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SUMMARY

I. Title

Screening of antimicrobial peptides from korean animals, plants and Insects and

their applications

1I. Research Background

Since the discovery of penicillin in 1929 by Alexander Fleming,
antimicrobial agents have played an important role in healthcare, Although
there are over 150 commercial antimicrobial agents in use today, long-term use
of antibiotics has led to the emergence of antibiotic-resistant pathogens and
unforeseen side effects. Because of these problems, new antimicrobial agents
need to be developed. Numerous studies show that most organisms, ranging from
microorganisms to plants, animals, and human, use antimicrobial peptides as the
first line of defense against invading microorganisms. Most of the
antimicrobial peptides have broad spectrum of activity, are composed of 20-40
amino acids with no secondary modifications, and are resistant to acid, alkali,
and heat. In addition, these antimicrobial peptides are basic due to the
presence of numerous lysine and arginine residues. The positively charged
antimicrobial peptides bind to the negatively charged microbial membranes,
where they form amphipathic a-helices. Subsequently, the peptides permeabilize
the cell membrane, which lead to the disintegration of the membranes and
dissipation of transmembrane potential. Although many antimicrobial peptides
have been isolated and characterized, they have not been commercialized due to
the relatively weaker activity when compared to antibiotics and also because
their mechanism of action still remains to be fully elucidated. The isolation

and characterization of antimicrobial and anticancer peptides from Korean

-10_
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amphibians, fish, plant, and insects can lead to the development and
application of Korean natural resources. Furthermore, the relationship between
the antimicrobial peptides and the immune system can be determined at the
molecular level and provide the theoretical basis for the application of the
antimicrobial peptides as therapeutic agents, Therefore, isolation and
characterization of antimicrobial peptides and studies on its mechanism of
action, gene structure, and expression analysis as well as application studies

in biopesticides and disease-resistant plants need to be carried out,

I11. Research Objectives

The objectives of this research are:

1. Isolation and characterization of novel antimicrobial peptides from Korean

animals, plants. and insects.

2. Development of antimicrobial peptides as antimicrobial agent, antitumor

agent, antiviral agent, wound healing agent, food preservative, and mouthwash.
3. Development of antimicrobial peptides as biopesticide,

4. Development of disease-resistant transgenic plants by transformation of

plant cells with antimicrobial peptides.
5. Genetic analysis and expression studies of antimicrobial peptides.

6. Preservation of Korean natural resources with therapeutic value.

- 11 -



IV. Results and applications
1. Results

A. Screening of antimicrobial peptides from Korean amphibians and fish and

their applications

Pathogen-specific antimicrobial peptides with insubstantial cytotoxicity
were isolated from Korean amphibians and fish and their genes were cloned. The
structure of the antimicrobial peptides were determined by circular dichroism
and nuclear magnetic resonance studies. Based on the resultis from
structure-activity relations study, analogs with stronger antimicrobial
activity were derived. The scientific basis for the application of
antimicropial peptides as biopesticides and therapeutic agents were established
by mechanism of action studies. Finally, a procedure for the mass production

and purification of antimicrobial peptides in Escherichia coli was developed.

B. Isolation and development of plant pathogen-specific antimicrobial peptides

from Korean plants

Antimicrobial peptides which can confer disease-resistance on plants were
isolated from Korean plants and their mechanism of action was determined.
Based on the N-terminal amino acid sequences, DNA probes were constructed and
the genes encoding the antimicrobial proteins were cloned. The expression
profile of the genes were also determined. These genes were used to develop

transgenic plants with disease-resistance.
C. Isolation and development of antimicrobial peptides from Korean insects
Antimicrobial peptides from Korean insects were isolated and characterized.

The structure and cytotoxicity of these peptides were determined. Also, the

genes encoding these antimicrobial peptides were cloned and their expression

_12_



profiles were analyzed.

2. Applications

The antimicrobial peptides obtained from this research can have
applications in biopesticide and disease-resistant transgenic plants.
Therefore, the enormous financial losses in crop due to plant pathogens can be
reduced and food deficit can be overcome, Such applications can lead to
increased income for the agricultural sector and prevent environmental
pollution from the use of cytotoxic pesticides. Other applications in food
preservative, hygiene products, wound healing agents, antiviral, and antitumor
agents, can open new avenues for exports and thereby increase national wealth,
In addition, the national healthcare costs can be reduced by decreasing
antibiotics usage. For the development of antimicrobial peptides as novel
therapeutic  agents, cooperative research with domestic and foreign

pharmaceutical companies should be promoted,

_13_
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2 a7 okl WA AY ¥ Fue ATATEYEY B Faidrh

7. el =e] Rel

g F YAF-oF W BB FES ZZ L Polytron homogenizerE o]
|/3}o] extraction £ [0.2M sodium acetate, 0.2% Triton X-100, 1mM
phenylmethylsul fonyl fluoride (PMSF) ¥ ¥ 1% trifluoroacetic acid, 1M
HCl, 5% formic acid, 1% NaCl]ojlA &3, =leloj=wte MHMuzxlog 2Z3
Tl Sep-Pak cartridge& ©]-&3lo] HElo|EEE 5533t 5H HElo]
52 &2 % heparin column?} C18 reversed-phase HPLCZE Hg|3lo] 44
]

=4
3 HEefel=E Elth

. dEgEtol =g EAF 5% W olnjkit AdEH

22" sidHElo]| =] Ex}eFE matrix associated laser desorption{MALDI) &
FEAIIE ol &3l FHB31P e olnat M EL Edman degradationg A}z &gt

A A A omeit METIE o] 838t E4 gt
tl. FEHE| =2 HLA N FE(MIC) FF

o FFY nBEES $E7 1xd07/mlo] HA wigd ok

3 HigH ndES
1x10Y/m 8] =2 34 Az F 10 plo] FHE nPE wjgds FHHeR Hwr}
Z7tsle AlEel Alo] 25°CL} 37°Coll A 1417 wfeksidct. TS O o] g 11
A =] ¢lo] spreading¥t F 25°CL} 37°CoflA] 12417t vl ofste] A 7]= colony+E& Z
APste] A E7E gl B A7) colonyF Hrl A2 42| colonyZt A7|A Sh= Al
829 H2BEE ARY I nAdE tiyt A s=(MIC)ZE 3Tt ol& 7I&

o]
o] gz o] MiCet wlaste] FF¥e] M7IE AFsIArh
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3. WA aFEIO| =2 cDNA cloning X §84 72 £4

cDNA library A|Z kitg& A3t} cDNA libraryd H|R3}iL o|& ©Asle] 3
Helo] =5 codingdhes RIAAIE 2SI G7IAEE AAsAct. 2 HA
N2 @74 R RE RRMEel=e) fux} F2E B

4. CD, NMRE ©o] &3 F2EH 4 #2834 d7E 5T 29T «=A4 PE
ojE= ¥

Heto| =] 2x}722] 2L A4Sy ¢35t HElo]=2] CD spectrumE ZALSH
g}, 223 CD spectrumol] 2J¥F HElo|=o] sf2kE Q] FTRARE ulEOE NMRE
0|83 T2ATE F£YsigTh olE HIYLE IElo|= FRel FFFHY AUUA

ol=E sl dstden iR ZEY YFEHE A= KFEA

a

gdetols g A% AF
7}. S1e}o] =2 bactericidal 43} cell lysis FF

HElo] =71 cell & oJBA Fol: 7S W3]y $3t 4 HElO|ET} cellS
bactericidal 817 FolE A&} cell& lysisAlFle A& RAlSIYTL °J& #1351
mid-logarithmic phaseof ol&= 107 cello] HEJO|=E FA2A T HT} & HEE
Ag)gt F A 7PEE sampled 33}Th olES F W3] FAsle] ¥ = trpticase
soy agar Blz|of platingZt ¥ 37 °CollA] incubationd}e] BAEE colony & &3
s, U] AR spectrophotomterE o]€3}e] 630 nmol A 2] FHE=E FX 3L
o celld] lysis7} €] W& AE FHAS A

1. Helol=e] 2HgRe) AF

Ax7HA g FFHEl| =L celld] membraneo] Z-g3}ALt cell vioA DNA
U RNASL Zgtste] sl Ao® oA gt oo HEljETL celld of F
gloll A 2pgsto cellg Ho 1—“5 Ve we]7] 3] HEl]=E cello] AR F
cell?] o= Relo] Exjste A& WnjF o2 WH3IgTE HElo|=E A7 ol

[e]
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A BESH7] 9iste] EPO]=& FITCE EA3igr). FITCE FEAHE HEjol=

mid-logarithmic phaseo] 9= 10" cello] HiaAsERHT} B¢ =59l A 3|
=2 A g F o]F confocal laser Vu|Z L o] &3le] st}

i

1) Confocal microscopy

Escherichia coli& 37TCollA mid-logarithmic phase7}z] whokstzn HABz|m
harvest3t T}2, 10mM NAPB buffer(pH 7.4)E washing 2 resuspensiond}git}h. o|&
A F¥|H E coli ME 1ml (10° CFU/ml)2 poly-L-lysined A}23}o] slide glass
of 2 A[Zit}l. ol 7]o] biotinylation® ¥EHElolE A 8|8}3l streptavidin-FITC
=4
T}

Al
HE8- A1 7|31 washing®t Foll confocal microscoped AM&3te] 3HUHEE FHsY

2) FACS &4

E coli& 37TColA mid-logarithmic phaseZ}*] ujFd}il A5 2]E harvestdt
T}, 10mM NAPB buffer(pH 7.4)% washing @ resuspensiond}git}l. ol&g A FuH|H
E coli M= 1ml (10° CFU/ml)o]l &IEIO]= (1 ng/ml) 3} propidium iodide (8 1
g/ml )L A 2|5} FACSCAN flow cytometerE& AFE3}o] 483nme] oA E45}4ct

3) NPN uptake assay

E coliE 37Co)Al mid-logarithmic phaseZ}A|] wjo¥3lil HAEE]E harvest¥t
T2 5mM HEPES buffer(pH 7.2)% washing X resuspensiongtt}, o|Z A FH|H E
coli M3 1ml (10° CFU/ml)oj]l ¥FHElO|= (1 pg/ml) 3+ 1-N-phenylnapthylamine
(NPN, 10 M) & Aelstz ¥4g wdle= AEE fluorescent spectrophotometer®.
aas0)

4) B-galactosidase assay

E. coli ML-35& 37Col4] mid-logarithmic phaseZ}#] #jofslal HAlEe 2
harvest&t TF2-o] 10mM NAPB buffer(pH 7.4)% washing Y resuspensiondtt}. o3
A Fu|" E coli ME 1ml (10° CFU/ml)ofl 1.5mM o-nitrophenyl-p-D-galactoside
(ONPG) 9} EEHEI= (1 pg/ml)E HEI7MelR 158 ¢ wiYE uE, AEHE
o-nitrophenol (ONP)Z& spectrophotometerZ Ah&3}o] 420nm T}pAfoll A A3}t
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t}. Cell?] RNA/protein ¥ A3 =}

HEelo|=71 celll|E So]7} DNALF RNA®} Z &3t cell?] transcriptiono]i}
translationg A3|ste A& ZAISI7] A3ty theat 22 AP E $3B319c). Cell
of FEPI=E 4 A FRECU Y 22 A3 F Yaldoz ¥ RNAL
protein®] precursorql (methyl-3H)- thymidine L-(4,5-3H)-leucineS H7}3le] o|&
o] cell®} RNAL} proteinol incorporation¥]: 7}& ZAFshrt).

FgFHElolE @ O FEAEY cytotoxicityd] FFE BYE o th3l hemolysis
assayS ©|&3te] ZAslgct 3mlY FHEFLE pH 7.4 phosphate-buffered
saline(PBS)E washing¥l Fol EUgt buffer® % volumeo] 20mlo] EEE 3 A5t
Ch o]®A FEH]H H P suspension 2 ¥FE FMEo] 9t HEl|ET} 10414
Eo] 9l 7} microfuge tubed]] 190 x 18 B 7|3lett. o] tubeESg 37 °ColA 30&-7H
incubationA|Z1 F 4,000rpmofl A 5&E3Zt AAEEIStA, Zb tubed] AT YL 100 114
#|3A PBSE 108 2|4 ¥t Fof absorbanceE 567 nmoljA] ZA3d}eict, HElo|= Al
o 0.1% Triton X-1002.2 Az|8t A ¥ sample?] absorbanceE 100% hemolysis®E
A 2Jslar olof gt ClE sample5e] AthA absorbanceE percent hemolysis® 2]
A=

7. AR QXIS T UFFA L] FAHelo| =] giFAg L e

7t A3 HEIE $ES T UR AN FIEHPElol =9 vt

pUS

Aol e] UHAZ 23t WEE promoter inversion vector®} pET21c
vectorg o] &3te] ARl sFFHElo|=2] GAFIE F35}7] $%t FHYdr

"TT‘_T“:‘
SZE Zie AMdHEl|EE AET Thy AEE AERElo| =9} el
o fAxE 3
cloningdti o592 multimerSL& ddrt. ¥oj& multimerES-E promoter inversion
vector®} pET2lc vector® o] 23le] wastaict, CNBr Axlz} HPLCE o] 231 v
d YAz e FdPetol=nts & FEstdrh

SUA F FYH H{FAHAE gene amplification vector pBBS1o]

i
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L. mRNAS] QP F718 % ¥FHElo|= Patzke] Fo)

Transcription?} translation®] synchronizationo|l} DeaD-box proteing o]&3t
S22 mRNAY] QPEE & FIHAIA sizert 2 FAgElol= EUA L wWHL FuAA
T}, Transcription?} translation®] synchronization® $|8]A]%= expression vector
2 AM8H pET2lc vector2FE] T7 promoter H$|E AASIZL I Ho] tac
promoterg cloning®r 2 E 4], T7 RNA polymerase Th4loll E. coli RNA polymeraseoi]
2l3le] o] FEETE Lo ZH transcription?} translationo] T £E & A
BE=F sto] mRNAZE J"J A =F il ol9b o] Az vector?] tac
promoter downstreamo] I HElO]= FA 2} multimerE cloningdle] multimerEel
WE S ZAPSte Tt DeaD-box proteing o]t mRNAS] QHEA S ZI7FA7]7] 9130
A= DeaD-box proteini} §HElO|E multimer7} TL cellufofjA] WHE=E 319
Tt 7I&2L] T7 promoterof <2]dte] F3SEloj= [ARI7L WHE L= vectorofA
DeaD-box proteino] Zro] WUHHE 4 QT E cloningd}o] DeaD-box proteinz} -§3+wl
Efo]= multimer”} inductiond} ZAle] Zro] WHHIEEE 3to] W3HH  DeaD-box
proteino] §EHElO|E multimer?] mRNAo] 283t 4= Q=& 3tgdct

8. WFweto|=o] o] AT

gz F2] FAY FIHetol=e] HEFREA, A EA, FTHAHA,
oA, B, BETHARE Y Thed S ASHAETS FFLR dsisnt
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A 34d. 23

ZolA ahdetoj=rt A g ot HAA

el
wHEle] =7 WAH T

o=

£ ay
o 2

Ra= gt ulelA

& Yer

L
o

+

Hog ofFolA

etol =

=
L

3

gt Azt o Fepx| 9t v7]2] crude extractZh FAEPE Ve e o

R

Heste] el =8

=
=

4¢l proteinase K

e

~

Bl

il

Baz

N1 E
%5

o 2l

F W Elo] =

%

7. wReA

SEES DI

tedct. Heparin colum®® I Efo]

.2 r}A] C18 reversed-phase HPLCS} Gel permeation HPLCE E3] =3t E}o]
1
rin

Aol Zajs}

&

o183l *

K=
=

2 heparin column

o
oH

TE

a2 2p2]

=

o

s2ve +3 Telel

uj

b ge

Elo|EZ A ulslal misgurin®E

Hal® ggslelol =] Exlakg MALDI

15413 2Hs ofu|:=at METIE ©]

sl

of e} Zto] 2502 daltono]

S 7]

Sk-El

.-

H

A

thE gEHele] =& ot

)

dEA U

(MIC)Z 23 Azt ®A) nZelA JerEes AUsn

TE

1

= magainin 28T} 2-68]

23]
PSS

nlel o] n|AEL MEE &3ste] Al

1.;-‘-
=

4ol A H.
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12 T T T

% Acetonitrile

Absorbance at 214 nm
Absorbance at 214 nm

Time {min) Time {min)

ol 1. ujZelx] gFHelol=2o] K. A Heparin column®® AXMFFHTH
active fractionS C18 reverse-phase HPLCE Ea)(3}4 ¥ = active peakd 1o}
El). B. Gel-permeation HPLCE o]£3t active peak?] &3 (dx:=

active peakZ e ).
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2502

1800 2000 2200 240 2600 2800 3000

Mass/Charge

I 2. 229 nPA FEElol=e] AFEA.  vFEA FEHEel =g
A (MH+ = 2502) MALDI B 72 Z3stgcl

1 10
Arg-Gln-Arg-Val-Glu-Glu-Leu-Ser-Lys—-Phe-

11 20
Ser-Lys-Lys-Gly-Ala-Ala-Ala-Arg-Arg-Arg-

21
Lys

a3 3. B ATl $FWEe|=e oy A@. mFeA el
=9 ofmiegt NEL A5 opul=at AAIE o] §3te] EHstert.
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minimal inhibitory concentration (ug/ml)

microorganism misgurin magainin?

Gram positive

Bacillus subtilis 8 50

Staphylococcus aureus 8 50

Streptococcus mutans 16 100

Streptococcus pneumoniae 8 50

Pseudomonas putida 3 50
Gram negative

Escherichia coli 8 100

Salmonella typhimurium 8 25

Serratia sp. 16 50
Fungi

Candida albicans 16 25

Cryptococcus neoformans 8 12

Saccharomyces cerevisiae 4 25

3 1. o]FetA] sFEwEelo] =2} magainin 22| FAd5H 3.

2 4 uFetx gFPelol=9t WAL AP

a
23t B. subtilis ‘B3 #F.

(A: control, B:; W AolJdLE HAAHsHE
dHEl=EE HAAANFER AT F,

2A 3 Esx2 S5ulxEolA Azt

)



U, w7l g@Meelse ¥2 9 5497
1) stFlElo|lme] e 4 AH

w7]1¢] {3 RAL Polytron homogenizerE o¢}&3lo] extraction £
[0.2M sodium acetate, 0.2% Triton X-100, 1mM phenylmethylsulfonyl
fluoride (PMSF)]ofA] B a3}31 Sep-Pak cartridged o] &3l HElo|=ntS
Mdedgdozg & 9 w&3%ct. 55Y HElo]=ELE (18 reversed-phase
HPLCE ¢5E2stn sddelelng F ciofdt I3 ois] 2 Id¥E& #d

FEHelo| =& Aol of& viell Iolet st (23 5).
2) BaugFgetol=e SR EY U HaA5E(MIC) ZA}

v}2t4] I matrix associated laser desorption mass spectroscopy(MALDI-MS)

APEA72 EMslo] Ex}zfo] 2000.4 Da¥E FHAstAct (2@ 6). Edmen

degradation £ 0% mlelil 18] olnjiit A4 o] KGRGKQGGKVRAKAKTRSS1-Z wh3it}

(13 7)., E3F olm|:=at A He] homology search® u}E}4l [o] histone H2A2] N-

wozny fedftie 28 $3U 4 ddth Y oA AX @B Gy

HaAsls=(MC)E FET A3 A nFolA FFez AU e
e &

magainin 2K T} 258) o & < A2 et (F 2).
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X

Absorbance at 214 nm

o
o

& W
& a

¢ = ¢
-

¥ ¢ 53 2
“a Acetonitvile

Absorbance at 214 nm
3
w

=

PRI N 3

A

8 110 .

Py
w &

Time {min) , ~
-

eesmrbomurdrmrombareemfommssiored

0

20

40

69 80
Time (min)

108
/,_
-7 2
-~
}- E
=
{50 g
8
-
t\‘u\; :
-0
Y (] i i
160 120

agd 5 m7|2RE $£3 slelol=52] HPLC chromatogram, 34T R A3
peak7} wteb4l 14,

|

Yolnt

100
96
80
0
40
50
40
3¢
20
10

o

A

20004

1000

1
T
1500

i

L {j i
2000 2500

Mass/Charge

a3 6. BE ny] ¥dHelol=e] AFEH.
z

1
3000

vl7] FgdHetol= (m2pd 1)

Mere (MH+ = 200.4) MALDI AEA 72 FA3tglch
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Peptide Amino acid sequence

H H] i 15 20 s
Parasin I EIGRGEXQGGCGKVRAKAKTRSS
Buforin 1 AMGRGXQGGEVRAKAKTRSSEIRAGLQF ...

Human histone HZAS SGRGKQGGKHRAKAKTRSSRAGLQF...

7. 228 w7l gFWelel=e opnxyt AA. w7l FEHeol=e] ofn
2 N AE ohulmat NATE o §stel EAstoirh

T

Microorganism Minima! inhibiiory concertration (pghnl)

Parasin 1 Buforin | Maugainin 2

Ciram-positive

Bacillus subiidis £ 62037 ! 4 50
Srapleeliacoceus aur TCC 153782 2 4 S0
Strepiococens murans ATCC 25173 i 8 HEY
Psendomonas putida ATCC 17426 2 4 30
Grame tive
Escherichia enli ATCC 27323 l 8 HiY
Safmonetla tvphimuriver XTCC 15277 2 4 25
Serratia sp. ATCC 21074 4 8 50
Fungi
Criprovocens neoformans ATCC 34881 2 4 12
Succharoinvees cer ATCC 44774 2 4 25
Condidu albioans ATCC 10231 i 4 25

¥ 2. wg}4 I, buforin I, magainin 22] 3}d-%9 3.
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78§ 2L heparin columg ol §3) F&eo] EAsh=

!
Helo| 2EERE +F2] Helo]l=rtE £33 Heparin columno2 E¥H e}
ha

o]=E-2 r}A] C18 reversed-phase HPLCE E-3) 43 HEeloje g Ea|Fo] I1& 7}
a9 2SS 717 PFUEOI=S AUSL buforin 102 FFsiACt (27 8)
w38t Bufrorin 12 endoprotease Lys-CE A 2|5lo] A7l 217]1¢] ojn|irto® LAHH
el gt st ®ElO]| & buforin 112} B3t (28 10).
2) 2elY gEAetol=e BAEY @ HaAdEE(MC) 2
Buforin I, IIE Z}z} matrix associated laser desorption mass

7)
spectroscopy (MALDI-MS) ZatE 7|2 B3t Az}l I £A}8ko] 4309 Dad}t 2432 Dadd
& #elslgion] (8 9), Edman degradation £ 0 g olmji-at MdL 13l 103}
Zto] uraich, E3F ojuli=2t AP homology search® bufroin 10] histone H2A2]
N-LTHo 2 RE ST AL §3Y £ 9doden oy shA] njAdEe o 3
2AEE(MIC)E &3 A3 dxj oIor oFem AUEs ol
magainin 28T} buforin 1] Z-$ 3-12v] o &2 ¥FIEL 1A 2 U4

o buforin II& 6-258) © & FFL A2 Agrt (F 3).
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Lot §
ﬁ OAL <20

E

0.8
&
- r 0.9_4.____—4L———~;0
p— i L i1
) W W % 2
s Tittre {min) :E
o &
£ a6t 8
£ g
G <
3 R
<

04 F

0.2 F o

0.0 ’L do

i L | | -
16 20 30 40 50 60
Time {min)

a3 8. FAvERE F£%t Helo]=E2] HPLC chromatogram. ¥AEZ I A|

3} peak”7} buforin 19].
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%fﬁﬁ. 309 %11%%- 2432

00- 50 -

a0+ %0 -

70 4 70 -

60 60

50+ 58 1

- 40}

30 0

20 20}

10 10
. b

2000 3000 4000 5000 1600 1800 2000 2200 2400 2600

Mass/Charge Mass/Charge

3% 9. Buforin I, I12] H&E 4. Buforin I (A), II (B)2o] Aakxe MALDI &
222 3359

Comparison of Amino Acid Sequences of Buforin 1, Buforin H and N-terminal Xenopus Histone H2A

Peptide Amino acid sequence
Neterminal of” Xenopus SIGRGKQGGK[TRAKAKTRSSRAGLQFPVGRVHRLLRKGNY[AERYV
histone H2A
Buforin | AMGRGKOQGGKVRAKAKTRSSRAGLQFPVGRVHRLLRKG NY‘

Buforin I TRSSRAGLOQFPVGRVHRLLRK

1% 10. Buforin I, I12] opn|i=At A .
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Antimicrobial Activities of Buforin I, Buforin 11, and Magainin 2

Microorganism

Minimal inhibitory concentrations* (ug/ml)

Buforin |

Buforin I

Magainin 2

Gram positive
Bacillus subtilis
Staphylococcus aureus
Streptococcus mutans
Streptococcus prneumoniae
Pseudomonas putida

Gram negative
Escherichia coli
Salmonella tvphimurium
Serratia sp.

Fungi
Candida albicans
Cryptococcus negformans
Saccharomyces cerevisiae

L A A

o0

s

SN SO N A NS

e

—_ Ja

50
50

100
50
50

100
25
50

25
12

)

23

3 3. Buforin I, buforin 1I, magainin 22] 3}d%59 4.
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% FaATe gFAetol=e] Fel B HHAT
1) gagetol=e) el U HA

HaANF2 ¢ 29 L heparin columng ol &3] F&do| Exst= o

FRel Wrlol=ELRE 58 Hrlol=wg BAIAL) Heparin colume T £

HElo|=EL2 T}A] C18 reversed-phase HPLC2} cation-exchange HPLCE B3] &4

5t glElol=2 HalFo] 1% ZYs $FEg s 3709 gFYeol=E Hwsin

Ztz} bullfrog pepsinogen A-derived antimicrobial peptide (bPaAP), bullfrog

pepsinogen C-derived antimicrobial peptide (bPcAP)2} bullfrog buforin 102 o
Bt g 11).

