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W OE: AFEANT BAAH AR A TIRE K mytilin-derived-peptide-1 (MDP-1) #= mytilin-derived-peptide-2 (MDP-2) #4i&
R EE M Ao ST AR SR AT AT AL A IR A M £ ey M ek, R AR AL IR R (2-D NMR) A% MDP 4T 4§
wog M, KA R K (Transmitted electron microscopy, TEM) BF% MDP & Fxt F XA E A% & E%RE
YERAEE, B4 RAY, MDP-1 4= MDP-2 )RR T #A ¢ B-L kM, HoTAREAAIHRKRL,
EHTPRaMEEABRETETFTHTRAEG, 2 MDP > FRAESEH KM B ARBRETERE Y LA mIERmEeH
WK, FFHIIEE S B AR MILT N GE IR, £ATINH, MDP-1 F= MDP-2 5 F ) s 4 R I 82K B) T MDP 4
SMERBATALTHER, FAINESFROGAKEA A TFLBEAS WA MIIEA; LRAKBR @ARAR
B REBRAE ST R DAIEI SN EFRZ MDP-1 ## MDP-2 M 2 502 &R HE; w48 %% % LAY MDP-1
MDP-2 #) £ & ¥ei7 & 40 @ o jo B A B tm e, B BR R A RN T fF MDP o F o4 M 5 dhfeed X 2 AR I§ R KT MDP
ST hMARR E R T A,

3% %77 : mytilin-derived-peptide, A L3 Ak, MRk, BIRLEH, LESIH

Solution structure and antibacterial mechanism of
two synthetic antimicrobial peptides
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Abstract:  Mytilin-derived-peptide-1 (MDP-1) and mytilin-derived-peptide-2 (MDP-2) are two truncated decapeptides with
reversed sequence synthesized corresponding to the residues 20-29 of mytilin-1 (GenBank Accession No. FJ973154) from M.
coruscus. The objective of this study is to characterize the structural basis of these two peptides for their antimicrobial activities and
functional differences, and to investigate the inhibitory mechanism of MDPs on Escherichia coli and Sarcina lutea. The structures of
MDP-1 and MDP-2 in solution were determined by *H 2D NMR methods; the antibactericidal effects of MDPs on E. coli and S. lutea
were observed by transmitted electron microscopy (TEM). Both MDP-1 and MDP-2 have a well-defined loop structure stabilized by

two additional disulfide bridges, which resemble the-hairpin structure of mytilin-1 model. The surface profile of MDPs' structures
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was characterized by protruding charged residues surrounded by hydrophobic residues. TEM analysis showed that MDPs destroyed
cytoplasmic membrane and cell wall of bacteria and the interface between the cell wall and membrane was blurred. Furthermore,
some holes were observed in treated bacteria, which resulted in cell death. Structural comparison between MDP-1 and MDP-2 shows
that the distribution of positively charged amino acids on the loop of MDPs is topologically different significantly, which might be
the reason why MDP-2 has higher activity than MDP-1. Furthermore, TEM results suggested that the bactericidal mechanisms of
MDPs against E. coli and S. lutea were similar. Both MDP-1 and MDP-2 could attach to the negatively charged bacterial wall by
positively charged amino acid residues and destroy the bacteria membrane in a pore-forming manner, thus cause the contents of the

cells to release and eventually cell death.
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electron microscopy (TEM)

ViR KIS AR N ) Z A — R 2 KT,
B A BB E, e NS L RARE S
S BN A 2 SR ST B R T AR i
A TR R A o T DL T R 9 2 A W e T R
TP —ADEENE, FRRRIEH 5 ) 1% bt
Urge i LB A wEE M E, Fad B &K
ShE LA A R v ML Mytilin 2 0 D14 K
H—NEENRG, B34 NERRAR, 5 FHE
T4 N, AR G DB L] A Y
—RPUR AT, RIS A Wb A G
F5F o T mytilin 50 F R & 4 % s, R,
XoFH AT KA A 7™ AN 2 56 PN o 2 3R 3K 340 J2: [T A
B I EAR/ N R, X i 1 % Hoak—
Ik o B, MR mytilin (14925 [8] 25 44 A M HLR6 1
DX, SREEE 10T TR T B kA7 o F BT
FEcr , AR HAT B B0 R T I8 A KA
7 BB RN TR K3 I e Je 2L e T 97 & T
DL BT SRR R 180 2 A b A 38 LA T B
SCRUSE FAR AR o

