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ABSTRACT:

Citropin 1.1, maculatin 1.1, and caerin 1.1 are short
antibacterial cationic peptides from the skin glands of the
Australian tree frog Litoria species. Several analogues
have been synthesized to give a better insight into the
relationship between the structure of the peptides and
their antibacterial and haemolytic activity. Binding
studies using a surface plasmon resonance (SPR)
biosensor together with a vesicle-capture sensor chip have
been used to investigate selectivity of the peptides and
their analogues for 1,2-dimyristoyl-sn-glycero-3-
phosphoglycerol (DMPG) and 1,2-dimyristoyl-sn-
glycero-3-phosphocholine (DMPC) vesicles, as well as for
vesicles made from lipid extracts from Escherichia coli
and bovine brain. Data obtained for membrane
selectivity using natural lipid extracts show better
correlation with minimum inhibitory concentration
(MIC) values against Gram-positive bacteria and
haemolytic activity than that obtained using synthetic
DMPG and DMPC. Electron microscopy and membrane
leakage studies using Gram-positive bacteria gave further
insight into the membrane disruption properties of the

peptides. For maculatin 1.1, it was found that the central
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proline residue, which is responsible for a bend in the -

helical structure, is essential not only for the antibacterial
activity but also for binding, and perturbation of
membranes. The caerin analogues showed only small
variations in their MIC values and membrane binding.
In contrast, for citropin 1.1, the analogue replacing the
aspartate with a lysine showed the lowest MIC against
Gram-positive bacteria and best membrane binding to E.
coli lipid extracts, coinciding with an increased
hydrophobic moment of the peptide. These data give
further insight into these antimicrobial natural products,
toward the development and evaluation of these and
other analogues as potential antibiotics. © 2010 Wiley
Periodicals, Inc. Biopolymers (Pept Sci) 96: 147157, 2011.
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INTRODUCTION
o increase their chances of survival in the wild, many
organisms use bioactive chemicals to defend themselves
against predators and pathogenic micro-organisms.'™
Amphibian skin is a well-known source of such chemi-

cals*™ and most were found to be peptides. A search in
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the antimicrobial peptide database® (APS) reveals around 580
peptides that have been isolated from frogs or toads. Around
100 of these were isolated from the Litoria genus, an Australian
tree frog species.” These peptides, which vary between 10 and
25 residues, are obtained from skin glands found on the dorsal
surface of the amphibian, and include peptides such as aurein,
caeridin, citropin, dahlein, gastrin, and maculatin, most of
which were found to possess broad-spectrum antibiotic activity.
Furthermore, most were found to have low-haemolytic activity.
These compounds are hence potential candidates for the devel-
opment of novel antibiotics,'® and have therefore attracted the
interest of several research groups.”''""

The antibacterial peptides from the Australian frog species
Litoria belong to the class of linear helical peptides, which
are cationic and adopt amphipathic o-helical structure in
membrane and membrane-like environments.'*'® They bind
or aggregate with the membrane in an unspecific manner,
and disrupt the bacterial membrane integrity.'” Several mod-
els have been proposed to describe how these helical peptides
disrupt bacterial membrane; two pore-forming mechanisms
(a) barrel-stave and (b) toroidal models; and a surface-inter-
action mechanism (c) the carpet model.'® In the barrel-stave
model, the peptide forms transmembrane aggregates that
form a pore lined with either the peptide or with a mixture
of peptide and lipid. In the toroidal model, the peptide dis-
rupts the lipid-lipid interaction, leading to a thinning of the
membrane by mediating a curvature of the inner and outer
surface, and eventually the formation of a pore. The pores
can then act as nonselective channels, allowing the free flow
of ions, solutes and metabolites, destabilizing and killing the
bacteria. For both models, it is suggested that the peptide is
able to span the lipid membrane (>20 residues). In the carpet
model, shorter (<20 residues) peptides bind parallel to the
membrane surface to form clusters, exerting disruptive forces
to the membrane, without explicit pores. Independently of
the chosen membrane perturbation model, an implicit con-
centration threshold is always required for disruption."”

Some members of the a-helical, antibacterial peptides are
reported to have antitumor activity,zo_22
magainin. Both are suggested to act in a similar mode of
action as with bacteria, by disrupting the membrane. In the
better studied case of magainin, the peptide is suggested to
penetrate the cell membrane and disrupt the mitochondrial
membrane, thereby triggering apoptosis.>!

