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HP (2-20), a 19-residue peptide derived from the N-terminus
of Helicobacter pylori ribosomal protein L1, has antimicrobial
activity but is not cytotoxic to human erythrocytes. We synthesized
several peptide analogues to investigate the effects of substitutions
on structure and antimicrobial activity. Replacement of Gln'® and
Asp' with tryptophan [anal-3 (analogue-3)] caused a dramatic
increase in lytic activities against bacteria and fungi. By contrast,
a decrease in amphiphilicity caused by replacement of Phe’ or
Leu'' with serine was accompanied by a reduction in antimicrobial
activity. Analysis of the tertiary structures of the peptides in SDS
micelles by NMR spectroscopy revealed that they have a well-
defined «-helical structure. Among the analogues, anal-3 has the
longest «-helix, from Val* to Trp'. The enhanced hydropho-
bicity and increased «-helicity results in enhanced antimicro-

bial activity in anal-3 without an increase in haemolytic activity.
Fluorescence experiments proved that the bacterial-cell selecti-
vity of the anal-3 peptide is due to its high binding affinity
for negatively charged phospholipids in bacterial cells. Results
showing the effect of spin-labels on the NMR spectra indicated
that the side chains in the hydrophobic phase of the amphiphilic
a-helix are buried on the surface of the micelle and the tryptophan
indole ring is anchored in the membrane surface. Because anal-3
shows high selectivity towards bacterial and fungal cells, it may
provide an avenue for the development of new antibiotics.

Key words: antibiotic, antimicrobial peptide, haemolysis, HP
(2-20), membrane, NMR.

INTRODUCTION

Antibiotic agents have become indispensable in the modern health
care system, assisting and complementing the natural immune
system. However, the appearance of resistant bacterial strains and
the cytotoxicity of antibiotic agents have necessitated ongoing
efforts to identify more potent and safer antibiotic agents. In this
respect, endogenous antimicrobial peptides and their derivatives
are attractive candidates. Antimicrobial peptides play important
roles in the innate host defence mechanisms of most living
organisms, including plants, insects, amphibians and mammals
[1-4]. In addition, they are known to possess potent antibiotic
activity against bacteria, fungi and even certain viruses [5,6].

It has been reported that the bacterium Helicobacter pylori,
implicated as a predisposing factor in gastrointestinal illnesses,
including gastritis and peptic ulcers, produces the N-terminal
peptide of H. pylori ribosomal protein L1 [HP (2-20)] [7-9].
Although H. pylori itself is resistant to this peptide, it has
antimicrobial activity similar to that observed in other cecropin-
like N-terminal peptides [8,9]. HP (2-20), a 19 amino acid
peptide, contains highly positively charged residues, including
six lysines and one arginine, as well as seven hydrophobic
residues. Chemically synthesized HP (2-20) is microbicidal
against representative Gram-negative and Gram-positive bacteria.
However, HP (2-20) does not display any haemolytic activity
against human erythrocytes, even at a concentration of 100 uM,

suggesting that it has a certain degree of cell-membrane target
selectivity [8—10].

Tryptophan residues in melittin and mastoparan B are critical
for their haemolytic activities, as well as their antimicrobial
activities [11-15]. These peptides are thought to form an amphi-
pathic a-helix that inserts in to the membrane, generating an ion
channel or pore that disrupts membrane function. However, a
tryptophan at the N-terminus of the cecropin A—maganin hybrid
peptide mediates partial insertion into, and initial binding of
the cell membrane, and this peptide does not have haemolytic
activities [16]. Therefore it is important to investigate the role
of tryptophan in each antimicrobial peptide in order to develop
powerful antimicrobial peptides that do not have haemolytic
activity.

To obtain peptides with improved antimicrobial activity and
no cytotoxicity, novel analogues have been designed based on
the sequence and «-helical wheel-diagram of HP (2-20) [10].
An increase in hydrophobicity has been introduced by replace-
ment of specific residues with tryptophan, and decreases in
hydrophobicity have been introduced by replacement with serine.

In the present study, we examined the structures of HP (2-20)
and five analogues that have different degrees of hydrophobi-
city and amphiphilicity. In addition, we examined the effects
of tryptophan residues on the structures and activities of these
peptides. Interactions between the HP analogues and the mem-
brane were also studied by 'H NMR spectroscopy, SEM (scanning

Abbreviations used: anal-3, analogue-3; DPC, dodecylphosphocholine; DQF-COSY, double-quantum-filtered COSY; EYPC, egg yolk L-a-phosphatidyl-
choline; EYPE, EY L-a-phosphatidylethanolamine; EYPG, EY L-a-phosphatidylglycerol; HP (2-20), N-terminal peptide of Helicobacter pylori ribosomal
protein L1; NOE, nuclear Overhauser effect; MIC, minimum inhibitory concentration; PC, phosphatidylcholine; PMAP, porcine myeloid antibacterial
peptide; PS, phosphatidylserine; RBC, red blood cell; R.M.S.D., root mean square deviation; SEM, scanning electron microscopy; SUV, small unilamellar
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electron microscopy) and fluorescence spectroscopy. Structure-
antibiotic activity relationships of these peptides will aid in
understanding their target cell selectivity against the bacterial cell
membrane.

