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CRAMP. a 37-amino acid cationic antimicrobial peptide was recently deduced from the cDNA cloned from
mouse femoral marrow RNA. In order to investigate the structure-activity relationship and functional region of
CRAMP. CRAMP and its 18-mer overlapping peptides were synthesized by the solid phase method. CRAMP
showed broad spectrm antibacterial activity against both Gram-positive and Gram-negative bacterial strains
(MIC: 3.125-6.25 uM) but had no hemolytic activity until 30 gM. CRAMP was found to have a potent anti-
cancer activity (ICsa; 12-23 uM) against two human small cell lung cancer cell lines. Furthermore, CRAMP
was found to display faster bactericidal rate in 3. subtilis rather than £. colfi in the Kinetics of bacterial killing.
Among 18-meric overlapping fragment peptides. only CRAMP (16-33) displaved potent antibacterial activity
(MIC: 12.5-30 uM) against several bacteria with no hemolytic activity. Circular dichroism (CD) spectra anal-
ysis indicated that CRAMP and its analogues will form the amphipathic a-helical conformation in the cell
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membranes similar to other antimicrobial peptides. such as cecropins and magainins.

Introduction

During the past decade. the widespread appearance ol nal-
urally occurring antimicrobial peptides have been isolated.'
Their abundance. tissuc distribution. and in vitro aclivity
suggest an imporlant rolc in mnate immunity and host
defense.®” The role of these antimicrobial peptides in mam-
mals has been described from their expression in ncutrophil
granules and at sites exposcd Lo multiple microbe such as the
skin and gastroinicstinal tract.? In general. these antimicro-
bial peptides can be divided into four major groups accord-
ing 1o amino acid composilion and sccondary structure. Onc
group. which includes cecropins and magainins. cxhibits an
or-helical structure. %17 A second group contains peptides that
form loop structurcs with onc or morc disulfide bonds. such
as bactencein and brevining. '3 A third group. which includes
the defensins. 1s folded into an antiparallel S-sheet structure.
containing three disulfide bonds.'* The fourth group com-
priscs peptides with a high content of specific amino acid.
such as the prolinc-argininc-rich peptide PR-39 and the tryp-
tophan-rich peptide indolhicidin, '™ 16

Onc class of antimicrobial peptides. the cathelicidin-
derived peplides. contains a highly conscrved prepro-region
that is homologous to cathclin, a putative cvsicing-protcasc
inhibitor originally isolated from pig lcukocyics. The cathe-
licidin-derived peptides contain the C-terminal domain cor-
responding Lo the antimicrobial peptides and are highly
varicd. The antimicrobial peptides belonging to the cathelici-
din-derived peptides currently counts over 20 members,! ™
Upon stimulation. the cathelin domam of these peptides was
known to be cleaved proteolvtically 1o allow the mature C-

terminal antimicrobial peptide to be released.

[n the recent vear. the gene. named CRAMP as a member
ol the cathclicidin gene family. was identificd from the
nucleotide scquence derived from mouse femoral marrow
cclls.”! This protein is composcd of total 172 amino acid res-
iducs. [t contains a cathclin-like domain in its prepro-region
and the antimicrobial portion called the cathelin-related anti-
microbial peptide (CRAMP) in its C-termunal region.™!
CRAMP. a 38-amino acid peptide. was thought to be pre-
parcd by a potential processing at dibasic site at position
134-135 of CRAMP protcin.”!

[n the present study. in order 1o investigate (he siructure-
antibiotic activity rclationship and the functional region of
CRAMP. a scrics of overlapping 18-mer peplides bascd on
the 38-amino acid scquence of CRAMP were synthesized.
Six bacteria strains were used for comparing antibaclerial
acuivitics of the synthetic peptides. Two different human
small cell lung cancer (SCLC) cell lings were used for deler-
mining the anticancer activitics of the synthetic peptides.
The hemolytic activity against the human crythrocyics as
cviotoxicity of the synthetic peplides was also examined. ™
The secondary structures of the peptides i the agucous trif-
luorocthanol (TFE) or sodium dodccy sulfate (SDS) solu-
tion that mimics the enyvironment of ¢cll membrancs were
cstimated by circular dichroism (CD) spectral analysis.

