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ABSTRACT Antimicrobial peptides (AMPs) play an important role in innate immunity against pathogenic infections. AMPs
exterminate pathogenic bacteria by disrupting cell membranes or inhibiting intracellular molecules. NK-2, first identified in
pigs and derived from NK-lysin, has antimicrobial effects against bacteria and parasites. In this study, chimeric peptides
(cpNK) of chicken and pig NK-2 and cpNK-derived peptides (cpNK-al and cpNK-a2) were synthesized, and their
antimicrobial effects against various pathogenic bacteria such as Escherichia coli, Salmonella spp., Listeria monocytogenes,
Staphylococcus aureus, and methicillin-resistant Staphylococcus aureus (MRSA) were investigated. The structure of chimeric
peptides from chicken and pig NK-2, cpNK, include a-helix like NK-2 and peptide net charge was +9 like porcine NK-2.
The cpNK peptide showed powerful bactericidal effects against most bacterial species, including MRSA, especially against
gram-negative bacteria. Furthermore, cpNK-derived short peptides, cpNK-al and a2 also showed bactericidal activity, but the
effects were weaker than those of cpNK. Therefore, we conclude that cpNK- and cpNK-derived short peptides have the
potential to be used as antibiotic alternatives.

(Key words: chicken, pig, antimicrobial peptides, NK-lysin, NK-2)

M B g Elo] = (antimicrobial peptides)= YA A EZ

T SfHEA 12014 5070 Alele] ofmfito 2 FdE et

71=9] AW g9k AAEHE 93 FAPA 82 I o|=®A| ute|g]o}, nlolg] 2, o] F ThFe HAAE
A 4]+t (antibiotic resistant bacteria)e] A2 Zsdtt APEAIA A Aol Fagk oy &S dista 9l
(Martinez, 2008; Zhu et al., 2013). ©]o] wla} dA] Be == thH(Kang et al., 2017; Wiesner and Vilcinskas, 2010). 33l
Thll A AAERNL 93 A Aee FAH T glomn, EolEE T2 goleo] 545 zta 7] Wi, ol
AW B 9 PR AFL LS FAA] AE ZAS EAE zte= a9 S/d(gram-negative bacteira)2] lipopo-
07 4 9lo] FAAZ YAE 5 9= BAd| g At lysaccharides(LPS)9} 13 FAd 1 (gram-positive bacteria)2]
gks] o] Fojx| 1 IThLillehoj and Lee, 2012; Wang et lipoteichoic acidsell Agate] uhe|g]ole] Alxuts vt gt
al., 2019). o} 2 yol o2 Farglele]| =& vhe|glo} W i-e] DNAY
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RNAc] 0] 215 A 4= 2 tHJenssen et al., 2006). ¢
T e = Al EFRI
5 3 FAE A el AGAE S
2 T2 7M1= T uhde "oz 282 ohe 3l
2 <424 SIthHong et al, 2020a; Hong et al., 2020b;
Otvos Jr, 2016).

NK-lysine 5% natural killer(NK)A|Z 2} T & Z ol A]
A gt B FgaEIr dvka g2 3th(Hong et
al., 2006; Lee et al., 2014). NK-2& SH2]2] NK-lysin®] 39 -
65 o} At FEQI ghelix regions Ze HE]=2A o
2 HAAE APEA7IE E9E 72 thJacobs et al.,
2003; Andra et al., 2004; Schréder-Borm et al., 2005).

9] NK-lysin Eimeria 749 2] “ & Z(Intestinal

lymphocytes)ollA] Bo] A= on, Hx]e] NK-2 F&o
gl 5ol NK-2(cNK-2) 3+ g &3S 7123 o],
oA FAEZ(Coccidiosis)S L7 E.tenella} E.
acervulina®] EAAAZE AFEAZATHLee et al,, 2013). L ¥t
o= oNK-2&= e tAAMEFHDINS Tl Hprimary
monocytes)ol| 4] CCL4, CCLS, IL-189} #& Am7lel
(chemokine)@ Ate] E7IQIS] WS F7HAZ oW, p383t
ERK1/2, c-Jun N-terminal kinases (JNK)Z %3 mitogen-
activated protein kinase (MAPK) signaling pathwayS =5}
= A2E YElHT (Kim et al, 2017).
B AT FABA HAA ZA NK-lysin®] &-87Fs
Sklstr] fste] S =219 NK-lysin®] 39-65 ©}v]
T2 NK-25 £33 HEFo] =(cpNK) 9} cpNK =2
B 32715 &9 F /l9] Elo|= (cpNK-al, cpNK-a2)2] 3t
T8I E E coli, S. Enteritidis, S. Enteritidis, S. Typhimurium,
S. Cholerasuis, L. monocytogenes, S. aureus$} 22 A3}
WEl R (meticillin) WATS o] &3to] =38kt