2)

e

Bf gIWelol = EYEA Y HaANEE(MC) A}

bPaAP, bPcAP %! buforin I& matrix associated laser desorption mass
spectroscopy(MALDI-MS) ZerEA7|2 EA3r Azl 22 £x}sfo] 1865.5, 3691.6,
4313.4Dal & Eolstgl o (1@l 12), Edman degradation B2 0% olu| kAl Ad S
8 133} Zro] uigich, kI olu|xAl A E] homology search® bPaAP2t bPcAP

= zt7Z pesinogen A%} C2] propeptideZFE FelEddtie A& & + o
o o bullfrog bufroin 1& F7Au|oA WA buforin 12} HUSIGCE 28|31
A7tz mlFEol izt HLAHEZ(MIC)E F 4% Zo] HAHstdon

Edmundson wheel projection®} CD 24 & X3 bPaAP2} bPcAPY} a-helixE&E

o|27 9l&& Eelslart (1Y 14).
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Abserbance at 214nm

Ahsorhance at 214am

‘Time (min)

% Acetonitrile

kDa M BufbPcAP

17 = o
14.85 —~ =

35— e -
2~ -

O 11, FAAAFE SRy 323 HWelo]=52] HPLC chromatogram?} tricine
SDS-PAGE. A, BY= bPaAP2] EajAz}o]ld C, D= bPcAP$} bullfrog buforin?]

el d el



bPaAP bPcAP Builfrog Buforin I
%iInt

106 _ 18655 3691.6 4313.4

299

70

60

40 ]
30 ]

6

° - E ERi }

i bl A i
) 1 1 I i 1 1 1 1

1508 2000 1500 3000 asoa 4000 4060 4500 5000

Mass/Charge

a3 9. FaAFARRE 2T gFWelo|=

i
lo
)
o
b4
N/

1 ) 20 3G kv
bPaAP SVKVSLRKGES LRARLNRLGLLGDY LKKHHYNPAXKEFD

’ ' }
LPeAP ITKYPLKKFKSMREVMRDEG IKAPYVDPATKY YNNF
Bullfrog SOROGROGOKVRARAKTRSSRAGLOFEVGRVHRLLEKGRY
Ruforin |
mPcAP VVRVPLKKFKS TRETMEEKOLLGEF LRTHKY DPAWKYHFGDLS
hPcAP BVVEY ?IRLTVS"%T*HKV””'TR?F“RmHFYPD SKYRPGOFT

a3 13, FaAFel 2N 22T FAelol =52 oinlst Ad.
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a3 14,
(A)2} CD

Antimicrobint activity of the solated and synthetic untimicrobial peptides

Micraorganism Minimut inhibitory conventration® (pgfnd)

bPaAP  bPeAP  Bullfrog buforiu | mPCAP  hPcAP  Toad buforin T Magainin 2
Gram-positive
Baciilus yetuilis [ & 4 26 S0 4 0
Staplndsioccuy anrens 0 & 4 50 110 4 50
Strep S BEANS 3 G & 3y 50 8 (3]
Gram-negative
Escherichia cofi H 10 8 St 50 8 Hp
Pscudomonas putices 10 6 4 100 Hilj 4 50
Sutmonelia (vplingariso 0 [ 4 30 20 4 25
Serredii sp. i} i & S 200 3 S0
Fungt
Candida afbicans 10 10 4 100 {4} 4 5
Sucharomyces corevisia 6 6 4 16 12 4 12
(ryprocacens veoformans o 6 4 40 0 4 25

an

imal nbiblrory concentration was dele

ned by the mhal diffusion ass:

y as described in Secthon 2.

£ 4. FAATAZRY FA FIWe| =5 3

{8] (deg er’dmol’) x 10"

bPcAP

210 228 2y 24D
Wavelength (nm)

259

{6] (deg crm’dmol ™)y x 107
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2w 0

Wavelength {(nm)

ot agE $££3 HEelol|=52] Edmundson wheel
spectra (B).

projection



up. o] FFAetol=e] Fel U HHAT
1) gRHelel=e] £l W )

A # o] & Polytron homogenizer& ©o]&3}o] extraction £ [ 1%
trifluorcacetic acid, IM HCl, 5% formic acid, 1% NaCll]ojx &35l
Sep-Pak cartridgeZ& ©]-&3le] HElo]ortE AEAog & W HFtcl.
=25 HElo]= 5L (18 reversed-phase HPLCE £ 48 21dt3 srFHElo|=E
F T Z5of ol A3 FEHE Ad FEHEle|=E AEEt ol
Iolz} BTt (24 15 A).

lumbricin

2) 2218 FLHPE =Y SAHEN 2 HLAN 5= (MIC) 24}

Lumbricin 1= matrix associated laser desorption mass
spectroscopy(MALDI-MS) A erB Ayl B3t Azl 1 EAjgko] 7231DaYE Felslad
orm (3% 15 B), Edman degradation 402 N-wgto ZHE 22718 oflnj=At A
&do]  Phe-Ser-Lys-Tyr-Glu-Arg-Gln-Lys-Asp-Lys-Arg-Pro-Tyr-Ser-Glu-Arg-Lys-Asn-
Gln-Tyr-Thr- Gl>’°‘° st EZ A7k v g o 3]*7435-‘6—5
(MIC)E &A% A3} lumbricin 12 X)) pZFolA &JIFEFLFE Aty
X magainin 2XET} 2-4¥] o & FFEEL IR 99 e lumbrin I.—]
N-ggto 2 He Feigt lumbricin 1(6-34)& 3-68] ¢ &2 T H & 7HA
3ooleleh (& 5).
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x>

08/ 80
= ; "
= 06r -7 qeo
< - g
~ .- £
- c
g 04 P lo §
3 g
ol
5 02r 120 ®
o
n -
< L
0.0 1 0
1] 20 40 60
Time (min}
£ o
. w0 7231
£ - M tum1
kCa
& - A7 vl
B g 4R -
E 35~ LR
@ 40 -
2
85 w
o 20
* i€ i g
o cil &
L Ll ) 1 i L) E
whou oo 5500 %000 0500  70OC  7ECO BCOD
Mass/Charge

a3 15, AFol=E FFWelo|=e Hel. A AFoldM FET FElel

9] HPLC chromatogram. 3AEE AT FEo| lumbricin 19!, B. Lumbricin

12] Aek B 9 tricine SDS-PAGE.
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Antimicrobial sctivity of lumbricin I fumbricin 1(6-34) and magainin 2

Microorganism (ATCC no)

Minimal inhibitory concentrations (ug/ml)

Lumbricin 1

Lumbricin [{6--34)

Muagainin 2

CGram positive
Bovithus subtifis (02037)
Staphyiveoccys aureus {1
Streptocuceus mutany {23178
Gram negative
Escherickia coif (27325

Pseudarsonas putida (174263
Servadue spo (21070
Fungi
fidda allicans {10231}
iococcus neoformans (34881
v cerirvisicte (33774}

S

12
16
30

12

20

E 5. o] HEfo|=2]
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2. ¥dHElol= cDNA cloning @ FAA} F= B
7}. RNA 83

H7|258 URY PEHE|E parasin [, FAuZRE LAY FgFejol=
buforin 1z} X|Ho|ZHe] HUAY FFHElo|E lumbricin 18] cDNAS Q7] 984
HA] Zh 220 ZHE] Chomczynski et al. ¢} single step isolation method® A}
3to] totoal RNAE E2]3ladtt. o714 @o]R total RNAZ poly(A)'} Eojzloz
Z38l= oligo(dT)-cellulose affinity columng ©]& mRNAES Ez|slgdct. Ea®
RNA2] integrity¥ 1% formaldehyde-agarose gel& ©]-&3}e] ¥els}oc),

L}, First-strand cDNA2] §}4d

=2]¥ mRNAE template®3}o] universal adaptor sequence$} 15758} dT Z7|E
Zte= primerE o8 first-strand cDNAE A3gr). FAAEAE M-MLV reverse
transcriptaseg ©]£3}9g o wtEo]Rl cDNA2] integrity= ¥hg-of] AFRE dNTP mix
of [a-¥PIdCTPE H7}sto] ¥ £ o] HFLES alkaline agarose geloj running
15l X-ray filmol expose 3}od Eelsjairy,

t}. Oligonucleotide primer?] design ™ RACEE &%} probe?] A=

RACE(Rapid Amplification of cDNA Ends) ®PHE o]&£3}o] cDNA libraryZ&
screeningdl=tl] A}2%E+ probed A R35}git}, RACES] AMR-3F DNA primere] HZ:
FEHElI=E2RE 5 DN g7IHEE ZAZE 7Hed Y2 degeneracyE Zt:=
HEZE prining region®E AE5to] 207]2] nucelotide® WHEQTE. AP H gene
specific primer2} universal adaptor primerZ o]&3}31 first-strand cDNAE
template® RACEE 3sto] wj7]2] Z-9 ok 170bp, F7Aulel X0l 7§ 440bpe]
specific productE 9t} ol productE A2 %EH agarose gelAollA Z+z}h size
selection® @ £&|8t r}3 restriction enzymel Z digest® pBluescript #E| o

cloning 3}l sequencingdlgdT}.
2}. cDNA library?] #|Z 4 screening
cDNA libraryE W=+ WHOF Gublerand Hoffman BHE-E o]&3}grcy.

First-strand cDNAZHEB| second-strand cDNAS 4d3}7]%/3] RNase H$#} DNA
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polymerase I, DNA ligaseE® o]&3}git}. 3¥HdF T4 DNA polymerased 0]%6}@] o}
LS blunt-end® WET}S HAEof cloningg $81A EcoR 1 adapterE EQJQF
universal adapter sequenceo] EJFIE Xho 128 Hulslgict zHgFe] adapter+ 67]
AEZ size selectionS O EH H A3} Cloning WE 2= Uni-Zap XR vector
arnsE ©o]-23}adt}. Cloning® WEE E colio] =U37|$18) in vitro packagingS
o] &3te] cDNA libraryE& A|Zs}gict. 2" T} libraryE RACEo] 23 @ojzl
probe® hybridizationdlo] screening &t ZA 3} parasin 12} buforin 18] A =
Hlol= 417} SAH0E ZASE o] ohet histone HAS N-TE Yol
cleavage E|o] A4 Zo® BAFPom (17 16, 17, 18) Aol ¢ 555bp
2 ZAE full gened cloning dteltt (18 19). o] A|go| sFHEl|E F

ofalieal AAE FEY A3 prolines7} AT We B AT dgden of
< proline-rich 3"?_"%"3} |=E7} homologyE v|a ¥t Az} N-Lg EEol A

3 (2

4 L-_
AdE& 7 A AL gt 21 20).

—_
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" ACT GAA GCT ACC AAT

P Ala Lvs Ala
: GEGAAG

Arg Ser Ser 20
WA CGF TCA I 9%

e

Phe Pro Vai Gly Arg Val His Arg Leu Leu Avg 36
AGEG CTC CAG TTC CCC GTG GGC C5T 6T6 CAC AGG CIG C1G OGF FEX

Gly Ala Gly

Va Ala Pro Yal Tvr Leu 52
GIG GGC GUT G6C

GCA CCA 616G TAC OIG 191

©Ala Glu lle Lew Glu Ley Ala Glv
GAG ATC CTG GAG TTG 6D 6eA

B le Pro Arg His Leu 84
240 o oL OGT CAC CTg 287

cGly 100

GC G 235

CAG GCA GT6 C1G

a3 16, wy] sHAMElO]= Parasin I-Z codingdl: §-FAx}e] cDNA E7144d
2 {58 ofn=4t 4.  Parasin I & codingdls FAAE S5z E4
3}#] ¢l31 histone H2A2] N-ztto R HE] 8-#3519-S. Parasin 19] 3|93l of
o2t Ade 9&% Jehjelen histone H2A A A}o] EolF e inverted
repeat sequence:= boxZ M A|3}9S.
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49
10

97
26

145
42

337
106

385
122

433

GTC

Lys

TGT

GTG
Val

ACA

CGG
Arg

GAG AAG AGA

GCT AAG GCC
Ala Lys Ala

ACG

AAG
Lys

ATG
Met

ACC
Thr

TCT
Ser

GGA CGC
Gly Arg

GGC
Gly

Lys

CARA
Gln

GGA GGC
Gly Gly

ceC
Arg

TCA TCC
Sexr Ser

CGG
Arg

GCA
Ala

GGC
Gly

CIC CAG
Leu Gln

e
Phe

cCce
Pro

GTC
vVal

GGC CGT GTG
Gly Arg Val

CAC
His

AGG
Arg

CTC
Leu

CTC CGC
Leu Arg

AAG
Lys

GGC
Gly

ARC
Asn

TAC GCC
Tyr Ala

CAG
Gln

TAT
Tyx

BAAC
Asn

Asn

GGG
Gly

AGC
Ser

AGG
Arg

cTIC
Leu

ARG
Lys

GAC
Asp

GGG
Gly

AGC
Ser

GTG
val

ACC
Thr

AAG
Lys

GAG
Glu

GTC
Val

AAG
Lys

AAG GCT C;T

GGC GCC GGC
Gly Ala Gly

GCC GAG ATC
Ala Glu Ile

ACT CGC ATC
Thr Arg Ile

GAG CTC AAC
Glu Leu Asn

CTG CCC AAC
Leu Pro Asn

CCG GCC AAG
Pro Ala Lys

GCT
Rla

CTG
Leu

ATC
Ile

ARG
Lys

ATC
Ile

AGC
Ser

ccc
Pro

GAG
Glu

cce
Pro

CTG
Len

CAG
Gln

ARG
Lys

GTC
Val

CTG
Leu

CET
Arg

CTG
Leu

GCC
Ala

TGA

* ok k

TAC TTG
Tyr Leu

GCC GGC
Ala Gly

CAC CTG
His Leu

GGC GGA
Gly Gly

GTG CTG
Val Leu

GCC CCG

GCC
Ala

AAT
Asn

CAG
Gln

GTC
val

CTG
Leu

cTC

CTA %GA AAA AAA AAA AAA AAA AAA A

a7l 17. $7Au] stFHElol= buforin 1-&

9 39 ohnjeat A4,

codingdli=

GCT
Ala

GCC
Ala

CTG
Leu

ACC
Thy

cce
Pro

TGC

A DNA @7INE
Buforin I-& codingdl:= AR S3F o &4

Tol sigshs of

GTG
vVal

GCC
Ala

GCC
Ala

ATC
Ile

BRAG
Lys

cce

3}#] QI3 histone H2A2] N-wglto g BE {3lg2. Buforin

oAt g2 g2 Ve en histone H2A -S-AAlo]] EojHQl inverted

repeat sequence: AT HA|3}9S.
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CTC GAG
Leu Glu

CGC GAC
Arg Asp

GTG CGC
Val Arg

GCC CAG
Ala Gln

ACC GAG
Thr Glu

GAA CCA

48
9

96
25

240
73

288
89

336
105

384
121

432
129

466



RITOHE RER i
K OBISTHE FOR

REME L8 2AEY

VLEHIQAVLLES
EReR N
HLME I
LGEYT

T

NGRS (ARITS

a3 18. FAM] ¥FPelol= buforin I& codingdhe FAAE] {59 opnji

2 A THE 4 HEFe) histone H2A ofu| 4t A3} WL,
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1 GG CAC GAG CTh TCT CTC TGUT CTC ATC ACT CTC COT TIC CCC TCT CT¢ 47
48  TCT CTC ATT ATD TT6 CI6 TLOT OTC TGT TG ALY ATC ATG TOT CTC TG6T a5

1 Met Ser Leu Cys 4
38 RTC TOT GAC TAT U0 TAT CTG ARCT OTG ACT TTC TCA ARG TAC GRA CEC 143

5 Ile Ser Asp Tyr Leu Tyr Leu Thr Leu Thr 2he Ser Lvs T 5y 20

3

144 CAZ AAG GAC ARG AGG CCA TAL TOG GAR CGC AAL ARARC CAB TAL ALLG 66T 191
2L Gln Lvs Asp Livs Arg Pro Tyr Ser Glu Arg Lys Asn Gln Tvr Thr Glv 3&
1%2 €CG CAG TIC CTC TAT CCT CCG GAG CGC ATC LG CCE CAG AAG GTC ATC 233
R7T Pro Gln The Lew Tvr Pro Pro Glu Arg Ile Pro Pro Gin Lys Val Ile 52
240 pBA TGH BAT GAG GAG GGT CTT CCOC ATC TAC GRA ATC CCO GGL Gha GGA 287
&3 Lys Trp fsn Glu Glu Gly Lew Pre Tie Tyr Glu Ile Pxo Glv Gilu Gly 3]
288  GGT CAU GCA Gaa CUA GOT GUU GOC TG GTT AGA 77T CAE OTG AAL LGA 335
£ Gly His Ala Glu Pre Ala Ala Bila ¥ 1
IFE TG COA ACC GGA GAG GAXA GAG AGT TGA TTT CGA TAG AGU GIG TGE ALR 283
384 GAR CTA TCA GCG TYC TTT TTA CCA TOC TCG CTA TAA GPC TAT Cal 7CT 431
4%2  TAG AGG ATC &G TAG ATT GUG TAG ACC TAG TTA ALT RAAR CCT ARR TCA 479
480 BYT GTT GTC UTG GTY OTTYA BAT GAG TG TTH 227
8Z% AR CCC UTA AAE RARE RAR ARL BAR BABA A 555

a3 19. A Po] FFHEI=E codingdt= A=) cDNA €714 E 2 €
ol -2t Ao, The cloned cDNA was 555 base pairs in length and
contained an open reading frame of 231 base pairs. The lumbricin
precursor consisted of 76 amino acids with 14 residues in a pre-segment
(in italic). The arrow indicates the end of the putative signal
sequence. The sequence of the mature lumbricin is underlined. The Kozak
motif-like sequence is indicated by a double underline. The stop codon
and the polyadenylation signal are marked with asterisks and a dotted

line, respectively. Proline residues are boldface type.

- 56 -



Lumbricin (6-34)

PR-39

Bac5

ag 20. A Po] FAEPelol=2} t}E proline-rich FAHelo]=E2] ofn| =4t
Adg "], The amino acid sequence deduced from cDNA encoding
lumbricin {residues 6-34) was aligned with the sequences PR-39 and Bach.
Sequences were aligned using the CLUSTAL W program with default
parameters (Thompson et al., 1994). In aligning sequences, breaks are
introduced to optimize the similarity. Asterisks and dots indicate

perfect matches of amino acids and conserved substitutions,

respectively. Residues identical in two or more sequences are boxed.
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3. CD, NMRE o] 83} stgHEloj=o] L B
b w1 o] Fx BA

DE o] &3}o] parasin I 8] FRE &) E A} parasin 12 a-helix ——TLZ—
L}E}% o= oAEdrt. AL 2 E st ol E uld o g Hrl A
HE sty #siA= WRE B3 parasin 18] 2X}72E ZAst= 20| %‘33}3}.
wlata] mebal IS 30mM perdeuterated SDS -2 (pH 5.0)0l 2mMe] BHEE o] AlR
E Fujsla o] A|EE 298KollA 500MHz NMR spectrometer® EA]&}o] 'H-TOCSY NMR
spectra® ZA3t r}L, o|ZA F¥ spectrad] 'H chemical shiftE &F3s}3
finger print region® EA35le] T2E A# 3ot

' chemical shift® U}E} finger print region (1% 2% A3 mle}
4l 19] 27] 9 FE 17H7IR 7} a-helixE o] FaL Ul ( ). ol mERil I
o] & 1970¢] R E o]Fojx glonmZ miglal 18] 47%7} « he11x-§_— o] F 11 9}
Ll ®3F s2la) 19] a-helix7} amphipathic¥ TRE o|F & Zx #EE
(9 23).

v}atal 18] NMR spectra® SDS oA ZHTt o] SDS7F £oflA micelle
£ 3248t cell membraned} FAIEF A4S Leh) 7] wiFEoltt. mieial Ieo] SDS &
Aol a-helixE o]F3 glrke R mield I0] nmembraned HEHEH
phospholipid®] hydrophilic head®} hydrophobic tailz} Z}23to] a-helix®] FZ7}
Lehdthe & 8T

IJN

L o
=
it

. %2 109 72 E

vig}al 13} upslx|E D W NMRE o]&3te] FZ2E #4% A buforin I+

AA 37142 domainlE FTAEE QY=Y 22 N-terminal®] random regionz} 7l
2] extended helix region 18] C- ter‘mmal_,] regular helix® FAdEo] glom o]
L proline hingeoll &J3] TEF S 9SS Fstact (I 24). o]t buforin II

o] 2z2 EAL AMHHFOEF buforin 117} amphipathic¥t Z&AE& ZHA v} (27
25).
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,;:, >’55 ) E’li . 8.‘3 ?3 3; - &f{? \ ‘% . :'si 2.7 3'8

Chemical Shift (ppm)

el 21, u}be}al 12] 'H-TOCSY NMR spectrum

. | —p4- . r—>
Random o-helix Random
Residues:  [1-8] 19-17] [18-19]

a3 22 ytElAl 12] backbone structure.
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(' -terminal

Hydrophobic
face

Hydrophilic

face

N-terminal

17l 23, mbelAl 19] space-fill model.
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NS IS I [ E N ——

1-4 5-10 11 12-21

Random Extended Helix Hinge Regular Helix

121 24, Buforin 119] 3x¢d 3% model

712l 25, Buforin 112] amphipathic =& model
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4 7284 78 B¢ 24T R=A gFWelol= AR

7. gFAetol= wekal 1 o) fEA A7

o
£l
N)
m[o

N

i I'd FEgetol=F AMdsty] s stepd 18
E5 #gste] ¥EEE FAsiolch velad 18] 37)E] FFHel nA=
ZAyst7] §18te] metal 19 otmlicil Z7|7L AAlH FEANES E 63} Zo
!

kS

=

o2 do

i
Fl[‘ M ok o HI
S o

o
3o

59 FAYARE s E 7ol e Zo] C-UnhE A3t B¢
z7vstedch. 241 REAE FolAde metdd 18] C-terminal F&of 2|3
& AAT Helol=rt MR ZA ¥HEH S UEPNS N-terminal 2

random coilo] ¥ ojA F2F YL 3}‘3}& RE& wEskTh N Uy &
S X3 A7) substitution analogsSS T 83} ol st 21EY
A% A N-terminal?] Zol2} lysmea/} Z+e basic olmj:-4te] {F

2

=
e

e &
7} 283t AL B3I (F 9). N-terminal?] lysine arginineS® X|H3
oz Yol FAH )

. FgElol= I I 9 f=A A7

Bxa) [[& N-@et random structure, extended helix, proline hinge, C-gh
amphiphilic helix®] 43-Eo g FAEo] gitt, Fx31 (12 zt F=7} ‘”:’ra‘)ﬂ u]
7"‘]& darg ZAFS] $I8te] B 119 oim|iat 77 AAEHAL AFH FE
AL F 103 Zo] sl 152 AFBES FFsIUh. E 11olAe} Zo] N-
ot random structureE AAIZ A% sFHo| FIStARA T N-dUTto 2 HE o A
zﬂa}oq SiEfo]= 27|17} 6-21, 7-21, 8-21, 9-21, 10-21, 11-21% & A$ gzd
o] ZastoiTh, A C-WRelA 4 A1 AT AS wFeol 2| AehA W3

proline-hinge® leucineC & X|& 79 FwFHo] A3 4 oy
Z3 11 °}U1L"‘} A ge] EAAQ wotifed RURE AGAZ A9 ez|otol iyt
#F8RL FUstd o $AFHL asigich

r°"
rﬂ

o %E-‘l
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Truncation analogs Amino Acid Sequence
Pa(2-19) GRGKQGGEKVRAKAKTRS S
Pa(1-17) KGRGKQGGKVRAKAKTR
Pa(1-15) KGRGKQGGKVRAKAK
Pa(1-14) KGRGKQGGKVRAKA

X 6. ua}4l 1 truncation analogsE2] ofm]l=4t A 4.

Micreorganisms Minimal inhibitory concentrations (ug/mi)*
Parasin I Paf1-17] Paj1-15] Pa[i-14] Pa[2-19] | Buforin II MSI344

Gram positive

Streptococcus mutans 2 2 2 128 ‘ 128 8 2

Bacillus subtilis 2 1 1 54 128 4 1

Staphylococcus aureus 4 4 4 128 >128 4 4

Staphylococcus epidermis 2 2 .2 . . ‘128" ' >i28 2 4 ‘
Gram negative .

Escherichia colf 1 1 1 >128 >128 2 1

Psendomonas putida 1 0.5 1 64 128 2 1

Salmonella enteriditis 4 4 4 >128 128 4 4

Kiebsiella pnenmoniae 1 o 1 2 12# >128 1 4
Fungi

Cryptococcus neoformans ‘ 2 . 1 1 v >128 >128 2 32

Saccharomyces cerevisiae 2 1 1 >128 : >128 2 32

Candida albicans 2 1 1 >128 ” ;128 . 2 32

H 7. 3e}4l 1 truncation analogsE2] FHAANFE.
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Substitution analogs Amino Acid Sequence
[Al]Pa AGRGKQGGKVRAKAKTRS S
[Sl]Pa SGRGKQGGKVRAKAKTRSS
[Rl]Pa RGRGKQGGKVRAKAKTRSS
[K'JPa(2-19) KRGKQGGKVRAKAKTRS S

3 8. ¥}&}4l 1 substitution analogsE2] olm] =it A4,

Microorganisms

Minimal inhibitory concentratiens (ug/ml)*

Parasin I

[Al]Pa

[$']Pa

R']Pa

K'Pa(-19)

Buforin IT

MSI344

Gram positive
Streplococcus mutans
Bacillus sublitis
Staphplococcus anreus

Staphylococcus epidermis

LS VN N

16
32
4
8

NN N

32
32
16
16

N s B w

N N

Gram negative
Escherichia coli

Pseudomonas putida
Salmonella enleriditis
Klebsielle pneumoniae

- B e

16

32

16
16
16

[ N S

& B e

Fungi
Cryplococcus negformans
Saccharomyces cerevisiae
Camdida albicans

16
32

16
16

32
32
32

X 9. v}2}4l 1 substitution analogsE2] HAA 5%
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Hefol =

obv) 1At A&

Buforin II TRSSRAGLQFPVGRVHRLLRK
BUF(5-21) RAGLQFPVGRVHRLLRK
BUF(6-21) AGLQFPVGRVHRLLRK
BUF(7-21) GLQFPVGRVHRLLRK
BUF(8-21) LQFPVGRVHRLLRK
BUF(9-21) QFPVGRVHRLLRK
BUF(10-21) FPVGRVHRLLRK
BUF(11-21) PVGRVHRLLRK
BUF(1-17) TRSSRAGLQFPVGRVHR
[Lys2)[Lys6][Leu7]BUF(5-21) RKGLQKLVGRVHRLLRK
RLLRRLLRRLLRRLLRRLLR

[RLLRI5

3 10, Bx3 118t 3

ENEL] opulx=it M.

o
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HAaAHsE (ug/ml)
o] A 2 (Lys“l[Lys®]
Buforinf BUF | BUF | BUF | BUF | BUF | BUF | BUF | BUF
(Leu’] - [(RLLR)s
I [(5-2D[6-21)|(7-21)| (8-21) | (9-21) |(10-21)|(11-21)| (1~-1D)
BUF(5-21)

Gram positive bacteria

Bacillus subtilis 2 1 4 4 8 18 32 25 | >200 18 2
Staphylococcus aureus 4 2 8 8 18 62 32 50 >200 18 1
Streptococcus rmutans 2 1 4 4 8 36 32 25 | >200 36 2
Streptococcus pneumonia 4 2 4 4 18 18 32 50 >200 18 2
Gram negative bacteria

Escherichia. coli 4 2 2 2 8 36 32 25 | >200 18 2
Saimonella typhimurium 1 2 2 2 4 18 16 25 | >200 4 1
Serratia macerance 4 2 2 2 8 36 32 50 | >200 36 2
Pseudomonas putida 2 1 4 4 18 18 64 50 | >200 18 2
Fungi
Candida albicans 1 1 8 8 36 62 32 50 | >200 16 8
Cryptococcus neoformans 1 1 8 8 62 62 | >100| 50 | >200 8 8
Saccharomyces cereuvisiae 1 1 8 8 36 62 >100 50 >200 4 8
¥ 11, B2 11 ¢} I F=AE HLANsE.




