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a Cathdlicidin-Related Antimicrobial Peptide CRAMP

K yongsoo Park, Song Y ub Shin," Kyung-Soo Hahm," and Y angmee Kim"

Department of Chemistry, Konkuk University, Seoul 143-701, Korea
"Department of Bio-Materials, Graduate School and Research Center for Proteineous Materials,
Chosun University, Gwangju 501-759, Korea
Received June 23, 2003

CRAMP was identified from a cDNA clone derived from a mouse femoral marrow cells as a member of
cathdlicidin-derived antimicrobial peptide. Tertiary structure of CRAMP in TFE/H,O (1 : 1, v/v) solution has
been determined by NMR spectroscopy previoudy and consists of two amphipathic o-helices from Leud to
Lys10 and from Gly16 to Leu33. These two helices are connected by aflexible region from Gly11 to Gly16.
Anaysis of seriesof fragments composed of various portion of CRAMP revealed that an 18-residue fragment
with the sequence from Gly16 to Leu33 (CRAMP-18) was found to retain antibacterial activity without
cytotoxicity. The effects of two Phe residues at positions 14 and 15 of CRAMP-18 on structure, antibacterial
activity, and interaction with lipid membranes were investigated by Phe'**® — Ala substitution (CRAMP-18-
A) in the present study. Substitution of Phe with Ala in CRAMP-18 caused a significant reduction on
antibacterial and membrane-disrupting activities. Tertiary structures of CRAMP-18 in 50% TFE/H,0 (1: 1,
v : V) solution shows amphipathic o-helix, from Glu? to Leu'®, while CRAMP-18-A has relatively short
amphipathic a-helix from Leu® to Ala'®. These results suggest that the hydrophobic property of Phe'*and Phe'®
in CRAMP-18 is essentid for its antibacteria activity, o-helical structure, and interactions with phospholipid
membranes.
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Introduction

Two broad classes of mammalian antibimicrobial peptides
such as cysteine-rich defensins (o~ and S-defensin) and
various cathelicidins have been identified.”” Cathelicidins
contains an N-terminal domain called cathelin, a putative
cysteine-protease inhibitor, and C-terminal domain that
comprise an antimicrobial peptide. While the cathelin domains
are highly conserved across species, the C-termina anti-
microbia domains are structuraly diverse with o-helica, g-
sheet, B-turn or extended conformations.**® CRAMP is a
cathdicidin-related o-helicd antimicrobia peptide identified
from a cDNA clone isolated from mouse femoral marrow
cells.® CRAMP exhibits potent antibacterial activity against
Gram-positive and Gram-negative bacteria, while has no
hemolytic activity against human erythrocytes® CRAMP
was known to cause rapid permeabilization of the inner
membrane of Escherichia coli.2 Our previous analysis of
series of fragments composed of various portion of CRAMP
revealed CRAMP from residue 16 to residue 33 with a
sequence of GEKLKKIGQKIKNFFQKL (termed as CRAMP-
18) is as active as parentd CRAMP against Gram-positive
and Gram-negative bacteria strains.'® The tertiary structure
of CRAMP in TFE/H.0 (1: 1, v/v) solution was analyzed
by our previous NMR analysis.*! It was found that CRAMP
adopts a unique structure comprising of a N-termina o-
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helical region (residues Leu*-Lys'®) and a C-terminal o-
helical region (residues Gly*®-Leu®) connected by aflexible
region from Gly*! to Gly*®** Therefore, the amphipathic C-
termina o-helical region from Gly* to Leu® of CRAMP
can be considered as the functional region that plays an
important role in spanning the lipid bilayers as well as its
antibacteria activity.

In the present study, to investigate the effects of the two
Phe-residues at postions 14 and 15 of CRAMP-18 on
structure, antibacterial activity and interaction with lipid
membranes, the analogue (CRAMP-18-A) in which Alais
substituted for two Phe-residues in CRAMP-18 was synthe-
sized (Table 1). The antibacterial activity of the peptides
against four Gram-negative bacteria and four Gram-positive
bacteria was measured. The membrane-interaction ability of
the peptides was compared by dye-leakage from the positively
charged liposomes. The secondary structures of the peptides
in the membrane-mimicking environments such as TFE/H,O
solution, sodium dodecyl sulfate (SDS) micelles and dodecyl
phosphocholine (DPC) micelles was measured using CD
spectroscopy. The tertiary structures of CRAMP-18 and its
analogue in 50% TFE/H,0 (1: 1, v/v) solution have been
determined by two-dimensional NMR spectroscopy.

