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ABSTRACT. The skins of closely related frog species produce Gly-Leu-rich peptide orthologs that have
very similar sequences, hydrophobicities, and amphipathicities but differ markedly in their net charge
and membrane-damaging properties. Cationic Gly-Leu-rich peptides are hemolytic and very potent against
microorganisms. Peptides with no net charge have only hemolytic activity. We have used ancestral protein
reconstruction and peptide analogue design to examine the roles of electrostatic and hydrophobic interactions
in the biological activity and mode of action of functionally divergent Gly-Leu-rich peptides. The structure
and interaction of the peptides with anionic and zwitterionic model membranes were investigated by
circular dichroism with 2-dimyristoysn-glycero-3-phosphatidylcholine or 1,2-dimyristayt+glycero-3-
phosphatidylglycerol vesicles and surface plasmon resonance with immobilized bilayers. The results,
combined with antimicrobial assays, the kinetics of bacterial killing, and membrane permeabilization assays,
reveal that Gly, Val, Thr, and lle can all be accommodated in an amphipathé&ix when the helix is

in a membrane environment. Binding to anionic and zwitterionic membranes fitted to a 2-stage interaction
model (adsorption to the membrane followed by membrane insertion). The first step is governed by
hydrophobic interactions between the nonpolar surface of the peptide helix and the membranes. The strong
binding of Gly-Leu-rich cationic peptides to anionic membranes is due to the second binding step and
involves short-range Coulombic interactions that prolong the residence time of the membrane-inserted
peptide. The data demonstrate that evolution has positively selected charge-altering nucleotide substitutions
to generate an orthologous cationic variant of neutral hemolytic peptides that bind to and permeate bacterial
cell membranes.

The interactions of peptides with cellular membranes are little, if any, target specificity and may act on many mem-
of fundamental importance in the functioning of numerous brane types including those of bacteria, protozoan, yeasts,
membrane-mediated processes including signal transductionfungi, and mammalian cell919). Structural studies have
intracellular signaling, hormone receptor interactions in revealed that peptide secondary structures inctutlelixes,
which the accumulation of ligands on the membrane surface 8-sheet structures stabilized by-2 disulfide bonds, ex-
precedes the binding of the ligand to its receptor, channel tended structures with an overrepresentation of one or two
formation, viral fusion processes, and antimicrobial and amino acids (W, P, H), and cyclic peptideX0¢-23). How-
cytolytic peptide action. Investigations of the binding proper- ever, all of these peptides, regardless of the secondary struc-
ties of membrane-interacting peptides and membrane-damagture or length, exhibit amphipathic properties upon interaction
ing peptides are also designed to show how the molecularwith lipid bilayers, with apolar amino acid residues segregat-
environment versus the primary structure of a protein affects jng from the hydrophilic residues on opposite sides of the
its folding and stability. They could thus have a marked tnree-dimensional structure. It is generally assumed that this

impact on our ability to combat cytotoxic diseases such as common feature enables the peptides to interact optimally
type Il diabetesy, 2), Creutzfeldt-Jacob §), and Alzheimer  \yith the amphipathic structure of the membrane, leading to
diseases4), as well as the growing problem of pathogenic ermeation and disruption of the target cell. Three general
microorganisms that are resistant to conventional antibiotics 5 nonexclusive mechanisms, the barrel-stave m@d (

(5=7). micellar aggregates, and carpet mod&$<29) have been

d I;/Iembrang—damaging_peptides tE.at play a role in thel roposed to describe the process of membrane permeation/
efense against competing or attacking organisms are sma isruption by defense peptides. The main difference between

proteins, typically 16-50 residues long, that interact with these models is that the barrel-stave one requires a few

lipid bilayers to alter cell-membrane permeability, which .
o?ten Iea%s to cell deatt8), Most of thzse peptidé,s have peptu_je molecules to assemble and form a transmembra_ne
‘ pore in the membrane, whereas the two other models require
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cells retain a high microbicidal activity. They have been ignated DRP-AA (from Agalychnis anna@eand DRP-PD
isolated from a variety of sources including the frog skin (from Pachymedusa dacnicolp(55), and the caerins3()
where they function primarily by providing an effective and that are produced by Australian frogs of the gehitsria
fast-acting defense against harmful microorganisBG—( (family = Hylidae, subfamily= Pelodryadinae). The diver-
35). Most of these peptides are amphiphatiehelical sity of these peptides is due to multiple duplications of a
peptides that are positively charged because of their Lys and/common ancestral gene before and during radiation of the
or Arg content. It has thus been proposed that the high species and within individual specie§2. The Gly-Leu-
content of anionic lipids in prokaryotic membranes and their rich peptide orthologs all have very similar amino acid
absence from the neutral matrix of erythrocytes account for sequences, hydrophobicities, and amphipathicities but differ
the preferential binding of cationic peptides to the outer markedly in their activity spectra. Whereas positively charged
leaflet of bacterial bilayers through nonspecific long-range and neutral peptides are hemolytic peptides, only cationic
electrostatic interactions. Although this can provide microbial peptides have potent antimicrobial activity against a broad
specificity, several studies have convincingly demonstrated spectrum of microorganisms. Reconstruction of the ancestral
that antibacterial versus hemolytic activity is mediated by a protein and the design of peptide analogues suggest that
complex, sensitive balance between various peptide param-positive selection operated in the early stages of frog species
eters including the charge, hydrophobicity, degree of structuredivergence to produce a novel antimicrobial function from
formation, amphipathicity, size of the polar/apolar sectors, an otherwise inactive ancestral peptide and that lysine
and flexibility (36—49). However, the exact role of each residues were selected. We also find thatelical folding
parameter may change from one peptide to another. Thesedf cationic Gly-Leu-rich peptides at anionic and zwitterionic
studies also showed that there is no simple correlation membrane interfaces is driven by the hydrophobic effect. In
between peptide charge, antimicrobial activity, and toxicity sharp contrast to most other known cationic antimicrobial
for eukaryotic cells. For instance, several cytotoxic peptides peptides, selection of anionic versus zwitterionic membranes
that are positively charged are unselective with respect to by Gly-Leu-rich peptides arises from short-range electrostatic
the anionic bacterial membrane by a simple electrostatic interactions that elongate the residence time of the peptide
interaction between basic residues of the peptide andinserted in the membrane.
negatively charged groups of the membrane outer leaflet.
There are also anionic peptides that are antimicroii@).(  MATERIALS AND METHODS
Another important question that remains to be answered is
whether charge-induced activity and selectivity for bacterial
cells are due only to changes in lipid affinity or whether
dlfferences in thg membrane-dlstu_rb.mg activity of th_e bound in large wooden cages (120 90 x 90 cm), covered on
peptide are also involved. These difficulties might arise from . : i

. ' s guree sides by plastic mosquito néi6). Phyllodendron,
the strategies that have been used (comparative analysis o

. g . . otos, and Dracena were used as perches, and water bowls

sequences of naturally occurring antimicrobial peptides and ided for nocturnal baths. The froas were fed
hemolytic peptides, use of combinatorial libraries, and studiesW?rE prov;] N lative humidi L dg % with
of the structural properties of peptides and analogues in cre et;._'!’ € relative humidity was maintaine %t 65% wit

; . : . "a humidifier. The temperature was kept at251 °C.
membrane interactions), most of them relying on comparing ) _ )
peptides that differ in more than one parameter. Further CDNA Cloning Specimens oAgalychnis callydryasnd
understanding of the role of electrostatic and hydrophobic P. bicolorwere anesthetized ywth pentobarbital; the skin was
interactions in the binding afi-helical peptides to anionic ~ fémoved and placed on dry ice. A sample (180 mg) of skin
membrane and their permeation/disruption would be aided Was homogenized with polytron and the poly#tfARNAs

by analysis of peptides that are very closely related but differ Were isolated by running the homogenate through an affinity
markedly in their cell selectivity. oligo (dT) spin cellulose column (Invitrogen, Micro-Fast-

. . . Track kit). The cDNA was synthesized by RT-PCR, with 3
The sequence of proteins from ancient organisms can beRACE (Invitrogen) using a ‘5primer (3-GGCTTCCCTG-
reconstructed from the sequences of their descendantSAAGAAATCTC-3') corresponding to the nucleotide se-
prepa_red in the Iabqratory, and StUd'ﬂ)_( Th'_s report guence encoding the conserved N terminus of the prepro-
describes the evolution of a novel antimicrobial function region of dermaseptin precurso&s( and a primer specific

during speciation in which Darwinian (positive) selection to the 3 adaptator under the following conditions: 35 cycles
operated at a molecular level. We cloned and isolated Gly- of 94 °C for 240 s. 56°C for 45 s. 72°C for 60 s. and one

Leu-rich, membrane-disruptive peptide orthologs whose cycle of 72°C for 10 min. The PCR product was cloned in

precursor polypeptides belong to the dermaseptin family, yne GEMt-easy vector system (Promega) using standard
from the skin of closely relate_d species olf South American proceduresg7) and used to transform competent JM 109

hylid frogs of the Phyllomedusinae subfamily. The precursors
of this family have a common N-terminal preproregion that
is remarkably well-conserved both within and between 1 Abbreviations: CD, circular dichroism; DMPC, 1,2-dimyristoyl-

; : _ ; ; _snglycero-3-phospha-tidylcholine; DMPG, 1,2-dimyristeyiglycero-
species but have a hypervariable C-terminal domain corre 3-phosphatidylglycerol; DRP, dermaseptin-related peptide; HPLC, high-

sponding to antimicrobial peptides with very different performance liquid chromatography; LUVs, large unilamellar vesicles;
lengths, sequences, charges, and antimicrobial spé&dra ( MALDI —TOF, matrix-assisted-laser-desorption/ionization time-of-

; ; ; flight; ONPG, o-nitrophenyl5-p-galactopyranoside; PBS, phosphate-
These include the dermaseptins B and dermaseptins Sbuffered saline; PCR, polymerase chain reaction; RACE, rapid ampli-

phylloxin, and dermatoxin, from frogs of thehyllomedusa  fication of cDNA ends; RU, resonance unit: SPR, surface plasmon
genus $2—54), several dermaseptin-related peptides, des- resonance; TFA, trifluoracetic acid.