5. eI % A2 A7
7k W 19 Bg A% AT

Confocal microscopy, NPN uptake assay®} B-galactosidase assayE 23| 3

dHElo|= whepil 19] FHE 2872 2859 E #estgn
1) Confocal microscopy

Escherichia coli& 37°CollX mid-logarithmic phaseZ}®] uwjerslal HAIE2 =2
harvest3} T}2, 10mM NAPB buffer(pH 7.4)E washing X resuspension¥lt}. o] A
Zu]" E coli ME 1ml (10° CFU/ml)& poly-L-lysineS A}F23}o] slide glassoll
I8 AjZict oi7]e] biotinylation® mpEbal 1 & A e]3}3L streptavidin-FITCE b
27131 washing¥t Fof confocal microscoped A}-23}o] 3adie|E FTasigict

Strepavidin biotino] tf3f Z¥ affinityE Lehlr] wigo] mepal Iof &<
9l= biotino] streavidin-FITC complex7} Ho] 3jelil Io] cell?] ojv- Helg}
interactiong ¥YL2IE=XE B & 4 vk AE Az 19 263 o] mpepil 12
E. coli ME2to] localization®= AL st E§, AXEuo] zhg3lciz o
B3 mAeld 2% 22 AAE BoFct. 4bde] cytoplasmof 2ZHggtria oy F

237 1l& HZ o] £X3H= A& FUdstArh
2) NPN uptake assay

E. coliZ 37Co|A mid-logarithmic phaseZ}*] Blje¥3ls HAE2]E harvestdt
ch-&ol 5mM HEPES buffer(pH 7.2)E washing % resuspensiond}git}. o] A &u|H
E coli MXE 1ml (10° CFU/ml)o]l 3}&}Al I (1 pg/ml) 2} 1-N-phenylnapthylamine
(NPN, 10 M) & Atz HFU& Wsl= AEE fluorescent spectrophotometer®
2 sigict. |

NPN-& cell membrane?] lipidZ} ZF2 hydrophobic¥t EZAoAwt F4S JVehj=
dyeo]m NPNE& £4lo] ¢l pembraned 2 E35}2] FE3}3l permeabilize® membraneo
ot MeYA o8 jnsertion® o] #FE UERATE NPN uptake FES AT Az, =}
ghxl 102 A28t E coliofA &o] Lielylct, EI FEAS] cell membraned
permeabilizeA] 7= BE7} ol vlastAt (¥ 27).
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3) B-galactosidase assay

E  coli ML-35& 37Co|4] mid-logarithmic phaseZ}®] wjerdtsr AR g
harvest¥l T}2o} 10mM NAPB buffer(pH 7.4)2 washing % resuspensions}gict, o]g
A Fu® E coli MXE 1ml (10° CFU/ml)e 1.5mM o-nitrophenyl-p-D-galactoside
(ONPG)&t xmetal I (1 pg/ml)& Btz 158 B¢ widdt o, 3™
o-nitrophenol (ONP)& spectrophotometer& AF&3}o] 420nm m}Rrof|x] HA3}4 T},

E. coli ML-35%= permease-deficient strain® ZA] ONPGE cell | & uptaked}#]
BE3tr), 2L} outer membranez} cytoplasmic membrane®] permeabilize® 7Z-9-of:=
ONPG7} celll]lE uptakeE|o] B-galactosidaseo] 2]3] ONPE E3|7} Ft}. o|gA &
SE ONPE 420nme] wpRo = =Aw & Quh E coli ML-358 o|&3to] P
-galactosidase assayS 31%t Az} 18] 280fA e} Zo] =PElAl I cytoplasmic
membrane permeabilizeX|Z Q. te}xl 13} fEHEo] cell nmembrane

permeabilizer]| 7l A E7} 7ol vlg gt g sy,

olate] Az EE ulzpil 18] 2272 cell membraneo] localize¥t Fof
outer membranez} inner membraneg X} E permeabilization A]# cell membrane2]
disintegration& -3%35}%] depolarization, ion leakageT®] ZEMEOE cell
metabolisnE BEOE A cell& Fol= FHOoE o AT
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A) Parasin I B) Buforin 11 C) Magainin

Tl 26, FITCE A3t mlel4l 108 A st tf3#2] confocal Ho]Z image

5 o

Q Parasin [
- oo [A'] P2
7 s [§') P2
8 o [R']P2
§ 34 e (K Pa@-19)
o o P3(2-193
w
@
-
=l
=
=
=

L} 1 L] T
300 400 500 600
Time (sec)
B)

——-—Parasin I
Pa(1-17)

- Pa(1-18)
Pa(l-14)

Flunorescence (x 104)

Time (sec)

1% 27. NPN uptake assay
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Abs 20

0.5 5

0.4

0.3 -

0.2 -

0.1 -

0.0 -

gasa™ g TR ANy \%“’\ W EEgerE

%) 28, B-galactosidase assay
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. B2 118 28 1% dF

[ary
~—

28] 11 2] bactericidal 843} cell lysis &3

¥ 118 H8AHS Uiy Astel, thRTol oistel FER 117} ATE
bactericidal3lA] Fo|x] R} MEE lysisA|Z|E A& Zapstgct. Iz|3, o]
A}E AR magainin 119} vzstdch 17 29049} ol FE 112
magainin 115 #HaAsl s sule] 2= ol AHALE o F Wetol=9] 3
L 2% £ Bud ugdS BF Awstadot. 28y, $32e 11E magainin 1184
9ol 630 molde FREsF WsA wgiTh =, sl AnERE £Ed s
magainin I1&} o] AHEE bactericidald}A &o]2|qt magainin 112t ©e] AJ3E2]
2| A ute] 2HgsiAlE ¢ the 2 BAdstach eli the® FE- 117 AlE
o] oji ¥elol BB 7S st

2) Bxal 11 2] g4l AF
2xel 11 o AE olael Bg E9E Blsly] slsjed, FITCE JAY ¥z

IL 9} magainin 11 & chg@ol AeIsi o1& confocal laser W3 & olgsiol B
13l = H3E2] 11 ¢} magainin II o] 3-8 WH3lR] Qkaic)

—

A=l 3001]*‘]911 7E]-°] e B3 II = magainin 11 & €] A¢ HAAINsER
T} W42 oA MEwE T3ty AEL] cytoplasmol] FAHEAUTE o] HAUZ F
27l 11 ¢ Z&FE e

srgwElol =A™ Mo XA wo] ofuel AMEuj]
cytoplasm o] ah= A aela, a3 31oxe} o] F=Z: 1T = DNAL

o o
RNAof] Z+31A] AddrE #elstgich

Fxel 11 ¢ I fFEAES] 3x9d TRl BEY] BAE ZABH] #1851 o]
2] LZE (D spectruns ©]&3lo] &A1t (F 13). N-U%t random structure
& A B a-helixZt F713135L N—%‘:POE—‘%E% o 2tA]sted sEto]l= 2]}
6-21, 7-21, 8-21, 9-21, 10-21, 11-218 &< FEA2] A% a-helix®] oFo] &3}
Hog Zadhe ZAE& Hstych W C- ‘QEPOM 4 A7 AABt ygIo] ¢
AH3] AletR fEAL] A e-helix EZ AF ¢l A= et o] AE
2HE §EU 119 o-helix?] @3} Fao] FuldBAsL &S FAstaieh 0
™ proline-hinges leucinelE X3t FEH2 AL a-helixs F7I5IdoL ) 3}
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B

Bl %

£l

St= 2122 Hol proline-hingeo] 2J3le] A7l F2AY
= 3k

2l 112] truncated analogueE2] cell I FX%818& FACSE o]&3}o
3 32004 H uiel Zo] o] 7HA &2 BUF(5-21)°] cell Ui
ZE519 51 buforin 11, BUF(8-21), BUF(5-20)2] <X & cell JEE]
= 2L Hsidch o] HAIAE buforin 11 FEAEL FFFL

cell YH-22] I F5o] WHI BAE /X2 Id&& ¥ 5 AUt

)

1) BE3 2] AU BE AT A7

FEZ I o FEAES cellE Eo7t ¥HF2EE 3P cell UZ Eo7l=
582 Ao|7t vl Ll Aol AR Uiyt FEY 119 dAfolAe 2
€712k FHE3st7] $8le] in vitro transcription inhibition assay?} in vitro
translation inhibition assayS $£35te] FXE@l 117} cell®] RNA, thi#lzl JFAdof
o JFgS nx= AE RABIATL

7}) In vitro transcription assay

Ndel H|T¥EAZE  linearizer]Zl ZelAnl= pUCl9 1lugell nucleotide, [a
-32P]CTP, transcription #3, RNase inhibitor, 18] T3 RNA polymeraseZ E7}
slgdtt. o] mixtureo] FHFOE BRI FII8H= HI‘E‘II ANEEE B o=
37ColA 1417t E¢ incubationA]# A transcriptES formamidef} 412> Fof
boilingX]|# 17.5% formaldehyde® %833l 9l 1% agarose gelifolld #H7|dF o}
gl Ar7jdEo] Tyt Fof gelS vacuumAtollA] AR A]F]5L autoradiographic film
o7 BAstact o Azt B3l 118 271 713 ulg} transcription levelo]
HAx}H o7 AT Y 4 gldrt (27 33 A).

L}) In vitro translation assay

pUC19 EelAn|=of &x)8t= LacZe} B-lactamase FHAIEE translationA]F]7]
23l E. coli T7 S30 Extract SystemE AR&3}2iTl pUC19 lugoll [**S]methionine 5 1
Cizb E coli T7 S30 extract® HJIA|F|2 FHA R Hr7t 75k FEIIT A
et the 37ColA 1A]7t 5¢t incubationA]HcTh o]FA It LA
translation productEL 15% tricine-SDS polyacrylamide gelXtollA] ++&|8}o] PVDF
pembrane ©. % transferdt ThZ, autoradiographic film©e 2 £AJ3tgict I ZH2} §
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2] 118] =%7} Z71%o] ulgl translation levelo] FxjFow zZrATHS Zoigt
3 3

t}) In vivo translation assay

pUC19 ZglAn| =& 7R3 Q= E coli & nid-logarithmic phase 7}A] F|&
# 10 uM NAPBE vashing®t Thg o|®A &u¥ E coli AXE 1lml (10° CFU/ml)o]
FHRAoT Eryl Zrypsie Exal 11 AEEL Atz 37ColA 1417 Zet
incubationA]|Zt}. o} 7ol 100mM IPTG 15 ul, 5 mg/ml ampicillin 15 ul, TSB 470 ul
H71er T tiA] 37CojA 5417 59t incubationA]ZT}, 28 Tt} snoicationd
8] E coli MEZEE m2sta o8 A 3ty @2 homogenatel] B-galactosidase &
£ B-Gal assay kit o]&3lo] EAsledrt. 2 A3} in vitro translation assay
o] Az}l npEvix|E Hxel 118 %7t 2718 gl translation levelo] A x}

o

o= PATS FAY 4 oot (2 34).

N1o ox, ofn im

o AL HxEal 117} cellL|E o7} DNA/RNAR} bindingd}o] transcription/

translationg A3t 28712 J7IA I A& A|A3T)
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A) (B)

= 10’ —_
g E o2
™ 106 =
s [~
= lae}
> 103 <
@ », G158
T 104 Z
s 10 2
= 2
O e 2 orof
= =
= 13 L
3 1 2
) 0.05
101
109 f 0.00 1 L 1 1 1 1
0 10 20 3¢ 40 50 60 o 10 20 30 40 50 60
Time (min) Time (min)
%l 29, Kx2l 119} magainin 112] bactericidal B4 3} cell lysis &
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(A)
0.5 pg/ml of 4 pg/ml of
FITC-labeled buforin II FITC-labeled buforin Il

(B)

FITC-labeled magainin2  FITC-labeled magainin 2

20 pg/ml of 50 ug/ml of

" L]
v

@ 30. FITCE |43t Y32 112} magainin I1E A28t A2 confocal
ol ihage
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DNA binding assay
Buforin IT Magainin 2

T R ENCPR P

RNA binding assay
Buforin IT Magainin 2
L | ] |

19l 31, B33 JI ¢} magainin I1 2] Gel retardation A 3.
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HEoj = a-helix &
Buforin II 43
BUF (5-21) 52
BUF(6-21) 45
BUF(7-21) 43
BUF (8-21) 22
BUF(9-21) 20
BUF(10-21) 18
BUF(11-21) 15
BUF(1-17) 0
[Lys®][Lys®][Leu’]1BUF(5-21) 64
[RLLR]s 82

¥ 13, Bxa 118} 1 §EH59 ¢-helix
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100

50+

100

50

e
[}
[an}

<
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(o]
(o)
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50~

O}

O TN TP Y

100

50+

0

—

0

18 32, FACS analysis

10’

10°

10°

Fluorescence intensity

of E.

buforin II and its analogs.
A: 10mM NAPB, B; 16 pzg/ml of FITC-BUF(5-21), C; FITC-buforin II, D;
FITC-BUF(8-21), E: FITC-BUF(5-20).

coli cells,

_.78_
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> S
S . S
»~§ D~ s DN o

fac Z .

3% 33. Buforin II7} in vitro transcription3} translatione] njx]: o3},

1.0 T
—

= E 084 EW L 6.5
& & a @
o3 'Cﬁ ‘ \'f,
ZE 06+ L 6.0
= =
F A 3
E& 041 55 0
g8 s
=2 £
oh © 4
& E 3.2 4 50

=
L

Contro} 2.5 b3 10

Buforin I treatment (pg/ml)

3% 34. Buforin 117} in vivo transcription?} translationo] u]x]i= of 8},
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6. ¥aWetol=e 4 % @Y A7

Fetel= metal 1, B2l 11 9 I FEAEY cytotoxicityd] §FE =
o] Tyt hemolysis assayE& ©]&3lo] &A1t 3wle] HYFLE pH 7.49
phosphate-buffered saline(PBS)E® washing¥l Fof F A3t buffer® & volumeo]
20mio] HE=& 3AE F o]y A 4]V I suspensionS HEF| = 7H200 zg/ml)
10214 o] 3+ 7} microfuge tubeoll 190 z1% E7|stgt}. o] tubeESL 37 °Col
Al 3027 incubationA]Zl ¥ 4,000rpmof| A 587 QAR ESl3, Zb tubed] AFE NS
100 1% 2]8]A] PBSE 10u] ]2t Fof absorbanceE 567 nmoj A Z&A3s}eict. e}
ol= tf4le] 0.1% Triton X-1002.% X 2|3t HYPL sample?] absorbanceE 100%
hemolysis® A2J3l3 o]o] T3t T}E sampleE2] AthA absorbance® percent
hemolysis® & 2]s}gict.

wtetal I, HE=Egl I ¥ 3 HFEAEL hemolysisZ} 0.02m]3reld]  n]3)
cytotoxicdItll U2 F melitting 0.6450] o2 hemolysisE LIENCE (& 14,
15). o] melal I, Hxagl 11 W |EHEo] cytotoxicityZ} A2l ¢ Ueld
th s FEAE sYE 53 HEAME melitttin AEEAH L UEY W
A omhepal 1, B2 0 U 3 {REAEL 540] gl

Peptide ODss7 (conc.= 1mg/ml)
Parasin 1 0.011
Pa(1-17) 0.013
Pa(1-15) - 0.012
Pa(1-14) | T 0015
Pa(2-19) 0.010
[Al]Pa 0.014
[S4Pa 0,013
[R']Pa 0.010
Melittin | 0.645
0.2% Triton X-100 | T 0.658

F 14. vteil 13 2 § =452 hemolytic activity
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% Hemolysis of huame red blood cells
(;‘;ﬁl) 5 10 25 50 100 200
Peptides

Buforin 11 0.00 0.05 0.12 0.23 0.24 0.35
BUF(5-21) 0.01 0.03 0.13 0.19 0.21 0.31
BUF(6-21) 0.01 0.05 0.09 0.15 0.19 0.23
BUF(7-21) 0.02 0.12 0.12 0.16 0.21 0.29
BUF(8-21) 0.02 0.05 0.11 0.22 0.26 0.41
BUF(9-21) 0.01 0.06 0.14 0.18 0.22 0.31
BUF(10-21) 0.06 0.08 0.21 0.22 0.26 0.32
BUF(11-21) 0.02 0.09 0.12 0.24 0.34 0.52
BUF(1-17) 0.00 0.00 0.00 0.00 0.00 0.00
BUF(5-20) 0.05 0.06 0.16 0.32 0.43 0.74
BUF(5-19) 002 | 013 | 015 | 026 | 050 | 0.59
BUF(5-18) 0.03 0.12 | 0.14 0.23 0.42 0.88
[K“I[K°][L'] BUF(5-21) 0.04 0.23 | 0.67 0.85 1.24 1.76
[RLLR];s 0.34 0.76 1.32 1.65 2.12 2.24
Melittin 45.21 | 63.83 | 81.45 | 90.03 | 99.10 | 99.21

3 15, 33 118} O FEAHE2] hemolytic activity
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7. FdHelol=2] Pt A o] gAF
7h. A8 Elol= §3tol 23t A Eloj =] Uy o Pt

FaHElo| =2 JGHSHE F3Islr] T AW Zo] g FHIFE ZtE= AEY
Elo]=E AT F AEd idHeto| =2t FHElO|E buforin 112 FAAE &
sty ZtZb vectorol cloningdtgdti. o|wl buforin 112 {AX} ofZ Lo
methionine encodingdl= G A EE TSI multimer® U3 Tof] CNBroj &]s}od
monomer® Attt o] o]§H 4 AUEE Frt. AbdHelo|=g AEH modified
magainin intervening sequence (MMIS)¥= %% Lo cysteine encodingdls= Q7] A
d& FIste] HEfol= ol AZAEE FUIANZE £ UARF adsidct (2y
35). ol& AMdfElel=E /RAAEE ARF PCRo| &3t buforin II FHARet
in-frame & fusion¥t Fof gene amplification system& ©]&3}o] olE &% &3
218} multimer&& AZRIIATE (28 36). Zzte] FH-FAA] oistd 1, 2, 4,
6-mer?] multimer&< F-AA}F W vectorQl pET2lc vectorE o]|L£3lo] WA &
b a3’ 373 Zit}. Buforin@te® FAAHE multimerS2} w2 E ul o|E §&A
Zte] multimeri= AR O 2 WP H=7t wlf ol A& & 4 Udrh =T ol&
S Elo] =2 multimerE-2 BE-F inclusion body HElZ W@

UEd FUPelo| = multiner2HE &8 R Y buforin I1E #2[8}7]
dlod 20L fermentorol MMIS-buforin®] 6-merE X3l UH vectorE 71F I
£ZNZE w3l IPTG inductiono] &3te] WS §=3lgdct wWHH -SyE}
o] 6-mer® inclusion bodyE ¥-e|sle] CNBr2 Hxt & Fof, QAE-Sephadex
Anion-exchange chromatographyol] 2]3}e] buforino] EFES] Q&=
& Egj3dtedr}l. Unbound fraction® ZXE Cl18 reverse-phase HPLCol| 23} 431
2 2%+ buforin 118 H2]3tgct. 278 HA ©AEE sampleE-& SDS-PAGES] &3}
o £4% 73} W HPLC chromatograno] 1% 383} o, Zhzte] FActAel wE
purification tableo] ¥ 162} Ztl.

23yt 2% buforin 118 EA} o homogeneityE& FHH3I7] 23t
Matrix-assisted laser desorption/ionization mass spectrometryE o]-£3}2131, o}
et NEe $N% A7 MY AZY buforin 118 ExpEe 2512 Daold,
C-terminal®] homoserineZt7|& A&3td A3 Y] buforin 112} AXTSE ¢
4 olodrh. =3, FAH AZY buforin 18] FFBLE FA317] #st o2 7}
=] n]AEESo] ti¥! minimal inhibitory concentration® &A% ZAz ¥ 173} ol
2] buforin 118} 22 FFELE 7/ Aol YW AL

unbound fraction
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. mRNAS] 3 F7HE T FEHEl= i Fd

el SHES T3 AEHEI=E 2HA FEE UReE WEA A
size7} 2 mpultimer Q1 A% sizeZ} Z-E multimero] ujs] WEH FZo] WIS 3
olstadtt. olal AL  ZESIy] ¢)s) transcriptionz}  translation®]
synchronization®|l} DeaD-box proteing o|&3ro 24 mRNA2] HAE& ZF71A(HA

sizet 2 wEMElol= ZTAS YHe FuiAE AFE SAstAch
1) Transcription®} translation?] synchronization 2| 3k

Transcription®} translation®] synchronizationg $¢I3iA 1% 39 Aet Zo]
expression vector pET21cEFE| T7 promoter #$]& HAASZ 2 Fgo tac
promoter® cloningd}gdtt. ©o|Z-& T7 RNA polymerase Cthilell E. coli RNA
polymeraseo] &]3}ed wWlo] =X =& O FH transcription?} translationo] Z
2 452 AWHTE slo] nRNAY} A EE sh= T7t sk ofe} o] AF
H vectorg] tac promoter downstreamoi] S3HElol = B-A 28] multimer& cloning
stod multimerSe] WEL ZAMgH Az} 1% 39 Bo A&} Zo] 12-, 24-, 36-mer O]
size7} Z multimer® Z4=E T7 promoter® o]-&3l= Z KT} tac promoterE& ©]&T
Ao) WHo] A HE A STy

2) Dead-box proteing o]|&-3F wRNAL|1 A F7t

DeaD-box proteing o]-&3tod oRNAS] H¥AHE F7IA7]7] 2184 DeaD-box
protein} §EHElO| T multimer7} Z2 cellufoA WAEEF 17 40 A%} 2o
7122] T7 promotere] 23le] g¥FElo|= §-H=}7} WAFH= vectoro] DeaD-box
gened cloningd}o] WHH DeaD-box proteino] FIHWE}O]Z multimer®] mRNAO] m
A= QA%e 243 A3 33 40 BollAet ol 12-, 24-, 36-mer Zo] sizelt T
multimer & 248 4y FE7t F23] FAEE AE WH & AATH

PPHoISE ARE oSl ThE AU The wRW FuHElel=9
A R A S
ofl QAE-Sephadex

Anion-exchange chromatography® <33}# unbound fractionofl= sl slElo] =nto]

o,
o
I
do
il
X
1o
oY,
o
-
o,
f

a,
Q

3

jon
a
<

(i
2l
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z
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ZFE ] A Hrh o]AE C18 reverse-phase HPLCE of oJslo] o543t zj=3t 3t

I
T Elo] =ErtE Felstolrt
oh. Fddelol= P A3 =24 75 4 UE3 AT

FAgetol =] thyf BihE iste] &% WARAY XA URRAS A}
L @78 ST Complex mediung o1 BT UES AP A YEANL #
EotA AHE  ARAIR /A vfFE o] 8T thRgate] F-fol: uix| e siFo]
35 3tal foam] PO E Qs o] Ztsly] wfEol defined mediung AHE-3}7]
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Primer I Primer ¥

pBSX3~———fMagainin 15} { Buforin i }—— pBBS1-Bl
Primer © Primer E
Modified magainin IS (MMIS) Buforia 11
z 3: ) v«i g 3!
3’ 5! 31 5!
# Primer ¥
8 3 -
3f 5'
Primer G

Bbst  MMIS.Buforin 1T (MB)  Bhsl
snmmslie- Ap——
] | MMIS l‘ Buforin I L_‘ B

- o
- % .
- N - .
- Y Rl

. N -

o -

Cleavage with Bbsl
and cloning into Bbsl-cut pBBS1

pBBS1-MBI

2 35, AbgwEtel=-FE I $HA KR4 Az

_85_



BamH} Bbsl i Xbal

~GGATCCGGATGCGAAGACGGCCCCGGETCTTCTA -
-\Cg‘iGGCCTACGCTTCTGCC GGG%CCCAGAA%RT%%%E—
Bbst o

\

with Bbsl COCCI ™ "Ti /M iz 5 fbiﬁ*
’ (Genes to be amplified)

Ligation

pBBS1  Bampu sbs)

Cleavage
with Bbsl

cecer ng R

L

1 Seifdigation

n
{CCCCB/MB. lscas )

Cloning into
1 Absl-cut pBBS!

pPBBS1  Bamp sos) —— n HindHl
(‘ i [ e e 3 J—
Bhsl
Cleavage with
Band1l -+ HindHl
Cloning into
BamB1 + Hindlll-cut pET21c
pET21¢c  Bamiil BbsI n  Hindill
I [ . A——-
17 promotier Bbat T7 terminator

1% 36. Gene amplification vector pBBS1S ©]&% Agdfelo|=-F-3x3

11 %A 84 =2} multimerization
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bp
2686w

b419—
YH—

-,
=
e

Wy e

| R

a3 37, AdHetol=-Fxd 11 $3A FAxEe] UH. A, g8A $AR
o] Ad719%. M:; marker, 1: pBBS1 vector, 2-5: pBBS1-Bl, -B2, -B4, and
-B6, 6-9: pBBS-MB1, -MB2, -MB4, and -MB6. B. § %A FA=xl2] tF o]
A ¢] W&, M; marker, 1: BL21(DE3), 2: BL21(DE3) containing pET2lc, 3-6:
BL21(DE3) harboring pET21c-Bl, -B2, -B4 and -B6, 7-10: BL21(DE3)
harboring pET21c-MB1, -MB2, -MB4 and -MB6.
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Relative infonsily

Absorbance unit {214 nm)

1
H
08 1
It
o8 i } Tour 2000 3600
[ é oz
0.4 Ela
. iRLIP
¥in
5 3
0.2 £ %
hf
F e e d
e el S RT——
0
3 20 40 6l 0 i

Fie (mia)

% 38. pET21c-MB6E 7FA|L gl i@ BL21(DE3)elA] 4HE FA =4 ¢
|z buforin 119 ¥a|FA. A. SDS-PAGE analysis of purified
recombinant buforin II. Lanes Ml and M2 represent molecular weight
markers, Lanes 1 and 2 show total cell proteins before and after
induction, respectively, Lanes 3 and 4 represent inclusion bodies
isolated from  total cell proteins and solubilized inclusion bodies
cleaved by CNBr, respectively. Lanes 5 and 6 show unbound fractions on
QAE-Sephadex chromatography and recombinant buforin II purified by HPLC,
respectively., Lane 7 is the natural buforin II. B, Purification of
recombinant buforin II by reverse-phase HPLC of unbound fractions from

QAE-Sephadex chromatography and determination of purity by MALDI-MS
(inset).
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Protein of

Total protein interest Yield
Purification step (mg)* {mg)* (%) ¢
Crude extracts” 1290.0 670.8 100
Inclusion bodies 998.1 665.7 99.2
QAE chromatography
{after CNBr cleavage) 124.9 119.0 17.7
HPLC 107.0 107.0 15.6

¥ 16. E. coli. 25 ¥ ZAZY buforin 119] &g

Minimal inhibitory concentration

{ug/mb~
Recombinant
Microorganism buforin II  Buforin II Magainin II

Gram positive

Bacillus subtilis 2 2 50

Staphylococcus aureus 4 4 50

Streptococcus mutans 2 2 100

Streptococcus pneurnoniae 4 4 50
Gram negative

Escherichia coli 4 4 100

Salmonella typhimurium 1 1 25

Serratiz sp. 4 4 50

Pseudomonas putida 2 p 50
Fungi

Candida albicans i 1 25

Cryptococcus neoformans 1 1 12

Saccharomyces cerevisiae 1 1 25

X 17. AZF buforin II, natural buforin II 2} magainin 112} uj2Eof i
3t A .
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N-terminal amino acid A EEA: £4-E2]3F PR-5 W2 2] N-terminal amino acid
9] ofmjxat AFE& a7 2-72F k3 database search Z 3} PR-5 group?] whia gl

2 & 4 Qi

1.2

1.0

0.8

0.6

0.4

Absorbance at 585nm

713 2-1. Comparison of chitinase activity in the cytosolic fraction of
various plant leaves. Chitinase activity in 10 g soluble proteins
extracted from various plant leaves was measured as described in
Materials and Methods (A). 20 ug of soluble proteins from the two sample
having relatively higher chitin hydrolyzing activity (lane 5 and 6) were
separated on a 12% SDS-PAGE gel containing 0.01% glycol chitin and
either stained with Coomassie blue (B) or subjected to active staining
of the chitinase activity in the gel (C). Lane 1 to 6 represent the
proteins extracted from the leaves of red pepper (lane 1), tomato (lane

2), soybean (lane 3), arrow root (lane 4), cucumber (lane 5) and pumpkin
(lane 6).
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%) 2-2. Purification of the chitinase (PL-ChtIII) from pumpkin leaves.

