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Discovery and recombinant production of a novel cysteine-rich Macin from starfish
(Patiria pectinifera) and study of its antimicrobial activity and characteristics

Junseong Choi

School of Marine and Fisheries Life Science (Major in Biotechnology)

The Graduate School, Pukyong National University

Abstract

The ocean is a reservoir of diverse life forms including various marine animals that are
constantly exposed to abundant microorganisms, including pathogenic bacteria. Marine
invertebrates, such as starfish, lack adaptive immunity and rely heavily on their innate immune
systems to defend against these microorganisms. A key factor in the innate immune response is
antimicrobial peptides (AMPs). This study is the first to identify Macin in the starfish Patiria
pectinifera and to measure its antimicrobial activity. This AMP, which exhibits both antimicrobial
and neuroregenerative activities, has not been previously reported in echinoderms before. This
study also investigates the effects of different cysteine connectivities and immune challenges on
PpMacin’s antimicrobial activity and transcriptional expression levels, respectively. The full
nucleotide and amino acid (AA) sequences of PpMacin were determined through cDNA cloning,
revealing a total sequence of 1527 bp, including a 5' untranslated region (UTR) of 140 bp, an open
reading frame (ORF) of 264 bp, and a 3" UTR of 1123 bp. The ORF encodes a total of 87 AAs,
including a signal peptide of 24 AAs and a mature peptide of 63 AAs. The recombinant PpMacin
(rPpMacin) was successfully produced through a heterologous expression system with the pET-
28a(+)-TrxA vector system and Escherichia coli BL21 (DE3). The antimicrobial activity of the
three rPpMacin forms (refolded, reduced, and one missing a disulfide bond) was investigated using
the ultrasensitive radial diffusion assay, with results showing that cysteine connectivity
significantly affects PpMacin’s antimicrobial capacity. The bacteriolytic activity of rPpMacin was
confirmed using a chromogenic plate assay. Furthermore, NPN and ONPG assays demonstrated
that rPpMacin weakly interacted with bacterial membranes at the experimental concentration. The
transcriptional expression levels of PpMacin in starfish tissues were evaluated using RT-qPCR,
revealing high PpMacin expression in coelomocytes and coelomic epithelium. Finally, temporal
expression of PpMacin following immune challenge was highest in coelomocytes at 4 h and 24 h.
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1. A=

11 4958 4 23

HE7 AL (Patiria pectinifera)i= A3 Al St 7+ FAFEZ oA A 3]
o] 13 &8 FxolA 3 w=A F AMEIIYC oF 3vbelo WEIL
AM ZHH obF F7< 24 (Oral hemal ring, Coelomocytes, Cardiac stomach,
Pyloric stomach, Hepatic caeca, Gonad, Tube feet, Radial nerve, Coelomic
epithelium)-= Z}2} cDNAcloning} real time-gPCR (RT-gPCR)¢ll AF-&-3}7] <
sto] =AM E oF 100mge] ¥ == AF s 2F S 2 =22 RiboEx
(GeneAll, Seoul, Korea) 1 mLel Y3l Cordless PELLET PESTLE® Motor
(Kimble Chase, NJ, USA)E Ab&-ato] 43t A7 #,-50 oAl AHE A7t

A Jskoict.

2.

2.1 Macing] BE7MA 8 8 44 HEo|l: R A%

2 AFHdA BT HEIZHFE AAR dolgHo]AE VMo R
o] AEFOZHE Huy vhkd AMPs MES query®  AFg-&ho]
Local BLASTE Al&atqith. HE7MAFe el HAAMAl dlolH % Hydra

vulgarisoll A 2 ¥ Hydramacin-1 (NCBI accession no. B3RFR8.1)2] A< 3}

-8 -
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32

o,

ol
-l 0
o,

el FEfo] =& Patiria pectinifera Macin, PpMacin©.= 74
H AYEs EYE PpMacin®] AA AL9E 7] £ Rapid Amplification

of cDNA Ends (RACE) PCR®l| A& primers #2313 Th (Table 1).
2.2 PpMacing] AA FEHLLEE XY XA}t

PpMacin®] A 7Ee B = 8l ofnil HAS wher] $]81o]
cDNA cloning& AAst3ith. ddste Harpabe] 242 Hybrid-R™ kit
(GeneAll, Seoul, Korea) & ©]-&3}o] A 2AFS] A H ol uwle} total RNAS F5

a3tk %9 total RNAE= RACE PCRS $]3] GeneRacer™ kit (RLM-

RACE, Invitrogen, CA, USA)E ©]-&3alo] AR cDNAE T4 ¥ =%
aolth e cDNAE AR A7EA] <20 WHEalel] ®Hasigivh 2 PCR

Al 7F reagent®] ¥EE AL sterile water 12.8 pL, dNTP mixture (2 mM
each) 2 uL, forward 2} reverse primer (10 pmol/uL) Z+Z+ 1L, *HE7MA ] 2]
H cDNA template 1 pLo]t}. o]} 7], 5 4 3' RACE PCRe|+= 10X nTaq
buffer (Mg2+ plus) 2 uL 2} nTaq polymerase (5 U/uL) 0.2 uLE A3+ T Insert

DNA #|#-2 $]3F PCRel&= 10X nPfu-Forte buffer (Mg2+ plus) 2 L2} nPfu-

flo

Forte polymerase (2.5 U/uL) 0.2 uLE AFE-3F3Th PCR WA 7F & Aok

Enzynomics (Daejeon, Korea) A} #| &8 AM&-31SIth



2.2.15'RACE PCR

PpMacin® 5' untranslated region (UTR) A &< &913}7] $J3l 5 RACE
PCR= AAslt PCRE &3¥ HE7HAFe] =48 cDNAE template®
slo] PpMacin-R, GeneRacer 5' RACE primerE AF&-3to] 1212 533130t}
o] % SZ¥ PCRproductE A Z& template® 3}o] nested PCR& 4415131

T}, Nested PCR< PpMacin-R2, GeneRacer 5' RACE nested primers AF-&35}51

U} PCR =711 v #t

12} & nested PCR : Initial denaturation (95 , 2 min), 5 cycles in Denaturation

(95 , 30 sec) - Annealing (57 , 30 sec) - Elongation (72 , 60 sec), 5 cycles in
Denaturation (95 , 30 sec) - Annealing (58.5 , 30 sec) - Elongation (72 , 60
sec), 25 cycles in Denaturation (95 , 30 sec) - Annealing (60 , 30 sec), Elongation

(72, 60 sec) - Final elongation (72, 5 min).

%% % PCR products 1.5 % agarose gel (low EEQ)Z 7|95 3FaL
LaboPass™ Gel Extraction kit (Cosmo genetech, Seoul, Korea) & ©]2-3}o] A=
Abel A e wel DNAE AAsHAth A Alst DNAT pGEM®-T Easy
Vector Systems (Promega, W1, USA) = ligation &} T, Insert : vector molar ratio
£ 3:19] ¥ %% 3}o] 2X Rapid Ligation Buffer 5 yL, pPGEM®-T Easy Vector
(50 ng/uL) 0.5 uL, T4 DNA Ligase (3 U/uL) 1 uLell Sterile water, Insert DNAS &
s+alo] total volume 10 yL=E 4 oA 16A13F EoF HESA|H T HE-go] &

 Ligation mixture 10 yLE chemically competent E. coli DH5a 100 pLell %]
-10 -



T3l iceol A 307t FAMAIZL F 42 oA 3031t heat-shock $-¢l icecl
2] 103F 9+ s}sle] Transformation A7 ¥ LB medium 400 uLE % 7}3f
o] 37, 1AIRE gt wieFEsith o] HjFet E. coli DH50E Ampicillin
(100 pg/pL), X-Gal (100 pg/pL), I1sopropyl B-D-1-thiogalactopyranoside (IPTG, 0.5
mM)7} Z3HE LB agar plateo] =2sle] 37 oA 16A17F &9k Wl ErS
t}. o]% platecl] 4] white colony¥tF A 3lo] A 22 X-gal ALB agar plate®]]
%7 5 37 oA oF 8AIZF EqF vikElar, T2 colonyS template® 3}
o] Prime Tag Premix (2X) (GENET BIO, KOREA)E ©]£34] Colony PCRS
E3 A9l transformation o 55 2213} t}. Primers= nested PCRA] A}
43 primers AFE3 om PCR =42 v23 #}

Colony PCR : Initial denaturation (95 , 2 min), 35 cycles in Denaturation (95
30 sec) - Annealing (60 , 30 sec) - Elongation (72 , 60 sec), Final elongation
(72, 5min).

PCRZ ZS*%%¥ DNAT: 15 % agarose gelol Z7]19% 3lo] bandE

gRlskaiaL, o] F targetsize®] band”} WEF white colony Rt agar plate ol 4]

thA] AE3Fe] 50 pg/ule] ampicilline] X3t LB mediumel 3}
37 oA 16A1ZF FoF XEEieFEA T wliekst E. coli DH50= yesP™
Plasmid mini kit (GenesGen, Busan, Korea)S AF-&-3lo] #| A2 %o wha}
plasmidE FZ3F30 3 Macrogen Abell  sequencings o3t A LS

Qeheint,

J [

-11 -



2.2.2 3'RACE PCR

PpMacin® 3' untranslated region (UTR) A &< &913}7] 3l 3' RACE
PCR= AAslt PCRE &3¥ HE7HAFe] =48 cDNAE template®
3t PpMacin-F2¢}  GeneRacer 3' RACE primers ARg3sto]  1xk=
ZZ33th o]F FZ% PCR product® A 22 template® 3}o] nested
PCRS A3} T} Nested PCRS PpMacin-F3$2} GeneRacer 3' RACE nested

primers AHE-3H3Ith PCR 2712 th& 3 2t

12} PCR : Initial denaturation (95 , 2 min), 35 cycles in Denaturation (95
30 sec) - Annealing (58.1 , 30 sec) - Elongation (72 , 90 sec), Final elongation

(72, 5min).

Nested PCR : Initial denaturation (95 , 2 min), 35 cycles in Denaturation (95
30 sec) - Annealing (58.9  , 30 sec) - Elongation (72 -, 90 sec), Final elongation
(72 ,5min).

PCR product:= {8 2 WH 2213 U3t wyo=z HAV|gds 9l
A% 3 ligation¥} transformation 2! colony PCRS X13&}3itl. PCR
AL vhst 2

Colony PCR : Initial denaturation (95 , 2 min), 35 cycles in Denaturation (95

30 sec) - Annealing (58.9 , 90 sec) - Elongation (72, 60 sec), Final elongation

(72 ,5min).