Citropin 1.1 is a 16-residue antimicrobial peptide, pro-
duced by both the dorsal and submental skin glands of the
Australian green tree frog Litoria citropa.'>* The peptide
shows antibacterial activity mainly against Gram-positive
bacteria,'® but it also shows inhibition of nitric oxide syn-
thases (NOS).** No antitumor activity has been reported for

i.e., aurein and

citropin 1.1 or its derivatives so far. The structure of citropin
1.1 is reported to form a random coil in aqueous environ-
ment but forms a defined a-helical structure in hydrophobic,
membrane-like environments, such as 50% trifluoroethanol
(TFE)* or in the presence of 1,2-dimyristoyl-sn-glycero-3-
phosphocholine (DMPC).*> A more recent study indicated
that citropin 1.1 in the presence of SDS micelles actually
forms two a-helical fragments (residue 4-7 and 10-16) with
a BIV turn in between residues 8 and 9.%°

Caerin 1.1 is a 25-residue peptide from various Australian
green tree frog (Litoria species), showing similar activity pro-
file as citropin, i.e., acting mainly on Gram-positive bacteria.
Caerin was also reported to have inhibitory effect on mucosal
HIV transmission.”” Solution nuclear magnetic resonance
(NMR) structure of caerin 1.1?® in membrane-like environ-
ments revealed a predominately o-helical structure, but with
a distinct bend due to the two prolines. Both prolines are im-
portant for the antimicrobial activity.”> Peptide-lipid inter-
action studies suggest that caerin 1.1 spans the membrane by
forming pores in a barrel-stave like model.”

Maculatin is a 21-residue peptide, similar to caerin in its
primary sequence. The peptide, which was isolated from
Litoria genimaculata, shows also similar antibacterial activity,
i.e., mainly against Gram-positive bacteria, and similar in-
hibitory effect on mucosal HIV transmission.”” Solution
NMR structure of maculatin 1.1 in membrane-like environ-
ments also shows a predominately a-helical structure with a
bend due to the single proline.’" As is the case with caerin,
the proline is important for antimicrobial activity. One study
of the peptide-lipid interaction using a quartz crystal micro-
balance with DMPC/1,2-dimyristoyl-sn-glycero-3-phospho-
glycerol (DMPG) membranes showed some differences com-
pared to maculatin, suggesting a more toroidal like model
for caerin rather than a pore forming model.”

In this article, we studied minimum inhibitory concentra-
tions (MICs) and haemolytic activity of citropin 1.1, macula-
tin 1.1, caerin 1.1, and analogues, and investigated their
effects on membrane disruption. Most peptide-lipid interac-
tion studies reported to date have been carried out using syn-
thetic DMPC, DMPG, or 1,2-dimyristoyl-sn-glycero-3-phos-
phoethanolamine (DMPE). However, native membranes are
comprised of a variety of saturated, unsaturated, and derivat-
ized lipids, which result in membranes with different physi-
cochemical properties to those made using a single synthetic
phospholipid. In this article, we study the peptide-lipid inter-
action of some of the a-helical antimicrobial peptides with
total lipid extracts of E. coli and of bovine brain cells. For cit-
ropin 1.1, three analogues were designed to change the elec-
trostatic properties of the peptide. For maculatin 1.1, a single
analogue was designed to change the a-helical conformation
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and thereby potentially disrupt the amphipathic moment of
the peptide. For caerin 1.1, we selected two variants which
change the hydrophobic property of the peptide but retain
the range of antimicrobial activity.3 2 In addition, we deter-
mined what effect these changes had on membrane specific-
ity with regard to lipid composition of model membranes
and lipid extracts, using a surface plasmon resonance (SPR)
biosensor.”> We have also used transmission electron micros-
copy and a membrane-potential fluorescence leakage probe
to gain a better insight into the mechanism of bactericidal
action of these peptide antibiotics on Gram-positive bacteria.

MATERIALS AND METHODS

Materials

Peptides were purchased from Chiron Mimotopes (Victoria, Aus-
tralia) and were used without further purification. The lipids DMPC
and DMPG were purchased from Aldrich (UK), and bovine brain
and E. coli total lipid extracts were purchased from Avanti Polar Lip-
ids (USA). Bacteria assayed were laboratory strains or were obtained
from the American Type Culture Collection (http://www.atcc.org/).

