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Abstract - Microcystis aeruginosa, a freshwater cyanobacteria species known to be one of the
most predominant species responsible for cyanobacterial harmful algal blooms (CyanoHABs). It
has been frequently associated with the contamination of neurotoxins and peptide hepatotoxins,
such as microcystin and lipopolysaccharides-LPSs. CyanoHABs control technologies so far put
in place do not provide a fundamental solution and cause secondary pollution linked with the
control measures. For this study, algicidal peptides, which have been reported to be non-toxic and
to have antimicrobial properties, were employed for the development of novel eco-friendly control
against CyanoHABs. The four peptides (CMA1, CMA2, HPA3P, and HPA3NT3) selected in this
study showed significant algicidal effects against M. aeruginosa cells inducing cell aggregation and
flotation. Moreover, the newly generated peptides (K160242-5) with certain modifications also
displayed high algicidal activity. The algicidal activity of the peptides was found to depend on the
concentrations and structures of each of amino acid. The results of this study suggested a novel
possibility of CyanoHABs control using the non-toxic algicidal peptides.
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peptide
M = o2 AT A7re AFo) d¥FE nHth(Dolah et al.
2001). CyanoHABs®] £ & ZHLE FAF 9 H=g 4
WA A A T 4 R QYL SES NRT g g s o) Ao ol B4E dAZe 55 W
O:] %‘/I\‘Zj‘?_] AEEHZ'“ HH]—/—\—%' Xﬂ%"‘&ﬂ' 131‘% ]El]-}‘ﬂﬂo] .Tl]— _E_f;Hoﬂ D:‘]'% _/'\_75" LH %—i—/ﬂ‘ﬁ\_%}: Z:]'d\—“ff % %7]%“9] _76}
S5 ART A9 AN AA 0] £4E S AT e Arpe 2@ & ik wo, ~mwe WAz o
(Schopf 2000; Paerl and Paul 2012; Liu et al. 2017). Y4t 3 A W T E3-E A dA] AEHA Y E£AH FFS
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il

P2E U ANNER AYET, AFH02 4F ®
23} 22 wolx el AU BN AL =
4> 91t} (Karlson and Moziraitis 2011; Olli ez al. 2015).

@ A2e) /1T % AAN W A A AALez
CyanoHABsQ| W19} 77l Z718 Aoz qAEnz,
CyanoHABs T3 EA &3 H& 4 A2 A ZH
(Paerl and Paul 2012; Briand et al. 2016).

CyanoHABs®] &8 %1%2 Microcystis, Anabaena, Cy-
lindrospermopsis, Nodularia, Aphanizomenon, Oscillatoria
502 &eA Qlth(Paerl and Otten 2013). ©] 35 Microcystis
sp.= Wt CyanoHABs® =8 ¢ FolBnz 7M4 F
Q35tcral ST (Paerl et al. 2011; Ma et al. 2014). £3],
Microcystis sp.oll 3= Microcystis aeruginosa~= 744 4
o) WS 52 9UF £ spoln, (WA 7 BaE
&7 HAAAE (microcystin) 9] A 2 F 2 A1 Alato]
o} (Qian et al. 2012). kA W2 =71 A CyanoHABsS]
UL dubsla 93tetr) 3t M. aeruginosa?l Aojol A
Fx02 vy,

CyanoHABs9| WA E ¢l 24,

Yo 4 = BAL AAsRE Ao
o] W< &3l CyanoHABs— 01]“&3}%
Aol FU== LA Alost] o2& AL
24 CyanoHABs7} ARt =90 o}, &3, 3
A2, A7) &, et FEF HAxZ, FESHA
o] Agm Z2 gt 94, 35ty 9 PESHA
&3 CyanHABsE A|ost= Zlo] A= $iet (Anderson
2009; Paerl and Otten 2013). 21U A7]= 7]1&9 AA
Ago w3lgl dAES YeRdT) (Lee ef al. 2001b). 2| A
e e Al EaFot Y 2A 0] Bl
= ol8&°] E11 (Paerl and Otten 2013), 2}5}3 HHL2
CyanoHABs £2¢ ofuiz} th2 44 48o] o35S o
A 2= 9100 (Gumbo ef al. 2008), 23+ WL
279 A E900] T A Lek, Hol LS
3 SHAF So] AR A oFFre W ELElTh o2 Sof,
T2 3 4HZ Pseudomonas aeruginosar FAH L2
$E3 Ao AL U & Ak ATl Ren e al.
2010). WepA olEd BAS Wabr] AL A2e A
Ho =7t aHe