-12 -
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2.3 In silico analysis

HE 7k 9] AALA dolEl ¢} Macin family AMPse] o}w| =ik A7t
FAFEZE golsl7] 9)él BioEdit Sequence Alignment Editor (ver. 7.2.5)5 ©]-&

3F3Ith ¢cDNA cloning= &3l 4ol% PpMacin®] 7w QLEO|= A A

O
-

ExPASy2] Translate tool (http://web.expasy.org/translate/)= ©]-&3] Wl
el S Elegith. sk HolE Al ExF net charges
ExPASy2] Compute pl/Mw (http://web.expasy.org/compute_pi/)2} BACHEM 2]
peptide calculator (https://bachem.com/knowledge-center/peptide-calculator/)E &
gl Alxketth. AMP 7hsAd -+ CAMPRre (Collection of Anti-Microbial
Peptides)2] AMP Prediction Tool (https://camp.bicnirrh.res.in/predict/)E ©]-&3l]
5+ol3}3i Tl PpMacin®] signal peptide®} mature peptideE  &<13}7] &l

SignalP-5.0 (http://www.cbs.dtu.dk/services/SignalP/) S A}-4-3}31 37, PpMacin<

E3HeE Macin family AMPsS] 3%} x5 H]wsl7] $3 SWISS-MODEL

ke

(https://swissmodel.expasy.org) 2} AlphaFold2 (https://alphafold.ebi.ac.uk/),
Disulfide by Design 2 (http://cptweb.cpt.wayne.edu/DbD2/) %! UCSF Chimera
1.17.3 (https://www.cgl.ucsf.edu/chimera)E ©]-23}°] Z} AMPs®] 3D model-S-
Azskdch "EsAke 7 2 oA PpMacin®] & ==L GraphPad

Prism 7.0 (GraphPad software, CA, USA)°| 4] One-way Analysis of Variance (One-

13 -



Way ANOVA) £} Two-way Analysis of Variance (Two-Way ANOVA) S Al-8-3}9

233} 31, Bonferroni multiple range post-hoc analysis® &7 2] &} T}

M

Relative fold expression¥} Fold change= H+ %+ WA= AAsI o, p

<.05% 693 Aoz 7+

2.4 Recombinant production

2.4.1 Recombinant plasmid construction

Recombinant PpMacin (rPpMacin) A§4ke]l =2 2 3k recombinant plasmid&

TE317] el F714< PCRS Fato] PpMacin® ORFE F%&}3it).

011

PCRS =3t WHE7IALE] 22 cDNAE template® 3}o] PpMacin-F12}

PpMacin-RE Ah&3to] 142 FE3IGITE (Table 1). ©]F S3¥ PCR

¥

productE A =% template® 3}¢] nested PCRS 2 A5} t}. Nested PCR

PpMacin-F2¢} PpMacin-RE AH&-3tIth (Table 1). PCR 41 th53} 2t}

12} PCR : Initial denaturation (95 , 2min), 5 cycles in Denaturation (95

30sec) - Annealing (54 , 30 sec) - Elongation (72 , 20 sec), 5 cycles in
Denaturation (95 , 30 sec) - Annealing (55.5 , 30 sec) - Elongation (72 , 20
sec), 25 cycles in Denaturation (95 , 30 sec) - Annealing (57 , 30 sec) -

Elongation (72 , 20 sec), Final elongation (72, 5 min).

Nested PCR : Initial denaturation (95 , 2 min), 5 cycles in Denaturation (95

30 sec), Annealing (55 , 30 sec), Elongation (72 , 20 sec), 5 cycles in

-14 -



Denaturation (95 , 30 sec), Annealing (56.5 , 30 sec), Elongation (72 , 20 sec),
25 cycles in Denaturation (95 , 30 sec), Annealing (58 , 30 sec), Elongation
(72, 20 sec), Final elongation (72, 5 min).

PCR product:= A& 2 24 2213 U3t whHor At FA
¥ PCR producti= TOPcloner™ Blunt core kit (Enzynomics, Daejeon, Korea) &
o] 23} ligation 3} Tt}. Insert : vector molar ratios 10 : 1°] H %5 3}o
insert DNA 1 pyLell 6X TOPcloner Buffer 1 pL, pTOP Blunt V2 (10 pg/uL) 1 uL&
Y17 total volume 6 uL7} ¥ =5 sterile waterS 3 7}8te] 25 oA 208 =
ot ¥H-&-AIH . Ligation® vectors A ES E1dtr] Skl Am W W

2217 A3 WY o2 transformation % colony PCRS % & &}%t}h PCR

Colony PCR: Initial denaturation (95 ,2min), 35 cycles in Denaturation (95
30 sec) - Annealing (60, 30 sec) - Elongation (72 , 60 sec), Final elongation
(72, 5min).

Plasmid extraction 2 sequencing< A= 2 ® 2213 FA3HA 71

a3t

Ao]x ORF M Y-S 7|9 O 2 forward primere} reverse primerS #)] 243}
rPpMacin AJ4te]l o] &3 insert DNAE 53533tk ORF A Qo] ligation®
pTOP Blunt V2 plasmidE template= A}-23}3 © ™, forward primer [Plasmid

sequence — BamH (GGATCC) - Met(ATG) - PpMacin mature sequence] 2} reverse
- 15 -



primer [PpMacin mature sequence - TAA( ) — Hind (AAGCTT) - plasmid
sequence] & ©]8-3] PCRS Z1&3F3ith (Table 1). PCR reagent®] =742
sterile water 29.5 pL, 10X nPfu-Forte buffer 5 yL, dNTP (2 mM each) 5 pL, forward
primer (10 pmol/pL) 2.5 pL, reverse primer (10 pmol/uL) 2.5 pL, template (1 ng/pL)
5 yL, nPfu-Forte polymerase (2.5 U/uL) 0.5 pLo]™, B A]2F2 Enzynomics
(Daejeon, Korea) Ab A& < AFE-3F3ITEH PCR X412 T3 2t}

PCR Condition : Initial denaturation (95 , 2 min), 35 cycles in Denaturation

(95 , 30 sec) - Annealing (58 , 30 sec) - Elongation (72 , 20 sec), Final

elongation (72 ~, 7 min).
PCRproduct= A= % W 22137 FLsk W o2 A sl

PpMacin®} Thioredoxin A (TrxA) Al&o] A3tE TrxA-PpMacin fusion
proteine &3l7] )8 pET28a(+)-TrxAvectorS AH&3F3 L, A3k insert
DNAZ®} pET28a(+)-TrxA vectore= 717} A|sta 4 BamH 2} Hind & ©]&
sFod digestion SFS1T}. Insert DNAS} 79~ insert DNAZ} 1 uge] ¥ =5 3}
10X FastCut Buffer 6 yL, BamH (20 U/uL) 1 yLE Y 3 total volume©] 30 pL
7} E =5 sterile waterS 3713F% T}, pET28a(+)-TrxA vector= 3 pgo] ¥ %
= o] e wWyow FH|eqdtt. Bufferdd Aldtairt E3HE insert
DNAS} vectori= Zt2ZF 37 o4 1A F<?F WES-A]AH 13} single digestion
S YAk HH-S-3F insert DNAS} vectori= yesC™ PCR purification mini
kit (GenesGen, Busan, Korea) = “g #l| 3} $1t}. 12} digestion®! insert DNA 26 pL

- 16 -



9} vector 26 pLoll Z+Z} 10X FastCut Buffer 3 yL2} Hind (20 U/uL) 1 pL=
YolFE H 37 oA 1AIZF FF WHgAIA 23} single digestion 3} T 22F
digestion®! insert DNA%} vector= A= W =9 22139 FLsE WHoR
A A 8T, Insert DNA S} vector®] ligation= 13l insert DNA 0.32 uL, vector
3.03 pL, Mighty Mix (TaKaRa Bio Inc., Shiga, Japan) 4 yL°]l total volume®] 8 L
7} HE=E sterile waters H7Fska 16 oA 30w H<QF WESAIA
recombinant plasmidE 333t} (Fig. 1).

Recombinant plasmid”} ZvI=4 FFE A=A &lsk7] 918 E. coli

BL21 (DE3)¢] transformation A]7] 3. Kanamycin©] 3% LB agar plate (50

ug/mL)ol =@aked 37 oA 16417+ FoF #je

O

SFItE. ekt single

EN

ae e g,

colony® colony PCRS A A] &}91 31, PCR

Colony PCR : Initial denaturation (95 , 2 min), 35 cycles in Denaturation (95
30 sec) - Annealing (58, 30 sec) - Elongation (72 , 20 sec), Final elongation
(72 ,5min).

Plasmid extraction 2! sequencing= A= %! W 2213 FLsE WHo
= gy ssiet.

2.4.2 Optimization of recombinant PpMacin expression conditions

WA IPTGel W induction ©oJFE =<lsl7] <9l PpMacin mature
sequence”} 4% plasmidE E. coli BL21 (DE3)®] transformation A] % Tt

-17 -



Transformation A]Z1 E. coli BL21 (DE3)< kanamycin®©] 33%%¥ LB broth (30
pg/mL) 3mLoll HE3ke] 37,200 rpm o E 1647 EoF X Eujoketa, =
gt KLB broth 50 mLel ®i¥st #4s 1 mL HETF F UV
spectrophotometer (OPTIZEN POP, Mecasys, Korea) S ©]-83}o1 optical density
(O.D.soo) #k©] 0.4-0.6°] = w7} 37 , 200 rpmo. 2 7 BHuj ksl o).
O.D.eo #to] e Mk w5+ AxY Gdo d S 98 0.1 mM
°] IPTGE brothel] F7}etel vy =3 wdd xolA 323 &<t
induction 331t} Inductiono] € w52 sUsk ZolA inductiono] ]
ok = Hjok #FE= 4 o)A 3500 x gE AAE o] cell pellets 3]
St 3|43k pellet> lysisE $18ll 22 1X PBS (Phosphate Buffered Saline,
pH7.4)5mL=Z HE <+ Lysozyme (Sigma, MO, USA, 100 ug/mL) 5 yLE Y il
iceol Al 1A17F F<F shaking Sk HES-A|Zl % Sonifier 250 (Branson
ultrasons, Annemasse, France)= 30%* % 33| sonication 3}IT}. ©]o]A
Lysis 3+ sample2 4 ©A 3,500 x g% 1A13F F¢F A4l slo] Ao

(Soluble protein)¥} pellet (Insoluble protein) ©. = 2] 3} A T}

ANzg e we Jro} e (soluble ¥ insoluble protein)S 22l
3l7] 9lal A5 2 pelletell o3l SDS-PAGES =3 3}9 th. SDS-PAGEE
£t gel> 15 % separating gel (D.W. 2.3 mL, 30 % Acrylamide/Bis solution (37.5 :