FEHTIAWESE T, FRATAR YR S 5T R DU mytilin-1
(GenBank Accession No. FJ973155) 1) i 4 X 15
(20-29aa), WITIFE M T —XFFFIAH R BB BN T
PLE Ak, 4515 MDP-1 fit MDP-2, ##31ik,
P 2 3t ZEEER, T MDP A B T
PRSI TR I, TR A SR K Bk — b
P . MDP-1 fil MDP-2 e 47T B R 56 P 45 6 80 i %o
A2 QPR T DL S B v R a e ], B

mytilin-derived-peptide, artificial antimicrobial peptides, nuclear magnetic resonance, solution structure, transmitted

ERIA AR E M, £ 100 "CoK AL FE 30 min 5%
FHANIMYK 37 CWE 24 hg, HAME MR W
BFRER e TR, FoA KBRS P E LR AL
e A —2, AU HEZEFIIAR, {5 MDP-2 B4
G MDP-1 5% 10 f%. hik—2F Tt MDP 731
A SINEEM R, FATRM NMR s 1
HWE W, Fn, RMH&ESB 72K
(Transmitted electron microscopy, TEM) +% AR/ T
KIGFF BRI B S BRI 4 MDP 43 F AL 35 9 40 i
A . EIRBFSEN T % MDP 4 BB HLIE L
KT % MDP KR A Wi A 2R B8 1 Al

1 AR A

1.1 MDP 4 FHIEHLZEE MK

HR4E MDP-1 2 22751 (Cys-Val-Cys-Phe-
Gly-Arg-Arg-Cys-lle-Cys) AJ& MDP-2 (& LR T
%] (Cys-lle-Cys-Arg-Arg-Gly-Phe-Cys-Val-Cys), Jii
FHEARAL A A, 25 B8k )5 1278 Tetras £ )ik
ARUY (35 ThuraMed A ) EdkfT. AR E 1
J 19 22 IRE i FH BORR B 80B0RE €63 - (Watters: 600E,
3% [ Waters 23 \) 2l # B3 (Waters ZQ2000,
Z[E Waters A F]) 0 H1 H GRS, Ead
5T HE 0 1 HG R B U
1.2 NMR EEgREFMLE

# 5 mg MDP 4> ¥ F 500 uL 20 mmol/L 574X
Bl W2 4 22 v, TR K (H0) FIE K (D,0)
(9:1, VIV) IRFI, 7 0.01 mmol/L EDTA (i bR
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W4 JR B F 52 I) S 20 mg/L NaNg (4l i 40 14 2E
K), W pH B HCI A 2 5.0, o ALK
200 umol/L #J 2,2-dimethyl-2-silapentane-5-sulfonic
acid (DSS) 1AL Ahits MR,

76 45 R IR 4% L 9 Bruker Avance 600 (3% [
Bruker 2\ ®]) A S % #E LR AL b,
XWINNMR %4 (36 Bruker 22 #]) Y4 2D NMR
BdE . i IRARUERK o R P WA MRk KT, TR R
K e TR A BRSO TPPL & (Time-
Proportional Phase Incrementation) 43 7| Wi £ Ui 4

DQF-COSY (Double Quantum Filtered-correlated
Spectroscopy) TOCSY  (Total Correlated

Spectroscopy) . LA X ROESY (Rotating Frame Nuclear
Overhauser) 1%, %% 6 & & 283 K, 2D'H-TOCSY
B e 5 n9 IR A W) 23 %1 - 50 ms. 80 ms Al
100 ms; 2D'H-ROESY H4s e 45 iR A At 181 4351
150 ms. 250 ms Fl 350 ms.,

W FH Felix #4F (Biosym Technologies 2 ]), 7
0, SGI BB TAFu, 4t FAb# NMR $5045 . T fy
IR AR, 774 1.024x512 $0d . AR g 72 By IE
5% (Sinebell) % R PE1E KA 5, AT T
AR, BT ARSI DL R R R
13 BREHTE

