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Most Gram negative bacteria are susceptible to polymyxin B (PxB), and
development of resistance to this cationic lipopeptide is very rare. PxB
mechanism of action involves the interaction with both the outer membrane
(OM) and the inner membrane (IM) of bacteria. For the design of new
antibiotics based on the structure of PxB and with improved therapeutical
indexes, it is essential to establish the key features of PxB that are
important for activity. We have used an approach based on mimicking the
outer layers of the OM and the IM of Gram negative bacteria using
monolayers of lipopolysaccharide (LPS) or anionic 1-palmitoyl-2-oleoyl-
glycero-sn-3-phosphoglycerol  (POPG), respectively, and using a
combination of penetration assay, analysis of pressure/area curves, and
Brewster angle microscopy to monitor surface morphology changes.
Synthetic analogue sp-B maintains the basic structural characteristics of the
natural compound, and interacts with the OM and the IM in a similar way.
Analogue sp-C, with a mutation in the sequence [DPhe®-Leu’] into [DPhe®-
Dab’] shows that this hydrophobic domain is involved in LPS binding. The
significant role of the positive charges is demonstrated with sp-Dap
analogue, where L-a,y-diaminobutyric acid residues Dab! and Dab® are
replaced by L-a,y-diaminopropionic acid (Dap), resulting in lower degrees of
insertion both in LPS and PG monolayers. The importance of the N-terminal
acyl chain is demonstrated with polymyxin B nonapeptide (PxB-np). PxB-np
shows lower affinity for LPS compared to PxB, sp-B or sp-C, but it does not
insert into PG monolayers, although it binds superficially to the anionic film.
Since PxB microbial killing appears to be mediated by osmotic instability

due to OM-IM phospholipid exchange, the ability of the different peptides to



induce membrane-membrane lipid exchange has been studied using
phospholipid unilamelar vesicles. Results indicate that cationic

amphipathicity determines peptide activity.



Introduction

The global emergence of multidrug-resistant bacteria is an important clinical
problem that is increasingly limiting the use of currently known antibiotics.
There is a great demand to find new drugs to overcome this problem, but
experience has proven that the time to develop resistance to new antibiotics
is often very short. This is essentially related to the mechanism of action of
traditional antibiotics, with five main specific targets in the cell: cell-wall
synthesis, DNA gyrase, metabolic enzymes, DNA-directed RNA polymerase
and protein synthesis.! Bacteria can develop genetic resistance towards
these mechanisms of action at a rate that depends on many factors, such as

the number of targets.

Antimicrobial peptides (AMPs) are a class of antibiotics that rarely spur the
development of resistant microorganisms. AMPs are secreted by many living
organisms in response to infection by Gram negative and Gram positive
bacteria.* They are a diverse group of molecules, with more than 800
described so far.’ Despite their diversity, the main target of most AMPs is
the lipid bilayer itself, without any stereospecific interaction with chiral
receptors or enzymes.?>® To develop genetic resistance is therefore very

costly for the bacteria.

Polymyxin B (PxB) is a nonribosomally synthesized AMP produced by
Bacillus polymyxa, with selectivity against Gram negative bacteria, including
multidrug-resistant Acinetobacter baumannii and Pseudomonas aeruginosa

strains.”*® As most AMPs, PxB has a highly amphipathic nature, an



important feature for membrane interaction. A second important
characteristic shared by most AMPs, is a net cationic charge at physiological
pH, with 5 positive charges due to L-a,y-diaminobutyric acid (Dab) in the
case of PxB. The cationic character of PxB facilitates its preferential
interaction with the bacterial membranes, rich in anionic phospholipids
such as phosphatidylglicerol and cardiolipin. In contrast, the outer leaflet of
mammalian cell membranes mainly comprises phosphatidylcholine and
cholesterol, which are charge neutral at physiological pH. The mechanism of
action of PxB involves the inner and outer membranes of the Gram negative
bacteria. PxB binds to the anionic surface molecule lipopolysaccharide (LPS)
in the outer membrane (OM), leading to self-promoted uptake across the
OM!! and subsequently reaching the periplasmic space and interacting with
the cytoplasmic membrane.!? The mechanism of bacterial killing is clearly
not related to membrane permeation, which takes place at concentrations
well above the minimal inhibitory concentration (MIC).”*'''* The actual
mechanism of action is not yet fully understood, but has been proposed to
involve the formation of molecular contacts between the inner and outer
membranes of the bacteria and the induction of lipid exchange, thus
resulting in loss of the compositional specificity of the membranes and
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osmotic instability. It is extremely difficult for the bacteria to generate

a genetic resistance to such a physical mechanism of action based on ionic

and hydrophobic interactions. In fact, resistance to polymyxins is rare,”:18

a reason that explains the renewed interest in the clinical use of PxB and

8,9,18,19

related antibiotics. In the search for new antibiotics with the same

mechanism of action than PxB but with better therapeutical indexes, we



have designed and synthesized a series of PxB-analogues (sequences are
shown in Table 1, and molecular structures in Figure 1). Analogue sp-B
maintains the basic features of PxB that are important for activity: a cycle
of seven residues with three positive charges due to Dab and that contains
a hydrophobic domain (D)Phe-Leu, in positions 6 and 7; a linear tripeptide
with two positive charges due to Dab; and a middle length hydrophobic N-
terminal chain. Previously reported biophysical studies have shown that sp-
B interaction with phospholipid vesicles is analogous to the interaction of
PxB.2122  Both PxB and sp-B bind to anionic membranes and induce the
formation of vesicle-vesicle contacts and selective lipid exchange. sp-C
contains a modification in the order of residues 6 and 7, thus breaking the
hydrophobic domain of the cycle (Table 1). This domain is important for

peptide activity in the membrane.?>?*

sp-C has been shown to interact with
anionic vesicles inducing lipid exchange, but is not as selective as PxB or sp-
B, i.e. phosphatidylcholine phospholipids can cross sp-C membrane
contacts, but not sp-B or PxB contacts.”® In order to determine the
influence of the peptide charges on the interaction, sp-D analogue has been
designed and synthesized (Table 1). sp-D contains two residues of L-a,y-
diaminopropionic acid (Dap) in positions 1 and 8. Dap residues have a pK;
approximately of 8.5 as already described?® and at pH 8.0 will confer the
peptide a much lower cationic character compared to PxB (the pK, of Dab is
9.45). Finally, PxB-np is a derivative of PxB obtained by enzymatic
treatment. PxB-np has no antibiotic action of Gram negative bacteria,

although it binds LPS and permeabilizes the bacterial membrane to

hydrophobic antibiotics. 72 This property has been used to develop peptide



conjugates for coadministration with otherwise inactive antimicrobial

agents.!®

This work examines the interaction between PxB and PxB analogues and
different lipid monolayers that mimic the bacterial membranes. The outer
leaflet of the outer membrane (OM) of Gram negative bacteria is simulated
with monolayers of LPS or its lipid anchoring portion, lipid A. The
cytoplasmic or inner membrane (IM) is predominantly negatively charged,
and monolayers of POPG have been chosen as a model. The insertion of the
peptides into the different monolayers have been determined by the
Langmuir trough technique, maintaining constant either the surface
pressure or the area. In addition, morphological changes in the monolayer
upon peptide insertion have been observed by Brewster angle microscopy
(BAM) of lipid films after peptide insertion. The results are correlated to the
ability of the peptides to induce lipid exchange between membranes, taking

PxB activity as a reference.