1, BIO-RAD) 5 mL, 1.5 M Tris-HCI (pH 8.8) 2.5 mL, 10 % SDS 100 L, 10 % APS

(Ammonium persulfate) 100 yL, TEMED (N,N,N',N'-Tetramethylethylenediamine)
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8 uL) 10 mL %} stacking gel (D.W. 4.1 mL, 30 % Acrylamide/Bis solution (37.5 : 1,
BIO-RAD) 1 mL, 1.0 M Tris-HCI (pH 6.8) 750 pL, 10 % SDS 60 pL, 10 % APS 60
UL, TEMED 9 uL) 6 ML= A}£-3}o] A 23} o} Sample2 4X Laemmli sample
buffer (D.W. 2.1 mL, Bromophenol blue 4 mg, SDS 0.8 g, 1 M Tris-HCI (pH 6.8) 2.4
mL, 80 % Glycerol 5 mL)2} B-Mercaptoethanol= 34 7}sle] 100 oA 53+
boiling 3to] denaturation A171 ¥ A}-8-3F3ith. Mini-PROTEAN Tetra Cell 2
gels =9 % A X3} Tankel| 1Xrunning buffer (SDS 1 g, Tris 3.03 g, Glycine
14.42g in D.W. 1 L) A% ¥ sample= loading 3}% PowerPac Universal
Power Supply (BIO-RAD, USA)= 75 VeoflA 30 &<t stacking A17]3. 150
VoA 1A]7F 30 &<t separating A% Th Loading®] E%F gel< staining
buffer (D.W. 400 mL, acetic acid 100 mL, methanol 500 mL, Coomassie Brilliant

Blue R250 2.5g) = 30+-%t <421 3}aL destaining buffer (D.W. 1700 mL, acetic acid

175 mL, methanol 625 mL) = 164t &<QF &M sto] bandE &H<ls3i )

Esk rPpMacin®] HZA #dE S ol 918 induction AlXE
IPTG %% A& 24 3dto] e #55 wgst § SDS-PAGEE
gttt Hd fF Rl FAdS HoR vty A5 IPTGE 7
Zt #HF 1mM, 05 mM, 0.1 mMo] E =5 Yol3=31 37 | 200 rpmofl Al 34

b T+ 6A)7F F<F induction

o
N,
o
Oft
ol
0!

Sith. o] % I rPpMacin®]

o] 3l AP FAH

)
o
Oft
L
38,
o

2.4.3 Mass production, Ni-NTA purification, Dialysis
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At
o

¥ #HH 21g vl O R PpMacing ti o szt a9l

gt

5

e
EN

A3 HOZE 35 mLe KLBo| ®jFst 5 15 LS Fd3t
brothell thA] HE8FATE O.D.eo ko] FlE = 4 23 3 (01
mM IPTG, 3 hours)©. % induction 31t} Induction ¥ 5= $19F 22

MO 7 lysis 33 th

o] Fusion protein®] 6X His tag2} Ni-NTA affinity columns ©]-&3}o]
insoluble proteinell 4] rPpMacins “J A|3F322F &SIt} Insoluble proteins
Binding buffer (5 mM Imidazole, 8 M Urea in 1X PBS) 5 mL = suspension 3}%1
t}. Binding buffer== < Er¥l insoluble proteine]l Ni-NTA agarose bead (Qiagen,
Hilden, Germany)S Y2 % 25 of|A] 1A]ZF 20483 wrbksly wH-S-AJF T
HE-S- ¥ Ni-NTA agarose bead®} 2 %3t insoluble protein- disposable column
ol % 7]3L Wash buffer (5 mM Imidazole, 8M Urea, 150 mM NaCl in 1X PBS) 3
mL= % 3% washing SF3ith ©]o] A Elution buffer (500 mM Imidazole, 8M
Ureain 1X PBS)= 53+ &F A7 TrxA-PpMacin fusion proteins A3t} ©]
oA &EHelA Urea ¥ 7|et 245 AAsH] &l 45 x5kl
5412 Standard Regenerated Cellulose (RC) Membrane : Dry Spectra/Por®1-5
Dialysis Tubing & Trial Kits©] Dialysis tubing®] €% -3 Y 1l 5 % Acetic acid

4L @7t 16A12F B2t stirring 34 FA418H81 AL, T4 0] B samples

=
=
50 mL conical tube® 7 72A17F E<F A4 A x5k o}
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2.4.4 Cleavage of the recombinant fusion protein (TrxA-PpMacin)

Fusion proteinel 4] rPpMacin®t #2]3t7] $13ll 5271 3x% samples 50 %
Formic acid 4 mLe]] =©]3 Cyanogen Bromide (CNBr)-= 10 mg/mL7} ¥ =5
21g]sko] 25, 180 rpm S = shaking 3l 8AIZF FQF UWHSAIFALE o] %
DW.Z F 40 mL7}#] volume-up 3] CNBr& =243} AJ71 5 4847t

ok FAAZ L,

Fusion protein® 25 Ad¥  rPpMacin> High-performance liquid
chromatography (HPLC)E &3l A1 ¥ At &2 133 sample>> HPLC 7
AE 918l 0.1 % TFA (Trifluoroacetic acid)7} 3% D.W. 7.5 mLo]l 50 A}
2313t} Solvent=+= 0.1 % TFAZ} ¥3-% D.W. (A solvent)2} 0.1 % TFA7}
E3hE acetonitrile (B solvent)©] AFE-E ST 12} A Al 272 Capeell-pak
C18 (5 ym, 10 x 250 mm, Shiseido, Tokyo, Japan) columnS ©]&-3}%] B solvent
£ 5 . 65 %= 60 B¢ #F5 1 mumin® Z8 FASA 14 A=
Ao F3F2 Capcell-pak C18 (5 ym, 10 x 250 mm., Shiseido, Tokyo, Japan)

column©. = B solventE 25 - 35 %% 30+, 70 %% 15% =<t 3 mL/min

o5 v 197 39 fractions 7 A3ttt

19 fractione B solventE 25 - 35 %% 30 min <t 1 mL/min 502

EHFo] 1-1,1-2, 1-3 fraction . Z 7 A3} o}

3 fraction< B solvent= 28 - 38 %= 30 min =2k 1 mL/min 5902
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E ¢ F0] 3-1, 3-2, 3-3 fraction & = A | 3} T}

A T 671 sample®] EAS &letr] S8 ZF samples TAAx

F32 ThA] D.W.in 0.1 % Formic acidol] 91 ¥ FAdsty ¥ A3 53

ol

i
off

B0 Bag 545 9 F 33tk £497] 7] Ultra High Resolution

Q-TOF LC-MS system(Q-TOF MS)(Bruker/maXis-HD)< ©] -3} 31 t}.
2.4.5 Refolding of rPpMacin

Cysteine connectivityol] W= rPpMacin] &+t &4 W3S dolrn ] 9
& refolding 4 S 3Pttt 7 & LA H<l 3-2 fractions
At FAHAZI YW A fractionS refolding buffer (25 % Dimethyl
formamide, 2 M urea, 0.1 M NaHCO3, 3 mM reduced glutathione, 0.3 mM oxidized
glutathione) 1 mLell oA 25 oA 72A]%F F<F WEE-A[Z1 ¥ HPLCE
3l AT A 2o E Qs U W 2449 13 AA] dA S}

=3l columns o] &3}l B solvent= 20 — 45 %% 25% =<t 1 mbL/min

foz Fel PASA FAW samples AT W P 2449 FAF
W o BARe SYssin

2.5 In vitro antimicrobial activity assay

Recombinant productionsto] A2 sample 5 3-2 fraction?} refolded %

reduced rPpMacin®] 3+ &/J-& Ultrasensitive Radial Diffusion Assay (URDA)

= 5l 574

43l ch AFESE 7= F 9L O R, Gram positive T 4%

|}
ol
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(Staphylococcus aureus KCTC 1621, Bacillus subtilis KCTC 1022, Lactococcus

garvieae ATCC 49156, Micrococcus luteus KCTC 1071)3} Gram negative ¥~ 4
% (Shigella flexneri KCTC 2517, Escherichia coli ML35, Edwardsiella tarda NUF
251, Salmonella enterica ATCC 13311) % Fungus 1% (Candida albicans KCTC
7965)= AFE-3itt. & 5=+ Tryptic soy broth (TSB) (Merck, Darmstadt,
Germany) 3 mLell 37, 200 rpmo. & 16417 H<F A ghujokatict, wjekd

FE= TSB 2 mLoll vioFe! 100 uL=S Yol 37 200 rpm .2 447+ F<k

£y

sub-culture 3F3TEH URDAE 918l HiF¥ i+ URDAE 9l Hiokd
T 4 oA 3500 x g, 3 B AAFEE S pellets ] 43Fal TSBP
(0.03 % TSB, 10 mM PB (Phosphate buffer, pH 6.57)) 2 mL= 23] A% 3} %1t}
Al ¥ 755 0.03% TSBinPBZ 0.D.so=0.10] ¥ =% 1x10° CFU/mL7}A|
3|4ttt 3143 5 0.5 mL= underlayer gel solution (0.03 % TSB, 1 %
agarose, 10 mM PB (pH 6.57)) 9.5 mLoll % 7}3}a square Petri disholl -0 <F
1 mm F79] underlayers RF=31l ©]& punchingste] 27 °F 2.5 mm<e]
wellS TS 784S 54T sample2 15 % acetonitrile 5 pLol] 9]
welloll loading3}$it}. Loadingdt sampleS 3A|7F &<t diffusion A]7]aL
overlayer gel (6 % TSB, 1 % agarose, 10 mM PB (pH 6.57)) 10 mL& o] 37

o A 16A17F &3t weFsto] A E clear zones 57d kST

2.6 Analysis of the effect of cysteine linkage on antimicrobial activity

2.6.1 Reduction process
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o]g3}dg fFHFeof W rPpMacin® T+ &4 WstE dotr7] f3

Dithiothreitol (DTT)S ©]-&3}o] reduction #7382 AA3ATE SAAZRT
3-1 fractions D.W.9l =o]3 DTTE FHF 200 mMo| = =% A e|ste] 42
oA 6A17F EF BFSAZ] F HPLCE AASIAT AAl A= A=
gl HHH 2459 FAU3 columns ©]£3}o] BsolventE 25 - 40 %= 1534,
40 %= 7% F9F 1 mUmin 522 &8 AAsth GAF sample
AR 9o 2449 FA BHOR BAFE 5959

2.7 Mode of action studies

2.7.1 Chromogenic plate assay

PpMacin®] &t 84 wlAYTol At 483 P AE T o
o] sjdal=x] dolr 7] 98 Chromogenic plate assayS sttt o=

93 #FE E. coli ML35Z A}&3to] Al 42 = 253 £33 A0

= jgstolch o) F Age A Blody 25004 )Es

=
%)
offt
1o
_Olh

Al & slE, underlayer geloll IPTG (1 uM) 11.6 yL2} X-gal (250 pg/mL) 29 uL
S H7}sko] AFE-3F3AT). Loading® sample bacteriolyticdt &Ad ol 4] L}E}
U= blue halo®l] th3ll <A oz Piscidin- 5 ug, Kanamycin 2 ug®} blue
haloll th3ll =4 ©Z<?1 Chloramphenicol 1 ug, &+ &/del dis] &4

