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Abstract

Two peptides, RAWVAWR-NH2 and IVSDGNGMNAWVAWR-NH2, derived from human and chicken lysozyme, respectively, exhibit

antimicrobial activity. A comparison between the L-RAWVAWR, D-RAWVAWR, and the longer peptide has been carried out in membrane

mimetic conditions to better understand how their interaction with lipid and detergent systems relates to the reported higher activity for the all

L-peptide. Using CD and 2D 1H NMR spectroscopy, the structures were studied with DPC and SDS micelles. Fluorescence spectroscopy was

used to study peptide interactions with POPC and POPG vesicles and DOPC, DOPE, and DOPG mixed vesicle systems. Membrane–peptide

interactions were also probed by ITC and DSC. The ability of fluorescein-labeled RAWVAWR to rapidly enter both E. coli and

Staphylococcus aureus was visualized using confocal microscopy. Reflecting the bactericidal activity, the long peptide interacted very

weakly with the lipids. The RAWVAWR-NH2 peptides preferred lipids with negatively charged headgroups and interacted predominantly in

the solvent–lipid interface, causing significant perturbation of membrane mimetics containing PG headgroups. Peptide structures determined

by 1H NMR indicated a well-ordered coiled structure for the short peptides and the C-terminus of the longer peptide. Using each technique,

the two enantiomers of RAWVAWR-NH2 interacted in an identical fashion with the lipids, indicating that any difference in activity in vivo is

limited to interactions not involving the membrane lipids.

D 2004 Elsevier B.V. All rights reserved.
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1. Introduction naturally occurring antimicrobial peptides. From the anal-
Over the last decade, the search for antibacterial agents

has seen rapid growth with the discovery of numerous
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unaffected [1]. To this end, a significant effort has been

directed towards the understanding of specific interactions

that enhance the bactericidal properties of a peptide [2–7].

Although antimicrobial peptides have been isolated from

various species, many human sources of innate and putative

antimicrobial peptides are continuously being discovered

[8]. A novel branch of this work involves the discovery of

antimicrobial peptides released upon the digestion or

breakdown of proteins. Two examples are lactoferricin

released from lactoferrin (for a recent review, see [9]) and

various lysozyme peptides released from the proteolytic

digest of lysozyme [10]. Other examples concern antimi-

crobial peptides from hemoglobin [11] or cathepsin [12].

Lysozyme has long been known for having the ability to

disrupt many bacterial functions, including membrane

structure [10,13–16]. This activity is not always related to

its enzymatic activity; for example, inactivated lysozyme

and specific peptides isolated from proteolytic digests of hen

egg white lysozyme have been shown to exhibit antimicro-

bial activity against both Gram positive and Gram negative

bacteria [10,17]. One of the peptides studied (IVSDGNGM-

NAWVAWR residues 98–112, see Fig. 1) was isolated and

found to have varied activity. Yet, a refined search of the key

portions exhibiting activity revealed that not all segments of

this peptide retained antimicrobial properties. Ile98–Met105

was inactive while Asn106–Arg112 was weakly active.

Furthermore, the C-terminal portion NAWRAWR showed

improved antimicrobial activity by exchanging Asn with

Arg. This modified segment corresponds to residues 107–

113 of human lysozyme (see Fig. 1). In the earlier report, the

natural all L-RAWVAWR peptide was more active than the

synthetic all D-RAWVAWR peptide against Serratia mar-

cescens , Micrococcus luteus , Staphylococcus aureus ,

Staphylococcus epidermidis, and Staphylococcus lentus

[10]. These observations seemingly contradict many studies

reporting that the replacement of L- with D-amino acids

actually made little difference or created enhanced resist-

ance to enzymatic degradation, thereby increasing the

activity of the all D-peptides over all L-peptides (e.g.

[18,19]). Other key aspects of this study were elucidated

from specific amino acid substitutions in the peptide and

indicated the necessity of two Arg as well two Trp residues

for the peptide to maintain activity [10]. The notion that
11298
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Human Lysozyme
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Fig. 1. Amino acid sequences for hen lysozyme (A) and human lysozyme

(B). Residues in bold are the subject of this study.
many peptides containing at least two Arg and two Trp have

potent antimicrobial activity has recently been reviewed

[9,20].

More recently, the scope of activity of the lysozyme-

derived peptides was expanded to include the larger helix–

loop–helix sections from chicken (Asp87–Arg114) and

human (Asp87–Arg115) lysozyme in order to compare

activity and membrane permeabilization [13]. This larger

section of lysozyme also presented a wide range of

bactericidal activity against both Gram positive and Gram

negative bacteria. The most active segments in these studies

were shown to be either the full helix–loop–helix or the

latter sections Ala107–Arg114 in chicken and Arg107–

Arg115 in human lysozyme. In both cases, the activity of

the peptides centres around the cationic Trp containing

segment (R)AWVAWR(NR).

Our current work involves a study of the longer peptide

IVSDGNGMNAWVAWR-NH2 from chicken lysozyme and

the shorter, more active peptide RAWVAWR-NH2 from

human lysozyme, as well as a comparison between the L-

and all D-forms of RAWVAWR-NH2. These peptides have

been studied under membrane mimetic conditions either

with micelles or vesicles to obtain more detailed information

regarding membrane binding and the resulting peptide

secondary structure. We have combined 1H NMR, fluo-

rescence, CD, DSC, and ITC to provide a comprehensive

and detailed analysis of the lysozyme peptide interactions

with a variety of lipids with different headgroups. To

complement these studies and put the peptide interactions in

perspective of the overall cell penetration capabilities, we

have also studied the location of fluorescein labeled peptides

in both E. coli and S. aureus.
2. Methods and materials

2.1. Materials

The synthetic peptides RAWVAWR (L), RAWVAWR

(D), and IVSDGNGMNAWVAWR (L) were synthesized at

the peptide synthesis facility at the University of Waterloo

(Waterloo, ON). All three peptides were amidated on the C-

terminal end to remove the negative charge. DPPC, DPPG,

DOPC, DOPE, DOPG, POPC, and POPG dissolved in

chloroform were purchased from Avanti Polar Lipids

(Alabaster, AL) and were used without further purification.