Proteins obtained from the ammonium sulfate fractionation were applied
to a regenerated chitin affinity gel and eluted with 20 mM NaOH solution.
The arrow ( | ) indicates the starting point of enzyme elution (A). After
the pH of the eluted fractions was adjusted to pH 7.0 immediately, the
elute was combined and concentrated in YM 10 amicon concentrator. The
protein was further purified by HPLC Mono-Q column chromatography (B).
Protein concentration was measured by the absorbance change at 280nm
(A280) and the fractions containing chitinase activity were pooled as

indicated by bars in the chromatogram.
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: 1
Enzyme sources

. . . 2
N-terminal amino acid segeunces”

PL-Chtlll
Cucumber
Tobacco
Arabidopsis
Pokeweed

AGIAIYWGQNGNEGS
AGIAIYWGQNGNEGS
GDIVIYWGQNGNEGS
GGIAIYWGQNGNEGN
AGIAIYWGQNGGEGT

' N-terminal amino acid sequence of cucumber (Metraux et al.,
1989), tobacco (Lawton ef al., 1992), Arabidopsis (Verburg
et al., 1993), and pokeweed (Ohta er al., 1995) were compared

with that of PL-Chtlll.

oI~ . .
“The conserved amino acids are marked as bold characters.

7%l 2-3. Comparison of N-terminal amino acid sequence of the PL-ChtIII

with those of other class III chitinases in plants.
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Absorbance at 220nm

o 10 20 30 0

Retention time (min)

3 2-4. Analysis of reaction products of the purified PL-ChtIIl for
swollen chitin as a substrate,

The purified PL-ChtlIl was incubated with swollen chitin for 30 min (B),
1 h (C), 2 h (D) and 4 h (E). After the reaction, 40 £ of reaction
supernatant was collected at the indicated time-intervals and injected
into a carbohydrate analysis HPLC column. Panel A indicates mixture of
chito-oligosaccharide standards, N-acetylglucosamine (1), chitobiose
(2), chitotriose (3), chitotetrose (4), chitopentose (5) and chitohexose
(6).
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33 2-5. Effects of temperature and pH on the PL-ChtIIl activity.
Chitinase activity was determined as described in Materials and Methods

at different pH and temperatures.

- 118 -



A 280

1.0 = 1.0

%05 | P 05 =
< .7 S
[}
. z
0.0 ~ . . 6.0
0 5 10 15 20 25
1.0 — 100
¢ = -’ -
z o %
N g5 L’ 4 50 -
<« & .t A g
3
. b
P A o
0.0 g g e 0
[t} 20 40 60 80

Fraction number

% 2-6. Purification of the BFTP from flower buds of B. campestris.
Proteins from 2 kg of flower buds of B. campestris were extracted as
described in Materials and Methods. Proteins obtained from ammonium
sul fate fractionation (20-80 %) were separated with a butyl-toyopearl
column (A). After pooling the major fractions with antifungal activity,
they were dialyzed and further purified by consecutive chromatography on
HPLC Mono Q (B) and reverse-phase C18 columns (C). During the
purification, the BFTP activity in the column fractions was assayed by
hyphal rupture and growth inhibition of N. crassa.

pBFTP MASLNFNFALLLLISRASASTVVFFNKCRYPVWP
| signal sequence ——
BFTP STVVFENKCRYPVWP

1% 2-7. Comparison of the N-terminal amino acid sequence of pBFTP with
the peptide sequence determined by Edman degradation technique.
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mechanismg
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S {EY 5 oddrt (¥ 2-13).

o Hr @

33 2-8. Antifungal activity of the PLTP measured by hyphal
extension-inhibition assay against Neurospora crassa (A). To perform the
hyphal extension-inhibition assay, fungal mycelia of F. oxysporium (A)
were harvested from actively growing fungal plates and placed into the
center of petridishes containing PDA media. After incubation of these
dishes for 24-48 hr at 25°C to allow for mycelial growth, the PLTP
protein solutions were applied to filter discs laid on the agar surface
in front of the advancing fungal mycelium. They were further incubated
and measured the growth inhibition of fungi at 25°C. The amounts of
protein added onto the disc are 0 pl (disc #1), 2.5 pl (disc #2), 5 ul
(disc #3), 10 ul (disc #4), and 20 pl (disc #5) of the 2 pM PLTP. The
total volume applied onto each disc was adjusted to 20 pl with the
addition of 10 mM potassium phosphate, pH 5.5 buffer.
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% 2-9. Identification of SSTP's target sites on fungal cell. For
hyphal rupture test, 10pl of 0.2pM bovine serum albumin (A) or SSTP (B,
C and D) in 0.005% methylene blue was dropped onto the hyphae of N,
crassa in PDA media on a slide glass. The hyphal tip (C) and septum
region (D) are magnified. The morphological changes of the fungal hyphae
was observed using inverted light microscope (A-D). After the SSTP
treatment, the calcofluor white M2R was treated again to the bursted
hyphae and washed unreacted reagent at mild conditions. The fluorescence
illuminated from the binding of calcofluor white M2R with the fungal
cell wall was detected on fluorescence microscope (E). As a positive
control, calcofluor white M2R was treated after S. marcescens chitinase
treatment (F). Magnification of the microscope for A, B, E and C, D, F
are 40 and 200 folds respectively.
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33 2-10. Antifungal activity of the PLTP on hyphal rupture of
Neurospora crassa. For hyphal rupture test, 10 pl of the purified PLTP
(200 nM) in 0.005% methylene blue was added to germinated hyphae of M.
crassa in PDA plate (B, D and E) and BSA was treated the same procedure
as a control (A and C). The resulting hyphae were photographed using
phase contrast light microscopy at 40x magnification (A and B) and 200x
magnification at hypbal tip and septum regions (C, D, and E).

78 2-11. Synergistic effect of the PLTP with nikkomycin for growth
inhibition of Candida albicans. 10 nl of 400 nM PLTP (1) or 5 uM of
nikkomycin (2) is loaded on a paper-disc. 2 pl (3), 5 nt (4), and 10 nl
(5) of the 400 nM PLTP were loaded onto paper-discs containing 5 M
nikkomycin, respectively. The clear zones around the discs represent
areas of growth inhibition. The total volume applied onto each disc was
adjusted to 10 pl with the addition of 10 mM potassium phosphate, pH 5.5

buffer.
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1% 2-12. Heat absorption curves of the CFTP upon heat treatment by
micro-DSC. Thermal denaturation of the CFTP was measured by temperature
changes from 10°C - 90°C with a scan rate of 0.2°C/min (A) under the
Nz-pressure. To examine the reversibility of the protein structure, the
denatured protein was slowly cooled to 4°C and rescanned thermal
absorption with the same procedure (B).

BSA SSTP

trypsin mrypsin  chymotrypsin
1 2 3 12 3 123

o i

— el

T - < g
e

1) 2-13. SDS-PAGE on 12% polyacrylamide of proteolytic digestion
products. The proteolytic enzymes of trypsin and chymotrypsin were
incubated with bovine serun albumin or SSTP for Omin (lane 2) and 30min
(lane 3). In lane 1, low molecular weight standard was applied. Note
that only the trypsin-digested BSA was shown, since it was completely
digested by chymotrypsin.
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7}, Zul aox] Ee]gt Zest shd A 2] novel class 111 chitinase &4
2 2SI fAA 2RYa BAEY

&=2-2]8t chitinase 2] N-terminal amino acidZ-%E] oligo-primer #|Z3}o]
o QozrE AZT oNA libraryE AZdelo] of UG TR fAA
Fa|gt Z3} 1,019 basesES 7IX|3 91212 861 bp 2] open reading frame (ORF)
AND TAe 29U o 4 Aot (2™ 214). N-terminal of 2074]
signal sequenceE 7}X|Z 9¢ e 67]8] highly conserved cycteine ofnm|:4h2 4
L5t gyt mE3F 1253 127H0] aspartic acid @ glutamic acid £] active

L5l ges o £ gart (28 2-15).

X

15

siteE
1}. Novel class III chitinase #4 -F3A=}2] W& pattern F4§

738 % A& 7t class 111 chitinse® probeZ Al&3le] o] fAx}Y] wWdd
patterns ZA}s) B A3}, o] {FAR}= HYF elicitors @l glycol chitin, fungal
elicitor, mercuric chloride & UV Sof 2]3lo] 78314 wde] F=HES & + o
Az (2% 2-16), o1E2] Hzalo ste] oF 1417 olufoll uRNAZ} WRE o] HH
Bool thE YoiF FAABHA O} ol ZHE oF 2N Fol Dol UHHS B
SR E A fARP] W} A Z ) expression Alo]olls 204 ZF FEL] A[ZHE %
o7 ZAlTrE Wskth (T8 217). B o] WA WHL FT ) anther 2}
stignao Al LWHE R A AlEo] WAz AHe] dints] 2% Jeg £AVS
4 glgith D93 of HAAE genone HoIN 271 B isotyped T

Southern blot analysis Zz}, eyt &= g} (28 2-18).

e

o n.

o}, W2 ZojA B3t AT }F BA 2] thaumatin-like proteing 319

%%
sle AR B fAAY FREY

2=2=H.3]3} PR-5 thlA 2] N-terminal amino acid®] olm|i=it M E=RE AT
amino acidZ®E deduceddt oligo-primer #|Z¥t F brassica flower cDNA library
2ae of Bde YSHs RAAE T2YsEch T 27 033 hasesE THH Y
o 7237] bp2] open reading frame (ORF)& 7}x|3L 1213 197}2] signal sequence

AA
2 X3 ks ARS o $ gt (IF 2-19). eFEd A ERY Az
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gt oligonucleotide probeE ©|-&3te] o] vhild g FIYsl= FAAE AR o|&
databaseol] E¢13}e] homology search& ¥+ A3} 1% 2-203 Zo] PR-5 vhAS

o
=
2Yste gAY BAY 4+ ok

2}. Thaumatin-like protein -2 x}2] U LA

PR-5 §AXE probes AMESlel o R WA patterng o] 23 t}
% extracellular stimuli®] Helol o8 WHREE ZARE A3} o] FHRE A

13 <!
E2] flower$} stemolld] FE UPEHO 7]%E FREE & + A
blot analysis®] A¥A}E= 19 2-213F Zrt

32

t}. Northern

CCCGGGGGCAGGAATTCGGATCCCCAA 27
AT TGCTCTATTAGTITATGTICCTCCT: TTCCATTTICCGATCATCCCACT! 87
M A A L L VvV M F L L A A S I F R S 8§ H A (20)
GCCGGAATCGCTATTTATTGGGGCCARAACGGCAACGAAGGCTCTCTPGCTTCCACTTAC 147
A G I A I ¥ W G Q N G NE G S L A S T Y {40)

GCCACCGGAAARCTACCARTTTGTCAACGTGGCATTTCTCTCCTCCTTTGGCAACGGCCAA 207
A T G N Y § F VNV AF L 8§ S F G NG QO (50

TCTCCGGTACTCAACCTCGCCTTCCACTGCAACCCCGACAACAACGGCTGCGCTTTCTTA 267
$ P V L N L A F HCHN P DNNGTC a F L ({80)

AGCAGCGAAATTRACGCCTGCCAAAGTCAAGGCGTCARAGTCCTCCTCTCAATCGGCGGE 327
s $ E I N A C Q@ 8 Q 6 VvV K V L L 8 I ¢ G (100

GGAGCTGGAAGCTACTCGCTCTCCTCCGCCGATGACGCGGCACARGTAGCGAATTTCATC 387
G A G $ Y 8§ L S S A D D A A Q V A N F I (120)

TGGAATAATTACCTCGGCGGTCAGTCGAGCTCCAGGCCAGCTACAGACGCCGTTTTAGAC 447
W N N Y L 6 G Q0 S $ 8§ R P A T D A V L D (140)

GGAGCTGATTTCGATATCGAAGCCGGGTCGGGTCAATTCTGGGACGAACTTGGCCCGRAR 507
G A'D F D I BE A G S G Q F¥ WD E L G P K (160}

CTGAAGGGTTTGGGTCARGTCATTATCTCCGCCGCGCCGCAATGTCCGATCCCCGACGCG 567
L K G L 6 g VvV I I 8§ a A P Q C P I P D A (180

CACTTGGACACTGCAATTRARAACCGGGCTGTTTGATTTCGTCTGGGTTCAATTCTACAAC 627
B L b T A I KT G L F D F V WV Q F Y N (200

ABCCCGCCGTGCATGTTTACTGATGGAAACACTAACAATCTCCTCAATTCTTGGAACCAG 687
N P P CMF TDGNTNNZILILN S W N Q (220

TGGTCCACGTTTCCGGCCGGGAAGCTGATAATGGGGCTCCCGBCGGCGCCTGRAGCAGCT 747
w $ T F P 2 G X L I M G L P A A P E A A (240)

CCGAACGGCGGATTTATTCCATCGGATGTCCTTATTTICACAARTTCTTCCGACCATARAA  BO7
P N G 6 F I P S D V L I § @ I L P T I K (260}

TCAACTTCCAACTATGGAGGAGTTATGTTGTGGAGCAAGT TTTTTGACAATGGCTACAGEC 867
S T § N Y G G V ML W S XK P F D N G Y s (280)

GACGCCATTAARGGCAGCATCTAAGCTARATTACTTAATTACCCATGARTARGCAAARRA 927
D A I K G S5 1 * (287)

ARATGGGCATTCTTGTCCTTTTTATATATATATATTTARATTTGTGTGATGTARTARAART 987
AAGTCTTTATTAAAAAARAARAARARAARACT 1019

3@ 2-14. Nucleotide and deduced amino acid sequences of the PL-ChtIll
cDNA. The nucleotide sequence of PL-ChtIIl is numbered starting with the
first nucleotide of the insert. Amino acid numbering starts with the
first methionine residue. Box indicate the sequences of signal sequence.
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Pumpkin AGIAIYWGONGNEGSLASYJATGNYQFVNVAFLSSFGNGQSPVLNLAFHC] 50
Cumcumber AGIAIYWGONGNEGS LASTCATGNYEFVNIAFLSSFGSGQOAPVLNLAG 50
Tobacco GDIVIYWGONGNEGSLADHCATNNYAIVNIAFLVVEGNGONPVLNLAG 50
Arabidopsis GGIAIYWGONGNEGNLSATCATGRYAYVNVAFLVKFGNGQTPELNLAG 50
F kA KkIEKAKkKA Kk * %% % * *k kk¥ Kk kdk ok hkkkkhk
Pumpkin NPDNNACRFLSSEINAChSQGVKVLLS IGGGAGSYSLSSADDAAQVANFL 100
Cumcumber NPDNN LSDEINJCKSONVKVLLS IGGGAGSYSLSSADDAKQUNNEI 100
Tobacco DPNAGHCIIGLSNDIRACONOGIKVMLS LGGGAGS YFLSSADDARNVANYA 100
Arabidopsis NPAANTCITHFGSOVKACHSRGIKVMLSLGGGIGNYSIGSREDAKVIADYL 100
* * * kk kk kkx * % * * Kk
s &
Pumpkin WNNYLGGQS SSRPATDAVLDGADFDIEAGSGOFWDELGPKLKGLGQ-—~— 146
Cumcumber WNSYLGGQSDSRPLGAAVLDGVDFD IESQSGOFWDVLAQELKNFGQ-——~ 146
Tobacco WNNYLGGQSNTRPLGDAVLDGIDFD IEGGTTQHWDELAKTLSQFSQQ-RK 149
Arabidopsis WNNFLGGKSSSRPLGDAVLDGIDFNIELGSPQHWDDLARTLSKESHRGRE 150
* ok LR * Kk *kkkk kk Kok * kx K *
Pumpkin VIISAAPQCP IPDARLDTAIKTGLFDFVWVQFYNNPHCMFTDGNTNNLLN 196
Cumcumber VILSAAPQCPIPDARLDAAIKTGLEDSVWVOFYNNPHCMPAD-NADNLLS 195
Tobacco VYLTAAPGCPFPDTWLNGALS TGLFDYVWVQF YNNPHCDY SGGSADNLKN 199
Arabidopsis IYLTGAPQCPFPDRLMGSALNTKRFDYVWIQFYNNPECSSSGNTONLED 200
kkkkik Kk * * * Kk kk kI khdkkkk *k
Pumpkin SWNQWST-FPAGKL IMGLPAAPEAAPNGGFIPSDVLISQILPTIKSTSNY 245
Cumcumber SWNQWTA-FPTSKLYMGLPAAREAAP SGGEIPADVLISQVLPTIKASSNY 244
Tobacco YWNQWNA-LQAGKIFLGLPAA-QGAAGSGE IPSDVLVSQVLPLINGSPKY 247
Arabidopsis SWMKWITSIAAQKFFLGLPAAPEAA-DSGYIPPDVLTSQILPTLRKSRKY 249
* * * LS Y * * kk kdkk k% k% *

Pumpkin GGVMLWSKFFDN--GYSDAIKGSI- 267

Cumcunber GGVMLWSKAFDN--GYSDSIKGSIG 267 (81%)

Tobacco GGUMLWSKEYDN-~GYSSAIKANV- 269 (67%)

Arabidopsis GGVMLWSKEWDDKNGYS-SILASV- 272(60%)

Kk KKk kK KKk * * Kk Kk *

% 2-15. Comparison of the deduced amino acid sequence of PL-ChtIlI
with other class III chitinases,

Gaps were introduced to maximize alignment. Conserved cysteine residues
are denoted by a box. The glutamic acid and the aspartic acid residues
proposed to be a part of the catalytic site of plant class III chitinases
are indicated by bold circles (1). Asterisks (H) indicate the identical
amino acid.
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13 2-16. Effect of fungal elicitor or glycol chitin on the expression

of PL-ChtIIl protein.
The expression level of PL-ChtIIl protein was measured by western blot

analysis using the soluble proteins isolated from pumpkin leaves after
the same treatment and same time-intervals.

01 3 6 12 24 48hr

MC <«1.2kb

GC <«1.2kb

a3 2-17. Effect of fungal elicitor or glycol chitin on the expression

of PL-ChtIII mRNA,

For Northern analysis, total RNAs were isolated from pumpkin leaves with
the indicated time intervals after fungal elicitor (FE) or 0.01% glycol
chitin (GC) treatment. The RNAs were separated in a 1.8% agarose gel,
blotted, and hybridized to a 32P-labeled PL-ChtIIl cDNA probe.
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1% 2-18. Southern hybridization of pumpkin leaf genomic DNA.

20 ug of genomic DNAs were digested with the following restriction
enzymes: Eco RI (lane 1), Hind III (lane 2), Bam HI (lane 3), and Xba
1 (lane 4). The DNA fragments were separated in a 0.8% agarose gel,
transferred to a nylon membrane, and probed with the 32P-labeled 1.2 kb

cDNA of PL-ChtIII,
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ccttgctcaagtggagetcegatcea 24
ATGGCTTCACGAAACCTCTTCAACTTCGCTCTCCTTCTTCTTATCTCTCGCGCTTCAGCT 84
M A S R N L F N F AL L L L I 8 R A S A (20)
TCAACGGTAGTATTCTTCAACAAATGCAGATACCCAGTGTGGCCAGGCATCCAGCCCATC 144
s T VvV vV F F N K C R Y PV WZP G TI Q P 3 (40)
GCCGCCCARAACATACTCGCCGGCGGTGGATTTAAGCTTCCGGCTAACAAAGCCTACACC 204
A A Q N I L A G G G F KL P A N K A Y T (60}
CTTCAGCTCCCACCGCTTTGETCCGGCCGCTTCTGGGETCGCCACGGCTGCACATTCGAC 264
L1 ¢ L P P L W S G RF WGURHG C T F D (80)
GGATCTGGCCGTGETCGCTECGCCACCCETGACTGCGGCGGTTCTCTCACCTGCAACGGA 324
G S 6 R ¢ R CA T GDOCGG S L T CNG (100)
GCTGCGCGGTTCACCTCCGGCARCTCTCGCAGARATCACCCTCGGACARGAGCTTGACTTC 384
A G ¢ S P P A T L A E I T L G Q E L D F {120)
TATGACGTCAGCCTCGTCGACGGTTATAACCTCGCGATGTCTATAATGCCGCTCAARGGT 444
Y DV $ L, VD G Y N L A M S I M P V K G (140)
AGAGGACAATGTAGCTACGCCGGETTGTGTAAGCGATCTARACCGGATGTGTCCGGTTGGG 504
R G 0 C S Y A G CV S DL NRMTCUP V G (l60)
TTACAAGTCCGGTCACGCAACGGGAAACGGGTAT TAGCCTGTARAAGCGCTTGCTCTGCC 564
., 0 VR S RN GZXU RV LA CIK S AC S A (180
PTCAACTCACCACAGTACTGT TGTACCGGCACGTTCGGTAACCCACTCACCTGCARAGCCA 624
F N S P Q ¥ C C T G T F GNUPILTC K P (200
ACGTCATACTCCAAAATCTTCAAGGTCGCTTGCCCTAAAGCTTATTCTTATGCTTACGAC 684
T S Y S K I F K V A C P K A Y S ¥ A ¥ D (220
GACCCAACCAGCATCGCAACTTGCTCCARGGCTAACTACATCGTCACCTTTTGCCCTCAC 744
D P T § I A T C S K A N Y I V T F C P H (240}
CATCGCCGTTARaatcacaattattaagaagaaatcatttetttattagcaaaatcttgt 804
H R R * : {243)
gttatgtaattgagaatctttgaggtttatgtttctacaattgtaacactcttgaaatgc 864
aaaatcctataacaatatcaatatcagtagattttfgttattgataacacttaaaaaaaaa 924
aaaaaaaaa 933

% 2-19. Nucleotide and deduced amino acid sequences of the pBFTP cDNA.
The nucleotide of the pBFTP cDNA is numbered starting with the first

nucleotide of the insert. Amino acid numbering starts with the first
methionine residue.
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3Ty ¥ 1 YFVWPGEQPIAPONIL%GCGFKIRPNKAY” €0
DPWIRZ ~LELLLAV-—~FRAAGASAATFN IKNNCGF T INPAGIPVS-—— GGFALGSGQTSS 52
THMIT ATFEIVRR”"VTVWAAAQKFUAA- LDAGGRQL NSQF&V” 38
MAZ - e RYFP TYVNQUPFTVWAASVE VG~ ~GGRYLNRGESWR 32
P2ROBLZ CEGQ{FVAYTHPPT VNQUTY TYWARAASPG— ——-~GGROLNSGOSWS 57
DLP EFVTY~-TYA~SGVFEVENNCRP Y TVWAAATD VG~ —m———— GGRRLERGQSWW 55
NPZ& FLLC-VTY——TYA--ATTEVENNCP Y TVRAAS PO TG~ ~GGRRLNRGQTWV 46
APZ4 [SNNMGNLRSSF\FF‘LJPLVTI‘~T!A—-ATI"VRNNCPYFVWAAOTPIQ ——————— GGRRLDRGQTWY 58
N * .k D Bl L3

VE’G”FGU.-WARTDCYFDDJGRCICQTCD GG LLQCKRI -RFETTLAEFSLNQYGK«DYEDISNIK 106
’TAPAF”TAAQ WARTGCOFDASCRESCRIGDCGGVVOL TG YG-RAPNTLAEYALKOFNNLDFFDISLID 102
INYNPGTYQARIWGRTINCNEDG SCRGNCETGDCNGMLEC DG YG—KPPNTLARF ALNQPMG-DFYDISLYD 125
FWAPPGTKMARIWGRTNCNFDGAGRGRCQTGDCGGVLECKGHG-KPENTLAS YRALNQFSNLDFURISVID 124
INAPRGTKMARIWGRTGCNFNAAGRGTCQTCDCGGVLQCTGHG-HP FNTLAL TALDQF SNLDFWD ISLVD 115
;NAPRGTKMARVWGRPNPNFNAAGFGTFQTGDCCCVLQTTFWC ~KPPNTLAEYATDQFSGLDFWDISLYD 127

Fek s ke kek Kk FEKkew o X S WY H - * oKk

GYNLAMS IMPLK— GRGQL‘YAuCVSLLNQMCEVbuQVRbRNGKRVLACKbACQAQNuPOY TGTEGNPL 196

e O G T e ~~GDAL 136
THMII  GFNVPMDFSPTTRG--~CRGVRCABDIVGQCPAKLKADGG———mm GCNDACTVFQTSEYCCTTGKG-~~ 164
MAT GFNVEMSFLP-DGGSGCSRGP REAVDVHARCE AR LAGDEV - mm = = CNNACPVFKKDEYCCVGEAAN-~ 162

PROB1Z  GFNIPMEFSPINGG==~CRNLRCTAP IMEQCPAQLKTOGG~— CNNPCTYIKTNEFCCTNGPGS-- 183
oLy GFNIPMSEGPTKPGRGKCHGIQUTAN INGECPGS LEVEGG - CNNP CTTPGGQQYCCTOGR ~~~~ 183
NP2 4 GENIPMTFAPTKPSGGKCHAIHT TANINGECPRALKVD GG~ mmm = CNNPCTTFGGQROYCCTOGP~ 174
APO4 GFNIPMTEFAPTNPSGGKOHATHCTANINGECPRELRVEGG == - = ~CNNPCTTFGEQ- YCCTQGP -~~~ 186
ke a %
TCKPTSYSKIFRVACPKAYSYAYDDPTSIATCS~~KANY IVIFCPHHR~—~—— - R 2432
“NYRIPRCPw—— e - 172(43%)

'KRLCPDAF SYVLDKPTTV-TCPGS5~NYRVTFCPTA/ LEL - 209(35.7%

- 206(38.8%

~ 226(38.1%)

—CEPTELSRWFKGRCPDAYSYPQDDPTSTF TCTSWT TDYKVMFCP YG/ SAHNETTNTP LEMP TS THEVAK 251 (28 . 4%)

~CQPTELS KKRCPDATSTPODDRPTSTFICPGGS INTRVVFCPNG/ VAD~~~PDFELEMPASTDEVAY 239 (27. 6%}
—((PTVFSKF?KQPCPDPY9Y3QDDPTSTF(CP;GSTNYQVIFCPNG/CA%———PN;PLEMPCa DEVAK 249(25.1%)
LT . Sx Ak

% 2-20. Comparison of the deduced amino acid sequence of pBFTP with
other typical PR-5 proteins. The deduced amino acid sequences of BFTP
(this work), P¥IR2 from wheat (Rebmann et al. 1991), THAII from
Thaumatococcus daniellii Benth (Edens et al. 1982), MAI from maize
(Richardson et al. 1987), PROB12 (Cornelissen et al. 1986), OLP (Takeda
et al. 1991) and AP24 (Melchers et al. 1993) from tobacco and NP24 from
tomato (King et al. 1988) are aligned for comparison. Stars (%) mark
positions of perfectly conserved amino acids and dots (.) mark
well-conserved positions. The amino acid sequence identity of the
proteins shared with BFTP is shown in the last column (%). The N-terminal
signal sequence cleavage site is indicated by a solid triangle. Slashes
(/) denote the reported cleavage sites of the C-terminal propetide. The
alignment was computed with the CLUSTAL program of the PCGENE software

package.
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1%l 2-21. Expression of the pBFTP in different tissues of B. campestris.
The tissues examined are: S, stems: R, roots: L, leaves: F, flower buds.
The mRNA detected by the radiolabeled probe was about 0.9 kb in size.