Hoox
r o ¢

Table 1. Peptide sequences for antimicrobial activity assay

R

1. HElo|= &Y

5] NK-2 (39-65 aa)®} HA| 9] NK-2 (39-65 aa)s X%
3} chimeric HE}O]= (cpNK)9} cpNKQ] M L& 7]uto g
e Adeol Hefo] =9l ¢pNK-al¥} cpNK-a2Z 90%2] <=
=2 BYEE (Daejeon, Republic of Korea)ollA] & A2}
ato] AFE-3FSATE (Table 1).

A9 Helo|l=Ee I aAE A5 Yl 28 &
TR Escherichia coli ATCC 43888, Salmonella enterica
serovar Enteritidis YHS 383, Salmonella enterica serovar
Typhimurium ATCC 43174, Salmonella enterica serovar
Choleraesuis YHS 3869} 13 331 Listeria monocytogenes
ATCC 19115 and Staphylococcus aureus ATCC 276645 37°C
oA tryptic soy broth (TSB) (Sigma, St. Louis, MO, USA)°]|
16713t v Fatsiet. wj e Wel2]olE PBS (pH 7.4)F ©I
8-5Lod 5.0x10° colony-forming units (CFU)YmL®] ¥ &2 3]
A5kt 25 pLe] 3] E Hteejotel] Fiedl] A s]Ad
Hetol =5 A gh 5 37°Cel|A 44131 v Fateinh. vl
standard colony counting assayS E3l HE|2]ole] CFUE
=959

YA W Tg o] &3 I A} H52 918 Methicillin-
susceptible strainQ] S. aureus RN4220%} Meticillin-resistant
strain®] S, aureus MW2} S aureus USA300< Luria-
Bertani (LB) broth (Sigma)°ll ¥k &, 5 x 10° CFU2] B}
glolel 25, 50 pg/mLe] cpNKE A 2|3te] 37°CollA] 2, 44]
7t vi k3t 5 colony counting assayS 23§35} T} (Yeaman

et al., 1992; Xiong et al., 2005).

Peptides Sequences aa Charge Mw pl Hydro-phobicity
Porcine
NKD KILRGVCKKIMRTFLRRISKDILTGKK 27 +9 3,203.05 12.1 40.74%
Chicken
NK- RRQRSICKQLLKKLRQQLSDALQNNDD 27 +4 3,268.74 10.8 31.72%
Chicken RRQRSICKQLLKKLLRRISKDILTGKK 27 +9 3,280.07 123 37.41%
Pig NK-2 (cpNK) oo ' e
cpNK-al RSICKQLLKKLLRRISKDILT 21 +6 2,369.98 11.6 42.95%
cpNK-a2 KQLLKKLLRRISK 13 +6 1,624.09 12,5 30.53%
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3. Hetol= 53 24
HEefo]=2] molecular weight®} theoretical isoelectric
point (pl), hydrophobicity~ Peptide Analyzing Tool (https:/www.
thermofisher.com/kr/ko/home/life-science/protein-biology/pept
ides-proteins/custom-peptide-synthesis-services/peptide-analyzi
ng-tool.html) & 53l S At WEfe|= FX2 & RaptorX
(http://raptorx.uchicago.edu/) & E3l ol &3tk

4. EAEA

Bt a3} A= th3+ A= SPSSE o]
A (ANOVA)7} Student ¢ 0.2 S|4
Dunnett’s multiple comparison test= /\]-3?— A& z]:
t} 2= /Jz‘ﬂ_o_ 3ulE o2 :‘r:agg Tt
THA (SEM)E E7]=H o 571]]7‘4%]—01 = P<0.05914]
frolek zlo = Thralsich

2 1

_

. S1} =iX|e] NK-22 =gt HElo|=2o| 2= 4
EMEN

97} #x) 9] NK-25 %33} 3glo]

BAE A3k cpNKe] W] WA o}

WA o

=9l cpNKe| TZE
=21 arginine €] 24
A} threonine”7FA] a-helix %2 A5l Z o
UEbtTh (Fig. 1). T3+ cpNKe| plghS 12322 procine
NK-29} chicken NK-2Ht} =& Aoz Jehton 7|2

RRQRSICKQLLKKLLRRISKDILTGKK

Turn a-helix Tumn

Structure of cpNK chimeric peptide. In peptide
sequences, red amino acids indicate positive charge amino acids
and blue indicate negative charge amino acids. Yellow colored
amino acids indicate a-helix region. The figure shows the
predicted structure of the cpNK peptide in three dimensions.
The red “rocket” indicates a-helix and blue lines mean turns.

