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Abstract

Lipopeptide MSI-843 consisting of the nonstandard amino acid ornithine (Oct–OOLLOOLOOL–NH2) was designed with an objective

towards generating non-lytic short antimicrobial peptides, which can have significant pharmaceutical applications. Octanoic acid was coupled

to the N-terminus of the peptide to increase the overall hydrophobicity of the peptide. MSI-843 shows activity against bacteria and fungi at

micromolar concentrations. It permeabilizes the outer membrane of Gram-negative bacterium and a model membrane mimicking bacterial

inner membrane. Circular dichroism investigations demonstrate that the peptide adopts a-helical conformation upon binding to lipid

membranes. Isothermal titration calorimetry studies suggest that the peptide binding to membranes results in exothermic heat of reaction,

which arises from helix formation and membrane insertion of the peptide. 2H NMR of deuterated-POPC multilamellar vesicles shows the

peptide-induced disorder in the hydrophobic core of bilayers. 31P NMR data indicate changes in the lipid head group orientation of POPC,

POPG and Escherichia coli total lipid bilayers upon peptide binding. Results from 31P NMR and dye leakage experiments suggest that the

peptide selectively interacts with anionic bilayers at low concentrations (up to 5 mol%). Differential scanning calorimetry experiments on

DiPOPE bilayers and 31P NMR data from E. coli total lipid multilamellar vesicles indicate that MSI-843 increases the fluid lamellar to

inverted hexagonal phase transition temperature of bilayers by inducing positive curvature strain. Combination of all these data suggests the

formation of a lipid–peptide complex resulting in a transient pore as a plausible mechanism for the membrane permeabilization and

antimicrobial activity of the lipopeptide MSI-843.
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1. Introduction

Antimicrobial peptides are produced as a part of the host

defense mechanisms by various organisms that include

microbes, insects, plants, vertebrates and mammals [1].

Many of the antimicrobial peptides exert their activity by

interacting non-specifically with target biological mem-

branes [2–5]. These peptides are characterized as having

hydrophobic, cationic and amphiphathic features even

though the exact attributes are not clearly known. Upon

binding to the membrane, they assume a parallel or

perpendicular or an oblique angular orientation with respect

to the membrane normal axis [6–8]. These peptides adopt an
cta 1711 (2005) 49–58
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amphiphathic structure in the membrane embedded state in

such a way that the hydrophobic side chains are inserted

deep into the membrane while the charged and polar

residues on the hydrophilic portion interact with the head

groups of phospholipids in the membrane.

Lipopeptides are unique among the antimicrobial pep-

tides in that they are relatively smaller in size as compared

to other cationic antimicrobial peptides, and yet, exhibit

excellent antimicrobial activity. Fatty acid acylation of

antimicrobial peptides of bacterial and fungal origin have

mostly been limited to non-gene-encoded peptides such as

echinocandin [9], polymyxins [10], daptomycin [11] lip-

opeptaibols [12,13] and syrinomycin, syringotoxin and

syringopeptin from Pseudomonas syringae [14]. Enzymatic

fatty acid acylation is one of the post-translational mod-

ifications of peptides involved in functional [15,16] and

structural roles [17]. It has been postulated that fatty

acylation of proteins are necessary to increase their

membrane association and sorting into specific sub-cellular

localizations [16,18]. Consequently, several studies to assess

the effect of acylation have revealed that conjugation of

fatty acid to cationic peptides enhances their antimicrobial

activity [19–23]. However, it is not clear if fatty acylation

influences the association of hydrophilic portions of

peptides with membranes or modulates the orientation of

peptides in membranes. Therefore, it would be relevant to

study the interactions of antimicrobial lipopeptides in

neutral and anionic model membranes as it would help in

understanding the biophysical properties governing the

association of fatty acylated peptides with biological

membranes.

Lactoferricin H, the proteolytic product of human

lactoferrin, consists of an amphiphathic a-helical region

(residues 21–31) of lactoferrin and has been reported to

show enhanced antibacterial activity compared to the intact

lactoferrin [24]. Lipophilic modification at the C-terminus

of a peptide based on residues 21–31 of human lactoferrin

has resulted in enhanced antimicrobial activity against

Gram-negative and Gram-positive bacteria [25]. The alkyl

chain (6-octanoyl/heptanoyl diaminobutyl group) in the

cationic cyclic antimicrobial peptide polymixin B has been

shown to be essential for its antimicrobial activity [26].