Sodium dodecyl-d25 sulfate (SDS), dodecylphosphocholine-

d38 (DPC), and D2O were purchased from Cambridge

Isotopes Laboratories, Inc. (Andover, MA). Sodium 2,2-

dimethyl-2-silapentane-5-sulfonate (DSS) was purchased

from MSD isotopes. Acrylamide and Tris were purchased

from ICN Biomedicals Inc. (Aurora, OH). HEPES and MES

were purchased from Sigma Chemical Co. (St. Louis, MO),

and citric acid and NaCl were purchased from BDH Inc.

(Toronto, ON). The N-terminally labeled fluorescein peptide

RAWVAWR-NH2 was purchased from UVic Protein Chem-
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istry Centre (Victoria, British Columbia) and used without

further purification.

2.2. Preparation of multilamellar and unilamellar vesicles

Multilamellar lipid vesicles for DSC experiments were

prepared in the following manner. Appropriate amounts of

DPPG and DPPC stock solution were dried over a stream of

nitrogen gas and stored over vacuum overnight to remove

trace amounts of organic solvent. The dried lipid films were

then dispersed in excess buffer (20 mM phosphate, 130 mM

NaCl, at pH 7.4), and an appropriate amount of a peptide

stock solution was added, resulting in the desired lipid to

peptide molar ratio. Samples were then hydrated at 10 8C
above the liquid crystalline phase of the lipids for at least 2

h, with intermittent, vigorous vortex mixing.

The large unilamellar lipid vesicles (LUVs) that were

used for ITC and fluorescence experiments were prepared

by the extrusion method using a Mini-Extruder (Avanti

Polar Lipids Inc.). The multilamellar vesicle suspension was

freeze–thawed for 5 cycles and then extruded through

polycarbonate filters (0.1 Am) 13 times. The concentrations

of the phospholipids were calculated on the basis of the

weight of dried lipid. The peptide concentration of each of

the samples was verified using the UVabsorption at 280 nm

and calculated molar extinction coefficients based on the

number of Trp residues in each of the peptides (11,380 M�1

cm�1 for two Trps and 5650 M�1 cm�1 for one Trp).

2.3. Circular dichroism spectroscopy

CD data were acquired with a Jasco J-715 CD spec-

trophotometer using a 1 mm path length cylindrical cuvette.

The response was measured using wavelengths from 195–

255 nm with 0.2 nm step resolution and a 1 nm bandwidth.

The rate was 50 nm/min and used a 2 s response time, and

the spectra were averaged over 8 scans. Spectra were

collected for samples of 40 AM L- and D-peptide in 10

mM Tris at pH 7 and 25 8C, with and without 50 mM SDS or

DPC. For each micelle sample, a background blank of

micelle was subtracted before the introduction of the peptide.

2.4. Fluorescence spectroscopy

The tryptophan fluorescence was measured using a

Varian Cary Eclipse spectrophotometer. Two types of

samples were prepared for analysis. One set of samples

were prepared with 2 AM peptide and 130 mM NaCl in 20

mM phosphate buffer adjusted to pH 7. These samples were

introduced to either 1 mM POPG or 1 mM POPC. The

other set of samples was prepared using 5 mM HEPES, 5

mM MES, 5 mM citric acid, 150 mM NaCl, and 1 mM

EDTA and were adjusted to pH 7. The second sets of

samples were examined with lipid combinations of DOPC,

DOPG, and DOPE. The concentrations were 5 AM with

peptide and 150 AM lipid. For all samples, the excitation
wavelength used was 295 nm and the emission scanned

from 300–450 nm with a scan speed of 10 nm/s.

Fluorescence quenching experiments were completed by

excitation at 295 nm and monitoring the peak maximum in

the absence of quenching agent, followed by increasing the

concentration of acrylamide from 10 mM to 200 mM for

each of the solutions studied. The effect on the peptide

fluorescence by acrylamide was analyzed using the quench-

ing constant (Ksv) as determined from the Stern-Volmer

equation:

F0=F ¼ 1þ KsvQ½ � ð1Þ

Where F0 and F are the fluorescence intensity in the

absence and presence of quencher (Q), respectively [21,22].

2.5. Isothermal titration calorimetry

ITC data were acquired using a Microcal VP-ITC

calorimeter (Microcal, Norhampton, MA). Samples were

prepared with 40 AM peptide and either 10 mM POPG or 10

mM POPC LUVs in 20 mM phosphate buffer with 130 mM

NaCl at pH 7.4 [23]. To account for the heats of dilution,

control experiments were completed by titrating lipid

vesicles into a buffered solution in the absence of peptide.

Each 6 Al injection was carried out over a 5 s period, with

240 s between individual injections. All experiments were

carried out at 30 8C.