Experimental Section

Chemicals. Polymyxin B sulfate salt (PxB), PxB-nonapeptide (PxB-np),
poly-L-lysine hydrochloride (MW=15000-30000), lipopolysaccharide (LPS)
and lipid A, both from Sa/monella enterica serotype minnesota Re 595 (Re
mutant), Trizma base (Tris), monosodium phosphate monohydrate, and
disodium phosphate heptahydrate were purchased from Sigma-Aldrich (St
Louis, MO). 1,2-diacyl-sn-glycero-3-phospho-1-rac-glycerol sodium salt

from egg vyolk lecithin (egg PG), 1-palmitoyl-2-oleoyl-glycero-sn-3-



phosphodlycerol (POPG) and 1-palmitoyl-2-oleoyl-glycero-sn-3-phosphatidic
acid (POPA) were from Avanti Polar Lipids (Alabaster, Ala). 1-hexadecanoyl-
2-(1-pyrenedecanoyl) glycero-sn-3-phosphoglycerol (pyPG), and 1-
hexadecanoyl-2-(1-pyrenedecanoyl) glycero-sn-3-phosphate (pyPA) were
purchased from Molecular Probes (Eugene, OR), the last one was obtained
by custom made synthesis. N-fluorenylmethoxycarbonyl (Fmoc)-protected
amino acids, namely Fmoc-Dab(Boc)-OH, Fmoc-Dap(Boc)-OH, Fmoc-
Cys(Trt)-OH, Fmoc-Thr('‘Bu)-OH, Fmoc-DPhe-OH, Fmoc-Leu-OH, were
purchased from Bachem (Bubendorf, Switzerland) and Fluka (Buchs,
Switzerland). Chemical reagents N,N-diisopropylcarbodiimide (DIPCDI), N-
hydroxybenzotriazole (HOBt), trifluoroacetic acid (TFA) (BioChemika
quality) as well as nonanoic acid were also from Fluka (Buchs, Switzerland).
Rink amide resin was purchased from Novabiochem (L&ufelfingen,
Switzerland. Chloroform and methanol (HPLC grade, Fisher Scientific CO)
was used as the spreading solvent for all lipids. Water was doubly distilled

and deionized (Milli-Q system, Millipore Corp.).

Peptide synthesis and purification. Peptide synthesis was performed
manually following standard Fmoc/'Bu procedures using DIPCDI/HOBt
activation on a Rink amide resin.?” Once the sequence was assembled,
cleavage of the peptides from the resin was carried out by acidolysis with
TFA:triisopropylsilane:water (95:3:2, v/v) for 90 minutes. TFA was removed
with N, stream and the oily residue was treated with dry diethyl ether to
obtain the peptide precipitate. The solid peptide was isolated by

centrifugation. This process was repeated three times. The homogeneity of



peptide crudes was assessed by analytical HPLC using Nucleosil C18 reverse
phase columns (4 x 250 mm, 5 um of particle diameter and 120 A porous
size). Elution was carried out at 1 ml-min't flow with mixtures of
H,0-0.045% TFA and acetonitrile-0.036% TFA and UV detection at 220 nm.
Peptides were subsequently purified by preparative HPLC on a Waters Delta
Prep 3000 system using a Phenomenex C18 (2) column (250 x 10 mm, 5
pum) eluted with HyO-acetonitrile-0.1% TFA gradient mixtures and UV
detection at 220 nm. Cyclization of peptides through disulfide bonds was
carried out in 100 mM ammonium bicarbonate aqueous solutions with a pH
adjusted to 10 by addition of aqueous concentrated ammonia (32%). Final
purity was greater than 95%. Peptides were characterized by amino acid
analysis with a Beckman 6300 analyzer and by MALDI-TOF with a Bruker

model Biflex III.

Kinetics of insertion into monolayers.

Monitoring the insertion of peptides into lipid monolayers, either at constant
pressure or at constant area, is a sensitive tool for studying lipid/peptide
interactions.?® Insertion experiments were conducted at 24°C on a computer
controlled monolayer system KSV5000 (KSV, Helsinki, Finland). To avoid
carryover of lipid and peptides, the polytetrafluoroethylene (PTFE, Teflon®)
trough and the Wilhelmy platinum plate were thoroughly cleaned with hot
double distilled water at >75° C. For experiments at constant surface
pressure, the trough consisted of a cylindrical compartment (volume 40 ml,
surface area 38.5 cm?) and a rectangular compartment (200 ml, 7.5 x 21.5

cm) connected by a surface canal of etched glass (3 mm with and less than



1 mm depth). The platinum plate was set up in the cylindrical
compartment, for continuous monitoring of the surface pressure. The two
compartments were filled with 10 mM Tris, pH 8.0 (40ml + 200ml), and
with the movable barrier placed close to the canal in the rectangular
compartment, a lipid monolayer was deposited to the desired pressure.
With the surface pressure stable (for at least 5 minutes) at a constant pre-
set value, a known aliquot of peptide was then injected in the subphase of
the small compartment, with continuous stirring, and the change in trough
area to maintain the surface pressure at the pre-set value was monitored as
a function of time. This experimental set-up allows to reduce the amount of
peptide needed, since only the monolayer diffuses through the narrow
surface canal, without mixing of the subphases from the two compartments.
Kinetics of insertion at constant area were also monitored as an increase in
the surface pressure using a cylindrical trough (5 cm diameter or 19.6 cm?
area) containing stirred 30 ml aqueous phase with 10 mM Tris at pH 8.0.
The peptide was added without disturbance of the monolayer via an inlet
port in the trough, and the surface pressure was continuously recorded by

the KSV Balance.

