregation reached 27% (Figure
of vesicle contents of large unilamellar liposomes (LUVs) 2), approximately 3-fold lower than the leakage observed at
was tested. To measure liposome leakage, a well-establisheghH 5.
contents-leakage assa26] was used. In this assay, the The pH dependence is strongest for PC1, SPF3, and
fluorophore calcein is entrapped in the liposomes at self- INF7*. The leakage observed with INF7* was approximately
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15-times higher at pH 5 than at 7.5 (Table 3, Figure 2). The sequence. In contrast, tryptophan is highly enriched in the
difference in leakage activity at pH 5 and 7.5 for PC2 is sequence of two of the three active peptides but completely
3-fold (Table 3). The leakage for PC1 and SFP3 at pH 7.5 absent from the inactive peptides. Among the active peptides,
was negligible even at the highest concentrations testedthe sequences are quite distinct in their amino acid composi-
(Figure 2). Similar results were obtained with calcein-loaded tion. The sequence of PC2 is dominated by aliphatics (33%
ELM liposomes. not counting theC-terminal Cysteine) in addition to a

Oligomeric Presentation of PeptideBecause most fusion  partially aliphatic methionine and a phenylalanine. These
or lytic peptides of enveloped and nonenveloped viruses arehydrophobic amino acids and the two acidic glutamates
presented as part of a protein, often in multimeric fod®)( arranged in a periodic manner are features reminiscent of
we tested the effect of oligomeric presentation of the helical viral fusion peptides. PC1, on the other hand, has
membrane-active peptides PC1, PC2, and PC4. Using SPDRhree titratable amino acids and has a 2.8 higher content of
chemistry, the peptides were coupled to polyLysine) aromatic amino acids and a 7.4 higher content of tryptophan
(pLLys) (Mw = 30—70 kDa) via a disulfide bond from their ~ than the parent library. The most intriguing sequence is the
C-terminal cysteines to modified-amino groups of the  sequence of PC4. This peptide displays strongly pH-
lysines. With this procedure, 1646 1.7% of all lysines were ~ dependent lytic activity despite the lack of any titratable
carrying a peptide. The conjugates were then incubated withamino acids. Furthermore, all of its amino acids are over-
POPC liposomes in the presence or absence of DTT. In otherepresented when compared to the parent library. Strikingly,
words, the peptides were either released frarhys by tryptophan occurs 11X more often than by random chance.
reduction of the disulfide bridge in the presence of DTT or It is tempting to speculate that the sequence diversity of
remained conjugated in the absence of DTT. Analysis in the the active peptides will be reflected in different mechanisms
leakage assay showed that the conjugated form of PC1 wa®f membrane activity. PC4 in particular, lacking any titratable
significantly more lytic than the reduced free peptide form groups, promises to provide novel insights as to how peptides
(Figure 3) at both pH 5 and 7.5. Despite the same trend, can induce pH-dependent permeabilization of liposomes.
this effect was less pronounced for P2 Lys conjugates, Peptide StructureSecondary structures are known to be
and no activity could be observed for P&d Lys conjugates important in peptide membrane interactions. Amphipathic
(data not shown). The reason for this behavior of PC2 and helices are seen in many lytid3) and fusion peptidesl@).

PC4 is not known at present, but the formation of aggregatesConversely, beta sheets can act on membrad®saé beta
might play a role in the case of PC4; PC2, on the other hand, aggregates4p, 46), or they can insert into membranes as
is negatively charged, and it is reasonable to assume thatbeta barrels 47). We therefore analyzed the secondary
the positively charged yhys may influence its leakage structure of our peptides by circular dichroism. We first chose
activity by neutralizing these charges and modulating the TFE as a cosolvent because it serves as a model for the
local pH. Poly (-Lysine) alone does not result in the leakage hydrophobic environment of the aliphatic core of membranes.
of calcein from POPC LUVs (data not shown). In 50% TFE and in the concentration range tested-&T0