2.6. Differential scanning calorimetry

DSC data was collected using a Microcal high-sensitivity

VP-DSC (Microcal, Norhampton, MA). MLV samples of

DPPC and DPPG were prepared in 20 mM phosphate buffer

with 130 mM NaCl at pH 7.4 [24]. For all samples, a

heating scan rate of 60 8C/h was used. Sample runs were

repeated at least twice to ensure reproducibility. Data

acquisition and analysis were done using Microcal Origin

software (version 5.0). The total lipid concentration used for

DSC was 1.0 mg/ml. Note that DPPC and DPPG are often

used for the DSC experiments, because they have a higher

main phase transition temperature than PO- and DO-

phospholipids do, which melt below 0 8C and can not be

measured within the temperature range of the VP-DSC

instrument.

2.7. NMR spectroscopy

The NMR samples were initially prepared by dissolving

approximately 4 mg of peptide in H2O:D2O 90%:10% and

adjusting the pH to 3.6–4.2 using dilute HCl or NaOH. The

concentration of the peptide samples was verified using the

UV absorption at 280 nm mentioned before. The micelle

samples were prepared by adding approximately 200

equivalents of SDS or DPC to the peptide sample. Sodium

2,2-dimethyl-2-silapentane-5-sulfonate (DSS) was added as

an internal reference.
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All NMR spectra were acquired at 258C on a Bruker

Avance 500 MHz NMR spectrometer equipped with a Cryo-

probek (Bruker Analytische Messtechnik GmbH). Two

dimensional TOCSY and NOESY spectra were collected

using mixing times of 150 and 120 ms, respectively. A 2D

ROESY spectrum of the short peptide was acquired with a

mixing time of 300 ms. All spectra were acquired with

2048�512 data points in the F2 and F1 dimensions using

spectral widths of 6500 Hz. Water suppression for the 2D

spectra was performed using the excitation sculpting

technique [25]. DQF-COSY spectra with 4096�512 data

points were also acquired to assist in the initial assignment

of the individual residues for samples containing the

IVSDGNGMNAWVAWR peptide.

2.8. Structure calculation

All NMR spectra were processed with NMRPipe and

analyzed using NMRView 4.1.3 [26] on PC workstations

running the Redhat (7.1) version of the Linux operating

system. Spectral assignments were carried out using the

method of Wqthrich [27]. For structure calculations, an

iterative procedure was followed, beginning with the

assignment of NOE interactions between adjacent resi-

dues. Assignment tables from NMRView were used with

CNS [28] to generate initial structural conformations.

These structures were used to add further unambiguous

assignments and refine structures in an iterative manner

until all unambiguous correlations had been assigned. The

peptide structures were further refined using the program

ARIA (1.1) [29–31], which calibrates the NOE distance

restraints with a structure-based NOE back calculation

using a relaxation matrix analysis. All ARIA runs were

performed using NOE constraints from 2D NOESY data

and broad dihedral constraints consistent with values

suitable with the allowed Ramachandran space, along

with the default parameters in the program. The agreement

of the structures with the allowed Ramachandran space

was verified using PROCHECK (3.4) [32,33]. In the final

ARIA run, the number of structures generated in the

seventh and eighth iteration was increased from 20 each

to 40 and 100, respectively. The 20 lowest energy

structures were retained for statistical analysis in the final

iteration. Visual analysis of structures was done with the

program MOLMOL (2K.1) [34].

2.9. Confocal laser-scanning microscopy

Cultures were prepared as previously described [35,36].

Briefly, single colonies of bacteria were inoculated into

culture medium (3% trypticase soy broth) and cultured

overnight at 37 8C. An aliquot of this culture was transferred
to 50 mL of fresh medium and incubated for an additional 3

to 6 h at 37 8C to obtain the cells in midlogarithmic phase.

These cells were harvested by centrifugation, washed with

10 mM sodium phosphate buffer (NAPB), pH 7.4, and
resuspended in 10 ml of the same buffer. The colony

forming units (cfus) per millilitre were quantified by

spreading serial dilutions of the cell suspension onto three

separate trypticase agar plates. Bacterial cells (105 cfu) in 10

mM NAPB were incubated with fluorescein-labeled pep-

tides (25 Ag/ml) at 37 8C for 30 min. After incubation, the

cells were washed with 10 mM NAPB and immobilized on

a glass slide. The cells were then treated briefly with 0.2%

TritonX-100/NAPB. The fluorescein-labeled peptides were

observed with a Carl Zeiss LSM-410 laser-scanning

confocal microscope. Fluorescent images were obtained

with a 488 nm bandpass filter for excitation of FITC.

Software merging of images was carried out with COMOS

software (Zeiss).
3. Results

3.1. NMR spectral assignment and interpretation

Initial studies began by determining the structure of the 3

peptides in the presence of micelles. Micelles are usually the

most convenient method of determining high-resolution

structures, as vesicles are much larger and NMR signals

broaden to the point where the standard 2D experiments

cannot be used [37,38].

The 2D NOESYand 2D ROESY spectra collected for the

L- and D-RAWVAWR-NH2 peptides in solution showed no

indication of secondary structure. However, the 2D NOESY

spectrum of L-RAWVAWR-NH2 peptide in the presence of

SDS or DPC micelles displayed numerous correlations,

indicating the adoption of a preferred conformation from the

interaction with the SDS micelles. The correlations had also

broadened compared to the 2D NOESY spectrum of L-

RAWVAWR-NH2 in the solution without micelles, indicat-

ing that the peptide was experiencing the effects of slower

tumbling as a result of the interaction with micelles. The

systematic presentation of the NOE correlations is given in

Fig. 2A.

The 2D NOESY spectra for the D-RAWVAWR-NH2

peptide in the solution with DPC and with SDS gave the

same correlations and nearly identical relative intensities as

the spectra involving the L-RAWVAWR-NH2 peptide. The

similarity between the data sets of the 2 peptides implied

that a mirror image conformation existed. Therefore, the D-

peptide spectra were not used for further NMR studies.