EXPERIMENTAL

Peptide synthesis

The peptides were synthesized by the solid-phase method
using Fmoc (fluoren-9-ylmethoxycarbonyl) chemistry [17]. The
peptides were purified by reverse-phase preparative HPLC using
a 15 um Deltapak Ci;3 column (19 x 30 cm, Waters, Milford,
U.S.A.). The purified peptides were greater than 95 % pure as
judged by analytical HPLC with an Ultrasphere C3 column
(4.6 x 25 cm, Beckman, Fullerton, U.S.A.). All peptides had the
correct molecular mass, as determined by matrix-assisted laser-
desorption ionization—time-of-flight MS [18].

Microbial strains

Listeria monocytogenes (KCTC 3710), Candida albicans (KCTC
7270), Aspergillus flavus (KCTC 9471), and Aspergillus fumi-
gatus (KCTC 6145) were obtained from the Korean Collection
for Type Cultures (Korea Research Institute of Bioscience and
Biotechnology, Taejon, Korea). Escherichia coli 0157 (ATCC
43895) was obtained from the A.T.C.C.

Antibacterial activity

The bacteria were grown to mid-logarithmic phase in a medium
containing 10 g/l bactotryptone, 5 g/l yeast extract and 10 g/l
NaCl (pH 7.0). The peptide was serially diluted to concentrations
of 100, 50, 25, 12.5, 6.25, 3.125, 1.56, 0.78, 0.39, 0.195 and
0.097 uM in media containing 1% bactopeptone. The tested
organism (final bacterial suspension=25 x 10° colony forming
units/ml) suspended in growth medium (100 wl) was mixed with
100 pl of the test peptide solution in a microtitre-plate well.
Three replicates were generated for each test condition. Following
incubation for 10 h at 37 °C, microbial growth was determined by
the increase in absorbance measured at 620 nm.

Measurement of antifungal activity

The fungal strains were grown at 28 °C in potato dextrose broth.
Fungal cells (2 x 10° cells in 100 ) in potato dextrose broth were
seeded on to a 96-well microtiter plate. A 10 ul aliquot of the
serially diluted peptide and various concentrations of ampho-
tericin B were added to each well, and the cell suspension
was incubated for 24 h at 28°C. Next, 10 ul of 5 mg/ml 3-
(4,5-dimethyl-2-thiazolyl)-2,5-diphenyl-2H-tetrazolium bromide
in PBS (35 mM phosphate buffer, 150 mM NaCl, pH 7.4) was
added to each well, and the plates were incubated for an additional
4h at 37°C. A 30 ul quantity of 20% (w/v) SDS containing
0.02 M HCl was then added, and the plates were incubated at 37 °C
for 16 h to dissolve the formazan crystals that had formed [19,20].
The absorbance of each well at 570 nm was measured using an
Emax microtitre plate reader (Molecular Devices, Sunnyvale, CA,
US.A).

Haemolytic activity assay

The haemolytic activities of the peptides were evaluated by de-
termining the amount of Hb released from the 8 % suspension of
fresh human RBCs (red blood cells). A 100 ul aliquot of the 8 %
RBC suspension was added to the wells in a 96-well plate. Then,
100 ul of the peptide solution dissolved in PBS was added until
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the final peptide concentration was 100 uM. Haemolysis was
measured by absorbance at 414 nm with an Emax plate reader.
Controls for no- and complete-haemolysis were determined
in PBS and 0.1 % Triton-X 100 respectively. The degree of
haemolysis was calculated using the following equation:

% Haemolysis = [(A4;4 wWith peptide — A,,4 with PBS)/
(A4 with 0.1 % Triton-X 100 — A,,, with PBS)] x 100

The effect of peptides on cellular morphology

RBCs were incubated for 1 h at 37 °C with 60 % MIC (minimum
inhibitory concentration) of amphotericin B or the peptides anal-3
(analogue-3) or melittin; C. albicans cells were incubated at 28 °C
for 4 h with 12.5 uM anal-3; and A. flavus cells were treated at
28°C for 4 h with 25 uM anal-3. Negative controls contained
neither peptides or amphotericin B. The RBCs were fixed with
equal volumes of 4 % glutaraldehyde and 1 % paraformaldehyde
in 0.05 M cacodylate buffer (pH 7.2). After fixation for 3 h at4°C,
the samples were centrifuged at 150 g and washed twice with
0.05 M cacodylate buffer (pH 7.2). The samples were dehydrated
with sequential treatments with 50, 70, 90, 95 and 100 % ethanol.
After freeze drying and gold-coating, the samples were examined
by SEM (HITACHI, Tokyo, Japan).