Experimental Section
Peptide synthesis. The peptides was synthesized manu-

ally by the solid-phasc strategy.”> The o-Anmino group of
amino acids were protecied by 9-fluorenylmethyloxycarbo-
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nyl (Fmoc) group. Fmoc-Glu(fBu)-poly ethylencglycolpoly-
stvlene-Resin (0.17 mmol/g: PerScptive Biosystem. Fram-
ingham. MA) was used as the starting support. The side-
chain protccting group of animo acids were as follows: Arg,
2.2.3.7-pentamethylchroman-O-sulfomy 1 (Pmc). Asn and
Gln. trity] (Trt):. Ser and Glu. #-buty | (/Bu): Lys. -butyloxy-
carbony1 (Boc). All coupling stages were performed with 4-
fold cxcess of protected amino acid derivatives with an
cquimolar mixturc of DIPC1 (N.N’-diisopropyIcarbodiim-
ide)HOB! (1-hydroxy bensotriazole) as the coupling agent.
The coupling cycle was performed according to the follow-
ing steps: 1. DMF wash: 2. 20% (v/v) piperidine/DMF (3
min): 3. 20% piperiding/DMF (17 min). 4. DMF wash (4 X):
3. Coupling (3 hrs). 6. DMF wash (4x). Alter coupling the
last amino acid. the Fmoc-group was removed with 20%
piperidine/DMF. and protecied peptide-resing were cleaved
and deprotected with a mixture of TFA-based rcagent
(92.3% TFA. 2.5% 1.2-cthandithiol. 2.3% H-O and 2.5% tri-
isopropy Isilanc. v/v) for 3 hr al room (emperature. and then
precipitated with dicthylcther. and dried in vacuum. The
crude peptides were punlicd by a reversed-phase preparative
HPLC (Watcrs) on a Delia-Pak Cig column. 3.9 x 15 cm.
Purity of the purificd peptides was checked by the analytical
reversed-phase HPLC (Waters) on a Delta-Pak Cig column.,
3.9 % 30 cm. The purificd peptides were hydrolyzed with 6
N-HCI containing 2% phenol at 110 °C for 22 h. and then
dricd in a vacuum. The residues were dissolved in 0.02 N
HC1 and subjecied o amino acid analysis (Hitachi Modcl.
8500 A Japan).

Hemolytic activity assay. The hemolytic activity of the
peptides was determined wsing human crvthrocyics. Fresh
human crvthrocytes were rmsed three times with PBS (35
mM phosphate bulier. 130 mM NaCl. pH 7.0). centrifuged
for 13 min at 900 x g. and resuspended in PBS. One hundred
4L of the suspension (0.4% in PBS. v/v) were plated in 96-
well plates (Nunc. F96 microtiler plaics). and then 100 gL ol
the peptide solution dissolved in PBS was added (the peptide
final concentration: 100 pg/mL). The plales were incubated
for 1 hrat 37 °C. and then centrifuged at 1000 x g for 3 min,
Onc hundred gL aliguots of the supematant werc transicrred
10 96-well microtiter plates (Nunc). Release of hemoglobin
was monitorcd by mcasuring the absorbance at 414 nm with
an ELISA platc rcader (Molccular Devices Fonee. Sunnyvale.
California). Zcro percent hemolvsis and 100% hemolysis
were determined in PBS and 0.1% Triton-X 100, respec-
tively. The hemolysis percentage was calculated by the fol-
lowing lormula;

% hemolysis = [(Abs4ywy in the peptide solution
. AbS.u 4 nm in PBS) / (AbS4|4nm in 0.1%
Triton-X 100 — AbS41y we in PBS)] x 100