HEfo] == CyanoHABs Alojof t3f 718 TS =
g o e dAAEA o8 7hsstth HEto| = o

nAte 2 FAE glom nAE 9 AxZef BolFow
4328 4 e, 48 HEolEE nAE AER AY
o] AlZ oy AEE Asfste I+ 54& Adrh
wehA o2t Pt YEolEx WU % F/FE Aot

I-Fl 4orr o
mg“'rg

N
Jb
%

zo
P 32
o X

flo Ml do 8 >
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FHTI ot
)ltn _D'
=,

OE
rE

2

F

p=)

£ bl 2 o] &E ottt B3, H2Y AF A= ¢F ¥
Efo]E7t HzAolo] B3 H5E EYUS YR (Lee er
al. 2001a; Park et al. 2011). 9| & E9o], ¥ elo]= HPA3NT3
(FKRLKKLFKKIWNWK-NHy)&= & zof gt A&l 3 4z
YHE 2T Park er al. 2011). 0|9k §A3A Hefo|E2
o183 B CyanoHABs| Alojol Tk A= o] Foj7 2
o}, 4R 48 FF5Ae] fha Bk o olojxA
Asket.

o] A4 £+ CyanoHABsE A|o|s}7] {3l 7|&e
F54 ot 9 3+ geolE2 WE 7 CA-MA -3 3
E}o|E 2% (CMAI1, CMA2)3} Helicobacter pylori -2 €}
o|= 2% (HPA3P, HPA3NT?3)9 M. aeruginosa Ao a&%
ZASFA T (Mereuta et al. 2008; Lee et al. 2010; Lee et al.
2013; Lee et al. 2015). T3}, FEfo|= LA ofn|iAba} 2
2.4 Bo) o] 7)2Is}e] ATt Wefo]= 4% (K160242~5)%
A Z3FAL M. aeruginosa A0l A-E&S AL & &2
Q79 ATE Fa) ¥ U= o83 CyanoHABs
Aol 7Hsd & AAIgTt.

Mz o EE

1. feto| =9 M4 & A

HElo] =& Liberty microwave peptide synthesizer (CEM
Co.,USA)E A3} Rink amide 4-methyl benzhydrylamine
227] (0.55 mmol g'; Nova-biochem)o]| 9-fluorenylmethoxy
carbonyl (Fmoc) A4 B o2 skt o] 5 AHA|
24 045M 2-(1H-benzotriazole-1-yl)-1,1,3,3-tetramethy
luronium hexafluorophosphate, 0.1 M N-hydroxy benzotria
zole, dimethylformamideS ©]-£-3}o] 2&3}4 . 1 & dich
loromethane 2.2 A|#3}2L trifluoroacetic acid/triisopro
pylsilane/water Z3H& (90:5:5)2 A2 4 2A17F 242
sto] Aottt AAE 3] & HWEFO]E (crude peptide)
£ diethyl ether®} £l AP 14 A A ZufE
1] (HPLC; Shimadzu LC, Shimadzu, Japan)E ©] &3} &
Ag & 2o AFEA7] (MALDI-MS; MALDI II, Kratos
Analytical Instrument, Japan)2 EA}3FS £ 314t}