3. ¥+ HEOIE thioninZ trx 8% a2d3 diFdS ol & 4d
ol A AT Y WA olslol® YFYS sHATi L2 FF Yelo| =4l
thioning AW dh= 29313 olEe AVIMEE AXstAh. a3 2-2
oA Hi=nlel Zo] o] AR} N-terminal 3} C-terminal®] %¥Zo] signal
sequences &S 7}A|1 QL0 T A F H2 processingE A% Fol mature proteind
B3sHA BE BAY 4 Ak o] fHAE 2§ 2-23004 B uiel o] wjs
oAt specific A UHFE RAFolH UH AL HAES ¢ + Udrh
1 A-#&=}2] genomic complexcity® ZEA}S}7] $15}o] genomic Southern £ A
33t A3l o] {HAH= single copy gene E o] FolA YUSS o 4 gt (2
&) 2-24). Thionin cDNARH¥E deduced¥} mature protein®te] §-#=}E PCRE AZY
to] o] HElo]Z gened TIRAEE o] L3t glutathione fusion vectorel] WEAX|Z
2m thrombing ©]&3}o mature protein part& 55 3ot (28 2-25). ©]
o3, BHAEHA AES Mt WA FHHY trx @A E A3
HALE A2Y3te] AU ES ZAAA o of FHAE ol &3 IR A
HzZ3t3 0|5 FAAH AEA BE LEHL AYE L WEE Y
t}.
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cr MEG-—~-KTVILGVIIMS LVMAONQVEAK ICCERT IDRNTYNACRLIGAS 16
Crambin ™ 46
ATH~Thi2 .2 VCML3VSS 45
ATH-ThiZ2 .1 TMSLVMAQVOVEAKTCCP SNOARNGYSVCRIRES— 44
BLT MATNKSIKSVVI ILGLVLEQVQVEAKSCCKNTTGRNC YNACRFAGGS 50
bz4 MAPSKSIKSVVICVLILGLVLEQVQVEGKSCCKATLARNCYNTCHFAGGS 50
HTH] MG*———LKGVMVCLL]LGLVLEQVQVEGKSCCRSTLGRNCYNLCRVRGAQ 46
* T S R S v =
CFT MTNCAN-LSGCKIVSGTTICPPGYTH/DITONY - ~GDAVNEYCKTGOASSY 92
Crambin EAICAT-YIGCIITIPGATCPGDYAN/NILKNSAQG INEYCKWGCASSV 94
ATH-ThiZ.2 QFYCLL-KSKCENTSQIICPPGYTN/DILENS—~GDE NEYCKLGCASSY 91
ATH-Thi2.1 KGRCNQ-VSGCOM--SDTCPRGWVN/ATLENSA- ~DATN: ICKLGCETSY 88
BL? RPVCATA-CGCKIISGPTCPRDYPK/LNLL NATEYCTIGCRTISY 98
DB4 RPVCAGA-~CRCKIISGPRCPSDYPK/ LY POVIQYCTIGORNSY 98
HTH1 K-LCAG-VCRCKLTSSGKCP TGFPK/ LALVSNSDRPITVKYCNLGCRASN 94
* * k& .. . * | LLR L kK Lx

CFT A i —SAKVVETA 133
Crambin ~SAKAVETA 136(64.

NEDASKVLSEAVEQCTRACSSVCT

7%)
AT 'hi2. 2 ~=S5TARVKSA 133(62.4%)
ATH~-Thi2 .1 INTLONSDASETYNGISEZQUARGCS IFCTKSYVVEPGPPKLI,  133(47.45)
BLT CDNM~=~-~DNVSRGQEMKFDMGLCSNACARFCNDGRVIQS - 1374{42.1%)
D4 CDONM- - -DNVERGOFMKYDMGLOSNACAR 137(38.3%)
HTH1 CDYM~-VNARADDEEMKL Y LENCGDACVNEC? 134(31.6%)

*,. .. R - * * *

%l 2-22. Comparison of deduced amino acid sequences of CFT with other
thionins. The deduced amino acid sequences of CFT (this work) is aligned
with crambin of C. abyssinica [15], ATH-Thi2.1, ATH-Thi2.2 of A.
thaliana [1], BLT of barley {16], DB4 of Hordeum vulgare [17], and HTH1
of H. vulgare [18]. Asterisks(%) denote positions perfectly conserved
and dots(.) mark well-conserved positions. Gaps are introduced to
maximize the alignment. The amino acid sequence identity of the proteins
shared with CFT is shown in the last column(%). Arrow indicates the
N-terminal signal peptide cleavage site and the slash(/) denotes the
cleavage site of the C-terminal propeptide. The alignment was computed
with the CLUSTAL program of the PCGENE software package (Genofit SA,
Geneva, Switzerland/Intelligenetics, Mountain View, CA).
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1%l 2-23. Tissue-specific expression of CFT in different tissues of C.
cabbage. Total RNAs from the leaves(L), stems(S), roots(R) or flowers(F)
were isolated and subjected to northern blot analysis. The mRNA detected
by the radiolabeled probe was about 0.6kb in size. For equal loading of
RNA in each lane, the gel was examined after staining with EtBr.

23—
20—

%l 2-24. Genomic Southern blot analysis of the CFT gene. Purified
genomic DNA digested with BamHI(B), EcoRI(E), or HindIII(H) respectively
was size-fractionated on a 0.8% agarose gel and the blot was hybridized
with the [32P]-labeled full-length CFT cDNA, Size markers in kb are
shown on the left.
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1% 2-25. Expression of CFT gene in E. coli. Expression of the
GST-fusion protein was induced by adding 0.2mM IPTG and continued the
culture at 300C for 4hr. Fusion proteins obtained from the cytosolic
fraction of E. coli transformed cells were separated on 15% SDS-PAGE
before (lane 1) or after (lane 2) IPTG induction. After purification of
the fusion protein, the N-terminal portion of GST protein was removed by
thrombin and the purified CFT protein was loaded in lane 3. M indicates
molecular size marker.
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HAAME binary vector‘oﬂ 11gat1on‘6}51 35S promoter& o]-&3}o] A %xﬂbﬂoﬂk] 7}
A wWdo] {fEE &= sense-constructs £F FAxle] WHE suppression /~]7]-‘=
antisense-construct DNAsE A|Z3st3L (7] 2-26) o]l {AAE o] =43}l
BANDAN G AZoHA, LI AFAAAS FEA} over-espression
9+=x], 2|3l anti-sense construct®] Z-¢ o] fAz}e] wdo] AAEH 4 o
5ol izt f32} U4¥ ZH-2 Northern blot analysis A3 E3le] sty
2 A3e % 2-273 2ot ARY FAABAIL B LEH L0 it A
sdo] QlE=x|E #TESIy] 25to] UV, methyl viologen, H:0; S5& A a3t Az}
A% s wild-typel} antisense-construct E.¢)
e HYS o 4 QAr} (21 2-28). EY A=
T WAAY ABATL B BRolo] TV Aol ULAE BE] st
g 2B dolN Thrat ¥ ARE WAL PRproteinsg TS KA
2}2] expressiong Northern blot analysis® st A3} T 2-299} Zto] PR 1-4
ANl W AR fEAle] wdel F/4EE VAW 4 Ut W FLZY Lol
ags FAAH oS dulFstolA BET A 27 2-3004 Hi= uie} Zo] ¥
AT AEAL dolME WV 2ALe] 2f3te] HR WH-golA Uehte o] Wil A
9ladtt. 123l agar plugsoll TR A[Z] P, parasitica HHd-& Euit
incubationA|Z1 Az} 27 2-313} Zo] FAAVE =dH FAAYH ] Zee= H
&

ol thsto] HEdt AYEE Hols b, vectoryt = Ehille ¢33
[+ (o]
=
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{A)Trx hi-sense

Sma i Bam Hi
& PSK-Trx hi
Smat Bam Hi

CalV 355 Bemummens e (105-t01]
PBI121-Trx hi-gense
{BYTrx hi-Antisense

Bam HI xho |

PSK-Trx hi

|
Sai lf Xho? Barm Hl
CaMV 355 (B swmuensam NOS-ter]

PBI 121-Trx hi-Antisense

%l 2-26. Construction of snese- and antisense- gene constructs to
transform them into tobacco plants. For the over-expression of the gene,
358 CaMV promoter was used.

Sense Anti-Sense

t 2 3 4 5 6 7 1t 2 3 4 5 8 7

131 2-27. Expression of trx gene in sense- and antisense-transgenic
tobacco plants. Total RNAs extracted fromthe seventh leaf of wild type
and transgenic tobacco plants were analyzed by Northern blot analysis.
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3%l 2-28. Resistance of transgenic tobacco plants containing trx gene
against various excellular stimuli.
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PR 1b

PR 2

PR3

8 2-29. Induction of various PR-protein genes in transgenic tobacco
plants. Total RNAs obtained from 10 days old transgenic plants were
hybridized with the 32P-labeled PR genes.
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Wild type 4-11

28l 2-30. Accumulation of autofluorescent matrerials in HR-like legions
of transgenic tobacco plants. Fully expanded leaves from 6-wk old plants
were used for microscopic analysis. A, Light microscopic analysis. B,
UV-stimulated autofluorescence in intact leaves. C, lactopherol-cleared
leaves in a light microscope. D, UV-stimulated autofluorescence in
lactopherol-cleared tobacco leaves.
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2% 2-31. Enhanced disease tolerance of the transgenic tobacco
expressing trx. The zoospores of pathogen, P. parasitica was directly
inoculated on one-month-old tobacco leaves for 8 days.
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A 148 A4

FABEREl = FE3 A EY] innate immunityollAd ml¢ F23 TS W=

i

Wt glon HAziR] A8 AE Fo] oF 50%71 invertebrateolA R.IiE|gcl.
2Ee APHN HE HHT AEBOSA O ASVA UV A Hol
¥ ]

G ohUzh AR 7] YolaThe HAeT Ach oldT ol§T 23
NEE EFE) PAYLAEIOISE ST ool LT AT AH
C}. Boman groupol 2|8l Hyalophora cecropia®-¥] cecropino] X RE RHIIH o]
2 oF 17001F2] ¥R EI|ET EF 02T FEEHATE ol&E2 /e B+
of Qlojd At 5SkDa ©|ste] AEA EHEA AJe[HQ pHollA positive net
chargeE 7}A]n otxofjAd a@-helices &L} hairpin I} A8t B-sheet & Ei=
o] kx| otz EYAR FGHrh olFY ole¥ F2H FAE o]&sle] ¥
AggElo] =8 i o2 1) cystein 7|7} AojFo] 9lom qg-helixE st
Y linear peptide, 2) cystein Z7]|E 7}=|&= cyclic peptide, 3) prolineoji}
glycineo] ZH3lA Ex3t= HElo|l=2 FEE 4= 2t} Cecropind &AL «a
-helical linear peptide®A| Lepidoptera$} Dipteraollx] T R E|¢lom ¢F 4kDa
o ExpEm Aol 7 718 a-helix7} hinged] #J3 dAH FRE R
Cecropin® ZEAtA o7 (C-wglo]l amidation Fo] 9 2m™ Gram positive®} Gram
negative bacteriao] 73t & viebdch. F WA groupol &8t HElo|=ER A=
Bxleko] 2-6kDa A Eo|m Exljo] 1-4712] disulfide bondE 3FAd3l= HelE Hol
o TEHFojA 71 HHLs A £33 U defensine] T thEHQ o 24, Gram
positive bacteriao] t]3] &< AEALE P}t o|E groupd] &3l= tlE E
oldel srAYMHEIO|EZ A DrosophillacA Ee]®H  dorsomycini} Podisus
macul iventriso| 4 E-2]¥ thanatine| Qlt}. Drosomycing 5kDa?] peptideZ A x|}
ol A2 cysteined Aol &3] 4712] disulfide A¥E 3tal 9lom BolAog
A BoA BelH defensind} nf-$ & AEAE& BH-F5ta glt}l. Thanatind 21712]
olmjiit 22 FAEE ml e FAYEl] =2 A bacteria W fungiol th3f uj
2 =o ABPo el M =] groupe] &3l HElol= R proline rich
peptide®} Glycin rich peptide So] ¢lom o|&& Hx}eko] 8-24kDad] TloFst 37|
E 7tA]32 9o 27 gram negative bacteriad] tfs] =& AL LEhH dFE
Gram positive bacteria®} fungiol tisis= A& UEeld+= A7 ac) o]
o &3}= MElo|=E A= apidaecin, abaecin, attacin, sarcotoxinso] EZH

Oliﬂa" H7A] 2 BAdo] <A TEF R SR EYHE|=E2 o2 2

HollA E&IHsdol ddHct 1) 257 P IYelol=ES izl vl

32 l‘l°

i

i
» r{o o —lN

148



o] goldltt. 2)

Hdd o Eol o

7t

FES UEhE Wog susto g A

,mwfrwr,_
3
R/
= k)
B} o, o
w2
[ R L ——
% N B
ﬂauc
i
TRy
T 0 5
= —_—
o = w
Ko En
Moﬂ,umo
% o ®°
T K=
qo_ao_u
T =% Ko
QLAT_:,_L
ﬂ,@_t
o_n%ﬂx
T oo ofy
T o= %O
® 2
mnAOB
_ﬁ\_:
ol my
up 2L g
mgmmm_-
© 2
W oo X
ﬂoﬂ_ul
moﬂm__
= do
oF X B
Ko o

o]&3}od in vitroo]

=1

]

n

e 23

43

3k

2] promotorE& X

FHREE 5L
A ZFA G

EFAN
s "

o, 5) wheld A TFOENH

13
o

2 Zo= Jv"ch

3

L A"

o N
up o

X0 1

wojjn
FEL feflel lysozymed] HH A}

A A&
el

JUNR
1=
&

zlstga, 7l
Apsteict,

149



1. 2529
Aol ALY TEALL 2 AT20N ABAGO] HBs i Agel 9

= HAnto| BT (Protaetia brevztarszs)J 53 AT g4t drfollA xRt
wufn}(Cryptotympana dubia)’d%, 1|3 Zrdcl us] m42 R Hokuke 3
TR U (Acantholyda parki) 3& AEE AMESIvh. FF o] Z R 2] o wUof
e JARA I 2 ol FE BRSO 418 FFo] gt Wolnl= HEAY

ShA R, 53] AF drie] U] BEIt= AoE 48A ot} Hujnle {5
B o] TRk, tiE &5 g8 Elels A A3 BEI K50 FEHE
olzel FaxApol7t A dthe BE 1A 453 E ATAMER Aot

2. BUFYALE 9%, ARWPIZTA £5 2 wuln] 43 inmunization
25299 24

ARG HYE FHEE (9 400m))ol E coli K-12 594(str)TFE 10°
cell/ml 54& FYstth ol& 27ColA 16417t AMSE F protease A3
aprotining Xt 0.1% TFAE 7}3te] E23tgtt. o] & 35,000 X gofA 3087 %
dadeste] 2 AENE 0.2m filterE o4Hste] AHEe] 2F & B
2], BAE T N8R o] &3}t

AE

3. AT

ZAFFE Jubkd, augdMATE 4 FHolE 11508 AE-FIAT4L FHA
2.8} {Korean Collection for Type Culture : KCTC)ol|lA] EoF ol Ath vjFE A&
st em(FE 3-1), E coli K-12 594(str)d-F B8] 372 Natori AF2H
B Foftol Abg-stalry.
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Stain KCTC No

Bacillus subtilis 3068

Staphylococcus aureus 1928 Rec’
Gram-positive Micrococcus luteus 3063 Sm", Pen”, Km"

Mycobacterium smegamtis 2002 Cm", Tc" Su’

Enterococcus lactis 2012

Escherichia coli K12-594

2208 Se'
Gram-negative Klebsiella pneumonae . .
. 1925 Phe Tyr
Salmonella typhimuri
Candida albicans 7965 R -
Fungi . . Phe’ Tyr
Candida tropicals 7221

3 3-1. List of microorganism strain

4. A-gui=|

Bacto-trypton (DIFCO Laboratories. USA)

Yeast extract (DIFCO Laboratories. USA)

Bacto-pepton (DIFCO Laboratories. USA)

Potato dextrose broth premix (DIFCO Laboratories. USA)
Bactoagar (DIFCO Laboratories. USA)

Antibiotic medium 3 (DIFCO Laboratories. USA)

quge A%

3,
ot

x

JFTZI[- okxq.:[‘,"_

58 a7 8T 3 EWolE TR 11F9 #FF LB agar ®IX|(1

H] = =

bactopepton, 0.5% yeast extract, 1% sodium chloride, 1.2% agar)olls], J%o]

o2 rir

potato dextrose agar BJZ|(30% dice potatos, 2% Glucose, 1.2% agar)ol At uj
gt = single colony® #|3ted 24417t 37C(Z%Ho] 30C)olA dAuiYS sttt
pjorel QHZ rlx] 3~6A]7F A v]oddled mid-logarithmic AFEN(ODeso 0.3)-R-%|3t
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o] 2 A¥o] Argsldcrt. ¥A BANEE Z53L broth microdilution ¥ (Leem
et al., 1998)o] &3}o] 3B3}edt}. Microtiter plateo]] 100u£8] FF I iz}
(10°CFU/1mé media) 1% bacto-peptone® ® 3]A3H X F%HS 100ug/mé ~ 0.37ug/mb)
AUEY 10045 H7ste] 104]2F 37CT(FEH] 30T)ollA wigstlrt. Positive
control 2} negative control2Al:= 54U volume?] magainino|i} peptide E]A]-2oS
A stadrh. MIC k2 iy ¥ 650mmol N FEHE=7F 2719 k3t vlzsiglSs of W
7t gl M uE w= e g AHsiorh

6. Hemolysis T4 =H

slaslElo] =] 2828 (hemolysis)2 Bessalle?] WHol &3le] AlAls}alct
Microtubeol ZAH AP M3 1908, PBSE ATt (2 F%= 2004/ ml ~0.37ug/
nd) FHEY 104 L E8F2] pelitine]l} maganing F7I8H F 37Toll4 30%
M AAT), ¥lE 28 F 9] ¥ESES 4000xgolA 5EZF AR I AE
100u4%]31 3 PBSE E7iste] HFHu7 IMEEE 343 vhe 576mmollA FFE
ZA3519 0} Hemolysis Aol &AL 576nmof| 41 2] 0.1% Triton X-1002.2 A 2|3t
HL A2 FHE FES 100xE Aslo] Ab&3todct

LU A -

7. Circular dichroism spectroscopy

50mM sodium phosphate buffer (NAPB, pH7.4)2} 40%(V/V) TFE (trifluoro
ethanol )/50mM NAPBoj] Ztz} X2 %7} 50uME FYUEUL F71stelct CD-0rd Cell
o 9] AE 40044 Y& THS circular dichroism(CD) spectroscopy®]-&3te] 190nm -
240nm T} A helicityE ZA3lgitt. % helicity?] At&-2 Chen} Yang?] ‘W&
o1 8stgct.
[0z @ 222mmoll Al 2] ZF ZH7] & ellipticity®] B3k
[ 615, : random coil Qufe] Zk (-1000 deg - cm’dmol™)
[ 01 100% helicitydw}e] Zk (-36500 deg - cm’dmol ™)

whelix = 100([ 8 12z - [9]822 )/ [9]%83

8. 717184

AAH gAY Helolme] olujicat HAEMLE sz ATLe] el
© ] ZA7](Procise Protein sequencing system, Aplied Biosystems)E& o]-£-5}o]
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Sttt o]folx dojl otmjiat NP viEo R A7) YABHE
3 =

29

5 (e} =2

o ofﬁ’“ﬁ}""t} Peptron) T, 3d ¢ gy 3&’%‘%"3%@“’ 22182 MALDI &
=]

L

=]

le]

9. FARElol=2 F2 U FA

= dHElt]| =2 #2] A= C18 column chromatography % C18 HPLCSS o]

(s}
&3l =3saich
10. FEUY lysozyme =212 cloning @ |7|Ad AA

=z[d Z%L}Bo]’ lysozyme?] N-U%t olmj:At A AL 7]2Z 3l degenerate
5t T o] & ©o]-83}o] cDNA libraryE screening 3ttt <F 127h7j2]
plaque;% %“:‘,‘J A3 4708l positive cloned EESIGOm o]E sequenase ver.

2.0& °]-&3t AUINEE A5
11. Northern blot analysis

B #35S dA- 4o EEAT F o Rpapgol Ea5l] 4 M gyanidium
isocyanste homogemzatmn 2+Zol(4 M guanidium isocynate, 25mM EDTA, 50 mM
Tris-HCL, pH 7.5 23ml plus 2 ml B -mercaptoethanol)o oA homogenizer® A
cell& wstoirt. ol& HFHE 0.5% SISE H7Iste] AbollA] 1037t 4,000 X g
ZA HAEzsla O AS59E 5.7 M CsClol loading Ste] 24, 000rpm, 24A] 7+E-oF
LHAHECE Aot} total RNAE F5sigich.  cidtate] 2J3) immunize ¥ &
Zt gtAo A 53 total RNA 20ugE formaldehydeZ} E7}¥ 1% agarose gelol
A A7|E53l3 o]F Nylon membrane® capillary transferstgich. BELpie]
lysozyme -S-H2}2] cDNAE probe® o|835}o] 68ToA Aut2.0 2 4] hybridization
&to] autoradiographyd}sdTh.

H

—

Hm
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woja] gEo Ry YRWIAeel= Fel U B4z
o waggYeel=y R

AEYF=™ o] {3 HE ddEe A5YE 0|83l reversed phase
chromatography& 33l Cl. AFEE 0.05% TFAR B3 3MH C18 fresh column(YMC
GEL ODS AM)oflA 0.05% TFA acetonitrile stepwise(10%, 50%, 100%)% £&3}gio
M olufe] /F%E 3ml/mino] Tt o] F 50% £&Eo|A YAYAHo] AEHYoH (D
H 3-1), o] #EEHol thyt Ninhydrin ¥H-gZA3} S HYo = A 33y
HEtol=e] & 7Hedol - ol o] EHEOE A AL HAE AL

thZ BAGAR ol 2uHx] #LHE AEHRUOU E2TIt Yol reverse
phase HPLCE ZE3}¢] 51, HP-SB-C18-HPLCE E3iA] A EE #7998 Aot O B4
Z7AL &2} Zth ;0 Omin — 15min(0% CHiCN) — 20min(15% CHsCN) — 100min 45%
CHsCN). BIAREZ FAIY Fio] ol siddct (28 3-2). I AR
YMC-ODS-HPLCE ©]&-3}o] T2 RZALE [Omin — 10min (0% CHsCN) — 15min(20%
CHsCN) — 95min(35%CHCN) ] 43t A EH #10& €4} (Fig. 3). Tl ©AR

= AA

2] YMC-ODS-HPLCE ZE3to] Tt peak® FAEL #58 At} (I 3-4).

208

Growth of E. coli (%)

Abs 650

o 2 0 0 £ 100 120 140 160 180 200

Fraction No.

12l 3-1. Reversed phase chromatography and antimicrobial activity
profile of whole body extract from injured Cryptotympana dubia adult,
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2l 3-3. C18 HPLC profile of active fraction from C18 HPLC of #79.
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. ofulxat Mel B4 w0 sphy g4

BAH HElo| =] oluliit MIEA A #5 FHL 24709 ojujxito g 74
¥ 91 om, GenBank data base B Az} §AIgH Ado] UAFA dotomz, of
Elo] =2 AE2E 7Y HQ8AY HEelol= “Cryptonin”ol 2t HEstTt (L& 3-5).
Cryptonin®] olmjx=at A d&E& g-helical wheel diagram 2438t A3} A4 ofnic
At 27153} cationic opm|izAt ZE7}Eo] a-helixiolld ME ch A ¢1x]o &)
3= M A catinoic B HElo]=e] B FFHuld a-helix®] IS v
efidct (3 3-6).