HRAE BT 3845 MDP 43+ 1) DQF . TOCSY .ROESY
FIE, b4 0T B A 008 B DA & i
Ve 52 4T IR . MDP 11 S5 1% 06 11 52 4 00 s e IR
Wiithrich %5 % J& 9 5 o 7 06 58 B, A dE M
DQF-COSY Hl TOCSY il /3 #iH 5 A etk &=, L
LN ROESY i B #4717 4 & —PE iy i 9 )& . ¥
| L — 1 0 & 7 IR A i E] 250 ms, IR 283 K
) ROESY & rhiftfy, JE2H WA WEICN 150 ms
#1350 ms 1y ROESY &Py fE ., dlid 548 don
dan dos Al dan 55 NOE BE R, 42 MDP Jik5E 92
BT H A TR R TRk

I 25 29 0 3 43 B ROESY 3 ) NOE 22 X I35
15 o MR £ NOE 22 SU (1458 B B % I f Jo - [ B 5
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ALK NOE 46 4 Mk . v Rnss = 2%, Xbny iy BE &5 1
BR%2.7A. 35 AMMB0A, FHRERN 24T FIYL
it te 2 M 1.8 A, W HIE | L F FIPR IR 1 &
B IR F  (Pseudo atoms) X%, & Withrich
SFM TR TIME T8 45T R CNSL.L 3Rt
11, BAZ IS 50 4544 .
1.4 BESH

2 W SCHR 7 kB, BOR B K0 I K AT
Escherichia coli Al #{ & Bk Sarcina lutea, 800xg
B0 10 min, FF BV . O AR EE KRR, HE
i 1% I% FE B A 108 AN /mL A9 40 B B ; MDP 43
FFH 0.2 mol/L 5 & 2% v i Vs i, 15 M 5 (R o fn
0 T S MR 2 R 2R B 100 pmol/L, X HR 20
0.2 mol/L WWRZE vl . A PR B T E IR R
(150 r/min) }53% 2 h J5, 1500xg {25 .L> 10 min,
WA, PR TR A BEER K PRI 2 RIE L) 3%
(52 B E 2~4 h, ZJ5H pH 7.2 B IR 28 1l
Vel 2k, P 1R E 1h, SMIsail, &
WD) RCE AR R SR JEM-1230 2435 B EL T
s (HA JEOL A H]) #EATWLEHII .,

2 HR

21 MDP L FHISIETEARMEHITE

FIH [ AR AL A A BTk LT 4R 4% MDP-1 i
MDP-2; % NMR J5 43 5l 4 MDP-1 #l MDP-2
Y DQF . TOCSY HI ROESY i & . 1 ¥/~ T MDP-1
Fl MDP-2 ) TOCSY #il ROESY %&, HIEk &R
PUHI 2 B Wathrich 45 & & 1% b5 o 07 32 1158
MDP-1 #l MDP-2 % Jii k% #% L3 1. frfy &
T AR I 909% I 5T 145 B FE A

M50 AN bR S5 H T aE R TR B
NOE #yofi ik i /NT 0.5 A Il 1 f 2 o) i /T 20
1) 46 SR LF Sy — A R T & . AR
RMSD . Ramachandran [&FIfiEid2535n MiX 46
SR TR Pk 10 AN BAF ISR A ZR MDP I TR
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1 MDP 4 FH] TOCSY # ROESY 54 [X &L

Fig. 1 TOCSY and ROESY spectra of MDPs. (A) TOCSY spectra of MDP-1and MDP-2 measured at 283 K and mixing time of
85 ms, showing the assignments of all residues side-chain connectivity. (B) NH-aH and NH-NH regions of ROESY NMR spectrum of
MDP-1 and MDP-2 measured at 283 K and mixing time of 250 ms, showing intra-residue and sequential connectivity for each residue

in the amino acid sequence.

