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Molecular design, pharmacology and toxicology optimization
of antimicrobial peptide from Hydrophis cyanocinctus,
Hc-CATH

Jiuxiang Gao?, Yipeng Wang?, and Haining Yu*

1 School of Bioengineering, Dalian University of Technology, Dalian 116024, Liaoning, China
2 College of Pharmaceutical Sciences, Soochow University, Suzhou 215123, Jiangsu, China

Abstract: Based on the cathelicidin family antimicrobial peptide Hc-CATH derived from sea snake, the Hc-16 and Hc-15 of
16 and 15 amino acid residues, were designed. By using CCK8, minimal inhibitory concentration, ELISA and bio-layer
interferometry assays, their cytotoxicity, antibacterial activity, anti-inflammatory activity, and LPS neutralization activity was
examined. Compared with Hc-15, Hc-16 had lower cytotoxicity and better broad-spectrum antibacterial activity against
pathogens including clinically resistant bacteria, with the minimum inhibitory concentration of only 4.69 pg/mL. Hc-16
inhibited the expression of inflammatory cytokines of TNF-o and IL-6 induced by LPS, so as to significantly reduce the
inflammatory response induced by infection. In addition, structure-activity relationship studies have shown that the
phenylalanine at the C- and N-terminals of Hc-16 played a crucial role in its antibacterial and anti-inflammatory activity.

Altogether, the designed Hc-16 has an excellent prospect to be developed into a novel antibiotic.
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B Z M2y (Antimicrobial resistant, AMR)
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Hc-CATH J& M5 FR¥I Hydrophis cyanocinctus
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(GenBank accession number: KP202856), A 1>
MHFTENEAT 8 & B cathelicidin ZEEHT K
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FOHL A PE A HLBRBE ST & BT LA F g &2
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antibacterial peptide, modification, antibacterial, anti-inflammatory, hydrophobic amino acid
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3 % g g L

Hc-CATH i 30 Na LR sk BhaH i, Pk
SN E BN WEYE o SRS M, T 1-17 {7 &
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BEX AR, FEELad N g, C ik — Mok, R R
GIER . WFFT L IR N i 28 B R X 0 T 1
PESC IR, ABIZ R ISR TSR BA P I 1k
SR AR R B R O FEACHT ST R, i 2 K
TV AR G R He-16 & He-15, A~ ik
UM 25— R, HEHPURATEE . PURIETE .
YR S LPS HhFnge A1k, AT Kk 1R
HEESH

1 MBE 7%
1.1 ##

JE AR /N BUME I B4 I8 (Mice peritoneal
macrophages, MPMs), >k H A SZ 55 = # 1 ;
Hc-CATH Kk & He-16 \He-15 f i R4 1k (1
) A BRA RS A /N TNF-o Al IL-6 ELISA i
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A EARICIR A 1640 1535 5L0 H 25 Thermo
Fisher Scientific 2\ w]; PBS I [ 3 = KA WH A
ABRZAH ;s LPS (T KA 055:B5) 1 A 3
Sigma A\ s SRR R AL AR A 35 [E MD A+
HoAth w8 WG B 25 S L AR A R A
1.2 &HMHAR

[ — {3 %€ (Circular dichroism, CD): ¥f
Hc-CATH Ktk He-16., He-15 23 Bl i T4
IKFNAE P R (30 mmol/L SDS) Hr, FEZ
WeSE 200 pg/mb, S5 S A B 6 g ASORG I HCAE
190-260 nm K A RFIE L

MR 56 3 45 A 22 ) i i 7EZR X 35 The Expert
Protein Analysis System (ExPASy) proteomics
server (http://heliquest.ipmc.cnrs.fr/), ¥ Hc-CATH

WERELER (A 17 DEIERR) MolE iR He-16,
He-15 LM (5 B A, RAFIEELE A .

13 BER/OREEEEMEERSHABEN
)

1.5%Mi A Z BERR M1 T Balb/e /)N BRUIE i
0.5mL/H, 3d /5, AT 1640 55750 I i
5mL/H, FEEEREH 5 min, Y [BlRE3R%E, 1000 r/min
B0 5 min, WA AN BUIE I B4 i MPMs .