27l D.W, A 321 refolded rPpMacin 100 pg=- total volume 5 yL7} =

S5 DW.ell 5o ARg-aF3At
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2.7.2 Outer membrane permeability assay

rPpMacin®] Al <9 T3 &3S F<lslr] 9@l N-Phenyl-1-
naphthylamine (NPN) uptake assays - 3sl3itt. ©]& st #5=2 E. coli
ML35E Ah&-ate] Als 2 W 25% e row wekeqivt. W
st 5= 4 oA 3,500 x g 3 F3F A st FH ocell pellets E
¥ 5 mM HEPES buffer (5 mM HEPES, 5 mM KCN, 5 mM glucose, pH 7.2) 2 mL
2 23] washing 33l O.D.geo = 0.257} ¥ =% 31433t} PpMacin®] <]t
T3 g 3)As 9 900 yLet 0.5 mM NPN solution 20 uLE &3+star
FP-8300 Spectrofluorometer (Jasco, W. Yorkshire, UK)E ©|-8-3}9] excitation 350
nm<} emission 420 nm=z &3S A so] BA 5tk NPNI E33 o o

=]

o ZA 3Rt BYS 53

1=

o
||\
o

5, 1527t S-S T8kl PpMacing
Z 200 pg/mL7F H == H71eto] total 1 mL7} HEE 3 T ThA] 3E7)
F4-& 7383t Positive control<> Piscidin- & # % 40 pg/mL=E AF-8-3F

At
2.7.3 Inner membrane permeability assay

rPpMacin®] A<t W=t 53 g3&5 &Qlst7] 913 ortho-Nitrophenyl-B-
D-galactopyranoside (ONPG) assay & =3 3} 91t} A&t #5221 E. coli ML35

= Ax 9 Uy 259 Z2 xHoR sttt Mg 4FE 4
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23] washing 3Fal O.D.eeo #t©] 0.10] = wj7}x] 3|2 &}A ), o] 3]A]sh

7+ 10 pLoll 1X PBS 79.3 uL, ONPG (30 mM) 6.7 L= =331 PpMacin

HF 200 pg/mL7} H == 371351 total 100 L= 405 nmell A 10% 7+A ©

i
N
N

5} T}, Positive control2 Piscidin- & %% 40 pg/mLZ A}

£3589 1, =49 FHEE negative controlE AFE-E DW.Q] FH =99

2.8 PpMacin transcriptional expression analysis
2.8.1 Tissue distribution of PpMacin transcripts

Real time quantitative PCR (RT-gPCR)= &3l PpMacin®] x2H wa &S
ol sttt 3t o] HETIAME oA & 97 =2 (Oral hemal ring, Tube feet,
Coelomocyte, Pyloric stomach, Cardiac stomach, Radial nerve, Gonad, Digestive
gland, Coelomic epithelium)=  2Z}ZF 100 mg®  AFH st 72 ZFHE=E
RiboEx™ (GeneAll, Seoul, Korea) 1 mL¢]l % 37 Homogenizer (IKA® T10 basic
ULTRA-TURRAX, USA)Z A S}AIZ T} oA Hybrid-R™ kit (GeneAll,
Seoul, Korea)& ©]-&3}°] total RNAE F%3}31 3L TOPscript™ RT DryMIX
(Enzynomics, Daejeon, Korea)®= Z=2'H c¢cDNAE T4 35t RT-gPCR= 913+
template= A3} Th Primer= PpMacin_qRT-F7, PpMacin_gRT-R7S A}-&-
stom oz HWEIVIAME] Q) Elongation factor 100 tidl EFla-qRT-F,

EF10-gRT-R< AF&-3FSlt}h (Table 1). PCR 3/ TOPreal™ SYBR Green
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gPCR PreMIX (Enzynomics, Daejeon, Korea) 10 uL, D.W. 7 uL, forward primer (10
pmol/uL) 1 yL, reverse primer (10 pmol/uL) 1 yL, template 1 yL= total 20 uL©]
=% °l W e B o= CFX Connect Real-Time PCR Detection System
(BIO-RAD, CA, USA)¥} Bio-Rad CFX Manager 3.1 A3t} PCR =712
ohe gt

RT-gPCR : Initial denaturation (95 , 10 min), 40 cycles in Denaturation (95

10 sec) - Annealing (60 , 15 sec) - Elongation (72, 15 sec).

<% 5 comparative CT method = HE71A2] 9] 7} 22 oA EF1l-a thH]

jur]

PpMacin®] A& ZAAF wédl =S vlwstoltt. 22 PpMacin®] A o)

2 e &2 comparative CT method (2722°T)E o] £-3}9] EF1-09] 3=z}

2.8.2 Post-immune challenge

a7 9] Wl gk PpMacin®] 1SS ZAbety] flE EETHAE

99 A9AAS B W FE F PpMacin®] BAF WAE 243

32

MR AL E 7

4
K

H A F o2 o] groupd 157tEl S5 Hit
l7b = ol Bl 3URE EXAIA ARESEATE 1.5 % NaClo] ¥39+%

TSB #i =] 50 mLell Vibrio anguillarum KCTC 27115 10uL 53kl 25 o]

i)

79 200 rpm .2 shaking 3} 18A17F FoF wikstolt). Wkt 45

¥ IXPBS2mLE 23] washing %! O.D.soo #t©] 0.10] = wj7}=] 3]4 s}

- 27 -



oy
oy

Ak W FAVNE o3l FATolE HNF w50 L, w7
T

N

o= Hs IXPBS50 yLE AEATh HE F 0,4, 8,12, 244 (10
At AT A HEZRA A Oral hemal ring, Tube feet,
Coelomocyte, Coelomic epithelium= 2|5 3F3lct. o] % 242 Axm 9 Wy

28.19 A3 sdshA APt
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Table 1. The nucleotide sequences of PpMacin primers used in this study.

Primer Sequence (5'—3’) Usage

PpMacin-R AATCACGGCATTGACACTGC
GeneRacer 5' RACE primer CGACTGGAGCACGAGGACACTGA

5'RACE
PpMacin-R2 TTCCACTGTTGTACCCCAG
GeneRacer 5' RACE nested primer GGACACTGACATGGACTGAAGGAGTA
PpMacin-F2 TGATGGTGTTGGTGTTGG
GeneRacer 3' RACE primer GCTGTCAACGATACGCTACGTAACG

3'RACE
PpMacin-F3 GAGTCGCTGCTCGAGATG
GeneRacer 3' RACE nested primer CGCTACGTAACGGCATGACAGTG
PpMacin-F1 AACTACGATGGCGAAACC

. ORF
PpMacin-R AATCACGGCATTGACACTGC . .
Amplification
PpMacin-F2 TGATGGTGTTGGTGTTGG
BamHI-Met-PpMacin CTACTGGATCCATGGATACCTGG .
Recombinant

PpMacin-TAA(x)-HindIII GGACCAAGCTTTTAATCACGGC Production
PpMacin_qRT-F7 GGCGAAACCCTGTTTTACCG
PpMacin_qRT-R7 CGAGCAGCGACTCCAAGTTT

RT-qPCR
EFla-qRT-F TCAACGACTACCAGCCCCTA
EFle-qRT-R TTCTTGCTAGCCTTCTGGGC
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Met

pET-28a(+) fusion cDNA

Recombinant Protein

pET-28a(+)

\ (5369bp) /

Figure 1. The pET28a(+)-TrxA recombinant plasmid containing the

nucleotide sequence of the mature PpMacin. The plasmid was transformed and
expressed in E. coli BL21 (DE3). The produced PpMacin was separated from the

recombinant protein by CNBr treatment.
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1. PpMacin®] TR F A4 2 full sequence &4

HE7HAF] AR dlo]E o] AE VIRt R oy AEFoEHE X
¥ kst Macin family AMPs 4] <3} Local BLASTSE Z 3}, Hydra vulgaris
o 4 ®A % Hydramacin-1 (NCBI accession No. B3RFR8.1) ] A< 3} 63.79 %
9] identity2} B A 2 E value (4e-26) 7t 7FA|= AAMA dlolHE &
1sto] ©o]E PpMacinelz} " alitE o] wEHLElE LS
EXPASYyS o©]g3lo] Wolslk o SignalP-5.05 ©]-&@l signal peptide<}

mature peptide= 2213} 37, BioEdit Sequence Alignment Editor= alignment

|

o] PpMacin®} Hydramacin-1 %! Neuromacin® mature peptide?t FAF%
gFlsk3l Tt (Fig. 2). PpMacin®] mature peptide= ExPASy$] Compute pl/Mw
9} BACHEM®] peptide calculators ©]-83}o] #AF=F37} net charges 2H3lsh
A}, oF 7327.22 Da®l oA AT +1.659] net chargedt= €}l ataith
olo]Al PpMacin®] AMPEA 9] 7hsAd& E<lst7] 9@l CAMPrS] AMP
Prediction Tool-2 AF&3F A3} 0.792] AMP probabilityS 7}A = 72& &l
3t o] % PpMacin®] €743t nucleotide sequenceS &<1317] $J8] 5 W
3' RACE PCR= %1 33}3lth. Sequencing 2=}, & 1527 bpe] nucleotide =
140 bp 2] 5' untranslated region (UTR)3} 264 bp <] open reading frame (ORF) 2!

1123 bpel 3 UTR & FAHY Sl AS &skSltt (Fig. 3). ORF=
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ExPASYE o]&3 F 87702 ofv|w=Atzt 17]9] stop codons % 3}slar

[e)]

U Al

N

iy
o
J {4
o

3191 11, SignalP-5.0 o] 43 247 o}n]=Ak2] signal peptide
o} 637] o} :=2ke] mature peptide® A E O] S FASFSATE cDNA
cloning®} SignalP-5.0 Z235 Ed|2 HE7MAME 49 PpMacin & 3}
e olldsigh-s o, PpMacin =7 9] AlEA oA W] AR ]
o] ZHANYA "9 signal peptidase] °]3l signal peptide’} dte H F

7FA Q1 WMol ¢hn d o]3kslAgto] A mature peptide”} AlE 9] F W
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PpMacin
Hydramacin-1
Neuromacin

E value Identity (%) Accession No.