Amino Acid CompositionWhen studying the peptide «M), SFP3, a peptide designed to maximize its helical
sequences (Table 1) for their amino acid compositions, two content and hydrophobic momertlj, shows ar-helical
trends are immediately apparent: the great number of spectra with minima at 208 and 222 nm and small contribu-
prolines and the differences in amino acid composition tions from random coil or possibly aghelix (48) (Figure
reflective of the MLV lipid composition (Figure 4). Those 5). Two of our peptides, PC2, and, to a lesser extent, PC4
peptides arising from screens against acidic ELM MLVs also show profiles consistent witirhelical conformations.
show a particularly high preponderance of histidines and a The above structures are present between 25 afi@ $8ata
concurrent paucity of aromatic and hydrophobic amino acid not shown). The partially helical conformation PC4 suggested
residues, with the exception of methionine. In contrast, the by its CD spectrum is surprising given the preponderance
sequences arising from phage screened against electroneutralf prolines and tryptophans. CD spectra of peptides, however,
POPC MLVs are highly aromatic. can be greatly influenced by aromatic amino acid8).(

To understand more quantitatively, the peptide profile of Hence, it is possible that this apparent partially helical profile
the POPC screen, which yielded the membrane-activeis artifactual. Although PC1 shows pH-dependent lytic
peptides, the frequency of amino acid occurrence was activity, notable structures were not observed under these
compared against its counterpart frequencies in the parentsolvent conditions. None of the other peptides showed any
Ph.D-12 library (Figure 4). This analysis was weighted for structure (data not shown).
peptide occurrence, that is, the amino acid composition of  To study the effect of pH and membranes on the structure
each peptide sequence was multiplied with the frequency of of our peptides, we next determined the secondary structure
occurrence of the clone. In the POPC MLV screen, from of the three active peptides and the positive control SFP3 in
which the active peptides were identified, the aromatic amino aqueous buffered solutions at pH 5 and 7.5, both in the
acids are highly enriched (Tyr 26 Phe 2.6, Trp 4.8x presence and absence of liposomes (Figure 6). The signal-
enrichment above the parent library frequency). Not surpris- to-noise ratio could not be optimized to obtain spectra for
ingly, all titratable amino acids were enriched (aspartate PC1 and PC4 under the range of conditions tested. PC2
1.5x; glutamate 1.& histidine 1.8<). showed a more prominent alpha-helical conformation at pH

When comparing the individual sequences from the 5 than at 7.5, where the spectra suggest a stronger influence
membrane-active peptides PC1, PC2, and PC4 to theof a typical random coil. Upon addition of POPC SUVs, the
nonactive peptides PC3, PC5, and PC6, discovered in thecharacteristic alpha-helical minima at 222 nm became more
screen using POPC MLVs, it is striking that none of the prominent at both pH 5 and 7.5. SFP3 showed a similar pH-
active peptides have either an arginine or a lysine in their dependence with the peptide alone: deeper 222 nm well
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Ficure 5: Secondary structure of peptides in TFE. Circular dichroism spectra were taken of peptides dissolved in TFE and measured at
50% TFE in water, 1 mM TCEP at 2& 20C on a JASCO J-810 CD spectrometer. The spectra represented in molar ellipticity units did
not change within the peptide concentrations range ofZ&ID uM.
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Ficure 6: Effect of pH and lipids on peptide structure. The peptides were dissolved into 0.1% ammonia stock solution, from which
dilutions were made. The final CD buffer was 0.01% ammonia, 2 mM citrate, 2 mM borate, 2 mM potassium phosphate with 10 mM
sodium chloride, and 10 mM TCEP. The buffering components were used to adjust the solutions to the appropriate pH. The measurements
were taken on a JASCO J-810 CD spectrometer at 25C. The addition of lipids did not cause a disturbance in the baseline measurements
(data not shown). Symbols: pH ¥); pH 7.5 ); pH 5 with POPC SUVs«); pH 7.5 with POPC SUVs(). The peptide-to-lipid ratios

were less than 0.6.