Quenching of tryptophan fluorescence by acrylamide

SUVs (small unilamellar vesicles) composed of EYPE (egg
yolk L-«-phosphatidylethanolamine)/EYPG (EY L-a-phospha-
tidylglycerol) (7:3, w/w) and EYPC (EY L-«-phosphatidyl-
choline)/cholesterol (10:1, w/w) were prepared for quenching
experiments. Briefly, each phospholipid (7.5 mg) was dissolved
in chloroform and dried under a nitrogen stream and stored
overnight under vacuum to completely remove trace amounts
of organic solvent. Dried lipid films were resuspended in 2 ml
Tris/HCI buffer (pH 7.4), (10 mM Tris/HCI, 150 mM NaCl and
0.1 mM EDTA) by vortex-mixing. The resulting lipid dispersion
was sonicated for 10-20 min with a titanium tip ultrasonicator in
an ice-bath under nitrogen flow until the turbidity had cleared.
An appropriate amount of a peptide stock solution was added
to obtain the desired lipid-to-peptide molar ratio. Excitation
of tryptophan was performed at 295 nm instead of 280 nm to
decrease absorbance contributed by acrylamide [21]. Tryptophan
fluorescence was quenched by the titration of acrylamide, from
a 4 M stock solution, to the final concentration of 0.4 M in the
presence of liposome at a peptide/lipid molar ratio of 1:200. The
quenching data were analysed by the Stern—Volmer plot using
the equation, Fo/F =1 4+ K,,[Q], where F is the fluorescence of
the peptide in the absence of acrylamide, F is the fluorescence
of the peptide in the presence of acrylamide, K|, is the Stern—
Volmer quenching constant and [Q] is the concentration of
acrylamide.

CD analysis

CD experiments were performed using a J720 spectropolarimeter
(Jasco, Tokyo, Japan) using a cell with a 1 mm path length. The
CD spectra of the peptides at 100 uM were recorded at 25°C at
0.1 nm intervals from 190 to 250 nm. To investigate the confor-
mational changes induced by membrane-mimetic environments,
DPC (dodecylphosphocholine), and SDS micelles of defined
composition were added to the peptides. For each spectrum,
the data from four scans were averaged and smoothed using the
J720/98 system Version 120C. CD data were expressed as mean
residue ellipticity [0] given in deg - cm? - dmol ™.
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NMR experiments

Perdeuterated SDS (SDS-D,s) was purchased from Cambridge
Isotope Laboratories (Andover, MA, U.S.A.). Peptides were
dissolved at 1.0 mM in 0.45 ml of H,O/”H,0 (9:1, v/v) (pH 4.0)
containing 150 mM SDS micelles. DQF-COSY (double-
quantum-filtered COSY), TOCSY and NOESY were performed
by time-proportional phase incrementation [22-27]. TOCSY
experiments were performed using 20 and 80 ms MLEV-17
spin-lock mixing pulses. Mixing times of 250 and 350 ms were
used for NOESY experiments. For DQF-COSY experiments, 512
transients with 4 K complex data points were collected for each
increment, and the data along the t; dimension were zerofilled
to 4K before two-dimensional Fourier transformation. The
*Jine coupling constants were measured from the DQF-COSY
spectra with a spectral width of 4193.24 Hz and a digital resol-
ution of 1.02 Hz/point. Chemical shifts are expressed relative to
the 4,4-dimethyl-4-silapentane-1-sulphonate signal at O p.p.m.
To investigate the intramolecular hydrogen bonding in the pep-
tides, temperature coefficients were calculated from the TOCSY
experiments at 298, 308 and 318 K. NMR spectroscopy can give
useful information about the interaction between the peptides and
micelles [28,29]. TOCSY experiments with 5 mM 5-doxylstearate
spin-label and 16-doxylstearate spin-label were performed with
a 40 ms mixing-time. All of the NMR spectra were recorded on
an Bruker Avance-400 spectrometer at Konkuk University and a
Bruker Avance-600 MHz spectrometer at the Korea Basic Science
Institute. NMR spectra were processed off-line using the FELIX
software package (Accelrys Inc., San Diego, CA, U.S.A.) on an
SGI workstation.

Structure calculations

Distance constraints were extracted from the NOESY spectra
with mixing-times of 150 and 250 ms. The volumes of the NOEs
(nuclear Overhauser effects) between the two beta protons of
the phenylalanine residue were used as references. All other
volumes were converted into distances by assuming a 1/r® distance
dependence. All of the NOE intensities were divided in to three
classes depending on their distance ranges: strong, 1.8 to 2.7 A
(1A=0.1nm); medium, 1.8 to 3.3A; and weak, 1.8 to
5.0 A [30,31]. Structure calculations were carried out using CNS
version 1.1 (Yale University, New Haven, U.S.A.) with the topo-
logy and parameter sets ‘topallhdg’ and ‘parallhdg’ respectively.
Standard pseudo-atom corrections were applied to the non-stereo-
specifically assigned restraints [32], and an additional 0.5 A was
added to the upper bounds for NOEs involving methyl pro-
tons [33]. A hybrid distance geometry-dynamically simulated
annealing protocol [34,35] was employed to generate the struc-
tures. A total of 50 structures were generated, and the 20 structures
with the lowest energies were selected for further analysis.