Compression isotherms and Compressibility modulus. Pressure/area
curves of monolayers were performed with a fully automated monolayer
system (NIMA technology, Coventry, England) equipped with a pressure
sensor PS4 and a software trough, enclosed in a Plexiglas box to reduce
surface contamination. The surface pressure (n) of the lipid monolayer was

measured by the Wilhelmy method, with a sand-blasted platinum plate
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connected to an electrobalance. The PTFE trough (surface area 525 cm?,
volume 250cm?) and the plate were thoroughly cleaned before each run
with hot water to avoid carry over of lipid or peptide. Lipid solution was
prepared by dissolving the mixture in chloroform/methanol (10/1, v/v) to a
concentration in lipid of 1 mg/ml. Monolayers were formed by applying
small drops of the spreading solutions on the 10 mM Tris buffer subphase
(pH 8.0) with a microsyringe (Hamilton Co., Reno, NV). After 30 min,
allowing for solvent evaporation and stabilization of the monolayers, they
were continuously compressed (symmetrical compression) with an area
reduction rate of 20 cmZ.minl. The films were compressed up to their
collapse pressure. Standard deviation was typically £0.5%. Experiments
were done at 24 °C

The compressibility modulus is defined as:

Cs' = -A(0n/0A)r

Its value can be used to characterize the phase of a monolayer, according
to Davies and Rideal?®. The spreading curve (n/A) shows different regions
that correspond to different phases of the monolayer: gaseous, liquid-
expanded (LE), liquid-intermediate (LI), and liquid-condensed (LC). In the
liquid-expanded film, Cs! ranges between 12.5 and 50 mN.m'}; for the

liquid intermediate phase, Cs'* < 100 mN.m™?, while for the liquid-condensed

phase, 100 < Cs'! <250 mN.m™.

Brewster Angle Microscopy (BAM). The different topographic structures
of the monolayers were observed with a commercial MiniBAM,

manufactured by NFT (Goéttingen, Germany), mounted on the NIMA

11



Langmuir film balance previously described. This model uses a class IIIb
laser of 30 mW, emitting p-polarized light of A = 660 nm. BAM examined
films do not contain added fluorescent probes. The air-monolayer-water
interface was illuminated at 52-54° by a laser beam polarized in the plane
of incidence (p-polarized), and a lens system focused an image onto a
charge-coupled device (CCD) camera. The CCD camera converts the
reflectivity signal from the sample into a video image. Principles, and a
detailed description of the BAM technique, have been described elsewhere.3°
The purity of the surface was controlled by surface tension measurements
during compression of an uncovered subphase. In all cases the surface
pressure obtained in these blank tests was less than 0.1 mN.m™}, i.e. on the
order of experimental accuracy. BAM studies were performed to visualize
possible impurities as well. All the experiments were carried out at a

temperature of 24 °C.

Fluorescence assay for lipid mixing. The exchange of lipid molecules
between vesicles induced by the different peptides was assessed as

31,32 Briefly, transfer of pyrene-labeled phospholipids

described previously.
as donor vesicles to a more than 100-fold excess of unlabelled phospholipid
vesicles as acceptors was measured. Emission from vesicles containing 30%
of pyrene-phospholipid is dominated by the excimer band at 480 nm, and
the intensity of the monomer band, at 395 nm, increases as the probe is
diluted due to exchange with excess unlabeled vesicles in contact.

Experiments were done at 24 °C in 10 mM Tris buffer at pH 8.0 or in

phosphate buffer at different pH values as indicated. Fluorescence
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measurements were carried out on an AB-2 spectrofluorimeter (SLM-
Aminco) with constant stirring. Typically, the slit-widths were kept at 4 nm
each and the sensitivity (PMT voltage) was adjusted to 1% for the Raman
peak corresponding to the same excitation wavelength from the buffer
blank. Fluorescence emission was monitored at 395 nm (with excitation at
346 nm) corresponding to the monomer emission. Unilamelar lipid vesicles
used for the exchange experiments were prepared with POPG or POPA,

alone or with 30% of pyPG or pyPA, as described elsewhere.??

Results

Peptide Insertion into Monolayers of LPS.

The penetration of the different peptides into monolayers of LPS gives
information that can be significant to understand the mechanism of action
of the peptide on the OM of Gram negative bacteria. The experiments can
be conducted in two ways: maintaining a constant pressure or at constant
area. In the first set of experiments (Figure 2), the film pressure was kept
constant at a preset value of 20 mN.m™, and the insertion followed by
observing the increase in area of the monolayer. The subphase
concentration of the peptides was 0.25 uM, which is in the range of the MIC
for PxB on Gram negative bacteria.”'> PxB readily inserted in the LPS
monolayer, reaching a plateau at 30 minutes after injection of the peptide.
The maximum increase in area was 9.7 cm?, which corresponds to 19
A%2.molec considering only the lipid. The synthetic peptides showed

different degrees of penetration depending on their structure and net
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charge (see structures in Fig. 1). The higher increase in surface area
corresponded to sp-B, with an increment of 11.0 c¢cm? obtained after
reaching the steady-state plateau (approximately 35 minutes after
injection). This synthetic peptide had a higher degree of insertion than the
parent compound, PxB. Synthetic peptide sp-C, with the mutation in the
hydrophobic domain of the cycle, was slightly below PxB. PxB-np induced an
important expansion of the monolayer, indicating that the deacylated
derivative inserts in the LPS film, although the maximum area increase was
slightly lower (around 8 cm?). Finally, sp-D, with a lower cationic charge,

had the lowest degree of insertion.

Similar penetration assays were carried out at constant area, by first
spreading the LPS film at 20 mN.m™ and then injecting the peptides, with
subsequent peptide insertion resulting in a pressure increase. As shown in
Figure 3, under these conditions the differences between the peptides were
minimized, with similar increases in surface pressure obtained for PxB, sp-
B, and sp-C. This is not surprising given the high affinity of the cationic
peptides for LPS: in the constant area experiments, the surface pressure
increases upon peptide insertion, resulting in a more tightly packed film.
When the surface pressure increases approximately 30 mN.m™, the total
pressure is 50 mN.m™, which corresponds to the collapse of the monolayer
(shown later), thus preventing the insertion of more peptide. Lower levels
of insertion were obtained for PxB-np and specially for sp-D, in good

agreement with the results obtained at constant pressure (Fig. 2).
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Structural Characteristics of LPS Monolayers.