minima at pH 5 than at 7.5. In contrast to PC2, the addition membranes increase the helical profile of PC2 suggests a
of liposomes at pH 7.5 did not result in increased helicity role of this structure in the pH-dependent membrane activity
for SFP3 as reflected in calcein leakage results (Table 3).of this peptide. Future experiments, including additional
Only in the presence of liposomes did the 222 nm well spectroscopic methods and mutational analyses, will be
minima become more pronounced at pH 5. These trends ofneeded to unravel the mechanisms of pH-dependent mem-
SFP3 are consistent with studies of the parent peptide GALA brane activity of the diverse peptides discovered in this study.
in the presence of lipidgll) and with its sister peptide SFP1
in agueous solution without lipid<t(). DISCUSSION
Taken together with results from Table 3, the apparent In this article, we set out to discover peptides that disturb
rank order of lytic potencies does not seem to correlate with membranes in a pH-dependent manner by screening an M13
helicity, suggesting that additional parameters are influencing 12-mer filamentous phage library, Ph.D.-12, for pH-depend-
the lytic potential of these peptides. Nevertheless, the factent liposome binding. Two different liposome types were
that both the lowering of pH as well as the addition of lipid used: one that represents the aliphatic lipid bilayer core,
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POPC MLVs, and another mimicking the endosomal mem- are reported to interact stably with membrangs),( the
brane, ELM MLVs. In this context, we have identified 19 membrane-active peptides studied in most detail are helices
distinct peptide sequences, of which three peptides, PC1,0of a length of approximately 20 amino acids. One particularly
PC2, and PC4, are able to induce pH-dependent calceinwell-studied peptide is thi-terminus of the influenza fusion
leakage to an extent similar to that of the positive control protein hemagglutinin. In this model, using a heguest
peptides SFP3 and INF7* (Figure 2 and Table 3). system, increased peptide length increases both the depth

In contrast to the peptides identified from phage screens and angle of membrane insertion as well as contents leakage
against receptors or antibodi&®), BLAST analysis showed from red blood cells §7). Given this information, it is
that our panel of active peptides do not share significant remarkable that the 13 amino acid-long peptides in our study
homology with any proteins described. Instead, our peptidesenable contents leakage to an extent similar to that of the
have varied sequences without an obvious consensus motif24 amino acid-long influenza fusion peptide analogue INF7*
This lack of a consensus sequence is not surprising becauséTable 3), which has been optimized for its lytic activiBg).

secondaryX2) and multidimensional44) homologies seem Together, these results suggest that the propensity of the
to be more important in defining membrane activity than membrane-active peptides to insert shallowly into the
their primary sequence. membrane is important for their lytic activity. The ability to

On the amino acid level, compositions of the discovered penetrate deep into the hydrophobic core, however, may be
peptides reflect the nature of the lipids against which the less significant. The data are indeed consistent with a model
screen has been conducted, aromatic groups against isoeledn which a shallow interaction with the hydrophobic core of
tric POPC liposomes, and basic and less hydrophobica bilayer is sufficient to induce content leakage.
residues against negatively charged ELM liposomes. We Most membrane-interacting synthetic peptides are more
have also enriched for histidines, a titratable amino acid in active as dimers58, 59) and oligomers §0) or when
the pH-range of the screen. anchored to a membranéQ). This principle also holds true

Against our expectations, aliphatic amino acids (with the for two of our leakage-active peptides, PC2 and, especially,
exception of PC2) have not been enriched in our screens.PC1 (Figure 3). PC1 conjugated to pabiysine) by
Aromatics, however, were highly enriched in our POPC disulfide bonds, a multimeric presentation, is considerably
screen. Two of the membrane-active peptides, namely PC1more active in the calcein-leakage assay than when the
and PC4, have a striking number of tryptophans. In contrast, peptide was released from the oligomer in the presence of 1
trypthophan occurred only once in the 13 sequences discov-mM DTT.
ered in the ELM screen and was completely absent from As stated in the introduction, membrane binding is
all the inactive peptides isolated from the POPC screen obligatory, though not necessarily sufficient, for a peptide
(Table 1). to be membrane-active. True to this prediction, the peptides