Frog SpeciesSpecimens oAgalychnis callydryasndP.
dacnicolorwere obtained from “La Ferme Tropicale” (Paris,
France). Specimens &thyllomedusa bicolowere housed
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Escherichia coli The white positive colonies of transformed Purification of DRP-PBN2 and DRP-PD-3 from Frog

E. coliwere screened with T7 (ATTATGCTGAGTGAT- Skin ExtractsThe skins of 2 specimens, one Bf bicolor
ACCCGCT-3) and SP6 (5-ATTTAGGTGACACTATA- and one of. dacnicolor(1 g/skin) were minced with scissors
GAATAC-3') primers. Amplification products of the ex- and extracted using a Polytron in 20 volumes (v/w) of 80%
pected sizes (406500 bp) were sequenced by the dideoxy methanol/water at 4C. The extracts were centrifuged for
chain terminator method. We determined the sequences of30 min at 300Q, and the supernatants were lyophilized. The
the B end of the prepro-DRP-PBN2, prepro-DRP-AC1, and dried extracts were dissolved in 0.1% TFA/water and applied
DRP-AC2 with the cDNA as a template in RACE PCR with to a Waters RCM compact preparative cartridge (Deltapak
sense primers specific to thé &daptator and a specific  C 18, 100x 25 mm) and eluted at 0.75 mL/min with a-20
antisense primer (Figure 3). The temperature cycle used for80% linear gradient of acetonitrile containing 0.07% TFA.
the RACE PCRs was 94C for 240 s, 35 cycles at 92C Fractions (1 mL) were collected. The molecular masses of
for 40 s, 56°C for 45 s, 72°C for 60 s, and a final extension  the peptides in each fraction were determined by MAEDI
step of 72°C for 10 min. The PCR products were cloned TOF mass spectrometrgg). Peptides ofiVz= 2000-4000
and sequenced as above. were then purified on the same HPLC column developed

Tissue Distribution Samples of mRNA from frog skin, ~ With the same solvent system.
brain, and intestine were prepared using the Micro-FastTrack Sequencing by Nanoelectrospray Tandem Mass Spectrom-
kit (Invitrogen) and amplified by RT-PCR using the Super- etry. The nanoelectrospray experiments were done on a triple
Script One-Step RT-PCR System (Life Technologies). Both quadrupole Bio-Q mass spectrometer, upgraded by the
cDNA synthesis and PCR were performed in a single tube manufacturer so that the source and the quadrupoles had
using specific primers deduced from the skin prepro-DRP- Quattro Il performance (Micromass Ltd., U.K., Altrincham).
PBN2 (sense primer £ 5-ATTACAA GATCAGTCATG- The conventional electrospray probe was modified so that a
GC-3, and antisense primer 2 5-TCTTAACTTTGAC- glass capillary similar to that described by Wilm and Mann
CACCTGTCACTG-3) and mRNA from frog brain, skin,  (64) could be placed about 2 mm from the first cone of the
or intestine. The thermal cycle profile used for the RT-PCR electrospray source. The source was used without a counter
was 45°C for 30 min and then 94C for 2 min, followed electrode, and the drying gas at 30 was nitrogen. The
by 30 cycles of 94C for 40 s, 55°C for 30 s, 72°C for 60 glass capillary voltage was 900 V, and that of the extracting
s, and a final extension step of 7€ for 5 min. This was cone was 50 V. Electrical contact between the tip of the probe
followed by nested PCR using sense primer=35'- and the metallized glass capillary (long-needle-type glass
ATGGCTT TCCTGAAGAAATC-3 and an antisense primer  capillaries purchased from the Protein Analysis Compagny,
4 =5-TGTCACTGAACCAAACAGACC-3. The thermal Odense M) was made by placing a graphite cone inside the
cycle profile was 94C for 240 s and then 72C for 1 min, Swagelok union instead of the customary brushing with an
followed by 30 cycles of 94C for 40 s, 55°C for 30 s, and organic solution of graphites@) that gives interference ions
72 °C for 5 min. PCR products were purified using a in the low n/z range. The glass capillary was opened by
Qiaquick Kit, cloned in pPGEMT-Easy vector (Promega), and briefly touching it with a metal capillary (0.5-mm inner
sequenced as above. diameterx 150 mm), connected to a vacuum source, and

Sequence Analysi§he nucleotide sequences of cDNAs Washed with N under pressure to reduce contamination by
encoding DRP-PBN2, DRP-AC1, and DRP-AC2, together impurities in the metal layer. The sample solution (1 pmol/
with that of 27 known dermaseptins B, phylloxins, derma- 4L in acetonitrile/water) was placed in the glass capillary,
toxins, dermaseptin-related peptides, and caerins from the@nd the capillary was inserted into the MS source. Static air
hylids P. bicolor, A. annae, P. dacnicolgrand Litoria pressure was applied to give a flow rate of approximately
caeruleawere aligned with Clustal X58) and by eye. We 20 nL/min, which provided a stable signal for up to 3 h.
first aligned the predicted amino acid sequences of the The parent ion rfz = 1064.0382 for DRP-PD36 and
different domains of the preproforms and nucleotide 806.7760 for DRP-PBNZ) produced at a low cone voltage
sequences of the'5and 3-untranslated regions with (V¢ =30 V) was first selected in the first quadrupole mass
Clustal X. We then added the nucleotide sequences of the2nalyzer and fragmented by collision-induced dissociation
different regions and finally adjusted the alignment man- With argon gas at 4.5 10°2 Pa at 40 V. Additional structural
ually. Molecular phylograms from the alignments were information was obtained by carrying out M$1S experi-
determined with neighbor joining from Kimura two- Ments on fragments generated by source collision of the
parameter distances9) using PAUP 60). Support for ~ Parention atvz definite with an extracting cone voltage of
branches was estimated by bootstrapping (1000 replicates)100 V using 60 and 80 V'in the collision cell. The resulting
also with PAUP. Sequence groups were denoted based orffagment ions were named according to the nomenclature
the existence of distinct clades and similarity of predicted Roepstoff and Fohimargg). The quadrupole analyzers were
amino acid sequences. We estimated the proportion of calibrated using the multiply charged ions from an acquisition
synonymous substitutions per synonymous sites (Ds) and thePf angiotensine.
proportion of nonsynonymous substitutions per nonsynony-  Solid-Phase Peptide SynthesBRP-PBN2, DRP-PBN2
mous sites (Dn) from the beginning of the preproregion to amide, DRP-PD 36, ANC, [K8, K9-ANC, [K8, K14-DRP-
the last codon before the stop codon by method | of 612 (  PD 3-6, [K&, K*?, F§-DRP-PD 3-6, and DRP-PBN1 were
to determine if different gene regions mutate at different synthesized using solid-phase FastMoc chemistry on an
rates. For comparison, Juke€antor distances6@) were Applied Biosystems 433A Automated Peptide Synthesizer
estimated for the'5 and 3-untranslated regions using the (Applera, France). Fmoc-protected amino acids and resins
same program. were from Senn Chemicals (Switzerland), and solvents were
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from sds (France). The carboxylic acid terminal peptides S. cereisiae The inhibition of growth was assessed by
were prepared on a 4-benzyloxybenzyl alcohol resin (Wang measuring the optical density A3, after 16 h at 37°C

PS resin) substituted at 1.18 mmol/g. Carboxamidated (bacteria) or at 30C (yeast). The MIC was defined as the
peptides were prepared on a 4-methylbenzhydrylamine lowest concentration of peptide that inhibited the growth of
polystyrene resin (Rink Amide MBHA PS resin) substituted >=99% of the cells. Bacteria were incubated ® h with

at 0.81 mmol/g. Synthesis was carried out using a double- different concentrations of peptides and plated out on solid
coupling protocol: Fmoc amino acids (10 molar excess) were culture medium containing 1% noble agar to distinguish
coupled for 36-60 min with 2-(1H-benzotriazol) in dim-  between bacteriostatic and bactericidal effects. The plates
ethylformamide with diisopropylethylamine ard-meth- were subsequently incubated and examined daily for the
ylpyrrolidone as activating agents. Capping with acetic formation of colonies. All assays were performed three times
anhydride was performed at the end of each cycle. Temporaryplus positive controls without the peptide and negative

N-Fmoc protecting groups were removed with 20% piperi-
dine inN-methyl-2-pyrrolidone. Side chains were protected
with tert-butyloxycarbonyl {Boc) for lysine; O-tert-butyl
ester OtBu) for aspartic acid; trityl (Trt) for threonine,
glutamine, and asparagin®;tert-butyl ether {Bu) for serine.

controls with 0.7% formaldehyde.

Hemolysis of Rat Red Blood CellEhe hemolytic activity
of the peptides was determined using fresh rat erythrocytes.
The blood was centrifuged, and the erythrocytes were rinsed
three times with PBS (35 mM phosphate buffer and 0.15 M

The peptidyl resin was cleaved, and the side chain wasNaCl at pH 7.4). Peptides were incubated with the erythro-

deprotected by incubation in 95% trifluoroacetic acid, 2.5%
triisopropylsilane, and 2.5% waterrf@ h atroom temper-

ature. The resulting mixture was filtered to remove the resin,

and the crude peptides were precipitated with ether2Q
°C. They were recovered by centrifugation at 59®0r 15
min at 4°C, washed 3 times with cold ether, dried under a

stream of nitrogen, dissolved in 10% acetic acid, and

lyophilized. The lyophilized crude peptides were purified by
reverse-phase HPLC on a Nucleosil C18 columpmith 10

x 250 mm) eluted at 4 mL/min with a060% linear gradient
of acetonitrile in 0.07% trifluoroacetic acid/water over 30

cyte suspension (4% erythrocytes (v/v) in PBS) at@7or

60 min, and the erythrocytes were removed by centrifugation
at 80@ for 10 min. Hemolysis was assessed by measuring
the optical density at 540 nm of the supernatant. Erythrocytes
lysed with 1% Triton X-100 were used as a standard for

100% hemolysis.

Kinetics of Bactericidal Actiity. Bacteria were incubated
overnight in Luria-Bertani medium and diluted with the
medium to 0.1 OD. They were then incubated with the
desired concentrations of peptides. Samples dl00were
removed at 0, 5, 10, 15, 30, 45, 60, 120, and 180 min and

min. The homogeneity of the synthetic peptides was assessedjjjyted 10-8-fold with PBS. Aliquots (1 mL) of these

by MALDI—-TOF mass spectrometry (Voyager DE RP,
Perseptive Biosystems) and analytical HPLE3)(

Energy Minimization and Electrostatic Potential Distribu-
tions.Peptides were constructed as idedlelices, and then

1000 energy minimization steps were performed using

DISCOVER 3 (Insight II, Accelrys, Inc.) with a CVFF force
field. Electrostatic free energies were derived from finite
difference solutions of the PoisseBoltzmann equation
using Delphi (Insight II, Accelrys, Inc.) (66, 67). Full

mixtures were placed on LB/agar plates and incubated
overnight at 37°C. Colonies were counted. Bactericidal
activity was recorded as the number of surviving colonies
after incubation with the peptides.