HAxj7tA] &H 2 B71x] gAY el =9 Cryptoning alignement A|AE Z
1} AMFele] ®E3joA E|® Maganin 13} 2, Bombinin S} dF A dollM & BE

H oluxitdEo]| Cryptoninol = UEIIAL Q&& Hof Cryptonin®] 2§ A

rc‘ié

ﬂllo

E3 o] 5 HEto]|=2o] 2hg oFAlIl S fAE ZoE FAFE QT ol ofn|xit
o] AEA2 Cryptonino] ZZoljA Ea|® %o maganin A B HEjoj=

5
7 ojul7} uf$ =t} EZF CryptoninolAE 5 A< ThE maganin AYE B
HEelo] Soll= E25HA] k= shbe] cys Z7I7E 231 fx|of] Ex[sI oLt o]
2719 A Ite] dBTA] A E ojnlmate] XFolLt Aol o3 B
77} HRstch

oo 258 225 Cryptonind Ee| o] uf-g o8& ¥ ohzl 5]%*‘ °
2 9g 4 g FAE Helo|=2 ofo] nfR FAHE ] UFOTA o]E FHHF
63—1\61—5}1;(]. 5‘}91{:}' SH]E].O‘ E_g] @—A-LQ_ (_%_)IH}EE_O—“ _4;]3].@1 [¢] u:] '7)\]-61_}-)\4\:)-1
(solide phase method)ol] Z3}ed $=3§stadrt. 3tz oz YAH Cryptonint L™
Siejo] =o] Bxjete MALDI MassEA Z8% Azb zhzh oF 2740 Da W 2703 DaZ

oo
o,
ol
1o
r&

Ehbs 2o ®o} Alelake] Cryptonin ofmlizit Mdo] HolHel 44 7pH5
97 gke Aoz ULl (Y 37). FHoE YYHU Helol=o] BT A
o] AAY Welol=e] B ZARORN 1 PABHE ZFshAc
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Magainin 1 GKFLHSA-GRFG-RAFVGEIMKS
Magainin 2 GKFLHSA-KRFG-KAFVGEIMNS
Bombinin 2 G-AL-SA--RGALKGLAKGLAQHFAN *
Bombinin-realted peptide 1 GGALLSA~ ALRKGLAKGLE-~HFAN*
Bombinin-like peptide 1 GASILSA-GRSALKGLAKGLE-HFAN *
Cryptonin LNGLALRL KKITKRLCR

1%l 3-5. Sequence alignment with several cationic antimicrobial

peptide.

Hydrophobic residues

Hydrophilic residues

Mean hydrophobicity: 0.14
Hydrophobic moment : 1.04

3% 3-6. The a-helical wheel diagram of cryptonin (Hydrophilic amino
acids that may constitute amphipathic helix are represented as a bold
letter and the hydrophobic amino acid residue are indicated underlined.
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t}. Cryptonin®] 3} AHQ

Cryptoning] MIC k8] Z3 WEe THPH W IRSYRL tIYoE Al
ou A7 ARl ReHRer 237 olalat 710 FATA HWelol=
aro

24 Cryptonind} A&t Ex}skg 7
A -E F 714171 analoguedl(Ala, -Magainin II amide(Sigma)E& Blaltjite
2 stgirh 3 A3, MG W WA Oryptonind] BAHE ZAY 27 BFIA A
FARE #4-& Uehfiglch 3 Cryptonin®] 8E/FE Magainin I Hr}l 53
FAFEE Jix= Aoz zidElgdon ol analoguedl (Ala,*'*'®)-Magainin II
amide®} FAEH = MIC & 7HAle 22 Uiy} (% 3-2). 3 A EHAA
Aol tiFide 9 AFHY] HAE AE8EE= tetra cyclined} streptomycin 2}
H 25t of A Ha—‘.' o] siglrt (& 3-3). ZLefu} Cryptonino] FA&ol thdt H4do]
of-¢ uirls Az} fAZA 7]HE o]83) transgenic plant?] A RIISAHELS H
oAForh A ]5{} AF7} APFo 2lem, Cryptoning] TS H-Fof tfgt a4
24 W PAFZY, Yoo i3t A4S AFsta olrh

7}A] = Magainin [19] #sha st EZ 3} i o9
8,

13, 18)

o

2}. Cricular dichroism &4

orxlu]d  g-helixE BAs= shlFAdElol=e] EA]
helix®] percentage’} Z7}sl=
oAl helixd PFAHTL2A
-helix FAAHE RASH] €5
(40% TFE)3tol A 2] %-helicityS CDEAN &
A helix %7} Z71she Zo= Ueigton
=

o =
< UehdlE ZeE da#A 2rth Cryptonin & «
317 (phosphate buffer)z} A4 A
F5tA-& o} Cryptonind 4 7 s}o]
( 3-8), I 3 F 3-40 AAIES

17
o
4>
o
r d
IR

o}, Hemolytic activity &3

Cryptoning] HE/doJH-E hemolytic BFLEAN ZA3IE of HEe F4EAU
melitin®o] 100ug/meoflA] 100%8] 2F2H2-S viEld ¥bd FdxTo]A] Cryptonin
17.3% Magainin& 20.7%7} UElE o 8A W2 EAS LEld 7102 FAHFR|H o]
Heto] =7 W H4& AU broad spectrum®] FAEEAEZA MUE = 9= 7Hs

g& AAstadet (23 3-9).
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Minimum inhibition concentration{MIC ug/uf

Microorganism Cryptonin Magaininll Ala®"*® magainin II-amic
Bacillus subtilis 3.12 25 3.12
Micrococus luteus 2.5 25 3.12
E. coli. KI12-594 3.12 50 3.12
Candida Albicans 50 ND" 100
Candida tropicals 3.12 ND 1.52

1) not determined

M 3-2. Antimicrobial activity of cryptonin compared with magainin II and

Ala® 1318 magainin [I-amide

MIC pg/mé

. Cryptonin Tetra-
Cryptonin . Streptomyc
analogue cycline

Streptomyces scabies

) >100 >100 N.D" N.D
Streptomyces scidicabies
. >100 >100 N.D N.D
Streptomyces turgidiscabies
50 >100 N.D N.D
Xanthomonas campestris pv. pruni
. 50 >100 1.56 3.12
Xanthomonas campestris pv. vesicatoria
>100 >100 0.78 3.12
Xanthomonas acmpesris pv., pelargonii
L. >100 >100 1.56 3.12
Frwinia carotovora subsp. carotovora
100 >100 0.78 0.78
Ralstonia Solanacearum
Psoud ] . 20 >100 0.78 0.78
seudomonas syringae pv. syringae
yring 2.5 5100 0.78 3.12

1) not determined

¥ 3-3. Plant pathogenic antimicrobial activity of cryptonin and its
analogues compared with tetracyclin and streptomycin
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50
------ 50mM phosphate buffer

— = 20 % TFE in phosphate buffer
— 40 % TFE in phosphate buffer

40

30

20

Mean Residue Molar Ellipticity
=

190 200 210 220 230 240 250
Wave length (nm)

% 3-8. Circular dichroism(CD) spectra of cryptonin in the
various solution

Buffer 40%TFE
Peptide . a -helix(%
AP a -helix(%) [ 812 )
Cryptonin -83305 6.70 -399946 42.9

The a-helicity of the peptide were calculated with the equation
shelix = 100([ 01z - [ 61%)/ [ 0139

X 3-4. Percent a-helicity of Cryptonin and its analigues.

162



—— Melittin
0047 & Magainin
n = Cryptonin
L
g 80
<
>
m
= 60
o'
G
5)
4
2 40
S
=
T e
e 20 B v
0 T T
150 200

Concentration #g/mé

3% 3-9. Hemolysis activity of cryptonin, magainin and melittin
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2. FUTGAAY FFORTE FAVAY BN U BRG] e B A

HEred AUFEAdEe] HE ddRe] 459 o839 reverse-phase
chromatographyS A 383}lodcl. A& E 0.05% TFAZ H33}H C18 fresh column (YMC -
GEL ODS AM, 2.5X20cm)oljA] 0,05% TFA acetonitrileS stepwise (10%, 50%, 100%)%
E&stdlon olufd F&2 4mt/mino] YTt @olx ZH B $AWES 2AlSlo]
the] AP EH S 5P on ol &5 E acetonitril & wEol wle}
Z+ AplOA, AplOB, AplOC, Ap50A, ApS0B, Ap50C, Z2]31 Apl00AE Hastgoh (o8l
3-10). AlLsiA zZb BHEHE A5y ¢I8le] HPLCE o] &% C18(YMC ODS A)
reversed-phase chromatographyS A8sjeivt. 7 A& Apl0A, AplOB, AplOCol tf
sl A= 5027t 10-50%2] 0.1% TFA acetonitril linear gradient®A] £&3}glon
wfe] #52 Imé/mino] AT AplOAZHElE EEA|7F UE, 438, 7280 H&2H B2
oA 7T PAYES Helslgon o]5S zhzb Apl0A T, AplOBII, AplOCIIE
getadet (21 3-11).

AplOBEFEl= &&A]ZF 59:Fof
o]& AplOBI o2 Wstalct (2
oA S T ARl AR 3
©9 Ap50A 02V 59%o] §BF peakold 2T WABAol ABHUT, ol
ApSOA T ©2 wWHstaTh (13 3-14).

o

2

HY f=F FE|EFA] /5 HEF JiEE A5YE 0] 83l reversed
phase chromatogr'aphy—‘3 33ty A8 E 0.05% TFA acetonitrile® stepwise (
10%,50%, 100%) % 8=3l9len ojufs F&& 3m€/m1n°]°"t} Z} B3 gaga e

ZAME A3t 105, 5022 SEIolA FABEE HEY 4 odon 53] 1% §&E
8 e AMEE TFY IR YeI=E 55%‘3}1 & 7Hssge] e w2 AL
= FAEY o] FFo| tidt vikzA @ FAE ¥y Folct (27 3-15)
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a3 3-11.

i ATOA

AIOAI AptOANl

ey

Fig. 11. C18 HPLC profile of active fraction Apl10A from C18 fresh column chromatography
(lower panel) of whole body extract from injured A. posticalis larvae

ag 3-12.

e ARIOBI

0.0 L

R pRyrd

Fig. 12. C18 HPLC profile of active fraction Ap10B from C18 fresh column
chromatography (lower panel) of whole body extract from injured A. posticalis larvae
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a9 3-13.

Ap’lOClx

MO S8 0D

Fig. 13. C18 HPLC profile of active fraction Ap10C from C18 fresh column
chromatography (lower panel) of whole body extract from injured ~ A4. posticalis larvae

ApS50A1

e nen  THY 40D 2O 28040 WAS AT06 4683 5600 FEOL TZOR 400

Fig. 14. C18 HPLC profile of active fraction Ap50A from C18 fresh column
chromatography (lower panel) of whole body extract from injuredd. posticalis larvae
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Fig. 15. C18 fresh column chromatography of whole body extract frofti coli
injected P.brevitarsislarvae
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4. Lysozyme 7AZ}Y] 2 € 5443

7t d4714d ¢4 54

(d

22| lysozyme2 TIE XEQ] lysozymed} Al Z2ZE 71X o 25
ARbge] o) Yol Fristel N Hdxte] tigt Wiy 71z vehie A
BggElo]l=2] dFolrt. BEWYlA FH lysozymed] ojmi-il NEE 7Zx=E
sto] &2l lysozyme cDNA®] @A7[x A& ARSI (7] 3-16). 2 Z} 143749
ol ato® PAHY 14,0790a8] EAWE FAIT Yen] ol SHS-PAGES] 28] &
BH el FEAE 14,0000a3 F dXEE RHAFch  N-wwhe] 20709
putative signal peptide’} &3l o o|= B mori L} M sextad]r EHz=
lysozymeof| A &} F-AF5lodct. BELIWS] lysozyme -§-FR}= Lepidopterialfol] &3=
ThE 23 B¢ 31-3%F =Y 58S Uehidnt (3d 3-17). o] JIZE 3o
phylogenic diagramS ZMd3}H 8l 3-180 A&} Zc}.

M
it

r

Yo

Ir

L. ojBEe] Fel 2 lysozyme R f %

HEWY lysozyme F-ZHAFe] mRNALEE 25 3ol th¥HFE immunization &
= A|ZFe] Azlo) uwhel REApstgrt (2¥ 3-19). Lysozyme -S5A A= normal
condi tionol 4] basal®t WS UEhAAR el 24l 1412 T3 FAsH
W@ gro] Frishe 54177k O whdo] fEEoIAE HoiFglrh ol FELIYe
A we e SAES HE P kS ST 202 2D lysozymeo] LE
o] "W v|ze] F23 YL I3 Y& Ao = FRHAAH 1 F2 Je2 YUY

nAEEY AXY JEES] 37t € Zolzta /5 4 Yk
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M @ K L A V F L F A 10

GTTTCTCTACCTTGTGTAAA ATG CAG AAG TTA GCA GIT TIC CIG TTC GCT 50

I AA VvV C I H CE A K Y Y S T R 26

ATA GCA GCG GTT TGC ATT CAT TGT GAA GCG AAA TAT TAT TCG ACG CGA 98

A

¢ b L v R EL R K Q G F P E N Q 42

TGT GAT CTC GIT CGA GAG TTA AGG AAA CAA GGG TTC CCT GAA AAC CAA 146
Mm ¢ D W v ¢C L vV E N E S§ G R K T o8

ATG GGA GAT TGG GTA TGT TTG GTT GAG AAT GAG AGC GGC AGA AAG ACA 194
b K v 6 PV N K N G S K D Y G L 74

GAC AAG GIG GGA CCA GIG AAC AAG AAT GGC TCT AAG GAC TAC GGA CTA 242
F @ I N D K Yy w €C S N T R T P G 90

TTC CAG ATC AAC GAC AAA TAC TGG TGC AGC AAC ACC AGG ACT CCT GGA 290
K p ¢ N V T C A D L L L D D T T 106

AAA GAC TGC AAC GTIT ACT TGT GCC GAT TTIG TTG TTG GAT GAT ATC ACG 338
K A § T C A K K I F XK R H N F R 122

AAA GCC TCA ACT TGT GCT AAG AAG ATC TTC AAG CGT CAT AAC TIC AGG 386
AW Y G W R N H C D G K T L P D 138

GCG TGG TAC GGA TGG CGT AAC CAC TGC GAT GGC AAA ACT TTG CCT GAT 434
T § N C = 143

ACC AGC AAC TGT TAA AACCTCATCACATTGCAAAATCATATATATTTGAACTATCATA 492

3% 3-16. Nucleotide and the deduced amino acid sequnce of Hyphantria
lysozyme. The termination codon is marked with an asterisk. The solid
underline and an arrowhead indocate the predocted signal sequence and
the N-terminal of the mature protein, respectively. The synthetic
degenerative probe was designed from the amino acid sequence indicated
by dotted underline.
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Hyphantria
Hyalophora
Manduca
Bombyx
Drosophila
Drosophila
Chicken

Hyphantria
Hyalophora
Manduca
Bombyx
Drosophila
Drosophila
Chicken

Hyphantria
Hyalophora
Manduca
Bombyx

Drosophila D
Drosophila P

Chicken

ol 3-17.

Signal peptide

Mature peptide

-20 —l

VFLFR CIHCI
—VELL‘ VL HCDH
IF‘ AR

IFN | VLCVGSI
F——IVLV ALRCRAPAFG
AF-LVICR BTLTIVATQA
SL- CFLPL-AALG

Amino acid sequence comparison of several lyzosymes from

chicken and other insects(A)
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Hyphantria
Hyalophora

Manduca ————————T

Bombyx

Drosophila D - 1

Drosophila P

Chicken

3% 3-18. Phylogenetic tree of the selected lysozyme Numbers on the
phylogenetic tree indicate the percentage of similarity index on each
branch analyzed by a Clustal program,
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32 3-19. Induction profile of Hyphantria lysozyme gene expression
following the bacterial injection(A). The same blot stained with
methylene blue(B). Tatal RNA(20.4g) was loaded in each lane and analyzed
by Northern hybridization with 32P-labeled antisense RNA probe
Hyphantria lysozyme. The membrane was stained with methylene
blue(0.04%) prior to probe hybridization in order to check the 1loaded
quantity and transfer efficiency.
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SW Shin, DS Park, SC Kim, and HY Park., Two carbohydrate recognition domains of
Hyphantria cunea lectin bind to bacterial lipopolysaccharides through
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MG Kim, SW Shin, KS Bae, SC Kim, and HY Park. Molecular cloning of chitinase
cDNAs from the silkworm, Bombyx mori and the fall webworm, Hyphantria cunea.
Insect Biochem, Mol. Biol. 28(3): 163-71, (USA), SCI, (1998.3).

|-

. 53

—

23)

ke Alabg, ubEAN doin]2Re B3 AlgaAdgy Helolz (oigiels B
] 291 %)2000-55083, 2000.2.3 &%)

174



A 54 FaEH
Bulet, P., Dimarcq, J. L., Hetru, C., Langueux, M., Charlet, M., Hegy, G., Van

Doresselaer, A., and Hoffmann, J. A, (1993) J, Biol. Chem. 268, 14893-14897

Bulet, P., Hetru, C., Dimarcq, J. L., and Hoffmann, D. (1999) Dev. & Comp,
Immu. 23: 329-344

Chen Y. H., Yang J. T., (1971) Proc. Natl Acad, Sci. USA., 44, 1285-1296,
Chan Y. H., J. Yang T., Chau K. H., (1974) Biochem. , 13, 3350-3359.

Dimarcq, J. L,. Keppi, E., Dunbar, B., Lambert, J., Reichhart, J. M., Hoffman,
D., Rankine, S., M., Fothergill, J. E., and Hoffmann, J. A. (1988) Fur. J
Biochem, 171, 17-22

Fehlbaum, P., Bulet, P., Michaunt, L., Langueux, M., Broekaert, W. F., Hettru,
C., and Hoffmann, J, A. (1994) J. Biol. Chem. 269, 33159-33163

Fehlbaum, P., Bulet, P., Chernysh, S., Briandd, J, P. Roussel, j. P.,
Letellier, L., Hetru, C., and Hoffmann, J, A. (1996) Proc. Natl Acad. Sci.
USA., 93, 12210-1225

Hoffman, J. A., and Reichhart J. M, (1997) Trends Cell Biol. 7. 309-316

Hultmark, D., Steniner, H., Rasmuson, T. & Boman, H.G. (1980) Fur. J. Biochem,
106, 7-16

Hulmark , D., Engstron, A., Andersson, K., Steiner, H., Bennich, H. & Bomam H.
G. (1983) EMBO J. 2, 571-576

Kanai, A., and Natori , S. (1990) Mol. Cell Biol. 10, 6114-6122

Lehrer, R. 1., Lichtenstein, A. K., Ganz, T. (1993) Annu. Rev. Immunol. 11,
105-128

175



Matsuzaki, K., Sugishita, K., Harada, M., Fujii, N. Miyajima, K.(1997)

Biochim, Biophys. Acta., 1327, 119-113

Park Chan Bae, Kim Mi Sun, Kim Sun Chang. (1996) Biochim. Biophys. Res.
Commune, , 218, 408-413

Bassalle, R

151-155

., Kapikovsky, A. Gorea, J., and Shalit. 1.(1990) FEBS Lett. 27,

Bessalle, R., Haax. H. and Goria. A.(1992) Antimicrobial Agents
Chemotherapy., Feb. 313-317.

Shin S. Y., Kang J. H., Jung S. Y., Kim Y. M., Haham K. S., (2000) Biochim.
Biophys. Acta., 1468, 209-218,

Steiner, H., Hultmark, D., Engstrém, A., Bennich, H., and Boman, H. G. (1981)
Nature confusum292, 246-248

176



Hr
I+

s
)

B
=

N

177



BIOCHEMICAL AND BIOPHYSICAL RESEARCH COMMUNICATIONS 218, 408-413 (1996)
Article No. 0071

A Novel Antimicrobial Peptide from Bufo bufo gargarizans

Chan Bae Park,* Mi Sun Kim,} and Sun Chang Kim*

*Department of Biological Sciences, Korea Advanced Institute of Science and Technology, Taejeon 305-701, Korea;
and tKorea Institute of Energy Research, Biomass team, Taejeon 305-343, Korea

Received November 24, 1995

A potent and structurally novel antimicrobial peptide was isolated and characterized from the stomach tissue
of Bufo bufo gargarizans, an Asian toad. The 39-amino acid peptide, named buforin I, was purified to homo-
geneity by heparin-affinity column and reverse-phase HPLC. The amino acid sequence of buforin I was identical
in 37 of 39 amino-terminal residues of Xenopus histone H2A. The buforin 1 showed strong antimicrobial
activities in vitro against a broad-spectrum of microorganisms and was found to be more potent than magainin

" 2. In addition, a 2 1-amino acid peptide, named buforin 11, which was derived from buforin I, showed more potent
antimicrobial activities than buforin I.  © 1996 Academic Press, Inc.

In recent years, a number of antimicrobial peptides, which play one of the most important
defense roles against pathogenic microorganisms, have been isolated from various biological
sources (1). Melittin was one of the first antimicrobial peptides isolated from the venom of bees (2)
and later bombinins were purified from an European frog (3). Steiner and Boman aiso found that
a pupae of cecropia moth produced an antimicrobial peptide named cecropin (4). To date, about
2,000 antimicrobial peptides have been identified (1). These antimicrobial peptides carry net
positive charges and most of them have the propensity to form an amphipathic a-helix structure
(5,6,7). It was reported, even though the precise action mechanism of the antimicrobial peptides
remains to be determined, that they rapidly disturbed the membrane function of pathogenic mi-
croorganisms (8,9,10).

Amphibians are rich in antimicrobial molecules, particularly in the antimicrobial peptides. More
than 20 different antimicrobial peptides have been isolated from the skins and stomachs of Xenopus
laevis, Bombina, sp., Phyllomedusa, sp., and Rana sp (1,5-6,10-11). These molecules are produced
and stored in specialized granular glands in dermal structure or gastric mucosa (12). In this study,
we report a novel antimicrobial peptide purified from the stomach of Bufo bufo gargarizans, an
Asian toad, which has been used as a wound-healing agent in traditional Korean medicine.

MATERIALS AND METHODS

Peptide purification. Twenty adult toads (both male and female), captured in the wild in the middle part of the Korean
peninsula, were choked by being left for 10 min in a desiccator filled with CO, gas. The stomachs were removed (tissue
weight, 12.5¢) and the toads were subsequently sacrificed. To minimize peptidases activities and maximize solubilization
of peptides, the stomachs were homogenized in 120 ml of 1% (v/v) trifluoroacetic acid, 1 M HCI, 5% (v/v) formic acid,
1% (w/v) NaCl and pepstatin A at | pg/ml using a homogenizer (Polytron, Sweden) (12). The homogenate was then
centrifuged at 20,000 x g for 30 min in a Himac SCR20BR (Hitachi, Japan) and the supernatant was collected. The peptides
in the supernatant were then subjected to reverse-phase concentration using a Sep-Pak C18 cartridge (Waters associates,
Milford, MA) which was activated with 80% acetonitrile containing 0.1% (v/v) trifluoroacetic acid and flushed with 0.1%
(v/v) trifluoroacetic acid to remove the excess acetonitrile. After being loaded with the supernatant, the cartridge was
washed with 20 ml of 0.1% (v/v) trifluoroacetic acid and the peptides trapped in the Sep-Pak C18 cartridge were eluted with
6 ml of 80% (v/v) acetonitrile containing 0.1% (v/v) trifluoroacetic acid. The eluates were then lyophilized and subsequently
resuspended in 10 ml of 0.01 M Tris-HC1 (pH 7.5) containing 0.01 M NaCl and were loaded onto a 1.0 x 10 c¢m heparin
sepharose column (Pharmacia, Uppsala, Sweden) equilibrated with 0.01 M Tris-HCI (pH 7.5) containing 0.01 M NaCl (13).
The peptides were eluted by 0.5 M NaCl and the active fraction pools were further purified by HPLC on a 3.9 x 300 mm
Delta Pak C18 column (Waters associates, Milford, MA) with a linear gradient of 0% buffer A to 50% buffer A at | ml/min
for 1 h (buffer A; acetonitrile containing 0.1% (v/v) trifluoroacetic acid). Each peak was collected and antimicrobial activity
of the each peak was tested after dried under the vacuum. The purity of the isolated peptide was assessed by reverse-phase
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A cDNA containing coding information for buforin I, the toad stomach antimicrobial peptide, was
identified by PCR. The cloned cDNA encoded a protein of 129 amino acids whose 39-amino-acid N-
terminus was identical to buforin I. Nucleotide sequence analysis of the cloned cDNA revealed that it had
over 90% amino acid homology with histone H2A, the replication-dependent protein. Both Northern and
Southern blot analysis of the toad genome suggested that histone H2A and buforin I were encoded by the
same gene. A specific protease responsible for the generation of buforin I from histone H2A was found to
be present in the crude extracts of the toad stomach. These results suggest that there exists a specific
regulation mechanism which converts the toad histone H2A to the antimicrobial peptide buforin I. © 1996

Academic Press, Inc.

Antimicrobial peptides, important mediators in the primary host defense system against
pathogenic microorganisms, are widely distributed in nature and often show marked inter-
species diversity in structure and spectrum of activity (1). Among living organisms, amphibians
are a rich source of antimicrobial peptides, particularly of the amphipathic a-helical class such
as magainin (2), gaegurin (3) and buforin I (4). Since an amphibian swallows its prey intact,
and stores its food in its stomach for some period of time before digestion begins, secretion
of antimicrobial peptides into the stomach lumen might be needed to inhibit the growth of
pathogenic bacteria (5). Many antimicrobial peptides have been isolated from skins and stom-
achs of amphibians (6). The antimicrobial peptides are originally synthesized as inactive
precursors and become active antimicrobial peptides by proteolytic cleavages (6-8). These
molecules are generally stored as processed, active peptides in large granules within the
granular glands, which eventually release their contents onto the external surface upon adrener-
gic stimulation or invasion of microorganisms through injury (2, 9, 10). In the previous paper
(4), we reported the isolation of buforin I, the novel antimicrobial peptide, from toad stomachs,
which showed a broad spectrum of antimicrobial activities. In this study, through the cDNA
cloning of buforin I and Northern and Southern blot analysis of the toad genome, we report
that buforin I originated from the toad histone H2A by a proteolytic cleavage.

MATERIALS AND METHODS

c¢DNA library construction. Toad stomachs were prepared as described in the previous paper (4). The total RNA
was extracted from the homogenized toad stomachs by the guanidium thiocyanate method (11), and the poly(A)~
mRNA was isolated from the total RNA using an oligo(dT)-cellulose column (Sigma, St. Louis, MO). A ¢cDNA
library was constructed with the Uni-ZAP XR ¢DNA library kit (Stratagene, La Jolla, CA) according to the procedure
provided by the manufacturer.