RESULTS
Antimicrobial activities of HP (2-20) and analogues

To investigate the relationship between amphiphilicity of
antibiotic peptides and antimicrobial peptides, HP analogues were
designed with increased or decreased hydrophobicity, by analysis
of the «-helical wheel-diagram of HP (2-20) (Figure 1) [10,36—
39]. The amino acid sequences and hydrophobic moments for
each peptide are summarized in Table 1. Hydrophobicity was
increased by replacement of hydrophilic residues such as GIn'®
or Asp' with tryptophan, phenylalanine and tyrosine, and was
decreased by replacement of hydrophobic residues such as Phe’
or Leu'! with serine. As shown in Table 1, average hydrophilicity
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The «-helical wheel-diagram of HP (2-20)

The arrows indicate the positions of amino acid substitutions in HP (2-20). The HP (2-20) wheel
is a perfect amphipathic «-helix with the hydrophobic residues in the upper region and the
hydrophilic residues in the lower region.

Table 1 Amino acid sequences and hydrophobic moments of the synthetic
antimicrobial peptide HP (2-20) derived from the N-terminus of H. pylori
ribosomal protein L1 and its analogues

Peptide Amino acid sequence Substitution H* wH/ oo T
HP (2-20)  AKKVFKRLEKLFSKIQNDK  Native —2.78 063
Anal 1 AKKVFKRLEKLFSKIQNWK ~ (D™8 — W'8) —1.83 066
Anal 2 AKKVFKRLEKLFSKIWNDK ~ (Q'6 — W'6) —1.95 067
Anal 3 AKKVFKRLEKLFSKIWNWK ~ (Q'® D'® — W'S W'8)  —1.01 068
Anal 4 AKKVFKRLEKSFSKIQNDK (L™ — S™) —352 059
Anal 5 AKKVSKRLEKLFSKIQNDK ~ (F® — %) —353 057
Anal 6 AKKVFKRLEKLFSKIFNFK ~ (Q'®D'® — F6F8) 097 068
Anal 7 AKKVFKRLEKLFSKIYNYK ~ (Q'6 D'8 — Y16 Y'8) 1.76 066

* Average hydrophilicity caculated by CCS parameters.

T Relative amphipathicity, i.e. the hydrophobic moment relative to that of a maximally
amphipathic peptide. To facilitate comparisons, the amphipathicity of peptides is given relative to
the maximum possible value (1 Hmax) resulting from a perfectly amphipathic 18-residue peptide
composed only of leucine and aspartic acid, which would thus be assigned an g H/ e Hyax Value
of 1.

was calculated by CCS parameters, anal-3 and anal-6 show lower
hydrophilicities of — 1.01 and — 0.97 respectively, compared with
other peptides [40]. The amphipathicity of peptides was estimated
by determining the mean hydrophobic moments (uH) using the
Eisenberg equation [41]:

= [(Sws) +(30-co)

n=1

Where H, is the hydrophobicity index value of residue n, and
8=100° for peptides in a helical conformation. According to the
wheel-diagram and the hydrophobic moments, anal-3 and anal-6
have an optimum balance between the hydrophobic and hydro-
philic phases, resulting in a best amphiphilicity of 0.68 among all
analogues.

As shown in Table 2, the substitution of GIn'® and Asp'® of HP
(2-20) with tryptophan in anal-3 resulted in 2-20 times greater
antibacterial activity compared with HP (2-20) (MIC =0.39 and
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Table 2 Antibacterial and antifungal activities of HP (2-20) and its analogues

MIC [M]
ME* HP¥ Al A2 A3 A4 A5 A6 A7
Bacteria
B. subtilis 0.78 313 1.56 1.56 1.56 6.25 313 1.56 1.56
S. epidermidis 313 6.25 313 313 313 =125 12.5 6.25 313
S. aureus 0.78 12.5 313 6.25 156  >125 >12.5 313 313
E. coli 0.78 313 0.78 313 1.56 12.5 6.25 313 313
S. typhimurium 0.39 1.56 0.39 0.78 0.39 12.5 125 0.39 0.39
P vulgaris 1.56 6.25-3.13 313 313 313 >125 >12.5 3125 6.25-3.13
P aeruginosa 313 6.25 313 6.25 313 12.5 125 6.25 313
E. coli 0157 313 12.5 6.25 6.25 313 >12.5 6.25 6.25 313
L. monocytogenes 0.39 6.25 0.78 156 0.39 >125 >12.5 0.78 0.78
Fungi
T. beigelii 1.56 313 1.56 1.56 1.56 12.5 125 313 1.56
C. albicans 12.5 >25 25 25 125 >25 >25 >25 125
S. cerevisiae 12.5 >25 25 25 25 >25 >25 25 25
A. flavus 25 50 50 50 25 >50 >50 50 50
A. fumigatus 12.5 >50 50 50 25 >50 >50 50-25 50-25
F. moniliforme 12.5 25 12.5 25 12.5 >50 >50 125 12.5
B. cinerea 1.56 12.5 6.25 6.25 313 =50 >50 12.5 6.25
* melittin, tHP (2-20).
6.25 uM against L. monocytogenes). The decrease in hydro- 100
phobicity caused by replacing Leu’ (anal-4) or Phe!' (anal-5) |
of HP (2-20) with serine residues produced peptides that were 2- %
or 16-fold less active than HP(2-20) respectively, against all of the io" 60 H
bacterial cells tested. Anal-3 was as effective as melittin against E
most bacterial cells. £
We next examined the antifungal activity of the peptides =
. . . . 20
against pathogenic fungi by measuring the MIC as assessed
by mitochondrial conversion of 3-(4,5-dimethyl-2-thiazolyl)-2,5- o