Peptide-Induced Permeabilization of the Cytoplasmic
Membrane of E. coliThe permeabilization of the cytoplas-
mic membrane oE. coli K514 by Gly-Leu-rich peptides
was assayed by measuring fhwgalactosidase activity with
the chromogenic substrate ONPE&.coli K514 (wild type)

Coulombic calculations were performed using a boundary was grown in 10% LuriaBertani broth in the presence of
extending 10 A beyond the longest axis of the peptide. The 100 ug/mL IPTG (Sigma) to induce the enzyme. Bacteria
internal peptide dielectric constant was 5, and the solventere washed twice with 10% LB in PBS (0.15 M phosphate
dielectric constant was 80. An energy convergence criterion and 0.2 M NaCl at pH 7.4) and diluted to an QB of 0.5

of 1 x 1078 kcal/mol was applied. Calculations were carried
out on an @ R10000 Silicon Graphics workstation.

Antimicrobial AssaysGram-positive eubacteri®écillus
megaterium, Bukholderia cepacigtaphylococcus aureus
Staphylococcus haemolytiguand Streptococcus pneumo-
niag), Gram-negative eubacteri&.(coli B, Enterobacter
cloacae Clostridium perfringensKlebsiella pneumonige
Listeria monocytogenesleisseria meningitide®seudomo-
nas aeruginosaSalmonella typhimurium, Salmonella en-
teritidis, andVibrio cholerg), and yeastsGandida albicans
and Saccaromyces cerisia€) were cultured §8), and the
minimal inhibitory concentrations (MICs) of peptides were
determined. The bacteria were grown in 96-well microtitra-
tion plates in the presence of 2-fold serial dilutions of the
peptide. Aliquots (10uL) of each serial dilution were
incubated with 10Q:L of a suspension of a midlogarithmic
phase culture of bacteria at a starting optical densitief
= 0.001 in Poor-Broth nutrient medium [1% bactotryptone
and 0.5% NaCl (w/v)] or Yeast Peptone Glucose for

in 10% LB in PBS. Aliquots (5@:L) of bacterial suspension
were then mixed with 2 mM ONPG and incubated with
various concentrations of peptides. The hydrolysis of ONPG
was monitored by measuring the absorbance at 400 nm of
released-nitrophenol. Complete permeabilization was as-
sessed using sonicated bacteria. All of the results are the
means of 3-5 independent experiments.

Preparation of Large Unilamellar Vesicles (LUV)
2-Dimyristoyl-sn-glycero-3-phospha-tidylcholine (DMPC)
and 1,2-dimyristoybn-glycero-3-phosphatidylglycerol (DMPG)
were purchased from Avanti Polar Lipids. Phospholipid
vesicles were prepared by extrusion, and their average
diameter (100t 20 nm) was estimated by turbidimetry at
436 nm using a 1-cm path length cuvette as described (
Briefly, dry DMPC (30 mg) was dissolved in chloroform,
or in the case of DMPG, the dry lipid was dissolved in a 2:1
(v/v) chloroform/methanol mixture. The solvents were
evaporated off under a stream of nitrogen, and the lipids were
held under a vacuum for 20 min. The dried lipids were
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hydrated by vortexing and/or sonicating in 50 mM phosphate  Three methods are currently used to calculate kinetic rate
buffer (pH 7) plus 150 mM NaCl. The resultant lipid constants from biosensor data: linearization, curve fitting
dispersion (14 mM with respect to phospholipids) was with analytical integration, and curve-fitting with numerical
extruded 10 times through decreasing pore size filters (from integration. Linearization can be used to estimate the rate
800 to 100 nm) to obtain 100 nm LUV. They were stored at constants when the analyte A binds to immobilized ligand
4 °C. B in a simple bimolecular or Langmuir interaction. However,

Circular Dichroism (CD) Spectroscopihe CD spectra  OUr experimental sensorgramms do not fit the simple
of the peptides were recorded with a Jasco J-810 CircularPimolecular model (see the Results). This may be the result
Dichroism spectropolarimeter (Jasco Corp., Tokyo, Japan) of sterlc_ hlndrance.or a more complex mterag:ﬂqn. Because
linked to a PC microprocessor. The instrument outputs were & POOT fit was obtained with the simple 1:1 binding model,
calibrated witho(+)-10-camphorsulfonic acid. The spectra € 2-state reaction model was used to determine the
were scanned at 2 in a quartz-optical cell with a 1-mm ~ @SSociation and dissociation rate constants
path length. Spectral measurements were obtained at wave-
lengths of 196-250 nm, at a scan rate of 20 nm/min with a
bandwidth of 1 nm. Typically five scans were accumulated
and averaged. The CD spectrum of each peptide was
measured in 0.05 M phosphate buffer (pH 7) and, in the
presence of increasing concentrations {3800 uM) of
DMPC or DMPG vesicles, at a peptide concentration of 30
uM. The CD spectrum of the buffer and/or liposome solution
without peptides was used as a baseline. CD measurement
are reported ade (M~ cm™2). The relative helix content
was deduced according to Zhong and JohnZ6pds percent
helix = —[Ae€222 nm X 10]/n, whereAez, nmis the dichroic
increment at 222 nm andis the number of residues in the

peptide. Cloning of Gly-Leu-Rich Peptide Orthologs Encoded by
Binding Analysis by Surface Plasmon Resonance (SPR)the Hyperariable Domain of Dermaseptin Gen&s RACE
BiosensorBiosensor experiments were carried out at€5 analysis of mMRNAs fron. bicolor and Agalychnis callidr-
with a Biacore 2000 biosensor (Biacore, Uppsala, Sweden)yas(Family = Hylidae and subfamily= Phyllomedusinae)
using L1 sensor chips (BlAcore). PBS (50 mM phosphate skin using a primer based on the conserved coding region
buffer at pH 7 plus 150 mM NaCl) was the running of known preprodermaseptins revealed 3 novel cDNAs
buffer. All solutions were degassed and filtered through encoding 774 amino acid sequences starting with a Met
a 0.22um filter. The L1 sensor chip contains hydro- codon and ending with a stop codon (Figure 1). The deduced
phobic aliphatic chains covalently linked to a dextran-coated amino acid sequences were all a 22-residue putative signal
gold surface. DMPC or DMPG LUVs (66L of 0.5 mM in peptide followed by an acidic intervening sequence of 22
50 mM phosphate buffer at pH 7 plus 150 mM NaCl) 23 residues with a pair of basic residues Lys-Arg at its C
were run onto the sensor chip (&2/min). The liposomes  terminus. A single copy of a mature peptide progenitor
were captured on the surface of the sensor chip by thesequence was found at the extreme C terminus of the
lipophilic compounds to produce a supported lipid bilayer. precursors flanked to the acidic propiece. The 3 prepropep-
Multilamellar structures were removed by injecting a brief tides all have the characteristic signature of the preproforms
pulse (12 s) of 100 mM NaOH. This resulted in a stable of the preprodermaseptin family, including a conserved signal
signal of ~4000 resonance units (RU) for DMPG and peptide and acidic propiece whose amino acid sequences are
8000 RU for DMPC. Peptide solutions (&0 of 1—30uM 95 and 96% identical to those of other family members from
peptide in PB for 180 s) were injected onto the bilayer sur- South American and Australian hylid frogs (Figure 1). This
face at 2QuL/min to avoid limitation by mass transport. The ~ similarity also extents into the'sand 3 UTRs of the
peptide solution was then replaced by PBS, and the peptide corresponding mRNAs (not shown). A comparison of the
bilayer complex was allowed to dissociate for 180 s. The sequences of the 3 new cDNAs with those of preproder-
biosensor chip surface was regenerated by removing themaseptins from South American and Australian hylids
bound phospholipids with an injection of 40 mMoctyl indicates that they encode new putative peptides (DRP-
p-glucopyranoside (100L at 10uxL/min). The SPR response PBN2, DRP-ACL, and DRP-AC2) that appear to be structur-
(a change in resonance signal), expressed as RU, dependglly related to DRP-AA 25 and DRP-PD 36, predicted
on the density of the peptide adsorbed onto the membranefrom cDNA cloning of preprodermaseptins frofn annae
The affinity of the peptide for lipids was estimated from a andP. dacnicolor(55).
series of response curves. The resulting sensorgrams were Because the true test of orthology is phylogeny, we
collected for several concentrations of each peptide inter- analyzed the relationships among preprodermaseptin cDNAs
acting with each lipid surface. The peptidigpid inter- from hylids, including the 3 new sequences, by neighbor
action sensorgrams were analyzed by curve fitting using joining and maximum parsimony. The hylid preproder-
numerical integration analysis (see beyond). Data were maseptins all seem to have arisen from a common ancestral
fitted globally by simultaneously fitting the peptide sensor- gene, which subsequently diversified by several rounds of
grams obtained in duplicate at 5 concentrations from 1 to duplication and divergence of the duplicated copies (Figure
30 uM. 2). Most of the duplication predated the divergence of

P+ L < PL< PL*

where the peptide (P) binds to the lipid (L) to give the
complex PL (primary binding). PL subsequently changes to
PL*, which represents the penetration of the peptide into
the hydrophobic core of the bilayer7). PL* cannot
dissociate directly to P and L. The rate constants and

quilibrium affinity constants of each steps were determined
y BIA biospecific interaction analysis using the BIA
evaluation and BIA simulation software.