PpMacin - - -
Hydramacin-1 4e-26 63.79 B3RFRS.1
Neuromacin 8e-16 50.88 A8V0B3.1

Figure 2. A multiple sequence alignment using mature peptide of PpMacin,
Hydramacin-1, and Neuromacin. The result reveals the presence of eight conserved
cysteine residues and several regions with shared characteristics. Identical residues
are highlighted in dark, while similar amino acids are shaded in gray with a threshold
for shading set at 60 %. The eight conversed cysteine residues are marked by inverted
triangle (v). The amino acid sequence of PpMacin shows a homology with

Hydramacin-1 (63.79 %) and Neuromacin (50.88 %).
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1 acagctcgtcatcaccttcggacgacaaccagagagagaactgactgcaagaa
54 caagattgtgctcgccagcaatccgcacgagtgttgaggagtgecttccgecgaaagaattcaagaactgtgecttaggtgaaaactacgatg

M 1
144 gcgaaaccctgttttaccgtgatggtgttggtgttggggatgctgtgcctcatgactactacagctgccgatacctggatcagagcatgc
A K P C F T V M M L C L M T T T A A D T W I R A C 3

234 tatgaaacttggagtcgctgctcgagatggagctccggtggctcggggtggctctggaaaacgtgcgacgaccgctgcaaggaactgggg
¥y E T W 5 R € &8 R W 5 5§ 6 6 5 G W L W K T C¢c D D R C K E L G &

324 tacaacagtggaacgtgtgtactggtgccatcgcgctgccctctctctgaccgggcatggcagtgtcaatgccgtgattgaacttttttt

Y N 85 G T P cC P L 'S5 D Q C Q C R D * 87
414 tggactggccagcgatcagttggctagaattatgactggtctgcaaggcataccagtgtcaataatgctattaggcatgtagaatggcaa
504 ccatgttaggtcaaccacaatgcaaagagtaggaaataaaaattattacttgttaaatatcagcattaatatcattaatgttagtataga
504 gtacatatcaccggacaccaagttctccaacctcaaccttgecataggttecataccaceccategttcaatttegatacaagggecggtta
684 actcacgattactgagctcgtcatcattgtogttgttecttagggecataccatgaaataaaacttgagaaattctataaaagtaggetatt
774 tgaaatcatgagtgtaatggtaattcegggatatcacecatccgaactecacatecatecatecatecattgatagggegaaattetatgatgeaa
864 cttcggaatctgaccttcaagaatcagecccatagaaccecactcacaaggccagggeggatccagaacacaagtttttggggggecaaaaa
954 aaaatttggtceccccaaaaagtgggtcaaaaaaataacggegtggggtteggggecegettaagggececcegaaaaatttttggattetag
1044 atgctctgtggtgcgatctgaggcaatttctgaccactttaaccaatgtttttttgaggaaaagatggtggtgtactcattgcctgceccta
1134 tattgcgatgtcacataaaaattaaaaaaatagtttcgtttttgegtcaaattgctaaacagtgtattattcacataaaactcagagcat
1224 gtagtaagcattgtgtggcaagagcctacggttagttttcaccttataatagtgaaagagcttattatgtgttacattaagtagcctect
1314 tcccaccaccagagtgactttgtgcacttecctgagtgcatacagagaccctgtgtgggtacaagtactactaatagattagacttttceca
1404 tgtacatgtattatagttttcottattagtgttttttetgettttttgectttattaaattgtagattgttatetecattetactatgeact
1494 atcagcaatcacaaaaaaaaaaaaaaaaaaaaaa rF

Figure 3. The full nucleotide and amino acid (AA) sequences of PpMacin. The complete nucleotide sequence of 1,527 bp
contains 5" UTR of 140 bp and 3" UTR of 1,123 bp. The ORF of 87 AAs contains a signal sequence (blue) of 24 AAs and a mature

peptide (red) of 63 AAs predicted by SignalP-5.0. The polyadenylation signal sequence is marked in underline.
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2. Multiple alignments & 3D models of Macin family AMPs with

PpMacin

NCBI BLASTE ©]-&3}o] PpMacin®] mature peptide®} th& =%
Macin family AMPs 2] mature peptide?} identity 2 E values B w3} th (Fig.
4). v+ O 2= AA|FsEE] 43F= Ruditapes philippinarum (accession No.
APY18889.1), Sinohyriopsis cumingii (accession No. AEC50045.1), Plakobranchus

ocellatus (accession No. GFO37943.1), AFXE -5 E+°l <3t Hydra vulgaris
(accession No. B3RFR8.1), 2% &=l <3t Hirudo medicinalis (accession
No. A8V0B3.1)¢} Theromyzon tessulatum (accession No. AAR12065.1) Macin <]
mature sequenceS ©|-&3}% ) Fig. 4o &9 7139, PpMacinS A A 55,

ALEE, BIEE Macin £AE F& FAHEE 74 2O dehu,

AL e AE FAsih £33 PpMacine 33 ZF Macin A9
Aqd W Al BAQe) 8/ BER AAHAS A Qe o
Uelgth o] JY9E5S 7|HEo 2 SWISS-MODEL AlphaFold2S o] &3}
o 3249 Al FHE vHE] Mm-S W, ZE MacinolA 27 04+
a-helix®} B-sheet 3 47] W= 579 ol&std S FAst= Jls FUs)
ATt (Fig. 5). A& o2 g-helixs Al Alxdro] AlEo] E]doz

S AL FAYS WaA T el AR, 2o FAyn Gy



dH A Atk PpMacin®] 1Al 72 E o A Sl A4S H,

PpMacinell A o-helixS #A3sl= oln]al A H9Ql “WSRCSR”}

Off

“TCDDRCK” 4 B-sheetE FAJsh= “GTCVL"¥ “WQCQC” Aol 23

A Azere] Eebgsts 8 o e ZloR AAEm, AAH i

gtol o]3] PpMacin® x4 A 49 g o] g

0]
tlo

i

4
SoE Zog Azbdct Macin family AMPs7lell 7hi Aol c-dd A
:]1

rlr

7Pl Easkal AT 2 dellAl @Al A<l core structure”) 4] =

o

Ao R Kol o] FxEO] Macino] it FAL ekl FH o

i

atm, AlAHQl 7|3 ol st st olH e I g S H A

o

sh

12

ok
tlo
ok

ROFE o de
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PpMacin DTWIRA

Ruditapes philippinarum — 57TV

Sinohyriopsis cumingii —NPIT
Plakobranchus ocellatus ——C W
Hydra vulgaris ——QT

Hirudo medicinalis —————
Theromyzon tessulatum —————

AAs E value Identity (%) Accession No.

PpMacin 63 - - -
Ruditapes philippinarum 61 3e-32 70.49 APY18889.1
Sinohyriopsis cumingii 72 le-28 70.69 AEC50045.1
Plakobranchus ocellatus 60 8e-28 68.97 GF037943.1
Hydra vulgaris 60  le-25 63.79 B3RFRS.1
Hirudo medicinalis 59 3e-15 50.88 A8V0B3.1
Theromyzon tessulatum 75 le-09 45.83 AAR12065.1

Figure 4. Multiple alignments of mature peptide of PpMacin with Macin family AMPs from other animals; Ruditapes
philippinarum (APY18889.1); Sinohyriopsis cumingii (AEC50045.1); Plakobranchus ocellatus (GFO37943.1); Hydra vulgaris
(B3RFRS8.1); Hirudo medicinalis (A8V0B3.1); Theromyzon tessulatum (AAR12065.1). Identical residues are marked in dark,
while similar amino acids are shaded in gray, with a threshold for shading set at 70 %. The eight conversed cysteine residues are

marked by inverted triangle (V).
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Figure 5. The 3D models of PpMacin and other Macin family AMPs using SWISS-MODEL and AlphaFold2. The core
structure (one antiparallel B-sheet (blue) connected to two a-helices (red) through four disulfide bonds) are conserved in all the
Macin family AMPs; (A) PpMacin; (B) Ruditapes philippinarum (APY18889.1); (C) Sinohyriopsis cumingii (AEC50045.1); (D)
Plakobranchus ocellatus (GFO37943.1); (E) Hydra vulgaris (B3RFR8.1); (F) Hirudo medicinalis (A8V0B3.1); (G) Theromyzon
tessulatum (AAR12065.1). Although PpMacin’s identity to other Macin family AMPs is only 70 % at the highest, their tertiary
structures are highly similar suggesting the structural features are important for cysteine-rich AMPs as reported in a previous study,
PpCrAMP (Kim et al.). The cysteine connectivities and their formation may affect the antimicrobial potency of an AMP.
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3. Az dNAd ik F3 recombinant PpMacin At

Recombinant PpMacin (rPpMacin)= “34Fst7] $135te] mature PpMacin®]
nucleotide sequenceE 333}l pET-28a(+)-TrxArecombinant plasmidE E. coli
BL21 (DE3)°ll transformation 3}&Itt. o] wiek A] wiA] W IPTGS &%
gl wjeF AIZEE ZH7] thEA ko] IPTG induction $F ¥ SDS-PAGEE &
&l TrxA-PpMacin fusion protein®] & of fto} W gFS Flsigitt &<l
A3 37,01 mM IPTG sFollA 3A1E g<F wieFalalS ol fusion protein
(TrxA-PpMacin)&] @@=kl 7B Wota, Hdd doae] ofitiol
insolubled FE| = EAste= Aoz T} (Fig. 6). ol2ld Ad A
HE Ve R ko] rPpMacine tiEFCE A4S, Ni-NTA affinity
purification ! dialysis & A7zt A% samplec] CNBr # g

3to] fusion protein . Z FE] %2 ¥ rPpMacing theF AAsEgl ).

th&F AAFSE rPpMacine HPLCE Saf 12 A A%t A3}, 265-27.6% 2
29.2 - 31.0 % acetonitrile x4 542 F fractione] &AL, ol &
Z}y7} rPpMacin-12} rPpMacin-3°. %2 33t} (Fig. 7). ©]oJA] 5+ fraction
S g8kl $ske] 2aF G AFS ™, rPpMacin-12} rPpMacin-3-> TtHA] 3
72l fraction®® ztzt & H <l o]E 67019 fractionSS rPpMacin 1-1,
1-2, 1-3%} rPpMacin 3-1, 3-2, 3-3°% stk Samplert £&%

acetonitrile %= Z}7} 1-1[26.2-26.8 %], 1-2 [26.8-27.1 %], 1-3 [27.1-27.4 %], 3-1
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[29.1-29.5 %], 3-2 [29.5-29.7 %], 3-3[29.7-29.9 %] & =73 ] 31t} rPpMacin 1-1,
1-2,1-3%} rPpMacin 3-1, 3-2,3-32] 2% % retentiontimeo] ThS Ao 7 nF
o} Ho}, otute Fapel s = olsshdste] A4 sjwloe] ZHzt A E

TF=

s ZoR e &&% 7 fraction &Fo] Anbe] st

rir

o] &3) B. subtilisell ot & S 53 A9 BE sampled A
o] #2E a1, samplezt clear zone 2742 77} 1-1[4.13 mm], 1-2 [3.55
mm], 1-3 [3.30 mm], 3-1 [4.53 mm] 3-2 [5.08 mm], 3-3 [4.84 mm]Z =74 &3t}
(Fig. 8 and 9). Sample & &+ &Ado] 71 2 3-2 fraction> 30 % acetonitrile

FEolA isocraticC® FHE FASAT (Fig. 10). °o]F FAF F= 67

e

sample®] ¥A&S =43 Th 7} sampleol] o st A2 1-1 [7406.7432

Da], 1-2 [7318.7775 Da], 1-3 [7346.3746 Da], 3-1 [7318.4345 Da], 3-2 [7346.3948

Da], 3-3 [7346.7953 Da] . & &A1 ¥ 31t} (Fig. 11).