The surface morphology of these insertion events was monitored by using
Brewster angle microscopy (BAM). LPS monolayers were compressed to
obtain the pressure/area curves (isotherms), and changes in film
morphology were simultaneously monitored. Figure 4A shows the isotherms
of LPS monolayers spread at the air/water interface on a subphase of buffer
alone or containing peptide. As already observed in the kinetic experiments
(Fig. 2), addition of PxB or PxB-np lead to an increase of the area of LPS
monolayers: the isotherms were shifted to the right due to insertion of the
peptide. A closer examination indicated that as a result of the insertion, LPS
packing was drastically modified. Compressibility modulus (Cs!) calculations
are shown in Figure 3B. According to Cs! analysis, LPS monolayer is in a
liquid expanded (LE) phase at molecular areas in the range 215-280
A%2.molec™, or surface pressures between 0.7 and 7 mN.m™%, and adopts a
liquid intermediate (LI) phase at higher surface pressures until reaching the
collapse at 60 mN.m™. Thus, the film at 20 mN.m™ used for the kinetic
experiments is in the LI phase. In the LI phase, the lipid molecules are very
close to each other and the interactions between the chains are large.?*>*
BAM-images of the LPS monolayer were taken at different surface pressures
(Figure 5). The images clearly indicate that at very low surface pressures,
where according to C;'! calculations the monolayer has not yet reached the
LE phase, the film is not homogeneous (Fig. 5A) with a coexistence between
dark gray domains of gaseous phase and less abundant areas of higher
packing of the LPS molecules (lighter color), which probably correspond to

LE phase. The domains of LE phase increase in size upon compression (Fig.
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5B). At around 2 mN.m™ small and bright domains appear, corresponding
to some regions of more closely packed LPS molecules or LI phase in a
matrix of LE phase (Fig. 5C). At a surface pressure of 6 mN.m™* and above,
a totally homogeneous image is obtained, in agreement with C,*
calculations, that predicted the existence of LI phase until the collapse of

the monolayer, which occurs at around 60 mN.m™.

Addition of 0.25 uM PxB in the subphase underneath a LPS monolayer
resulted not only in an expansion of the film (Fig. 4A), but also in a closer
packing of the molecules, with the formation of LI phase from 300 A2.molec
! which corresponds to only 5 mN.m?! (Fig. 4B). In addition, at this
concentration of PxB, which corresponds to the MIC for most Gram negative
bacteria, Cs! reaches values above 100 mN.m™?, characteristic of LC phase,
when the molecular areas are below 260 A%.molec’?, or at surface pressures
higher than 15 mN.m™. LC phase is characterized by a closely packed and
rigid arrangement of the lipid components that possess an almost vertical
orientation at the air/water interface. This implies that at 20 mN.m?, the
surface pressure used in the insertion experiments (Fig. 2), LPS is initially in
the LI phase, but insertion of polymyxin results in a higher packing of the
LPS molecules, with a change from LI to LC phase. Representative BAM
images of the LPS/PxB monolayer are shown in Figure 6. At very low
surface pressures, the images show the existence of an heterogeneous film
(Fig. 6A), with domains of gaseous phase (dark areas) intercalated with
areas of more densely packed molecules or LE phase (light color).

Compression of the monolayer increases the area corresponding to the LE
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phase (Fig. 6B). Compared to the pure LPS monolayer, the presence of PxB
induces a higher order in the film, with a different morphology consisting in
bands of condensed and expanded regions, with a higher percentage of the
light gray domains of more condensed structure. Further compression of the
film results in an increase of LE phase, that still coexists with filamentous
regions of gaseous film (Fig. 6C, at 0.5 mN.m™). At surface pressures
above 2 mN.m™, BAM images show the existence of an homogeneous film
(Figs. 6D, and E), attributed to pure LE phase (Cs! < 50 mN.m™). At
surface pressures above 15 mN.m™!, the homogeneous film is sprinkled with
bright nuclei of condensation (Fig. 6F), denoting the beginning of the
monolayer collapse via a nucleation mechanism.?® Also, some long stripes
are beginning to form, due to the merging together of the nuclei of
condensation. The collapse pressure was 46 mN.m™. It is worth mentioning
that both LPS and mixed LPS/PxB monolayers are very stable at all surface
pressures, with very little hysteresis obtained upon two consecutive
compression and expansion cycles (not shown). For example, at 20 mN/m,
the decrease in area in the second compression was only 4-5% for LPS and

3% for the mixed monolayer.

Significant differences were observed when the concentration of PxB in the
subphase was several fold higher that the MIC, for example 4 uM. In this
case, PxB also inserted in the LPS monolayer, with important increases in
area (Fig. 4A). However, the compressibility modulus was lower than that of
LPS at the same surface pressure, indicating a decrease in the molecular

packing of the film. In this case, the LPS/PxB mixed monolayer was mostly
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in the LE phase throughout compression, with formation of LI only at

surface pressures above 15 mN.m?, but without formation of LC phase.

When PxB-np was added to the subphase, it also inserted in the LPS
monolayer, although to a lesser extent compared to the same concentration
of PxB (Fig. 4A). This indicates that not only the electrostatic interactions
are important for peptide insertion, but also the hydrophobic interactions
between the N-terminal acyl chain of PxB and the fatty acids of LPS play an
important role. C;'! analysis of the /A curve (Fig. 4B) indicated that PxB-np
containing LPS-monolayer was initially in a LE phase, and adopted the LI
state at 260 A%.molec?, which corresponds to 10 mN.m™. The monolayer
reached collapse without adopting the LC phase. BAM images obtained at
different surface pressures were equivalent to the images obtained for

LPS/PxB monolayer (not shown).

Structural Characteristics of Lipid A Monolayers.

Isotherms of pure lipid A are shown in Figure 7. Lipid A is the hydrophobic
moiety of LPS, and for Salmonella enterica is composed of a diglucosamine
backbone that is phosphorylated in positions 1 and 4 "and acylated by seven
hydrocarbon chains ester and amide linked at positions 2, 3 and 27, 3" .
The structural characteristics of a lipid A monolayer were different from that
for LPS as deduced from the compression isotherms shown in Figure 7A.
Lipid A lacks the sugar portion of LPS, and therefore has lower molecular
areas. According to Cs?! calculations (Figure 7B), lipid A monolayers are in a

gas phase at surface pressures below 2-3 mN.m™!, adopt a LE structure
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between 3 and 14 mN.m}, and a LI structure above this pressure until
reaching the collapse phase at about 46 mN.m™. This lower value of the
collapse pressure compared to LPS (60 mN.m™!), suggests that lipid A
monolayer is less stable. BAM images taken in different regions of the
monolayer are shown in Figure 8. The images clearly indicate that at very
low surface pressures (m = 0 mN.m™, Fig. 8A), there exists a coexistence
between rounded domains of gas phase (dark color) surrounded by liquid-
expanded domains (light color). Upon monolayer compression, the LE
domains grow in size at the expense of the gaseous ones (Fig. 8B). At
surface pressures above 2 mN.m™, the monolayer is mostly in a LE phase
(Fig. 8C) until an homogeneous film of LE phase is formed (Fig. 8D). The
formation of small round or long stripes of brighter domains at m > 14
mN.m™ (Fig. 8E) is due to the more condensed LI phase. Finally, close to
the collapse pressure, we see the formation of condensation nuclei that

merge to form long stripes (Fig. 8F), as already described for LPS.