2,45 2 g =4

Aol o] 8% G4 GAlHF Microcystis aeruginosa KW
St Y FeA LYo 2 HE AFHITE M. aeruginosa
BG-11 v A oA vijgFst4laL, BG-11 ¥iAl= 1L 3% 5
F 9 NaNO; 1,500 mg, Citric Acid-H>O 6 mg (Fisher

rir rIr
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Scientific Korea Ltd., Korea), KzHPO4 40 mg, MgSO4 - 7TH,0
75 mg, CaCl,-2H,0 36 mg, Ferric Ammonium Citrate
6 mg, Na,EDTA -2H>0 1 mg, ZnSO4-7H,0 0.22 mg
(Sigma-Aldrich Inc., USA), Na,CO3 20 mg, H3BO3 2.86
mg, MnCl;-4H>0 1.81 mg, NaxMoO4-2H,0 0.39 mg (JT
Baker Chemical Co., USA), CuSO4-5H>0 0.079 mg (MCiB
Manufacturing Chemists Inc., USA), Co (NO3)2-6H>0
0.0494 mg (Mallinckroft Inc., USA)& H7}8t & 121°Coj|A]
2087 nEste] A =23HSATH(Stanier et al. 1971) %%
9] FujFLE 25°C, 1 vvm Z7] 2794 50 umol m2s
A FF5< ol&sto] wigstAt

3.3 HEpo|E9 A% B4 &4

M. aeruginosa®] gt g+ HEMO|E 45 (CMAL, CMA2,
HPA3P, HPA3NT3)2] At% 842 680 nmojlA] 23t U=
(OD)E &H3t= Ao & o]FoJH ) (Chen et al. 2017). |
#, 96-well plate®]l 10, 50, 100, 200 uM =9 HEo|=

= 233 BG-11 HjA| S 200 uLA golE T F7HR4gHA|

o] HJZE 1x10 cells mL™" (ODegonm &F 0.25)0] 52 &
ol5t9itt. 0] F 96-well plateS 25°C, 50 umol m™> s~ A
U5 2402 §7 WSt wek 2,4,8,24, 4847
hex SpectraMax M?2e microplate reader (Molecular Devices
Corp., USA)E ©]-83t M. aeruginosa®] 4E4 5 ¥}
£ ZH3laL, o|2EH M. aeruginosa® AFIFAS 134
IHH %E‘-fz Hulo] BG-11 HiXE 2432 AAs 1,

T Atol8] GEA FEE H|StY HEol=
EPZ: &S AU AlZ S0l 4 75‘5’1101] ] ]
FFS Ha3st7] el e 5742 pipetting 21F 53

4. FANA Petol=o] A= BA 24

M. aeruginosa®l| t)et S FELO|E 4% (K160242~
5)9 Az 4L 4719 fAR o R S EH AT HA,
96-well plate] 10, 20, 50, 100 uM 5= 2] Hefo|=2 23+
g BG-11 H{AE 200 LA gold & FUHAFTHA 9 A
ZE ODggonm 059 =2 =Yttt o] F 96-well plate
£ 25°C, 50 umol m ™ s~ WA FFS zHPo2 FA |
sttt vjoF T 724|7F S9F 4A|7Hube} SpectraMax” M2e
microplate reader (Molecular Devices Corp., USA)E ©]-8-3}
o M. aeruginosa®] G4 & HIIE 43511, o| 2 ¥
M. aeruginosa® AA=AS T4t ol SA%H Hu]9
BG-11 HjAE Egha 2 HAs 1, 21 AHTE Aol
Q24 ST vmste] WepolTo 4z BES ALY

A

th Al $Fo] &4 Al vXe g Has] 9
3 = =AL pipetting 213 3 U},

5.qeto|=9 Nz 3} A &4

Hepo|=o A S adt= ImL £ FT2E 737
100 uM HEt| EE ARg-3te] ZA BT WA, 5% 10 cells
mL” 5= AZ ImLE £F Sghad ez §1 %
Z+7ko] HELO|EE 100 uM T =2 78l HE3H4T. o]+
FHL YEE & 25°C, 50 pmol m s~ WA FLES 2AO
2 97 WAL 107 5 AR ode] ZASE AT 5S
&1L A (Neubauer counting chamber)?} 1|7 (OPTINITY
KB-500, Korea Lab Tech Corp., Korea)2 AM-3}o] Al4=3]
1,53 5a&8 24sar.