RESULTS AND DISCUSSION
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Antimicrobial Peptide Progenitor Sequence
DRP-PBN2 MAFLKKSLFLVLFLALVPLSICEE-KKSEEENEEK-QEDD-Q- - - SEEKRGLVTSLIKGAGKLLGGLFGSVTGGDS
DRP-PD 3-6 MAFLKKSLFLVLFLALVPLSICEAEKREEENEEK - - QEDDDE - - - SEKKRGVVTDLLNTAGGLLGNLVGSLSGGER
DRP-AC1 MAFLKKSLLLVLFLGLVSLSICEEEKRENEDEEK - - QEDDDQ - - - SENKRGLLSGILNTAGGLLGNL IGSLSNGES
DRP-AC2 MAFLKKSLLLVLFLALVPLSICEEEKREEEDEEK- - QEDDDQ- - - SENKRGLLSGILNSAGGLLGNLIGSLSNGES
DRP-AA 2-5 MAFLKKSLFLVLFLAIVPLSICEEEKREEENEEK - - QEDDDQ- - - 8- -KRGLVSGLLNTAGGLLGDLLGSLGSLSGGES
DRS Bl MDILKKSLFLVLFLGLVSLSICEEEKRENEDEEK- -Q-DDEQ- - - SEMKRAMWKDVLKKIGTVALHAGKAALGAVADTISOGEQ
DRS B2 MAFLKKSLFLVLFLGLVSLSICEEEKRENEDEEE - - QEDDEQ- - - SEMKRGLWSKIKEVGKEAAKAAAKAAGKAALGAVSEAVGEQ
DRS B3 MAFLKKSVFLVLFLGLVSLSICEEEKREEENEEK - - QEDDEQ - - - SEEKRALWKNMLKGIGKLAGOAALGAVKTLVGAE
DRS B4 MAFLKKSLFLVLFLGLVSLSICEEEKRENKDEIE- - QEDDEQ- - - SEEKRALWKDILKNVGKAAGKAVLNTVTDMVNQGEQ
DRS B6 MAFLKKSLFLVLFLGLVSLSVCEEEKRENEDEME - - QEDDEQ - - - SEEKRALWKDI LKNAGKAALNEINQLVNQGEL
DRS G3 MAFLKKSLFLVLFLGLVSLSVCEEEKRENEDEEE--QEDDEQ- - - SEEKRALWKTI TKGAGKMIGSLAKNLLGSQAQPES
DRP-PBN1 MAFLKKSLFLVLFLGLVSLSICEEEKRETEEKEYDQGEDDK - - - - SEEKRFLSLIPHIVSGVAALAKHLG
Dermatoxin MAFLKKSLFLVLFLGLVPLSLCESEKREGENEEE- -QEDD-Q- - - SEEKRSLGSFLKGVGTTLASVGKVVSDOFGKLLOAGOG
Phylloxin MVFLKKSLLLVLFVGLVSLSICEENKRE-EHEEI - -EENKE - - - - AEEKRGWMSKIASGIGTFLSGMOOG
DRP-PD 1-5 MAFLKKSLFLVLFLGLVPLFLCENEKREGENEKE - - - ENDDQ- - - SEEKRSLGSFMKGVG - KGLATVGKI VADQFGKLLEAGKG
DRP-PD 2-2 MALVEKKSLFLVLFLGLVSLSICE-EKRENEDEEE--QEDDEQ- - - SEEKRALWKTLLKKVGKVAGKAVLNAVTNMANQONEQ
DRP-PD 3-3 MAFLKKSLFLVLFLGLVSLSICE-EKRENEDEEE- - QEDDEQ- - - SEEKRGMWSKIKNAGKAAAKASKKAAGKAALGAVSEALGEQ
DRP-PD 3-7 MSFMKKSLFLVLFLGVVSLSNCEEEKG- EENEEDH-EEHH- - - - - - EEKRLLGDLLGOTSKLVNDLTDTVGSIV
DRP-AC3 MAFLKKSLLLVLFLGLVSLSICEEEKRENEDEEE--QEDDEQ- - -SEMRRSVLSTITDMAKAAGRAALNATI TGLVNQGEQ
DRP-AA 1-1 MAFLKKSLFLVLFLGLVPLFLCENEKREGENEKE- - - ENDDQ - - - SEEKRSLGSFMKGVGKGLATVGKIVADOFGKLLEAGQOG
DRP-AA 3-1 MAFLKKSLFLVLLLGLISLSICEEEKRENEVEEE- -QEDDEQ- - - SELRRSLWSKIKEMAATAGKAALNAVTGMVNQGEQ
DRP-AR 3-3 MAFLKKSLFLVLFLGMVSLSICEEEKREEENE - - - -QEDDEQ- - - SEEKRGMFTNMLKGI GKLAGQAALGAVKTLAGEQ
DRP-AA 3-4 MAFLKKSLFLVLFLGLVSLSICDEEKRENEDEEE- - QEDDEQ - - - SEEKRGMWGSLLKGVATVVKHVLPHALSS00S
DRP-AA 3-6 MAFLKKSLFLVLFLGLVSLSICEEEKRENEDEEE - - QEDDEQ - - - SEMKRGMWS TTRNVGKSAAKAANL PAKAALGAISEAVGEQ
Caerin 1.1 MASLKKSLFLVLLLGFVSVSICEEEKR-QEDEDEHEEEGESQEEGSEEKRGLLSVLGSVAKHVLPHVVPVIAEHLG
Caerin 1.11 MASLKKSLFLVLFLGFVSVSICEEEKR - QEDEDEHEEEGENQEEGSEEKRGLFSVLGSVAKHVVPRVVPVIAEHLG
Caerin 1.12 MAFLKKSLFLVLFLGLVSLSICEEEKR-QEDEDEHEEEGENQEEGSEEKRGLFGILGSVAKHVLPHVVPVIAEHSG
Caerin 1.13 MASLKKSLFLVLFLGFVSVSICEEEKR-QEDEDENEEEGENQEEGSEEKRGLLSVLGSLKLIVPHVVPLIAEHLG
Caerin 1.14 MASLKKSLFLVLFLGFVSVSICEEEKR-QEDEDENEEEGENQEEGSEEKRSVLGKSVAKHLPHVVPVIAEKTG
Caerin 1.15 MASLKKSLFLVLFLGFVSVSICEEEKR-QEDEDENEEEGESQEEGSEEKRGLFGLAKGSVAKPHVVPVISQLVG

Ficure 1: Nucleic acid and deduced amino acid sequences of cDNAs encoding Gly-Leu-rich peptides from theRskbicofor, P.

dacnicolor, Agalycnis callidryasandAgalycnis annae(A) Nucleic acid and predicted amino acid sequences of the cDNA encoding DRP-
PBN2 (GenBank accession number AY218783). The predicted amino acid sequence is given in capital letters under the nucleotide sequence.
The amino acid sequence of mature DRP-PBN2 is given in bold letters. The amino acid sequence of the signal peptide is.underlined
Nucleotides and amino acids are numbered positively starting with position 1 of the open-reading frame. An asterisk indicates the stop
codon. (B) Preprodermaseptins. The coding region, including the signal peptide, the acidic propiece, and the mature peptide progenitor
sequences, is drawn as a rectangle. A comparison of the predicted amino acid sequences (single-letter code) of prepro-DRP-PBNZ2, prepro-
DRP-PD 3-6 (55), prepro-DRP-AC1, prepro-DRP-AC2 (GenBank accession numbers AY218775 and AY218776), and prepro-DRP-AA
2—5 (55) to preprodermaseptins from South American and Australian hylid frogs. The predicted hydrophobic signal peptide includes the
first 22 amino acid residues, while the acidic propiece (bold letters) comprise®72fesidues. The mature peptide progenitor sequence is

in italics. Gaps {) have been introduced to maximize sequence similarities. Among the hylid sequences; @R®aseptin B fronk.

bicolor and DRP= dermaseptin-related peptide (appended with AA, AC, or PD to indicate that the sequences were identifidd from
annae A. callidryas andP. dacnicolor respectively).

P. bicolor, P. dacnicolor A. callidryas andA. annae Both with unique characteristics (Table 1). The putative peptides
methods indicate that DRP-PD-8, DRP-AA 2-5, DRP- are rich in glycine and leucine (29 and 25% on average)
AC1, DRP-AC2, and DRP-PBN2 are orthologs. The node arranged in regular 3-mer motifs GXL (where X is any other
indicating orthology with this clade is very well-supported amino acid residue), which is repeated 2 (DRP-PBN2) to 5
with a bootstrap proportion of 100%, i.e=95% confidence. ~ (DRP-AA 2—5, DRP-AC1, and DRP-AC2) times. These
DRP-PBN2, DRP-AA 2-5, DRP-PD 3-6, DRP-AC1, and Gly-Leu-rich putative peptides have fairly similar amino acid
DRP-AC2 form a well-demarcated family of peptide orthologs sequences (4669% amino acid identity) with 10 invariant
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Table B
DRP-AA 2-5 GLVSGLLNTAGGLLGDLLGSLGSLSGGES G...GXL...GXL.GXL.GXLGXL.G. .
DRP-AC1 GLLSGILNTAGGLLGNLI - - - GSLSNGES GXL.GXL...GXL.GXL.---GXL.G..
DRP-AC2 GLLSGILNSAGGLLGNLI - - -GSLSNGES GXL.GXL...GXL.GXL.---GXL.G..
DRP-PBN2 GLVTSLIKGAGKLLGGLF - - - GSVTGGQS Guovennnnnn GXL.GXL.---G...G..
DRP-PD 3-6 GVVTDLLNTAGGLLGNLV - - - GSLSGGER [ GXL.GXL.---GXL.G..
1 5 10 15 20 25

DRP-PBN2 GLVTSLIKGAGKLLGGLFGSVTGGQS
DRP-PBN2a GLVTSLIKGAGKLLGGLFGSVT Ga

DRP-PD 3-6 GVVTDLLNTAGGLLGNLVGSTLS Ga

ANC GLVTGLLNTAGGLLGDLFGSTLS Ga

[K**’] -ANC GLVTGLLKTAGKLLGDLFGSTLS Ga

[K**’] -DRP-PD 3-6 GVVTDLLKTAGKLLGNLVYVGSLS Ga

[K**, F“]-DRP-PD 3-6 GVVTDLLKTAGKLLGNLTFGSTL S Ga

a2 (Top) Comparison of the deduced amino acid progenitor sequence of the orthologous Gly-Leu-rich peptide from different species of hylid frogs
(AA = A. annag Ac = A. callidryas PB = P. bicolor, and PD= P. dacnicolo). Alignments were performed by using CLUSTAL X Multiple
Sequence Alignment software. Gaps) have been introduced to maximize sequence similarities. Identical amino acids are boldfaced. Amino acids
in italics are removed during processing of proforms to expose the extra Gly residue (underlined), which serves as an amide donor for the C-terminal
residue of DRP-PD 36, DRP-AC1, DRP-AC2, and DRP-AA-25. The progenitor sequences are arranged in regular 3-mer motifs GXL (where
X'is any of the 20 amino acid residues), which are repeated 2 (DRP-PBN2) to 5 (DRP-BAORP-AC1, and DRP-AC?2) times. (Bottom) Amino
acid sequence of the synthetic peptides investigated in this study. The amino acid sequence is in the standard one-lettesroatke. ldentical
amino acids are boldfaced.