Comparison of the a-proton chemical shifts with CSI

values [39] favoured coiled character for the backbone

residues Trp3–Arg7 (see Fig. 2A and B). The interaction of

the peptide with the neutral detergent (DPC) indicated that

electrostatic forces were not the only cause of the interaction

of the peptide with the micelle.

The three NOESY spectra acquired for the peptide

IVSDGNGMNAWVAWR-NH2 (with and without micelles)

all displayed a second set of much weaker correlations for

protons of the N-terminal residues (Ile1–Asn6). Since
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HPLC chromatograms and mass spectra indicated that the

peptide was pure (data not shown), these peaks were

attributed to a minor conformation and not further analysed.

In contrast to the short peptide, the 2D NOESY spectra

of the long peptide with and without DPC or SDS

micelles showed a significant number of backbone amide

proton to side chain inter-residue interactions pointing to

defined secondary structure in the solution. The proton–

proton interactions from the 2D NOESY spectra are

shown in Fig. 3. The CSI values for the long peptide

with and without detergent also support the tendency

toward helical character for the backbone section Gly7–

Arg15 (see Fig. 3). The adoption of a helical shape for the

C-terminal portion of the peptide in the aqueous solution

reflected the intrinsic propensity of this sequence to form

a helical conformation in human and chicken lysozyme

(Gly104–Arg112) (code 1LZS and 1HEW in the Protein

Data Bank).

Further examination of the N-terminal correlations for

both conformations of the long peptide also indicated that

there were very few inter-residue interactions when com-

pared to the C-terminal end. This observation implied a

larger degree of conformational flexibility for the N-
terminal end as compared to the C-terminal residues. The

variability in a-proton frequencies evaluated using the

chemical shift index for the N-terminal portion of the

peptide, as shown in Fig. 3, also suggested that a well-

defined conformation is not present in this region.

3.2. Structural calculations

The qualitative data presented by the NMR spectra were

further exploited by using proton nuclear Overhauser

interactions to give more precise structural information.

After the identification of the peaks in the 1H NMR spectra,

the intensity of the correlations in the 2D NOESY spectra

was used to provide distance constraints for structural

calculations. After assigning all peak intensities, a complete

list of unambiguous and ambiguous assignments was

submitted for final structural determination using Aria.

The program Aria uses a rigorous simulated annealing

protocol to reduce the energy of generated structures to low

levels while maintaining conformity with assigned con-

straints [29–31,40].

Structural statistics obtained for the short peptide L-

RAWVAWR-NH2 in SDS and DPC are presented in Table

1. Approximately 20 restraints per amino acid were used

in both types of micelles. Examination of the structures in

MOLMOL indicates a coiled peptide backbone for Val4–

Arg7, with a preceding bend for Ala2–Trp3 for the

peptide with both SDS and DPC (see Fig. 4). A

comparison of the 2 sets of 20 lowest energy structures

for both SDS and DPC indicated that the rmsd value of

the backbone atoms for both systems combined was 0.718

2. This value increased to 1.884 2 when the heavy side

chain atoms were included.

Similar to other reports of peptides interacting with

lipids where the aromatic rings of Trp residues are

arranged on the same side of the peptide backbone [41],

the indole rings in the short peptide are oriented to allow

simultaneous interaction with a lipid surface. Further

examination of the structure indicated that the charged

termini of the arginine side chains point in the same

direction in the structure. Without a longer peptide chain,

the energetically favoured formation of a regular coil in

the short peptide may be in competition with the

electrostatic interactions between the peptide and the

membrane that anchor the terminal arginine side chains.

As a result, the peptide may be simply too short for a

regular helix to be energetically favoured.

The correlations for the longer peptide under the three

types of conditions indicated that the N-terminal portion of

the peptide displayed fewer inter-peptide NOE interactions

than the C-terminal end. Fewer distance constraints in the

N-terminal region result in a poor rmsd agreement for the

backbone and side chain heavy atom comparison for the

entire peptide (Table 2). However, the conformational

overlap of the 20 lowest energy conformations improves

dramatically when only the C-terminal portion (Gly7–
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Arg15) is compared. For the long peptide without micelles,

as well as with SDS and DPC, the backbone and heavy atom

rmsd for the C-terminal region becomes less than 1 2 in all

cases.

A visual inspection of the conformations obtained from

the structural calculations using MOLMOL indicated a

few interesting features. As expected, the lack of

constraints for the N-terminal portion of each peptide

(Ile1–Asn6) produced a random coil structure for the
combined 20 lowest energy structures. All 3 structures

show that both Trp aromatic rings are on the same side of

the peptide in each case, albeit with different mutual

orientations.

In each case, the structures indicated that the long

peptide had various degrees of helical conformation in the

C-terminal portion (Gyl7–Arg15) of the sequence. For the

long peptide in solution without micelles, the helical

portion involved Gly7–Trp11, followed by a bend in the



Table 1

Structural statistics for the final 20 structures of short L-peptide with SDS

and DPC

SDS DPC

Number of distance restraints

Unambiguous

NOEs

157 161

Ambiguous NOEs 1 14

Unassigned NOEs 0 0

Total NOEs 158 175

Number of broad

dihedral

restraints

6 6

rms Distances from ideal values

Bonds (Å) 2.08�10�3 1.74�10�3F1.52�10�4

Angles (degree) 0.40F1.09�10�2 0.33F1.52�10�2

Impropers

(degree)

0.18F1.90�10�2 0.18F1.90�10�2

van der Waals

(kcal/mol)

6.35F0.79 8.07F0.67

Distance restraints

Unambiguous (Å) 1.15�10�2F4.11�10�3 5.89�10�2F4.45�10�2

Ambiguous (Å) – 1.65�10�3F7.20�10�3

All distance

restraints (Å)

1.14�10�2F4.10�10�3 5.67�10�2F4.28�10�2

Dihedral restraints

(degree)

0.65F0.20 0.30F0.25

Non-bonded energies

Electronic

(kcal/mol)

�94.69F23.24 �90.99F24.32

van der Waals

(kcal/mol)

�52.88F12.16 �48.88F11.31

Ramachandran (%)a

Most favoured 40 25

Additionally

allowed

60 59

Generously

allowed

0.0 16

Disallowed 0.0 0.0

Global rms distance (Å) b

Backbone 0.236 0.332

Heavy 0.870 0.869

a As determined by PROCHECK.
b Calculated using MOLMOL.