A7 ¥ o

1. M. aeruginosa®l| & g HWelo|=9] Az &4

o] AFAA El= M. aeruginosa®l Wgt I+ HElo|=
o] Atz AL F2sty] Yd CA-MA (KWKLFKKIGIGK
FLHSAKKF-NH») 2 &+ HEo]= CMAL, CMA2%}
Helicobacter pylori 33l & 2@ 2+ HElo]= HPA3P,
HPA3NT3E AM83}¢ithH(Table 1). ZE HElo|=: M.
aeruginosa®) Fst =& FATA FAAF T} (Fig. 1). B
oF 24A17F &, CMA1, CMA2, HPA3P, HPA3NT3 A 2|19
Bt A= 247 27 diy] Jdf 652,624, 61.2,54.0%

Table 1. Amino acid sequence and molecular weight of peptides

; Molecular
Peptide Sequence weight
CMAL1L KWKLFKKIGIGKHFLSAKKF-NH, 24042 ¢
CMA2 KWKLFKKIGIGKFLSAHKKF-NH, 24042 ¢
HPA3P AKKVFKRLPKLFSKIWNWK-NH; 24172 ¢
HPA3NT3 FKRLKKLFKKIWNWK-NH, 20620 g
K160242 AKKVAKRLKKLAKKIW-NH» 1908.5 g
K160243 VAKRLKKLAKKIWKWK-NH> 20236 g
K160244 KVAKRLKKLAKKIWK-NH; 18374 ¢
K160245 AKKVKKAAKAAKKAAKAA-NH; 17813 g
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Fig. 1. Algicidal effect of antimicrobial peptides against Microcystis aeruginosa. (A) CMAL1, (B) CMA2, (C) HPA3P, and (D) HPA3NT3.
Error bars: standard error,

W gastart 5 9ol gas Yeols A FE ” = Agoregationefcioncy 00|
o £& AV YEiIL, 2 27] 8417 ole] A% o ety
L= e i

r 400
60

67.3,73.1,76.7, 69.8% J% Faskinh JEM, CMA1%}
CMA2 A9 vieF 48417 & F3t U= EAZHS ek
24A7F R A UErgh wigF 48417 & CMAL 10,
50, 100, 200 uM A 8] 22] st W=l 7k} 0.3526, 0.3350,
0.1909, 0.15722 24A|7k3}+ tjH|8te] 36.3,22.1,29.0,31.1%

r 300

40 -
\ L 200
20 — T *T—%

r 100

Aggregation efficiency (%)
Cell density (x10° cells/mL)

0 . . . : . 0
%7]_-5-].911;]. (Fig. 1A). U]'jﬂ'ﬂ‘zli HH oo]: 48}\]{]_’ 3 CMA2 Control CMA1  CMA2  HPA3P HPA3NT3

10, 50, 100 uM A 29| F3t W= ZH2Z} 0.3545,0.2038, Fig. 2. Aggregation effect of peptides against Microcystis aerugi-
0.18002.2 24A7v7 thu]sle 312, 28.8, 18.7% Z7}5}% nosa. Error bars: standard error.

on, 200 uM o] 0.4% A% B8 W= (0.1293)2 HY

t}(Fig. 1B). o] 83§+ A3 HPA3P HPA3INT3o|A L= 7 < 983z} skt WA, BE HElo|E AHE|FollA A=

o] =g A Phrt. EA AZ SHol dolgeBR 7} FEo|=9] Al 3
2= ol2igt Zpol7} HEpo| =9 Az 72| Zfolof 7] &S AT (Fig. 2). WERO|= A2 1A]7F & CMAL,