Fig. 1.

3= porcine NK-29} 22 +92 LEISIT (Table 1).

2. 5o =iX|2] NK-2& =gt HElo|=2| ge|2|oto|
CHSt /n Vitro @ &1}

pNK HEfol=e] gt aste 2Helr] ekl I &
Al E. coli ATCC 43888, Salmonella enterica serovar
Enteritidis YHS 383, Salmonella enterica serovar Typhimurium
ATCC 43174, Salmonella enterica serovar Choleracsuis YHS
3869} 1t FJQl Listeria monocytogenes ATCC 19115
and Staphylococcus aureus ATCC 276643} HES-A1Z] 5 A|E
RAZEE(%)S T3 (Fig. 2). E. colie 0.5 pg/mLe] cpNK
o o3l MEAEEC] 254%= AR o, 4 ug/mLe]
cpNKOA = 0% AEES BT S Enteritidise 4 p
g/mLe] cpNKE A2|PS W FoJH o2 BEEo] 5.7%=
28k t) S, Typhimurium= 1 pg/mLe] cpNKE A E]A|
ABEEO] 46.6%% FolHow Aadg o, 4 pg/mLe
cpNKE= EE S. Typhimurium©| AP23 A2 JERTE S
Choleraesuis'= S. Typhimurium©l| 412} R 2 1 pg/mL
2E) Y2go] oo FATACH 4 pgmLel cpNK
£ AEde o 20.8%°] AEEo] UERsTE 18 ]
L. monocytogenes= 10 pg/mL2] cpNK 2] $HE F2|4
o7 AyEgo] AT o 207} 40 pg/mLe] cpNKol| 2
3 0%2] AEES Btk = v E a3 AT S aureus
o] A 5 pg/mLe] cpNKol| 2J& 2.7%2] A&=&S HTh
P EI AF APS S8k opNKeE 13 ook*éﬁ Hip
AitolA o 2 YRS HoFlon,
AA ol cpNKe| s=7} Eold 4% gt avst S7ts)
Ao ekl

=
ot B

}~n

fr o& U[o

w
=2
m
>
m

S| LHA ol CHEE peNKe| /i Vitro

HATER ope} viE] A Ui 2=/ (Methicillin-
resistant S. aureus, MRSA)Q! S. aureus MW22} USA3000]
tsle] cpNK7F @t aas Holex| AdS Wik
cpNK = 2417 218311 S ), MRSASI MW2E 25 pg/mL
9] cpNKell 9J3l] 36.3%2] AYEE&S Ao, 50 pg/mLe
cpNKol| A 25.8%2] AE&S BATH (Fig. 3) USA3002 25
ug/mLe] cpNKol| Jal 46.5%2] AE&S B2, 50 pg/mL
2] cpNKol| Al 41%2] AHE&&S Bt chKﬂ MW20l| 44
7 AYPS AF, 25 pg/mLollA 13.1%, 50 pg/mLolA
3.6%2] AZEES B3tk USA3009] cpNKE 4417 2] 28]
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Fig. 2. Antibacterial activity of cpNK peptide. The pathogens were incubated with cpNK peptide for 4 h at 37°C. Cell survival (%)
was calculated as (surviving CFU/negative control CFU)x100. Each data point is the meantSEM ("P<0.01 and “P<0.001).
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Fig. 3. Antibacterial activity of cpNK chimeric peptide against methicillin-resistant Staphylococcus aureus. The methicillin-resistant
Staphylococcus aureus MW?2, USA300 and methicillin-susceptible Staphylococcus aureus RN4220 were incubated with cpNK peptide
for 2 and 4 h at 37°C. Cell survival (%) was calculated as (surviving CFU/negative control CFU)x100. Each data point is the
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meantSEM ("P<0.01 and “P<0.001).
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< ), 25 pg/mLol A 20.2%, 50 pg/mLoA 7.0%2] WEE
< Btk A WAdo] gl RN42202] 739 cpNKE 2
AlZE AEd 49 25 pug/mLelA 1.7%, 50 pg/mLolAE
0.3%2] BEES B} w3k 259 50 pg/mLe] cpNKE 4
AR A2l gg wlol] RN42002 27 0%9] AE&S BAth
9ol A5 Bl cpNKHE| == F 712 MRSA B
2o} = S aureus MW2A T & Ida3= el &=
As & F AUk
4. cpNK Chimeric HEIO|EZ2FE HE =
9| /n Vitro &&1}
27aa2] cpNK chimeric