DRP-AA 3-3

residues (Gly; Ala’®, Gy, Leut?, Leu, Gly*S, Lelt’, Gly*°,

Ser%, and Gly?¥). All substitutions involve replacement of

an amino acid by one of similar polarity/hydrophobicity.
Tissue DistributionThe distribution of mMRNA encoding

DRS B3
DRP-AA 3-1

DRP-AC3
DRSB6
DRP-AA 3-6

DRP-PBN2 was examined by RT-PCR using specific oli-
gonucleotide primers (see the Materials and Methods). A
single amplification signal of the expected size was found

DRP-PD 3-3
DRS B2

ik DRP-PD 2-2

in the skin, intestine, and brain (Figure 3). The purified PCR DRSESI B4

products were cloned in pPGEM-Easy vector and sequenced DRP-AA 34

to check that the amplified products correspond to DRP- DRP-AA 2.5

PBN2 mRNA. Clones isolated from the intestine and brain 10 80 ML pre-pp 3.6

have the same sequence as the skin DRP-PBN2, except fo B Lo

2 silent base changes in the translated region of the former ALt oresm

and 2 silent nucleotide changes in the latter (Figure 3). 100 DRP-AA 11
Characterization of Gly-Leu-Rich Peptides from Skin i':EDRP'PD s

Extracts.Predicted DRP-PD-36, DRP-AA 2-5, DRP-AC1, Dermatoxin

Phylloxin
DRP-PD 3-7
DRP-PBNI

and DRP-AC2 have carboxytermini that end in the tripeptide
G-E-S/R, which is similar to those of preprodermaseptins
B1, B2, B4, and B6 (G-E-Q/L). As shown previouskgj,
removal of the dipeptide E-Q/L with carboxypeptidase or
dipeptidylcarboxypeptidase during processing of the pro-
forms exposes the extra Gly residue that serves as an amid
donor for the C-terminal residue of the mature dermaseptins
B. In contrast, the tripeptide ends of preprodermaseptin B3
(G-A-E) and preprodermatoxin (G-Q-G), which are similar
to that of DRP-PBN2 (G-Q-S), are not involved in the
formation of a C-terminal peptide amidg6). The skins of

P. bicolorandP. dacnicolorwere extracted with methanol/
water and analyzed by reversed-phase HPLC to assess th
status of the carboxyl terminus of DRP-PBN2 and DRP-PD
3—6 in vivo (Figure 4). The molecular masses of peptides
in each chromatographic fraction were determined using
MALDI —TOF mass SpeCtrometrY'_Peaks fromz = 2_000_ joining tree constructed from Kimura two-parameter distances
4000 Da were collected and purified by HPLC with @20 computed from a comparison of the entire preprodermaseptin cDNA
80% linear gradient of acetonitrile in 0.1% TFA/water. The sequences (including-3and 3-untranslated regions) obtained from
primary structures of the Gly-Leu-rich peptides detected South American and Australian hylid and ranid frogs. Bootstrap
(Table 1) were established by MS/MS fragmentation and de values from 1000 replicates greater than 50% are indicated on

. . . branches. The distance scale is drawn below the tree. The phylogram
novo sequence analysis using a triple quadrupole nanoelecis rooted with esculentin 1-B cDNA fronRana esculent87).
trospray tandem mass spectrometer (Figure 4). They showedviaximum-parsimony, maximum-likelihood, and LogDet analyses

that the native form of DRP-PD-3 contains 23 amino acid  yielded the same ordinal phylogeny.

Caerin 1.13
Caerin 1.1
Caerin 1.11
Caerin 1.12
Caerin 1.14
Caerin 1.15

93

99

Esculentin-1B

0.01
FiGure 2: Molecular phylogeny of preprodermaseptins. Neighbor-
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Ficure 3: (A) Nucleic acid and deduced amino acid sequences of cDNAs encoding DRP-PBN2 from the skin, brain, and intBstine of
bicolor. The predicted amino acid sequence is given in capital letters above the nucleotide sequences. Nucleotides and amino acids are
numbered starting with position 1 in the open-reading frames. Only nucleotides corresponding to differences between the brain and intestine
DRP-PBN2 cDNAs and that of the skin are indicated. The amino acid sequence of mature DRP-PBNZ2 is in bold letters. The amino acid
sequence of the signal peptide is underlined. Arrows indicate the sequence of the primers used. (B) Tissue distribution of mRNA for
prepro-DRP-PBN2. Amplification products generated by RT-PCR from skin, brain, and intestine mRNAs were electrophoresed in 1.2%
agarose gel.

residues with a carboxamidated C-terminal Gly residue. In in position 5 of DRP-PD 36 generates a peptide with a
contrast, no carboxamidated form of DRP-PBN2 was found. net charge of 0. The 2 peptides have identical overall
Because DRP-AA 25, DRP-AC1, and DRP-AC2 have hydrophobicities (0.39) and amphipathicities, corresponding
carboxy termini that end in the tripeptide GES, it is thus to a hydrophobic sector that subtends a radial angle of 180
very likely that mature DRP-AA 25, DRP-AC1, and DRP-  on a helical wheel projection (Figure 5). Glycine residues
AC?2 are carboxamidated (Table 1). are predominant within the polar surface of the helix of both
Biological Studies of Cationic and Neutral Gly-Leu-Rich molecules, while leucine is predominant on the nonpolar
Peptides. DRP-PBN2 and DRP-PD -36 were used to  surface.
determine whether structural differences between orthologous (A) Antimicrobial and Hemolytic Actities. The anti-
peptides from closely related frog species reflect differences microbial activities of DRP-PBN2 and DRP-PD-8 were
of function. DRP-PBN2 and DRP-PD-3 differ by 10 assayed against Gram-negative and Gram-positive bacteria
amino acids (56% amino acid identity), but all of the amino and yeasts (Table 2). Despite their orthologous relationships
acid differences have similar polarities. The peptides also and similar sequences, their spectra of action differ consider-
differ in their net charge. DRP-PBN2 with a net charge of ably. Whereas DRP-PBN2 was active against most of the
+2 (pl = 10), contains 2 positively charged lysine residues. tested microorganisms at micromolar concentrations, DRP-
These lysine residues are replaced by asparagine and glycin®D 3—6 was virtually inactive. Bacteria incubated overnight
in DRP-PD 3-6 (pl = 5.5). An additional aspartate residue with 25u4M DRP-PBN2 produced no colony-forming units,
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Ficure 4: Purification of DRP-PBN2 and DRP-PD-8 from frog skin extracts and primary structure determination by nanoelectrospray
tandem mass spectrometry. Dried extracts from the skin oP(Ajicolorand (B)P. dacnicolorwere dissolved in 0.1% TFA/water, applied

to a Water RCM compact preparative cartridge Deltapak C 18 @@% mm), and eluted with a 26B0% linear gradient of acetonitrile
containing 0.07% TFA at 0.75 mL/min. Absorptior- was monitored at 220 nm. Fractions were lyophilized and analyzed by mass
spectrometry. The arrows point to the elution positions of DRP-PBN2 and DRP-BD(8) and (D) QTOF MS/MS fragmentation spectra
and associated b- and y-ion sequence assignations of purified DRP-PBN2 and DRP6P@spectively.

indicating that the peptide is bactericidal. Tests of the afew strains of Gram-positive bacteria (Table 2). DRP-PBN2
hemolytic activity of the peptides against rat erythrocytes acts in a synergistic effect in combination with DRP-PBN1
(Table 2) showed that the 2 peptides have similar, albeit (0.25 uM) at a dose that is not active alone, so that
moderate, hemolytic activities. micromolar concentrations of the mixture had antibiotic

(B) Kinetics of Bacterial Killing.The time taken by DRP-  activity against several strains of Gram-negative and Gram-
PBNZ2 to kill E. colidepended on the peptide concentration. positive bacteria. No synergistic effect was observed when
At 48 uM, the peptide killed~2 x 1 cells mL™* min4, DRP-PD 3-6 was used.
with a total of 13° cells/mL killed in 45 min (Figure 6). Biological Studies of Reconstructed Ancestral Sequence
This rapid rate suggests that the membrane is the primaryand Chimeric Peptide&Ve synthesized Gly-Leu-rich peptide
target of DRP-PBN2. Similar patterns were observed with analogues with altered net charges to determine whether
other bacteria (not shown). DRP-PDB-8 did not Kill cells, cationicity combined with an amphipathic structure is suf-
even at the highest concentration used g4). ficient to confer activity against microorganisms (Table 1).

(C) Permeabilization of the Bacterial Cytoplasmic Mem- We also reconstructed and synthesized the ancestral peptide
brane The disruption of the bacterial membrane by the sequence from which extant DRP-PB-@, DRP-AA 2-5,
peptides was detected by measuring the hydrolysis of theDRP-AC1, and DRP-AC2 evolved to reveal the importance
chromogenic substrate, ONPG, by the cytoplasprgalac- of amino acid substitutions in the functional divergence of
tosidase ofE. coli K514 (wild type) after incubation with  these peptides and DRP-PBNZ2. All of the designed peptides
the peptides. DRP-PBN2 permeabilized the cytoplasmic had similar sizes, hydrophobicities, and amphipathicities, plus
membrane, as shown by the increasing release of enzymehydrophobic sectors that subtend 18&Chere they form an
with increasing concentrations of peptide, and.00% o-helical structure (Figure 5).
enzyme activity even at the lowest peptide concentration was The sequence of the peptide ancestor (node B in Figure
shown to cause bacterial death (Figure 6). These data agair?2) of DRP-PD 3-6, DRP-AA 2-5, DRP-AC1, and DRP-
indicate that the bacterial membrane is one of the main AC2 was first inferred from the present-day sequences using
targets of DRP-PBN2. In contrast, DRP-PB-@ did not parsimony and maximume-likelihood methods (see the Ma-
result in 3-galactosidase activity, showing that it does not terials and Methods). The inferred ancestral peptide, ANC,
permeate the bacterial membrane. was physicochemically more similar to DRP-PB & (82%

(D) Synergistic EffectDRP-PBN1, FLSLIPHIVSGVAA- identity) than to DRP-PBN2 (65% identity) (Table 1 and
LAKHLG amide, from P. bicolor, is a member of the  Figure 5). The four amino acid differences between DRP-
structurally diverse peptides encoded by the genes of thePD 3—6 and its ancestor did not affect the net charge of the
preprodermaseptin family. This peptide is active against only peptides (net charge 0), their hemolytic activities, or their
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ANC [¥%12].ANC

Ficure 5: Amphipathic and electrostatic properties of Gly-Leu-rich peptides. Helical-wheel projections of the peptides demonstrate the
amphipathic nature of the helices. Hydrophobic residues are shaded, and charged side chains are highlighted. The blue and red mesh
represent the positive 1 kT/e and negative 1 kT/e electrostatic fields of the peptides calculated from the finite difference solution of the
Poisson-Boltzmann equation.

antimicrobial potencies; both peptides were poorly active DRP-PBN2 against bacteria and yeasts. These findings
against only a few strains of bacteria (Table 2). The 8-residue provide experimental evidence that the gain of antimicrobial
differences between DRP-PBN2 and ANC include 3 that activity during the evolution of Gly-Leu-rich peptides was
drastically alter the peptide net charge? (& N, K2 — G, due to mutations altering charges. Similarly, increasing the
and G® — D). We therefore examined the role of Lys in net positive charge of DRP-PBN2 by one more units by
positions 8 and 12 of DRP-PBN2 by changing Asmd carboxamidation of GRf resulted in a marked increase in
Gly*? in the ANC to Lys. This dramatically increased the antimicrobial activity (Table 2). Curves showing the killing
antimicrobial activity (Table 2). The mutant peptide of theE. colistrain by [K& K'3-ANC showed that the time
[K8, K'J-ANC (net charge= +2) was almost as potent as depended on the peptide concentration, similar as for DRP-
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Table 2: Antimicrobial and Hemolytic Activities of Gly-Leu-Rich Peptidles