A%t Ao R ZA3taL WELO| =9 M. aeruginosa A 7] 2 CMA2, HPA3P, HPA3NT3-A2 A9 45 W A= 2
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= Z47F 746,758,738, 71.0% g 7435ttt o|=2 8
E 8+ HEo|=9 M. aeruginosa A|o17|13 & 347t
of gt SZAet Zo] AZ S 93t AdE & + U
ot ZAAAA A M. aeruginosa= FREE Tl AUAE =
A5tz Y3 A=Z W 2L 2A3cH(Sun e al. 2016). 1
gt Hefo| 2o o3 A7t wje- et S-E A W
O Aizs AEe FAA ol BDshA] ket 4%
o] ZA AAIE Aol HFHOE APET Ao|t}. mhEbA
HepolEs AlZY FHE B3l HHALE APEE f&gt
t}. o] ZHE CMA1T} CMA20|A YEld 2447t 0]5 9]
B U F7pF EH NEZ9 AR g3 Ade /5
4= 9lth 18U o] HPA3PQ} HPA3NT3oA #ztE
o WY PR A AYT 5 ¢k gEks 27
HPA3PS} HPA3NT37} Al gk S90] #0722 E3)] M.
aeruginosa® AFA AEE FEsH=A AT 1
2+ HPA3PS} HPASNT3 A 2jZof|A NZ whal= By

A FATE.

of

fr o

(A)

B Polar/Basic
@ Polar / Uncharged
O Nonpolar

F

C ~ .
( ) < F\ B Polar/Basic
@ Polar / Uncharged

F\ O Nonpolar

/

<

<)

2.3 Hejo|=9] 727 So|4 ¥ A1 Wepo|=
Tzl

oz 2 HeelE A ofn|iite] FEHT
CMA1, CMA2, HPA3P, HPA3NT3: 22} 20, 20, 19, 1574
of opu|qto 2 A Ho 1o, 8,8,7, 7719 H714d otn|
AR ZFEIT)(Fig. 3). F53 G714 ofulieAl FHFe
Eto] 29 Ml S0 9Fe FUE A°IH. M. aeruginosa
o A2y 4L e =2 (peptidoglycan)olm, &
A3+2 Wk (Hadjoudja et al. 2010). WahA] 4%2] HEelo|=
© M. aeruginosa®] A|ZHI} i1 7FstA A 4 gl
7ta AL Fo AZS SHAZ 4 ok 28k okyzt
Hefo]|= o] 74 ofuiile FEto|E7L A2 YR e
W& 7FeA = AARRITE 4R HEo|lEs Azds 35T
= len, A By fgoles dutdoz g7y of
o|ieibo] FRSEA 307] H|he] ofm|initoz FHE Ao
Z 4 A ch(Suresh and Kim 2013; Wei et al. 2015). ©]&
gt ol HetolEx YA 9 AEAR|EAIA S7F

W Polar/Basic
@ Polar/Uncharged
O Nonpolar

&
N

“2)

8
:@ ¥

B Polar/Basic
@ Polar/ Uncharged
O Nonpolar

10

Fig. 3. Helical wheel diagram of antimicrobial peptides. (A) CMA1, (B) CMAZ2, (C) HPA3P, and (D) HPA3NTS3.
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(A)
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O Nonpolar

©
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(B) T
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Fig. 4. Helical wheel diagram of amphipathic peptides. (A) K160242, (B) K160243, (C) K160244, and (D) K160245.

(energy and endocytosis-independent) & 2 MZ¥HS A5
2SItk (Vives er al. 1997). 48] A48 4%59] Wepo| =
A =30l AgstEz HEo| =T Al Y2 FREs
754 0] Qlth =3, M. aeruginosa= 2|t 28.1%°) E3d}=
A2 3FE 72h= 50|22 (Da R6s et al. 2012), HElO| =
7t AZ YE BE A A7) AzAEE T o=
st " A Fof 2dste] AlE ol FFE 4 At (Park er
al. 2011). @24 HPA3PS} HPA3SNT3 A |4 Fst 4
£ F7he} AP Aol BATA g 7L ol 5ol
AZ WA Az 4 Asjet ArEe =3t dlof ot
£ Y &+ Aok

ES, $2le HE| =Y ofnidlt R = FERFT
CA-MA 3 HElo]= CMAL, CMA2%} H. pylori w3 %
Elo] = HPA3P, HPA3NT3 & F2F O =2 uj$ Aro|sit.
CMA1Z CMA2= 54 ofw|ieAtd} HSA4 ofn|ieilo] &
AE Fxo|U (Fig. 3A and B), HPA39} HPASNT3= =4
otm|ieAtt WS4 ofmliito] HAE FXWE U =

o]t} (Fig. 3C and D). CMA1, CMA29} HPA3P, HPA3NT3
7ol M Ao} Zpol= o]3t ofm|il vjHo &gt AY
4 Qi Wb el 74 oAb vle) ofm)iAl Hjd,
EAF & 18 A FRujd G T2 HERo|E 4%
(K160242~5)& T &} 51t} (Fig. 4, Table 1).