FE B%HRAE A 1640 BB MPMs
A ZE 2x10° N4ff/mL, B 100 pL/AL T 96 fL
MR FRMR, 37 'C. 5% CO, i ek, AR
[ Hc-CATH Kiliifk Hc-16, Hc-15, #53%
24 h, fifi il CCK8 IR 2454 5% 20 M A s e 1 A o
1.4 MEEMHERFIE

ok f% /N 3B W (Minimal - inhibitory
concentration, MIC) lixE J5ik, i Hc-CATH
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B ORRRE SR . SRR 4k, Pk B B R R
Mueller-Hinton (MH) I A= 3Ed, 37 °C .
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B TR IR i A B S AR U TR A R s R . ARG
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W 96 fLAiffulEFRMR S, ¥ He-CATH Kl ik
Hc-16. Hc-15 M R 400 pg/mL FF4h, HE4T
2 R MR RS, BH 2 A/ 0.4 ng/mL. 11
#FLHAIA 50 ul Y 2x10° CFU/mML ¥ B Fo T4 R
37 °C. 110 r/min ¥53% 16-18 h,

X B S b g 4 Sk 0 UR /T E E A
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TH UE20 A 22 BRITE 25 259, A5 100 ng/mL 1) LPS
FRFRHE X BREH 3300 S AS 2595 100 ng/mL LPS
HMSE e IR

AR . AR EE SRR NI 100 ng/mL
LPS % 5. 10. 15 pg/mL Fi# ks, *FHEZH K
AInBrEE K25 ¥4 & 100 ng/mL (4 LPS 4, LK%
St IR AR

iVEA 16 h 5, B4 By, il ELISA
PRSI 9 5E K F TNF-o #1 1L-6 £ MEMs 4l g -
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1.6 LPS HFnge ey

I A= W BT 98 BOR Sy T 3R ) 435 A BLAE
A4t (MD, Octet96e) il Hc-CATH K itk A&
Hc-16. He-15 251 5 LPS 454 fE 1. o Jefdi ik
PR A BIRiC iR RFES , 4°CL 1h e, @
B SR EAL R ES (SA sensor) 435 ML &
AR AU IRRE S, 53 SIS B0 )2 22 v
(5 0.01% BSA #1 0.02% Tween20 [ PBS 2& i,
pH (7.4+0.1)) Bl LPS 2 25 nmol/L 3F 2 {546
il LPS It 5 MVREERLEE o il o FAHE AR R
45, SERHSIIBTE K LPS MG . M,
IR RS KD 1A
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2 ER5AM

2.1 Hc-CATH &#BiE

WF5E R BR800 19 3k o MEHE 48 g o LT 71 5
PEFIHL AR IE AT D I HAL A 52 B )
RN 1NN e o L

Hc-CATH HA W EE o BRBELEH, T HER
1-17 (& IEFR ¥ 51, J& He-CATH RIS Phgh i (W
1 SCEATAE D), 1T P X I H far F
SPwE R IEMX, R ER, N
Hc-CATH i 1445 44 C bt T 1f 328 — I ik 22 3 i X 47t
PGSR/, J0H RigKyg 23R 25 FR i 4T
RGP AE, (B Fy KEREPURIE 2
ETSC <k

Hc-CATH &S5 H 1) N S KiFoFs {57 XL I
TP A, MR KoFoFs Hot B 1 58 2 1H
08 Bk v & He-16 {58 T He-CATH & 1
SEM PG N SR , MG A He-15 Bl —> N i
RN, WASGER A 7 A Edfr, D%
N iy 2 SERR AT PR TS . PUARIG TR R
2.2 Hc-CATH K BUE R 4H 4

Hc-CATH LR s A% MPMs 4 i 5 4k &
WK R, HEABEHEEZES, WK 1R,
W B RS He-CATH . He-16 F He-15 14
ICso {2350 12, 16, 25 pg/mL. #iEfAk He-16
5 He-15 40 i 5 1E 48 He-CATH A BT A%, 7E3k
JEh 12.5 pg/mL B, ¢ He-CATH 4 #8124k 4
MIBET ; FETGPEH BEQL I Y, B 5-15 pg/mL ¥k i
KolJa iy, s iR He-16 & He-15 S B i1y
(i

F 1 Hc-CATH BUEKREERBFIIER
Table 1 Amino sequence of Hc-CATH derivatives

Net  Amino

il charge number

Sequence

Hc-CATH KFFKRLLKSVRRAVKKFRK 12 30
KPRLIGLSTLL-NH,
FFKRLLKSVRRAVKKF-NH, 7 16

FKRLLKSVRRAVKKF-NH, 7 15

Hc-16
Hc-15

% : 010-64807509
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0 = r/
He-CATH

Cell viability after 24 h (%)

Bl 1 Hc-CATH RuUERMmE 1%

Fig. 1 Cytotoxicity of Hc-CATH derivatives. MPMs
were cultured with series concentrations of Hc-CATH
derivatives at 37 °C for 24 h, then the cell viability was
determined by CCK8 method. *: P<0.05, **: P<0.01, ***:
P<0.001 significantly different compared to the control.