When lipid A was extended on a PxB-containing subphase, there was a
monolayer expansion as PxB molecules inserted in the lipid A film, as shown
in the isotherm in Figure 7A. However, as opposed to LPS-binding, insertion
of PxB into lipid A only induced small changes in the structural
characteristics of the lipid A monolayer, as deduced from the compressibility
analysis of the isotherms (Fig. 7B). Interestingly, the same results were
obtained at low or high concentrations of PxB in the subphase, another
difference with the interaction with LPS. BAM images of the lipid A/PxB

monolayer at different surface pressures are shown in Figure 9. Images are
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in good agreement with the conclusions obtained from Cs! analysis. At very
low surface pressures, or high molecular areas, the images are consistent
with the coexistence of two phases, a gaseous phase and a more densely
packed or LE phase (Fig. 9A). However, the morphology of the domains is
different than in pure lipid A monolayers, with a longitudinal distribution of
intercalated gas and expanded domains induced by PxB. When the area per
molecule decreases, but still at very low surface pressure (Fig. 9B), the
domains of LE phase grow bigger, and at 3 mN.m! the monolayer is
practically homogeneous in the LE phase, with only small rounded domains
of the less packed structure (Fig. 9C). In the range of surface pressures
from 3 to 10 mN.m™! approximately, the monolayer has an homogeneous
morphology (Fig. 9D at 5 mN.m™!). At surface pressures above 10 mN.m},
brighter domains of more condensed phase are formed, which can be
attributed to LI phase (Fig. 9E, 25 mN.m™!). These domains grow in size
upon compression, with the formation of nuclei of condensation and long
filaments that indicate the beginning of the collapse of the monolayer (Fig.

9F).

Peptide Insertion into Monolayers of POPG.

We carried out insertion studies using POPG monolayers to mimic the inner
or cytoplasmic membrane (IM) of the bacteria, and the inner leaflet of the
OM as well, both rich in anionic phospholipids with unsaturated tails. Upon
injection of 0.25 yM PxB into the subphase underneath a POPG monolayer
at a surface pressure of 20 mN.m™, the increase in area was very small

(data not shown), compared to the increases obtained in LPS monolayers
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(Fig. 2). Thus, we increased the concentration of peptide to 0.5 UM in these
experiments, resulting in a maximum area increase of 4 cm? in the case of
PxB (Fig. 10). Synthetic analogue sp-B showed a higher level of insertion
compared to the parent peptide, a behavior similar to the described
interaction with LPS film (Fig. 2). sp-C kinetics of penetration were
comparable to PxB. However, although PxB-np penetrated readily into LPS
monolayers, it practically did not insert into POPG films at the same
pressure (Fig. 10). This behavior has already been described for the
interaction of PxB-np with anionic monolayers of Escherichia coli lipid
extract,?® and it can be attributed to interfacial binding of the peptide to the
polar head groups of the phospholipids, without insertion into the
monolayer. To test this hypothesis, at the end of the experiment of PxB-np
insertion, PxB was injected underneath the monolayer, with almost no
further change in surface area (not shown), thus confirming that PxB-np
was bound to POPG although it did not insert into the lipid film. sp-D
showed a significantly lower level of insertion into POPG compared to the
other sinthetic peptides, a result that proves the importance of the five Dab

residues for binding and insertion (Fig. 10).

Structural Characteristics of PG Monolayers.

For a better understanding of the interaction of PxB with PG monolayers,
the compression isothems of PG alone and in the presence of peptide added
to the subphase were obtained and observed by BAM. In these experiments,
eggPG was used due to the difficulties of obtaining good BAM images from

POPG monolayers. As shown in Figure 11 A, in the presence of PxB a shift
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to higher area per molecule was detected at all surface pressures up to
collapse of the monolayer, thus suggesting that PxB binds and inserts into
the monolayer causing an expansion of the lipid film, and is not desorbed
form the monolayer at high surface pressures. This is in agreement with
previous studies on the interaction of PxB with monolayers of Escherichia
coli lipid extract.>® The stability of the PG monolayers was assessed by two
successively taken compression and expansion cycles without reaching
collapse, showing a very small hysteresis. On the other hand, when the PG
monolayer was spread on a subphase containing PxB-np, the resulting
compression isotherm was identical to pure PG (Fig. 11), as expected since
PxB-np binds only superficially to the Ilipids without insertion.
Compressibility modulus analysis (Figure 11B) indicated that eggPG
monolayers were more fluid than LPS monolayers, because LC or even LI
phases were not formed. This is related to the low transition temperature of
eggPG (around -2 °C), well below the temperature of the experiments. PG
monolayers adopted the LE phase at 2 mN.m™, and were in this state until
reaching collapse at =~ 44 mN.m™. In the presence of PxB, the expanded
monolayer adopted the LE phase at slightly higher surface pressures (3.5 or
5 mN mN.m™* depending on the concentration of peptide in the subphase,
see Fig. 11B), indicating that PxB slightly decreased the packing of the

monolayer. This is further confirmed by the maximum Cs*!

values, that are
lower at 0.5 yM than at 0.25 yM PxB in the subphase. BAM images were
taken at different surface pressures during compression, and representative

examples are shown in Figure 12. It can be seen that at the beginning of

compression, when the surface pressure is practically zero (Fig. 12A), the
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monolayer had areas of gaseous phase (dark gray domains) that are
filamentous in shape, but already at this low pressures most of the lipid is in
the more condensed LE phase (light color). Above 1-2 mN/m the film
became totally homogeneous in the LE phase (Fig. 12B), and was like this
through all compression up to collapse, when bright filaments were formed
(Fig. 12C). Images obtained in the presence of 0.25 uM PxB were
indistinguishable from the images corresponding to pure PG at the same
surface pressures (Fig. 12 A", B’, C’), a result that is consistent with the
compressibility modulus calculations. Finally, BAM images corresponding to
a higher concentration of PxB in the subphase (0.5 uM PxB) showed an
homogeneous film at all the surface pressures (not shown), which is
expected given the fact that the surface pressure at the beginning of

compression was already high (2 mN.m™) due to insertion of PxB.

Phospholipid Exchange Induced by the Peptides.

