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Abstract : Hepatotoxic cyanobacteria, Microcystis species, were collected from the Nakdong River and we could isolate hepatotoxins,
microcystin-LR and microcystin-RR, which are also strong inhibitors of protein phosphatase 1 and 2A. From the microcystins, several
microcystin derivatives were synthesized and tested on the mouse toxicity in order to establish the structure-activity relationship.
Esterification of carboxyl groups of Glu and MeAsp residue produced nontoxic compounds. However, when we reduced the Mdha residue
with sodium borohydride into Ala residue, toxicity was still maintained. Also, the change of guanidyl moiety of Arg residue in microcystin-

LR into dimethylpyrimidyl moiety did not change the toxicity of microcystins as well. Thus the carboxyl groups seem to play important
roles in binding with protein phosphatase 1 and 2A, whereas Mdha residue and the guanidy] moiety of Arg residue do not.
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34 F2F Microcystis2HE AArs microcystin 729 HEZAo] B3 A 611

Hx2 HERFAM P, 4" dzs
Nodularia®l X 2017 Aol o}zl Angbaenas:ol

W, Nodularia} Microcystis S& zt2t 778
nodularin  £-& microcystin 9 7HE

Adets Aoz A Noduariarl @ 2ol Asg 2o
M EAHE B Microcystise A AAXoz V4 B3
2R AEFE OF AFE F2 microcystind] 2 H
of 2HA gt FWelNE o1& Nodularia?}h YA A=
Riue gl

Microcystinel that 7249l 4B odAo] 1959dRE o
AA7NE Pou(7], vl e HRES AW 049 Ao
@olA microcystin-LR(1), -LA(2), -YA(3), ~YR(4) 9 +
27 ALo2 19809 BotesTo] ojate] 2] 3 0w ([8-12],
ol5e 4d¥ YATFEE 19889 Rinehart 5o o3t
HTH13L o] %ol microcystin-RR(5) 2 2o gz microcystin
0l Microcystis % W& B2F50A £, 5450 z2
742 ok 40997} 9] microcystin (Fig. 1)o] 2= A vH14-28].

Microcysting2 749 olvliedl A7]1E 744 18 e
= TEEA 9utdoz 19 39 59 6¥, 7H 7)o 7
Zt D-alanine (D-Ala), D-erythro-B-methylaspartic acid (D-
erythro-p-MeAsp), Adda [(2S, 35, &S, 9S)-3-amino-9-
methoxy-10-phenyl-2,6,8-trimethyl-4,6-diencic acid], D-glutamic
acid (D-Glu), N-methyldehydroalanine (Mdha) TE FEHe
2 72 Qo oWzt 49 ofnlwit @y thekala W
&tel B2 microcysting & o] #1 o|Z o)Al A7) g
He goldaz olgste microcystin FHEES o]2A=
o elE E9, microcystin-LR (1)& 293} 49 o] o] ;Ao
77} L-leucine (L-Lew)¥# L-arginine (L-Arg) 9& Yery
Microcystin®] FzelA SA2e de 2wz 48] spwAol
9] oul At BT L-olu)iAte] ae)x|x= Flai e
2 229 otul gL D-olu] L AE o] AL YutAH o &l
g2 @t T2 ojuuASon £3 Adda, D-erythro-p
“MeAsp, Mdha's& microcystinlth nodularinE-o| A9 w71
HE 5449 7z,

18783 Hx2 Bud IEAHER nodularin(29)e] 7z
1988 Rinehart'(13]e] 2lejx oz 584 dg w
FIHH WY & ol4dld UHPxE TeE o TR} ¢
T A THFig. 2). 7 A¥ nodularine 570¢] o}u)-ato

o]Fo)d 1Y e =g microcystin-LR¥} o}F §-A}
°l, Adda, D-Glu, D-erythro-B-MeAsp, L-Arg %9} 47]¢]
717F 9A8H,| microcysting) Mdhah T4 MdhbE 73]

At &, nodularin microcystin-LRe] Al 1t 24 2
IRbel AAE R ok FAVEY B2 nodularin®] micro-
cystin®t} 2759 ofl et @r)7h BEG Y EN Ane A
o2& FEA Aoz addyA Q.

