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Designed histidine-rich amphipathic cationic peptides, such
as LAH4, have enhanced membrane disruption and antibiotic
properties when the peptide adopts an alignment parallel to the
membrane surface. Although this was previously achieved by
lowering the pH, here we have designed a new generation of histi-
dine-rich peptides that adopt a surface alignment at neutral pH. In
vitro, this new generation of peptides are powerful antibiotics in
terms of the concentrations required for antibiotic activity; the
spectrum of target bacteria, fungi, and parasites; and the speed with
which they kill. Further modifications to the peptides, including
the addition of more hydrophobic residues at the N terminus, the
inclusion of a helix-breaking proline residue or using p-amino
acids as building blocks, modulated the biophysical properties of
the peptides and led to substantial changes in toxicity to human
and parasite cells but had only a minimal effect on the antibacterial
and antifungal activity. Using a range of biophysical methods, in
particular solid-state NMR, we show that the peptides are highly
efficient at disrupting the anionic lipid component of model mem-
branes. However, we also show that effective pore formation in
such model membranes may be related to, but is not essential for,
high antimicrobial activity by cationic amphipathic helical pep-
tides. The information in this study comprises a new layer of detail
in the understanding of the action of cationic helical antimicrobial
peptides and shows that rational design is capable of producing
potentially therapeutic membrane active peptides with properties
tailored to their function.
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Antimicrobial peptides are being developed as a promising
alternative for traditional antibiotic strategies (1) as bacteria
increasingly threaten to win the antibiotic arms race. Knowl-
edge of their mechanism of action can be used in the design of
more powerful lead compounds; however, these mechanisms
remain unclear, and debate continues as to the relative contri-
butions of proposed pore formation or internal killing strate-
gies (2). Cationic amphipathic a-helical peptides comprise an
important group of antimicrobial peptides that have been stud-
ied quite extensively. Characteristically, these peptides com-
prise a high positive nominal charge segregated on one surface
with a second surface formed of more hydrophobic residues. A
number of models have been proposed describing their pore-
forming activity (3), with a recent in silico study of the action of
amagainin peptide (4) embracing the accumulated experimen-
tal evidence (e.g. see Refs. 5 and 6 and references therein). The
computer simulations show that, above a threshold number of
peptides, one peptide molecule becomes deeply embedded in
the membrane interface. Subsequently, the membrane/water
interface becomes unstable, and solvent molecules from the
peptide-free interface are able to interact with suitably hydro-
philic groups of the embedded protein, and a contiguous pore
develops (4). Importantly, the peptides in the simulation retain
an alignment approximately parallel to the membrane surface,
and the acyl chains of lipids that interact with the peptides
become strongly disordered, whereas the resulting pore is suf-
ficient for cell contents to be released but importantly, since
such behavior has been observed experimentally for magainin 2
(7), also allows passage of the peptide from one side of the mem-
brane to the other (4). These observations agree well with our
experimental biophysical studies of the membrane behavior of
the cationic amphipathic antibiotic peptide pleurocidin (8),
which has pore-forming capabilities (9) but has also been
shown to inhibit intracellular processes (10). In particular, we
used solid-state "N NMR methods on uniformly aligned sam-
ples to show that at peptide/lipid ratios where such pores are
formed, the peptides adopt an orientation approximately par-
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allel to the membrane surface (8), in common with a range of
other cationic helical antibiotic peptides (11-13). Furthermore,
we used 2H NMR of chain deuterated lipids in mixed model
membranes to show that cationic pleurocidin strongly destabi-
lizes anionic lipid acyl chains, in preference to zwitterionic lip-
ids, indicating that such peptides are capable of causing local
membrane disruption (8) and pore formation (14) while the
membrane remains otherwise intact. When using model pep-
tides to study this phenomenon, we showed that histidine-rich
cationic amphipathic peptides, such as LAH4, have topologi-
cally dependent antibiotic activities (15, 16). The LAH4 helix
adopts a trans-membrane alignment at neutral pH but flips to
lie parallel to the membrane surface when the pH is lowered
and the histidine residues become charged (17). At neutral pH,
membrane disruption is weak, but at acidic pH, as determined
by solid-state NMR studies of deuterium-labeled lipids in
model membranes, the peptides strongly disrupt the acyl chains
of the anionic lipid component of model membranes and also
cause bacterial lysis (15). The antibiotic properties of LAH4 and
related peptides therefore become enhanced at acidic pH when
the peptide adopts a surface orientation in the membrane (15).
We also noted that the model histidine-rich peptides had a
greater membrane-destabilizing activity than the natural pep-
tide pleurocidin (18). Considering our peptides in terms of the
model described above, a histidine-rich peptide with enhanced
membrane disruption properties should have excellent pore-
forming activity, whereas its ability to undertake an intracellu-
lar killing strategy, through membrane translocation, may also
be improved. To this end, we have designed and prepared his-
tidine-rich peptides that adopt a surface orientation at neutral
pH. These peptides all have excellent lipid-destabilizing capa-
bilities in anionic membranes; however, their pore-forming
capabilities, as determined by a dye release assay, varied consid-
erably, indicating that pore formation may sometimes only be
incidental to other bactericidal effects. We have evaluated the
in vitro antimicrobial performance of the peptides and find
them to be powerful antibacterial, antifungal, and antiplasmo-
dial agents, whereas the toxicity of the peptides to human cells
and Plasmodium falciparum can be related to further modifi-
cations to the peptide sequence and chirality, showing that
rational design strategies have the potential to mold peptides
for a range of applications.

MATERIALS AND METHODS

Peptide and Lipids—Tentagel S RAM Fmoc? resins were
obtained from Rapp Polymere GmbH (Tibingen, Germany).
The peptides (Table 1) were synthesized using standard Fmoc

2The abbreviations used are: Fmoc, N-(9-fluorenyl)methoxycarbonyl;
HPLC, high pressure liquid chromatography; POPE, 1-palmitoyl-2-
oleoyl-sn-glycero-3-phosphatidylethanolamine; POPG, 1-palmitoyl-2-
oleoyl-sn-glycero-3-phosphatidylglycerol; POPC, 1-palmitoyl-2-oleoyl-
sn-glycero-3-phosphatidylcholine; POPS, 1-palmitoyl-2-oleoyl-sn-
glycero-3-phosphatidylserine; POPG-d31, 1-palmitoylys,-2-oleoyl-sn-
glycero-3-phosphatidylglycerol; POPC-d31, 1-palmitoyly;,-2-oleoyl-
sn-glycero-3-phosphatidylcholine; POPS-d31, 1-palmitoyly;,-2-oleoyl-
sn-glycero-3-phosphatidylserine; PBS, phosphate-buffered saline; CP,
cross-polarization; MTT, 3-(4,5-dimethythiazol-2-yl)-2,5-diphenyltetra-
zolium bromide; FCS, fetal calf serum; IP, propidium iodide; MIC, mini-
mal inhibitory concentration.
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solid-state chemistry on a Millipore 9050 synthesizer or an
Applied Biosystems 433A peptide synthesizer. In crude pep-
tide preparations, a predominant peak was observed when
analyzed by HPLC with acidified acetonitrile/water gradi-
ents. During HPLC purification, the main peak was collected,
and the identity of the product was confirmed by matrix-as-
sisted laser desorption ionization mass spectrometry. Peptides
were lyophilized from 4% acetic acid to remove the trifluoro-
acetic acid counter ion. The lipids 1-palmitoyl-2-oleoyl-sn-
glycero-3-phosphatidylethanolamine (POPE), 1-palmitoyl-2-
oleoyl-sn-glycero-3-phosphatidylglycerol (POPG), 1-palmitoyl-
2-oleoyl-sn-glycero-3-phosphatidylcholine (POPC), 1-palmitoyl-
2-oleoyl-sn-glycero-3-phosphatidylserine  (POPS), 1-pal-
mitoyl,;;-2-oleoyl-sn-glycero-3-phosphatidylglycerol ~ (POPG-
d31), 1-palmitoyl,,,-2-oleoyl-sn-glycero-3-phosphatidylcholine
(POPC-d31), 1-palmitoyl 3, -2-oleoyl-sn-glycero-3-phosphatidyl-
serine (POPS-d31), and cholesterol were obtained from Avanti
Polar Lipids, Inc. (Alabaster, AL) and used without further purifi-
cation. All other reagents were analytical grade or better.