Peptide Properties

The properties of the peptides, such as isoelectric point, charge at
physiological pH, hydrophobic moment, and hydrophobicity were
calculated using the EMBOSS® software suite and the tools at the
ExPASy Proteomics Server (http://www.expasy.org/tools/). For the
hydrophobic moment, the maximum value is reported, using 8-
sequence window and o-helical structure. The hydrophobicity™ is
calculated as average value over all amino acids in the corresponding
peptide.

Broth Microdilution Antimicrobial Assays

Enterococcus faecium STR 207 (VanA phenotype), Enterococcus fae-
cium STR 211 (a vancomycin susceptible derivative of STR 207 lack-
ing the plasmid containing Tn1546), Enterococcus faecalis V 583
(VanB phenotype), Bacillus subtilis (ATCC 6633), and Staphylococ-
cus aureus H (a laboratory strain) were cultured in brain heart/0.5%
yeast (BHY) extract broth and incubated at 37°C. A sample of each
culture was then diluted 40-fold in fresh BHY broth and incubated
at 37°C for 1 h. The resultant mid-log phase cultures were diluted
to a final concentration of 5 X 10> colony forming unit (CFU)/ml,
and then added to wells of 96-well nonbinding surface plates (NBS,
Corning). All compounds were serially diluted twofold across the
culture-containing wells from 128 pg/ml to 0.063 ug/ml. Vancomy-
cin was included as a reference. The 96-well plates were covered and
incubated at 37°C for 24 h. MICs were the lowest concentration
showing no visible growth. Bactericidal activity (minimal bacteri-
cidal concentration, MBC) was determined by subculturing 10 ul
from wells at the MIC value, and adjacent to it, onto BHY agar
plates. The plates were then incubated at 37°C for 24 h and exam-
ined for bacterial cultures.
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Time of Killing Assays

Time of killing testing was performed in BHY medium using a sin-
gle colony to inoculate the broth followed by overnight incubation.
Dilutions were performed to provide an approximate inoculum of
10° CFU/ml in 3 ml of broth. Compounds were tested at 0.5, 1, 2,
and 4 times the antibiotic MIC values for S. aureus H (a laboratory
strain) and for B. subtilis (ATCC 6633). Samples (0.1 ml) were
removed from each tube at 0, 1, 4, 10, 20, and 30 min and diluted
appropriately in cold 0.9% sodium chloride. Samples were then
plated in triplicate on BHY agar plates. Plates were incubated at
37°C for 20 h, and colony counts (log;o[cfu]/ml) were determined.

Haemolytic Assay of hRBCs

The peptides were tested for haemolytic activity using human red
blood cells (hRBC). Freshly prepared hRBC with 1 mM ethylenedia-
minetetraacetic acid (EDTA) were rinsed 3 times with phosphate
buffer saline (PBS) (600 pl, 35 mM, pH 7.4) by centrifugation for 10
min at 800g and resuspension in PBS. The appropriate peptide was
dissolved in PBS to make up a concentration of 1024 ug/ml. Hundred
microliter of this solution was then added to a solution of the stock
hRBC in PBS (100 yl) to give a final volume of 200 gl (final erythro-
cyte concentration, 5% v/v). The resulting suspension was incubated
with gentle agitation for 1 h at 37°C. The samples were then centri-
fuged at 800g¢ for 10 min. Release of haemoglobin was monitored by
measuring the absorbance of the supernatant at 510 nm. Controls for
zero haemolysis (blank) and 100% haemolysis consisted of hRBC sus-
pended in PBS and in pure water, respectively.

Electron Microscopy

Samples containing either E. coli B or S. aureus H (1 ml, 10° CFU/
ml) in BHY medium were incubated with the various peptides at
their MIC and at twice the MIC for 30 min. After centrifugation,
the pellets were resuspended in a solution of 2% glutaraldehyde (1
ml) and 33% hydrogen peroxide (100 ul). The samples were stained
with osmium tetroxide and lead-uranium salt, and then 50 nm sec-
tions were mounted on a copper grid (3 mm) and examined using a
Philips CM100 transmission electron microscope.