Removal of 6-octanoyl/heptanoyl diaminobutyl moeity

from polymyxin B resulted in the loss of activity [27].

Aliphatic acids can, therefore, be used to increase the

hydrophobicity and membrane association of short cationic

peptides and consequently improve the antimicrobial

activity.

For the present study, a synthetic lipopeptide MSI-843

(Oct–OOLLOOLOOL–NH2), with a short helical stretch

and an octyl chain at the N-terminus, was designed and

interactions with lipid bilayers and biological activities

were determined to understand the molecular mechanism

of membrane permeabilization. CD and ITC experiments

were used to determine the energy involved in the

secondary structure formation and membrane insertion.
31P NMR experiments were used to determine the

peptide-induced changes in the head group conformation

of lipids. 2H NMR experiments provided a measure of the

peptide-induced disorder in the hydrophobic core of

bilayers. DSC and 31P NMR provided information on

peptide-induced curvature strain in the membrane. Our

results also show that the lipopeptide did not cause

hemolysis at concentrations required for antimicrobial

activity. Our data from this study suggest that the

peptide–lipid complex induces local defects in the

membrane that form the basis for the observed antimicro-

bial activity of the lipopeptide.
2. Materials and methods

2.1. Materials

POPG, POPC, POPC-d31, POPE, DiPoPE and Escher-

ichia coli total lipid extract were purchased from Avanti

Polar Lipids (Alabaster, AL). Chloroform and methanol

were procured from Aldrich Chemical Inc. (Milwaukee,

WI), and naphthalene was from Fisher Scientific (Pitts-

burgh, PA). All the chemicals were used without further

purification. The peptide was synthesized by Genaera

Corporation (Plymouth Meeting, PA).

2.2. Outer membrane permeabilization assay

The outer membrane permeabilizing ability was inves-

tigated using the 8-anilinonapthalene-1-sulfonic acid (ANS)

uptake assay [28], using E. coli strain L21 (DE3). Bacterial

cells from an overnight culture were inoculated into LB

medium. Cells from the mid-log phase were centrifuged and

washed with buffer (10 mM Tris, 150 mM NaCl, pH 7.4),

and then resuspended in the same buffer to an OD600 of

0.065. To 3.0 mL of the cell suspension in a cuvette, a stock

solution of ANS was added to a final concentration of 5.0

AM. The degree of membrane permeabilization as a function

of peptide concentration was observed by the increase in

fluorescence intensity at ~ 500 nm.

2.3. High-sensitivity titration calorimetry

The heat of peptide-into-lipid mixing reaction was

measured using a high sensitivity titration calorimeter as

described elsewhere [29] (Calorimetry Sciences Corpora-

tion, Model CSC-4200, Utah, USA). Peptide and lipid

solutions were degassed under vacuum prior to use. The

calorimeter was calibrated as recommended by the manu-

facturer. The heats of dilution for successive 10 AL
injections of the peptide solution into buffer were insignif-

icant compared to the heats of peptide–lipid reaction. The

heat of peptide–lipid binding was determined by integrating

the area under each titration curve using the built-in

Bindworks software.
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2.4. Circular dichroism

Small unilamellar vesicles (SUVs) were prepared as

follows. A 10 mM Tris buffer (150 mM NaCl, 0.1 mM

EDTA, pH 7.4) was added to dry lipid film and subjected to

vortex and sonication to obtain a clear dispersion of SUVs.

A 40 AM peptide stock solution was prepared in Tris buffer.

CD spectra were recorded (AVIV CD spectropolarimeter,

Lakewood, NJ) at 25 8C using samples with peptide / lipid

ratios 1 :100 and 1 :200 over the range from 200 to 250 nm.

A 5 mm quartz cuvette was used for measurements.

Contributions from the buffer and SUVs were removed by

subtracting the spectra of corresponding control samples

without peptide. The mean helix content, fH, was estimated

from the ellipticity value at k222 nm, [H]222, according to

the empirical equation of Rohl and Baldwin [30]:

fH ¼ H½ �222 � HC

� �
= HH � HCð Þ ð1Þ

where HC and HH are given by the following expressions:

HC ¼ 2220� 53T ð2Þ

HH ¼ 250T � 44; 000ð Þ 1� 3=Nrð Þ ð3Þ

where T is the temperature in degree Celsius and Nr is the

number of residues in the peptide.