Circular Dichroism Experiments—Spectra were acquired on
a Jasco J-810 spectrometer with samples maintained at 37 °C.
Spectra were recorded from 250 to 190 nm using a spectral
bandwidth of 1 nm and a scan speed of 100 nm/min. Peptides
in 200 wl of phosphate-buffered saline (PBS) were added to
200 wl of trifluoroethanol to a final concentration of 0.5
mg/ml. Vesicles containing POPC/POPG (75:25) were pre-
pared at a concentration of 5 mg/ml. 240 ul of lipid
suspension was added to a 1-mm cuvette, and then 12 ul of
peptide solution (2 mg/ml) was added and then thoroughly
mixed such that a peptide/lipid molar ratio of 1:40 was main-
tained. Spectra were treated using Jasco spectra analysis
software where a spectrum of the peptide-free solution/sus-
pension was subtracted and, for spectra obtained for vesi-
cles, means movement smoothing with a convolution width
of 5 points was applied.

Sample Preparation for Solid-state NMR—For solid-state
NMR, POPE/POPG-d31, POPC-d31/cholesterol, and POPC/
POPS-d31/cholesterol were mixed at a molar ratio of 75:25,
100:30, and 70:30:30, respectively. A total of around 5 mg of
lipids/sample were dissolved and mixed in chloroform and
dried under rotor evaporation at room temperature. In order to
remove all organic solvent, the lipid films were exposed to vac-
uum overnight. The films were then rehydrated with 5 ml of a
suspension of peptide in 0.1 M Tris, 0.1 M KCl buffer at pH 7.5 at
room temperature. For wide line 2H NMR experiments, pep-
tides were added at 2.5 mol %. The samples were briefly soni-
cated in a bath sonicator to improve exposure of all lipids to the
peptide. Samples were subjected to five rapid freeze-thaw
cycles for further sample homogenization and then centrifuged
at 21,000 X g for 20 min at room temperature. Previous deter-
mination of a partitioning constant of 3.5 X 10 (16) for in-
plane LAH4 and PC vesicles at pH 5 indicates that very little
peptide will be free in solution after this process. The pellets,
containing lipid vesicles and associated HALO derivatives,
were transferred to Bruker 4-mm MAS rotors for NMR meas-
urements. Lipid vesicles were also prepared in this way in the
absence of HALO derivatives.
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Static aligned samples were prepared using a procedure
whereby a sublimable solid is co-dissolved with the lipids and
peptide to aid alignment during dehydration and rehydration
(19). 4 mg of HALO, carrying two '*N-leucine labels at posi-
tions Leu-12 and Leu-14 was co-dissolved with POPE/POPG
(75:25) or POPC/cholesterol (100:30) in chloroform at 2.5 mol
%. The solvent was evaporated under a stream of nitrogen gas
and redissolved in a solution of chloroform containing naph-
thalene. The molar ratio of naphthalene to lipid was 1:1. The
solution was layered over 15 thin glass plates (9 X 22 mm;
Marienfeld GmbH, Lauda-Konigshofen, Germany), and the
plates were then exposed to high vacuum overnight. The sam-
ples were rehydrated at 93% humidity and at 37 °C.

Solid-state NMR—>H quadrupolar echo experiments (20) for
samples containing POPG-d31 or POPC-d31 were performed
at46.10 MHz on a Bruker Avance 300 NMR spectrometer using
a 4-mm MAS probe without rotation, spectral width of 200
kHz, and with recycle delay, echo delay, acquisition time, and
90° pulse lengths of 0.3 s, 42 us, 2 ms, and 5 ws respectively. The
temperature was maintained at 37 °C to keep the bilayers in
their liquid-crystalline phase. During processing, the first 40
points were removed in order to start Fourier transformation at
the top of the echo. Spectra were zero-filled to 8192 points, and
50-Hz exponential line broadening was applied. Smoothed
deuterium order parameter profiles were obtained from sym-
metrized and dePaked ?H NMR powder spectra of POPG-d31
or POPC-d31 using published procedures (21-23). *°N cross-
polarization (CP) spectra of static aligned samples were
acquired at 40.54 MHz for '°N on a Bruker Avance 400 NMR
spectrometer equipped with a double resonance flat-coil probe.
An adiabatic CP pulse sequence was used with a spectral width,
acquisition time, CP contact time, and recycle delay time of 25
kHz, 10 ms, 800 us, and 3 s, respectively. The 'H 7/2 pulse and
spinal64 heteronuclear decoupling field strengths were 42 kHz.
40,960 scans were accumulated and the spectra were zero-filled
to 4096 points, and 100-Hz exponential line broadening was
applied during processing. Spectra were externally referenced
to '>°NH,Cl at 41.5 ppm.

Dye Release Assay—Large unilamellar vesicles loaded with
calcein were prepared by mechanical extrusion. Three lipid
mixtures, POPE/POPG (75:25), POPC supplemented with 40
mol % of cholesterol, and POPC/POPS (75:25) supplemented
with 40 mol % cholesterol, were dissolved separately in chloro-
form/methanol. The solutions were dried and then hydrated in
PBS buffer (50 mm, pH 7.4) with 50 mm of calcein ions (calcein
disodium salt; Fluka, Switzerland) before undergoing several
freeze-thaw cycles and then extrusion (11 times) through a
200-nm pore membrane (Avestin). The calcein-entrapped ves-
icles were separated from the dye solution by gel filtration on a
Sephadex G-50 column (2.5 X 3.5 mm) (Sigma) loaded with
PBS buffer (50 mwm, pH 7.4) supplemented with 75 mm NaCl in
order to compensate for the change in osmolarity induced by
the presence of calcein molecules and Na™ counter ions. The
concentrations of the large unilamellar vesicle suspensions
eluting from the column were determined by comparing 100%
dye release from suspensions before and after the gel filtration
step. A dilution factor of ~7 after gel filtration was usual. Cal-
cein efflux measurements were performed on a Fluorolog 3-22
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spectrometer (HORIBA Jobin-Yvon, Longjumeau, France). In a
typical experiment, 10.5 ul of the large unilamellar vesicle solu-
tion (3 mg/ml) was added to 1.5 ml of PBS buffer (50 mm, pH
7.4) in a quartz cuvette and equilibrated for some minutes at
37 °C inside the spectrometer. 7 ul of peptide solution (2
mg/ml) were added into the cuvette while the sample was
excited at A,,. = 480 nm, and the intensity of fluorescence (J)
was recorded at Ay, = 515 nm for about 10 min. A spectral
bandwidth of 1 nm was used for both excitation and emis-
sion. The percentage of calcein released from the vesicles
(Iy,) was calculated according to the formula, 1,, = 100 X (I —
Iy)/(Iax — 1p), where I, represents the intensity of fluores-
cence before adding the peptide to the solution, and 1, is
the maximum intensity observed after dissolving the vesicle
with 10 ul of 10% Triton X-100. Care was taken to maintain
constant I, in order to allow quantitative comparison
between the multiple recordings.

Antibacterial Assays—For details of strains tested, see the
supplemental material. The antibacterial activities of the pep-
tides were tested using a Mueller-Hinton Broth medium
(Difco). Bacteria were first grown aerobically with vigorous
shaking at 37 °C, and aqueous peptides solutions (10 ul) were
incubated in a 96-well microplate with 100 ul of a mid-logarith-
mic phase culture of bacteria with a calculated starting A, ,m
of 0.001 (~2.5 X 10° colony-forming units/ml). Microbial
growth was assessed by the increase of Ag,, .., after an 18-h
incubation at 37 °C, and the value of control cultures growing
without peptide was taken as 100%. Each assay was performed
in triplicate, and the antibacterial activity is evaluated with the
minimal inhibitory concentration inhibiting 100% of bacterial
growth (MIC100).

Scanning Electron Microscopy—Bacteria (Escherichia coli
RSO2 and Staphylococcus aureus ATCC 52156) were grown to
exponential phase (A¢,0 nm = 0.5) into 3 ml of Mueller-Hinton
broth and then centrifuged at 6 °C at 5000 X g and further
washed in distilled H,O. The final bacterial pellet was fixed in
2.5% (v/v) glutaraldehyde in 0.1 M sodium cacodylate buffer at
pH 7.4. The suspension was then applied to coverslips pre-
coated with poly-L-lysine for scanning electron microscopy and
kept in a hydrated chamber for cells to adhere for 2 h. Attached
cells were rinsed in 0.1 M cacodylate buffer at pH 7.4, dehy-
drated in increasing concentrations of ethanol. The coverslips
were mounted on stubs and sputter-coated with gold. Samples
were examined in a Cambridge Stereoscan 360.