PxB ability to induce vesicle-vesicle contacts and exchange of phospholipids
between vesicles has been described in detail,?**? and has been proposed
as the basis of the antibiotic action of this and related antibiotics on Gram
negative bacteria.’*® One of the key features of vesicle-vesicle contacts is
the selectivity for a certain type of molecules: phospholipids with one
anionic charge (i.e. PG) are rapidly exchanged through the contacts, but
dianionic phospholipids (i.e. PA) are excluded. We have previously described
that sp-B induces lipid exchange in a mixture of PG/pyPG (7:3) vesicles with
125-fold excess of PG vesicles, and the efficiency of transfer is comparable

to that of PxB.?> In the same paper, we also show that sp-B lipid exchange
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is selective for monoanionic phospholipids, such as PG, and that exchange
of dianionic phospholipids such as PA is much lower. We now extend these
results to the other analogues (Figure 13). sp-C induces significant
exchange of pyPG, starting at very low peptide concentrations at the
interface (Fig. 13A), whereas exchange of pyPA is very low (Fig. 13B). On
the other hand, sp-D is much less effective, with only a small increase in
pyPG monomer fluorescence, and no exchange of pyPA. As controls in
these experiments, we have used polylysine, which induces unspecific lipid
mixing due to vesicle fusion. Results in Figure 13 A and B show that
polylysine has the same effect in both types of anionic vesicles. The second
control is PxB-np, the deacylated derivative of PxB is not able to induce
vesicle-vesicle contacts and lipid exchange,?!?’ therefore no changes in

pyrene monomer fluorescence are detected.

Discussion

Interaction with monolayers of OM lipids

To better understand the mechanistic aspects of the antibiotic activity of
PxB on Gram negative bacteria, it is important to utilize the lipids
composing the outer and the inner membranes of this type of bacteria. We
have used lipid monolayers at the air/water interface as a simplified
reconstitution model. First, monolayers of LPS or lipid A from Salmonella
enterica (Re mutant) have been prepared and their physicochemical

characteristics studied by obtaining the compression isotherms (Figs. 4, 7)
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and BAM images (Figs. 5, 8). At biologically relevant surface pressures, for
example 20 mN.m™ (this pressure has been selected for the insertion
experiments), both monolayers are in the liquid intermediate phase (LI),
with important interactions between the acyl chains of the molecules. BAM
images of LPS and lipid A monolayers at this surface pressure are consistent
with an homogeneous film. Insertion experiments at constant pressure
(Fig. 2) or at constant area (Fig. 3), indicate than PxB and the different
PxB-analogues are able to bind LPS, inserting between the molecules and
expanding the lipid film. Both electrostatic and hydrophobic interactions are
important for peptide binding and insertion. PxB, sp-B, and sp-C have five
positive charges due to Dab residues that are mostly protonated at pH 8.0,
whereas sp-D has an overall lower positive character at the pH of the
experiments, given the pK; of Dap (& 8.5), and thus it has a lower affinity
for binding to anionic LPS and lipid A. However, electrostatic driven binding
is not enough to explain PxB-LPS interaction, as also reported by

others; 122437

other effects such as hydrophobic interactions also play a role.
PxB has two hydrophobic regions: the N-terminal acyl chain, and the D-Phe-
Leu domain of the cycle (Fig. 1). Results shown here indicate that both are
important for peptide insertion into the LPS film. For example, PxB-np,
without the acyl chain, has a lower level of insertion, and sp-C, with the
hydrophobic domain of the cycle DPhe-6-Leu-7 truncated, also shows lower
binding affinity (Figs. 2 and 3). BAM images of the PxB-containing LPS and
lipid A monolayers show that PxB induces important changes in the film

morphology. PxB insertion results in a higher packing of the monolayer,

with the formation of more condensed phases at lower surface pressures.
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These results are in good agreement with previously reported data based on
AFM?® and epifluorescence microscopy.®® The effect on LPS packing is more
prominent when PxB concentration in the subphase is around the MIC for
Gram negative bacteria (0.25 pM). This argues against membrane
breakdown as the sole mechanism of action of this antibiotic: interaction
with LPS is a way of crossing the OM, but bacterial killing involves other

1213 An estimate of the LPS/PxB ratio at the interface can be

targets.
deduced from the insertion experiments at constant pressure (20 mN.m™,
Fig. 2). The structure of PxB at the lipid interface has been previously
determined from NMR data and molecular modeling calculations.??
According to these data, PxB adopts a well-defined structure at the anionic
interface. The structure with lowest energy is quite flat, with the aromatic
ring of DPhe-6 oriented over the methyl groups of Leu-7, and with a kink
between residues 1-3 in the linear part. If this structure lies perpendicular
to the interface, with the acyl chain parallel to the fatty acids of LPS or lipid
A, and the cationic residues close to the anionic charges of the lipid
monolayer, the estimated area occupied by each PxB molecule is 90-100 A2.
If we assume similar area occupied by each LPS molecule before and after
PxB insertion, the maximum area increase in Fig. 2 corresponds to an
LPS/PxB ratio of 2:1, slightly above the charge compensation value of
1.25:1 obtained by isothermal titration, considering that each LPS molecule
bears four negative and PxB five positive charges.>’” On the other hand, if
we assume that PxB lies with the long axis parallel to the interface and with

the acyl chain inserted into the lipid film, the estimated area per molecule is

300 A2, which represents an LPS/PxB ratio of 6.5:1. We prefer the first
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possibility, also proposed by Tsubery et al. for PxB bound to LPS;?* in this
work, the authors propose that the hydrophobic segment DPhe-Leu and the
N-terminal fatty acid interact with the aliphatic chains, and the positive

residues of Dab with the anionic phosphate groups of lipid A.