Antimicrobial activity assay. Fscherichia coli (KCTC
1682). Salmoneila nphimurium (KCTC 1926). Pseudomo-
nas ceruginosa (KCTC 1637). Bacillus subtilis (KCTC
1918), Streptococens progenes (KCTC 3096) and Staphvio-
coccies curers (KCTC 1621) were supplicd from the Korca
Collection for Type Cultures (KCTC). The bactenial strains
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were grown in Luria-Bertani medium (LB. 10 g of bactot-
ryptone. 3 g of yeast extract and 10 g of NaCl per litre) at 37
°C overnight and diluted in a basal medium of 1% bactopep-
tone (Difco) 1o 1:200 |ie. final bacterial suspension con-
taining 2-4 % 1{* colony formation units (CFU) /mL]|. The
peptide solution were prepared from 200 pg/mL stock solu-
tions 1o give a range of 100-1.56 ug/mL in 1% bactopeptone
media. One hundred gL of peptide stock solution was added
to the 100 gL of bacterial suspension. and then mcubated at
37 °C ovemight. The minimal inhibitory concentration
(MIC) was defined as the lowest concentration of peptide at
which there was no change in optical density (OD) at 620
nm after 18 hr.

Kinctics of bacterial killing. The kinctics ol bacterial
killing of the peptides was cvaluated using /i colf and B.
subtilis. Log-phasc bacteria (6 x 107 CFU/mL) were incu-
bated with 3.0 uM peptide in LB broth. Aliquots were
removed at lixed time intervals. appropriately diluted. plated
on LB broth agar platc. and then the colony-forming units
were counted afier 16 hr incubation at 37 °C.

Anticancer activity assay. Human SCLC cell lines (NCI-
H126 and NCI-H 148) were purchased from the Cell Bank of
Scoul National University. Korca. The cells were grown in a
RPMI-mcdium supplemented with heat-inactivated  10%
Ietal bovine scrum (FBS). 100 U/mL penicillin G sodium.
and 100 pg/mL streptomycin sulfate, The ccells suspended
RPMI 1640 medium with 10% FBS were plated in 96-well
platcs (Nunc. F96 microtiter plates) at a density of 2.0 x 104
cellswell, Alter incubating the plates overnight at 37 °Cin 3
% CO- atmosphere. 20 gL of the scrially diluted-peptides
were added in cach wells and then incubated for 3 days.
Twenly gL of MTT  (3-[4.5-dimethylthiazol-2-y1]-2.5-
dopheny! (etrazolium bromide) solution (5 mg/mL. MTT in
PBS) was added in cach well and then the plates were incu-
bated for 4 hrs at 37 °C. Thirty gL of 20% sodium dodecyl
sullate (SDS) solution containing 0.02 M HCl was added in
cach wells. and then incubated 3 hrs at 37 °C to the dark bluc
crystals (MTT-formazan product). Absorbance was moni-
torcd at 570 nm on ELISA plate reader.

Circular dichroism (CD) analysis. CD spectra of pep-
tides were recorded using a spectropolarimeter (Jasco J720.
Japan). All samples were maintained at 25 °C during analy-
s15. Four scans per sample performed over wavelength range
190-230 nm at 0.1 nm intervals. The spectra were measured
m 0% and 30% (vol./vol.) TFE and 30 mM SDS in 10 mM
sodium phosphate buller. pH 7.2. respectively at 25 °C using
a | mm pathlength ccll. The peptide concentrations were [0
ug/ml. The mcan residue cllipticity. [6]. 18 given in
deg - em= - dmol™' < [8] = [8]ans (MRW/L0/c). where | 8] ans 18
the cllipticity mcasured in millidegree. MRW is (he mean
residuc molecular weight of the peptide. ¢ 1s the concentra-
tion of the sample in mg/mL. and / is the optical path length
of the ccll n em. The percent helicity of the peplides were

calculated with the following cquation: -
% helicity = 100 ([8]22 - [6]322) / [6]'35

where 8]0~ 18 the experimentally observed mean residue
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Table 1. Amino acid sequence, net charge and retention time of native CRAMFP and its |18 meric-tragment peptides with overlapping

sequence svnthesized in this studv

Peptides Amino acid sequence Net charge RI (min}
CRAMP H-ISRLAGLLRKGGEKIGEKTLKKIGQKIKNFFQKLVPQPE-OH +7 17.5
CRAMP (1-18) H-ISRLAGLLRKGGEKIGEK-OH +3 L3
CRAMP (6-23) H-GLIL.RKGGERIGEKILKKIG-OH +4 10.2
CRAMP (11-28) H-GGEKIGEKILKKIGQKIKN-OH +4 7.3
CRAMP (16-33) H-GEKLKKIGQKIKNFFQKI.-OH +3 13.6
CRAMP (21-38) H-KIGQKIKNFFQKLVPQPE-OH +3 12.5