2.3 Hc-CATH RIS EIE M

EICHE 2 (OB B . B8 R L, G R
2 M AT A 43 B R TR 25 B ik, R4 T H /N
R A, 25 SR 2.

MR He-16 5 He-15 %o 22 [CPH M . 9]
PER K B PO T SRR T T ISR I I .
Hc-16 B il v S50 He-CATH 254, B3 TF
Hc-15. M ILZ( LM )3 4 il A1, He-16 5 itk
Hc-CATH 1 o BRBELS AR LL , Bl b 1 — ik 2
Belg, HEBrEA AL, (AiErEdnsa TR, T
Hc-15 5 He-16 AL, Wb T — s K M LR
PUETEPEI R TR, (HERE AR AR AN B o 33
FH 88 7K 2 TN R A e TR P R 24 B e e
HEXHEBEMRIEA.

2.4 Hc-CATH R BUERIT &AM

M 2 BI%I, He-16 AS[R) B 413 ] LU 3
T LPS 355 1Y /0N BB I L 10 48 i 48 i 1R
TNF-o 5 IL-6 (3REHA BRI C R, He-16
T e B LA PR L X TNF-a F11L-6 4124351 Ky
78%. 70%, ToAbFRLHHIZS5 510 90% ., 56%,
1M He-15 BT A& i M5 22 A0 Wk FE 4 B 24 i
TWPE . TR FRAI L5 ST A, RBRK SRS il B
) He-16 \He-15 J& , Bt IR AR HA BT R I .
FEFTIART ST i o i A MR UESE He-CATH 7]
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% 2 Hc-CATH REME ARG/ NIERE
Table 2 Minimum inhibitory concentration of Hc-CATH and its analogue

Microorganisms Hc-CATH Hc-16 Hc-15 MZP/SBT Amp
Gram-negative bacteria
Escherichia coli ATCC25922 4.69 375 - 0.29 18.75
E. coli 1 (Clb) 9.38 18.8 75 37.5 -
E. coli 3 (Cl) 9.38 375 - 0.15 -
Shigella dysenteriae (CI) 4.69 4.69 37.5 0.15 -
Proteus mirabilis (CI) 4.69 9.38 150 4.69 75
Pseudomonas aeruginosa (CI) 37.5 37.5 - 0.29 -
P. aeruginosa 1 (CI) 4.69 4.69 4.69 2.34 -
Salmonella paratyphi A (ClI) 4.69 37.5 - 18.8 -
Gram-positive bacteria
Staphylococcus aureus (CI) 18.75 4.69 18.8 0.29 9.38
Nocardia asteroides (Cl) 9.38 18.8 - 0.59 18.75
Fungi
Candida albicans (CI) 18.75 150 150 4.69 -
Candida glabrata 1 (Cl) 9.375 75 - 2.34 -
C. glabrata 2 (ClI) 2.34 37.5 37.5 18.8 18.75
Arcyria cinerea (ClI) 9.38 18.8 150 4.69 -
aClI: clinical isolated strain; "CPZ/SBT: cefoperazone/sulbactam (1:1); “Amp, ampicillin; “-™: no detectable activity at the

concentration of 200 pg/mL.

A B
o e 1000
1 0001 Cokk T ok
EETS o %k
= 800r OPBS o A OPBS
E mLPS E il mLPS
s 600} ELPS+Hc (5 pg/mL) gD 600 gg @ LPS+He (5 pg/mL)
& @LPSHHe (10 pg/ml) = il B LPS+He (10 pg/mL)
3 400} i | mLPS+Hc (15 pg/mL) 3 400 gg 3 B m LPS+Hc (15 pg/mL)
= 3 il |
i i |
Z 200} | ﬂ _ Z 200 Ul
U A0 m . _
Hc-15 He-CATH He-15 He-CATH
Pre-incubation Co-incubation
[ D E ns S
2 3 ns
300 = 300 T T T