PCR cloning. A polymerase chain reaction (PCR)-based strategy was used to amplify the cDNA encoding buforin
I in the cDNA library. To minimize the background and increase the specificity of the PCR reaction, the hot start
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Abstract The strecture of 21-residuc antimicrobial peptide
buforin 11 has been determined by using NMR speciroscepy and
restrained molecular dynamics. Buforin Il adopts a flexible
random structure in H,O. In trifluoroethanol (TFEYH,O (1 : 1,
vlv) mixture, however, buforin II assumes a regular o-helix
between residues Val'? and Arg® and a distorted helical
structure between residucs Gly” and Pro!!. The model structure
-obtained shows an amphipathic character in the region from Arg®
to the C-terminus, Lys?'. Like other known cationic antimicro-
bial peptides, the amphipathic structure might be the key factor
for antimicrobial activity of buforin II.

Key words: Antimicrobial peptide; Buforin 11: 2ID-NMR;
Molecular dynamics

1. Introduction

Recently, an antimicrobial peptide, buforin 1, was isolated
from the stomach tissue of an Asian toad, Bufo bufo gargu-
rizans, and a more potent peptide bulorin If wus derived from
buforin I [1]. These peptides show strong antimicrobial activ-
itics in vitro against a broad spcctrum of microorganisms,
including fangi [1]. Buforin 11, a 2l-residue cationic peptide
containing the residues from Thr'f to Lys* of buforin I,
shows about two times higher activity than buforin I.

There have been comprehensive studies on a cationic anti-
microbial peptide, magainin 2, isolated from the skin of Xe-
nopus laevis {2]. Magainin 2 forms an o-helix in trifluoroetha-
nol(TFE)/H»0 with charged residues on one side resuliing in
a large hydrophobic moment [3]. 1t interacts with bacterial
and acidic model membranes [4] and destroys the ionic gra-
dient across the cell membranes by {orming ion channels [5].
For the huforin peptides. the structure and the detailed mech-
anism of the activity have not been resolved yet. Because the
primary sequences of buflorin II and magainin 2 ure very
different and the antimicrobial activities of buforin 2 are
about 20 times higher than those of magainin 2, the structure
of buforin II is of interest.

*Corresponding uuthor. Fax: 82-43-865-3419.
E-mail: cheong@comp.kbsi.re.kr

Abbreviations: TFE, trifluoroethanol; DQF-COSY. double quantum
filtered correlation spectroscopy: TOCSY, (otal correlation spectros-
vopy; NOESY. nuclear Overhauser cnhancement spectroscopy; TBPL,
ume-propomonal phasc mcremcntatlon RMD, restrained molecular
Jdy SA, sim ling; NOE(s}). nuclear Overhauser
ffect(s)

2. Experimental

2.1. Peptide synthesis

Buforin 1T wus synthesized by the Seoul Branch of the Korea Basic
Science Institute (KBSI), using the solid-phase synthesis method on a
Milligeit 9050 Pepsynthesizer and fluoren-90-ylmethoxycarbony(F-
moc)-polypeptide active ester chemistry. The product was purified
by reverse-phase IIPLC on a2 Waters. Delta-pak C18 column. The
peptide was eluted with a HoO/acetonitrile linear gradient containing
0.1% trifluoroacetic acid. The homogeneity was assessed by the re-
verse-phuse HPLC on u Waiers Delwu-pak CI8 column and by amino
acid analysis on 2 Waters PICO-TAG® Amino Acid Analysis System.
Its mass was confirmed on a Kratos MALDLETOF spectrometer by
the Mass Spectrometry Group at KBSI.

2.2. NMR spectroscopy

The NMR spectra were obtained on 4 Bruker DMX600 spectrom-
eter. The sumples were either in 50 mM phosphate buffer containing
10% D20 at pll 7.0 or in TFE-d;/50 mM phosphate buifer at pH 7.0
(1 : 1, by volume). The concentration of the peptide was about 2 mM
and the experiments were performed at 10°C, 25°C and 35°C. Deut-
erated solvents were purchased from Aldrich and Cambridge Isotope
Laboratory. For scquential assignments and structural detcrmination.
double quantum filtered correlation spectroscopy (DQF-COSY) [6],
total corrclation spectroscopy (TOCSY) [7] and nuclear Overhauser
enhancement spectroscopy (NOESY) [8] cxperiments were performed.
In TOCSY experiments, an MLEV-17 composite pulse sequence [9)
was used for spin locking with a mixing time of 75 ms. The NOESY
spectra were obtamed with mixing times [rom 50 to 300 ms. Nor-
mally, the 2D data were acquired with 2 k {t; domain) X512 (y
domain) data points, hut for the DQF-COSY, 4 kX1 k data points
werc collected.

2.3. Srructure caleulation

Structures of buforin {1 were ¢ d using a molecular modeling
program. NMRchitect (Biosym, Inc.) on an Indigo2 (Silicon Gra-
phics, Inc.) workstation and a Cray Y-MP C916/16512 supercomputer
in the System Engineering Rescarch Institute (Taejon, Korea), Sixty-
ninc distance constraints for the structure calculations were obtained
from the NOESY spectra acquired in TFE/11,0 at pH 7, 10°C. Vol-
ume integration was performed for NOESY mixing times of 50, 100,
150 and 250 ras and the crosspeak intensities were classified as strong,
medium, or weak and converted into upper bounds of distance re-
straints of 2.8, 3.6 or 5.0 A, respectively. The 12 Jun, valucs were
converted into loose dihedral angle restraints of —30° <¢ < —100°.
Hydrogen bonding restraints were not used. Thirty initial structures
were generated and refined using the distance geometry algorithm {10]
DGII (Biosym. Inc.) with the NMR restraints.

The best structure which showed the lowest violation against the
constraints was subjected to the restrained molecular dynamics
(RMD) with the simulated annealing (SA) procedure [11] of NMRchi-
tect (Biosym, Inc.). The consistent. vaknce force field (CVFF) of DIS-
COVER 2.9 (Biosym, Inc) was used for the molecular dynamics
calculations. The SA procedurc was started by restrained energy mini-
mization which includes 100 itcrations using the steepest descent mini-
mization followed by 500 iterations using the conjugate gradients
minimization. Then, 0.5 ps of RMD with 1 s time steps was per-
formed at 300 K followed by energy minimization. After this, the
temperature was raised to 1000 K and the RMD was performed for
50 ps. Then, the temperature was gradually lowered to 300 K by 10 ps
RMD in 5 steps. Finally, the steepest descent (100 iterations) and
subsequent jugate gradient minimizations (1500 i jons) were
performed twice.

1014-5792/96/S12.00 © 1996 Federation of European Biochemical Societies. All rights reserved.
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Abstract A method was developed for the controlled
expression of an antimicrobial peptide magainin in
Escherichia coli. A series of concalemeric magainin genes
was constructed with a gene amplification vector, and fuscd
to the 3’ end of muilE gene encoding the affinity ligand, E.
coli maltose-binding protcin (MBP). The construct direcled
the synthesis of the fusion protein with the magainin
polypeptide fuscd to the C-terminus of MBP. The fusion
protein was expressed in a tightly regulatable expression
system which was under the control of an invertible
promoter. The MBP-fused magainin monomer was
expressed efficiently. However, the expression level of the
MBP-fused magainin in E. cofli decrcased with the
increasing size of multimers possibly because of the
transcription and tramslation inhibition by the multimernic
peptides.  After purification using an amylose affinity
column, the fusion protein was digested by factor Xa at a
specific clcavage site between the monomers. The
recombinant magainin had an antimicrobial activity
identical to that of synthetic magainin. This experiment
shows that a biologically active, antimicrobial peptide
magainin can be produced by fusing to MBP, along with a
promoter inversion vector system.

Key words: Antimicrobial peptide, expression, promoter
inversion vector, Escherichia coli

Antimicrobial peptides have received increasing attention
in recent vears because of their contribution as a first line
of host defense against infections of pathogenic
microorganisms [6]. A large number of antimicrobial
peptides have been identified from various sources,
including amphibians [2], insects {10}, mammalians [16},

*Corresponding author
Phone; 82-42-869-261Y; Fax: 82-42-869-2610;
E-mail: sckim@sorak.kaist.ac.kr

plants [3], invertebrates [19] and prokaryotes {11]. These
peptides exhibit potent antimicrobial uactivitics against a
broad range of microorganisms, including bacteria,
protozoa, fungi and viruses [13, 16]. The antimicrobial
peplides have been shown to exert their activity by the
formation of multimeric pores directly through the lipid
bilayer of the cell membrane [18, 28]. Despite the
activities of these peptides against microorganisms, they
do not induce lysis of erythrocytes or lymphocytes at
comparable concentrations [30, 31]. The mature peptides,
derived by the processing of large precursors, share
common structural features such as a high content of
basic amino acid residues and a global distribution of
hydrophobic and hydrophilic residues leading to
amphipathic conformations [23].

The antimicrobial pcptides have been obtained from
living organisms, and this has bccome a limiting factor
for their mass production and widesprcad applications.
Chemical synthesis could be an alternative method.
However, the chemical synthesis of peptides longer than
10 amino acids in length is not cost-effective. Therefore,
a biological expression system, if developed successfully,
would bc one of the most cost-effective approaches for
the production of large quantities of antimicrobial
peptides. Recently, several groups have attempted to
produce antimicrobial peptides in different bhiological
systems. Cecropin A has been expressed in baculovirus
expression systems [1,9] and in E. coli [4], insect
defensin from Phormia terranovae in yeast {22}, human
defensin HNP-1 and CEME [27] in various bacterial
cxpression systems {20], magainin in the erythrocytes of
transgenic mice [26], and moricin from Bombyx mori in
E. coli [7). Howcver, most of these methods have
limitations, such as thc proteolysis of the fusion protein
[20], or the toxic effects of the expressed peptides to the
host [S]. As a new approach, we developed a bacterial
expression system for the antimicrobial peptide magainin
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Antimicrobial peptides have received increasing at-
tention as a new pharmaceutical substance, because
of their broad spectrum of antimicrobial activities and
the rapid development of multidrug-resistant patho-
genic microorganisms. The main obstacle to the wide
application of antimicrobial peptides has been the lack
of a cost-effective, mass-production method. A novel
mass-production method for an antimicrobial peptide
of 21 amino acids, buforin II, which was isolated from
the stomach of the amphibian Bufo bufo gargarizans,
has been developed. This method is based on the neu-
tralization of the positive charges of buforin II by fus-
ing to an acidic peptide to avoid the lethal effect of the
expressed antimicrobial peptide on the host cells. The
fusion peptide was expressed in Escherichia coli as
tandem repeats to increase the product yield.
Multimers of the acidic peptide ~buforin II fusion pep-
tide were expressed at high levels without causing
damage to the cells. The presence of cysteine residues
in the acidic peptide was critical for the high level
expression of the fusion peptide multimers. Multimers
of this fusion peptide were expressed as inclusion bod-
ies, and about 107 mg of pure buforin II was obtained
from 1 L of E. coli culture by cleaving the multimers
with CNBr. Recombinant buforin II had an antimicro-
bial activity identical to that of natural buforin Il
These results may lead to a general, cost-effective solu-
tion to the mass production of antimicrobial peptides
and other basic peptides which are lethal to the host
strain. o 1998 Academic Press

Key Words: antimicrobial peptide, expression, acidic
peptide, tandem multimer, Escherichia coli.

Antimicrobial peptides, which play one of the key
roles in primary host defense against infections of
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pathogenic microorganisms, have received increasing
attention as new antimicrobial substances in recent
years. This is because of their broad spectrum of anti-
microbial activities and the rapid development of mi-
crobial resistance to conventional antibiotics (1). Anti-
microbial peptides are part of the innate immune sys-
tem widely distributed in nature (2). Many different
kinds of antimicrobial peptides have been identified
from various sources such as amphibians, insects,
mammalians, plants, invertebrates, and prokaryotes
(3—8). Active antimicrobial peptides, derived by the
processing of large precursors, share common struc-
tural features such as a high content of basic amino
acid residues and a global distribution of hydrophobic
and hydrophilic residues leading to amphipathic a-he-
lical conformations under hydrophobic conditions or 8-
sheet conformations (9). These peptides exhibit potent
antimicrobial activities against a broad range of micro-
organisms, including bacteria, protozoa, fungi, and vi-
ruses (5). They have been shown to exert their activities
directly through the lipid bilayer of the cell membranes
by the formation of multimeric pores or by disrupting
the cell membranes (10,11). The most intriguing fea-
ture of these molecules is their potential not to fall
victim to the same microbial resistance problems as
conventional antibiotics, because their mechanism of
action is different (1). To date, researchers have been
unable to induce bacterial resistance to antimicrobial
peptides (1). Despite the activities of these peptides on
prokaryotes, they do not induce lysis of erythrocytes
or lymphocytes at comparable concentrations {12-14).
Therefore, from a drug development point of view,
these host-defense peptides may provide a powerful
new class of antimicrobial pharmaceuticals.

For pharmaceutical applications, a large quantity of
antimicrobial peptides needs to be produced economi-
cally. Chemical synthesis is not economically practical
for peptides more than 10 amino acids in length. There-
fore, if developed successfully, a biological expression

53



FEBS Letters 437 (1998) 258-262

FEBS 20997

Parasin I, an antimicrobial peptide derived from histone H2A
in the catfish, Parasilurus asotus

In Yup Park?, Chan Bae Park?, Mi Sun KimP, Sun Chang Kim**

“Department of Biological Sciences, Korea Advanced Institute of Science and Technology, 373-1, Yusong-gu, Kusong-dong, Taejon 305-701,
South Korea
YKorea Institute of Energy Research, Biomass Team, Taejon 305-343, South Korea

Received 31 August 1998; received in revised form 22 September 1998

Abstract In response to epidermal injury, Parasilurus asotus, a
catfish, secreted a strong antimicrobial peptide into the epithelial
mucosal layer. The molecular mass of the antimicrobial peptide,
named parasin I, was 2000.4 Da, as determined by matrix-
associated laser desorption ionization mass spectrometry. The
complete amino acid sequence of parasin I, which was determined
by automated Edman degradation, was Lys-Gly-Arg-Gly-Lys-
Gln-Gly-Gly-Lys-Val-Arg-Ala-Lys-Ala-Lys-Thr-Arg-Ser-Ser.
Eighteen of the 19 residues in parasin I were identical to the N-
terminal of buforin I, a 39-residue antimicrobial peptide derived
from the N-terminal of toad histone H2A |Kim et al. (1996)
Biochem. Biophys. Res. Commun. 229, 381-387], which implies
that parasin I was cleaved off from the N-terminal of catfish
histone H2A. Parasin I showed strong antimicrobial activity,
about 12-100 times more potent than magainin 2, against a wide
spectrum of microorganisms, without any hemolytic activity.
Circular dichroism spectra of parasin I indicated a structural
content of 11% o-helix, 33% B-sheet, and 56% random coils. The
B-sheet axial projection diagram of parasin I showed an
amphipathic structure. Our results indicate that the catfish
may produce parasin I from its histone H2A by a specific
protease upon injury to protect against invasion by microorgan-
isms.
© 1998 Federation of European Biochemical Societies.

Key words: Antimicrobial peptide; Histone H2A;
Epidermal injury; Catfish; Parasilurus asotus

1. Introduction

Antimicrobial peptides, which are widespread in nature and
are among the earliest developed elements of innate immunity,
are important components of the natural defenses of living
organisms against invading microorganisms [1,2]. Many dif-
ferent kinds of antimicrobial peptides have been found from
amphibians [3], insects {4], mammals [5], plants [6], microor-
ganisms [7,8], and fishes [9.10]. Most of the antimicrobial
peptides kill target cells rapidly and specifically, and bave
unusually broad activity spectra [9,11]. In addition to the
microbicidal activity, antimicrobial peptides may also have
other functions such as promotion of wound healing [12],
stimulation of monocyte chemotaxis [13], and inhibition of
cytokine response [14].

Mucous surfaces of living organisms are under constant
attack from microorganisms. However, invasive infections
are rare, remain localized, and heal rapidly. Recent reports
have established antimicrobial peptides as the host-defense

*Corresponding author. Fax: (82) (42) 869-2610.
E-mail: sckim@sorak kaist.ac.kr

effector molecules which protect the mucous epithelia from
invading microbes [15]. Some of these agents of mucosal im-
munity include andropin from the ductal epithelial cells of the
reproductive tract of Drosophila [16), magainins from the mu-
cosal skin surface and the gastrointestinal tract of Xenopus
laevis [17], buforin I from Bufo bufe gagarizans [11], tracheal
antimicrobial peptide (TAP) from the bovine tracheal mucosa
{18], and pleurocidin from Pleuronectes americanus [19].

Even though many antimicrobial peptides have been re-
ported in the mucous layer of amphibians, insects, and mam-
mals {11,16,18], only a few have been found in the mucous
layer of aquatic organisms [9,10,22]. In this study, we report
the discovery of a strong and inducible antimicrobial peptide
from the epithelial mucosal layer of the catfish, Parasilerus
asotus.

2. Materials and methods

2.1. Microorganisms

All of the microorganisms used in this study were obtained from the
American Type Culture Collection (ATCC). The following microor-
ganisms were used: Bacillus subtilis ATCC 62037, Staphylococcus au-
reus ATCC 15752, Streptococcus mutans ATCC 25175, Pseudomonas
putida ATCC 17426, Escherichia coli ATCC 27325, Salmonella typhi-
murium ATCC 15277, Serratia sp. ATCC 21074, Cryptococcus neo-
SJormans ATCC 34881, Saccharomyces cerevisise ATCC 44774, and
Candida albicans ATCC 10231.

2.2. Peptide purification

Catfishes were injured by scratching the skin (16 cm?) with a sand-
paper and 5 h after the wounding, the catfishes were stunned by
electro-shock. The proteinaceous epithelial mucosal layer was scraped
off from both the unwounded and wounded catfishes. The mucus
(20 g) collected from the catfish skin was then homogenized using a
Waring blender (Waring, New Hartford, CT, USA) in 200 ml of
extraction medium (0.2 M sodium acetate, 0.2% Triton X-100, and
1 mM phenylmethylsulfonyl fluoride). The homogenate was centri-
fuged at 20000 X g for 30 min in 2 Himac SCR20BR (Hitachi, Tokyo,
Japan) and the supernatant was collected. The peptides in the super-
natant were subsequently subjected to reverse-phase concentration
using a Sep-Pak C18 cartridge (Millipore, Milford, MA, USA) which
was activated with 80% acetonitrile containing 0.1% (v/v) trifluoro-
acetic acid (TFA) (buffer A) and flushed with 0.1% (v/v) TFA (buffer
B) to remove the excess acetonitrile. After being loaded with the
supernatant, the Sep-Pak CI8 cartridge was washed with 20 ml of
buffer B and the peptides trapped in the cartridge were eluted with
6 ml of buffer A. The eluate was then lyophilized and subsequently
resuspended in buffer B. The resuspended sample was applied to a
C18 reverse-phase high-performance liquid chromatography (HPLC)
column (3.9X360 mm, Delta Pak, Millipore} and elution was
achieved with a linear gradient of 0-80% acetonitrile in 0.1% TFA
for 2 h at a flow rate of 1| mi/min. Each fraction was lyophilized,
resuspended in water, and was assayed for antimicrobial activity
against B. subtilis ATCC 62037. The peaks with antimicrobial activity
were identified and pooled. The purity of the isolated peptide was
assessed by reverse-phase HPLC and matrix-associated laser desorp-
tion ionization mass spectroscopy (MALDI-MS) (Kratos Kompact

0014-5793/98/$19.00 © 1998 Federation of European Biochemical Societies. All rights reserved.
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The mechanism of action of buforin II, which is a 21-
amino acid peptide with a potent antimicrobial activ-
ity against a broad range of microorganisms, was stud-
ied using fluorescein isothiocyanate (FITC)-labeled
buforin II and a gel-retardation experiment. Its mecha-
nism of action was compared with that of the well-
characterized magainin 2, which has a pore-forming
activity on the cell membrane. Buforin II killed Esche-
richia coli without lysing the cell membrane even at 5
times minimal inhibitory concentration (MIC) at
which buforin II reduced the viable cell numbers by 6
orders of magnitude. However, magainin 2 lysed the
cell to death under the same condition. FITC-labeled
buforin II was found to penetrate the cell membrane
and accumulate inside E. coli even below its MIC,
whereas FITC-labeled magainin 2 remained outside or
on the cell wall even at its MIC. The gel-retardation
experiment showed that buforin II bound to DNA and
RNA of the cells over 20 times strongly than magainin
2. All these results indicate that buforin II inhibits the
cellular functions by binding to DNA and RNA of cells
after penetrating the cell membranes, resulting in the
rapid cell death, which is quite different from that of
magainin 2 even though they are structurally similar:
a linear amphipathic a-helical peptide. © 1998 Academic
Press

Antimicrobial peptides have received increasing at-
tention in recent years as their contribution to host
defense mechanisms in the animal kingdom is gradu-
ally becoming appreciated (1). More than 2,000 antimi-
crobial peptides have been isolated from diverse biolog-
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ical sources, including amphibians (2, 3), insects (4),
mammals (5), fish (6), plants (7) and prokaryotes (8).
These peptides possess antimicrobial activities against
bacteria, fungi and enveloped viruses with little or no
cytolytic activity (9, 10). In most cases, these peptides
have the common features of being highly basic, due to
the presence of multiple arginine and lysine residues,
and of forming amphipathic structures (11). The am-
phipathic nature of these peptides presumably under-
lies their biological activities which enables them to
associate with lipid membranes and disrupt normal
membrane functions. The mechanism of action has
been investigated for many of antimicrobial peptides,
including cecropin A (12, 13), several defensins (14)
and magainins (15, 16). The killing mechanism found
for most peptides investigated consists of attacks on
the outer and inner membranes, ultimately resulting
in lysis of the bacteria. Channel formation in artificial
membranes was demonstrated for cecropins (17), de-
fensins (18) and magainins (19, 20)}. Proline-arginine-
rich peptides, however, act differently, because the
high concentration of proline is incompatible with am-
phipathic structure formation. Indeed, PR-39 does not
have a pore-forming activity but does inhibit the macro-
molecular synthesis (21). Therefore, there is still con-
siderable debate on the precise mechanism.

Recently a novel 39-amino acid residue peptide
(termed buforin I} was isolated from the stomach tissue
of the Asian toad, Bufo bufo garagriozans, and a more
potent buforin II consisting of 21 amino acids was de-
rived from buforin I (3). Buforin IT showed a strong
antimicrobial activity against a broad spectrum of mi-
croorganism, including Gram-positive and Gram-nega-
tive bacteria, as well as fungi without any significant
hemolytic activity (3). The structure study of buforin
II using nuclear magnetic resonance showed that the
peptide adopted an amphipathic helix in a hydrophebic
environment (22). The structure of buforin II predicted

0006-291X/98 $25.00
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Abstract

Three antimicrobial peptides, which had strong antimicrobial activity against a broad spectrum of microorganisms, were
isolated from the stomach of the bullfrog, Rana catesbeiana. Two of the antimicrobial peptides were found to be derived from
the N-terminal sequences of pepsinogen A and C prosequences. The amino acid sequences of the new antimicrobial peptides,
named bullfrog pepsinogen A-derived antimicrobial peptide (bPaAP) and bullfrog pepsinogen C-derived antimicrobial
peptide (bPcAP), were Gly-Val-Val-Lys-Val-Ser-Arg-Leu-Lys-Gly-Glu-Ser-Leu-Arg-Ala-Arg-Leu (MW 1865.5) and Tle-Ile-
Lys-Val-Pro-Leu-Lys-Lys-Phe-Lys-Ser-Met-Arg-Glu-Val-Met-Arg-Asp-His-Gly-Ile-Lys-Ala-Pro-Val-Val-Asp-Pro-Ala-Th-
r-Lys-Tyr (MW 3691.6), respectively. The bPaAP and bPcAP adopted 35% and 42% amphipathic a-helical structure in 50%
trifluoroethanol, respectively, and were non-hemolytic up to a concentration of 200 pg/ml. Synthesized pepsinogen C
prosequences of monkey and human. which had similar structural characteristics as bPaAP and bPcAP, also showed
antimicrobial activity at concentrations of 10-200 pg/ml. The third peptide was buforin I, previously found in the stomach of
the Asian toad, Bufo bufo gargarizans. These findings strongly suggest that peptides derived from the prosequences of
pepsinogens, along with buforin I, may contribute to the antimicrobial function of the gastrointestinal mucosa of vertebrates,
including human. © 1998 Elsevier Science B.V. All rights reserved.

Keywords: Antimicrobial; Peptide; Pepsinogen; Prosequence; Bullfrog; Rana catesbeiana

1. Introduction antimicrobial peptides, those from the mucosal epi-

thelia of the reproductive, respiratory, and gastroin-

Living organisms are endowed with an innate im-
munity consisting of various antimicrobial peptides
against invading microorganisms [1]. Many different
families of antimicrobial peptides, which were classi-
fied based on the amino acid sequence and secondary
structure, have been isolated from insects, plants,
animals, and microorganisms [2,3]. Among these

* Corresponding author. Fax: +82 (42) 869 2610;
E-mail: sckim@sorak.kaist.ac.kr

testinal systems of vertebrates have attracted increas-
ing interest, since the incidence of infectious disease
on the mucosal surfaces is rare despite a continuous
exposure to a wide variety of pathogenic microor-
ganisms [4]. These peptides include andropin, a ce-
cropin-related peptide from the reproductive tract of
Drosophila [5]; magainin, a peptide from granular
glands of skin and gastrointestinal mucosa of Xeno-
pus laevis [6,7]; tracheal antimicrobial peptide, a pep-
tide from mammalian respiratory mucosa [8]; and
enteric defensins, peptides from mammalian intesti-

0925-4439/98/%819.00 © 1998 Elsevier Science B.V. All rights reserved.
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Abstract

A novel antimicrobial peptide was isolated and characterized from the earthworm, Lumbricus rubellus. The antimicrobial
peptide was purified to homogeneity by a heparin-affinity column and C18 reverse-phase HPLC, and named lumbricin I.
Lumbricin T was a proline-rich antimicrobial peptide of 62 amino acids (15% proline in molar ratio; molecular mass,
7231 Da), whose complete sequence was determined by a combination of peptide sequence and cDNA analysis. The peptide
and cDNA sequence analysis revealed that lumbricin I was produced as a precursor form consisting of 76 amino acids, with
14 residues in a presegment and 62 residues in mature lumbricin I. Lumbricin I showed antimicrobial activity in vitro against
a broad spectrum of microorganisms without hemolytic activity. In addition, a 29-amino acid peptide, named lumbricin I(6~
34), which was derived from residues 6-34 of lumbricin I, showed marginally stronger antimicrobial activity than lumbricin 1.
Northern blot analysis on total RNA revealed that expression of lumbricin I gene was not induced by bacterial infection, but
was constitutively expressed. Furthermore, the expression of lumbricin I gene was specific in adult L. rubellus: Lumbricin 1
mRNA was detected only in adult L. rubellus, but not in eggs and young L. rubellus. © 1998 Elsevier Science B.V. All
rights reserved.