When peptide activity was determined in vitro using the identified in our screen that lost the ability to bind stably to
calcein leakage assag®), we found that PC1, PC2, and membranes are not lytic. The fact that in the context of the
PC4 were active both on electroneutral POPC as well asphage, the peptides are bo@iterminally anchored to a
negatively charged ELM liposomes. These results imply that protein as well as being displayed in a pentameric form likely
the calcein leakage activity of peptides is not dependent oninfluences their ability to interact with membranes. Espe-
ionic interaction with the lipid headgroups, but is instead cially, because oligomeric presentation of the peptides almost
governed by the ability of the peptides to interact with the certainly increases avidity, it is not surprising that some
hydrophobic core of the lipid bilayer. peptides, PC3, PC5, and PC6 as well as ELM1, ELM2, and

For PC1 and PC4, it is likely that the multiple tryptophans ELM3, lost the ability to bind stably to liposomes in their
play an important role in this putative interfacial insertion monomeric form.
into the bilayer. According to the WimleyWhite interfacial PC1 binds to both POPC and ELM liposomes. This is not
hydrophobicity scale51), aromatic and hydrophobic ali- unexpected because, as stated above, the interaction of PC1
phatic residues (with the exception of valine) favor partition- with membranes is less likely to be influenced by the surface
ing into a lipid bilayer (Figure 4). Tryptophan not only favors charge but more likely by the insertion of the peptide into
partitioning into bilayers more than aliphatics, but it-imlike, the aliphatic core of the bilayer. Interestingly, the membrane-
for example, leucineenergetically undesirable to be located active peptides PC1, PC2, and PC4 bind to MLVs at both
in the center of a transmembrane domal®, (52). The pHs. This appears to conflict both with the phage screen,
enrichment of tryptophans in the membrane-proximal domain which was based on the elution of the phages at pH 7.5, as
has been implicated in the fusogenic activity of viral fusion well as the calcein leakage results. The simplest explanation
proteins 63). The reason for the partial bilayer insertion of for this behavior lies in the different natures of the liposome-
PC2, on the other hand, probably lies in its tendency to form binding assay and the phage screen and calcein-leakage
an amphipathic helix as seen in classical viral fusion peptidesassay. In the phage screen, the eluted phages are amplified
(54). In a helical conformation, the acidic glutamates and in each round of screening. Even if only a small amount of
the hydrophobic amino acids (leucine, isoleucine, and bound phage is eluted at pH 7.5, the bulk of the phage
methionine) of PC2 lie on opposite faces of the helix. remaining bound to MLVs, it will be amplified and thus

Another factor that can influence both the membrane recovered in the screen. The liposome-binding assay, how-
activity of peptides as well as the angle of peptide insertion ever, measures the binding of the bulk of peptides.
into membranes is peptide length. Peptide length is often Despite the pH-independent binding of the peptides to
cited as a reason for diminished membrane activity of shorter MLVs, the lytic activity of all active peptides is strongly
peptides. Although there are 6-mers5) that have been  pH-dependent. Apparently, the lytic activity of our peptides
shown to be membrane-active and 8 amino acid peptidesis influenced by additional factors such as pH-dependent
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structural changes and not just the binding to liposomes. peptides into the context of both naturally occurring as well
Alternatively, the reason for the difference between binding as synthetic lytic peptides. The present approach may also
and lytic activity might lie in the different peptide and lipid open new avenues to gain a deeper understanding of
concentrations used in the two assays. Because of thepeptide-lipid interactions and their role in cell biological
detection limit in the liposome binding assay, both the lipid and pathological processes, with the potential of yielding new
and the peptide concentrations were substantially higher instrategies for therapeutic applications.
the binding than in the leakage assay.

The secondary structure of peptides has been instrumentaRCKNOWLEDGMENT
in further understanding the interaction of peptides with
membranes. Many of the membrane-interacting components
of viruses form amphipathic helice3). In line with these
observations, we find that two of our peptides, PC2 and PC4
despite their short length, show helical propensities in 50%
TFE (Figure 5). Because of the highly aromatic amino acid
composition of PC4, the helical structure of this peptide must
however, be confirmed by other method$®). The helicity
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