. *kk _

=) OPBS 3 OPBS

E 2001 mLPS £ 200 L - 0Ps ‘_

D @ LPS+He (5 pg/ml) 5 i . EILPS+Hc (5 ng/mL)
B ] mLPS+Hc (10 pg/mL) & [ B | ] @LPS+He (10 ng/mL)
< mLPS+He (15 pg/mL) & i b @ LPS+Hc (15 pg/mL)

v 100 ¢ ? 100 i i
= = B | i

| (Sl |
: = 0 . o
He-16 He-15 He-CATH He-16 Hc-15 Hc-CATH
Pre-incubation Co-incubation

2 Hc-CATH R H s iR xf LAk B F R ik B 200

Fig. 2 Effects of Hc-CATH and its analogue on LPS-induced pro-inflammatory cytokines production. (A) TNF-o production
in the pre-incubation group. (B) TNF-a production in the co-incubation group. (C) IL-6 production in the pre-incubation
group. (D) IL-6 production in the co-incubation group.In pre-incubation group, MPMs were pre-incubated with peptides
(5, 10, and 15 pg/mL) for 1 h, washed 2 times with PBS buffer to remove the peptides, and then stimulated with LPS
(100 ng/mL). After 16 h, the cell culture supernatants were collected for determination of the secretion of TNF-o/IL-6 by
ELISA. In co-incubation group, MPMs were co-incubated with LPS (100 ng/mL) and peptides (5, 10, and 15 ug/mL). After
16 h, the cell culture supernatants were collected for determination of the secretion of TNF-o/IL-6 by ELISA. *: P<0.05, **:
P<0.01, ***: P<0.001 significantly different compared to the control.
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LI MPMs 40l 1 TLR4 SZAR4G5 4, il vk
P HA5 W] He-CATH HHIRI BT R HLEE, R 40 ff 2
i Z & TLRAMD2 A W454, il & iE T
Wil 5 i s e Y

Hc-16 5 He-CATH Bt & G TEAH>Y, HUE
BT He-15, HEMER BT RRAE C A iy 1 i 7Kk M 24 5k
fig—— R N SR B A 1 T R AR R
25 LPS fFnEME

LPS if 1 5 W 241 i 22 181 19 TLR4A Z k455,
BIE MAPK EE [, %S R0E N TRk Frid
HhFT LPS FEE, AT LABH 1k g i B e 1O

ABgEiE T BLI BOARK M He-CATH K i
& Hc-16. Hc-15 5 LPS Mgsa1EH . Mah )12
Mk (& 3) A[H1, Hc-CATH Miktifk He-16.,
He-15 5 LPS 5 & F HA B M4, WEE %
WG R, X AR IA K AT A AU LPS MK
77 BEL L 48 i 11 8005 ARl B A

EAESE R, R Bk 3 (Microscale
thermophoresis, MST) SZE0FESE T He-CATH 1] L)
5 LPS BAEAMEAEA, FoMEN LAL AN EER
(e £ B) il SCE6UER He-CATH HA W LPS
fae M, AR BLI 825 & B, Hc-CATH
FIMGEK He-16, He-15 5 LPS HAMHEAEH,
HoEM ) KD fHAHIE (35 3), 456 St
], S PR R B AR He-CATH 254 LPS #Y 5
HAHA

He-CATH He-16

0.8

26 MYEFR

W E S (B 4) FIAl, He-CATH
Rl R He-16 1 He-15 78 /K 75 9 52 B A8
GhgEH, FEHKIREE T CD EIEFE 190 nm H
1EW, 7E 208 nm il 222 nm b H BB T, B
PRSI Y o B AR 06

B A He-16 F He-15 #BJ8 T W61 o 12iE
JIK, Bt 22 5L R g 7K 2 R 4 ol HE A A BB e
BTN, FCT e o WERE A 1) 1A 22 BE R HE A G i
P 5 BT/ o X R S o WELE 48 #g B R T 78 IR
SRR bk LI, DR R TR, ARG AR 2

M3 A& He-16 5 He-CATH TG 45 M A H , {X
FH2ZE— N IEH T 2 R — R, AR T
He-CATH 470 B i 1 R R 16 1

UG A He-16 5 He-15 #H L, 1 PR IAHZE—14>
Bk MR —RNZATR , A He-15 M1 a1
FIBT A T [ e el 2 — 4% o BEBH S5 A AE L
B K M LR AE I 1S PSS H T (5 A o T A A
3 itk

AMPs JE T IZAETE T AR N B — 275 /N
ik, BHATZA 4 000 FPLE K (RRAELE , ihE
i) WeREg R BRI A YR
WAFTERI ST, Al AT P AR, i —20

REAPIAERS AT, SRR K2 YT &
AR 2G4 b d S R

He-15 ~25.0 nmol/L Fit
—25.0 nmol/L

12.5 nmol/L Fit
2.5 nmol/L.