“I'he peplides were eluted with g linear gradient (1.5 0'min) of 10-60%5 (by vol.) acetonitnle containing 0.1 Yo tnfluoroacetic acid at u fow rate of 1 mL-
min (Column: Waters Novapak-C18.3.9 x 130 mm. 3 g, 300 A). The effuent was monitored at 220 nm.

Table 2. Amimo acid composition of the synthetic peptides determined by amino acid analysis

Amino acids CRAMP  CRAMP(1-18) CRAMP(6-23)  CRAMP(11-28)  CRAMP (16-33)  CRAMP (21-38)
Asp LI - - 0.9(1) 09(1 0.9(1)
Ser 0.6(1) 06(1) - - - -
Gl 5.9(6) 1.9(2) 1.9(2) 28(3) 27(3) 3.9(4)
Pro 20(2) - - - - 1.6(2)
Gly 49(5) 3.9(4) 48(5) 38(4) 19(2) 0.9(1)
Ala Lo L0(1) - - - -
Val 1L1{1) - - - - LO(1)
Tle 40 1.9(2) 1.9(2) 27(3) 1.9(2) 1.9(2)
Len 50(3) 3.0(3) 30(3) LO(1) 20(2) Lo
The 22(2) - - - 2.0(2) 1.8(2)
Txs 8.0(8) 3.0(3) 47(5) 5.9(6) 6.2(6) 38(4)
Atg 1.6(2) 1.9(2) 0.9(1) - - -

Acid hydrolvsis of the svnthetic peptides was done with 6N-HCI in (he presence ol 2°o phenol at 110 *C Tor 24 hr. Aniino acid analvsis was performed
by amine acid analyzer (TTitachi Model. 8300 A, Japan). Numbers in the parenthesis as the theoretical valucs.

cllipticity al 222 nm. Values for [8]% and |6]5%  corre-
sponding (¢ 0% and 100% hclical conients at 222 nm. arc
estimated 1o be —2.000 and —30.000 deg - cm~/dmol. respee-
tively, ™

Results and Discussion

CRAMP and ils six overlapping 18-mcric peptides
derived from (he primary scquence of 38 amino acid resi-
ducs were svnthesized by the solid phase mcthod™ using
Fmoc-chemistry (Table 1). The homogencity of the synthetic
peptides was confinmed by the profile of analytical HPLC on
C s column (data not shown), The correct amino acid com-
position and molccular weight of the svnthetic peptides were
also confirmed by amino acid analysis (Table 2) and matrix-
assissted lascr desorplion ionization (MALDI) mass spectra
(Tablc 3). The antibacterial activitics of the peptides were
dctermined by mcasuring minimal inhibitory concentration
(MIC) of (he growth against Gram-ncgative (5. coli, S. hyph-
imurinm, and P ceruginosea) and Gram-positive bacteria (5.
subiilis, S. pyvogenes, and S. carreus). respectively (Table 4).
Each peptides were (ested in triphcate in a two-fold dilution
scrics ranging from 30 uM to 0.78 uM. Native CRAMP
showced potent antibacterial activity against both Gram-posi-
tive and Gram-ncgative bacteria (MIC: 3.123-6.25 uM).
Furthermore. in order to examine the kinctics of bacterial