Experimental Section
Peptide Synthesis. All peptides were synthesized by the

solid-phase method using Fmoc-chemistry.> The crude
peptides were purified by a reversed-phase preparative HPLC
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on a Cig column (20 x 250 mm, Shim-pack) using a linear
gradient of 20 to 80% acetonitrile in 0.1% trifluoroacetic
acid for 30 min. The correct molecular weights of the
synthetic peptides were confirmed by MALDI-TOF mass
spectrometry (data not shown).

Antibacterial Activity. Escherichia coli (KCTC 1637)
and B. subtilis (KCTC 3068) were purchased from the Korea
Collection for Type Cultures (KCTC), Korea Research
Institute of Bioscience & Biotechnology (KRIBB) (Tagon,
Korea). The bacteria were grown the mid-logarithmic phase
in LB medium (1% tryptone, 0.5% yeast extract and 1%
NaCl). Antimicrobial activities of the peptides were measured
by colony account assay. Mid-logarithmic phase bacteria (1
x 10° CFU/mL) were incubated with the peptide concen-
tration of 6 uM in 1% peptone, and aliquots were drawn out
at different intervals after incubation and were plated on LB
broth agar. The number of colonies developed was deter-
mined after incubating the platesfor 18 h at 37 °C.

Circular Dichroism (CD). CD spectra of the peptides
were recorded using a Jasco J-720 spectropol arimeter (Japan
Spectroscopic Co. Tokyo). Four scans per sample were
performed over wavelength range 190-250 nm at 0.1 nm
intervals. The CD spectra of the peptidesin H,0, 50% TFE/
H.O (v/v) solution, 100 mM SDS micellesand 10 mM DPC
micelles were measured at 25 °C using a 1 mm path-length
cell. The mean residue dlipticity, [6], is given in deg-cm?-
dmol ™.

Peptide-induced Leakage from Calcein-loaded Lipo-
somes. Small unilamellar vesicles (SUVs) composed of
POPC (1-pa mitoyl-2-oleoyl phosphatidylcholine)/POPG (1-
pal mitoyl-2-oleoylphosphatidylglycerol) (3: 1, w/w) were
prepared for dye-leakage experiment as follow. Phospholipid
(7.5 mg) was dissolved in chloroform and dried with a
stream of nitrogen to form athin lipid film on the wall of a
glass tube. The lipid concentration was 0.5 mM. The dried
lipid was hydrated with 2 mL of TrissHCI buffer [10 mM
Tris-HCI (pH 7.4)/154 mM NaCl/0.1 mM EDTA] containing
70 mM calcein. The suspension was vortex-mixed for 10
min. The resultant lipid dispersions were then sonicated in
ice water for 20-30 min with a titanium-tipped sonicator
until clear. Calcein-entrapped vesicles were separated from
free calcein by gel filtration using Sephadex G-50 column
with the same buffer. To Tris-HCI buffer (pH 7.4,2mL) ina
cuvette was added to 20 uL of the vesicles containing 70
mM cacein to give a vesicle solution with a fina
concentration of 70 uM lipid. To a cuvette placed in a holder
(25 °C) was added 20 uL of an appropriate dilution of the
peptidesin the buffer. The fluorescence intensities of calcein
released from liposomes were monitored at 520 nm (excited
a 490 nm) on a Jasco FP-750 spectrofluorimeter (Tokyo,
Japan) and measured 2 min after the addition of the peptides.
To measure the fluorescence intensity for 100% dye-
leakage, 20 ul of Triton-X100 (20% in Tris-HCI buffer) was
added to dissolve the vesicles. The percentage of dye-
leskage caused by the peptides was cdculated using the
following equation: % leakage = 100 x (F-F°)/(F-F°), where
F° and F* are the initid fluorescence intensities observed
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without the peptides and after Triton X-100 trestment,
respectively and F is the fluorescence intensity achieved by
the peptides.