Antifungal/Yeast Assay—The following filamentous fungi
strains were used: Tricophyton mentagrophytes, Neurospora
crassa, and Aspergillus fumigatus. Spores at a final concentra-
tion 10* spores/ml were suspended in a growth medium con-
taining potato dextrose broth (Difco, BD Biosciences Microbi-
ology Systems) at half-strength, supplemented with
tetracycline (10 mg/ml) and cefotaxime (0.1 mg/ml). Aliquots
of peptide (10 ul) were incubated in microtiter plates with 90 ul
of fungal spore cultures. Fungal growth was assessed micro-
scopically after an appropriate incubation period (24 or 48 h at
30 °C). Similarly, yeast cells were precultured in a Sabouraud
medium with starting absorbance of 0.001 at 620 nm. Two
strains were tested: Candida albicans and Candida tropicalis.
Growth of yeast was monitored and evaluated by measuring the
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culture absorbance at 620 nm, using a microplate reader.
Finally, MIC100 was calculated as the minimal concentration
completely inhibiting cell growth.

Antiplasmodial Assay—Erythrocytic stages of P. falciparum
were cultivated using the candle-jar technique using the chlo-
roquine-sensitive strain 3D7 (24). The peptides, diluted in
phosphate-buffered saline, were distributed on 96-well tissue
culture plates with different concentrations. For each plate
tested, three control wells were peptide-free, and each concen-
tration was studied in triplicate. The blood samples were
washed three times with a solution of RPMI 1640 (Invitrogen)
supplemented with 25 mm HEPES (Sigma) and 25 mm NaHCO,
(Sigma). The blood samples were then resuspended in the same
supplemented culture medium. If necessary, a dilution was per-
formed by adding uninfected O-positive-group erythrocytes
(EFS-Alsace, France) to obtain a 1% parasite density and a hem-
atocrit value of 2%. The plates were incubated for 4 days at 37 °C
using the candle jar technique. The inhibition concentration
was determined according to the effect of different peptide con-
centrations on the parasitemia, estimated in the 96-well test
plate after 1, 2, 3, or 4 days. For the estimation of the parasite-
mia, light microscopy of a thin blood film stained with Giemsa
was used. For IC,, calculation, an enzyme-linked immunosor-
bent assay was used for detection of pLDH secreted by P. fal-
ciparum similarly as described recently (25). Values for differ-
ing concentrations of peptides were plotted on a standard
curve, and the IC,, value for each peptide was determined using
linear regression analysis.

3-(4,5-Dimethythiazol-2-yl)-2,5-diphenyltetrazolium  Bro-
mide (MTT) Assay—Cytotoxicity was evaluated by performing
the MTT (Sigma) assay (26). Dulbecco’s modified Eagle’s
medium (Invitrogen) was supplemented with 2 mm L-gluta-
mine, 100 units/ml penicillin, 100 ng/ml streptomycin, and
10% (w/v) of fetal calf serum (FCS; HyClone). 90,000 human
fetal lung fibroblasts (MRC-5) or 120,000 SV40 transformed
human fetal lung fibroblasts (MRC-5 V2) per well were plated
in 24-well plates (Costar) 1 day before the assay. The cells were
incubated with peptide solutions for 4 h in the presence or
absence of 10% (v/v) FCS. Cells were incubated with 1% (v/v)
Triton X-100 as a positive control (100% toxicity), whereas
untreated cells were used as a negative control. The cell culture
medium was then removed and replaced by serum-free Dulbec-
co’s modified Eagle’s medium (450 wl) and 50 ul of MTT (5
mg/mlin PBS), and the cells were incubated at 37 °C for 2 h. The
medium was then removed, and 500 ul of DMSO was added to
each well to dissolve the formazan crystals produced from the
reduction of MTT by viable cells, and the absorbance was meas-
ured at 570 nm. The value reported for the EC,,, the concen-
tration of peptide causing 50% toxicity, is based on nonlinear
regression analysis of logarithmic serial dilution experiments
performed in duplicate. Nine peptide concentrations, distrib-
uted above and below the expected EC,,, were tested. For each
combination of peptide and cell line, the relationship between
toxicity and peptide concentration was modeled using a logistic
curve of the following form,

S 50X (1+ ebm9xEm)
TOX|C|ty = 1+ eb—gxconcentration

(Eq. 1)
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TABLE 1

The sequences of histidine-rich peptides used in this study

Positively charged residues at acidic pH are marked in boldface type, and p-amino
acids are in italic type, whereas the positions of **N-labeled amino acids incorpo-
rated for aligned solid-state NMR measurements are underlined. The peptides are
all C terminally amidated, contributing one extra positive charge overall.

. Sequence Nominal
Peptide Sequence length charge at
pH7.2

LAH4-L1 KKALLAHALHLLALLALHLAHALKKA 26 +5
LAH4-L1-1P LALALKHALHKALLLAKHLAHKLALA 26 +5
HALK KRKALLKHALHKLALLAKHLAHKLKKA 26 +9
HALO KKALLOHALHOLALLAOHLAHOLKKA 26 +9
HALO-2 ALALLOHALHOLALLAOHLAHOLALA 26 +5
HALO-F FFKKLOHALHOLALLAOHLAHOLKKA 26 +9
HALO-P8 KKALLOHPLHOLALLAOHLAHOLKKA 26 +9
HALO-PSF FFRKKLOHPLHOLALLAOHLAHOLKKA 26 +9
D-HALO-rev AKKLOHALHOALLALOHLAHOLLAKK 26 +9
D-HALO-P8F-rev AKKLOHALHOALLALOHLPHOLKKFF 26 +9
KALP GRKLALALALALALALALALKKA 23 +5

where b, g, and ECg, are fitted parameters. Initial estimates
were obtained by inspection of data plots and then optimized
iteratively using the nonlinear least squares function in the R
statistics package (R Foundation for Statistical Computing).
S.E. and significance levels were taken from the R output. Anal-
ysis of variance of the EC, point estimates was performed to
investigate peptide and cell line differences.

Flow Cytometry—MRC5 and MRC5-V2 cells were washed
twice with PBS, harvested in a trypsin-EDTA/PBS solution
(1:1), and finally stained with propidium iodide (IP) and
Annexin V-fluorescein isothiocyanate as described by BD
Pharmingen. Ten thousand IP-negative MRC5 and MRC5-V2
cells were then analyzed by flow cytometry (FACSCalibur;
BD Biosciences) for Annexin V-fluorescein isothiocyanate
staining.

RESULTS

Peptide Design—Since LAH4 and its derivatives have much
improved antibiotic activity at acidic pH when the peptide
adopts an in-plane orientation with respect to the membrane
(15), we designed peptides that retained the essential elements
of the LAH4 peptides, namely the a-helicity and positioning of
the histidine residues, while incorporating structural features
that would provoke an in-plane orientation at neutral pH
(Table 1). In a previous study (15), we prepared a series of LAH4
isomers that differed in the angle subtended by the histidine
residues when the peptide adopts an a-helical conformation,
and hence some consideration is required in selecting one of
these peptides as the starting point for the new generation of
peptides. Although early studies of lytic amphipathic helices
showed that increasing the hydrophilic angle led to a reduction
of hemolytic activity (27), our own experiments using LAH4
isomers in mixed membranes containing zwitterionic lipids,
anionic lipids, and cholesterol revealed an intermediate angle,
of between 80 and 100°, to cause the most effective membrane
disruption (28). A detailed investigation of the effect of altering
the charged angle in magainin 2 (29) found that this led to a
perturbation of the peptide hydrophobic moment, and hence
this was compensated for in the design of the magainin ana-
logues. Increases in the charged angle of these mutant peptides
led to an increase in the membrane activity in terms of dye
release from liposomes as well as in antimicrobial and hemo-
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FIGURE 1. Helical wheel representation of LAH4-L1 (A) and HALO (B)
showing location of the hydrophobic residues (light gray), histidine res-
idues (dark gray), and positively charged ornithine residues (black).