2.5. Dye leakage assay

Carboxyfluorescein dye entrapped small unilamellar

vesicles were prepared as described elsewhere [31]. The

dye-containing vesicles were then purified by gel filtration

chromatography, using a Sephadex G-75 column. Fluores-

cence emission intensity as a function of time was recorded

using the excitation wavelength 490 nm and emission

wavelength 520 nm. The maximum leakage from each

sample was determined by adding triton X-100.

2.6. Hemolysis assay

Peptide-induced hemolysis was observed as previously

reported [31]. Serum free human red blood cells were

suspended in 10 mM Tris buffer (pH 7.4, NaCl 150 mM,

EDTA 2 mM) and incubated with serial concentrations of

peptide at 37 8C for 30 min. After centrifugation, the

absorbance of the supernatant was measured at A540 nm.

The 100% hemolysis (A540~0.608) was achieved using neat

water. In a control experiment, cells were incubated in

buffer without peptide, and the A540 nm value was used as

the blank.

2.7. Differential scanning calorimetry

DSC experiments were performed using the Nano-DSC

II machine (Calorimetry Sciences, Provo, UT). A 10 mM

Tris buffer (150 mM NaCl, 2 mM EDTA, pH=7.4) and
DiPoPE multilamellar vesicles were degassed under vacuum

for 15 min prior to loading into the machine. Samples were

loaded below the main phase transition temperature for the

lipid mixture and put under 3.00 atm of pressure. Eight

scans were run for each sample, with 10 min equilibration

time between each scan. Heating and cooling rates of 1.0

8C/min were used over a temperature range of 10–60 8C.
The raw data were then converted to molar heat capacity

using the CPCalc program provided with the calorimeter.

For each conversion, the average lipid molecular weight for

each sample and a partial specific volume of 0.956 mL/g

were used. Experiments were performed on DiPoPE MLVs

with peptide / lipid mole ratios 1 :500 and 1 :250.

2.8. Preparation of samples for NMR measurements

All mechanically aligned lipid bilayer samples used for

NMR experiments were prepared using the recently

published naphthalene procedure [32]. Briefly, 4 mg of

lipids and an appropriate amount of peptide were dissolved

in CHCl3/CH3OH (2 :1) mixture containing equimolar

amounts of naphthalene. The solution was spread on thin

glass plates (11 mm�22 mm�50 Am, Paul Marienfeld

GmbH and Co., Bad Mergentheim, Germany) and then

taken to dryness. The lipid films were dried under vacuum

for at least 10 h to remove naphthalene and any residual

organic solvents. The glass plates containing lipid films

were placed in a hydration chamber that was maintained at ~

93% relative humidity [33] for 2–3 days at 37 8C. About 2–
5 AL of water was sprayed onto the surface of the lipid–

peptide film on glass plates. The glass plates were stacked,

wrapped with parafilm, sealed in plastic bags (Plastic

Bagmart, Marietta, GA), and then incubated at 4 8C for

6–24 h.

MLVs for NMR experiments were prepared as follows.

About 5.0 mg of lipid and the desired amount of peptide

were dissolved in CHCl3/CH3OH (2 : 1) mixture. The

solvent was removed under N2 and lipid–peptide mixture

was dried under vacuum overnight. Deuterium-depleted

water (Aldrich, Milwaukee, WI) was added and the mixture

was subjected to several freeze–thaw cycles with a gentle

vortex to produce MLVs.

2.9. Solid-state NMR

All experiments were performed on a Chemagnetics/

Varian Infinity 400 MHz solid-state NMR spectrometer

operating with resonance frequencies of 400.138, 161.979,

and 61.424 MHz for 1H, 31P, and 2H nuclei, respectively.

Unless otherwise stated, all experiments were performed at

30 8C. A Chemagnetics temperature controller unit was used

to maintain the sample temperature, and the sample was

equilibrated for at least 30 min before starting each

experiment. All experiments on oriented samples were

performed with the bilayer normal parallel to the external

magnetic field, which is defined as the parallel orientation.