Microcystine] thefgh fAAS R wrsE ojg = 3t
microcystin®]  thE WRHFREH  Aadgs Aol
Microcystin®  Microcystis %% o Slel % Oscillatoria,
Anabaena, Nostoc SANE WA dzge 22 At

F=4 £ 2 (hepatotoxin)
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< A9 2 $EFY 79 g 294 ANHE micro-
cystin® th=t}[27, 28].

Nodularing A4ste G2EB= Nodularia spumigenato)
EAEH o] d2FoAME AFAA nodularing T 57)
o AR 729 SAEAESC] WALIT, 29). FH2o|:
Theonella swinhoeit= A A motuporino]ehs B7o] &
dA=Ed, ol [L-Vall-nodularin® 728 722 Qoo
nodularin# o} fAFSE AE3HA A48 FATHI0)L
U5 EAYA microcystinE 3} nodularin, 283 motuporin

AEdHoR ofF Fad F29 protein phosphatase 1
2A (PPL, PP2A)E HEH oz o}3 7dsls) dxan 2
0 AHtumor promoten)2M % # Ud2A k. 23 o
£ 4AIE microcystin® nodularine] 7HAE 7HEA 3}
dHez #Ade Aoz ddA guy3l) = microcystin
nodularin®] protein phosphatase &40 A= Aol
T FEE Ao ARG "y o) p=
protein phosphataseSo] #ejst: A E AL AT R ok A
2 YRR AHHIE Fo)

Fig. 13 Table 1914 R0 AF7A e microcysting
°of TAHAL 0|59 E4o] RuHYY o5 HrEL A
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¥, microcystinel #4& Uehllsd 208 d3e g
HE7IE2ME Addad) JATE, FETY 1Y 12 o)
ok WRe] 283t 49 obmeate) Wk FA BAO Qae
X2 ohe Aoz 4¥x ok Microcystine] #4< e}
7] #stel e Adda®l diene 727} BT transge|e] Tz
& 7HACk st Aoz dHATH2)L 28y Addad) 9 914
ol methoxy”17} hydroxyl7] £& acetyl7]2 Wals Rt R
microcystin® F40l= 27 Y¢S v g Aoz e
STH28]. Microcystin % nodularin®] §AHIE Zo] = 1g

@ UE=E olFA o Fig 3014 BEo] 48 RAyse
g A7t 0 o5 A9ole Ad =L wolx) &
RO2 %4#A microcystine] E4< ey st e
A9 Az I2E fAdd YA gy 7t &=
T 23tk o A6, 28],

= AT E G5 SR 28 MicrocystisE A%
sto] EAXNEQ microcysting tjato g welsta, o] Ralg
microcysting 313133l &S Esl o7 sz FEAES
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B¢ HE2FR Microcystise GE7} ol 19969 s
7-8479 AAsgon A Az H3o| Microcystis
aeruginosa® FRHAT. $4L 2As g F7A 2F A
TAA olZEe] AxEy AAS Nge A0z o
= AFEE) A4 20T Wz BasEoh
2.2. 2M717] Y ®y2
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i Mdha
MeSer
COH Rs MelLan