Cytoplasmic Membrane Permeability

Bacteria were grown at 37°C with shaking to mid-logarithmic phase
(ODgpp = 0.5-0.6). Cells were collected by centrifugation, washed
once with buffer (5 mM HEPES, pH 7.2, 5 mM glucose), and resus-
pended in the same buffer to an ODgq of 0.05. The cell suspension
was incubated with 0.4 uM 3,3'-dipropylthiadicarbocyanine iodide-
(5) [DiSC3(5)] until dye uptake was maximal (as indicated by a sta-
ble reduction in fluorescence due to fluorescence quenching as the
dye became concentrated in the cell by the membrane potential).
KCI (100 mM) was then added to equilibrate the cytoplasmic and
external K' concentrations. A 1 ml cell suspension was placed in a 1
cm cuvette, and the desired concentration of peptide was added.
The fluorescence reading was monitored by using an Aminco Bow-
man Series 2 luminescence spectrophotometer at an excitation
wavelength of 622 nm and an emission wavelength of 670 nm. The
maximal fluorescence increase due to the disruption of the cytoplas-
mic membrane was then subtracted from a blank cuvette containing
only bacteria and the dye to correct for background signal drift.
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TableI Minimum Inhibitory Concentrations (MICs, pg/ml) and Haemolytic Activity (ng/ml) of the Peptide and

Their Synthetic Analogues

E. faecalis  E. faecalis E. faecalis hRBC
Organism/Cell Van-sens VanA VanB B. subtilis S.aureusH  E.coliB  E. coliDC2 (IH 50 ug/ml)
Vancomycin 4 >512 64 0.125 4 >512 64 ND
Citropin 1.1 4 4 8 4 8 128 64 256
Citropin 1.1 M14 8 8 16 8 8 128 n/a 256
Citropin 1.1 M15 8 8 16 8 8 128 n/a 128
Citropin 1.1 M20 2 2 4 2 4 128 n/a 256
Caerin 1.1 32 32 32 32 8 >512 256 128
Caerin 1.6 8 16 16 16 16 >512 256 64
Caerin 1.8 8 16 16 16 16 >512 256 64
Maculatin 1.1 32 32 32 2 8 >512 256 128
Maculatin 1.1 P15A >512 >512 >512 >512 >521 >512 >512 >512

These organisms were only assayed with vancomycin and Citropin 1.1. in the presence of 0.1 M KCl (the conditions used in the membrane permeability

assay).

Surface Plasmon Resonance Assays

The SPR assay was done with a BIACORE 2000 (Biacore, UK) using
a Biacore L1 chip. The Biocore L1 chip consists of a gold slide
coated with carboxymethylated dextran derivatized with hydropho-
bic anchors. Each chip consists of four flow-cells (2.4 mm X 0.5
mm X 0.05 mm) with a probing spot for SPR signal of 0.26 mm?
for each flow cell. Degassed and filtered PBS (100 mM, pH 7.4) was
used as the running buffer for all experiments.

Loading of the Sensor Chip With Lipid

Small unilamellar vesicles (SUVs) at 2 mM total lipid concentration
in PBS with 0.05% EDTA were formed as described previously.*®
They were immediately passed across the surface of a Biacore L1
sensor chip37 for 20 min at a low flow rate (60 ul, 10 mM, 2 ul/
min), following a 2-min injection of 3-cholamidopropyl-dimethy-
lammonio-1-propane sulphonate (CHAPS, 20 mM) solution at
high flow rate (20 pl/min). The captured vesicles could be com-
pletely removed from the sensor chip after a binding assay by a 2
min injection of 20 mM CHAPS. The degree of coverage of the sur-
face was determined from the extent of nonspecific binding of bo-
vine serum albumin (BSA) (0.1 mg/ml in PBS, 5 min injection).