Fig. 4. Single representation cartoon structures (left) and stereo-diagrams of

the backbone trace of the 20 lowest energy structures (right) of: (A) short

peptide with SDS, (B) short peptide with DPC, (C) long peptide without

micelles, (D) long peptide with SDS, and (E) long peptide with DPC.

Panels (A) and (B) were generated by fitting all of the backbone atoms.

Panels (C)–(E) were generated by fitting the backbone atoms for residues

Met8–Arg15. This figure was generated with the program MOLMOL.
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coil for Val12–Arg15. The long peptide with SDS

micelles displayed a helical segment from Trp11–Trp14,

preceded by a bend in the coil from Met8–Ala10. Yet, the

appropriate constraints were available to form a complete

helix for Met8–Trp14 of the long peptide in DPC

micelles.

A search of each set of 20 structures revealed that the

correct geometry existed in all of the 5 structured peptides (2

RAWVAWR-NH2 and 3 long peptides) to suggest the

possibility of intra-residue hydrogen bonds near the C-

terminal end of the peptides. The formation of the hydrogen

bonds would lower the energy of the structure, perhaps by

0.3–0.7 kcal mol�1 per residue [42].
3.3. CD spectroscopy

Circular dichroism provided another valuable method of

comparing the differences in structure for the 3 peptides in

the presence of micelles. The CD spectra collected for the L-

RAWVAWR-NH2 peptide in solution are shown in Fig. 5.

Upon combining the L-peptide and micelles, the negative

molar ellipticity, suggestive of a coiled shape, changed to a

recognizable positive value, indicative of helical character in

the region of 185–195 nm. The region from 195 to 225 nm

also retained the characteristic shape expected for a coiled or

helical peptide. There was some variability in this region

consistent with subtle differences expected for a short 7

residue peptide.

Fig. 5 also shows a comparison of CD spectra for both

the L- and D-RAWVAWR-NH2 peptides with SDS micelles.

The symmetry of both spectra about a horizontal axis

suggests that the conformations adopted by the L- and D-

peptides are mirror images of each other when interacting



Table 2

Structural statistics for the final 20 structures of the long peptide: without micelles, with SDS and DPC

Peptide SDS DPC

Number of distance restraints

Unambiguous NOEs 148 199 239

Ambiguous NOEs 2 2 15

Unassigned NOEs 0 0 0

Total NOEs 150 201 154

Number of broad dihedral restraints 12 12 12

rms Distances from ideal values

Bonds (Å) 1.18�10�3 1.38�10�3F1.07�10�4 1.53�10�3F1.50�10�4

Angles (degree) 0.23F1.13�10�2 0.24F1.37�10�2 0.31F1.62�10�2

Impropers (degree) 0.17F1.94�10�2 0.17F2.22�10�2 0.23F2.89�10�2

van der Waals (kcal/mol) 7.13F0.61 7.23F1.10 8.93F0.96

Distance restraints

Unambiguous (Å) 6.39�10�3F1.30�10�2 3.20�10�2F2.54�10�2 2.47�10�2F2.31�10�2

Ambiguous (Å) – 1.33�10�3F4.20�10�3

All distance restraints (Å) 6.35�10�3F1.29�10�2 3.17�10�2F2.52�10�2 2.40�10�2F2.23�10�2

Dihedral restraints (degree) – 5.09�10�2F0.10 1.94�10�2F4.22�10�2

Non-bonded energies

Electronic (kcal/mol) �372.66F89.13 �388.27F92.80 �391.62F92.44

van der Waals (kcal/mol) �77.33F17.92 �78.58F18.22 �85.96F19.85

Ramachandran (%)a

Most favoured 83.6 64.5 82.7

Additionally allowed 16.4 35.5 17.3

Generously allowed 0.0 0.0 0.0

Disallowed 0.0 0.0 0.0

Global rms distance (Å) b

Backbone 2.467 2.306 2.346

Heavy 3.595 2.790 2.847

Gly7–Arg15

Backbone 0.373 0.365 0.287

Heavy 0.987 0.640 0.644

a As determined by PROCHECK.
b Calculated using MOLMOL.
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with the micelle. This result is consistent with all of the

NMR data indicating that the change in pH from neutral

(CD) to acidic (NMR) conditions does not have a noticeable

effect upon the coiled conformation of the short peptides.

The CD spectra for the long peptide indicate that a

combination of helical and random coil content dominate

the spectra. The long peptide shows a large proportion of

random coil, with a minimum at 198 nm. The introduction

of DPC shifted the spectra to a double minimum at 204 and

217 nm and a more positive elipticity at 195 nm. The

peptide in SDS developed a large positive elipticity at 195

nm but shows only a single pronounced minimum at 207

nm. Together, the CD spectra of the long peptide established

that variable amounts of coiled character exist in the

presence of the two detergents.