HElO|=

Elo| oA AA et adE B

o] core regions 27] 913l 6aaS =91 cpNK-al (Fig. 4)
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path
oL

9} 14aaZ 9] ¢pNK-a2 (Fig. 5)9] 3 a3= H=3t
cpNK-al & E. colil A2]& A$, 5 ng/mL FE 3o
2 AEEo| 74sFH o 10, 20, 40 pg/mLoA 25 A=
£°] 0%t} (Fig. 4). S. Enteritidist= cpNK-alol] 2|3l A=
£°] 5 pgmL= AP o 96.9%°] =& HAARE
10 pg/mLFElE 55 0%2] AEE8-2 H3th S Typhimurium
£ 5 ug/mLe cpNK-al S 2|32 ul, 1.9%2] &S

Heom 10 pyg/mLFE = 0%= YEFITE S Cholerasuis=
5 ug/mLe] cpNK-alell 23 17.7%2] AEES Yeldon,
20 pg/mLYE 0%7} YRttt 13k 4191 L monocytogenes
o] 4% 5 ug/mLe] cpNK-alell Jaf HEE&0] 44.5%= o}
Hoem 10 ygmLFEHE 0%Ach S aureuss 5 pg/mLel
cpNK-al 8 fojd oz AEgo| 1HAasH3 om, 40 ug/mL
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Fig. 4. Antibacterial activity of cpNK-al. The pathogens were incubated with cpNK-derived cpNK-al peptide for 4 h at 37°C. Cell
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survival (%) was calculated as (surviving CFU/negative control CFU)x100. Each data point is the mean+SEM ( P<0.001).
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Fig. 5. Antibacterial activity of cpNK-a2. The pathogens were incubated with cpNK-derived cpNK-a2 peptide for 4 h at 37°C. Cell
survival (%) was calculated as (surviving CFU/negative control CFU)x100. Each data point is the meantSEM ("P<0.01 and ™

P<0.001).

AAE 0.9%2] AEES Bk

1370¢] ol w=pto 2 FAHE cpNK-a2E E. colioll 2] A]
5 pg/mLFE AEE0] o o2 7HAskg oH, 40 pg/mL
o= 0.5%2] BEEC] =AU (Fig. 5). S. Enteritidis=
5~40 ug/mLe] cpNK-a2l] 2]3l| 44.0914 52.4% Alele] A}
E&5 1AL pNK-a2% S. Typhinmuriumel] *2]A], 50 pg/mL
A AEE 185%E FolF oz 7H4s] o™, 200 pg/mL
A= 0.5%2] BEEZ YERITE S Cholerasuisi= 50 pg/mL
9] cpNK-a2°l] oJ8] AZEEo] 62%= 745 o™, 150 p
gmLFEHE %2 SHHAJT L. monocytogenes= 50 1
g/mLe] cpNK-a20l|x] AEE0] 24.1%HA M, 150 pg/mLF
B 0%9th S awreus= 50 pg/mLe] cpNK-a2ol 2]3]
68.0%= W&ol 7HAasglom, 200 pg/mLAlAE 52.6%

2 S AT

upebr] 277]2] ofn] =2kl ¢pNK FEfO| =2 HE W%
2170€] opn|iike] CpNK-alt g T ?row
T L YHEHE HoH, 40 pgmle F
100%9l 717}-8- 3t & JJr HolFArh 13709 O}ul
2 FJH cpNK-a2E= cpNK-alol H]3) w2 L?E-ﬁ-—“
ERf o, 100 pg/mL ©]/de] FENA H& JdaAE
ERfI AT