—HYEL5H) . MDP [/ 10 AN&5H 5 BEAR B A LA
RMSD HC R EH & SEmARNER/D, WL
SCESZ R P44 Lennard-Jones B /N, F AR
Ffil (Non-bonded contacts) K 4.
2.2 MDP 4 FHIZEHIHEIAR

& 2 7397 T MDP-1 il MDP-2 ) 10 4544
AEEERETFEAERD R EESSE, mERTW,
MDP-1 Fl MDP-2 #R I T B-& Ity , o1
HAE— A H M (Tun) X4k (MDP-1 7r T4

Phe5-Arg8; MDP-2 43¥ >4 Arg5-Phe8), #4143+ Hi
Wit s e . MDP-1 43 TH9 10 5 H Y 5%
JEF (N, Ca. C) H RMSD fH_~ (0.36+0.12) A;

MDP-2 1 10 451 £4E )57 71 RMSD {EH N
(0.50+0.13) A, X MDP 43 4 175 W 45 1 B AR i
SPERLT . B 38R T MDP 3 THIFR S M, K
3 A L, MDP-1 1 MDP-2 4T 2 i ¥ 77 76—~ i
Phe. Val 1 le —Fgi /K P58 544 B B K EEF

FEZBUKBER 19 55— A 2 4 Arg 583, HAGE %
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W F 3200, T2 X e RS T T N
J% Fl PROCHECKE8 ¥ %} MDP-1 il MDP-2 11
ZERHEAT T kA, 453K MDP-1 Fl MDP-2 (143
SERY R I 85% I BT A F IR AR X T SR IX
ULEA BT MDP (45 #4 J1 8k 4 18] TG 3 30 12
i, A SR f N il S R R
2.3 MDP & FHIHIE/EA R BER S 4R
TERTHIBIGE T, MDP-1 X K FF 1 LA K% i % &
BRTA A S5 AT TR VR BE 43 03 O 12.5~25 pmol/L il
100~200 umol/L: 1fii MDP-2 X KW kT i LA K i ¥ &
BR TR 9 F A0 B Wk BE 43 D 12.5~25 pmol/L I
3.7~6.5 umol/L ®!; % MDP-1 Fil MDP-2 Xt K #T

%1 MDP-1%1 MDP-2 BRFHF M
Table 1 Proton chemical shifts of MDP-1 and MDP-2

AR B B R B XA W A RIE T, Rk, SRR
J FF R e B S R TR MR8 1A, 430048 100 umol/L
) MDP 431 2 h J5, &S KM, EH 4
K 18 R T B8 2 & BR B R A XN, Al P 2
WEYS A, HIERERREE S, FRERE; ma
100 umol/L ) MDP 4b3f 2 h J& 1 K AT T Al o
BRI AE A IR S 7 T = A R AR A . IR 4 AT
ﬁ%ﬂ@%wﬁmmuﬂmmnzﬁﬁﬁ,ﬂw%
1B BAR TSR, AR AL, A i
JoT A 4 PR 5 T Je 0 25 BR 1A 40531 28 MDP-1 #l MDP-2
AR, JLAHMIREZ BN, FLASRE SR,
B4 S5 9 46 R4

Peptide Residues HN Ha Hp Others
MDP-1
Cysl 8.309 5.021 2.748; 3.046
Val2 8.509 4.206 1.932 HG:0.873; 0.772
Cys3 8.670 5.176 2.843; 2.964
Phe4 8.750 4.599 3.134; 3.002 HZ:7.215
Gly5 8.571 3.984,3.588
Argb 8.547 4.278 2.003,1.768 HG1: 1.644; HD2: 3.195; HH: 7.161; 7.532
Arg7 7.960 4.480 1.990; 1.808 HG: 1.635; 1.530; HD2: 3.221; HH:7.197
Cys8 8.517 5.236 3.034; 2.785
11e9 8.901 4.299 1.912 HG: 1.511; 1.201; HD2:0.930
Cys10 8.773 4.960 3.081; 2.988
MDP-2
Cysl 8.343 5.021 3.115; 2.659
lle2 8.559 4.284 1.833 HG:1.492; 1.166; HD: 0.865
Cys3 8.888 5.399 3.025; 2.783
Argd 8.727 4.486 1.806 HG: 1.593; HH: 7.172; 7.478
Arg5 9.106 3.974 2.029; 1.896 HG:1.608; HD: 3.228
Gly6 8.531 4.12; 3.577
Phe7 7.935 4.799 3.097; 3.027 HD: 7.233; HE: 7.304
Cys8 8.608 5.236 3.034; 2.785
Val9 8.517 4.178 2.035 HG: 0.950
Cys10 8.846 5.002 3.063; 3.003
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2 MDP-1f1 MDP-2 FiEIEREFESEUREHESHE

Fig. 2 Solution structural characterization of MDP-1 and MDP-2 showing the ensembles of 10 representative backbone atoms and
ribbon conformers of the backbone peptide folding of MDP-1 and MDP-2, respectively; the two disulfide bonds are displayed by
yellow lines; the N- and C-terminal of peptides were labeled by “N” and “C”, respectively.