.25 nmol/L Fit

25 nmol/LL

} 3 nmol/L Fit

5

.56 nmol/L Fit
.56 nmol/L
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3 Hc-CATH K&k 5S LPS tHEEHA
Fig. 3
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Interaction between LPS and Hc-CATH derivatives by BLI measurement.
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% 3 Hc-CATH RBUERS LPS HHE(ERMEINE A He-CATH
ZH 'Qé i — Water
Table 3 Kinetic parameters of interaction between E‘ —SDS
Hc-CATH derivatives and LPS 2
. KD Kon . =2

Peptide (mol/L) (L/(mol-s)) Kdis (1/s) 2

Hc-CATH 7.33E-11 3.69E-12 1.09E+06 %f

Hc-16 8.10E-11 2.77E-12 1.52E+06 5 5 0 540

Hc-15 1.68E-10 4.94E-12 1.09E+06

Wavelength (nm)
MBS A T AMPs HATHE Z 0] & He-16

RETE, 1H AMPs B9G B S5 16 et A: A il il
AEGE . WA AR &, SUEIA He-16 2
FRECEZ) 5 He-CATH (30 MaJEIRFEIL) AY—2F
(F 1), EAF=MIEHITA
R %, He-16 RUEA TSP
TEPE, HOOIG RN 25 A 2. ik 2 fiR, He-16
XoF ek PR 25 TR i DA L A e M I . &
A ERIE Y MIC i 4.69 pg/mL. s He-15
Ah, He-16 PR 7 T He-CATH MIHT R I
PE, ZIGHEE SRR B 2 OCHE Y, EAE
R R, PR RAE ST B R A ﬁﬁ@gﬁf
WL EIET ., Z M2 e 5 A Y @%\m%
BB, WO | R S AR = |
HHAREM ., Sk, X é@ﬂﬂ%‘lﬁ%liﬁ.ﬂ’]ﬁ Wavelength (nm)
g LR 2P e, UK He-16 7E P
RSN TTUIDBEIITAL g o Groulr dirolom specte o He.CATH and is
JERIR . AR RO SR e RG R EYA analogue.

Circular dichroism (mdeg)

200 220 240 260
Wavelength (nm)

Circular dichroism (mdeg)

A B C

e N
il - <. W
0 S
A7 Rt

Qo /, e N« ®T ‘@
\ \ ; e \f "‘/9
§ 8¢ 8 &
O | 4G @ (@) N\
{ = L% \7‘% :-{‘E‘\ = ’/J®K_/N '\I:>! ‘\\ } /‘/ @
F \ 27N O \Prwe =, ) Vs v (L)
x* Q¢) QﬁxﬁQ G0N

5 Hc-CATH REUER o 125 X3 £ 1E L E

Fig. 5 Alpha helix area of Hc-CATH and its analogue. (A) Helix-wheel diagram of Hc-CATH alpha-helix region. (B)
Helix-wheel diagram of Hc-16. (C) Helix-wheel diagram of Hc-15. (A-C) plotted by the software package of The
Expert Protein Analysis System (ExPASy) proteomics server (http://heliquest.ipmc.cnrs.fr/). Hydrophobic amino acids
are shown in yellow and grey. Hydrophilic amino acids are shown in blue and purple.
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I 02 1 SR T R 5 )5 A AiE 1o J3E 2 1 S BREATL
Lr-ﬁu 24‘ [26-27] .

MEEPE L A, DU IR A AR DT R R S
BN, fAfER — 2 MRERIER . PIRETE o SRR
gitkagh, BEEDURIE TR SR, HEprE RA
WY LA S EE, He-16 BEfR
Hc-CATH HL Bt A& 1h M, AR Tk, T osisb
7 it J BT D DR 26 1 3 i 4 0 2R A XU

ARG M K, RAS e R k25 1))
PRt —NEWE R TR, HETHENE o B2
B 5 2 TR AR R R AR O, (i
T—RAYE, WARITA (& 2) it (K 2)
IEE R LRI, He-16 J3 41 1 d 1) i /K 1 2 3k
MR——R N EIR , TEPENE o SRR A TR |\ T
R BAIEF HEMEN . 28 EFg, AR5
S T B IRt Ry e s PR SR s, AP B R 22 ik
LW TE RN R L S22 R SFF
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