Keywords: Antimicrobial peptide; Proline-rich peptide; Earthworm; Lumbricus rubellus; cDNA cloning

1. Introduction as a first-line defense against microbial invasion, sup-
plementing the host’s humoral and cellular immune

In recent years, antimicrobial peptides have be- system. Many different kinds of antimicrobial pepti-
come recognized as important contributors to non- des, which possess antimicrobial activity against bac-
specific host defense for both vertebrates and inver- teria, fungi and enveloped viruses with little or no
tebrates. The value of antimicrobial peptides lies in cytolytic activity, have been isolated from diverse
their ease and speed of synthesis, their broad specif- sources [1,2]. Most of these peptides, although a
icity against prokaryotic cells and their general lack few non-cationic antimicrobial peptides have been

of toxicity for eukaryotic hosts [1]. Thus, they serve recently characterized [3,4], share the property of
being cationic, but otherwise differ considerably in

basic features, such as their size, the presence of di-

sulfide bonds and structural motifs [S}. These pepti-

* Corresponding author. Fax: +82 (42) 869-2610; des have been shown to exert their antimicrobial ac-
E-mail: sckim@sorak.kaist.ac.kr tivities through either the lipid bilayer of the cell
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Abstract A cost-effective muss production method for a
strong antimicrobial peptide, buforin II, which was isolated
from the stomach of Bufo bufo gargarizans, has been developed.
This method is based on the neutralization of the positive
charge of buforin II by fusion with a cysteine-rich acidic
peptide (CAP) (o avoid any lethal effect on the host. The
neutralized fusion peptide was multimerized and expressed in
Escherichia coli as tandcm repeats to increase the production
yield. Multimers of the CAP-buforin II fusion peptide were
successfully expressed at high levels in E. coli as inclusion
bodies. More than 100 mg of pure buforin Il was obtained per
11of E. coli culture after cleaving the multimeric polypeptide
with CNBr. The buforin 11 obtained from the recombinant E.
coli had antimicrobial activity identical to that of natural
buforin II. The proposed expression system can provide a
cost-effective mass production method for both antimicrobial
peptides and other host-lethal basic proteins.

Key words: Antimicrobial peptide, expression, acidic peptide,
tandem multimer, Escherichia coli

Antimicrobial peptides are part of the innate immune
system widely distributed in nature [8]. A large number of
antimicrobial peptides have been identified from various
sources such as amphibians, insects, mammalians, plants,
invertebrates, and prokaryotes {3, 4, 11, 13, 22, 29]. Active
antimicrobial peptides share common structural features
such as a high content of basic amino acid residues and a
global distribution of hydrophobic and hydrophilic residues
leading to amphipathic o-helical conformation under
hydrophobic conditions, or B-sheet conformation [36]. These
peptides exhibit potent antimicrobial activities against a
broad range of microorganisms, including bacteria, protozoa,

*Corresponding author
Phone; 82-42-869-2619; Fax: 82-42-869-2610;
Eemail: sckim @sorak. kaist.ac. kr

fungi, and viruses [22]. They have been shown to exert
their activities directly through the lipid bilayer of the cell
membrane by the formation of multimeric pores [25, 41].
Because of the antimicrobial mechanism of these molecules
being quite different from that of conventional antibiotics,
it is suggested that these peptides might offer an answer
to the currently problematic multidrug-resistant strain
development [15]. The fact that there has been no report on
the induction of bacterial resistance against antimicrobial
peptides supports this notion. Moreover, some of the
antimicrobial peptides do not induce lysis of erythrocytes
or lymphocytes at comparable concentrations in spite of
their activities on prokaryotes (7, 42, 43]. Therefore, in
view of drug development. these antimicrobial peptides
may provide a new class of powerful antimicrobial agents.

The need for a large quantity of antimicrobial peptides
for pharmaceutical applications has prompted us to
investigate and develop cost-effective production methods.
Recently, several researchers have attempted to develop
biological expression systems for the production of
antimicrobial peptides. Cecropin A has been expressed in
baculovirus expression systems {1, 10] and E. coli {5}, an
insect defensin from Phormia terranovae in yeast [33],
human defensin HNP-1 and CEME [40] in various bacterial
expression systems [33], magainin from the skin of
Xenopus laevis in the erythrocytes of transgenic mice [38]
and E. coli [181], moricin from Bombyx mori in E. coli (9],
gaegurin 4 from the skin of Rana rugosa in E. coli [16],
and polyphemusin from horseshoe crab Limulus polyphemus
in E. coli [34]. Each of the above systems, however, has its
own limitations and is far from satisfactory for mass
production: the yields were rather low [1, 5, 9, 16, 18, 34],
proteolysis of the fusion protein occurred [33]. or the
product was toxic to the host {6]. To overcome current
biological expression problems, we have developed a novel
expression method in which a negatively charged acidic
peptide is fused to a positively charged antimicrobial
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Structural and functional implications of a proline residue in the
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Although it is commonly known as a helix breaker, proline residues have been found in the a-helical regions of
many peptides and proteins. The antimicrobial peptide gaegurin displays a-helical structure and has a central
proline residue (P14). The structure and activity of gaegurin and its alanine derivative (P14A) were determined by
various spectroscopic methods, restrained molecular dynamics, and biological assays. Both P14 and P14A
exhibited cooperative helix formation in solution, but the helical stability of P14 was reduced substantially when
compared to that of P14A. Chemicai-shift analysis indicated that both of the peptides formed curved helices and
that P14 showed diminished stability in the region around the central proline. However, hydrogen-exchange data
revealed remarkable differences in the location of stable amide protons. P14 showed a stable region in the
concave side of the curved helix, while PI4A exhibited a stable region in the central turn of the helix. The mode!l
structure of P14 exhibited a pronounced kink, in contrast to the uniform helix of P14A. Both peptides showed
comparable binding affinities for negatively charged lipids, while P14 had a considerably reduced affinity for a
neutral lipid. With its destabilized a-helix, P14 exhibited greater antibacterial activity than did P14A. Hence,
electrostatic interaction between helical peptides and lipid membranes is believed to be the dominant factor for
antibacterial activity. Moreover, helical stability can modulate peptide binding to membranes that is driven by
electrostatic interactions. The observation that P14 is a more potent antibacterial agent than P14A implies that the
helical kink of P14 plays an important role in the disruption of bacterial membranes.

Keywords: antimicrobial peptide; gaegurin; proline kink; NMR.

All living organisms must defend themselves against environ-
mental enemies. A clever strategy found in nature involves the
secretion of small antimicrobial peptides in the early stages of
infection. These peptides are beneficial in their quick and
efficient response to infectious bacteria and fungi, and thus
have survived throughout evolution even in animals with a
much more complex defense system, the immune system [1].
Antimicrobial peptides have been isolated from plants [2],
fishes {3], amphibians [4-6], insects [7,8], and mammals [9,10].

Peptides with antimicrobial activity have been classified by
structure into two main categories, an a-helix family and a
defensin family. Peptides in the a-helix family generally have a
random coil structure in aqueous solutions, but are induced to
assume a helical conformation in organic solvents such as
trifluoroethanol or liposome suspensions. These a-helical pep-
tides penetrate bacterial membranes and disrupt membrane
structure by ion channel formation {11]. Defensin family
peptides can be further divided into two subgroups according
to their structural topology. Mammalian defensins have a triple
B-sheet structure [12], while insect defensins form two-
stranded B-sheets with a flanking o-helix {13]. All defensins
contain three disulfide bonds, but the topology and spacing of
these bonds vary between species. Defensins alter bacterial
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membrane structure by multimeric pore formation [14]. It has
been hypothesized that electrostatic interactions and membrane
potential are important factors in the insertion into membranes
by defensins.

A third, but less weli-characterized class of antimicrobial
peptides consists of those that do not belong to either of the two
structural categories described above. Two such peptides are
attacin [15] and apidaecin [16]. These peptides have been
shown to- be bacteriostatic rather than bacteriolytic, and thus
exhibit their antimicrobial activity only with growing bacterial
cells. Little is known about the structure of these peptides.

o-Helical peptides have been shown to act on a broad
spectrum of microbes ranging from Gram-positive and Gram-
negative bacteria to fungi and protozoa. The defensins, how-
ever, act only on Gram-positive bacteria, and attacins show
activity against only a few species of Gram-negative bacteria.
From a pharmaceutical standpoint, the hemolytic activity of
selected antimicrobial peptides is another important factor to
consider. For example, antimicrobial peptides from amphibian
species have very little hemolytic activity. The properties of
individual peptides that lead to the variations in antimicrobial
and hemolytic activities that exist among such peptides are not
well understood for the following reasons. First, the lipid
compositions of membrane bilayers differ among the various
microbial species and influence peptide function. Second, other
characteristics of bacterial and fungal membranes such as
glycosylation, sterol content, and membrane potential affect the
ability of a peptide to interact with a lipid bilayer.

Proline has long been recognized as a helix-breaking amino
acid, as a result of its lack of a hydrogen-bonding donor group
and its steric hindrance of hydrogen bonding of the adjacent
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Abstract

A class III chitinase (PL-ChtIll) with a molecular weight of 29 kDa was purified to homogeneity from pumpkin leaves using
regenerated chitin affinity gel and high-performance liquid chromatography Mono-Q anion exchange column chromatography. In
contrast to other class III chitinases reported in plants, the PL-ChtllI strongly binds to regenerated chitin gel column, which can
provide a convenient tool for the enzyme purification. An oligonucleotide probe derived from the N-terminal amino acid sequence
of the purified PL-ChtlIl was used in cloning the cDNA. The full-length cDNA of the PL-ChtIII clone consists of 27 and 128
binding pairs (bp) of 5- and 3'-untranslated region, respectively, and 864 bp of open reading frame. The deduced amino acid
sequence of the clone shares significant homology with plant class III chitinase enzymes. The nucleotide sequence of the PL-Chell]
cDNA predicts the synthesis of a preprotein, which is subsequently processed into a mature protein by removal of an N-terminal
signal peptide. The protein contains six cysteine residues conserved in all class III chitinases at their invariant positions.
Expression of PL-Chtlll mRNA is significantly induced within 1--3 h by the treatment of fungal elicitor or glycol chitin, but the
expression of PL-Chtlll protein maximally occurred 12 h after the elicitor treatments. © 1999 Elsevier Science Ireland Ltd. All
rights reserved.

Keywords: Binding to regenerated chitin gel; Class III chitinase; Cysteine rich domain; Pumpkin leaves

1. Introduction other environmental stimuli [5]. The induction of
chitinases is often co-ordinated with the induction

Chitinases (EC 3.2.1.14) in higher plants cata-  ©f specific B-l,'%—glucanases and other pathogene-
lyze the hydrolysis of chitin, a linear homopolymer ~ Sis-related proteins [6]. Most plants possess 2 num-
of B-1,4-linked N-acetylglucosamine residues, into ~ er of chitinase isozymes that differ in primary
oligomer or monomer [1]. In plant cells, chitinase ~ Structure, molecular weight, isoelectric point, and
is induced by pathogenic attack [2], wounding [3] subcellular localization [7]. Molecular cloning of

and plant hormones [4], as well as by a number of chitinases from various plants has facilitated the
classification of these proteins. At least four

T L ) classes of plant chitinases have been proposed [§]
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* Corresponding author. Present address: Department of Biochem- nases contain an N-terminal cysteine-rich domain
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Chinju, 660-701, South Korea. Tel.: -+ 82-591-751-5958; fax: + 82- . .
591.759-9363. conserved main structure separated by a variable
E-mail address: sylee@nongae.gsnu.ac.kr (S.Y. Lee) hinge region. Class II chitinases lack the N-termi-
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ABSTRACT: Buforin 2 is an antimicrobial peptide discovered in the stomach tissue of the Asian toad Bufo
bufo gargarizans. The 21-residue peptide with +6 net charge shows antimicrobial activity an order of
magnitude higher than that of magainin 2, a membrane-permeabilizing antimicrobial peptide from Xenopus
laevis [Park, C. B., Kim, M. S., and Kim, S. C. (1996) Biochem. Biophys. Res. Commun. 218, 408—413].
In this study, we investigated the interactions of buforin 2 with phospholipid bilayers in comparison with

' magainin 2 to obtain insight into the mechanism of action of buforin 2. Equipotent Trp-substituted peptides

were used to fluorometrically monitor peptide—lipid interactions. Circular dichroism measurements showed
that buforin 2 selectively bound to liposomes composed of acidic phospholipids, assuming a secondary
structure similar to that in trifluoroethanol/water, which is an amphipathic helix distorted around Pro!!
with a flexible N-terminal region [Yi, G. S., Park, C. B, Kim, S. C., and Cheong, C. (1996) FEBS Lett.
398, 87—90)]. Magainin 2 induced the leakage of a fluorescent dye entrapped within lipid vesicles coupled
to lipid flip-flop. These results have been interpreted as the formation of a peptide—lipid supramolecular
complex pore [Matsuzaki, K. (1998) Biochim. Biophys. Acta 1376, 391—400]. Buforin 2 exhibited much
weaker membrane permeabilization activity despite its higher antimicrobial activity. In contrast, buforin
2 was more efficiently translocated across lipid bilayers than magainin 2. These results suggested that the
ultimate target of buforin 2 is not the membrane but intracellular components. Furthermore, buforin 2
induced no lipid flip-flop, indicating that the mechanism of translocation of buforin 2 is different from
that of magainin 2. The role of Pro was investigated by use of a P11A derivative of buforin 2. The
derivation caused a change to magainin 2-like secondary structure and membrane behavior. Pro!! was

found to be a very important structural factor for the unique properties of buforin 2.

Recently, a number of antimicrobial peptides composed
of 15—40 amino acids have been discovered in various
organisms (/). These peptides play significant roles in host
defense against invading pathogenic microorganisms. Many
of these peptides are considered to act on the lipid matrix of
bacterial cell membranes, destroying the barrier property and
killing the bacteria, although the actual mechanisms of action
are still under argument. For magainin 2, a representative
antimicrobial peptide discovered in the skin of the African
clawed frog Xenopus laevis (2—4), we have proposed the
following model. The peptide forms an amphipathic helix
in lipid bilayers, which essentially lies parallel to the
membrane surface (5). Five helices on average together with
several surrounding lipids form a membrane-spanning pore
comprising a dynamic, peptide—lipid supramolecular com-
plex, which allows not only ion transport but also rapid flip-
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tion, the Mitsubishi Foundation, and Novartis Foundation (Japan) for
the Promotion of Science,
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flop of membrane lipids (6). Upon disintegration of the pore,
a fraction of the peptide molecules is stochastically trans-
located into the inner leaflet (7, &8). These processes can be
controlled by modifying the peptide charge (9). This mech-
anism is universally applicable to other amphiphathic pep-
tides such as mastoparan X (/0) and PGLa (11).

In 1996, the antimicrobial peptide buforin 1 was isolated
from the stomach tissue of the Asian toad Bufo bufo
gargarizans, and a more potent peptide, buforin 2, was
derived from buforin 1 (12). Buforins show much stronger
antimicrobial activities against a broad spectrum of micro-
organisms compared with magainin 2. Interestingly, the
mechanism of action of buforin 2 has been suggested to be
different from those of membrane-acting peptides, although
the physicochemical properties of the peptide are similar to
those of other peptides in terms of amphipathicity and
basicity (Table 1). Park et al. (I3) reported that buforin 2
kills bacteria without cell lysis and has strong affinity for
DNA and RNA, suggesting that the target of buforin 2 is
not the cell membrane but intracellular nucleic acids. Indeed,
buforin 1 was reported to show sequence homology with
the N-terminus of histone H2A (74). Several peptides are
also considered to have mechanisms of action other than
membrane permeabilization (I5—18). Even for these pep-
tides, peptide—membrane interactions are important because

10.1021/bi0004549 CCC: $19.00 © 2000 American Chemical Society
Published on Web 06/30/2000
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Abstract We previously identified a novel lectin cDNA from
the fall webworm [Shin et al. (1998) Insect Biochem. Mol. Biol.
28, 827-837], which encodes two carbohydrate recoguition
domains (CRD-N and CRD-C) and is up-regulated following
bacterial challenge. The lipopolysaccharide (LPS) binding
activities of the recombirant CRD-N and CRD-C (rfCRD-N
and rCRD-C) were investigated by enzyme-linked immuneosor-
bent assay. The LPS binding of rCRD-N and rCRD-C was pH-
dependent: at pH below 6.0, they show a higher binding ability to
LPS. The binding of the rCRD-N was inhibited by both p-
mannose and N-acetyl-p-glucosamine, whereas the binding of the
rCRD-C was inhibited only by p-mannose. The binding of both
rCRD-N and rCRD-C to Escherichia coli was mainly mediated
through the O-specific chain.
© 2000 Federation of European Biochemical Societies.

Key words: Insect immunity; Carbohydrate recognition
domain; Lipopolysaccharide binding; Hyphantria cunea lectin

1. Introduction

Injury and subsequent bacterial infection in insects stimu-
late a complex battery of defense responses, similar to the
acute inflammatory response of mammals {1]. In most cases,
hemocytes attach to pathogens and remove them by phago-
cytosis, nodule formation or encapsulation. Invasion of for-
eign pathogens may be recognized by plasma or hemocyte
surface proteins that bind specifically to microbial cell wall
components. Lectins are possible recognition molecules and
may be involved in innate insect immunity. Previously, we
identified a cDNA from a lepidopteran insect, Hyphantria
cunea, that encodes a novel member of the C-type lectin
superfamily with two different carbohydrate recognition do-
mains (CRDs), namely CRD-N and CRD-C [2]. The deduced
amino acid sequence of H. cunea lectin showed a significant
similarity with the lipopolysaccharide (LPS) binding protein
of the American cockroach, that is related in sequence to the
C-type lectins of vertebrates [3,4]. Recently, the studies of
BmLBP (LPS binding protein from Bombyx mori) and immu-
nolectin revealed that they contain two different CRDs {5,6].
The amino acid sequence alignment of H. cunea lectin,
BmLBP and immunolectin shows that C-type lectins with
two CRDs are conserved in three lepidopterian insects, H.
cunea, B. mori and Manduca sexta (Fig. 1).

*Corresponding author. Fax: (82)-42-860 4659.
E-mail: hypark@mail.kribb.re.kr

While most members of the C-type lectins contain only a
single carbohydrate binding domain, macrophage mannose
receptor, phospholipase A2 receptor and DEC receptor con-
tain either eight or 10 lectin domains {7]. This raises the ques-
tion as to how three insect lectins, H. cunea lectin, BmLBP
and immunolectin with two carbohydrate binding domains,
relate to the multiple carbohydrate binding domains found
in higher animals. It is speculated that an increased number
of binding domains in the same molecule work cooperatively
to enhance ligand avidity [8,9]. As part of the functional anal-
ysis of H. cunea lectin, we expressed the genes encoding each
of CRD-N and CRD-C domains of H. cunea lectin in Esche-
richia coli, and characterized the binding specificity of the
recombinant CRD-N and CRD-C (rfCRD-N and rCRD-C).

2. Materials and methods

2.1. Reagents

The following reagents were purchased from Sigma: LPSs from
E. coli 026/B6 (L8274), E. coli O111/B4 (L2630), E. coli EHI00
(L9641), E. coli F583 (L6893), Klebsiella pneumoniae (L4268), Pseu-
domonas aeruginosa (L9143) and Serratia marcescens (L6136); yeast
mannan (M7504), p-glucose (G8270), D-mannose (M4625), p-galac-
tose (G0750), pfructose (F0127), N-acetyl-D-glucosamine (A8625).
N-acetyl-p-galactosamine (A2795), L-fucose (F2252) and L-rhamnose
(R3875).

2.2. Expression of CRDs in E. coli

The ¢DNA fragments encoding each of CRD-N and CRD-C do-
mains were PCR-amplified with a pair of specific primers flanking
each domain. The PCR products were cloned into the EcoRI and
Sall sites of the pET-21a(+) containing T7-Tag (Novagen, Madison,
WI, USA). Plasmids with correct inserts were transformed into E. coli
strain BL 21 (DE3)pLysS (Novagen). The recombinant rCRDs were
expressed as insoluble inclusion bodies. The purified inclusion bodies
were applied to a T7Tag agarose affinity column. The eluents were
subjected to refolding process by step-dialysis (urea concentration =
1M, 0.5M, 0.25 M and 0 M) against TBS buffer (20 mM Tris-HCI,
140 mM NaCl, 0.05% (w/v) NaNs3, pH 7.5) containing 0.05% (v/v)
Tween-20 and 10 mM CaCl,. The refolded proteins were dialyzed
three times against distilled water at 4°C.

2.3. The enzyme-linked immunosorbent assay (ELISA)

ELISA for C-type lectin-carbohydrates binding assay [10,11] was
used to detect LPS binding activity of the rCRDs. Polysorp microtiter
plates (Nune, Denmark) were coated with LPS overnight in 100 ul of
coating buffer (I5 mM NayCO;, 35 mM NaHCO3, 0.05% (viv)
Tween-20, pH 9.5) at 4°C. The plates were washed three times with
washing buffer (TBS buffer containing 0.05% Tween-20, pH 5.0) after
each subsequent step. After coating, the plate was blocked with 1%
(w/v) BSA in washing buffer for 1 h. The rCRDs (100 ul in washing
buffer), T7Tag antibody (100 pl of a 1:5000 dilution in washing bufi-
er, Novagen), o-mouse IgG alkaline phosphatase conjugate (100 pl of
a 1:5000 dilution in washing buffer, Sigma) were added sequentially
while washing between each step. All incubation steps were carried
out at room temperature for 1 h. Alkaline phosphatase substrate,
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Buforin Il is a 21-aa potent antimicrobial peptide that forms, in a
hydrophobic medium, an amphipathic structure consisting of an
N-terminal random coil region (residues 1-4), an extended helical
region (residues 5-10), a hinge (residue 11), and a C-terminal
regular o~helical region (residues 12-21). To elucidate the structural
features of buforin Ii that are required for its potent antimicrobial
activity, we synthesized a series of N- and C-terminally truncated
or amino acid-substituted synthetic buforin Il analogs and exam-
ined their antimicrobial activity and mechanism of action. Deletion
of the N-terminal random coil region increased the antibacterial
activity ~2-fold, but further N-terminal truncation yielded peptide
analogs with progressively decreasing activity. Removai of four
amino acids from the C-terminal end of buforin Il resulted in a
complete loss of antimicrobial activity. The substitution of leucine
for the proline hinge decreased significantly the antimicrobial
activity. Confocal fluorescence microscopic studies showed that
buforin I analogs with a proline hinge penetrated the cell mem-
brane without permeabilization and accumulated in the cytoplasm.
However, removal of the proline hinge abrogated the ability of the
peptide to enter cefls, and buforin Il analogs without a proline
hinge localized on the cell surface, permeabilizing the cell mem-
brane. In addition, the cell-penetrating efficiency of buforin Il and
its truncated analogs, which depended on the a-helical content of
the peptides, correlated linearly with their antimicrobial potency.
Our results demonstrate clearly that the proline hinge is respon-
sible for the cell-penetrating ability of buforin i, and the cell-
penetrating efficiency determines the antimicrobial potency of the
peptide.

In addition to the highly specific cell-mediated immune re-
sponse, vertebrates and other organisms have a defense system
made up of distinct groups of broad-spectrum antimicrobial
peptides (1). One major group of such peptides includes short
linear polypeptides (=40 aa or less) that have been isolated from
diverse species such as insects and mammals (1, 2). The largest
family includes those polypeptides that are positively charged
and that adopt an amphipathic e-helical structure. Well-known
examples of a-helical peptides are the cecropins of insects and
mammals (1) and histatins from human saliva (3). In amphibians,
which are rich in antimicrobial peptides, many amphipathic
a-helical antimicrobial peptides [such as magainins (4), bom-
binins (5), buforins (6), and dermaseptin (7)] have been isolated
from glands in the skin and gastrointestinal tract. These cationic
a-helical peptides possess a broad range of antimicrobial activity
against Gram-positive and Gram-negative bacteria and fungi, as
well as protozoa (8-10). The precise mechanism of the broad-
spectrum antimicrobial activity of these peptides is not yet fully
understood. However, data revealed that these peptides attack
the outer and inner membranes of bacteria, ultimately resulting
in either disruption of the cell membrane (11) or cooperative
permeabilization (12).

A 39-aa peptide, buforin I, was isolated from the stomach
tissue of the Asian toad Bufo bufo garagrizans, and a more potent
antimicrobial peptide of 21 amino acids, called buforin II, was
derived from buforin I (6). Buforin IT shows much stronger
antimicrobial activity against a broad spectrum of microorgan-
isms compared with other a-helical antimicrobial peptides (6).
Interestingly, the action mechanism of buforin II has been
suggested to be different from those of membrane-acting pep-
tides, although the physicochemical properties of the peptide are
similar to those of other a-helical peptides (13). Buforin II kills
bacteria without cell lysis and has a strong affinity for DNA and
RNA (13), suggesting the possibility that the target of buforin II
is the intracellular nucleic acids, not the cell membranes. Buforin
II has a helix-hinge-helix structure; the N-terminal extended
helix includes residues 5 to 10, and the C-terminal helix includes
residues 12 to 21. The helices are separated by a proline residue
situated at amino acid position 11 (14). This two-helix organi-
zation and unigue mode of action make buforin II a highly
attractive candidate for deciphering the role of each structural
element in conferring on buforin II its highly potent antimicro-
bial activity. In addition, structure-activity studies of buforin II
may provide new insights into its unique molecular mechanism
of antimicrobial action. In this study, we designed a series of
structurally altered synthetic buforin II and determined their
antimicrobial potencies and secondary structures. The mecha-
nisms of bacterial killing action for buforin II analogs are also
studied.

Materials and Methods

Design of Buforin Il Analogs. A series of truncated, amino acid-
substituted, and laboratory-designed synthetic analogs of buforin
II was synthesized to investigate the role of each structural
element of buforin IT in conferring highly potent antimicrobial
activity. The ribbon mode! of buforin II is presented in Fig. 1, and
the sequences of the peptides and their designations are given in
Table 1. Buforin II was truncated progressively from its N-
terminal random coil region to residues 5 to 21, 6 to 21, 7to 21,
8t021,9t021, 10 to 21, and 11 to 21 to evaluate the contribution
of the N-terminal random coil and extended helical region to its
antimicrobial activity. To examine the role of the C-terminal
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