Table 1

Antimicrobial activity of MSI-843 against different microbes

Microorganism Minimal inhibitory

concentration (AM)

Escherichia coli 12.5

Staphylococcus aureus 12.5

Pseudomonas aeruginosa 1.6

Candida albicans 25.0
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The 31P spectra of mechanically aligned samples were

obtained using a home-built double resonance probe, which

has a four turn square coil (12�12�4 mm) constructed

using a 2 mm wide flat-wire with a spacing of 1 mm

between turns. 31P and 2H spectra of MLVs were obtained

using a Chemagnetics double resonance probe. A typical
31P 908-pulse length of 3.1 As was used in both probes. 31P

chemical shift spectra were obtained using a spin-echo

sequence (908-H -1808-H -acquire), 30 kHz proton-decou-

pling radio frequency field, 50 kHz spectral width, and a

recycle delay of 3 s. A typical spectrum required the co-

addition of 100–1000 transients. The 31P chemical shift

spectra were referenced relative to 85% H3PO4 on thin glass

plates (0 ppm). 2H quadrupole coupling spectra were

obtained using a quadrupole-echo sequence (908-H -908-H -
acquire) with a 908-pulse length of 3.0 As, a spectral width

of 100 kHz, and a recycle delay of 2 s. A typical spectrum

required the co-addition of 15,000–20,000 transients. Data

processing was accomplished using the software Spinsight

(Chemagnetics/Varian) on a Sun Sparc workstation. Spectral

simulation for the 31P spectra was done on a PowerBook G4

using a FORTRAN program. The 2H spectra of POPC-d31
multilamellar dispersions were processed and de-Paked

using MATLAB software [34,35].
3. Results

3.1. Peptide design

MSI-843 has only 10 amino acids with a helical

propensity and can fold into a maximum of two helical

turns. The octyl chain at the N-terminus of the peptide can

increase the overall hydrophobicity of the peptide and

improve the binding affinity for lipid membranes. The

peptide has 6 positively charged ornithine residues, and

therefore, it can tightly bind to the negatively charged

bacterial membranes and elicit antimicrobial activity. It is

unlikely that the short amphipathic a-helical MSI-843 would

form a transmembrane pore structure, as a minimum of 21-

residues in the a-helical conformation is required to span the

membrane bilayer [36]. Therefore, MSI-843 can be expected

to behave as a non-lytic antimicrobial lipopeptide. It is worth

mentioning here that non-lytic short antimicrobial peptides

are better candidates for pharmaceutical applications [3].

3.2. Antimicrobial activity and membrane permeabilization

The minimal inhibitory concentrations of MSI-843 for E.

coli, Staphylococcus aureus, Pseudomonas aeruginosa and

Candida albicans given in Table 1 are the average of three

independent experiments. As seen in Table 1, MSI-843

showed variable activity against various microorganisms at

micromolar concentrations. The peptide exhibited a greater

activity on P. aeruginosa and reduced activity on C.

albicans. At these concentrations, MSI-843 did not show
any observable hemolytic activity. However, ~ 6% hemol-

ysis was observed at 100 Ag/mL of the peptide (data not

shown). Therefore, an understanding of the biophysical

features of MSI-843 was necessary as it would be useful for

the future design of therapeutic peptides.

To assess the ability of MSI-843 to permeabilize the

outer membrane of Gram-negative bacteria and determine

other elements involved in the killing of bacteria, we

measured the effective concentrations required to induce

membrane permeabilization, and to kill the bacteria (MIC).

Since ANS is a hydrophobic fluorophore, permeabilization

of bacterial outer membrane can be assessed by measuring

the enhancement in the fluorescence intensity of ANS, when

ANS relocates into the membrane interior. The ANS uptake

was assayed by incubating E. coli cells from mid-log phase

culture with a constant amount of ANS (5.0 AM) and

treating with serial concentrations of MSI-843. As shown in

Fig. 1, the lipopeptide induced ANS uptake into E. coli cells

in a concentration dependent manner. Observation of ANS

fluorescence as a function of time showed that ANS uptake

was complete within 10 min for any given peptide

concentration (data not shown). A comparison of the MIC

of MSI-843 for E. coli (cell density, OD600=0.02) with the

concentrations required for ANS uptake (cell density,

OD600=0.065) revealed that much less peptide was required

to induce outer membrane permeabilization.