Peptide Binding Assay

The antimicrobial peptides were diluted serially in PBS to 4 uM and
were passed sequentially over the different phospholipid-containing
flow cells. The amount of peptide bound at equilibrium just before
the end of the injection was corrected by subtraction of the bulk-re-
fractive index difference observed at the beginning and the end of
each injection. The surface was then cleaned with two 5 min injec-
tions of 20 mM CHAPS and the lipids reloaded as described above.
The binding assay was performed at 25°C in random order in tripli-
cate and the binding response values obtained were then normalized
by dividing the average observed response (RUpoung) by the differ-
ent peptide molecular weights (MW) of the corresponding peptides,
and the amount of lipid captured on the surface of the chip
(RU¢ipia))s i.e. RUpouna/ (MW X RUjpiq). Normalization against the
molecular weight is used to account for the fact that the response

unit (RU) is mass dependent. Normalization against the amount of
lipid captured was used as the capacity of the membrane to bind
peptide was correlated with the total amount of lipid loaded, which
varied typically by 10%.

RESULTS

Minimal Inhibition Concentrations of Peptides

MIC assays showed that all peptides, with the exception of
the P15A mutant of Maculatin 1.1, possess wide-spectrum
antibacterial bacteria
(Table I). In particular, the active compounds were active

activities against Gram-positive
against vancomycin-resistant strains of E. faecium (MIC 2-16
ug/ml). None of the peptides tested were significantly active
against the Gram-negative E. coli B with MIC >512 ug/ml
for most peptides. Only Citropin and its analogues show
some weak activity (MIC 128 pug/ml) against E. coli B. In gen-
eral, the MBC was observed at, or within a factor of two of,

the MIC (data not shown).

Haemolytic Assay of Peptides

Haemolytic assays revealed that the peptides were haemolytic
towards hRBC only at concentrations much higher than the
MIC values for Gram-positive bacteria (see Table I).
Although all peptides showed selectivity for the bacteria
compared to the red blood cells (see Figure 2c), citropins
showed the best selectivity as a group, compared to the caerin
and maculatin group. Within the citropin group, citropin 1.1
M20 exhibits the best selectivity for Gram-positive bacteria,
with the other variations, M14 and M15 exhibiting a small
selectivity compared to the native citropin 1.1. The differen-
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ces in the selectivity is thereby mainly due to the difference
in the MIC values, rather than difference in the rRBC.

Electron Microscopy Study on Bacterial Lysis

The effect of citropin 1.1 and of maculatin 1.1 on the mor-
phology of S. aureus cell membranes was visualized using
transmission electron microscopy (Figure la). At peptide
concentrations equal to the MIC several darker areas, possi-
bly due to interactions of peptide with intracellular organ-
elles, were observed on the bacterial membrane (Figure 1b)
for both peptides. At twice the MIC, both peptides caused
total lysis of the bacteria (Figure 1c). No effects on bacterial
morphology were observed when E. coli B was used in place
of S. aureus H (data not shown).

SPR Spectrometry

The amount of lipid loaded on the sensor chip varied consid-
erably, depending on the lipid type, from 5000 (DMPC and
DMPG) to 14,000 RU (bovine brain and E. coli lipid extract).
Because the correlation between response units and absorbed
mass is known,*®*® the values for DMPC and DMPG corre-
spond to surface densities equivalent to ~5 ng/mm? This
was roughly the amount of material expected for formation
of a planar lipid bilayer (~4.4 ng/mm?).”® The response lev-
els after the injection of the vesicles drifted at a rate of
approximately ~2 RU/min with a buffer flow of 20 yl/min.
Following injection of 10 mM sodium hydroxide, a stable
baseline resulted with a drift <0.3 RU/min.

Citropin 1.1 and citropin 1.1 M20, which possessed the
lowest MICs against Gram-positive organisms (Table I),
showed the greatest specificity for negatively charged mem-
branes (DMPG and E. coli lipids) over more neutral mem-
branes (DMPC and bovine lipids) (see Figure 2). However,
the very low activity against Gram-negative E. coli establishes
that antibiotic activity is not determined alone by the higher
affinity for negatively charged membranes. (Table I).

Cytoplasmic Membrane Permeability

Cytoplasmic membrane permeabilization was determined by
using the membrane potential-sensitive carbocyanine dye
DiSC3-(5)* together with B. subtilis ATCC 6633. Following
the addition of DiSC3-(5) to bacterial suspensions, equilibra-
tion between extra-cellular and intra-cellular dye (as deter-
mined by a stable fluorescence signal) was complete within
30 s for E. coli DC2 and 30 min for B. subtilis ATCC 6633. To
balance the intra- and extra-cellular chemical potential of the
cells, 0.1M KCl was then added to the buffer. Hence, the
MICs of the peptides against E. coli DC2 and B. subtilis

Biopolymers (Peptide Science)

Membrane Binding Studies of Antimicrobial Peptides 151

ATCC 6633 were also determined in the presence of 0.1M
KCl (Table I) for this part of the study. A blank with only
cells and the dye was used to subtract the background.