diphenyl-2H-tetrazolium bromide [42]. The results indicated that
anal-3 displayed approx. 2- to 4-fold more potency at inhibiting
fungal growth than HP (2-20) (Table 2). Anal-3 was also as
effective as melittin.

In order to investigate the effects of various aromatic residues,
peptides with systematic substitutions of GIn'® and Asp'® with
tryptophan, phenylalanine, or tyrosine were synthesized and
named as anal-3, anal-6 and anal-7 respectively. Antimicrobial
activities were measured for anal-3, anal-6 and anal-7. Table 2
shows that anal-3, which has replacement of GIn'® and Asp'® with
tryptophan shows approx. 2-fold better antimicrobial activities
compared with anal-6 or anal-7, which has phenylalanine or
tyrosine substitutions, respectively. Also, tryptophan is a good
fluorophore to investigate the interactions between the peptide
and the membrane. Therefore further experiments were performed
only for anal-3 and the structure of the most active anal-3 was
studied representatively.

Haemolytic activities of HP (2-20) and its analogues

Since anal-3 shows the highest antimicrobial activities among all
HP analogues, we further investigated the interactions between the
antimicrobial peptide anal-3 and the various types of biological
membranes. First, cytotoxicity of anal-3 against mammalian
cells was studied. Although anal-3 had remarkable antibacterial
and antifungal activity, it did not exhibit haemolytic activity,
even at high concentrations, as shown in Figure 2. Both melit-
tin and amphotericin B, which are well known antimicrobial
peptide and antibiotic, were potent inducers of haemolysis.
At concentrations of melittin or amphotericin B causing
60 % haemolysis, SEM showed a significant difference in the
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Figure 2 Haemolytic activities of anal-3

The haemolytic activities of anal-3 (), melittin (A), and amphotericin B (M) were determined
by measuring Hb release at 414 nm from 8 % suspensions of fresh human RBCs.

morphology of the RBCs, including the frequent observation of
pores in the cell surface (Figure 3). Even at concentrations above
100 uM, anal-3 did not cause any difference in the morphology
of RBCs or damage to RBC surfaces. HP (2-20) [10] and other
analogues (results not shown) also did not show any haemolytic
activities.

Morphological changes induced in C. albicans and A. flavus
by anal-3

The morphological changes induced in C. albicans by anal-3 were
examined by SEM. At peptide concentrations corresponding to the
MIC value, we found significant differences in the morphologies
of the fungi. Untreated cells had a normal, smooth cell surface
(Figure 4A), whereas the cells treated for 4 h with anal-3 showed
surface roughening and cellular debris from cell lysis of C.
albicans was observed (Figure 4B). Similarly, in A. flavus,
untreated cells had a normal cell surface (Figure 4C), whereas
cells treated with anal-3 at 60 % MIC concentration showed
large holes in their surface (Figure 4D). These results provide
additional evidence that anal-3 has potent antifungal activity due
to disruption of fungal plasma membranes.
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Figure 3 Scanning electron micrographs showing the haemolytic effects of (A) no addition, (B) anal-3, (C) melittin, and (D) amphotericin B on human RBCs

RBCs were incubated for 1 h at 37°C with 60% MIC of amphotericin B or the peptides. At MIC melittin and amphotericin B destroyed RBCs completely and it was not possible to examine the
morphology of RBCs. Therefore all of the micrographs were taken at 60 % MIC. Even at concentrations above 100 wM, anal-3 did not cause any differences in the morphology of RBCs or damage to

RBC surfaces.

Tryptophan fluorescence quenching by acrylamide

To determine the relative extent of burial of the tryptophan
residues of the peptides into model membranes, a fluorescence
quenching experiment was performed with the water-soluble
fluorescence quencher acrylamide, by determining the Stern—
Volmer constants (K,). Stern—Volmer plots for the quenching
of tryptophan fluorescence in the anal-3 peptide, recorded by
acrylamide in the presence of phospholipid vesicles, are depicted
in Figure 5. The quenching of tryptophan fluorescence in anal-3
peptide is less effective with negatively charged vesicles than
with zwitterionic vesicles, suggesting that the tryptophan residue
of anal-3 peptide is buried more extensively in negatively charged
phospholipid vesicles than in zwitterionic phospholipid vesicles.
This result suggests the bacterial cell selectivity of anal-3 peptide
is due to its high binding affinity with negatively charged
phospholipids in bacterial cells.