DRP-PBN2
DRP- DRP- ANC[K83-  DRP- [K813- [K812 F18-  DRP- + DRP-PBN1
microorganisms PBN2 PD 3-6 ANC PBN2a DRP-PD 3-6 DRP-PD3-6 PBN1 (0.25um)
Gram-Begative Bacteria
Escherichia coli B 6.25 R R 25 6.25 12.5 12.5 R 6.2
Enterobacter cloacae 12.5 R R R 12.5 100 12.5 R 12.5
Klebsiella pneumoniae 6.25 R R 12.5 3.1 100 6.25 R fd
Salmonella enteritidis 3.1 R R 6.25 15 25 3.1 R nd
Clostridium perfringens 50 R R R 25 nd 100 R 1.5
Listeria monocytogenes 25 R R R 125 nd 50 R nd
Neisseria meningitidis 50 R R 25 25 100 50 R 15
Vibrio cholerae 25 R R 12.5 6.25 25 25 R 6.2
Pseudomonas aeruginosa 3.1 R R 50 15 100 3.1 R nd
Salmonella typhimurium 3.1 R nd 3.1 6.25 50 6.25 R 25
Gram-Positive Bacteria
Staphylococcus haemolyticus 50 300 400 25 6.25 100 50 R 3.1
Staphylococcus aureus 6.25 250 300 12.5 6.25 50 6.25 12,5 15
Streptococcus pneumoniae  6.25 nd nd 3.1 3.1 nd 125 R nd
Bacillus megaterium 25 R R 12.5 3.1 12.5 50 3.1 0.4
Burkholderia cepacia R R R R R R R R R
Yeasts

Candida albicans 50 R nd 50 12.5 150 50 nd nd
Saccaromyces cerisiae 50 R nd 100 125 300 100 nd nd
% hemolysis at 5a@M 30 42 43 22 nd 35 nd nd nd
% hemolysis at 100M 70 75 65 48 nd 71 nd nd nd

a Antimicrobial activity is expressed as MIG(), the minimal peptide concentration required for the total inhibition of cell growth in liquid
medium. Results are the mean of three independent experiments, each performed in duplicate with the standard deviation not exceeding 15%.
b Strains were considered resistant (R) when their growth was not inhibited by peptide concentrations uphb #8@t determined.
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Ficure 6: Kinetics of bactericidal action and bacterial membrane permeabilization. (A) In vitro time-Kkilling curves of two concentrations
of DRP-PBN2 (right panel) and a single concentration df, [K!4-ANC, [K 8, K13J-DRP-PD 3-6, [K8, K12, F1§-DRP-PD 3-6, and DRP-

PD 3-6 (left panel) againsE. coli. The data are expressed as bacterial-colony-forming units per milliliter of culture medium (CFU/mL),

as a function of the incubation time with the peptide (see the Materials and Methods). (B) Kinetics of the cytoplasmic membrane leakage
of E. coli after treatment with increasing concentrations of DRP-PBN2 (left panel) and with8128 [K 8, K13-ANC, [K 8, K13-DRP-PD

3-6, [K8 K2, F18-DRP-PD 3-6, ANC, and DRP-PD 36 (right panel). The membrane leakage was followed by measuring the hydrolysis

of ONPG at 540 nm by the cytoplasmic bactefiagjalactosidase in the filtrate of the coli culture after incubation with the peptides (see

the Materials and Methods).
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PBN2 (Figure 6). ANC showed no killing activity, even at [K8, K??-ANC (35% helix) < DRP-PBN2 (40% helix)<
the highest concentration used (). [K 8, K19-ANC also [K8, K12, F¥8-DRP-PD 3-6 (50% helix) < [K8&, K?-DRP-
permeabilized membranes with almost the same activity asPD 3—-6 (55% helix) in the presence of DMPG vesicles.
DRP-PBN2 (Figure 6). Thus, the microbicidal activity seems Similar helix contents and identical rank orders of helix
to depend on the overall cationic charge density of the polar contents were found with DMPC and DMPG vesicles. Thus,
helix surface. once a cationic peptide is bound to a zwitterionic lipid
We checked this by introducing lysine residues at positions bilayer, it adopts the same secondary structure as a negatively
8 and 12 of DRP-PD 36 to give a peptide with charge2. charged bilayer. DRP-PD-3 and ANC, which have no net
The time-killing curves and membrane permeabilizing activ- charge, interact with DMPG vesicles and adopt a helical
ity of [K8, K19-DRP-PD 3-6 were similar to those of [K structure (55 and 30% helical contents) (Figure 7). Because
K*?-ANC (net charge= +2) (Figure 6). However, it was a the partitioning of these peptides into DMPG vesicles can
less potent antibiotic than fKK'4-ANC (Table 2), indicat- be accounted for solely by their hydrophobicity, hydrophobic
ing that the 2 lysine residues are necessary but not sufficienteffects should account for the binding capacity of the neutral
for broad-spectrum antimicrobial activity. The 5 amino acid peptides to anionic lipids. This stresses the importance of
differences between [iKK'9-ANC and [K8, K¥?-DRP-PD hydrophobic interactions between the peptides and the lipid

3—6 include two that alter charge §G> D and D} — N) bilayer for helix formation and stabilization. However, the
but are compensatory, because they produce no differenceobservation that cationic peptides have a maximum helicity
in the net charges of the peptides. The Wah [K8, K1?- at lower lipid/peptide ratios of PG than PC suggests that basic

DRP-PD 3-6 was replaced by Phe because there is a Phepeptides interact best with anionic lipid vesicles and worse
at position 18 in [K, KJ-ANC and DRP-PBN2 and  with zwitterionic vesicles. This provides direct evidence that
aromatic residues are especially favored at the interfaces ofthe hydrophobic nature of the cationic peptides in concert
phospholipid membranes. This change improved its antimi- with their positive net charge provide increased affinity and
crobial activity, making it similar to that of DRP-PBN2 and  selectivity for negatively charged bilayers via Coulombic
[K®8 K'9-ANC (Table 2 and Figure 6). This suggests that interactions.
an aromatic residue in that position confers broad-spectrum The CD spectra obtained by titrating 3tM aqueous
antimicrobial activity to Gly-Leu-rich peptides. solutions of DRP-PD 36 with zwitterionic DMPC vesicles
Mode of Action Studies with Model Membrand$e showed a broad minimum around 220 nm, suggesting the
neutral Gly-Leu-rich peptides may be unable to kill micro- presence of a mixture gf structures. The fact that the
organisms because they cannot bind to anionic phospholipidstructure of DRP-PD 36 differs widely in the presence of
membranes or, if they are bound, cannot organize themselvesnionic and neutral vesicles demonstrates that this peptide
into structures that lyse the membrane. We investigated thehas “chameleon-like” properties at biomembrane surfaces;
interactions of peptides with model bilayers by CD spec- i.e., the same amino acid sequence can have several confor-
troscopy and SPR to distinguish between these possi-mations, depending almost exclusively on the molecular
bilites. DMPG was chosen as a model system for the environment. Other studies have shown similar interconver-
membrane of bacteria because their outer leaflets aresions betweern helices ands sheets modulated by the
composed largely of anionic phospholipids. DMPC, a zwit- molecular environment7g@).
terionic phospholipid, was used as a model for mammalian Bacterial surfaces contain lipopolysaccharides (LPS, in
cell membranes. Gram-negative bacteria) and polysaccharides (teichoic acids,
(A) Secondary Structure of the Peptides Determined by in Gram-positive bacteria) as well as phosphatidylglycerol
CD SpectroscopyThe CD spectra resulting from titration  in their cytoplasmic membrane, all of which are negatively
of 30 uM aqueous solutions of DRP-PBN2, §KK*3-ANC, charged. Cationic Gly-Leu-rich peptides combinecaheli-
[K8 K¥-DRP-PD 3-6, and [K&, K2, F'§]-DRP-PD 3-6 cal structure with strong antibacterial activity and moderate
by zwitterionic DMPC or anionic DMPG vesicles (Figure hemolytic activity. In contrast, DRP-PD-3% and ANC,
7) showed that the cationic peptides have very little ordered which have no net charge and little or no antimicrobial
structure in aqueous solution except fof[K*2, F¢-DRP- activity, adopt ar-helical structure when bound to anionic
PD 3-6, which has~20% helix. The same peptides had vesicles but are predominantly nonhelical in the presence of
helical-ordered structures with the characteristic minima at neutral vesicles. Thus, an amphipathic helical structure is
208 and 222 nm when mixed with DMPC or DMPG vesicles. not sufficient, in this case, for bacterial membrane disruption.
The secondary structure produced using the consensudt also suggests that hemolytic activity does not require,
prediction at the Network Protein Sequence Analysis web except for a high hydrophobicity, a defined structure such
server {2) indicate that the helical structure is within the anao helix or a positive net charge.

central region (from residues-3l to 15-18) of the peptides. Gly-Leu-rich peptides and their analogues contair87
The effect of anionic lipids on peptide conformation was glycine residueso-helix breakers) and-35 valine/threonine
concentration-dependent, saturating~e800 uM DMPG residues §-sheet promoters). Glycine introduces flexibility

(lipid—peptide ratio of 17) or~2700 peptide molecules/ and enables solvents to get close to the peptide backbone,
vesicle, assuming 44 000 DMPG molecules/vesicle. More thereby preventing these peptides from forming ordered
lipid produced no further changes in the CD spectra, structures in water. Nevertheless, all of these peptides have
suggesting that the peptides are completely associated withsimilar helical content in DMPG vesicles, regardless of their
the vesicles. The rank order of peptide helix contents was different primary structures. This shows that these residues
[K8, K!¥-ANC (42% helix) < DRP-PBN2 (45% helix)< can be incorporated as readily as Leu or Ala into a helix
[K8, K12, F8-DRP-PD 3-6 (50% helix) < [K?&, K'?-DRP- in @ membrane-interfacial environment and that the propen-
PD 3-6 (52% helix) in the presence of DMPC vesicles and sity of a peptide to form a helix is specified by the
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FIGurRe 7: Secondary structure of Gly-Leu-rich peptides. CD spectra of Gly-Leu-rich peptides in the presence of increasing concentrations
of (A) anionic DMPG LUVs and (B) zwitterionic DMPC LUVs in a phosphate buffer at pH 7 plus 150 mM NaCl. The phospholipid
concentrations used were 0, 30, 75, 150, 600, and 1800The curves with a higher intensity correspond to the higher phospholipid
concentrations. The peptide concentration was held constant aM3for all measurements. The inserts show the dependence of the
percentage oft-helical structure in peptides on the concentration of DMPG and DMPC vesicles.

environment T4). It is also possible that the intrinsic
flexibility of several Gly residues is hindered by neighboring

bulky Leu residues.