lytic activity (29). However, the two peptides with reduced
angles of 80 and 100° were shown to have a much reduced
binding affinity, perhaps as a result of balancing the hydropho-
bic moment. Consequently, although these peptides were
apparently less active when analyzed as a function of overall
concentration, the peptides with reduced angles were in fact
shown to be more effective at disrupting membranes composed
of zwitterionic POPC or mixed POPC/POPG when the peptide
bound to the membrane is considered (16, 29). In a more recent
study where the hydrophobic moment was not balanced,
amphipathic a-helical Hept peptides with charged angles of 80
or 100° were found to be far more effective at disrupting POPC
or POPC/POPG membranes than peptides with larger angles,
and, indeed, the peptide 1,5-Hept, with an angle of 80°, showed
some selectivity between POPC and POPC/POPG membranes
at lower peptide to lipid ratios of 64:1 and 32:1 (30). Enhanced
membrane disruption and selectivity for anionic lipids in mixed
membranes are attractive properties when looking to design
peptides that act on the membranes of bacteria or transformed
eukaryotic cells, and hence LAH4-L1 was used in the present
work as the starting point for the new generation of peptides,
since it is one of the two LAH4 isomers that cause the most
effective disruption of anionic membranes, even in the pres-
ence of sterols (28). It has a charged angle of 80°, which may
afford some selectivity for anionic lipids in the target mem-
branes, whereas the relatively acute charged angle adopted in
an ideal helix allows further charged residues to be added while
maintaining amphipathicity (Fig. 1). To force an in-plane ori-
entation, we either moved or added four positively charged res-
idues to the center of the primary peptide sequence. The
charges on either lysine or ornithine residues are located some-
what further from the helix backbone than those of histidine
when charged, and their positioning in the helical wheel is
intended to allow interaction between the histidine side chains
and the lipid head groups; however, the positioning of the addi-
tional charged residues in the helical wheel does alter the angle
described by such residues and could be a cause of altered selec-
tivity between zwitterionic and anionic membranes in the new
generation of peptides. In the case of HALO or HALK, the four
additional charged residues increase the overall charge of the
peptide from +5 to +9 at neutral pH, and the lysine residues at
the C and N termini are retained, in contrast to HALO-2 and
LAH4-L1-IP (anisomer of LAH4-L1), where the strong positive
charges at the termini are absent.
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Further modifications were introduced to the HALO
sequence to obtain a greater understanding of the mechanism
of both antibiotic activity and toxicity toward eukaryotic cells.
Unlike naturally occurring antimicrobial peptides, the designed
HALO peptides are almost symmetrical, with an even distribu-
tion of hydrophobic and charged residues throughout the
length of the peptide. Naturally occurring antimicrobial cati-
onic helical peptides often have hydrophobic residues clustered
at the N terminus, and these might be expected to induce a
slight tilt of the helix from a parallel surface alignment. To
understand the effect of this common structural feature, a pep-
tide was designed (HALO-F; Table 1), where two phenylalanine
residues were introduced at the N terminus, with the lysines
being shifted two residues toward the C terminus. Previous
structure-activity studies of the naturally occurring histidine-
rich antimicrobial peptide piscidin 1 demonstrated that
improved selectivity between bacterial targets and host red
blood cells could be obtained by introducing a proline residue at
position 8 (31). The induced conformational flexibility and the
optimal length of the second, C-terminal, a-helix were pro-
posed to be the critical factors in conferring this selectivity (31).
We therefore prepared a HALO derivative (HALO-P8; Table
1), where, analogously, we introduced a proline residue in posi-
tion 8.

Finally, since incorporation of b-amino acids in both natural
(32) and designed (33, 34) antibiotic peptide sequences
increases the robustness of the peptides when challenged by
either serum (33) or enzymatic degradation (32), we also pre-
pared two peptides where the peptides were synthesized using
p-amino acids as building blocks. One peptide was a version of
HALO where the sequence had been reversed (D-HALO-rev),
whereas the other also incorporated the phenylalanine and pro-
line residues discussed above (D-HALO-P8F-rev).

Antimicrobial and Antiplasmodial Activity of HALO
Peptides—The antibacterial and antifungal/anticandidal activ-
ities of the HALO peptides are shown in Table 2. The peptides
possess broad range antibiotic activity against a variety of
Gram-positive and -negative bacteria comprising both drug-
sensitive and drug-resistant strains (see supplemental material
for details). In particular, HALO peptides demonstrate power-
ful antibiotic activity against E. coli, S. aureus, and multidrug-
resistant Pseudomonas aeruginosa, bacteria that constitute
common human pathogens. The HALO peptides had some-
what lower activity against S. aureus that has acquired resist-
ance to methicillin or Enterococcus faecalis. In a killing curve
analysis (supplemental Fig. 1), for each of six bacterial strains,
bacteria challenged with HALO at between 2 and 8 times the
MIC were eliminated within 2 h.

Many cationic antimicrobial peptides are rich in lysine resi-
dues. For the HALO peptides, we used ornithine residues in
place of lysine to see if using an uncommon amino acid would
confer some advantage to the antibacterial activity. To test this
hypothesis, we also prepared peptides where lysines were incor-
porated in place of ornithine residues (HALK and LAH4-L1-IP;
Table 1). These peptides were observed to have antibiotic activ-
ities almost identical to those of their respective ornithine-rich
analogues (HALO and HALO-2) (data not shown). We were
able to conclude that the choice of lysine or ornithine residues,
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TABLE 2

The antibacterial, antifungal, and antiplasmodial activity of selected HALO peptides against selected organisms (further information on

bacterial strains can be found in the supplemental material)

HALO was also shown to be active against nonpathogenic strains of the gram-positive bacteria Bacillus megaterium, Rhodococcus equi, and Micrococcus luteus at
comparable concentrations (6.25 uM or better) and against the gram-negative bacteria Acinetobacter baumanii and Stenotrophomonas maltophilia (11.2 um).

Cell type Gram stain MIC
HALO HALO-2 HALO-F HALO-P8 p-HALO-rev D-HALO-P8F-rev
M
Bacteria
E. coli (RSO2) - 2.8 56 2.8 5.6 2.8 1.4
S. aureus (ATCC 52156) + >11.2 5.6 4.2 11.2 4.2 4.2
S. aureus (MET®) + >11.2 224 11.2 >11.2 11.2 >11.2
P. aeruginosa - 11.2 >22.4 2.8 4.2 4.2 2.8
E. faecalis + 5.6 11.2 4.2 11.2 11.2 >11.2
Fungi
N. crassa 3.125 3.125 3.125 1.563
A. fumigatus 50* 50° 50“ 50°
T. mentagrophytes 25 25 12.5 125
C. albicans 25 25 50 25
C. tropicalis 0.75 1.5 0.75 0.75
Parasite (IC;,)
P. falciparum 11.7 17 0.1 10.3
Red blood cells (HC,,) 179.2 <5.6 <5.6 89.6 716.8 >65.2

“ Only 90% inhibition achieved at this, the highest concentration tested. HCs, represents the peptide dose that causes 50% hemolysis of red blood cells in vitro.

in this study, did not affect the behavior of the peptides, and
HALK and LAH4-L1-IP were therefore not studied any further.

Importantly, despite the range of modifications made to the
primary sequences, the activities of the HALO family of pep-
tides, with the same +9 nominal charge, were similar against all
bacteria tested. HALO-2 (and LAH4-L1-IP), however, with a
nominal charge of only +5, had consistently lower activity
against the majority of strains tested and was therefore not
included in subsequent tests. D-HALO-P8F-rev was prepared in
response to the data described in the toxicity and biophysical
studies below. Interestingly, this peptide was observed to have a
small but significant advantage over the other members of the
HALO family when challenging certain bacteria (Table 2).

When tested against a selection of fungi or Candida spp., the
HALO peptides again showed interesting antimicrobial activity
(Table 2). There was considerable variation in peptide antimi-
crobial activity between differing fungi and even between spe-
cies of Candida. The HALO peptides were active at between 1.5
and 3.2 um when challenging N. crassa but were rather less
active against 7. mentagrophytes and were only able to inhibit
A. fumigatus at 90% at the maximum concentration tested (50
uMm). Similarly, the HALO peptides were active against Candida
tropicalis at very low concentrations (0.75 um) but had only
modest activity against C. albicans (25 um). Again, there was
very little variation in activities among the HALO peptides,
indicating that the modifications to the HALO sequence did
not have major effects on the antimicrobial activity.

Finally, the diverse nature of the potential therapeutic targets
of the HALO peptides is highlighted by their activities against P.
falciparum (Table 2), the eukaryotic parasite that causes
malaria, cultured in erythrocytes. The four HALO peptides
tested all demonstrate antiplasmodial activity at concentra-
tions below that which causes significant lysis of red blood cells,
whereas HALO was also capable of eliminating 98% of para-
sites. Interestingly, D-HALO-rev was the most active peptide by
more than 2 orders of magnitude and was also the least hemo-
lytic, with the concentration causing 50% inhibition of P. falcip-
arum more than 7000 times lower than that which causes 50%
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lysis of red blood cells. Furthermore, although, as discussed
below, b-HALO-rev is also the most toxic of the HALO pep-
tides to fibroblasts, there remains a 2-order of magnitude dif-
ference between the concentrations that cause P. falciparum
inhibition and fibroblast toxicity. This difference and the high
antiplasmodial activity of the peptide at low concentration may
make it an attractive candidate for future development of anti-
malarial treatments.