3.4. Fluorescence spectroscopy

Data acquired from tryptophan fluorescence studies can

be used to gain qualitative insight into the environment of
the fluorophores upon interaction with lipids. The fluo-

rescent properties of the Trp indole rings of the L-

RAWVAWR-NH2 peptide were studied using both uni-

form and mixed lipid vesicle systems. Negatively charged

POPG vesicles were used to mimic bacterial membranes

and POPC was used to resemble zwitterionic eukaryotic

membranes [9,43]. The fluorescence emission spectra of

the L-peptide with POPC and POPG vesicles are shown in

Fig. 6. In the aqueous solution, the short peptide exhibited

an emission maximum at 355 nm, similar to a Trp control

sample. The binding of the L-RAWVAWR-NH2 peptide to

the various lipids caused blue shifts in the emission

maximum of 12 nm for POPG, while the emission

maximum of the peptide in the presence of POPC

remained essentially unchanged. Each of these shifts was

accompanied by an increase in fluorescence intensity,

consistent with the partitioning of the Trp side chain into

a more hydrophobic, sterically confined environment [22].

The values of the emission maxima were the same for

both the L- and D-peptides, while the long peptide
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Fig. 6. Fluorescence emission spectra of: (A) 5 AM L-peptide, (B) 5 AM D-

peptide, and (C) 2 AM long peptide in 20 mM phosphate buffer with 130

mM NaCl adjusted to pH 7. The curves represent (a) buffer only, (b) 1 mM
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Fig. 5. Top: CD spectra of 40 mM short L-peptide at 25 8C in 10 AM
Tris (pH 7.0): (A) without micelles, (B) with 50 mM SDS, and (C) with

50 mM DPC. Centre: CD spectra of 50 mM SDS at 25 8C in 10 AM Tris

(pH 7.0): (A) with 40 AM short D-peptide and (B) with 40 AM short L-

peptide. Bottom: CD spectra of 40 mM long peptide at 25 8C in 10 AM
Tris (pH 7.0): (A) without micelles, (B) with 50 mM SDS, and (C) with

50 mM DPC.
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maintained the same value of 356 nm for each of the

solutions tested.

To determine the degree of interaction of the Trp

side groups with the lipids, fluorescence quenching

experiments were performed using acrylamide. In phos-

phate buffer, the Stern-Volmer constants (Ksv) for the 2

short peptides are shown in Table 3. The interaction of

the aromatic rings with the quenching reagent becomes



Table 3

Stern-Volmer constants (M�1) for acrylamide quenching experiments between peptides and lipid vesicles

Peptide type Peptide onlya POPGa,b POPCa,b Peptide onlyc DOPE:DOPGc,d (6:4) DOPC:DOPGc,d (6:4) DOPC:DOPEc,d (1:1)

L- 21.0 1.9 17.5 18.43 (1.44) 6.20 (0.54) 6.59 (0.59) 15.25 (0.37)

D- 20.5 2.2 16.8 16.49 (0.438) 6.20 (0.57) 6.98 (0.38) 14.69 (0.73)

Long – – – 16.24 (0.99) 15.04 (0.50) 14.13 (2.39) 15.06 (0.46)

Values are the average of 3 separate experiments. Standard deviation values are indicated in brackets.
a Samples were prepared with 2 AM peptide in 20 mM phosphate buffer with 130 mM NaCl at pH 7.4.
b Lipid concentration was 1 mM.
c Samples were prepared in 5 AM peptide, 5 mM HEPES, 5 mM MES, 5 mM citric acid, 150 mM NaCl and 1 mM EDTA and adjusted to pH 7.
d Lipid concentration was 7.5 mg/ml.
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less pronounced as the Trp indole rings interacted less

with the acrylamide quenching agent. Further study of

Stern-Volmer constants indicated that the next strongest

interaction with the quenching agent is seen with neutral

surface of the series: POPC and DOPC:DOPE 1:1. The

next strongest interaction with acrylamide is DOPC:-

DOPG, DOPE:DOPG, and POPG lipid. The similarity in

interaction of the long peptide in each of the 3 mixed

systems indicated an indifference of the long peptide for

interaction with the lipid interface. In addition, results

obtained with PO- and DO-phospholipids were compa-

rable, even though PO have a relatively high main

phase transition temperature; nevertheless, both are

below room temperature where the measurements are

made.

3.5. Differential scanning calorimetry

DSC is a very sensitive method of studying the

changes in the thermotropic phase transition of the widely

studied MLVs DPPC and DPPG [44–46]. The DSC

heating thermograms obtained from the interaction of

DPPG or DPPC vesicles in the absence and presence of

the 3 peptides are shown in Fig. 7. The interaction of the

long peptide and the negatively charged DPPG vesicles is

indicated in Fig. 7A at a lipid:peptide ratio of 10:1. Even

at this high concentration of peptide, there is little or no

effect upon the main transition from gel to liquid

crystalline phase at 40.5 8C.
The interaction of L-RAWVAWR-NH2 peptide at

different lipid-to-peptide molar ratios is presented in

Fig. 7B. The thermograms indicate that the addition of

the L-RAWVAWR-NH2 peptide had a small but con-

sistent effect on the phase behaviour of DPPG vesicles.

The pretransition from the lamellar- Lh’ gel to the

lamellar ripple phase of pure DPPG at 33 8C and its

main transition from the gel to the liquid crystalline La

phase at 40.5 8C are consistent with previously published

data [47]. At high molar ratios of lipid to peptide, little

effect on the main phase transition was observed,

although visible differences in the pretransition were

detected. With increasing amounts of peptide, the

pretransition was less pronounced until it disappeared

at the lipid:peptide ratio of 25:1. Any further increase of
the amount of peptide resulted in the introduction of a

two-component main transition at a lipid:peptide ratio of

15:1. This progression of main transition complexity is

consistent with the separation of the lipid surface into

domains either rich in peptide or peptide deficient.