Since the concentration required for outer membrane

permeabilization was much less than the observed MIC, we

determined the ability of MSI-843 to perturb a model

membrane mimicking bacterial inner membrane. Carboxy-

fluorescein dye entrapped negatively charged SUVs were

prepared using POPC/POPG (3 :1) lipids [37]. The leakage

of dye as a function of time for various concentrations of

MSI-843 was observed. As shown in Fig. 2, significant

leakage was observed at peptide concentrationsN0.73 AM
(i.e., at P /L ratioN0.028) which was less than the MIC of

MSI-843 against E. coli.

3.3. Secondary structure

CD is a convenient technique to study the secondary

structure of polypeptides in various media. To understand

the nature of interaction between MSI-843 and lipid

membranes, we examined the structure of MSI-843 in Tris

buffer (pH=7.4) and in the presence of POPC small

unilamellar vesicles. The CD spectrum of MSI-843 in

aqueous buffer (Fig. 3A, trace a) resembled the one for an
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0.67 (b), 1.33 (c), 2.0 (d), 2.67 (e) and 3.35 AM (f) concentrations of MSI-

843. The E. coli cell density, as measured at OD600, was 0.065.
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unordered structure [38]. However, in the presence of POPC

vesicles, the peptide showed two negative minima at ~222

and 207 nm (Fig. 3A, trace b) indicating backbone

conformational transitions upon binding to the membrane.

3.4. Binding enthalpy

Using ITC, the enthalpy of binding reaction of MSI-843

was determined for POPC and POPC/POPG (3 :1) SUVs at

25 8C by injecting the peptide solution into lipid vesicles.

Results from one of the experiments are shown in Fig. 4A.

The SUVs (20 mM) were taken in the calorimeter cell and
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peptide concentration from POPC/POPG (3 :1) SUVs. Lipid concentration
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Peptide concentration was 20 AM and P /L was 1 :100. (B) Helical wheel

projection of MSI-843.
titrated against 10 AL aliquots of the peptide solution (660

AM) in buffer. ITC showed an exothermic heat of reaction

that remained steady at a value of ~104 AJ per injection in

the case of POPC SUVs. In a control experiment, the

peptide solution was injected into buffer without SUVs. The

heat of dilution observed was minimum (~ 2.0 AJ) and this

value was subtracted from the heat of reaction with different

SUVs. The corrected heats of reaction, as determined from

the area under the calorimetric traces, are given in Fig. 4B.

The enthalpies for POPC and POPC/POPG (3 :1) SUVs

were �3.76 and �3.28 kcal/mol, respectively. The lipid

concentration was maintained in large excess throughout the

experiment.

3.5. Peptide-induced changes in the lipid head group

conformation and acyl chain disorder

2H NMR of selectively labeled POPC (POPC-d31)

provides information on the dynamics of the hydrophobic
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part of the lipid bilayer while 31P NMR can be used to study

the lipid head group conformation. To understand how the

transient lesions cause leakage, we examined the 2H and31P

NMR spectra of POPC, POPG and E. coli total lipid

bilayers containing various amounts of MSI-843. Fig. 5A

shows the de-Paked 2H NMR spectra of POPC-d31 MLVs

containing MSI-843 in the P /L ratio of 0 :100, 1 :33 and

1 :20. Pure bilayers exhibited resolved quadrupolar cou-

plings ranging from + 25 to � 25 KHz (Fig. 5A). These

splittings were characteristic of various dynamic orders of

the methylene (CD2) units along the lipid acyl chain. The

order parameters derived from the observed quadrupolar

splittings [34,35] were maximum for the CD2 groups closer

to the head group region and showed a decreasing trend

along the acyl chain towards a minimum for the other end of

the chain (Fig. 5B). When bilayers were incorporated with

MSI-843 at P /L=1:33 and 1:20 (3 and 5 mol%, respec-

tively), significant reduction in the order parameters for the

CD2 groups closer to the head group region was observed

(Fig. 5B). This observation at higher peptide concentrations

could be due to the aggregation of the membrane-bound

peptide-monomers to form a pore complex and leading to a

higher degree of disruption in the bilayers.