Cellular Toxicity of Histidine-rich Peptides—Maodifications
to the HALO sequence did, however have important conse-
quences when the toxicity of the peptides to erythrocytes
(Table 2) and human lung fibroblasts (Table 3) was assessed.
The HALO peptides can be divided into two groups when
assessing their toxicity against human erythrocytes. The first
group, containing HALO, HALO-P8, p-HALO-rev, and b-
HALO-P8F-rev, are characterized by low toxicity where the
EC;, for red blood cell lysis is greater than 10 times the MIC for
E. coli (Table 2); the second group, including HALO-F and
HALO-2, are toxic to erythrocytes with an EC,, around or
below the same concentration as the MIC for E. coli.

When human lung fibroblasts (MRC5) are challenged with
helical peptides in the presence of fetal calf serum, only those
peptides that are designed to adopt an in plane orientation at
neutral pH are toxic (Table 3), the EC,, for trans-membrane
oriented KALP (35) and LAH4-L1 being superior to the maxi-
mum peptide concentration tested (Table 3, top). In contrast,
all of the HALO peptides are toxic in the range tested (Table 3,
Expt.2/3). However, within the family of HALO peptides, there
is considerable variation in toxicity (Table 3, middle); HALO
and HALO-F are characterized by an EC,, (51.2 £ 4.9 and
47.3 £ 3.7 um, respectively) against MRC5 cells in the presence
of serum of more than 10 times that of the MIC for E. coli,
whereas HALO-P8 has further reduced toxicity (EC5, = 99.1
10.0 um). Interestingly, the left-handed helical peptide, b-HA-
LO-rev (EC;,19.9 = 7.6 uMm), is rather more toxic to MRC5 cells
than the a-helical HALO in the presence of serum, despite the
situation being reversed when considering their toxicities to
erythrocytes.
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TABLE 3
Toxicity study of the model peptides as determined by an MTT assay

Human lung fibroblasts (MRC5) and SV40 virus-transformed fibroblasts (MRC5-V2) were challenged in the presence or absence of FCS. Results from three separate
experiments are shown, one comparing HALO with peptides that adopt trans-membrane orientation at neutral pH (Expt. 1), one comparing peptides within the HALO
series (Expt. 2), and a further experiment highlighting the characteristics of D-HALO-P8F-rev (Expt. 3). The selectivity index is the value for the MRCS5 cells divided by that
obtained for the MRC5-V2 cells in the corresponding environment. EC,, represents the peptide dose that kills 50% of the fibroblasts in vitro.

Petid EC;, (um) Selectivity index
eptide
P MRC5 MRCS5 (ECS) MRC5-V2 MRC5-V2 (ECS) Without FCS With FCS
Expt. 1
KALP >228.0 >228.0 >228.0 >228.0 1 1
LAH4-L1 >184.2 >184.2 133 *21 >184.2 >13.8 1
HALO 38.0 £29 56.1 £ 5.0 26.5 2.0 502 = 5.1 1.43 1.12
Expt. 2
HALO 488 £ 3.3 51.2 = 4.9 21.6 £1.2 373 £3.8 2.26 1.37
HALO-F 399 37 473 * 3.7 124 * 0.4 369 = 0.4 3.22 1.28
HALO-P8 89.1 = 10.6 99.1 = 10.0 36.6 = 2.6 60.4 = 4.4 2.43 1.64
D-HALO-rev 30.0 = 2.8 19976 14.6 £ 1.0 23.7 =25 2.05 0.84
Expt. 3
HALO-F 17.8 = 1.7 56.7 = 3.9 144+ 14 349 £28 1.24 1.62
HALO-P8 48.7 = 5.0 1171 £ 6.7 38335 66.3 = 7.4 1.27 1.77
D-HALO-rev 195*1.1 419 =45 20.9 = 2.6 31.8 £33 0.93 1.32
D-HALO-P8F-rev 20.5*+1.3 579 £ 29 18319 39.6 = 3.2 1.12 1.46

We have previously shown that LAH4, its derivatives, and
pleurocidin disrupt anionic lipids preferentially in mixed mem-
branes (8, 15, 27). This increased affinity for anionic lipids may
have further consequences when considering interactions
between histidine-rich peptides and eukaryotic cells. Anionic
lipids are not normally exposed on the surface of eukaryotic
cells, but cationic peptides do display selective toxicity against
transformed eukaryotic cell lines over healthy cells (36-38),
and this property has also been proposed to be due to a higher
proportion of anionic lipids in the membranes of cancer cells
(39). In particular, phosphatidylserine is often exposed at the
membrane surface of a variety of pathological cells (40), includ-
ing those of human tumor cells (41), and is a prominent hall-
mark of apoptotic cells. MRC5-V2 cells are human lung fibro-
blasts (MRC5) that have been transformed with the SV40 virus
(42). Binding of fluorescently labeled Annexin V can be used to
quantify the amount of phosphatidylserine presented on the
cell surface. The binding pattern of Annexin V to MRC5 and
MRC5-V2 cells is markedly different when compared with the
normal background fluorescence associated with each cell type.
Flow cytometry analysis reveals that the shift to higher fluores-
cence intensity observed for transformed MRC5-V2 cells upon
binding of Annexin V is much greater than that for MRCS5 cells,
confirming the enrichment of phosphatidylserine in the exter-
nal leaflet of MRC5-V2 cell membranes following transforma-
tion (see supplemental material). LAH4-L1 is only toxic to
transformed fibroblasts; however, this selectivity is only
observed when the cells are challenged in the absence of serum
(Table 3, top). In contrast, HALO displays considerable toxicity
against transformed human lung fibroblasts even in the pres-
ence of serum. Although caution should be taken when com-
paring peptide toxicity against cells from differing cell lines and
passages, since this is a source of considerable variation, an
analysis of variance indicates that the peptides in the HALO
family have activity against the transformed MRC5-V2 cells
that surpasses that against the normal MRCS5 fibroblasts (mean
EC;, MRC5 = 50.0 um, MRC5-V2 = 32.5 uM p = 0.025). The
selectivity index given in Table 3 gives an indication of this
advantage and reveals that, in the presence of serum, HALO-P8
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has the greatest selective advantage against the transformed
fibroblasts. Considering the data as a whole, the presence of
serum reduces the toxicity of the peptides (mean EC,, without
FCS, 30.9 um; with FCS, 51.6 um; p < 0.01). D-HALO-rev and
HALO-F are the most toxic peptides to both cell types irrespec-
tive of the culture conditions. Finally, having observed these
toxicity patterns and the biophysical data described below, a
further peptide was prepared that incorporated the toxic pro-
moting phenylalanine and p-amino acid motifs in addition to
the toxic preventing proline at position 8 to see whether a pep-
tide with intermediate properties would result. Indeed, this
peptide, D-HALO-P8F-rev, proved to have intermediate toxic-
ity to both MRC5 and MRC5-V2 cells (Table 3, bottom), which,
coupled with its robust activity against bacteria and low hemol-
ysis, makes this peptide an attractive candidate for further
development.

Scanning Electron Microscopy—Images of E. coliRSO2 and S.
aureus ATCC 52156 were obtained using scanning electron
microscopic techniques. Images were obtained for each bacte-
rial species in the absence (Fig. 2, A and F) and presence (Fig. 2,
B-E and G-J) of incubation for 30 min with p-HALO-P8F-rev.
For E. coli, the first evidence of an effect of the peptide on the
bacteria is observed at or slightly above the MIC (Fig. 2C).
Below the MIC, the bacteria appear unaffected by the peptide
challenge (Fig. 2B). Between the MIC and 4 times the MIC (Fig.
2, C and D), the bacteria become increasingly deformed as the
concentration of peptide is increased. The deformation is quite
pronounced at 4 times MIC, a bactericidal concentration, yet
no lysis or loss of cell contents is apparent (Fig. 2D). At the
highest peptide concentration tested (8 times MIC; Fig. 2E),
although the bacterium retains its rodlike shape, the surface of
the bacterium appears contorted, and the first evidence of leak-
age of cell contents is observed in the form of rough or irregu-
larly stained material obscuring the cell surface. For S. aureus,
even quite low concentrations (one-fourth MIC) are capable of
causing some deformation of the cell in the form of membrane
blebs (Fig. 2G). These blebs become more prevalent when the
peptide is added at the MIC (Fig. 2H), although the bacteria
appear to remain intact. At still higher concentrations (2 times

JOURNAL OF BIOLOGICAL CHEMISTRY 125


http://www.jbc.org/cgi/content/full/M806201200/DC1

Antimicrobial and Antiplasmodial Activity and Selectivity

FIGURE 2. Scanning electron micrographs of E. coli RSO2 (A-E) and S.
aureus ATCC 52156 (F-J) incubated for 30 min with increasing amounts
of the antimicrobial peptide p-HALO-P8F-rev. For E. coli RS02, A shows
peptide-free medium, whereas B-E contain peptide at 0.5, 2, 4, and 8 times
the MIC. For S. aureus ATCC 52156, F shows peptide-free medium, and G-J
contain peptide at 0.25, 1, 2, and 4 times the MIC.