NMR Experiment. Samples for NMR experiments were
dissolved in 50% TFE/H,O (1: 1, v/v) solution. Resonances
of CRAMP in other membrane-mimicking environment
such as SDS micelle and DPC micelle were too broad to be
assigned completely. Concentration of the samples was 1.0
mM. All of the phase-sengtive two-dimensional experiments,
such as DQF-COSY, TOCSY, and NOESY were performed
using time-proportional phase incrementation method.***
TOCSY experiments were performed using 20, 40, and 80
ms MLEV-17 spin-lock mixing pulses. Mixing times of 150,
250, and, 350 ms were used for NOESY experiments. 3Jina
coupling constants were measured from DQF-COSY spectrum
with a spectral width of 4006.41 Hz and digital resolution of
0.98 Hz/paint.’® Chemica shifts are expressed relative to
DSS signd at 0 ppm. All the spectra were recorded at 277,
288, 298 and 308 on Bruker 400 MHz DPX-spectrometer at
Konkuk University and Varian 500 MHz NMR spectrometer
at KBSI. Temperature coefficients were calculated from the
TOCSY experiments at three different temperatures (288,
298, and 308 K) to investigate the intramolecular hydrogen
bondings in the peptides® NMR spectroscopy can give
useful information about the interaction between the
peptides and micelles. NOESY experiments for the sample
in non-deuterated SDS micelles was executed a 298 K with
mixing times of 250 and 600 ms. All NMR spectra were
processed off-line using the FELIX software package on
SGI (Molecular Simulations Inc., San Diego, CA, USA).

Structure Calculation. Distance constraints were extracted
from the NOESY spectra with mixing times of 150 and 250
ms. The volumes of the NOEs between the two protons of
Phe residues were used as references. All other volumes
were corverted into the distances by assuming asimple 1/r®
distance dependence. All the NOE intensities are divided
into three classes (strong, medium, and weak) with distance
ranges of 1.8-2.7, 1.8-3.3, and 1.8-5.0 A, respectively.?>*
Structure cal culations were carried out using X-PLOR version
3.851.% with the topology and parameter sets topallhdg and
parallhdg, respectively. Standard pseudoatom corrections
were applied to the nonstereospecifically assigned restraints.
and an additional 0.5A was added to the upper bounds for
the NOEs involving methyl protons.®* A hybrid distance
geometry-dynamical simulated annealing protocol®®® was
employed to generate the structures. Total of 80 structures
were generated, 20 structures with the lowest energies were
selected for the further andysis.

Table 1. Amino acid sequences of CRAMP, CRAMP-18 and
CRAMP-18-A

Peptide Sequence

CRAMP ISRLAGLLRKGGEKIGEKLKKIGQKIKNFFQK
LVPQPE

CRAMP-18 GEKLKKIGQKIKNFFQKL

CRAMP-18-A GEKLKKIGQKIKNAAQKL
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Results and Discussion

Antibacterial and Membrane-Disrupting Activities.
The antibacterial activity of the peptides was determined by
the colony count assay in E. coli and B. subtilis. Asshownin
Figure 1, the substitution (CRAMP-18-A) of Phe'*™® with
Ala in CRAMP-18 induced a remarkable reduction on
antibacterial activities against E. coli and B. subtilis. The
peptide-induced membrane disrupting activity was examined
on the basis of the leakage of the fluorescent dye calcein
from SUV's composed of POPC/POPG (3 : 1, w/w). Figure 2
shows the true percent leskage vaue according to the
peptide concentration. CRAMP-18-A was found to show
much weaker membrane disrupting activity than that of
CRAMP-18.

Circular Dichroism Study. To investigate the secondary
structures of CRAMP-18 and CRAMP-18-A in membrane
mimetic environments, CD spectra were measured in
aqueous buffer, TFE/water solution, SDS micelles, and DPC
micelles. As shown in Figure 3, CRAMP-18 and CRAMP-
18-A had a random coail structure in the water. However,
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Figure 1. Antibacteria activities of the peptides in colony count
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peptide (V).

60

50

40 |

30 1

Leakage (%)

20 4

10 1

0 2 4 6 8 10 12 14 16
Peptide Concentration (mM)

Figure 2. Leakage of the fluorescent probe calcein from POPC/
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Figure 3. Circular dichroism spectra of (A) CRAMP-18 and (B)
CRAMP-18-A in H,O (— a —), 50% TFE/ H,O solution (— @ -), 10
mM DPC micelles (— x —) and 100 mM SDS micelles (—).

CRAMP-18 and CRAMP-18-A in TFE/water solution, SDS
micelles, and DPC micelles adopt o-helical conformations
in membrane-mimicking environments. As shown in Figure
3, the content of o~hdix in CRAMP-18 was higher than
CRAMP-18-A in TFE/H20O solution, SDS micellesand DPC
micelles.