CD measurements of HP (2-20) and its analogues

To investigate the secondary structure of HP (2-20) and its ana-
logues in membrane-mimetic environments, we measured CD
spectra of HP (2-20) and its peptide analogues dissolved in an
aqueous solution of 100 mM SDS micelles, or 50 mM DPC
micelles (Figure 6). The CD spectra of HP (2-20) and its analogues
show that they have random-coil structures in aqueous solution,
whereas they adopt «-helical conformations in membrane-
mimetic environments. Anal-4 and anal-5, which have less anti-
biotic activity than HP (2-20), have a lower «-helical content
than the other peptides. Anal-1, anal-2 and anal-3 have slightly
higher «-helicity than HP (2-20) in these membrane-mimetic
environments.

Resonance assignment of HP (2-20) and its analogues

Sequence specific resonance assignments were performed using
mainly the DQF-COSY, TOCSY and NOESY data [43]. Figure 7
shows the NOESY spectra with the sequential assignments for
anal-3 and its analogues in the NH-C,H region. The chemical
shifts of HP (2-20) and its analogues in SDS micelles at 318
K and pH 6.0, were deposited in the BioMagResBank database
under accession number 5265. The overall chemical shift of HP
(2-20) is similar to those of its analogues, except for the resonances
in the regions with substitutions.

The sequential NOE connectivities and the other NMR data are
illustrated in Figure 8. As shown in Figures 7 and 8 a number
of non-sequential NOE connectivities that are characteristic of an
a-helix, specifically d,g(i,i 4+ 3) and d,y(i,i + 3), were observed
for all of the peptides. The observed value of the *Jyy, coupling
constant for the helical region of all of the peptides, derived using
the method of Kim and Prestegard [44], was generally below 6 Hz.
The amide-proton temperature coefficient has been used to predict
hydrogen bond donors, and values above —4.5 p.p.b./K indicate
that the amide proton is involved in intramolecular hydrogen
bonding [45]. Temperature coefficients of the amide protons
in the a-helical region of the peptides were generally above
—4.5 p.p.b/K, indicating that the mid-regions of these peptides
form «-helices.

Structure of HP (2-20) and its analogues

To calculate the tertiary structures of HP (2-20) and its
analogues, we used experimental restraints, such as sequential
(li-jl = 1), medium-range (1 < li-jl <5), long-range (li-jl > 5), in-
traresidual distance and torsion-angle restraints. They are listed
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Figure 4 Morphological changes in C. albicans and A. flavus induced by anal-3

Scanning electron micrographs of C. albicans treated for 4 h at 28 °C with (A) no addition and (B) 12.5 M anal-3. Scanning electron micrographs of A. flavus treated for 4 h at 28 °C with (C) no

addition or (D) 25 .M anal-3.

Fn;‘ Fqnancher

0.00 0.0 0.10 016 0.20 0.26

Acrylamide [M]

Figure 5 Stern-Volmer plots for the quenching of tryptophan fluorescence
of anal-3

Fluorescence was quenched by agueous acrylamide, in the presence of Tris buffer (pH 7.4)
(@), EYPE/EYPG (7:3, w/w) SUVs (O) and EYPC/cholesterol (10:1, w/w) SUVs (¥). The
concentrations of peptides and phospholipid vesicles were 3.0 and 600 .M respectively.

in the Supplementary data (http://www.BiochemlJ.org/bj/394/
bj3940105add.htm). Of the structures that were accepted with
small deviations from the idealized covalent geometry and the
experimental restraints (< 0.05 A for bonds, < 5° for angles, < 5°
for chirality, <0.3 A from NOE restraints and < 3° from torsion
angle restraints), we analysed 20 output structures with the
lowest energy for each peptide. None of the structures had
violations over 0.5 A from the NOE distance restraints or 3°
from dihedral angle restraints, and all the structures exhibited

© 2006 Biochemical Society

good covalent geometry. The statistics for the 20 final simulated
annealing structures of HP (2-20) and its analogues are also
given in the Supplementary data (http://www.Biocheml].org/
bj/394/bj3940105add.htm). When we superimposed the 20 lowest
energy structures of HP (2-20), anal-4 and anal-5 over the
backbone atoms (from Val* to GIn'®), their R.M.S.Ds (root mean
squared deviations) from the mean structures were 0.35 £ 0.15 A,
0.38+0.18 and 0.35 +0.11 for the backbone atoms (N, Ca, C/,
0) and 1.1140.14 A, 1.1240.19 and 1.06 4 0.20 for all heavy
atoms respectively. When the low-energy structures of anal-1,
anal-2 and anal-3 were superimposed over the backbone atoms
from Val* to Trp', their R.M.S.Ds from the mean structures
were 0.35 4+ 0.12 A, 0.30 + 0.09 and 0.26 + 0.08 for the backbone
atoms and 1.21 +0.1 A, 1.10+0.09 and 1.22 + 0.12 for all heavy
atoms respectively. Figure 9 shows the superposition of the 20
lowest energy structures of HP (2-20), and anal-3 and anal-5 over
the backbone atoms in 150 mM SDS micelles. HP (2-20) peptides
have a stable amphiphilic helix from Val* to GIn'S. Because of the
increase in hydrophobicity caused by substitution of tryptophan at
the C-terminus, anal-1, anal-2 and anal-3 have longer amphiphilic
helical-structures from Val* to Trp'® than HP (2-20). Because
anal-4, and anal-5 do not have tryptophan residues at the C-
terminus and anal-4 and anal-5 have lower amphiphilicity due
to replacement of leucine or phenylalanine with serine compared
with HP (2-20), they have helical structures only from Val* to
GIn'®. These results show that increasing the hydrophobicity
by the addition of tryptophan residues at the C-terminus sta-
bilizes the overall a-helical structures in anal-1, anal-2 anal-3
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Figure6 CD spectra of HP (2-20) and its analogues in (A) aqueous solution,
(B) 100 mM SDS micelles and (C) 50 mM DPC micelles