3. M. aeruginosa®ll T3t ¥Zvj4d feto|=9] Az EA

22l= M. aeruginosa®©l] T3t SR ujA HEo| =9 Az
S Gelsky] s 74 ofulieate) bl wjg, EAF 5

o] Zt7] T2 A5t W= 45& AZ310] M. aeruginosa

aeruginosa®) Fst D= E AASHA FAAFH T (Fig. 5). 3

o A9 Fae 27] 8~16A1ZF ojho] JFEH UL, vt

24A17F 3 K160242~5 A9 33t == 72 gz
I

0.

gyl 4] 51.5,50.9, 542, 58.2% A3ttt o] % 33}
2o] 3748 A 98l 22K B3t AEg 54

=il

O
-
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Fig. 5. Algicidal effect of amphipathic peptides against Microcystis aeruginosa. (A) K160242, (B) K160243, (C) K160244, and (D)
K160245. Error bars: standard error.

Table 2. Comparison among algicidal efficiency of peptides (24,

48h)

Peptide concentration (uM)

Time (h) Peptide /Algicidal efﬁciency (%)
10 uM 100 uM
CMALI 30.7£6.0 57.1£30
CMA2 21.6x2.6 56.0£50
HPA3P 36.1+3.0 54075
24 h HPA3NT?3 53.8+3.8 476%1.6
K160242 475+30 49.7+£13
K160243 509+1.0 465+1.5
K160244 542+0.6 48.8+3.8
K160245 413+13 563+22
CMALI 26.6+33 603£29
CMA2 262+40 625+£39
HPA3P 614+48 759+1.6
43h HPA3NT3 54.6+4.1 63.6+1.5
K160242 59.7+3.6 59.7+13
K160243 64.1£0.6 57409
K160244 664+1.3 594+£26
K160245 52705 68014

Ao, BE Helo| =9 F= 204 Fe Wr 9 FI1}
WEEA ook B3, AlZo] ST g old Aot
FUHA Uetth 2E AlZe ZsHA SRR, a4
2] gtk webA £2e Hetol= A4 ofn]Ate] Hi g
o] M. aeruginosa N|Z | Aojo] G v]A= AS &<l OP
HaL, A28 Aol Heko| =9 A= f 712 o7 A
2 o5t

ES, $Ee HEolEY A4z Ao FFE A= T
4 QAE Ags] gofstaat feto|lt 8% A AES
5Y 5= A7kl A v} T (Table 2). 10 uM CMAL,
CMA2& A Aztah FHsiA BE oy Heol=
2o @2 Az 388 vetlth 2384 100 uM CMAL,
CMA29| A%, v 2447t & A9 R= R4 HEto]
CHT 2 X 8835 Ul wie 48417 ol H]
LAY 22 A2 285 Uelloh ol 94 A&dt Bt
o Zro] Q¥ A2 &] Aol o3t Fe}t W o] F7tof| E
Aoz HQlth i o= vl A= WS &
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] EA UeEth fEtelE A = 10pMe] AR 5&
2 24,487k B K1602447} 74 EA| VRt v
100 uM 9] A= G828 K1602459 HPA3P7} 71 &4 U
BT SRl EAE K160244= Ao AHEE F2mA o
A T2 PgeolE F A ofm|iAte] =7} Mt A2 HE
o] & (157))0] ™, K1602459} HPA3PE 714 e #glo|t
(18, 197K)0]t}. O}U]i*l- 20702 FAE CMALS CMA27}
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