Resonance Assignment and Secondary Structure.
Sequence specific resonance assignment was determined
using mainly DQF-COSY, TOCSY and NOESY data.?
Figure 4 shows the NOESY spectra with the sequential
assignments of CRAMP-18 and CRAMP-18-A in the NH-
NH region. NOESY and TOCSY experiments at 277, 288,
298 and 308 K alowed the complete assignment of the
overlapping peaks. Chemical shifts of CRAMP-18 and
CRAMP-18-A in DPC micelle at 288 K, referenced to DSS,
arelistedin Tables 2.

The observation of sequential dwn(i,i+1) and medium
range des(i,i+3), den(i,i+3) and don(i,i+4) NOEs strongly
supports the presence of o-helix spanning residues from
Glu? to Leu™® in CRAMP-18 and from Leu* to Ala® in
CRAMP-18-A. The observed values of the 3Jun. coupling
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Figure 4. NH-NH region of a 250 ms mixing time NOESY
spectrum of (A) CRAMP-18 and (B) CRAMP-18-A.

constants for the helical region of CRAMP-18 and CRAMP-
18-A are generdly below 6 Hz and they are marked with
reversed triangles as shown in Figure 5. The values of the
amide proton temperature coefficient have been used to
predict hydrogen bond donors and values more positive than
-4.5 ppb/K can be taken as an indicator that the amide proton
isinvolved in intramolecular hydrogen bonding.?® As shown
in Figure 5, temperature coefficients of many amide protons
of CRAMP-18 and CRAMP-18-A ae generally more
positive than -4.5 ppb/K and this result indicates that these
peptides have an o-helical structure. A dense grouping of
four or more -1 values of chemical shift indices not
interrupted by a+1 in these regions indicates the presence of
an o-helix.?® The presence of small 3Jun Ccoupling congtants,
the sequence of residues with chemical shift indices of -1,
temperature coefficients, and the NOE patterns present
strong evidences that CRAMP-18 and CRAMP-18-A in
TFE/H0 (1: 1, v:v) solution have an a-helical structure.
Tertiary Structures of CRAMP-18 and CRAMP-18-A.
To determine the tertiary structures of CRAMP-18 and
CRAMP-18-A, we used experimental restraints such as
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Table 2. H chemical shift (ppm) for (A) CRAMP-18 and (B)
CRAMP-18-A in TFE/H,O (1: 1, v/v) solution at 288 K
A

Residue NH oH BH

Gly

Glu 890 435 216,212 y2.50*
SLys 857 409 1.89* v 1.45*; 5 1.57%; £ 3.01*

‘Leu 79 422 1.71* 8, 0.98%, §,0.93*

SLys 782 412 1.94* v1.49%; § 1.60%; € 3.02*

bLys 805 419 2.04* vy 1.51*; 6 1.75, 1.65; € 3.02*
e 820 385 1.98 v 1.77, 1.20; v, 0.98%; 5 0.89*
8Gly 843 3.86*

°GIn 802 411 229,223 y2.55,246;57.49,6.87

L ys 801 413 210* v1.51*; 6 1.75 1.66, € 3.01*
Yle 833 386 201 v 1.83, 1.18; v, 1.06%; 5 0.88*
2lys 828 4.12 198 v1.50%; § 1.64%; € 3.01*
BAaen 827 454 299,284 y7.64,6.86

Phe 812 429 323,317 2,6H6.79;35H 7.20

®phe 825 431 330,3.09 2,6H 7.26; 35H 7.33

%GIn 819 424 227,222 y2.58,247;,57.48, 6.75
MLys 772 433 194,184 y153*;¢3.02*

¥ ey 764 432 163* 8, 0.86*, §,0.80*

&Chemicd shiftsarerelativeto DSS at 0 ppm.

Others

B

Resdue NH oH BH

'Gly

*Glu 889 434 216,212 y2.49*
Lys 856 4.10 1.89* € 3.01*
‘Leu 796 422 170 8, 0.97*, §,0.94*

SLys 783 412 193 v 1.45*; § 1.58*; € 3.02*
bLys 805 418 201* v 151*; § 1.75, 1.65; € 3.02*
lle 819 386 198 v1.75, 1.21; v 0.98*; § 0.90*
SGly 841 3.86*

°GIn 800 4.11 227,220 y2.53,245; 8 7.49, 6.86

9 ys 801 414 209 € 3.01*

Hle 830 382 196 v:11.79, 1.16; v, 1.06*; 6 0.86*
2 ys 822 405 1.94* vy 157%; & 1.46*; € 3.01*
Baen 822 456 295,288 77.87,6.86

“Ala 806 4.23 1.56*

Bala 835 432 152

%GIn 787 427 227,217 y2.56,248; 5 7.48,6.76
MLys 792 438 1.98,1.89 y1l54*;e3.02*

¥ ey 788 441 1.76* 6, 0.94*,5,0.88 *

#Chemicad shiftsare relativeto DSS at 0 ppm.