Shown are spectra for (@) HP (2-20), (O) anal-1, (V) anal-2, (V) anal-3, (M) anal-4 and (CJ)
anal-5. The concentration of peptides was 50 pM.

and results in longer amphiphilic helical structures and higher
antimicrobial activity.

Figure 10 shows the orientation of the hydrophobic and
hydrophilic side chains of HP (2-20), anal-3 and anal-5 from Val*
to Trp'®. It is well known that when an amphipathic peptide forms
an ion channel, the hydrophilic residues face inwards to contact
the solvent and the hydrophobic side-chains face towards the acyl
chains of the hydrophobic lipid [16,46—48]. The hydrophobic
side-chains in these peptides, shown in red in the Figure, protrude
towards one side, and the hydrophilic side-chains, shown in blue,
protrude towards the other side. Among the HP (2-20) analogues,

8.5 8.0 75
3.8 v 3.8
: - ;
15
— 4.0 I L4,
3 0 L . 0
=%
= 3
T i K |
= 42 2l K2 K* K' 4.2
3 LK
4.4 i ! taa
WI(I F'\
4 N”..___W.,,
4.6 S 4.6
8.5 8.0 7.5
;- "H (ppm)

Figure 7 NH-CoH region of NOESY spectra with a 250 ms mixing-time for
anal-3 in SDS micelles

For the sake of clarity, only the intra-residual NH-CaH cross-peaks are labelled.

anal-3 has the highest hydrophobic moment and has a good
balance between the hydrophobic residues and the hydrophilic
residues, as shown in Figure 10(B).

The position of anal-3 relative to the SDS micelles

To probe the position of anal-3 relative to the SDS micelles, we
added stearate which was spin-labelled at the 5 or 16 position with
a doxyl group containing a stable nitroxide radical. The average
position of the spin-labels in the SDS micelles was derived from
the line-broadening of the resonances in the *C spectrum of SDS,
as reported previously [28,49]. The effects of the paramagnetic
probes depend upon the distance between them and the protons in
the peptide, and they can affect the chemical shifts and the signal
intensities in the two-dimensional TOCSY spectrum. As shown in
Figure 11, addition of 5-doxylstearate caused the intensities of the
resonances from the Phe’, Leu®, Glu®, Phe'? and Trp'® residues to
substantially weaken and disappear whereas 16-doxylstearate did
not cause any changes in the spectrum. Because the resonance of
Trp'® overlapped with that of Asn'’, it was not possible to monitor
the effects on Trp'®. These results imply that these residues are
buried on the surface of the SDS micelles and have hydrophobic
interactions in the micelle with the acyl chains of the phospholipid
near the spin-labels.

DISCUSSION AND CONCLUSIONS

Analysis of tertiary structures by NMR spectroscopy revealed
that the tryptophan residue at the C-terminus of anal-1, anal-2
and anal-3 stabilizes the amphipathic «-helical structure of the C-
terminus. By contrast, a decrease in the hydrophobicity of anal-1,
anal-2 and anal-3, by replacing leucine (anal-4) or phenyl-
alanine (anal-5) with serine decreased antibacterial and antifungal
activities. Anal-3 shows only slightly better antimicrobial activ-
ities than anal-6 and anal-7 which carry replacement of GIn'
and Asp'® with phenylalanine and tyrosine residues respectively.
Anal-3 and anal-6 have the highest hydrophobic moments among
all the peptides. Therefore the hydrophobicity at the positions
where the tryptophan residues are located in the sequence is
important and it can be tryptophan or phenylalanine. According

© 2006 Biochemical Society
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Figure 9 The superpositions of the 20 lowest energy structures of (A) HP(2-
20), (B) anal-3 and (C) anal-5 in SDS micelles

Backbone atoms of residues 5-19 were superimposed. Other structures are shown as
Supplementary data (http://www.BiochemJ.org/bj/394/bj3940105add.htm). This figure was
generated using MOLSCRIPT.

to the helical wheel-diagram, anal-3 shows the optimum balance
between the hydrophobic and hydrophilic amino acids, and
amphipathicity of the a-helix plays an important role in antibiotic
activity.