MIC), the bacteria are affected by quite deep invaginations of
the outer cell surface (Fig. 2/). Finally, at the highest peptide
concentration tested (4 times MIC; Fig. 2)), the first evidence of
the leakage of cell contents is observed. Therefore, when chal-
lenged by the most potent antibacterial peptide, both E. coli and
S. aureus, representatives of Gram-negative and Gram-positive
bacteria, respectively, respond similarly in that the peptide
induces clear alterations in the morphology of the bacteria sur-
face at inhibitory and bactericidal concentrations, but only at
the most elevated concentrations is any direct evidence of leak-
age of cell contents observed.

Design of Biophysical Experiments—A general problem
affecting biophysical studies of antimicrobial peptides is the
choice of peptide concentration for each technique. Although
the MIC for each combination of peptide and bacteria is known,
the actual amount of peptide that reaches the bacterial cell
membrane(s) is yet to be quantified. Estimates of the expected
peptide/lipid ratio in the target membrane that are based on
MIC values and the bacterial membrane surface area have sug-
gested that as many as ~100 peptides could be present for each
lipid molecule, although the true value is probably much lower,
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since the peptides may also bind to lipopolysaccharides, pepti-
doglycan, teichoic acid, or other components of the cell enve-
lope (43). Furthermore, peptide/lipid supramolecular assem-
blies display considerable morphological plasticity, depending
on the peptide concentration and lipid composition, with
membranes remaining in a lamellar phase at low peptide con-
centrations but giving way to bicelles or even micelles as the
peptide concentration is increased (44). In this and previous
studies (8, 13—15), therefore, we have selected conditions for
the biophysical studies where peptides are present at the lowest
peptide/lipid ratio that will provoke an event in the membrane
that might be expected to lead to bacterial cell death or where
differences in peptide activity can be observed by the selected
technique. Such events include calcein dye leakage induced by
the naturally occurring antimicrobial peptide, pleurocidin,
which is around 30% at a peptide/lipid ratio of 1:40 (45) or the
formation of disordered toroidal pores observed in silico at pep-
tide/lipid ratios of 1:32 (4). Solid-state NMR methods are sen-
sitive to peptide-induced lipid chain disordering, as observed in
such pores, at peptide/lipid ratios of between 1:59 (1.7 mol %)
and 1:40 (2.5 mol %) in the present study. However, dye release
experiments in the present studies were performed at peptide/
lipid ratios of 1:9, since the HALO series of peptides could only
induce leakage at these elevated levels.

Secondary Structure—CD spectra were acquired for samples
dissolved in the helix-promoting solvent 50% trifluoroethanol,
and these spectra were analyzed using the CDPro software suite
(46) (see supplemental material). HALO, HALO-2, and
HALO-F were determined to have average helical contents of
>90%, whereas HALO-P8, containing a helix-breaking proline
(47) residue at position 8, has reduced helical content. This
corresponds to a loss of one single turn of helix in the peptide,
presumably around Pro-8. The p-HALO-rev peptide adopts a
left-handed helical conformation.

HALO and HALO-F adopt rather similar a-helical struc-
tures in a POPC/POPG model membrane environment,
although there is less helix than in the 50% trifluoroethanol
environment. HALO-P8 appears to have reduced helical con-
tent when compared with the HALO or HALO-F sequences,
but the variation in the helical content values determined by
the three programs in the CDPro suite means that this dif-
ference is not sufficiently significant, reflecting the quality of
the spectra obtainable in this more experimentally challeng-
ing environment.

Dye Release Assay—The ability of the HALO peptides to
induce pore formation, in model membranes composed of a
variety of lipids, was assessed using a calcein dye release assay
(Fig. 3). Interestingly, although the HALO derivatives all
showed very similar antibacterial and antifungal activities, their
abilities to promote dye release and hence induce pore forma-
tion were diverse. The dye release activities, at a peptide/lipid
ratio of 1:9, of all of the HALO peptides were poor to modest for
all three membrane compositions tested, with the exception of
HALO-F. This is despite the fact that rather high peptide/lipid
ratios were used. For comparison, in recent studies of the LAH4
peptides performed under the same conditions, between 40 and
90% dye release was observed with peptide/lipid ratios between
1:250 and 1:100 (48), whereas dye release induced by HALO
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FIGURE 3. Comparison of pore formation in POPE/POPG (A), POPC/cho-
lesterol (B), or POPC/POPS/cholesterol (C) liposomes, assessed by moni-
toring the release of fluorescent calcein from large unilamellar vesicles
when challenged with HALO and derivatives. The experiment was per-

formed at 37 °C and pH 7.4. Triton X-100 was added to terminate the experi-
ment and to allow quantification of 100% calcein release.

peptides at such levels was negligible. Each of the HALO pep-
tides, although not perfectly symmetrical in terms of its primary
sequence, is well balanced around the center of the peptide with
charged and hydrophobic residues equally distributed through-
out the length of the sequence and at the N and C termini
(Table 1). In contrast, HALO-F has two hydrophobic pheny-
lalanine residues located at the extreme of the N terminus, a
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feature that would alter the balance between hydrophobic and
charged resides between the N- and C-terminal segments of the
primary sequence. HALO-F is the most effective peptide at
challenging all three model membranes and causing dye
release. In particular, its enhanced pore formation activity can
be seen when challenging liposomes comprising anionic lipids
(Fig. 3, A and C), and it clearly behaves rather differently from
the other peptides when challenging POPE/POPG membranes
(Fig. 3A), which mimic E. coli lipid membranes (49). Since
HALO-F caused greatly increased dye release in comparison
with the other HALO peptides, and because pD-HALO-rev,
HALO-P8, and HALO-F have such dissimilar toxicity to either
erythrocytes or lung fibroblasts, we prepared a further peptide
containing both proline and phenylalanine motifs and com-
posed of entirely p-amino acids (D-HALO-P8F-rev). This pep-
tide had intermediate dye release activity when challenging, for
example, POPE/POPG vesicles (Fig. 34), indicating that the
higher pore-forming activity of a phenylalanine-rich peptide
could be reduced by either incorporating a proline kink or by
altering the chirality of the peptide or through a combination of
both. Notably, the effect of D-HALO-P8F-rev on bacteria at or
around the MIC is to deform the cell surface through mem-
brane blebs or invaginations of the cell surface, yet cell leakage,
which would imply pore formation, is not observed until bac-
teria are challenged with a high concentration of peptide (4—8
times MIC).

Dye release from neutral liposomes containing cholesterol,
which simulate the plasma membrane of normal fibroblasts, is
minimal when challenged by any of the HALO peptides (Fig. 3,
Band C). In the absence of anionic POPS, only the two peptides
containing phenylalanine residues are capable of causing any
measurable dye release and then only at rather low levels (Fig.
3B). When POPS is included in the membranes, the activity of
all of the peptides is slightly enhanced (Fig. 2C). Dye release is
measurable for all peptides, with the phenylalanine- and pro-
line-enriched peptides showing the greatest activity. HALO-F
causes the release of more than twice as much dye as its nearest
rival.

Lipid Disruption— A recent molecular dynamics study of the
behavior of cationic amphipathic antimicrobial peptides in
model membranes has linked the localized disruption of lipids,
and in particular the lipid acyl chains, to the formation of dis-
ordered toroidal pores (4). An experimental view of this effect
can be obtained by acquiring wide line *H echo spectra (32) of
the lipid mixes in the absence and presence of peptide. This
approach gives a detailed picture of the effect of the peptides on
the lipid acyl chains in model membranes. HALO peptides are
added at 1.7 or 2 mol % with respect to the phospholipid con-
tent of the model membranes, since this peptide/lipid ratio rep-
resents a situation where considerable dye release and hence
pore formation occurs when the action of pleurocidin on model
membranes was studied (45) and is close to that used in the
molecular modeling study (4). The spectra obtained are shown
in Fig. 4 or are available as supplemental material, whereas the
data are presented in the form of either smoothed or averaged
order parameters for the respective acyl chains, calculated rel-
ative to peptide-free membranes.
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provide useful information about
how HALO peptides may behave in
normal eukaryote plasma mem-
branes once bound. When the ani-
onic lipid POPS is included in the
membrane, notable disordering of
the lipid acyl chains occurs for both
anionic and zwitterionic labeled lip-
ids (Fig. 5, C and D). Although in
general, for all three peptides, the
anionic lipid is more strongly disor-
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the activities of the three peptides
can be discerned. HALO-P8 ap-
pears to be rather less effective at
disordering the zwitterionic POPC-
d31 in mixed POPC/POPS/choles-
terol membranes than either HALO
or HALO-F (Fig. 5E), most notably
in the hydrophobic core region of
the acyl chain (Fig. 5F). Within this
region of the membrane, the activity
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FIGURE 4. Comparison of the membrane-disordering effect of HALO on deuterium-labeled lipid-contain-
ing membranes of varying composition. Solid echo *H spectra recorded on a Bruker Avance 300 spectrom-
eter at 310 K are shown for POPE/POPG-d31 (A), POPC-d31/cholesterol (B), POPC/POPC-d31/POPS/cholesterol
(C), and POPC/POPS-d31/cholesterol (D). HALO was added at 2 mol % (A and B) or 1.7 mol % (C and D).