Citropin 1.1 behaved differently to vancomycin with
respect to cytoplasmic membrane permeabilization (depolari-
zation of the membrane potential gradient). Fluorescence
leakage from B. subtilis ATCC 6633 and E. coli DC2 was
observed immediately upon addition of the citropin at the
MIC concentration. There was no leakage observed when van-
comycin (which is known to inhibit the transglycosylation and
transpeptidation steps of peptidoglycan biosynthesis in Gram-
positive bacteria and not directly compromise membrane in-
tegrity40) was used, even at 10 times its MIC (Figure 3a).

Fluorescence leakage from E. coli DC2 was observed after
addition of citropin at concentrations as low as 5% of the
MIC value in the presence of 0.1M KClI, and reached a maxi-
mum at 50% of the MIC value in the presence of 0.1M KCI
(data not shown). The exposure of the dye-saturated B. subti-
lis ATCC 6633 at various concentrations (0.5-10 times the
MIC in the presence of 0.1M KCI), lead to immediate fluo-
rescence leakage. Additionally, a slow and minor change in
membrane potential was observed when citropin was added
at concentrations at 10% of the MIC value (in the presence
of 0.1M KCl) (Figure 3c).

Time of Killing Assay

The killing ability of the citropin against S. aureus was
assayed over 30 min (see Table III). Citropin 1.1 reduced the
amount of viable bacteria with respect to the initial inoculum
significantly within one minute at two and at four times the
MIC. At four times the MIC, citropin 1.1 completely killed
the starting inoculum after 10 min as no regrowth was
observed. At two times MIC citropin 1.1 effected in >98%
killing within 20 h (data not shown). Thus, citropin 1.1 was
clearly bacteriocidal, rather than simply bacteriostatic. This
conclusion is in accord with the evidence for the occurrence
of cellular fragments in Figure lc.

DISCUSSION

All peptides showed good activity against Gram-positive bac-
teria and no or very poor activity against the Gram-negative
E. coli B. Citropin 1.1 and its analogues showed good activity
(MIC 4-16 ug/ml) against all tested Gram-positive bacteria,
in particular against vancomycin-resistant strains of E. fae-
cium. The single residue variation D4K in citropin 1.1 M20
reduced the MIC fourfold. Caerin 1.1 and its analogues
showed only medium activity (MIC 8-32 ug/ml) against the
Gram-positive bacteria, with a slightly better activity among
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500 nm
(e)

FIGURE 1 Electron micrographs of (a) Staphylococcus aureus control, (b) S. aureus treated with
citropin 1.1 at the MIC (8 ug/ml), (c) S. aureus treated with citropin 1.1 at twice the MIC (16 ug/
ml), (d) S. aureus treated with maculatin 1.1 at the MIC (8 ug/ml), and (e) S. aureus treated with
maculatin 1.1 at twice the MIC (16 ug/ml).
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the analogues compared to Caerin 1.1. Maculatin 1.1 also
showed only medium activity (MIC 8-32 ug/ml) against the
Gram-positive bacteria, with the exception of B. subtilis
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(MIC 2 pg/ml). The P15A variation showed no activity at all.
All peptides show no haemolytic activity against human red
blood cells, suggesting potentially high selectivity of the pep-
tide for Gram-positive bacteria over Gram-negative bacteria
and eukaryotic cells. The antibacterial activities reported here
are broadly in line with other reported values for similar or
identical peptide sequences.”"?