(B) Binding to Lipid Bilayers as Measured by SPRe
affinity of antimicrobial peptides for phospholipid surfaces
is a critical factor influencing their selectivity and potency

branes. The sensorgrams for the binding of DRP-PBN®, [K
K17-ANC, [K?8, K13-DRP-PD 3-6, [K8, K12 F¥-DRP-PD

3—6, ANC, and DRP-PD 36 to immobilized planar bilayers

of anionic DMPG or zwitterionic DMPC are shown in Figure
8, together with typical sensorgrams for various concentra-
tions of DRP-PBN2 with DMPG and DMPC bilayers. The

but is not commonly measured and reported. We have usedbinding of the peptides to both lipids increased with the
a new, sensitive method based on SPR to make real-timepeptide concentration until the system was saturated. This
measurements of the peptide binding to phospholipid mem-indicates specific interactions between the peptides and the
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Table 3: Equilibrium Affinity Constants and Associatiokn{ (M~* s71) andka, (s™1)] and Dissociationip: (s7%) andkp, (s3] Rate Constants
of the Peptides with DMPG and DMPG Bilayers (L1 Chips) Determined by Numerical Integration Using the 2-Staté Model

DRP-PBN2 [K13-ANC DRP-PD 3-6 [K 813-DRP-PD 3-6 [K 812F18-DRP-PD 3-6
DMPC
kaa (M~1s79) 7.6x 10 2.2x 10 3.3x 10° 1.2x 10¢ 1.0x 10
ka1 () 4.0x 102 2.7x 1072 9.0x 1073 4.8x 102 3.0x 102
ka2 (S7Y) 6.9x 1073 7.7x 1073 6.0x 1073 6.4x 1073 6.4x 1073
Ki2 (79 8.0x 1074 7.2x 1074 2.0x 1075 1.1x 1073 1.8x 1073
Kat 1.9x 10 0.8x 10 3.7x 102 2.5x% 10° 3.3x 10
Kaz (M7Y) 8.6 x 10° 11.0x 10° 3.0x 17 5.8x 10° 3.5x 10°
Ka (MY 1.6x 10° 0.9x 10¢ 1.1x 10° 1.4 10° 1.1x 10
DMPG
kaa (M~1s79) 6.0x 10° 42x 10° ncP 1.6 x 10¢ 2.1x 103
ka1 (s7h) 1.0x 102 6.8x 1073 nd 4.6x 1073 2.0x 102
ka2 (S72) 3.8x 1073 5.4x 103 nd 1.3x 1073 4.2x 1073
kd2 () 1.2x 1078 2.8x 107 nd 3.5x 10°8 21x10°%
Kaz 6.0x 109 6.1x 10P nd 3.5x 10 1.0x 10F
Kaz (M9 3.1x 10 1.9x 10 nd 3.7x 10 2.0x 103
Ka (MY 1.9x 10° 1.2x 10° nd 1.3x 108 2.0x 108

a Affinity constantsKa; (M™% andKaz (unitless) are for the first{a; = ka/ka1) and secondKaz = kadkap) steps, respectively, and the affinity
constant K») determined askii/ka1) x (KadKq) is for the complete binding processNot determined (see the Results).

] ] The sensorgram curves were fitted to a 2-state model using
6000 DRP-PBN2 C DMPG
A DMPG 1 o opore-rpas BIA evaluation 3.0 software (eqs-#) where P is the analyte
4000 30 uM . [K “7]-ANC k, ko
5 . P+ L ™ PL ™ PL (@8]
& 2000 - -
2 d[PLY/d t = kyCo[Rpax — Rl — kyy[PL] — ko fPL] +
& o kiPL (2)
S 6000 {0 o
02 B DMP DRP-PBN2
a ] ¢ d[PL*)/d t = k JPL] — ky,[PL]* 3
4000 1 -
KarfKar X KafKyp = Ky (4)
PR
2000 1 M 1§ weeroreeas (peptide), L is the immobilized membrane, PL is the initial
1 @ {1 ane A KA complex formed by the lipid membrane and peptide, and
o4 Y E A PL* is the lipid—peptide complex. This complex cannot
0 100 200 300 400 dissociate directly to P+ L and may correspond to a
Time (s) Time (s) structural/conformational change in PL that leads to a more

. . . . .
FiIGURE 8: SPR sensorgrams of the binding of various concentra- sta'ble.complex.PL Rinax IS .”?‘? maximum S_'gnal In ,RU’
tions of DRP-PBN2 and the lipid bilayer (L1 chip) with (A) DMPG  Which is proportional to the initial concentration of lipids,
and (B) DMPC at pH 7. Peptide concentrations used are 1, 5, 10, is the signal in RU from the biosensor, which is proportional
20, and 3uM. Injections were made at timer 0 min, and PBS to the total amount of complex P& PL*, and C, is the

was added to initiate dissociation at 180 s. The curves with a greaterpantide concentration. Because this model fitted the experi-
intensity correspond to the higher peptide concentrations. Sensor-

grams for 10uM [K8, K13-ANC, [K®, K1Z-DRP-PD 3-6, [K?, meptgl dat'a weII,.it may cor'rectly portray the interaction qf
K12, F8-DRP-PD 3-6, ANC, and DRP-PD 36 binding to (C) antimicrobial peptides with bilayers as a 2-stage process, with
zwitterionic DMPG and (D) anionic DMPC bilayers immobilized initial surface adsorption, followed by insertion of the peptide
on the L1 sensor chip surface. into the membrane interior, leading to disruption of the
bilayer once a critical concentration is reached or interaction
bilayers. The shapes of the sensorgrams revealed differenyetween free and membrane-bound peptides to form trans-
blndlng kinetics with Significant differences in the association membrane pores. The second Stage may involve a confor-
and dissociation rates for both lipid surfaces. The initial mational change in the peptidenembrane complex to
association and dissociation of the cationic peptides with bothincrease the stability of the complex. The sensorgrams of
lipid surfaces was very rapid and then slowed. The sensor-the binding of DRP-PD 36 and ANC to DMPG indicate
grams for most peptides did not return to zero following poor responses and dissociation at peptide concentrations up
dissociation, indicating that some peptides remained boundto 30uM and only a barely detectable response at concentra-
to the lipid or inserted into the lipid bilayer. Linearization tions below 1QuM (Figure 8). As a consequence, no values
and curve fitting using numerical integration were used to for the rates of association and dissociation in the first and
obtain the associatioff{) and dissociationky) rate constants.  second stages of the interaction were determined. The fact
The 1:1 binding models with or without mass transfer that DRP-PD 3-6 and ANC are helical in the presence of
limitation, bivalent analyte, or heterogeneous ligand models DMPG vesicles (Figure 7) but bind poorly to immobilized
produced very poor fits, indicating that they are not ap- DMPG bilayers is probably due to their different morphol-
propriate for the complex peptidenembrane interaction.  ogies. The curvature of the vesicles exposes the hydrophobic



Electrostatics and Membrane Association of Gly-Leu-Rich Peptides Biochemistry, Vol. 43, No. 26, 2008405