ofl

E
L —L lO ar 1o

o &
el = MAA WoldA] Zad S Jh= 7]
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Elo| =24 S5 Wt o] HAe o, A4 e
BATS APEAIT| AW HeRkgg 24 &l
21t} (Kang, Kim, Seo and Park, 2017). ¥ A& &
3 =R e] EetElo] = NK-lysin®] & 7891 NK-25
3+t chimeric FMEFO|E (cpNK)&] T E3E 33 Th
cpNK= E. coli, Salmonella spp., L. monocytogenes, S. aureus
o & Wy e Ay A W wtol et e a
£ B3
A Elo| == g-helix®} B-sheets 59 7% 2ty ¢
=4, 3] a-helix 727} dvtaze] 2 S nHo}
(Jenssen, Hamill and Hancock, 2006; Kang, Kim, Seo and
Park, 2017). a-helicesE Z= S Elo|=& ol
A EZuo] & Agsle] “Carpet” =+ “Barrel-Stave” ™7 Y
=2 B3l AlxeS 99 = 9t} (Zelezetsky and Tossi,
2006; Huang et al., 2010). NK-2= NK-lysin2] 571<] a-helix
TZ F helix 394 55 xFeteE BRI (Lee et al,
2013). ¥} =HA]e] NK-2E 2338 cpNK chimeric ZE}C]
zo Fx2E d&g A1 9A] a-helix 7+ YEWoH,
A3 e a3-E YeRAQIT (Figs. 1 and 2). T3 FEfo]
=9 charged-& FHdt o] qbe +15 skl 538} o
AR -1 o2 AL A=, A9 NK-29}F cpNK
9] charge #-2 +92 7P =4 YEldTh o] & Sl +4st
£ ¥ = LPS¢} lipoteichoic acidsol] th3t gt3lEle]=2] 4
gtgo] Frlete g St aat T3t S/1E Aoz dgHn)
2 Aol AMEE E coli ATCC 438882 E. coli
O157:H7= 424 9)o™, Shiga toxinS A sle] Aledo]
A 284U (hemorrhagic colitis)? €34 8 =555
(hemolytic uremic syndrome)s U27]= BHe|gloto|th
(Lim et al., 2010). S. Enteriditis:= AbgollA] A5=S Lo
7e —’“.‘n‘i vk gloto]w] S. Enteritidisol] 79¥ SO =T E
Abol| Al AdE &= Qlt} (Vaz et al., 2020). S. Typhimurium
A /516%% 2 07) & vh|]oleA] Adlals: (Salmonellosis)
2] 99%%E 2FA| 3T} (Lamas et al., 2018). S. Choleraesuist
F2 AN B EF (paratyphoid)%: do7Im, Ak
AA #AEE AF FE 2 HIdSe +EE F vk (Chiu
et al., 2004). L. monocytogenes= T2 HFEEo 74 Al
g2l 2H| 2ol (listeriosis) S L 2.7 Aol Al ZHdo] A
g A A8, HeEHd 52 4ot (Lecuit, 2020). S.
aureus= AP Al 74 A] entrotoxings AG3I A FES
doz  glom, 1t oy A AT FHE Ee
71t} (Madahi et al., 2014). $1¢} 2o] Al 2 71FFoll A

A o

Q]

Mg Qo
YT EIE ol

[o

Hé el tiste] cpNK HEF| == 43
ow, vt opz} v dY WA
S. aureus MW29} USASOOOH/H_I_ IS HojFo] g
A AR =A S &8 THsdS ST F AU
cpNK HEfe| == JE” FAATETY AT o B
A EANE HAFAEH], 1 o] F71E peptidoglycan
< dafEel=et Mxdte] Ags Weld = o
(Malanovic and Lohner, 2016). ©]Z ?JOHH oy e
SR oA FEY xfo]E Holx= AHAow AZHET)
AEgt A ETNE ZH= opNK HElo|=e] I 25
k3, felol=o] ZolE Zof 3 M &S AxlstiA
cpNK&} H|5=3gt gt adeE Yeie
21aa®] cpNK-al¥} 13aa®] cpNK-a29] tEds =743
A3}, cpNK-al©] cpNK-a2ETH o £2
H, cpNK Hth= W& 89S HoF3Anh ol Aol
ojshd o7t &2 Fagietol=o] A5 AlxEute] doli
o} ol e 9 5l] offuk= 237t 20T (Gagnon et
al., 2017). o]ol| w2} cpNK-al ¢} a2 cpNKE T Zol7} F
o} gteg]o} A EZuS AW SHE W 7F epNKET H& A
olgtar o de 4 9lon, T #2 HEele|= Ho] o
a-helix 7327} 2 BAHA] @%s oz o fHrk
E AN in vitro B &35 YERH ¢pNK, cpNK-al,
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