Anal-3 interacts more strongly with anionic than neutral
phospholipid vesicles because it has seven positively charged
amino acids (six lysine residues and one arginine). This suggests
that the positively charged residues in anal-3 preferentially
interact with the head groups of anionic phospholipids rather
than those of neutral phospholipids. This possibility is supported
by the tryptophan fluorescence quenching experiments. These
suggested that the tryptophan residue of anal-3 peptide is buried
more extensively in negatively charged phospholipid vesicles than
in zwitterionic phospholipid vesicles. These results imply that the
bacterial cell selectivity of the anal-3 peptide is due to its high
binding affinity with negatively charged phospholipids in bacterial
cells.

The differing cytotoxic effects of the peptides on bacterial cells
and RBCs may be due to differences in their cellular membrane

© 2006 Biochemical Society

lipid compositions. In the RBC membrane, the lipids in the two
leaflets are distributed so that zwitterionic phospholipids, such
as phosphatidylcholine and sphingomyelin, are concentrated in
the outer leaflet of the bilayer, whereas the negatively charged
phosphatidylserine residue is present exclusively in the inner
leaflet [14,46]. However, in bacterial or fungal cells, negatively
charged lipids are present exclusively in the outer leaflet. There-
fore it is not surprising that highly positively charged peptides with
high amphiphilicity show strong lytic activity against bacterial or
fungal cells. Indeed, in the current studies, SEM showed that
anal-3 causes severe damage to the surface of C. albicans and
A. flavus but no damage to RBCs.

It is well known that aromatic rings in peptide play an im-
portant role in hydrophobic membrane interactions [16,46—
48,50]. Tryptophan residues, in particular, are known to have an
important role in the interaction between peptides and biological
membranes [16] and tryptophan is critical for the haemolytic
activity of melittin [14]. In melittin, tryptophan residues are
located in the hydrophobic core of the peptide, restricting its
movement in the membrane, and are involved in hydrophobic
interactions with the acyl chains of phospholipids [11-14]. These
interactions help to allow melittin to form a channel in the
membrane. By contrast, the cecropin A—magainin hybrid peptide
and PMAP (porcine myeloid antibacterial peptide) 23, which
lack haemolytic activity against RBCs even at concentrations
up to 100 uM, have tryptophan residues at their termini and
have helix-bend-helix structures [16,51]. The partial insertion
of their tryptophan residues in to the membrane, as well as the
electrostatic interactions between the positively charged lysine
residues and the anionic phospholipid head groups, mediate the
primary binding to the cell membrane. Thereafter, the flexibility or
bending potential induced by the hinge regions in the central part
of cecropin A—magainin hybrid peptide and PMAP23 may allow
the «-helix to span the lipid bilayer [16,51]. Thus the different
cell specificities of these two peptides and melittin are probably
due to their different modes of interaction with and insertion into
biological membranes.

In the case of anal-3, the tryptophan residue is located at a
rather flexible region in the C-terminus, and the peptide does
not show haemolytic activity. Furthermore, anal-3 has a linear
amphiphilic «-helical structure. A model of the relative position
of anal-3 in the SDS micelle was derived from the effects of
the spin-labels on anal-3 resonances. The spin-label of 5-doxyl-
stearate is located near the surface of the SDS micelles whereas
that of 16-doxylstearate is located in the middle of the SDS
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Figure 10 Head-on view of (A) HP(2-20), (B) anal-3, and (C) anal-5 generated using MOLSCRIPT

The hydrophobic side-chains are indicated in red, and the hydrophilic side-chains are shown in blue.
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Spectra in the absence of spin-labelled stearate is shown on the left and spectra in the presence of 3.0 mM 5-doxylstearate at 318 K is shown on the right. Concentrations of the peptides for all NMR

experiments were 1 mM in 150 mM SDS micelles.

micelles. Since only 5-doxylstearate affected the intensity of the
resonances of anal-3, the side-chains of the hydrophobic phase
of the amphiphilic «-helix must be buried in the surface of the
micelles. Also, Lys® and Lys® at the N-terminus and Lys' at C-
terminus may produce an optimum arrangement for electrostatic
interactions between the sulphate head groups of SDS and the
positively charged lysyl NH;*.

The Asp'™ and GIn'S side-chains in HP (2-20) are partially
negatively charged and are located at the boundary of the
hydrophobic and hydrophilic phases in the helical wheel-diagram.
Therefore they may repel the negatively charged head group
in the bacterial membrane. Replacement of these residues
with tryptophan in anal-3 resulted in the highest hydrophobic
moments and good amphiphilicity, which may explain why anal-
3 has the highest antibacterial activity among the HP (2-20)
analogues. Positively charged lysine and arginine residues, in
addition to interactions between the indole ring of tryptophan
in anal-3 and the membrane, mediate the initial binding to the
negatively charged membrane surface of the bacteria, whereupon
the peptides form amphipathic «-helical structures. Hydrophobic
regions in the amphipathic structures in anal-3 are buried in the
surface of the membrane and result in disruption of the microbial
cell membrane. Overall, the results of this study help to clarify
the structure-activity relationship of HP (2-20) and its analogues
and should assist in our efforts to design novel antimicrobial

peptides that have potent antibiotic activity but no haemolytic
effects.
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