To determine the peptide-induced structural changes in

the lipid head group region, 31P NMR spectra obtained from

MLVs (data not shown) were used to interpret the spectra

obtained from aligned bilayers (Fig. 6). Spectra obtained

from MLVs containing various concentrations of the peptide

(up to 10 mol% peptide) showed lamellar phase powder

pattern (data not shown) ruling out the presence of micelles
0 2 4 6 8 10 12 14 16

Carbon number

without the lipopeptide MSI-843. (B) 2H order parameter profiles for POPC-

ol% (empty circles) MSI-843.
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and non-lamellar structure of lipids such as cubic and

hexagonal phases. Since the peptide binding did not

significantly change the 31P chemical shift span, peptide-

induced changes in the dynamics of the lipid head group

can be assumed to be negligible. Therefore, the spectra

obtained from mechanically aligned bilayers can be

interpreted using the chemical shift parameters measured

from MLVs. Fig. 6 shows 31P NMR spectra of oriented

POPC, POPG and E. coli total lipid bilayers with P /L

ratio ranging from 0 to 1 :20. Without the peptide, more

than 90% of the spectral intensity was centered in the 08
frequency peak at ~ 31 ppm (Fig. 6A, top trace), indicating

that almost all POPC lipids were aligned with the bilayer

normal parallel to the external magnetic field. When MSI-

843 was incorporated up to P /L=1 :20, the 08 frequency

peak shifted slightly towards higher frequency, indicating

the interactions between MSI-843 and the phosphate head

groups. However, no peaks representing non-lamellar

structures were observed. These data suggest that MSI-

843 interaction with POPC bilayers leads to a slight

change in the lipid head group conformation.

To probe the peptide-induced head group orientation in

negatively charged and bacterial membranes, we acquired
31P NMR spectra of POPG and E. coli total lipid bilayers.

The 31P NMR spectra of mechanically aligned POPG

bilayers with varying concentrations of MSI-843 are shown

in Fig. 6B. A comparison of Fig. 6A and B showed that the

orientational disorder increased more rapidly in negatively

charged POPG membranes than in the zwitterionic POPC

bilayers. At P /L=1 :33, the 908 peak was already emerging

in POPG bilayers while it was absent in POPC membranes
even at P /L=1 :20. This indicated a preferential interaction

of MSI-843 with negatively charged membranes.

E. coli membrane is rich in PE lipids (PE lipids 57.5%,

PG lipids 15.1%, cardiolipin 9.8% and other lipids 17.6%

w/w) and also negatively charged. The 31P NMR spectrum

of aligned bilayers formed of E.coli total lipids displayed a

predominant 08 peak at ~ 26.0 ppm (Fig. 6C). Incorporation

of 1, 3, and 5 mol% MSI-843 resulted in the appearance of
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the 908 peak with an intensity increasing with the concen-

tration of MSI-843. Spectral integration showed that the

peptide-induced orientational disorders in E. coli total lipids

(Fig. 6C) and POPG bilayers (Fig. 6B) are similar. Thus,

MSI-843 appears to perturb selectively the negatively

charged bilayers.

3.6. Curvature strain

A combination of 31P NMR and differential scanning

calorimetry was used to investigate the ability of MSI-843

to induce curvature strain in lipid bilayers. 31P spectra of

aligned E. coli total lipid bilayers at various temperatures

are given in Fig. 7. 31P NMR spectra of oriented bilayers of

pure E. coli total lipids indicate that the lipids are in lamellar

phase at 35 8C (Fig. 7(A)). However, the spectrum at 50 8C
showed a peak ~5 ppm (Fig. 7(B)), indicating the formation

of inverted hexagonal phase [6]. On the other hand, the E.

coli total lipids containing 3mol% MSI-843 remained in the

La phase up to 70 8C (Fig. 7(C)), but underwent the La to

HII phase transition above 70 8C and displayed a peak ~ 5

ppm characteristic of a hexagonal phase (Fig. 7(D and E)).

As shown in Fig. 7(E), the transition to HII phase reached

completion only ~80 8C. These results clearly demonstrate

the ability of MSI-843 to suppress the La to HII phase

transition and suggest the induction of significant positive

curvature strain in the membrane [6].