Interaction with monolayers of IM lipids

Data reported here show that synthetic analogues sp-B and sp-C bind LPS
with high efficiency and intercalate between the LPS molecules that form
the outer leaflet of the OM. This is a necessary first step to enter in the
periplasmic space by a mechanism known as self-promoted uptake.!!#°
However, binding to LPS is not sufficient for bacterial killing. For example,
PxB-np, with a good affinity for LPS and lipid A, has no antibiotic effect.’
Recent data indicates that bacterial killing requires the simultaneous
interaction of PxB with the outer and inner or cytoplasmic membranes of
Gram negative bacteria.}?>***! The internal monolayer of the OM, as well as
the IM of Gram negative bacteria contain anionic phospholipids, such as
phosphatidylglycerol (PG). PxB mechanism of action is based in osmotic
imbalance due to exchange of anionic phospholipids through inner and outer
membrane contacts formed by PxB.!*'® This antibacterial mechanism has
major implications in bacterial resistance, since bacteria would not be
susceptible to generate stable genetic resistance. In fact, acquisition of
resistance by a sensitive microbial strain against polymyxins and other

26,1718  Data presented here

antibiotic peptides is surprisingly improbable.
show that PxB and the synthetic PxB-analogues with five positive charges

and the N-terminal acyl chain of nonanoic acid, sp-B and sp-C are able to
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bind and insert into monolayers of phosphatidylglycerol, with significant
increases in the mean molecular areas (Fig. 10). sp-B has an insertion
efficiency above that of PxB. Comparing these insertion processes with the
absence of penetration shown by PxB-np allows us to dissect the processes
of binding and insertion. The lack of acyl chain in PxB-np, together with a
lower number of cationic charges (Dab-1 is not present), prevents insertion
of the peptide, a process that is mainly driven by hydrophobic interactions
between the fatty acids of the phospholipids and the acyl chain of the
peptide. However, our data suggests that PxB-np binds superficially to the
lipid interface without insertion, therefore reducing the degree of insertion
of PxB added afterwards (see Results); the same behavior was described for
the interaction with monolayers of Escherichia coli lipid extracts.>® These
results imply that binding to POPG is driven by electrostatic forces of
attraction. This is further confirmed by results with sp-D. This peptide has
a lower content in positive charges at pH 8, compared to PxB, sp-B, sp-C,
and even PxB-np, but maintains the C9 acyl tail at the N-terminus. sp-D
inserts into POPG monolayers (Fig. 10), but the increase in surface area is
smaller than those induced by sp-B and sp-C, indicating lower affinity. BAM
images of PG monolayers are consistent with a fluid monolayer, as expected
due to its high content in unsaturated fatty acids of this phospholipid.
Insertion of PxB results in important expansion of the monolayer (Fig. 11),
but does not significantly modify the morphology of the lipid film, as
deduced from compressibility modulus analysis and BAM images (Fig. 12).

Similarly, previous studies on the interaction of PxB with lipid vesicles of E.
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coli lipids show that at concentrations around the MIC, PxB has no

significant effect in membrane microviscosity.*?

Contact formation and lipid exchange between unilamelar vesicles.

Once the peptides are bound to and inserted into the anionic phospholipid
interface, it is important to know if they are functional, that is if they are
able to induce the formation of vesicle-vesicle contacts and phospholipid
exchange. We have already shown that PxB, but not PxB-np, forms contacts
between anionic vesicles, and that anionic phospholipids such as PG are
exchanged between the vesicles in contact without lysis of leakage of
aqueous contents.3! Exchange is selective for monoanionic phospholipids
such as PG, whereas dianionic PA is excluded®? (data partially included in
Fig. 13). This biophysical phenomenon has been proposed as the
mechanism of action of PxB on Gram negative bacteria, by formation of
contacts between the two phospholipid interfaces surrounding the
periplasmic space of Gram negative microorganisms.l‘"16 More recently, we
have shown that synthetic analogues sp-B and sp-C are able to form
vesicle-vesicle contacts.’® Resonance energy transfer experiments with
fluorescently labeled derivatives of sp-B indicate that the membrane
contacts are formed by peptide dimers.?? Additional results in this paper
show that sp-C vesicle-vesicle contacts induce exchange of PG, but not PA
(Fig. 13). Interestingly, although sp-D binds and inserts into the POPG lipid
interface, its ability to induce lipid exchange is very low. This result can be
explained considering the proposed structure of PxB in the vesicle-vesicle

contacts, obtained from NMR and molecular modeling and docking
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calculations.?®> PxB in contacts has two well defined binding sites for anionic
phospholipids: site A, formed with residues Dab-1, Dab-3, and Dab-5, and
site B, formed with the amino groups of Dab-8, Dab-9, and the H-bonding
contributions from NH and OH of Thr-10. These two sites are spatially
separated and can be occupied by two separate phosphate groups, such as
two molecules of POPG. In a vesicle-vesicle contact, this conformation could
facilitate lipid exchange by temporally differentiated binding of a POPG
molecule. In sp-D, the two mutations introduced in positions 1 and 8 (Dap
instead of Dab), directly affect the two binding sites, A and B, affecting
negatively the ability of the peptide to induce vesicle-vesicle lipid exchange
(Fig. 13). To determine if this effect is simply due to a lower content of
cationic charges in sp-D at the pH of the experiments given the pKa of =
8.5 for this aminoacid,”® we conducted the exchange experiments at
different pH values, using 10 mM phosphate buffers adjusted at the desired
pH value of 10, 8, and 5.5. Results shown in Figure 14 indicate that the
cationic charges are important for activity, since lipid exchange is very low
at pH 10, when the amino groups of both Dap are essentially deprotonated.
However, experiments at pH 5.5, when most of the amino groups of Dap
are protonated, show an activity that is comparable to the obtained at pH
8.0, but still significantly below that of sp-B or PxB. In conclusion, the
lower capacity of sp-D to induce lipid exchange between membranes can be
attributed to at least two different factors: a lower content in cationic
charges and possibly an steric factor, given the shorter lateral chain of Dap

compared to Dab.
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Conclussions

Data presented here emphasizes the importance of the electrostatic and
hydrophobic interactions in the processes of binding, insertion, and
induction of lipid exchange for PxB and several analogues in the outer and
inner membranes of bacteria, as shown schematically in Figure 15.
Insertion into the LPS layer is achieved to different extents by all the
lipopeptides assayed, including acyl chain-lacking compound PxB-np.
However, insertion into the anionic phospholipid membrane and adoption of
an active form of the peptides, i.e. the ability to induce phospholipid
exchange, is more restrictive, and requires the interplay of the two
hydrophobic domains of the lipopeptide (the acyl chain and the D-Phe-Leu
region), and the five positive charges of Dab. In Figure 15, PxB and the
analogue lipopeptide sp-B insert into the anionic phospholipid membrane
and adopt the active form, indicated with the three asterisks, whereas sp-D
is much less active (one asterisk in the figure), and PxB-np, which binds but
does not intercalate between the phospholipid molecules, can not induce the

lipid exchange at all.

We conclude that the newly developed peptides sp-B and sp-C are good
candidates as new antibiotics acting on Gram negative bacteria by the same
mechanism than PxB, because they interact with both the OM and the IM.
Bacterial membranes are important for maintaining homeostasis,
metabolism, and viability. Changes in membrane specific composition, as in
the case of OM-IM peptide-induced lipid exchange, will result in osmotic

imbalance that leads to bacteriostasis and cell death. There is a renewed
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interest in the clinical use of polymyxin, due to the emergence of multidrug-
resistance Gram negative bacteria and the lack of development of new
antibiotics to combat them, despite the toxicity associated to systemic use
of this antibiotic. The development of PxB-analogues such as those
described here may generate new antibiotics with great potential for

therapeutical use and with minimal potential for selection of resistance.
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Figure captions

Figure 1. Molecular structure of the peptides used in this study: (a) PxB
(the structure of PxB nonapeptide lacks the fragment shown in brackets),

and the synthetic analogs (b) sP-B, (c¢) sP-C, and (d) sP-D.