Others

sequentid (Ji—j |=1), medium-range (1<|ij | £5), long-
range (|i—j | >5), intraresidual distance, and torsion angle
restraints, as listed in Table 3. From the structures, which
were accepted with a small deviations from idealized
covalent geometry and experimental restraints (< 0.05 A for
bonds, < 5° for angles, < 5° for chirdity, <0.3 A for NOE
restraints, and < 3° for torsion angle restraints), and 20
output structures with the lowest energy for each peptides
were analyzed.

The datigtics of the 20 fina simulated annealing (SA)
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Figure 5. Summary of the NOE connectivities, CSl values, temper-
ature coefficients more positive than -4.5 ppb/K, and coupling
constants for (A) CRAMP-18 and (B) CRAMP-18-A in TFE/H,0
(1:1, viv) solution. Line thickness for the NOEs reflects the
intensity of the NOE connectivities.

structures of CRAMP-18 and CRAMP-18-A are given in
Table 3. The overall convergence of the find set of structures
can be quantified by atomic rmsd values. When we super-
imposed the 20 structures on the backbone atoms (N, Ce, C,
O) of the residues from GIu? to Leu'® in the CRAMP-18 and
from Leu? to Ala® in the CRAMP-18-A. Rmsd from mean
structure for CRAMP-18 were 0.48 A for the backbones
aoms and 112 A for al heavy atoms and those for
CRAMP-18-A were 0.31 A and 1.04 A, respectively.

Figure 6 shows the superposition of 20 lowest energy
structures on the backbone atoms and they converge to an o-
helical structure of CRAMP-18 and CRAMP-18-A in TFE/
H.O (1:1, v,v) solution. This shows clearly that CRAMP-
18 has an a-helical structure of about four turns from Glu? to
Leu'®, CRAMP-18-A has relatively short o-hdlix from Leu’
to Ala®.

Structure-Activity Relationships. Many of the known
antimicrobial properties have been postulated as arising
from bacterid membranes through the formation of ion
channels. In order to form an ion channel, abundle of at least
three or four membrane-spanning helices forms an ion
channd with the polar side chains oriented toward the bundle
center. The amphipathic a-helix is a critical component in

Kyongsoo Park et al.

Table 3. Structural Statistics and Mean Pairwise rmsds for the 20
lowest Structures of CRAMP-18 and CRAMP-18-A in TFE/H,0
(1: 1, v/v) solution®

CRAMP-18 CRAMP-18-A

Experimentd distance restraints

Total 186 128

Sequential 59 50

Medium range 35 21

Intraresidue 92 57
Dihedra angle restraints 15 14
Rmsd from experimental restraints

NOE (A) 0.051+0.001 0.036+0.001

0 (deg) 0.260+£0.049 0.174+0.062
Rmsd from convalent geometry

Bonds (A) 0.003+ 0.0001 0.002 + 0.0001

Angles (deg) 0.523+0.006 0.491+ 0.003

Impropers (deg) 0.427+0.010 0.420+0.006
Average energies (kcal mol™)

Etot 61.4+1.00 34.6+0.72

Enoe 2561138 857+0.54

Etor 2531057 209+0.22

Erepel 2.04+0.50 0.09£0.03
Rmsd from the mean structure

Backboneatomsof al resdues  0.56+0.17 092+0.31

All heavy atomsof al residues  1.13+0.15 1.71+0.33

Backbone atoms of 0.48+0.14 0.31+0.09

C-terminal residues (2-18) (4-15)

All heavy atoms of 112+0.14 1.04+0.11

C-terminal residues (2-18) (4-15)

Figure 6. The superpositions of 20 lowest energy structures of (A)
CRAMP-18 on the backbone atoms of residue from GIu? to Leu®®
and (B) CRAMP-18-A from Leu* to Ala®® in TFE/H,0 (1: 1, viv)
solution.
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Figure 7. End-on view of the restrained minimized mean structure
of (A) CRAMP-18 from Glu? to Leu*® and (B) CRAMP-18-A from
Glu* to Ala®® as seen along the o-helix in TFE/ H,0 (1: 1, viv)
solutions. The hydrophobic side chains are dictated with black
color, while the hydrophilic side chains are dictated with gray color.

the pore formation of ion channels. The tertiary structures of
CRAMP-18 shows that al of the hydrophobic side chains
protrude toward one side, while the positively charged side
chains protrude toward the other side as shown in Figure 7.
We can suppose that CRAM P-18 possesses an antimicrobia
properties, of which the hydrophobic residues of CRAMP-
18 interact with the acyl chains of the lipid bilayer while the
positively charged side chains of Lys residues are exposed to
the agueous environments if CRAMP-18 makes the ion
channels.