Enthalpies calculated for the entire transition range

(Table 4) are comparable to the value of pure DPPG

even though the phase behaviour of DPPG vesicles was

influenced by the addition of the L-RAWVAWR-NH2

peptide. Peptides or proteins interacting with the hydro-

phobic interior regions of membranes often exhibit a

large reduction in the transition enthalpy. Therefore,

these results suggest that the L-RAWVAWR-NH2 peptide

does not penetrate deeply into the hydrophobic region of

DPPG vesicles and most likely resides at the solvent–

lipid interface.

The results of the DSC experiments with the D-

RAWVAWR-NH2 peptide mirrored those of the L-peptide,

indicating again that chiral recognition does not play a

role in the membrane binding of this peptide (Fig. 7C).

DSC heating thermograms illustrating the effect of the L-

and D-RAWVAWR-NH2 peptide on the thermotropic

phase behaviour of DPPC vesicles are presented in Fig.

7D. Aqueous dispersions of DPPC also exhibited a

pretransition at 35.2 8C and a main phase transition at

41.4 8C [44]. In contrast to DPPG, the addition of L- or

D-peptide had no effect on the phase behaviour of DPPC

even at a low lipid to peptide ratio of 10:1. This result

emphasizes the stronger interaction of the L- or D-peptide

with negatively charged DPPG while having very little

effect on the neutral DPPC.

3.6. Isothermal scanning calorimetry

The use of ITC provided an opportunity to determine

whether the difference in interactions between neutral and

negative lipids would be detectable and reflected by titration

calorimetry [23,48,49].

The enthalpy of binding was studied by titrating

either POPC or POPG vesicles into each of the 3

peptides. By subtracting the control experiments used to

determine the heat of dilution and correcting for the

molar amount of injected peptide, the molar enthalpy of

binding (DH) was obtained. Results of the interaction of
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the long peptide to either POPC or POPG indicated that

the energy change was below the sensitivity limit of the

technique. The result was the same for samples of the
Table 4

Thermodynamic parameters determined by DSC for the interaction of L-RAWVA

DHpre (kcal/mol) Tpre (8C) Tdomain (8C)

Pure DPPG 0.73 33.55 –

100:1a 0.34 31.99 –

25:1 0.32 30.80 –

15:1 0.17 31.20 42.04

12.5:1 – – 41.75

Pure DPPC 1.45 35.45 –

100:1 1.45 35.45 –

12.5:1 1.45 35.45 –

pre=pretransition.

main=main phase transition.
a Ratio of lipid:peptide.
L- or D-RAWVAWR-NH2 peptides with the neutral

vesicle POPC. The binding of both the L- and D-

RAWVAWR-NH2 peptides to POPG are shown in Fig. 8.
WR-NH2 with the lipid bilayers

DHdomain (kcal/mol) Tmain (8C) DHmain (kcal/mol)

– 40.61 8.56

– 40.47 8.85

– 40.42 8.90

0.62 40.27 7.52

1.59 40.17 6.55

– 41.42 9.32

– 41.42 9.32

– 41.42 9.32
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The binding enthalpies and binding constants calculated

from this data are the same within experimental error,

indicating that peptide insertion is an exothermic process
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Fig. 9. Binding isotherms of RAWVAWR-NH2 with POPG. Cf is the

equilibrium concentration of the free peptide in solution. Xb is the molar

ratio of the bound peptide per lipid (mmol/mol).
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with a very large binding constant. Again, the trends

shown by the other analyses are reflected by ITC and

suggest the L- and D-RAWVAWR-NH2 peptides bind in

the same manner to the negatively charged POPG LUVs.

Additional information regarding organization of the

peptide after binding to the lipid can be obtained from the

ITC data. Analysis of the binding isotherm of the L-

peptide with POPG is shown in Fig. 9. The gradual

decrease in the slope of the curve is suggestive of a

simple adhesion process in a non-cooperative manner that

does not involve the aggregation of the peptide on the

lipid surface [50].

3.7. Confocal laser-scanning microscopy

The lack of strong interaction with the membrane

mimetic systems caused us to probe whether the RAW-

VAWR-NH2 peptide was able to penetrate actual bacterial

membranes. The images shown in Fig. 10 clearly indicate

the ability of the fluorescein labeled peptide (at a

concentration of 25 Ag/ml) to readily penetrate the

membranes and accumulate in the cytoplasm of both E.

coli and S. aureus. The strong intensity over the confocal

microscope image of each bacterium indicates the location

of the labeled peptide in the cytoplasm. Had the peptide

been associated with mostly the membrane region, the

intensity would have been greatest in a halo representing
Fig. 8. Titration calorimetry of: (A) short L-peptide and (B) short D-peptide

with POPG lipid vesicles. The lower curve in each case represents the heat

of reaction as a function of injection number as measured by peak

integration. Using a one site model, the statistics are v2=61.77, reaction

stoichiometry=0.1798F0.0079, binding constant=5.086�104F6353,

DH=�4210F78.58, and DS=7.644 for Panel (A) and v2=22.14, reaction

stoichiometry=0.1650F0.0042, binding constant=5.378�104F4121,

DH=�4211F48.86, and DS=7.755 for Panel (B).
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B

Fig. 10. Images of fluorescein labeled RAWVAWR-NH2 from light

microscope (left) and confocal microscope (right) in E. coli (A) and S.