To gain insight into the cell-specificity of amphibian antimi-
crobial peptides and its role in selective killing activity, we used
a vesicle capture sensor chip together with a SPR biosensor to
determine the propensity of the peptides to bind to different
membrane types.'>*"** Zwitterionic phospholipid (such as PC)
containing membranes are regarded as mimics of mammalian
cells while anionic phosphlipid (such as PG) containing mem-
branes are used as mimics for bacterial cells. We used both syn-
thetic lipid extracts of E. coli and bovine brain to mimic a bacte-
rial and a mammalian cell membrane, respectively. The total E.
coli lipid extract (using MeOH/CCly) better represents a Gram-
negative cell membrane and is comprised of ~67% PE, ~23%
PG, ~10% cardiolipin, and a mixture of fatty acids.*> Notably,
the Gram-positive bacterial lipid extract also contains teichoic
acid (a polymer of glycerol phosphate linked to the peptidogly-
can), which serves to increase the anionic character of the mem-
brane,** making the membrane more attractive to cationic pep-
tides. Gram-positive bacteria have however developed several
antibiotic defense mechanisms via D-alanylating the teichoic
acids or incorporating lysyl-phosphatidylglycerol, both of which
serve to annul the positive charged groups thereby decreasing
the efficacy of cationic peptides.*>*®

All peptides, expect for maculatin P15A, show a relatively
weak binding of the peptides to DMPC and stronger binding
to DMPG (Figure 2a), confirming that electrostatic interac-
tions play an important role in the binding of the peptides to
the membrane. All peptides are cationic and have an amphi-
pathic property when adopting a a-helical structure,”® but
neither the number of amines nor the charge at physiological
pH or the hydrophobic moment (Table II) would explain the

FIGURE 2 Graphs showing the relative amount of different peptides
bound to (a) DMPC (white), DMPG (black) and their ratio (grey dia-
monds), and (b) bovine lipid extract (white), E. coli lipid extract (black)
and their ratio (grey diamonds). The response (RUg,ung) has been nor-
malized for the peptide molecular weight (MW) and the amount of
lipid captured on the chip surface (RUyjpia) as discussed in Methods.
Also shown is the cytotoxic selectivity of the peptides between prokary-
otic and eukaryotic cells, given as (c) the ratio between the haemolytic
ICs against human red blood cells (hRBC) and the average MIC value
against Gram-positive bacteria (G+ve), both given as yig/ml. High val-
ues indicate a low haemolytic activity (high ICsy value) and high anti-
microbial activity (low MIC value).
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tion of the cytoplasmic membrane of the Gram-positive B. subtilis. (a) Change of fluorescence for
each compound at their MIC concentration, (b) change of fluorescence at the equilibrium phase
(average between 400 and 500 sec) for different concentration, given as times of their MIC concentra-
tions (MIC for Maculatin 1.1 = 2 pg/ml, Citropin 1.1 = 4 ug/ml, and vancomycin = 0.125 pg/ml).

trends in the binding to DMPG or the selectivity in binding
between DMPG an DMPC. Similarly, no correlation is
observed between the absolute magnitude of peptide-DMPG
binding and bactericidal activity (Table I).

Binding of the peptides to the native lipid extracts
showed a similar trend as with the synthetic phospholipids,
weak binding to the bovine brain lipid extracts and stron-
ger binding to the E. coli lipid extract (Figure 2b), con-
firming the selectivity of the peptides for prokaryotic cell
membranes. While there is no correlation between the
magnitude of peptide-lipid binding and any of the peptide
properties, there is a correlation between the peptide-E.coli
lipid binding (Figure 2b) and the selectivity of the peptide
for prokaryotic over eukaryotic cells, expressed as the ratio
between the 1Cs, of hRBC and the MIC of the Gram-posi-
tive bacteria (Figure 2c). Comparison of the figures indi-
cated that both show similar trends, with citropin 1.1 M20
as a strong selective peptide, citropin 1.1 as medium selec-
tive and the others with low selectivity. Exception to this
trend is Caerin 1.8, which despite showing a strong selec-
tivity for E. coli lipid extract, shows only a low selectivity
in its toxic activity (MICgyve : 16 ug/ml compared to
hRBC ICs of 64 ug/ml)