EXPASYyE F3&l <53 PpMacin® o A o]&3ldsto] Ay
Al & A-F 7327.22 Dacl a1, 470 ¢} o] st o] FAE ¢ 7319.22 Da
ojt}, o] EAFES EdIE folA AHet 6570 W A #S A
g3to] 7} sample?] o|E3AY AF-E oFall HTE 1-19] AR
7406.7432 Dal.® EAE37] wio] 1-1> olsdgte] 371 FAJH o]

&

3L 2Na*ek K7F Ad9tsl FEje] ZAFo R o ¥tk 129 A

X
Al
e
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399 Fue

T

LY
ol
=

7] wEedl,

'—\
I\J
o
00
}_\

O
N
=
1o
o
oldt
Loty
(b
¥
)
oy
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= FHotal Ude Aoz oAAHET (Table 2). 934l sample 5 ©]3}3d o)
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T2 gyl WE gF BY MekE wekus] s PpMacing
AAske] A2 6719 w8 T Aol 7HE =2 3-2 fractione A9 F
U A H8o % refolding #4745 W88l %lth. Refolding 774 -& W3 A
refolding buffer 2] AbslAlol Aol <3l sampleo] EAsH= 3}sH4
aete] A gAol wEE =, o] W sampleo] ®hg ¥} H]w ko]

o kg QAT RS JHAES Al wE G Wsh dojus Al

!

A7+ gt} Refoldingdt sampleS HPLCE A A8t % B.subtilisol tf st 3t

48NS 543 A}, oF 7.61 mm2] clear zoneS 413U T} (Fig. 12). ©]
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= 6719 sample & 3+t /o] 7HF =l 3-2 fraction®] clear zone©]

b4

5,08 mm&l e Z 3} vlwsle] oF 50 % T 7sH G=x]o|t}. ESH refolding st
sample= LC-MSE o] &slo] Ex%& 57435 23 7318.2608 Dal. &
AE =, o= a7 olsstdste] % ¥ rPpMacing] o4 A}
3l A X3} (Fig. 13). o] 9} FAFSHAl 73184345 DaC.® 9% 3-12 74
% B.subtilisell o3l 4.53mm<] clear zoneS J4d 3F3] S 1, refolding $ 7.61
mm=z &t Ao oF 68 % S 7HeFItE. ©]= 3-13% refolded form 5
Aol 47i9] oltstA R o] FAH e Aow oAAEXRE I A7

Wele] Az wel T 22 339 dA FE % Fit DYl ek

%]
e AYar Sl @] - @ folding form
& A8k HAAA T2 T3+ DAL “molten globule”ol 2= FEf 7}
LA gttt o] molten globule W RE ofuje} o] wAlo] jFEH = EHAES
U2 folding FElS AUx 9% 9}k 33, ©] molten globule A E]S
AR F Yehi= dE7) native formol2tar &l A glom, o] el
B

o g4& Ve E correct formell sl ¥t B 4 Qlvk [35]. wEbA 3-

e

10] 3-2K.t} &4t Aol kel HAHE o] f-=, 3-2= molten globule®] 3
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oft

™ 3-12 molten globule % e}l misfolded formel sl 7] o

=
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o] 7 o

T AN—

AztEct, ek o] W EAES Fot refoldingshol Al

!

o

o] A H refolded formo] Aoz A5 = S UERd o
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5% refolded form?] o33} A sto] Eul=4 A native formel] 3=
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A Aow Azhd = Qlth oledt AvE FEIS W, 325 Al

~
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o]
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e

A FAY EAL native formS FHetaL S oz oAAdHAT) (Fig. 14).
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A 3h 6h B

No
Induction 1mM 05mM 0.ImM ImM 05mM 0.1 mM IPTG rPpMacin

KkDa s 1 S 1 S 1T S 1 S 1T S 1 S 1 kDa E D
100 - 100

75 75 -

63 63 =

48 48

35 35

25 254

20

,7_~--E--ﬂ+ fg%‘..l*

11 11

S : Soluble protein E : Elution

1 : Insoluble protein D : Dialysis
Figure 6. The recombinant protein TrxA-PpMacin was subjected to various
induction conditions and analyzed using SDS-PAGE. (A) Six different induction
conditions were tested, with a focus on two protein forms: soluble and insoluble. The
optimal condition was determined to be the induction with 0.1 mM IPTG at 37°C for
3 hours. (B) The eluted and dialyzed TrxA-PpMacin fusion protein, highlighted by

red arrows, had an approximate molecular weight of 18 kDa.
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Figure 7. Cleavage and purification of the CNBr treated recombinant fusion
protein (TrxA-PpMacin). Elution was performed with a linear gradient of 5 to 65 %
acetonitrile in 0.1 % TFA for 60 min at a flow rate of 1 mL/min. The protein was put
through a reversed-phase column, Capcell-Pak C18. Recombinant PpMacin-1
(rPpMacin-1) and rPpMacin-3 are indicated with double arrows. Subsequently, these

two fractions were further separated into three distinct peaks respectively.
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Figure 8. Purification of rPpMacin-1 and its antibacterial activity against B.
subtilis KCTC1022. Elution was performed with a linear gradient of 25 to 35 %
acetonitrile in 0.1 % TFA for 30 min at a flow rate of 1 mL/min. The protein was put
through a reversed-phase column, Capcell-Pak C18. The peaks are marked in arrows.
The fraction marked as ‘1-1" was eluted between 26.2 and 26.8 % acetonitrile, the
fraction marked as ‘1-2” was eluted between 26.8 and 27.1% acetonitrile, and the
fraction marked as ‘1-3” was eluted between 27.1 and 27.4 % acetonitrile. These

fractions showed antibacterial activity against B. subtilis KCTC1022.
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Figure 9. Purification of rPpMacin-3 and its antibacterial activity against B.
subtilis KCTC1022. Elution was performed with a linear gradient of 28 to 38 %
acetonitrile in 0.1 % TFA for 30 min at a flow rate of 1 mL/min. The protein was put
through a reversed-phase column, Capcell-Pak C18. The peaks are marked in arrows.
The fraction marked as “3-1” was eluted between 29.1 and 29.5 % acetonitrile, the
fraction marked as ‘3-2° was eluted between 29.5 and 29.7 % acetonitrile, and the
fraction marked as ‘3-3” was eluted between 29.7 and 29.9 % acetonitrile. These
fractions showed antibacterial activity against B. subtilis KCTC1022 and the 3-2

fraction which showed the highest antibacterial activity was used for final purification.
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Figure 10. Final purification of 3-2 fraction of rPpMacin. Elution was
performed with isocratic condition of 30 % acetonitrile in 0.1 % TFA for 45 min at a
flow rate of 0.5 mL/min. The protein was put through a reversed-phase column,
Capcell-Pak C18. The fraction marked in an arrow was eluted between 21.9 and 24.3

minutes.
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Figure 11. The molecular weights of purified rPpMacin-1 and rPpMacin-3.
The molecular weight of purified rPpMacin was determined using a Q-TOF LC-MS
Spectrometer. (A) rPpMacin (1-1); 7406.7432 Da. (B) rPpMacin (1-2); 7318.7775
Da. (C) rPpMacin (1-3); 7346.3746 Da. (D) rPpMacin (3-1); 7318.4345 Da. (E)

rPpMacin (3-2); 7346.3948 Da. (F) rPpMacin (3-3); 7346.7953 Da.
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Table 2. The molecular weight, predicted S-S bonds and adduct type of

rPpMacin.

rPpMacin ‘xioglﬁ:l(l]l;‘;) E;ﬁg;cg’iig Adduct type
1-1 7406.7342 3 [M+2Na+K+H]"
1-2 7318.77775 4 [M+H]*
1-3 7346.3746 2 [M+Na+H]*
3-1 7318.4345 4 [M+H]*
3-2 7346.3948 2 [M+Na+H]*
3-3 7346.7953 2 [M+Na+H]*
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Figure 12. Purification of refolded rPpMacin and its antibacterial activity
against B. subtilis KCTC1022. Elution was performed with a linear gradient of 20
to 45 % acetonitrile in 0.1 % TFA for 25 min at a flow rate of 1 mL/min. The protein
was put through a reversed-phase column, Capcell-Pak C18. The fraction marked in
an arrow was eluted between 29.1 and 30.0 % acetonitrile. The fraction showed an
increase in antibacterial activity of about 57 % against B. subtilis KCTC1022

compared to before refolding.

51 -



x 108

6 7318.2608 Da

Intensity
N
|

0 )

| |
6000 7000 8000 92000

Mass (m/z)

Figure 13. The molecular weight of refolded rPpMacin. The molecular weight
of refolded rPpMacin was determined using a Q-TOF LC-MS Spectrometer. The
result is consistent with the theoretical value assuming that all four disulfide bonds

were formed.
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Molten globule
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Energy

Percentage of residues of protein
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o
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Native structure

Native structure

Figure 14. The prediction of the folding state of rPpMacin according to the
protein folding funnel. The folding funnel illustrates the thermodynamic principles
of protein folding. At the top of the funnel lie all the possible denatured (unfolded or
misfolded) conformations of rPpMacin, characterized by maximum conformational
entropy. The molten globule state (rPpMacin 3-2) is clearly different both from the
native and the denatured state, demonstrating for the existence of an intermediate
state. The native structure (refolded rPpMacin) is predicted to be the most

thermodynamically stable structure.
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4. rPpMacin®] o A 9L AJAEHQ dZF wE FA W3

rPpMacin A o]FsbA et fel wE et @49 AolE
Hlash?] fl&l rPpMacine “gAlste] A2 6719 &3 T A o]
7V =& 32 fractione AQIF ywA F2O® reduction I
A&spder. LA DTTE  Aded &2 Uifel As=
olgstAgto] Al linearst HE]Z wistA = Aow oigdrh

Hk-S-o] £yt rPpMacinS HPLC®E A8t | B. subtilisell o3t &+

gk
ox,
o

SAT Ay FrdAol dEHA W (Fig. 15). ©l= rPpMacin &4t

-

U olgstdde] ddel s AMPs7F @t A4S dEREd o
o]

QQlo] Ht 349d Fx7F FaEow et Agw AzEoeay.

kR

5 g% rPpMacing Q-TOF LC-MSZ o] -g3lo] EAeks Xt
(Fig. 16). A5 A2 7326.4730 Dac| ™, ©]= Aol o] &34 gto]
FAAEA S rPpMacing] o] &4 -} dX St SAdE FHE 9
rPpMacin refolded form3} H]wsle] <k 3 % F%= =2 acetonitrile
TR £EFHAEH, I olfE rPpMacine] Y F 3344 SQlA

TFEeA MY FxE WstEA T2 UFel EAsd A8 R4t

_111

o7 xE%o AFA columng! C18 column¥}t © 73t interaction©]

ool ib/] B Ashw Azhe ol ik,
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rPpMacin A o] 324 5 2 FEjel wWE &9
ol & wlasty] Qs 4% a7 I 459 O a8 2 1%
At o]&sto]l rPpMacin® vt S SAsIT A dxT
(Positive control)< Piscidin- (1 mg/mL) 3 pL, =4 i
control)<= 15 % acetonitrile 5 L= AF83t3laL, AT S = refolded, 3-2
fraction 2 reduced rPpMacin sample Z}Z} 100 pg= 15 % acetonitrile 5 pL]

ol A] AME-a T,

rPpMacin®] &+t A o2 el clear zones =7 23} refolded, 3-2
fraction, reduced =X 2 Z-7} 13 9k #59 79 S. aureus KCTC1621