Table 3. Molecular weights of the peptides determined by MAT.DI-
MS

Peptides Obsarved value Caleulated value
CRAMP 4292 67 4291 81
CRAMP (1-18) 1924 45 1923.59
CRAMP (6-23) 192420 1924 .64
CRAMP (11-28) 1969.0 1968.63
CRAMP (16-33) 214812 2147.92
CRAMP (21-38) 214163 2142.96

killing of native CRMAP. a im¢ course experiment was per-
formed in the LB broth agar at 3.0 gM peplide using the £,
coli and B. subritis (Figure 1), Native CRAMP inactivated
about 90% of F. coli within 30 min and about 80% of' B. sh-
tilis withm 10 min (Figure 1). This result indicated that
CRAMP display similar MIC valucs in 7. coli and B. subti-
fis. but has faster bactericidal rate in B. subtilis than F. coli.
As shown m Table 4. among six overlapping peplides.
CRAMP (16-33) |GEKLKKIGQKIKNFFQKL]| displayed
substantial antibacterial activity (MIC: 12.5-30 gM) within
the peptide concentration of 30 M against five bacleria
strains except S cawrens. On the other hand. the other [rag-
ments was almost mactive, CRAMP (16-33) displays 4-16-
fold low Iytic activity against six bacicrial cells than native
CRAMP. This result 1s owed to the fact that native CRAMP
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Table 4. Antibacterial activity of CRAMP and its overlapping peptides
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Gram-negative bacteria (MIC: M}

Gram-positive bacteria (MIC: 4M)

Peptides -
L ocofi 8. tephinrurinm F aeruginosa B. subtilis S. pvogenes S, auretts
CRAMP 3123 3.125 3.125 3.125 6.25 3,128
CRAMP (1-18) =50 =50 =3{) =50 =350 =350
CRAMP (6-23) =50 =30 =3{) =350 =350 =350
CRAMP (11-28) =50 =30 =35{) =350 =350 =50
CRAMP (16-33) 50 12,5 12.5 30 50 =350
CRAMP (21-38) =50 =50 =50 > 30 = 50 = 30
100 4 Table 5. Anticancer and hemolytic activity of CRAMP and its
400 < fragments
*E Q x y Pentides SCLC eells (ICso: aM) 04 1Temolysis (100 gM)
Tl - §1° cphides NCI-I126 NCI-11148  (Human erythrocytes)
2 O-q 6 Y
S ) Py CRAMP 20 13 2.4
§ 14 .‘Q, % 14 5 CRAMP (1-18) = 100 = 100 0
u R @ Q. CRAMP (6-23) = 100 = 100 0
1 a ' CRAMP (11-28) = 100 = 100 0
— ooy 0O CRAMP (16-33) = 100 =100 0
O 20 40 60 80 100 120 0 20 40 60 80 100 120 CRAMP (21-38) > 100 = 100 0

Incubation time {min} Incubation time (min)

Figure 1. Kinetics ol killing £ cofi and B. subtilis by CRAMP.
Bucteria, either untreated ( @ ) or treated with 3,0 M CRAMP (- 1)
were diluted at the indicated time intervals. and then plated on LB
broth agar. The colony forming units were caleulated by counting
the plates afler 16 hr incubaiion at 37 °C.

has higher positive overall charge and hydrophobicity than
CRAMP (16-33) (Table 1). Enhancement of the positive net
charge and hydrophobicity in antimicrobial peptides results
in a higher antibiotic activity has been reported.>*2% The
hydrophobicity of the peptides was meaured by retention
time on C-18 reversed-phase HPLC. Hydrophobic interac-
tion of the individual peptides with the lipid group of the C-
18 of stationary phase can be considerable to be comparable
to the interaction of the peptides with the lipid bilayer of cell
membranes. 2728

The anticancer activitics of the synthetic peptides were
determined by 50% growth hibitory concentration (ICsg)
against human small cell lung cancer (SCLC) cell lines. The
1Csp values of the peptides were obtained from the concen-
tration-growth inhibition response curves against human
SCLC cell lines (graph not shown). As shown in Table 5.
native  CRAMP cxhibited elfective anticancer activity
against human SCLC cell lines (ICso: 13-20 uM). Howcever.
no anticancer activity was observed in all overlapping pep-
tide ragments within the peptide concentration of 100 M.
CRAMP (16-33) showed antibacterial activity at 12.5-50
4M, while it did not display cven at 100 gM. This cffect may
be considered to be caused by the difference in the mem-
brane structure and lipid composition between cukaryotic
cancet cells and prokaryotic bacterial cells. As a measure ol
cytotoxicity, the hemolysis ol human erythrocytes induced
by the peptides was measured (Table 5). Native CRAMP
showed no hemolytic activity at the peptide concentration of
50 uM but was slightly hemolytic at 100 ¢M (2.4% hemoly-

sis). However, all five [8-meric peptide fragments of
CRAMP did not exhibit any hemolytic activity against
human erythrocytes until the peptide concentration of 100
UM (Table 5).