Figure 2. Area increase after injection of PxB and analogues into an
aqueous subphase underneath a monolayer of LPS from Salmonella enterica
serotype minnesota Re 595 at a constant surface pressure of 20 mN.m™.
Time zero corresponds to the moment of peptide injection. Subphase is 10

mM Tris pH 8.0 at 24 °C. Peptide concentration 0.25 uM.

Figure 3. Change in surface pressure after injection of PxB and analogues
into an aqueous subphase underneath a monolayer of LPS from Salmonella
enterica serotype minnesota Re 595 at constant area. Other conditions as in

Fig. 2.

Figure 4. (A) Surface pressure-area isotherms for LPS spread at the
air/water interface of 10 mM Tris pH 8.0 alone, with PxB, or with PxB-np.
Molecular areas were calculated with respect to the lipid. (B) Compressibility

modulus (Cst) of the same isotherms. The dotted lines mark the regions of

gaseous, LE, LI and LC phases.

Figure 5. Visualization by BAM of LPS monolayers spread on the air/water

interface on a subphase of 10 mM Tris at pH 8.0 and 24 °C. (A) BAM image
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at 0 mN.m%; (B) 0.5 mN.m%; (C) at 2 mN.m™ ; (D) homogeneous

monolayer at 10 mN.m™®,

Figure 6. Visualization by BAM of LPS monolayers spread on the air/water
interface on a subphase containing PxB 0.25 uM. (A) BAM image at 0 mN.m’
1. (B) 0.1 mN.m%; (C) 0.5 mN.m™*; (D) 4 mN.m}; (E) 10 mN.m™; (F) 35

mN.m™, close to collapse. Other conditions as in Fig. 5.

Figure 7. (A) Surface pressure-area isotherms for lipid A spread at the
air/water interface of 10 mM Tris pH 8.0 alone, with PxB, or with PxB-np.
Molecular areas were calculated with respect to the lipid. (B) Compressibility

modulus (Cst) of the same isotherms.

Figure 8. Visualization by BAM of lipid A monolayers spread on the
air/water interface on a subphase of 10 mM Tris at pH 8.0 and 24 °C. (A)
BAM image at 0 mN.m™; (B) 0.5 mN.m™; (C) at 3 mN.m™*; (D) at 10 mN.m"

- (E) 25 mN.m™; (F) 42 mN.m™.

Figure 9. Visualization by BAM of lipid A monolayers spread on the
air/water interface on a subphase containing PxB 0.25 uM. (A) BAM image
at 0 mN.m?%; (B) 0.5 mN.m; (C) 3 mN.m?%; (D) 5 mN.m; (E) 25 mN.m};

(F) 43 mN.m"’. Other conditions as in Fig. 8.

Figure 10. Area increase after injection of PxB and analogues into an

aqueous subphase underneath a monolayer of POPG at a constant surface
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pressure of 20 mN.m™.. Time zero corresponds to the moment of peptide
injection. Peptide concentration 0.5 yM. Subphase is 10 mM Tris pH 8.0 at

24 OC.

Figure 11. (A) Surface pressure-area isotherms for eggPG spread at the
air/water interface of 10 mM Tris pH 8.0 alone, with PxB, or with PxB-np.
Molecular areas were calculated with respect to the lipid. (B) Compressibility

modulus (Cst) of the same isotherms.

Figure 12. Visualization by BAM of eggPG monolayers spread on the
air/water interface on a subphase of 10 mM Tris alone (A, B, C) or
containing PxB 0.25 uM (A°, B", C’). Surface pressures: 0.2 mN.m™ (A,

A’); 10 mN.m* (B, B"); 38 mN.m™ (C, C"). Other conditions as in Fig. 11.

Figure 13. Fluorescence intensity of pyrene monomer as a function of
peptide mol fraction in a mixture vesicles of: (A) pyPG with POPG; (B) pyPA
with POPA. Peptides: PxB (open squares); sp-B (open triangles); sp-C (open
circles); sp-D (closed squares); PxB-np (cross); polylysine (closed
triangles). Bulk lipid concentration 1.67 uM for py-vesicles and 213.33 uM
for unlabelled acceptor vesicles, in 10 mM Tris, pH 8.0. Excitation 346 nm,

emission 395 nm. Results corresponding to PxB and sp-B are from.??

Figure 14. Increase in fluorescence intensity of pyrene monomer as a
function of sp-D mol fraction at pH 10 (open diamonds), pH 8 (open

squares), and pH 5.5 (closed triangles). Vesicles are a mixture of pyPG

38



(1.67 uM) with POPG (213.33 uM) in 10 mM phosphate buffer. Excitation

346 nm, emission 395 nm.

Figure 15. Cartoon schematic of possible interactions of the peptides with
bacterial membranes. (Top) Lipopolisaccharide as OM model; (Bottom)
Anionic phospholipid as IM model. Peptides represent (from left to right):
PxB or sp-B; sp-D; PxB-np. Active forms are marqued with asterisks (see

text for details).
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Table 1. Peptide sequences

Peptide Seguence

PxB Ri-Dab-Thr-Dab-cyclo[ Dab-Dab-(D)Phe-Leu-Dab-Dab-Thr]

PxB-np Thr-Dab-cyclo[Dab-Dab-(D)Phe-Leu-Dab-Dab-Thr]

sp-B R,-Dab-Thr-Dab-cyclo-[Cys-Dab-(D)Phe-Leu-Dab-Dab-Cys]
sp-C R>-Dab-Thr-Dab-cyclo-[Cys-Dab-(D)Phe-Dab-Leu-Dab-Cys]
sp-D R>-Dap-Thr-Dab-cyclo-[Cys-Dab-(D)Phe-Leu-Dap-Dab-Cys]

aR,, (S)-6-methyloctanoyl ; °R,, nonanoyl; sp-B, sp-C, and sp-D are cyclized
by means of a disulfide bond between Cys-4 and Cys-10.
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Figure 4.
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Figure 5.
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Figure 6.
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Figure 7.
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Figure 8.
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Figure 9.
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Figure 10.
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Figure 11.
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Figure 12.
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Figure 13.
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Figure 14.
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Figure 15.
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