[8.73 mm, 6.84 mm, 2.74 mm], B. subtilis KCTC1022 [6.84 mm, 5.70 mm, 2.58 mm],

L. garvieae ATCC49156 [3.89 mm, 2.91 mm, 2.63 mm] % M. luteus KCTC1071
[3.18 mm, 2.84 mm, 2.63 mm]ol A &<+ A4S YERAY 19 34 579
7%, S. flexneri KCTC2517 [7.85 mm, 7.81 mm, 2.70 mm], E. coli ML35 [7.71 mm,
5.41 mm, 2.43 mm], E. tarda NUF251 [7.04 mm, 6.26 mm, 2.53 mm], S. enterica
ATCC13311 [4.52 mm, 3.70 mm, 2.7 mm]el A &3 84S ekt W79
7%, C. albicans KCTC7965 [8.41 mm, 6.99 mm, 2.58 mm]ol|A] &+ TS
eI (Table. 3A and 3B). 72 A& £33 RS w, E #3504

refolded rPpMacin®] rPpMacin (3-2) Xt} &t &Ao] A =HEom,

oL

o|&3Ae-S A 73 reduced rPpMacindll A= EE oA S A o]

1

5

IR

ofN
o
ol

=4¥A 2t (Fig. 17). A3 9 =29 33} 49 ANE
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rPpMacin°] &+ EA4S UEY] feids 24 el ol&shd dol

i)

FARo7 FAH ook sta, 1 NF L AT w2 (misfolded form/molten

globule/native formyol] we} Mz o2 o A4S 712 5= Stk

Macin#} rAFatAl ol stA o] -9k 2% sidel wet It &40
gt vE BdEE, B AN sAdstn O BAS 9
AMPQ! PpCrAMP7} QIt}h. ol WHE7MAle|2 e 2A¥  cysteine-rich
AMPEA, 2 el 471 AlAHR Fr]E 7FAH F 0 2719
o|g3lAstS J4T 4 Qlrh me Bx o o|FstA gt d'le] wel
T 3F7Y PpCrAMP7F EAE & glow, oy 5o uidt 37HA
PpCrAMPS] &+t &/do] A= t=7A FH AL S. aureusel] dist &+
gAS =4S |, PpCrAMP-1 (C-C?, C:-C*¥} PpCrAMP-3 (C!-C* C%
C)H T} native?} 2 o]&3td3 d®lS 7}x]:= PpCrAMP-2 (C'-C3, C*-

chel @ @Al M AT, olFsAFE WEF AN HE

et

PpCrAMPg 2] 3+t &7do] 7Hd 28ttt (PpCrAMP-2 > PpCrAMP-1 >
PpCrAMP-3 > PpCrAMP.q) (Fig. 18A) [26]. tto2 o]zdt A3 Ax=
PpMacinel] td&te] Azhel ® ket PpMacin ¥4 Ul & 8719 A ~E|S]

AN BAE 5 b ol@HATe BE A 5

rir

o] &3} 4 gho]
A= ASE EFst] T 76AME AAEQL. 1 F ATo] 4 BT
FAdHE A F= 1057001, Ay @ EE 33 Fig. 14°] e

A9 refolded form©] native structure 2 A=A o] 105702 A +x
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< oftel aidd Ao
s|=2kef Al st Hydramacin-13}
o|&stdshe Cl-Cb C?-C5 C3-C,
R alE]

7P 271w,

Ay 7+sh refolded form =3t Hydramacin-1 %!

C5 Cs- C? CA- CBJ ézﬂ— JH g 7]‘@

B4R A9
A

210708 A T F stutel sl
form¥} 3-25 A 93t A HHE

unfolded form= #3la = oz A

18B). 1&4} o] PpMacin®] ©]&s
A EA S EUE sk o4

Aok & oz Az
A3

reduced form rPpMacin®] 3}38H4]

chctol AR HHE
Atk [36]. PpMacin®] oi2] )

ol#f 3t refolded form-

T & 21070=, molten globule %

LER o B5 misfolded form

e gre

e Pl

AZFA . Macin familyell 3133= AMPs %,

AvelAl  fEgt Neuromacin®]
4 o e
< refolded form?] &+ FAJo]
PpMacin®] native form©. =
Neuromacin¥} #o] C.-C®, C?
of| et stH Agto] 271

SR o E

refolded form t}2°o% & 4 A4S e 3271 o3

Zoz AZten}, 181 refolded

(rPpMacin 1-1, 1-2, 1-3, 3-1, 3-3)2 W2

At e Rom
o)} o

reduced form<e 7%

ig. 3A and 3B) (Fig. 17 and

%7] @A A FA 3t 3-2 fractiond} refolded form 2

st71 flsl Al T
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samples 7 974 HPLCZ “JA#|3te] retention time (RT)= W] w3t}
A =702 Capcell-Pak C18 (5 um, 4.6 x 250 mm, Shiseido Co., Tokyo, Japan)
columns ©] &3k 28 — 38 % acetonitrile == 307 F<F 1 mL/min
5o w2 Zel AAstdt. BA A3 refolded forme °F 10.5 min, 3-2
fraction> ©F 11.4 min, reduced form-= F 24.6 minel|l A &% % 3t} (Fig. 19).

E-3], refolded form rPpMacin®] 4% A x5 AlphaFold2= |53l

271 UFol EA8]  hydrophilicdt &3} FolEar, olo] wet
hydrophobic$t column?l C18 column¥} <F$k interaction= k= refolded

formo] 3-2 % reduced form X.U}% retention timeo] © ZYS HO=FE

o Agth w38k refolded forme % 3-2u} reduced form HT} W

s
fo) U
o
it
)
s
N
N
X
ki
>,
2
23
K
)
(@]
(@)
3
=]
g
o
-
EN
it
e
_O|L
£l
0
H
@
(o
o
&
o

&8 & QU] W, odd T2A 54 w3 A A Fhe

Jo
of\
_OL
=
fu
o
N
it
4

rPpMacin®] Al 2 TH= retention timeS 7}#]&= o]

olt} (Fig. 14).

PpMacin®] AlZutat A58t WAYSFS Hydraold s

[t

Hydramacin-13} ##3}le] oS3 H k). Hydramacin-19] 1A +FE
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(bel) S 7|07 kZo] Al ofmizito]l FAthgk B (hemisphere)

Solsl wets] mAAY. aulw e EUE AZvns 9 o
oz wAHWE, HEHow Ayma AL Al 7o i

% Hydramacin-1== A4 o] 57]¢]

o
%0
O
E
ko
ini
i
A
o
o

EYEDS 7 =, olelst EfERS AMPs7E b A S

=
=R

GERE o E a8k, AMPs7E AEve A 9 AqEE

u

7sa dokal ®arso] STk [37].

AlphaFold2= |3t refolded rPpMacin¥} Hydramacin-12] 25 =2
H W& B, PpMacin< Hydramacin-13} AFSHAl 9ol FH sl
ofp|=Ato 7 o] Fojxl WEE 7HAW o] ME gHow Fuwst A

oful=4t o] EAetar vk, 18] Hydramacin-1°]  57) 9]

EHERS 7A=Y AR PpMacin =3 A A o & 6719
EYERS 7FA U} (Fig. 21). 7] B9 Hydramacin-19] 3t
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Figure 15. Purification of reduced rPpMacin and its antibacterial activity
against B. subtilis KCTC1022. Elution was performed with a linear gradient of 25
to 40 % acetonitrile in 0.1 % TFA for 15 min and after linear gradient, elution was
performed with condition of 40 % acetonitrile in 0.1 % TFA for 10 min at a flow rate
of 1 mL/min. The protein was put through a reversed-phase column, Capcell-Pak C18.
The fraction marked in an arrow was eluted between 32.2 and 32.6 % acetonitrile.

The fraction showed no antibacterial activity against B. subtilis KCTC1022.
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Figure 16. The molecular weight of reduced rPpMacin. The molecular weight
of reduced rPpMacin was determined using a Q-TOF LC-MS Spectrometer. The

result is consistent with the theoretical value assuming that no disulfide bond was

formed.
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Table 3A. The antimicrobial activity of three types of disulfide bonds in

rPpMacin against eight bacteria and one fungus.

Disulfide bonds in rPpMacin

Type Strain
2-S-S- | 0-S-S-

S. aureus KCTC1621

Gram B. subtilis KCTC1022
positive
() L. garvieae ATCC49156

M. luteus KCTC1071

S. flexneri KCTC2517

Gram E. coli ML35
negative
=) E. tarda NUF251

S. enterica ATCC13311

Fungus | C. albicans KCTC7965

-63 -



Table 3B. The antimicrobial activity of three forms of rPpMacin against eight bacteria and one fungus.

Clear zone size (mm)

Type Strain rPpMacin (100 pg) Piscidin-I

Refolded | 3-2 fraction | Reduced S pg

S. aureus KCTC1621 8.74 7.20 - 13.15

Gram | pilis KCTC1022 6.84 5.70 - 10.80
positive

+) L. garvieae ATCC49156 3.89 2.91 - 10.13

M. luteus KCTC1071 3.18 2.84 - 10.72

S. flexneri KCTC2517 7.85 7.81 - 11.20

Gram E. coli ML35 7.71 5.41 - 10.98
negative

) E. tarda NUF251 7.04 6.26 - 10.15

S. enterica ATCC13311 4.52 3.70 - 10.20

Fungus | C. albicans KCTC7965 8.41 6.99 - 12.73
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Figure 17. Comparison of antimicrobial activity between refolded, 3-2 and
reduced rPpMacin against eight bacteria and one fungus. The three forms of
rPpMacin showed varying levels of antimicrobial activities. The refolded form with
four disulfide bridges had the highest activity, while fraction 3-2 with two disulfide
bridges exhibited broad-spectrum but slightly lower potency. The reduced form,
lacking disulfide bonds, showed no antimicrobial activity. The antimicrobial activity

is shown in units (Unit = (diameter of clear zone — diameter of well) * 10).
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Figure 18. Antimicrobial activity of PpCrAMP and rPpMacin according to cysteine connectivity. (A) The antimicrobial
potency of PpCrAMP against S. aureus influenced by cysteine connectivity. The native form with the greatest antibacterial activity
is PpCrAMP-2. (B) The various types of rPpMacin and their antimicrobial activity. The refolded form with the greatest antibacterial

activity is predicted to be the native form of rPpMacin, and the cysteine connectivity predicted using Alphafold2 is indicated by a

red box.
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Figure 19. Comparison of retention times between refolded, 3-2 and reduced
rPpMacin. Elution was performed with a linear gradient of 28 to 38 % acetonitrile
in 0.1 % TFA for 30 min at a flow rate of 1 mL/min. The protein was put through a
reversed-phase column, Capcell-Pak C18. The fractions were marked in arrows. The
refolded, 3-2, and reduced forms of rPpMacin have four, two, and zero disulfide

bonds, respectively.
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(=) charged
(+) charged