The addition of HALO and its derivatives to membranes
composed of POPE/POPG-d31 causes a noticeable reduction
in the quadrupolar splittings observed for labeled sites through-
out the acyl chain of the anionic lipid (Fig. 44). Calculation of
the smoothed order parameter profiles for the lipid chain
reveals that the order is markedly reduced and proportionally
greatest in the lower part of the chain, corresponding to the
hydrophobic center of the lipid bilayer (Fig. 5A4). Average chain
order parameters, calculated for either the full-length or the
lower part of the acyl chains, indicate that the disruption in
chain order is similar for each of the five HALO peptides tested,
with only small variations from one peptide to another (Fig. 5, E
and F).

Considering the differing toxicity of HALO, HALO-P8, and
HALO-F, these three peptides were also tested for their effects
on membranes simulating eukaryote plasma membranes (Fig.
5, B-D). To this end, similar experiments were performed on
membranes composed of POPC/cholesterol (Fig. 4B) or POPC/
POPS/cholesterol (Fig. 4, C and D), where either POPC-d31 or
POPS-d31 was included as the labeled lipid. The order param-
eter profiles show that in the absence of an anionic lipid in the
membrane, very little reduction of the quadrupolar splittings is
induced by the addition of the three peptides (Fig. 5B). The
binding of cationic peptides to model membranes is strongly
affected by surface charge, and cationic peptides appear to
interact far less strongly with neutral membranes (3). However,
the binding of such peptides to cell surfaces has been shown to
be mediated by heparan sulfate groups (50); hence, an anionic
model membrane, which enhances peptide binding, may also
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of HALO-P8 against anionic POPS-
d31 is, however, comparable with
that of HALO, whereas the activity
of HALO-F is greater than either
peptide (Fig. 5F).

Orientation of Peptides in Model
Membranes—The preparation of
samples containing HALO simultaneously labeled with '°N at
positions Leu-12 and Leu-14 and aligned on glass plates and the
subsequent measurement of the static proton-decoupled >N
CP spectrum allow an accurate determination of the value of
the anisotropic chemical shift (Fig. 64). This parameter corre-
lates strongly with the membrane topology of helical polypep-
tides, with chemical shifts <100 ppm being indicative of in-
plane alignments, whereas values in the 200 ppm region
correspond to transmembrane orientations (17, 51). Unaligned
peptides would give rise to very broad spectra (~170 ppm) rep-
resenting the powder pattern of the >N chemical shift anisot-
ropy (51). A value of 73.5 ppm indicates that the long axis of the
peptide helix is oriented parallel to the membrane surface, as
expected from the design considerations. The peak is a result of
the contributions from two residues, but analysis by a peak
fitting routine did not show any indication of shoulders or mul-
tiple components, indicating that the two labeled sites in the
peptide adopt a similar orientation. The resonance full width at
half height of 17.2 ppm, however, constitutes a spread of orien-
tations and is a reflection of the disruption of the POPE/POPG
membrane induced by the peptide. Previous work has shown
that the presence of positively charged residues, positioned at
the center of a helical amphipathic peptide, is not tolerated in
the hydrophobic core of the membrane, causing the peptide to
adopt a surface rather than a trans-membrane alignment (17).
This hypothesis was confirmed by performing similar experi-
ments with LAH4-L1-IP (Fig. 68) and KALP (35) (available as
supplemental material), which both have a nominal charge of
+5 at neutral pH, to confirm that moving the charged residues
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FIGURE 5. The effect of adding HALO, HALO-P8, and HALO-F to liposomes containing POPE/POPG-d31 (A), POPC-d31/cholesterol (B), POPC-d31/
POPS/cholesterol (C), or POPC/POPS-d31/cholesterol (D), as observed by acquiring 2H spectra of the deuterium-labeled anionic POPG-d31 or POPS-
d31 or zwitterionic POPC-d31. Smoothed order parameters obtained for spectra obtained when incubated with either 2 (A and B) or 1.7 (C and D) mol %
peptide are shown calculated relative to profiles for the corresponding peptide-free liposomes. HALO-2 and p-HALO-rev were also added to POPE/POPG-d31
liposomes (A). Spectra were recorded on a Bruker Avance 300 spectrometer at 310 K. The average chain order parameters are compared over the full length (E)

or lower six carbons (F) of the lipid acyl chain.

from the termini to the center of the peptide results in an in-
plane orientation of the peptide. Sequences related to KALP
have been shown to adopt a trans-membrane orientation in a
range of model membranes (52), and this orientation is also
observed here for KALP. For LAH4-L1-IP, two resonances can
be resolved (Fig. 6B), reflecting the greater difference in align-
ments of two residues that are adjacent to each other (Leu-13

JANUARY 2, 2009-VOLUME 284+NUMBER 1

and -14) than two separated residues (Leu-12 and -14), as per
the HALO family. Further aligned samples were prepared con-
taining either HALO-F or HALO-P8. These peptides were
labeled in the same positions as HALO, but HALO-P8 carried
an additional label at position Leu-5. The spectra obtained
either in POPE/POPG (Fig. 6A4) or POPC/cholesterol (Fig. 6B)
membranes indicate that all of the peptides adopt a surface
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— LAH4-LI-IP broad spectrum antibacterial agents
—— HALO-F against bacteria, such as E. coli, S

HALO-P8 aureus, and P. aeruginosa. LAH4-L1
—— HALO-PSF

and other related peptides are also
interesting antibiotics (15), but at
neutral pH, far greater quantities
are required to inhibit growth of P.
aeruginosa, for example, which is
essentially resistant to such peptides
in the concentration range that
might be clinically acceptable.
LAH4 adopts a trans-membrane
orientation at neutral pH (17), and
peptides from this family induce
only minimal disruption of lipid acyl
chain order under such conditions
(15, 28). Therefore, it seems clear
that the in-plane orientation
adopted by the HALO peptides is

400 300 200

N (ppm)

alignment and that no large shifts of the major resonances are
observed between HALO and its derivatives or when the lipid
environment is changed. Therefore, modification of the HALO
peptide, by incorporating phenylalanine or proline, does not
cause the peptide to tilt dramatically away from the surface
alignment adopted by HALO itself, further confirmation that
the placement of the positively charged residues is the main
determinant of alignment for this class of peptides. For HALO-
P8, however, a further, less intense but broader resonance is
observed at 102.4 and 95.9 ppm in POPE/POPG or POPC/cho-
lesterol, respectively. Assuming that the region around the
additional label at Leu-5 remains helical, this indicates that the
additional label is in a section of the peptide that undergoes
motional averaging or adopts an alternate orientation to the
remainder of the peptide. Additional sharp resonances are
observed around 30 ppm for two peptides in the presence of
POPE/POPG (Fig. 6A). These resonances are located upfield of
the region where *N-leucine amide resonances are expected
and may be ascribed to natural abundance **N in the lipid head-
groups, which may appear according to slight variations in sam-
ple hydration during application of radio frequency pulses.