core of the lipid bilayer more than in the planar anionic interaction (Table 3)Ka1, the first stage association affinity
membrane immobilized on the sensor. constant, indicates the adsorption of the peptide to the
Table 3 shows the overall equilibrium constaids, for membrane surface (primary binding), wher&asis unitless
the binding of peptides to both zwitterionic and negatively and reflects the tendency of the peptide to become inserted
charged membranes. The cationic peptides bind to bothinto or to assemble on the membrane and subsequently move
anionic and zwitterionic phospholipids membranes, but their from the surface to become inserted. The main observations
affinity for anionic membranes is 16A.000-fold greater than ~ were that the first stage rates of associatida,) (and
that for the zwitterionic membranes. This indicates that dissociationKg;) for the interaction with DMPG and DMPC
electrostatic interactions are important for their affinity for are similar, indicating that electrostatic interactions are not
membranes. The cationic peptides have similar, low affinities important for the initial binding of the cationic peptides to
for zwitterionic membranes. This may partially explain the anionic membranes. Therefore, the first step is mainly
low hemolytic activity of the basic peptides compared to their governed by hydrophobic interactions between the peptides
high antibacterial potency. fk3-ANC contains a negative  and the membranes. Second, the second stage rates of
charge (Asff), which may counteract the hydrophobic associationk,,) with both DMPC and DMPG are similar,
driving force by electrostatic repulsion with the anionic indicating that the peptides have similar rates of insertion
membrane surface. The negatively charged aspartate groufnto the anionic and zwitterionic membranes. Third, the
may also prevent the peptides from penetrating into the difference between binding to DMPG and DMPC is the result
hydrophobic region of the bilayer. However, this peptide of the second step and not the first step. This is because
binds to the anionic membrane as strongly as DRP-PBNZ2. cationic peptides dissociatel 00—1000-times more slowly
According to Johnson et al7%), we proposed that anionic  (kgz) from DMPG than from DMPC in the second step, but
vesicles have a negative surface potential that lowers thethey have similar rate constaritg for binding to DMPG
surface pH, thus increasing the proton concentration at theand DMPC. This indicates that short-range ionic interactions
membrane surface. This would increase the probability of are important for stabilizing the peptide inserted into the
protonation (increasing the apparerpand charge neu- anionic membrane; i.e., once the peptide is bound to the
tralization of the aspartate residue close to the surface of amembrane, it is practically “glued” into the acyl region of
negatively charged membrane more than that for a zwitte- the membrane in a quasi-irreversible fashion, with little or
rionic membrane, enhancing the hydrophobicity of the no release. This suggests that short-range Coulombic interac-
peptides. Hence, the aspartate residue could enhance th&ons between the positively charged lysine residues of the
selectivity of the peptides for anionic phospholipids. inserted peptides and the negatively charged headgroups of
These findings may suggest that long-range Coulombic the phospholipids anchor the peptide to the membrane
attractions between positively charged peptides and nega-through snorkeling of the lysine side chains lying at the polar
tively charged headgroups of the anionic membrane increaséhelix surface 76). Unlike the mutations of ionic residues
the selectivity for anionic membranes by increasing the that primarily affectKa, for anionic membranes, our SPR
concentration of the peptide in the vicinity of the membrane analysis shows that the substitution of ¥dbr Phe in [I€,
surface to a threshold peptigiépid molar ratio, leading to K*2-DRP-PD 3-6 influences bothKa, and Ka;, although
membrane disruption. The free energy of the hydrophobic the change irKa, was much larger than that ida;. This
binding of DRP-PBN2 isAG ~ — 8.7 kcal/mol, as deduced demonstrates that the aromatic side chain plays a complex
from its binding to zwitterionic bilayers. This corresponds role in interfacial binding, in addition to prolonging the
to the hydrophobic stabilization of tleehelix by interactions membrane residence time of the inserted peptide. Thus, the
of the nonpolar surface of the helix with the acyl chains of binding of Gly-Leu-rich cationic peptides to anionic mem-
the lipids implying the transfer of 10 nonpolar side chains branes is driven first by the hydrophobic interactions and
from aqueous to nonpolar membrane environments. Becausghen by short-range ionic interactions. There is also no
the difference ik, for the binding of DRP-PBN2 for DMPG  correlation between th&a; for anionic membranes and
is ~1000-fold greater than its binding to DMPC and the free antimicrobial activity, whereas there is a rough correlation
energies of hydrophobic and electrostatic interactions arewith Ka,. Hence, the antimicrobial potency of cationic Gly-
additive, electrostatic interactions contribute an additional Leu-rich peptides is not due to their high adsorption affinity
4.2 kcal/mol to the free energy of binding. Even though the (Ka:) for anionic membranes but to their great propensity to
contribution of electrostatic forces to the overall affinity- become locked into the acyl region of the anionic mem-
binding constant seems modest, it could result in 1000-timesbranes.
more peptide in the vicinity of the anionic membrane surface  We propose a general model for the binding of cationic
than in the bulk peptide solution. Because cationic peptides Gly-Leu-rich peptides to anionic membranes. The cationic
have a much lower binding affinity for zwitterionic mem- peptide initially binds to the membrane surface because of
branes than for anionic membranes, higher concentrationsthe hydrophobic effect and several nonspecific noncovalent
are needed to reach the threshold concentration for ruptureinteractions, leading to an ensemble of peptides loosely
of zwitterionic membranes. This may be why both cationic bound to the membrane. The subsequent formation and
and neutral Gly-Leu-rich peptides have low cytotoxicity for adjustment of the peptide helix result in tightly bound
erythrocytes. peptide-membrane complexes that are primarily stabilized
We next determined exactly how electrostatic and hydro- by the peptide aliphatic and aromatic residues penetrating
phobic interactions influence the membrane-binding proper- deep into the membrane, together with short-range Coulom-
ties of cationic Gly-Leu-rich peptides by analyzing the rate bic interactions between the lysine residues of the peptide
constants for the 2-state model along with the individual and the anionic headgroups of the phospholipids. The
affinity constantsKa; and K, of each stages of the behavior of cationic Gly-Leu-rich peptides is significantly
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different from that of the small membrane-damaging cationic greater than 1 within the antimicrobial progenitor sequence.
peptides magainins and dermaseptins, which were studiedThese findings suggest that diversifying (positive) selection
recently using SPR technology1—80). Magainins and has operated within the antimicrobial domain of the Gly-
dermaseptins are Lysine-rickhelical amphipathic peptides  Leu-rich peptide loci in hylids. This agree with previous
that have broad-spectrum antimicrobial activity but are not studies 83) showing that positive selection has operated
very toxic for mammalian cells. These peptides also have within several other antimicrobial loci in hylids and ranins,
low hydrophobicity and flexibility 41, 44, 81, 82) and as it does among other immunodefense related geds (
interact with anionic lipids~100 times better than with ~ 85). P. bicolorandP. dacnicolorhave different patterns of
zwitterionic lipids. However, this difference in binding is distribution with respect to geography, climate, and vegeta-
mainly due to the first binding step that is governed by tion (86). Accordingly, the gain of antimicrobial activity
nonspecific long-range electrostatic interactions between theduring the evolution of DRP-PBN2 may have been driven,
peptide lysine residues and the anionic headgroups of theat least in part, by environmental pressure to accelerate the
phospholipids. In contrast, the affinity constants for the adaptation ofP. bicolorto the particular noxious microbial
second bhinding stepKa», for anionic and zwitterionic  fauna that this species encounters. In this context, the
membranes are similar, indicating that electrostatic interac- presence of numerous antimicrobial peptide$irbicolor
tions are not important for the insertion of the peptide into skin (the dermaseptins B, phylloxin, dermatoxin, DRP-PBN1,
the membrane and its stabilization. Our results indicate thatand DRP-PBN2) having distinct but overlapping spectra of
Gly-Leu-rich peptides are clearly different from magainins antimicrobial activity and acting in synergy could be part of
and dermaseptins; selection of the target membranes by Gly-a strategy for providing frogs with the maximum protection
Leu-rich peptides takes place in the second binding step. Theagainst a wide range of infectious microorganisms. Hence,
lysine residues of Gly-Leu-rich peptides specifically stabilize these antimicrobial peptides with such diverse structures and
the peptide-membrane complex once the peptide is inserted actions can be viewed as the successful evolution of a
into the membrane. Although the details of the mechanisms multidrug defense system, which minimizes the chance of
by which cationic Gly-Leu-rich peptides permeate and disrupt microorganisms developing resistance to individual peptides.
bacterial membranes are still unknown, the equilibrium  However, the validity of this scenario depends on the
constants of the second binding step resemble those ofassumption that the sequence and activity spectrum of the
peptides that become inserted deep into the hydrophobic cor&common ancestor (node A in Figure 2) of DRP-PBN2 and
of the membrane or form transmembrane pores, rather thanANC resembled that of ANC. Should this prove not to be
lying on the outer surfacer{—79). correct, ANC and then DRP-PD-% would be a rare
Evolution of the Antimicrobial Actity of Gly-Leu-Rich example of a loss of function of orthologous proteins. In
PeptidesThe branch giving rise to DRP-PBN2 i bicolor this context, Dn/Ds ratios equal to or slightly greater than 1
(potent antimicrobial activity and low hemolytic activity) are consistent with the possibility that some of the peptides
developed very different properties from ANC, the ancestor of the Gly-Leu-rich peptide loci are under neutral evolution;
of DRP-PD 3-6 in P. dacnicolor(no antimicrobial activity ~ i.e., all of these sequences are liberated from their original
and low hemolytic potency), 66100 million years ago. This  functional constraints. Because all of the nonsynonymous
change in function mainly relies on two (Asn> Lys and and synonymous mutations are then neutral, Dn/Ds will be
Gly*2 — Lys) of the eight amino acid differences between close or equal to unity and these genes will accept nonsyn-
the two peptide sequences, affecting the net charge of theonymous mutations at a high rate. Accordingly, DRP-PD
peptides and their ability to bind to and permabilize bacterial 3—6 may be part of a bank of variants assembled by random
membranes. The evolutionary divergence of species usuallyfixation of nonsynonymous mutations, which are available
results in orthologous variants of the same protein, all with for further diversifying selection when the microbial environ-
the same three-dimensional structure and biological function ment or the genetic background changes.
but different amino acid sequences. The functional constraints
of orthologous proteins usually remain the same so that Dn/CO’\lCLL"SIO'\l
Ds, the ratio of nucleotide nonsynonymous substitutions The biosensor, CD spectroscopy, and biological assay
(amino acid altering substitutions) per nonsynonymous sitesresults all indicate that evolution has positively selected
to nucleotide synonymous substitutions (silent substitutions) charge-altering nucleotide substitutions at two sites to
per synonymous sites, is usually a constant, low valag)( generate, among neutral hemolytic peptides, an orthologous
Major deviation from this rule can occur if the diverging cationic variant that binds and permeates bacterial cell
species adapt to different environments and the function of membranes. This adds further support to the view that a
the encoded proteins is altered. During such adaptations, thergositive net charge is the major determinant of potent
is a positive (Darwinian) selection for advantageous muta- antimicrobial activity in a-helical amphipathic peptides.
tions that make the protein better adjusted so thatDDs Several glycines of-helix breakers with great backbone
and Dn/Ds> 1. We thus examined patterns of nucleotide flexibility) and S-branched amino acidg{sheet formers)
substitutions within each of the three domains (signal peptide, can be accommodated in an amphipathic helix when the helix
acidic propiece, and antimicrobial progenitor sequence) of is in a membrane environment. This is in accordance with
transcripts encoding orthologous Gly-Leu-rich peptides in the observation that these amino acids are preponderant
P. bicolor, P. dacnicolor A. annag andA. callidryas The within transmembrane segments of membrane prot&i)s (
patterns of synonymous substitutions are not the same in theThis finding supports the notion that the helical propensity
three domains. Dn/Ds increased from the signal peptide (0.090f a given amino acid in a peptide is specified by the context
on average) to propiece (0.296 on average) to antimicrobial (molecular environment and local amino acid sequence).
progenitor sequence (1.05 on average), and Dn/Ds wasFurthemore, it is possible that Gly-induced flexibility in the
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Gly-Leu-rich peptides facilitates a complete insertion of the
entire peptides into the lipid bilayer. The celielix transition

and helical contents of membrane-bound Gly-Leu-rich pep-
tides is driven by the hydrophobic effect and hydrophobic
interactions by reducing the entropy in the peptide and low-
dielectric-favoring intrachain hydrogen-bond formation. Hy-
drophobic interactions between the nonpolar surface of the
helix and the acyl chains of the lipids are major contributors
to the free energy of binding to both anionic and zwitterionic
membranes. In sharp contrast to most known helical and
cationic antimicrobial peptides, the high affinity of Gly-Leu-
rich peptides for anionic rather than zwitterionic membranes
is due to short-range electrostatic interactions that prolong
the residence time of the membrane-inserted peptide. This
suggests that the interactions of cationic Gly-Leu-rich
peptides with bacterial and erythrocyte membranes are
dissimilar.

The precise mechanism by which cationic Gly-Leu-rich
peptides permeate and disrupt bacterial membranes is still
unknown, and clear support for either mechanism of action
“channel”, “micellar”, or “carpet” is beyond the scope of
this study. Strikingly?, the angle subtended by the positively
charged residues inDRP-PBNZ2, is°3Which is 4-6 time
smaller thany of dermaseptins or magainins. It has been
shown previously that the smaller the valuedothe higher
the capacity of the peptide to insert and disturb the organiza-
tion of the outer leaflet of anionic membran&®). There-
fore, the small anglé® combined with high hydrophobicity
and flexibility of Gly-Leu-rich cationic peptides might be
responsible for their high propensity to bind and, once bound,
to reside into the membrane, thereby triggering local fusion
of the membrane leaflets, pore-formation cracks, and mem-
brane disruption.
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