According to the tertiary structure, CRAMP-18 has an
amphipathic o-helix, from Glu? to Leu®, while CRAMP-18-
A has relatively short amphipathic o-helix, from Leu* to
Ala®. A Phe!*™ — Ala substitution in CRAMP-18-A
resulted in significant reduction on antibacteria activity and
liposome-disrupting activity as compared to CRAMP-18.
Because Ala'* and Ala® residues which result in ashorter o~
helix in CRAMP-18-A couldn't make effective interaction
with membrane, CRAMP-18-A doesn't have effective anti-
bacterial activities.

Interactions between CRAMP-18 and SDS Micelles.
NMR spectroscopy has been used to investigate the struc-
tures of peptides and the interactions between membrane and
peptides.**2 More detailed interactions between CRAMP-18
and micelles were investigated by NOESY experiments in
non-deuterated SDS micelles as shown in Figure 8. As
shown inthisfigure, aromatic ring protons of Phe'*and Phe™®
are in contact with methylene protons of SDS micelles. The
side chain atoms of these aromatic residues may have close
contacts with the hydrophobic acyl chains of micelles. Since
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Figure 8. NOESY spectrum of CRAMP-18 in 30 mM SDS
micelles recorded with a mixing time of 250 msec. NOE contacts
between the aromatic rung protons of Phe'*, Phe' and methylene
proton of SDS are indicated. Naming schemes for the atoms in
SDS and Phenylalanine are shown, too.

resonances of methylene protons of SDS are the average of
the 18 methylene protons of SDS, the accurate position of
contacts can not be estimated from NOEs. NOEs involving
methyl or o-protons of SDS micelles were not observed.
These results imply that the hydrophobic property of Phe'
and Phe'® in CRAMP-18 may play an important role on its
folding and antibiotic activity.

Conclusion

Tertiary structures of CRAMP-18 in 50% TFE/H,O (1: 1,
viv) solution shows amphipathic o-helix, from GIu® to
Leu'8, while CRAMP-18-A has relatively short amphipathic
o-helix from Leu* to Ala®®. CRAMP-18 displays good Iytic
activities against Gram-positive and Gram-negative bacteria,
but have no hemolytic activities against human erythrocytes
while CRAMP-18-A has a significantly lower antibacterial
and membrane-disrupting activities than CRAMP-18. In the
red blood cdll membrane, the distribution of lipidsin the two
lesflets is such that the zwitterionic phospholipids, such as
phosphatidylcholine and sphingomyelin, are mostly present
in the outer leeflet of the bilayer, while the negatively-
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charged phosphatidylserine is present exclusively in the
inner legflet. Therefore, the hydrophobicity of the peptide is
crucia for the hemolytic activities. However, in the case of
bacterid cells, the negatively-charged phosphatidylserine is
present exclusively in the outer leaflet. Therefore, peptides
with positively charged residues show strong lytic activity
against bacterial cells. CRAMP-18 has six postively
charged Lys residues and has potent antibacteria activity
without cytotoxicity.

It can be concluded that the hydrophobic interaction of
Phe rings in CRAMP with the membrane may be important
in stabilizing the helical secondary structure of CRAMP.
Strong  electrostatic interactions between the positively
charged Lys residues of CRAMP-18 and the negatively
charged phospholipid head groups may be the primary factor
for CRAMP-18 binding to the cell membrane. Then, the
immersion into the hydrophaobic core of the lipid bilayers by
the amphipathic o-helical structure of CRAMP-18 and
hydrophobic interactions between Phe residues in CRAMP-
18 and the acyl chains of the phospholipid may lead to
membrane lysis. These structural features of CRAMP-18 are
essential for its antibiotic activity and interaction with
membrane. Study of the structure-antibiotic activity of these
peptides would be helpful for designing ideal antimicrobial
peptides with potent antibiotic activity against bacterial,
fungal, and tumor cells without lytic activity against
erythrocytes and norma mammalian cells.
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