Detailed NMR structure analysis of citropin 1.1 and deriv-
atives®® has revealed that the full length (1-16) citropin

adopts a structure with two a-helical fragments with a IV
turn in between. On the other hand, a C-terminal truncated
version (1-12) citropin showed a single a-helical, without a
turn at the residues 8 and 9, and eliminating or at least dras-
tically reducing the activity against both Gram-positive and
negative bacteria. Several detailed peptide-lipid interaction
studies between citropin 1.1 and model membranes*” indi-
cated that citropin can adopt an amphipatic o-helical struc-
ture, able to bind to the membrane, but too short to span the
membrane, suggesting a carpet model for the disruption of
the membrane.”® The analogues of citropin 1.1 show similar
antibacterial activity against Gram-positive bacteria, with the
single Asp4Lys variation showing an overall better activity. A
similar trend can be observed with the membrane binding to
the E. coli lipid extract (Figure 2b), in which the same Citro-
pin variation exhibits greater binding. These results are in
contrast to earlier reported results, obtained by measuring
inhibition zones on an agarose plate,** where the citropin 1.1
M14 analogue is reported with slightly better antibacterial
activity. Common to both results, though, is that citropin 1.1
and analogues show some low activity against Gram-negative
bacteria. All modifications of citropin used in this study are
not regarded to change the a-helical structure of the Citro-
pin.** The trend within this small set of peptides suggested
that the hydrophobic moment (Table II) of the a-helical pep-
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—é\ RN LAARL L tides correlated with better activity and better membrane
s~ T e binding to E. coli.
Maculatin 1.1 loses all its antibacterial activity, when pro-
= line at position 15 is replaced with alanine. Similar loss of
O 0 O O N O 0 0 . . . . .
Tl 229552889 antibacterial activity has been reported for the same modifi-
S| csssssSsS . . 31 . P
S cation previously,” including a reduction in membrane leak-
age experiment,*® even though others report similar antibac-
. terial activity with the unmodified maculatin.** The mode of
b %‘ action for maculatin 1.1 is currently viewed as between a
g5 pore forming™” and a torodial like model®® A P15A mutation
§ g oy Taasas of the peptide is shown to remove the bend between the two
5 a-helical structure, forming a single o-helix.’’ Our data
clearly shows that P15A loses all membrane binding capabil-
o ity, with no binding observed to either the synthetic or native
é 2l B DRSS RLELD lipid extracts. This is, in a sense a surprising result, as it is
'§ | oS dgnn commonly suggested that small structural changes do not
. affect the rather unspecific membrane binding ability of a
peptide compared to the more specific membrane disrup-
o X tion. Our data suggests that in the case of Maculatin 1.1 a
2 m A Rt B small structural change can dramatically alter its membrane
S TETR AR binding capability.
5 .
NMR experiments with Caerin 1.1 revealed a predomi-
_ nately o-helical structure, but with a distinct bend due to the
>| FZdZszagre :‘é two prolines.”> Modification of those two prolines, as in mac-
= < g N § § % § E 5 é ulatin 1.1 P15A, resulted in a loss of antimicrobial activity,
~; and a straightening of its structure to a single a-helix.”” The
e caerin 1.1 analogues included in this study were designed in a
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tivity. No correlation of that increased affinity can be found to
any property of the peptide, apart from the fact that caerin 1.8
has the highest charge within that set of peptides.

Both citropin 1.1 and maculatin 1.1 show similar effects
on the morphology of S. aureus cells, using transmission
electron microscopy (see Figure 1). Both show a few areas of
lysis at MIC level and total lysis of the bacteria at twice their
MIC level. Although the effect on the morphology looks sim-
ilar, their effect on the membrane permeabilization of B. sub-
tilis using a DiSC3(5) dye looks slightly different. Maculatin
1.1 displays only half the increase in fluorescence of Citropin
1.1, but is able to trigger the leakage at a 0.1 times MIC level
(Figure 3). Citropin 1.1 on the other hand triggers a higher
and faster leakage, but only at a higher concentration (>0.5
times the MIC level). Comparable reports*® using a carboxy-
fluorescein leakage of POPC large unilamellar vesicles
(LUV’s) report similar effect with maculatin 1.1 showing a
leakage at a significant lower lipid/peptide ratio (higher pep-
tide concentration) than citropin 1.1.

This work suggests that citropin 1.1 and citropin 1.1 M20,
both with low haemolytic and broad spectrum antibiotic
activities, are potential candidates for further investigation
and development. For example, future studies could involve
substitution of glycine residues for lysine, which has been
used to improve the bactericidal activity of other antimicro-
bial peptides.’"*

The authors thank Dr. Jeremy Skepper (Atomic Imaging Centre,
University of Cambridge) for the electron microscopy work and
Jennifer White (Adprotech Ltd.) for hRBC assays.
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