Using DSC, similar results were obtained but at much

lower concentrations of MSI-843 and DiPoPE (Fig. 8). In

the absence of MSI-843, DiPoPE underwent the La to HII

phase transition at ~43 8C. When MSI-843 was incorporated

into DiPoPE at a P /L=1 :500, the transition temperature

increased by ~ 2 8C. The transition temperature increased

further when more amounts of MSI-843 were incorporated

(Fig. 8). At concentrations (3.0 AM) much lower than the
35 40 45 50 55

Temperature (°C)

(A)

(C)

(B)

Fig. 8. DSC thermograms of DiPoPE MLVs containing (A) 0, (B) 0.2, and

(C) 0.4 mol% MSI-843. The rates of heating and cooling were 1 8C/min.
MIC against E. coli (12.5 AM), MSI-843 inhibited the La to

HII phase transition of DiPoPE.
4. Discussion

Different strategies have been utilized to improve the

potency and expanding the activity spectrum of antimicro-

bial peptides [2,3]. They include identification of the

minimal fragment for activity, substitution of specific

residues to improve activity, total or partial replacement

by unusual and d-amino acids, use of retro- and

retroenantiomeric analogs, cyclization and linearization of

natural peptide antibiotics. Fatty acylation of antimicrobial

peptides have recently been explored to improve the

spectrum of antimicrobial activity [19,21–23,39].

For the present study, the decapeptide MSI-843 was used

as a template to evaluate the biophysical parameters

required for the activity against representative bacteria and

fungi. MSI-843 shows activity against both bacteria and

fungi (Table 1). It also permeabilizes the bacterial outer

membrane and anionic model membrane (Figs. 1 and 2).

Although several killing mechanisms other than membrane

permeabilization have been proposed for antibiotic peptides

[4,5,7,35,40], in the case of MSI-843, membrane perme-

abilization appears to be the essential step in eliciting the

antimicrobial activity. The discrepancy between the

observed MIC (Table 1) and the concentrations needed for

outer membrane permeabilization (Fig. 1) indicates a role

for other factors in killing the bacterium. The ability of MSI-

843 to induce leakage from negatively charged POPC/

POPG (3 : 1) vesicles (Fig. 2) suggests that MSI-843

permeabilizes both outer and inner membranes of bacteria

at MIC.

The CD data suggests that the peptide part of MSI-843

folds into an a-helix upon binding to the lipid membrane

(Fig. 3A, trace b). However, the strong band at ~ 207 nm

and the low positive ellipticity values below 204 nm

suggest the existence of both a-helix and unordered

conformations. Such conformational transitions upon bind-

ing to lipid membranes have been observed for several

other antimicrobial lipopeptides [19–23]. Helical wheel

projection of MSI-843 displays the segregation of hydro-

philic and hydrophobic amino acids along the a-helix

resulting in an amphipathic structure (Fig. 3B). In the case

of antimicrobial magainins, random coil to a-helix

conformational transition has been shown to provide the

driving force for the insertion of peptide into the lipid

membranes [37]. The helix formation of magainin analogs

was found to involve an enthalpy change of �0.7 kcal/

mol per residue and to contribute � 0.14 kcal/mol per

residue to the total free energy of binding [37]. A

qualitative analysis of enthalpy of binding reaction for

POPC SUVs, reveals that the helix formation dominates

the binding enthalpy of MSI-843. In the case of MSI-843,

the mean helix content is 0% in buffer and 37% in the
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membrane-bound state at 25 8C. Thus, the contribution of

helix formation to the binding enthalpy is �2.59 kcal/mol

[� 0.7 kcal/mol�0.37 (helicity)�10 (residues)], and

accounts for ~ 69% of the observed enthalpy of binding

(DH =�3.63 kcal/mol). The remaining 31% of the binding

enthalpy (�1.17 kcal/mol) must be accounted for insertion

of the N-terminal octyl and aliphatic side chains into the

POPC bilayer. Thus, it seems likely that helix formation

in the presence SUVs provides the driving force for

membrane insertion. However, considering the low bind-

ing enthalpy associated with membrane insertion (�1.17

kcal/mol), the extent of damage MSI-843 might inflict to

POPC membrane appears to be lesser when compared

with magainins.
2H NMR experiments were used to measure the peptide-

induced effect on the hydrophobic core of lipid bilayers.