A secondary structure analysis predicted that CRAMP and
its peptide fragments will take an amphipathic c-helical
structure similar to FALL-39.*° and non-cathelin-related
antibacterial peptides. such as cecropins and magainins. The
CD spectra of CRAMP and its peptide fragments revealed a
random coil conformation in phosphate buffer, pH 7.2 with
no a-helical content (Figure 2, and Table 6). All peptides
form the a-helical structure in the presence of a e-helix-pro-

40

CRAMP

CRAMP(1-18)

CRAMP(6-23)

‘B E

=

ped

E -40 T T T T T T T T T T T T

53 200 210 220 230 240 200 210 220 230 240 200 210 220 230 240
§ * T CRAMP(11-28) [t CRAMP(16-33) : CRAMP(21-38)
he -, L |

& 20 A\ i 4\:

o : P :

2 .

-40

200 210 220 230 240 200 2°0 220 230 240

T T T T
200 210 220 230 240

Wavelength (nm)

Figure 2. Circular dichroism spectra of CRAMP and its fragments.
CD spectra were recorded at 50 (IM peptide in 10 mM sodium
phosphate buller. pH 7.2 (—). 30% TFE/10 mM sodium
phosphate buller, pl1 7.2 ( ----- yand 30 mM SDS/10 mM sodium
phosphate buffer. pl1 7.2 ( ).
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Table 6. Percent u-Helicitv of CRAMP and its fragments in various solution

_ Buller 0% TIE 30 mM SDS
Peptides - - -
18):zz: ohelix (%) 16):z2: c-helix (Yo) 1 €)zz2 ohelix (%)

CRAMP -2.290 1.0 -8.260) 209 -7.160 17.2
CRAMP (1-18) 3,000 33 -6.840) 16.1 -11.930 EEN
CRAMP (6-23) 2,980 33 -7.360) 18.5 -LL3L0 30
CRAMP (11-28) -53.860 12.9 -18.500 350 -22.890 69.6
CRAMP (16-33) -3.330 3.1 -23530 718 -200.520 61.7
CRAMP (21-38) -7.800 19.3 -16.490 483 -16.270 476

moting solvent. 30% TFE or 30 mM SDS micelles that mim-
ics the environment of cell membrancs (Figure 2. and Table
6). CRAMP (16-33) with potent antibacicrial activity
showed a high a-helix contents of 61.7% in 30 mM SDS
micclles. Nevertheless. CRAMP (11-28) displaved some-
what higher @-helix conients than CRAMP (16-33) in 30
mM SDS miccelles than CRAMP (16-33). but showed no
antibacterial activity until 30 yM. This result suggests thal
the o-helicity of the peptide may not be a key factor in kill-

ing bacterial cells but the characteristics of the o-helix itscll

may be important. CRAMP (16-33) has morc polent anti-
bactenal activily than other fragments is owed to the lact
that CRAMP (16-33) has higher positive overall charge and
hydrophobicily than other fragments (Table 1).

In summary. in the present study. we identified that
CRAMP has clicctive antibiotic aclivitics against both can-
cer and bacterial cells. bul was inactive against human cry th-
rocvics. CRAMP displaved fasiter bacicricidal ratc in B
subtifis than I coli. We also found that the synthetic peptide
composcd of 18 amime acid residucs of CRAMP (16-33) is
the functional region m antibiotic activity and displaved a
potent antibacterial aclivity agamst Gram-positive and
Gram-ncgalive bacleria with no hemolytic activity at a high
peptide concentration of 100 M.

In order o design the short peplides having morc
improved antibiotic activity than parcntal CRAMP with no
undesirable hemolytic cliect. the study of the structurc-acliv-
ity rclationships based on CRAMP (16-33). the funclional
region of CRAMP. i more detail will be necessary.
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