aureus (B). The even intensity across the entire area of the bacteria

indicates peptide in the cytoplasm.
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the membrane region [36] and weaker over the centre of

each bacterium.
4. Discussion

The variety of techniques used in this study provides a

comprehensive method for comparing the binding of three

related antimicrobial peptides to both bacterial and eukary-

otic membrane mimetic systems. Clearly, the complimen-

tary nature of the data supplied by each technique provides

unique insight into the peptide interactions with these model

membrane systems. For both the short (L-RAWVAWR-
NH2) and long (IVSDGNGMNAWVAWR-NH2) peptides,

the extent of interaction with model bacterial and eukaryotic

membranes reflected the difference in antimicrobial activity

found in the previous study [10]. Together, fluorescence,

DSC and ITC results all indicate a very weak interaction

between the long peptide and any of the detergent or lipid

systems. Data from NMR, however, suggest that interaction

between the long peptide and detergent is subtle and only

induces slight change in the conformation of the peptide.

From this comparison, a relative order of sensitivity of the

various techniques is evident, with NMR being the most

sensitive to monitor subtle conformational changes.

Collectively, the data suggest that the ability of the

AWVAWR portions of both the long and short peptides to

develop coiled or helical shape is not sufficient to induce

antimicrobial activity. This portion in both the short and long

peptide in this same region also formed helical structure in

the intact lysozyme protein. The ability to form a helical

shape has been calculated to reduce the free energy of the

system by 0.4 kcal mol�1 per residue in melittin [42] and

0.14 kcal mol�1 in magainin-2 amide [51]. Yet, the short

peptide forms a preferred coiled character on the surface of

both neutral and negative lipids, suggesting that the insertion

of the side chain groups is responsible for the exothermic

properties and not the tendency of the backbone to form a

regular structure. The additional cationic group provided by

changing Asn to Arg may supply the electrostatic charge

necessary to enhance binding with a negatively charged lipid

surface. Indeed, a minimum of two Arg residues seems to be

required to generate the observed antimicrobial effect [9,10].

The formation of a helical conformation for Gly7–Arg15 did

not confer tighter binding of the long peptide to DPC.

Contrary to previous suggestions, the formation of a coiled

structure in these peptides is not sufficient to confer

antimicrobial properties [13].

Our work indicates that there is no appreciable difference

between the L- and D-RAWVAWR-NH2 peptides with

respect to interactions with lipid model membranes. Any

difference in activity in the all L- and all D-peptide would

suggest that chiral recognition sites (receptors or perhaps

intracellular RNA,DNA, or enzymes) are involvedwith these

peptides as have been suggested in other studies [6,7,52].

Recent work has shown that RNA and DNA synthesis is

inhibited shortly following the addition of the short peptides

to microbes, supporting that the latter may be an important

intracellular site of activity for these peptides [14].

Including DSC data, the information supports the notion

that peptides affect lipid packing in membranes (see Fig. 7).

On a larger scale, the ITC results indicate a non-cooperative

interaction of the L-peptide with the PG lipid, indicating that

a random distribution of peptides takes place on the surface

of the vesicle. Therefore, at sufficient peptide concentration,

any membrane disruption might occur in a mechanism

consistent with the proposed carpet-like formation [53].

Although this peptide binds tightly to the negatively

charged or mixed membrane mimetic systems, the peptide
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initially resides if not at the surface, then in the interface

region. It is well known that the outer leaflets of bacterial

and eukaryotic cell membranes have a markedly different

composition. The latter are comprised mostly of the

zwitterionic PC headgroups, while the bacterial cytoplasmic

membrane is a mixture of zwitterionic PE and negatively

charged PG [43]. It would appear that the cationic peptides

studied here bind strongly to the interface of a bacterial

membrane and not the hydrophobic side chain. Since these

peptides are too short to span the membrane and form

channels, their antimicrobial activity arises from the ability

to either immediately alter the membrane characteristics

and/or traverse the membrane spontaneously and act as

intracellular targets. The former possibility would seem to

occur only as a means of entering the cell since calcein

leakage assays with RAWVAWR-NH2 have shown that

under conditions where other antimicrobial peptides disrupt

vesicles, RAWVAWR-NH2 does not cause calcein leakage

from vesicles (unpublished results). Several studies support

the notion that Arg rich peptides, similar to the ones studies

here, can spontaneously cross membranes [9,54]. Indeed,

proposed rapid passage of RAWVAWR-NH2 across the

bacterial membrane may proceed in an analogous fashion to

the cationic Arg-rich antimicrobial peptide buforin II

[35,36] or PR-39 [55], which enters and kills the cell

without causing membrane leakage. Thus, previously noted

increased permeability of the outer and inner bacterial

membranes [14] of E. coli after the introduction of

lysozyme peptides would not appear to arise from direct

action of the peptides with the phospholipids but instead

may be caused by the interaction of other non-lipid

membrane sites and/or the dissipation of membrane

potential [13]. Since the confocal microscopy studies

indicated that fluorescein labeled peptide collected quickly

in the cytoplasm of both E. coli and S. aureus, it is most

likely that the difference in binding properties of the

peptides with model membrane systems determines the

relative ability or rate that the peptides are able to transfer to

the interior of the cell.

Therefore, our results suggest that these antimicrobial

peptides interact with the phospholipids present in the

bacterial membrane primarily as a means of promoting

internalization of the peptides in order to affect intracellular

functions. This explains how the L- and D- short peptides

can have a different physiological activity, while interacting

in the same manner with the membrane. Future work with

this system would involve specifically identifying the

targets that cause the reported difference in antimicrobial

activity between the L- and D-peptides.
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