Addition of MSI-843 decreases the order parameter in a

concentration dependent manner (Fig. 5). The extent of

decrease in the order parameter is maximum for the CD2

groups closer to the head group region and decreases along

the acyl chain towards a minimum for the other end of the

chain. These observations suggest that the peptide binding

increases the disorder in the hydrophobic region of POPC

bilayers with a maximal disorder closer to the glycerol

backbone of the lipid. Negligible changes are observed in

the order parameters of CD2 groups near the lower end of

the lipid (carbons 14 and above). This is because the

hydrophobic core near the terminal methyl group of the

bilayer is highly disordered even in the absence of the

peptide and therefore, the peptide-induced disorder appears

to be negligible. These observations are consistent with the

bilayer surface orientation of the peptide [35]. This

prediction is consistent with the observed 31P NMR data

(Fig. 6).

According to the toroidal pore model of lipid bilayer

disruption by antimicrobial peptides, the formation of

toroidal peptide–lipid complex imparts a positive curva-

ture strain in the lipid bilayer [41]. It is evident from Figs.

6 and 7 that MSI-843 has the ability to interact with lipid

head groups and repress the fluid lamellar (La) to inverted

hexagonal (HII) phase transition of E. coli total lipids.

DSC data obtained from DiPoPE also show the inhibition

of La to HII phase transition (Fig. 8). The lipids with

phosphatidyl ethanolamine head group have a tendency to

form the inverted hexagonal phase with a negative

curvature due to their small head group size relative to

the length of the acyl chain. Incorporation of MSI-843

mitigates against the formation of the negatively curved

HII phase. This implies the induction of positive curvature

strain in the bilayer which stabilizes the La phase at

higher temperatures (Figs. 7 and 8). Stabilization of La

phase above the phase transition temperature by anti-

microbial peptides has been well documented [6,40,41].

Induction of positive curvature strain is considered as one

of the events leading to the formation of toroidal peptide–

lipid pore complex [40,41], in which the helix axis of
peptide molecules is approximately perpendicular to the

lipid bilayer normal. Lamellar phase spectra observed

from MLVs containing MSI-843 (data not shown) at

various concentrations (up to 10 mol%) suggest that the

peptide does not function via detergent-type micellization

mechanism. However, aligned POPC bilayers containing a

high concentration of the peptide (N10 mol%) exhibited a

peak near 5 ppm suggesting the formation of peptide-

induced normal hexagonal phase (data not shown) as

reported for MSI-78 [40].

Although MSI-843 is helical and amphipathic, it has

only ten amino acids and therefore cannot span the bilayer

to form a transmembrane channel [36]. Therefore, it is

likely that MSI-843 forms a peptide–lipid complex in

which the peptide lies on the membrane surface in such a

way that the hydrophobic side chains and the N-terminal

octyl chain are inserted deeply into the membrane. In this

orientation, MSI-843 might inflict transient defects in the

bilayer acyl chain packing and induce leakage from lipid

vesicles (Fig. 2). This model also explains the peptide-

induced changes in the head group conformation (Fig. 6)

and orientational disorder in the acyl chain (Fig. 5).
5. Conclusion

Modification of antimicrobial peptides with acyl chains

has the potential for improvement in activity. Our results on

MSI-843 are similar to the data on LF12 lipopeptides,

where the best antimicrobial activity was observed with a

chain length of C8 for E. coli [25]. The octyl chain at N-

terminus and the amphipathic nature of the peptide MSI-843

facilitate the permeabilization of bacterial outer and inner

membranes. Both electrostatic interactions, especially

between cationic residues of MSI-843 and phosphate groups

of lipids, and hydrophobic interactions between the acyl

chain of MSI-843 and the lipid chains contribute to

membrane destabilization. NMR data clearly rule out the

formation of non-lamellar lipid structures and are consistent

with toroidal-type pore mechanism. Combination of all the

experimental data reported in this paper suggests the

formation of a lipid–peptide complex resulting in a transient

pore as a plausible mechanism for the membrane perme-

abilization and antimicrobial activity of MSI-843. Since

MSI-843 shows no hemolytic activity at MIC, and exhibits

only about 6% hemolysis at 100 Ag/mL (~ .3 times higher

than the MIC), the biophysical properties reported in this

study will be useful in designing membrane specific

antimicrobial peptides.
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