DISCUSSION

The designed histidine-rich antimicrobial peptides compris-
ing the HALO family are distinct from their parent peptide,
LAH4-L1, in terms of both their biophysical behavior in the
presence of model lipid membranes and their antimicrobial
activities. At neutral pH, the HALO peptides adopt a surface
alignment and strongly destabilize the lipid acyl chains in mixed
POPE/POPG-d31 membranes, whereas the peptides are potent
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FIGURE 6. Proton-decoupled static oriented "N solid state NMR spectra of 2.5 mol % HALO peptides in
aligned POPE/POPG (75:25) (A) or POPC (LAH4-L1-IP) or POPC/cholesterol (100:30) (HALO-F, HALO-PS,
and HALO-P8F) (B) membranes indicating a surface alignment of the peptide. HALO, HALO-F, HALO-P8,
and HALO-PS8F all carry "N labels at positions 12 and 14, whereas HALO-P8 and HALO-PS8F carry an additional
label at position 5. LAH4-L1-IP is labeled at positions 13 and 14. The membranes remain aligned and intact, as
confirmed by the 3'P NMR spectrum of the same samples (e.g. see supplemental material).

essential for their higher antimicro-
bial activity, relative to the parent
LAH4-L1. A surface orientation has
been described for a number of anti-
microbial peptides derived from
natural sources (8, 11-13), and a
model for pore formation induced
by cationic amphipathic peptides
maintaining such an alignment has
been described using an in silico molecular modeling approach
(4). This model indicates that a surface-aligned peptide, when
reaching a similar peptide/lipid ratio as used in the present
study, induces a local disruption of lipid acyl chains, and a “dis-
ordered toroidal pore” forms, where the peptides maintain an
alignment approximately parallel to the membrane surface.
During this process, the membrane is disrupted locally, and this
allows the peptides to enter the cell interior. Antimicrobial pep-
tides can have pore forming or intracellular targeting bacteri-
cidal strategies (2), whereas some peptides, such as pleurocidin,
have been identified as being capable of both (9, 10). In the
present study, we have designed cationic amphipathic antimi-
crobial peptides that deform the bacterial cell surface of both
Gram-positive and Gram-negative bacteria at or around their
MIC, implicating membrane-localized events in the inhibitory
and bactericidal mechanisms. Only at peptide concentrations
considerably in excess of the MIC, however, do the cell contents
appear to be released. In agreement with this, evidence from
biophysical techniques suggests that these designed peptides
can disrupt the acyl chains of anionic phospholipids and be
potent bactericidal antimicrobial agents without forming pores
big enough to release calcein from the vesicle interior. Further-
more, small alterations in primary sequence at its extreme N
terminus, such as adding two phenylalanine residues, can con-
fer greatly increased pore-forming activity on an amphipathic
peptide without affecting either its antimicrobial potency or its
ability to disorder lipids in model membranes. Taken together,
these observations indicate that the activity of the HALO pep-
tides, at or around their MIC, may not be dependent on pore
formation alone and that such activity may only be incidental to

—100 —200
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other antibacterial mechanisms. The ability of the peptides to
disrupt lipid acyl chains does, however, appear to be linked to
the antibacterial potency, and therefore the ability of HALO
and its variants to enter bacteria may be closely linked to the
ability of the peptide to induce localized lipid disruption.

Interestingly, HALO and its derivatives possess very different
levels of toxicity to human cells, whereas the pattern of toxicity
is also different when comparing lung fibroblasts and erythro-
cytes. Understanding the relevant differences between the two
cell types in combination with the data provided by the bio-
physical aspect of the present study allows us to identify not
only how cationic amphipathic helical antimicrobial peptides
function but also, in this case, how the peptides can be altered to
acquire either reduced or more selective toxicity relevant to the
intended application. Erythrocytes differ from many other
eukaryote cells in that they have no nucleus or internal mem-
branes, and, although it can be induced by certain drugs (53),
endocytosis does not normally occur. Although the underlying
mechanism of the antibacterial activity of cationic helical pep-
tides has been studied quite extensively, the means by which
such peptides are toxic to eukaryote cells and, in particular,
cancer cells has received less attention. Recently, however, pep-
tides such as lactoferricin have been investigated as potential
anti-cancer agents, and it has been shown that this peptide
enters neuroblastoma cells and depolarizes mitochondrial
membranes (54). This initiates a number of necrotic and apo-
ptotic processes, but ultimately, the main events leading to cell
death are the destabilization of the cell membrane and the col-
lapse of the outer and inner mitochondrial membranes. Our
observations and biophysical study lend strong support for this
mechanism. D-HALO-rev, for example, is the least toxic of the
peptides to erythrocytes but is the most toxic toward either
normal or transformed fibroblasts. In addition, D-HALO-rev
has the poorest pore-forming activity across the three model
membranes but is nonetheless capable of disordering lipid acyl
chains in the POPE/POPG-d31 model membranes. Internal
membranes, such as the inner and outer mitochondrial mem-
branes, have far lower cholesterol content than the plasma
membrane (55), making them more vulnerable to the action of
cationic helical peptides, whose lipid-disrupting and pore-
forming abilities are strongly modulated by the presence of ste-
rols in model membranes (14). In contrast, HALO-F is highly
toxic to both erythrocytes and fibroblasts when compared with
the original HALO peptide. In addition, HALO-F causes dye
release from model membranes that is far greater than that of
any of the other HALO peptides tested and was the only peptide
tested to cause acyl chain disordering in neutral cholesterol-
rich membranes. It is likely that this behavior underlies the
extremely high toxicity observed for both human cell types that
were challenged.

Cationic helical peptides, such as NK-2, dermaseptin S4, and
its acylated derivatives, have also been shown to have antipara-
sitic activity in culture (56 —60). The less potent of these are
hemolytic at their active concentrations, although erythrocytes
infected with P. falciparum appear often to be more susceptible
to lysis than noninfected host cells (56 —58). More potent pep-
tides, including acylated derivatives (58, 59) and, in particular,
peptide analogues (60), are active at concentrations far below
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that required for erythrocyte lysis, and such peptides have been
shown to be localized at the parasite membrane within infected
erythrocytes (56, 59). In the present study, the antiplasmodial
activity of, in particular, D-HALO-rev indicates that histidine-
rich peptides can be designed that can also enter P. falciparum-
infected erythrocytes at sublytic concentrations and kill the
parasite. The mechanism for this antiplasmodial activity is, as
yet, unclear. However, again, important differences in the
membrane composition of Plasmodium spp. and the cells that
they have infected are predicted to enhance the activity of
designed antiplasmodial peptides. One major difference is that
Plasmodium plasma membranes also have an extremely low
cholesterol content (61). Furthermore, both exposure of phos-
phatidylserine at the external surface of the erythrocyte plasma
membrane (40, 56) and increased membrane fluidity and disor-
der, accompanying an increase in the proportion of unsaturated
lipid acyl chains in the erythrocyte membrane phospholipids
and a slight reduction of the cholesterol content (62— 65), have
been demonstrated postinfection. In contrast, healthy erythro-
cyte membranes retain asymmetry, and phosphatidylserine is
not presented at the external surface prior to a pathological
stimulus (40). Therefore, as with the internal membranes dis-
cussed above, the Plasmodium plasma membrane would be far
more susceptible to the action of the HALO peptides than the
membranes of its uninfected host cells, since the action of cat-
ionic a-helical peptides is closely related to the presence of
negatively charged phospholipids and disorder in the mem-
brane (14).

As mentioned above, interest has been growing in the ability
of cationic helical peptides to display selective toxicity toward
transformed cells over normal ones. The basis for this selectiv-
ity is proposed to be the presence of anionic lipids at the exter-
nal surface of the plasma membrane of transformed cells (36 —
40), and this has been demonstrated to be the case for the action
of the NK-2 peptide on cancer cells presenting phosphatidyl-
serine (66). Consistent with this, the HALO peptides display
greater toxicity toward MRC5 fibroblasts that have been trans-
formed with the SV40 virus (MRC5-V2). Incorporating a pro-
line residue at position 8 in the HALO sequence reduces toxic-
ity toward both cell types but enhances the selectivity of the
peptide toward the MRC5-V2 cells in the presence of serum.
Although other studies have produced peptides with greater
specificity and activity toward cancer cell lines (38, 66, 67), the
potential to tune the selectivity of a membrane active peptide by
carefully incorporating just one proline residue is rather attrac-
tive. Incorporation of a proline residue has already been shown
to reduce the toxicity of piscidin-1 to erythrocytes, whereas the
peptide retained its antimicrobial potency (31). Here we obtain
similar results with the HALO peptides but also demonstrate
that the incorporation of a proline, in combination with p-
amino acids and the phenylalanine motif, allows a peptide to be
produced that has low toxicity to erythrocytes and reduced tox-
icity toward fibroblasts yet remains a robust antibiotic. The
deuterium NMR data suggests that the incorporation of a pro-
line residue can lead to a greater reduction of the lipid acyl
chain disordering of zwitterionic POPC lipids than anionic
POPS lipids when HALO peptides insert into the membrane.
This could be a result of a reduction in the length of the helical
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segment in the peptide, or, since we and others have shown that
the angle subtended by the charged segment in the helical
wheel is also important for selection of anionic over zwitteri-
onic lipids (26 —29), the proline-induced kink and concomitant
conformation flexibility could allow modulation of the effective
charged angle and afford selectivity through this alternate
route. The relative contributions of these effects could provide
the basis for incorporating extensive selectivity in the design of
future generations of cationic helical membrane active
peptides.
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