Figure 20. The predicted three-dimensional representative of refolded
rPpMacin highlighting charged and hydrophobic amino acids. The positive
charged amino acids (Lys, Arg) are marked in blue, negatively charged amino acids
(Asp, Glu) in red, and hydrophobic amino acids in khaki. In this structure, charged
amino acids are located on the outer surface, while hydrophobic amino acids are

located on the inner surface.
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(+) charged

HM PM

Figure 21. Comparison of structural similarity between Hydramacin-1 (HM) and PpMacin (PM). (A-B) The molecular
surface properties of HM and PM. The positive charged amino acids are marked in blue and hydrophobic amino acids in yellow.
In both structures, a positively charged belt consisting of Lys and Arg divides the molecular surface into two large hydrophobic
hemispheres. (C-D) The ribbon representations of HM and PM. The tryptophan residues are marked in gray. HM contains five

tryptophan residues, whereas PM contains six.
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5. PpMacin’s mode of action

5.1 Chromogenic plate assay

E. coli ML35°] i3t rPpMacin®] &+ &4 wAUZS Lolrr] $s)
Chromogenic plate assay & %1 3 3} 31t} B-Galactosidase & & st o< E.
coli ML35% IPTG®} X-gals FH7FsH wiA|eA 7]% H bacteriolytic3t
s e 4SS HgetA =4, Al Alzute] sty Eo] A3 Ui

Sl PB-galactosidase”} A 2= {-Z ¥ B-galactosidase= ¥l #]

=
Iy

EASE X-gals Adste] F

gl

=9
Aol a1e] (blue halo)E &4 aH
ot

st} Wb ol bacteriostaticd &AL u] At

00*'

o] 9l =42 %
el 2%k B-galactosidase2] +=°] &=7Fs3] X-gale] #who] dojihA|
oFar, webA blue halos FASHA k=Th AE AF bacteriolytic st
Ao didl A dixzFoz AFE-sk Piscidin- (5 ug)¥ Kanamycin (2
ug)oll A= clear zone?l <°J=ZS wel blue halo’t A HAT 54
)= 02 AFE-3F Chloramphenicol (1 pg)ell 41+ clear zone<>

3=
blue halo= ¥ ity F Al i A dz=dd

i

DW.ollA = clear zone¥} blue halo &5 #FEHA i), AgFo=
AFE-8F  refolded rPpMacin  (rPpMacin-F) (100 pg)ellAl&=  Piscidin- 2
kanamycinol] H]&l] W] <1k M-S Ho|i= blue halo”} #HZEH AT (Fig.

22). A3= &34, Piscidin- ¥} kanamycing bacteriolyticr &4 S 714
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oS AH 93] wiol blue haloS 7} clear zoneo] A ¥,
chloramphenicol=> bacteriostaticst &A= A2l A Asf|skA|nt
oS wy g 4= ¢lo] blue haloZ} ¢l clear zoneg Al $HHA,
rPpMacin=> Piscidin- ¥} kanamycin®]l B]3ll <13t blue halos 3t A
Kol Piscidin- |4 kanamycin¥}t Hlwd] 1 A7)+ kEARE F EH I
PR A AEEE AR st e oAlEke
bacteriolyticst &/d & 7HA|= Z o2 AZtET)

5.2 N-Phenyl-1-naphthylamine (NPN) uptake assay

E. coli ML35¢] tfj st rPpMacin®] £] =} a2 gelslr] 9l& NPN
uptake assayE 3 SFATE A txT O = AFE-SE Piscidin- (1 mg/mL) 40
ugel A% ol 6000 FE°| intensitys: R F Algko] Ao uwhep

TOoR AR DW.S A

dlo

4

EN

eR

N

Pt HeE gelsha,

d

°F 1130 A X9 Ho intensityE HQ - FaF TAsth vpAuo =,
A¥ o7 AR rPpMacin Piscidin- 2] 581<1 200 pgs ARSI o,

DW.2} fFAFskAl ¢k 11009] A intensityS ®<Ql ¥ Hxk 7143k

rir
>,
&
=

(Fig. 23). ©] ZAIF}ZHE, rPpMacinel &% 9o %3 F3

AFE-SE 200 pg/mL F oA = YEREA] 2 R o R ElHT,

5.3 ortho-Nitrophenyl--D-galactopyranoside (ONPG) assay
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E. coli ML35¢] t©3t rPpMacine] W= 3 ads sty 913
ONPG uptake assayE 3 etitt. HE AaghS 72 APHE 5743 405
nmel 539 samples ¥4 odste wWeo FFee] A= EdEinh
As BS ul, S hFFoZ AR Piscidin- (1 mg/mL) 4 pg2
A 50elA Hul FHEE B F 1200704 A gashs FHE

2o 2 ARE-st DW.S ¢ 1203 7HA] intensity 7}
Hab Skl dHE Fdsiv v "o R, AdT]l rPpMacin
Piscidin- 2] 51?1 20 pge AFESE o™, DW.2F FAFSHAl 1204 oF
0.389] Ht intensityE X & A} FA4sFSTh (Fig. 24). o] A2 5¥E],

rPpMacinel] oJst vt £33} g3p= A3de] ARE-SF 200 pg/mL FEol A=

AEo zpolE HATh 18] ) refolded rPpMacin® 73-$- 5.1°014 100 pg=
AHgto 520 200 pgE ARgetel 1 AR 29
zpolute]l  ubx]  ekgkty. whebA  refolded rPpMacino] Al 9] uba)
BEAgstds v A ko] ARgEel Aol Dw.e] A-s}

FAEHA UEpd Aeow Az koA R, 51914+ refolded



rPpMacing 100 ug A3t 2ol Bl&) 53004 20 pgs ARE-ake] ket

B Agstrles vF A S AR Zow gyrdr
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— S mm E. coli ML35

Figure 22. The chromogenic plate assay for discriminating bacteriolytic

activity from bacteriostatic activity. Piscidin- (5 pg) and Kanamycin (2 ug) which

show a blue halo indicate bacteriolytic activity, while Chloramphenicol (1 pg)

indicates bacteriostatic activity. It was revealed that the refolded form of rPpMacin

(rPpMacin-F) (100 pg) also exhibits bacteriolytic activity.
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Figure 23. Fluorescence by NPN uptake assay. E. coli ML35 was used for
confirming the outer membrane permeability of refolded rPpMacin. Piscidin- and
D.W. was used for positive and negative control, respectively. The Piscidin- and
refolded rPpMacin were used to 40 ug/mL and 200 ug/mL of final concentration,

respectively.
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Figure 24. Fluorescence by ONPG assay. E. coli ML35 was used for confirming
the inner membrane permeability of refolded rPpMacin. Piscidin- and D.W. was
used for positive and negative control, respectively. The Piscidin- and refolded

rPpMacin were used to 40 pg/mL and 200 pg/mL of final concentration, respectively.
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6. PpMacin®] ZdF v 1
6.1 HEZIAIY ZZAH PpMacin AN 2& & vl

HE7AF A Z2AE PpMacin AARA ] ERS wlwstr] 98|
HE A e 9] 97 %24 (Oral hemal ring, Tube feet, Coelomocyte, Pyloric
stomach, Cardiac stomach, Radial nerve, Gonad, Digestive gland, Coelomic
epithelium)ol 4] total RNAES F%3}17 cDNAE 4 3le] RT-gPCRE
Z1ey skt Relative fold expression (PpMacin/EFla) #ts HSkS o,
coelomocyteol] A o+ 048% 71 S wdHS eI, coelomic
epitheliumell A F 0.34= F+ WAZ H& W3 o] FlH 3l (Fig. 25).

=
a8 2FAE feulg BAL oS HAT & YUtk ol Y

it

o]+ Azbell ®Bote w, EE7RARS ARl HithE uheke
n gl v At e ol HEVMAE = oY d HittES
A7 (coelom) W= AFeEA /S W WEAT= FHE Ao
ek o] mAEI 7P WA HE ¢ e =AM AMPsS]
PpMacin®] w&o] 7 2&  Zo=z o ®Hth Coelomocyte:

i 7kAre] o] A7kl (coelomic fluid)ell EA1sk= W) AlEZ, H=7PA}e]
Aol A, A, vpoles 5 9% geAlet 7 WA ek
ZAol7] el ofel thet W whe Lok o A F 7P A&EH

Aojr}of sttt [38]. wEbA] coelomocyter= UFE 3} vlwsl Hup B2
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PpMacin®# §-AFst =2 @& #elS 7} Macin family AMPs Sl &
AA =2 Hyriopsis cumingii®] Theromacin¥} Haliotis discus hannai®]
HdMac”} 21+=dl, ©] F 7FA] Macin> 7 &2 hemocyteol| Al & o]
7 =S Zow Yehgth [22, 39]. Hemocyte: HE7FAME 9
coelomocyte?} -AFsH Z21o]l™ coelomocyte 2} PFEH7FA]| 2 W Ao A 13}
Wold ogks szl wiel PpMacin?t Fd kAl Macino] wi-¢- =)

DAy = Zloz AZ4dn. F WAZ PpMacin®] o] #=38kd coelomic

2838 #AY AAke] #oisktl [38]. Coelomic epithelium A 23
coelomocyte®] AJAt 2 W el FAe] ¥Fgd 9Es s O
coelomocyte®}  FAFSHAl S PpMacin® o] #EEHE Ao

A7k o] Xt
6.2 Immune challenge % %2 PpMacin @& vl

7WAbe e V. anguillarume HES 5 2+ A o)A PpMacing =7}

m{n:

3 waEks gelsly] §38ke] RT-gPCRS X 3&tdtt. =22 oral hemal

]_

ol

ring, tube feet, coelomic epithelium, coelomocyte®] & vl 7}#] 2 A&

gtk A¥To Agke U2+ AWzto® Ui fold change® W 3Ha}
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Figure 25. Tissue distribution of PpMacin transcripts in nine different tissues
from P. pectinifera. The relative fold expression of PpMacin transcripts in nine
tissues of P. pectinifera was shown as means = S.D. (N = 3). The mean values
indicated by different letters on the bars are significantly different (p < 0.05), while
the mean values not marked letters are not significantly different (p > 0.05). The
results between tissues were derived using one-way ANOVA followed by

Bonferroni's multiple comparison test.
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Figure 26. Temporal expression of PpMacin transcripts after Vibrio
anguillarum challenge in four different tissues from P. pectinifera. The results
were represented as mean + S.D. (N = 3) by fold change in different times (0, 4, 8,
12, 24 hours). The mean values indicated by different letters on the bars are
significantly different (p < 0.05), while the mean values not marked letters are not
significantly different (p > 0.05). The results between tissues were derived using one-

way ANOVA followed by Bonferroni's multiple comparison test.
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