MDP-1 MDP-2

3 MDP-1#1 MDP-2 99 FRELEME

Fig. 3 Surface profile of MDP-1 and MDP-2. Hydrophobic residues are colored white, basic residues are colored blue, disulfide
bonds are colored yellow.
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4 XBHEERBFESKEZ MDP 4 FRAERMES BIERE

Fig. 4 Transmission electron micrographs of E. coli and S. luteus untreated or treated with 100 umol/L MDPs. A and D represent
control E. coli and S. luteus, respectively; B and C represent E. coli treated with MDP-1 (100 umol/L) and MDP-2 (100 pumol/L),
respectively; E and F represent S. luteus treated with MDP-1 (100 umol/L) and MDP-2 (100 umol/L), respectively.

3 Wik

B TE IRAE Ry 56 R F 28 72 G0 1) i B 20 I 4 4 T
AW A EEEN . B4, 8 E D
RINERPUR KT 2L 1700 Fl, B 18 125 (8] 25
FA g S 220 Ff (http: //aps.unmc.edu/AP/about.php),
HAH F 20 N o-MRTE A B-r 2 . ARIEHTAE K
(A R B N TR IR B TP IR & Y B
g, HATCAMEZIEEERY, BA sl
MR BT IR 75, T B D RE AR O 103 M DX 380
Ty B-RIELEH, AR — 25 R BT
J N T HL B R K R S, Bar, B X —
ZER R AP IR E 2 AE IR IR EARAF R, i,
T PR AR Protegrin-1 W itA A B-A& I 4514 1Y)
N THUHBE 1seganan & 807 H Tl R =104 7E3k
TR OIS IS5 I DT K mytilin 19 B-
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R IEER FTTER XIS, (20-29aa) &3I4 A —
P50 AR BB BN T4 i ik MDP-1 Fi1 MDP-2 1112,
BRI TGS, BTSRRI, B B-IT
B RPIR IR T, A B-% e 2454 X 38
A DIAE BB B T H0 s AR o AR . H H R
FFXENTHEKRE RS R A2, W
I, FRATREC NMR AR AT HIAF 5 h RS A T
PUHE Ik MDP-1 Fll MDP-2 #E4T T 454920 #7 .

W AESE, Fefi1& B MDP-1 F1 MDP-2 1E /K%
W BIRICT SO B- R Ie85H, A F iRy 2 X
BRARAR A b B2 TR &M . Kini S8R5 4R, B
AWM EZRK, KT REBFAAE— DR
{18y P B 7K e e 35 2 3 B A 1Y 6 /K BRE e T L A
IR IR I ZH A K IX SR IS, B- % e 4 H T R
JIK 432 T8I 04 B K B 1 A A B 10 0 K 43 46
NI A A 4 BB P O3 Ao i K AR D0 55 4 T 4 A
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Fra gl i, CAMEIREN, BA Bk
Je ER BT AR (0 B-Bi R AE) RS AT 1H IR
XU A5 - B i L 3 0375 S 40 i P B9 b
P 19200 I MDP-1 I MDP-2 143 7 R M 451K F
P 947 — A K S SERIY W SR BE R, T
EHLRT Y Arg S35 T BKBEH B9 55— 52+
SrFRIE (B 4), XFRESHRRIESLL T HAb B-%& %k
SEHMPTRE AR, WREMSRRE MDP T B BT
o iE—2 T MDP 2 F I s ALS], AR
BHHEIEE T MDP 43 FAb BRI T B L S e o
BREA e M A RIS Ak, T B AR IR TR B, K
AT H 43 14 MDP-1 il MDP-2 b B , 41 it 2 1fi 4
HMIRLT R GSE, M BUFLIR, LR B0 9 4
PRG 5 1 JHE 5 B BR B4 43 31 4 MDP-1 il MDP-2 Ah B 5
S ol LR TR 8 N S B ol S e
Friedrich S5 AR5 AN [ 45 £ 25 5 1) 47 74 K5 48 141 47
MR HT 5 R, B & RS IRk ey e 5 40
PR A BE = A 25 | 2 I o 5 T 40 B 200 5 4
HN P E AR (Mesosome) 4% ¥4 - 5: B0 41 g 1 25
PR FE T, RAS A 5 sP BRAT TR B A L BE T
i O 5 80 0 BT o R AR 25 K 0T B, RAR LR
LS J Friedrich 25090, FRA14EM MDP-1
Hl MDP-2 X KM AT B R e 8 78 35K T 4403 3ok 52 e

LA A RE N A AL, S BN I R T A R A
I A BN W AN AR FE A A

5% MDP-1 fil MDP-2 HAG S U 45449 5 Thfg
B AT ST h & B, MDP-2 B4 B 36 M 22 1L
MDP-1 25— $c it 4™ 5@ 4 MDP-1 il
MDP-2 (175 [ 2548, FATINE , T3 MDP-2 % PE4¢
SR R 2R AT ek H RN 5 I B 4%E MDP-2 1Y K BE
Fi B2 1 AR LB 1L MDP-1 K, it Molmol k4
O3Hr, FATEEL, MDP-2 BYSKBEF 13 3 T Kk
Fm Al 548.2 A2, 1 MDP-1 Ay /K BE R 599 7 AT
Ktk RmiAh 328.6 A%, B KRB K BE A 1 BT fiE
T3 MDP-2 55 41 14 41 i A TSR B K 2545 15 I
K, MDP-2 5 MDP-1 7% 2 MNP IEH AT Arg
e F RIS B AFE 22 5%, anlEl 5 o
7~ , MDP-2 (1) 2 4~ Arg 434 T Turn X3 [R]—
M MDP-1 ) 2 4~ Arg 4345 T Turn IXIRAG AR,
FH 3 B MDP-2 43 3R 1 /Y 1F FL 7 8 MDP-1 43+
B A, EAE AR mytilin 43 b B-& 3k
SER IR 23 [ 2548 L, AT & L, MDP-2 (1 Arg
Oy AR AE LT KR mytilin 43§, 1 MDP-1 Y7
A~ Arg FRIERGZS (8] 504 5 R AR mytilin AEKZES
TEMLRTIBETE T, B~ Je 45 OB B K7 HE Turn X
S R BAE AR IE R AT I B A R B 1A

5 MDP-1. MDP-2 KL% mytilin B (PDB %S 2EEM) HY B-% T LLER
Fig. 5 Structural comparison of MDP-1 and MDP-2 with the B-hairpin region of mytilin B (PDB code: 2EEM), the two interesting
Arg in MDP-1, MDP-2, and B-hairpin region of mytilin B are highlighted.
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YU @ ik Protegrin-1 (- & & X I F 5 N .
CYCRRRFCVC)™ | $i1# ik Tachyplesin-1 (B-k 3% X
B . CYRGIC)!M, LU K B ik Polyphemusin-1
(B-& e XIRFE SN . CYRGFC)PU4E | (i T -k e 4k
P Turn XA LE H far 200 25 R DA O 2 i S A
S5 R P TE IR 31 FH LA 40 T 0 R LA % 200 e RS 1)
671 L iy B A 22 ()30 2 R Aer 0 5 | ) 7 A 2 I R
AR AL gES RN LA S MDP 2> B 45 HY
Hede, ATk MDP-2 Fil MDP-1 43 T B i 7K
BER AL, e Arg B8 FE (0 4 P54 22 5 v g2 9 3L
PIE A2 5 R R

ik AT, FRATTXE P AR AN T BT B K
MDP-1 1 MDP-2 [ 45+ L)L K Al BE Ay He i LB
HEAT T 48, IF X MDP 2 F 4540 5 Thig i 6 Rtk A7
THRT . X FHUR KA S5 1 5 DB X R 5 A B
T ATHE KSR K Bk L B0 B 04 09 1
e RUEME DL SRR SRR Z K, NI S R & B T AR
SRR BT B A B A 2 B SR
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