H o )
CHy CHy o)\Y,“ f X )
( OMAGa ) 4 O *como
ADMAdda D-erythro-B-MeAsp
5 (D-Asp)
3
microcystin X Y R Rz R; R;
microcystin-LR (1) L-Leu L-Arg CHs CH; CHs CH
microcystin-LA (2) L-Leu L-Ala CHs CH3 CHs CH»
microcystin-YA (3) L-Tyr L-Ala CHs CHs CHs CH»
microcystin-YR (4) L-Tyr L-Arg CHs CHs CHs CH;
microcystin-RR (5) L-Arg L-Arg CHs CH; CHs CHs
microcystin-AR (6) L-Ala L-Arg CHs CHjs CHs CH
microcystin-LY (7) L-Leu L-Tyr CHs CH;s CHs CHs
microcystin-FR (8) L-Phe L-Arg CHj3 CHs CHs CH:
microcystin-WR (9) L-Trmp L-Arg CHs CHs CH; CH:
microcystin-YM (10) L-Tyr L-Met CHs CHs CHs CH,
microcystin-LAba (11) L-Leu L-Aba CHs CHs CHs CH:
microcystin-M(O)R (12) L-Met(O) L-Arg CHs CH;3 CHs; CHs
microcystin-YM(O) (13) L-Tyr L-Met(0) CHs CHs CHs CH:
microcystin-HtyR (14) L-Hty L-Arg CHs CHs CHs CH,
microcystin-HIleR (15) L-Hile L-Arg CHs CH3 CHs CHs
[D-Asp*lmicrocystin-LR (16) L-Leu L-Arg H CHs CHs CH:
[D-Dha'Jmicrocystin-LR (17) L-Leu L-Arg CH; CHs H CH»
[D-Asp’, D-DhaImicrocystin-LR (18) L-Leu L-Arg CH; CH; H CH»
[DMAdda’Imicrocystin-LR (19) L-Leu L-Arg CHs H CHs CH:
[ADMAddas]microcystin—LR (20) L-Leu L-Arg CHs CHsCO CHs CH,
[D-Asp®’, ADMAdda’Imicrocystin-LR (21) L-Leu L-Arg H CH,CO CH; CH,
[L-MeSer'microcystin-LR (22) L-Leu L-Arg CHs CH3 CH3 H, CH.0H (S)
[D-Asp’Jmicrocystin-RR (23) L-Arg L-Arg H CH; CHy CH;
[D-Asp’Imicrocystin-HtyrR (24) L-Htyr L-Arg H CH; CH; CH,
[ADMAdda’Imicrocystin-LHar (25) L-Leu L-Har CH; CHsCO CHs CH:
microcystin-H;YR (26) X L-Arg CH3 CHy CHs CH;
microcystin-HilR (27) X L-Arg CH; CHs CH; CHa
[L-MeLan"Imicrocystin-LR (28) L-Leu L-Arg CHs CH; CHs H Z (R R

MeAsp = erythro-B-methylaspartic acid; Mdha =

N-methyldehydroalanine; Aba = amminobutyric acid; Met(O) = methionine-S-oxide; Hty
homotyrosine; Hlle = homoleucine; Dha = dehydroalanine; DMAdda = O-demethyl-Adda; ADMAdda = O-acetyl-O-demethyl-Adda; MeSer
N-methylserine; Har = homoarginine; (H)Y = 1',2"3" 4’ ~tetrahydrotyrosine; Hil = L-homoisoleucine; MeLan = N-methylanthionine.
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Fig. 1. Structures of selected cyclic microcystins.

¥37] (General Electric’hE 243408 CD,ODE &0 2 atom bombardment mass spectroscopy) 2= E#H 3 HRFABMS
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@AY FE2F Microcystis 258 A28 microcystin 729 B8] e A7 613

H Ha

Nodularin (29)

Fig. 2. Structure of nodularin.

Adda-D-Glu(¥)-Mdha-D-Ala-L-Leu-D-MeAsp(p)-L-Arg-OH
30

L-Leu-D-MeAsp(B)-L-Arg-Adda-D-Glu(Y)-Mdha~D-Ala-OH
31

L-Phe-D-MeAsp(B)-L-Arg-Adda-D-Glu(y)-Mdha-D-Ala-OH
32

Adda-D-Glu{y)-Mdhb-D-MeAsp(B)-L-Arg-OH
33

Fig. 3. Linear peptides isolated from Microcystis spp. and
Nodulria.

2HEYL ZAB-SE £& VG 70 SE-4F 7]71(VG Anayitical
AhE AMEERa, olw dithiothreitol-dithioerythritol S ma-
trix2 AFESHATH2L ehe o AZolEaenoE Kieselgel
60 Fxi (EM SciencesAh& Alg3ldm, dwk 8 azngs
HlolE silica gel(Merck*h# ODS 9442 (Fuji-Davison
A& o885 1, ODS(octadecylsilyl, C-18) 7HE 2] ] (500 mg
bed)= Bond ElutAte] A& o]-&3lth. HPLC 24 2 ¥3=
HP-1050 series(Hewlett-PackardA& o] &3to] 483} it}

2.3. Microcysting| £& £2| U Fxgol

Microcystin®] el 3714 2 482 949 methanol
Foi#E, g4I 2EYIQ ODS vl e, A=
ZotEI YT silica gel AZvMETIYTE EMYZ o] &3}
o o= A% HAH microcysting 2eslgion HEAHo
HPLCE ol 83l 534 A=ahach34].

SHAZHE A& lkgE 15 A% methanol 15Le] HEA|A
A 7IAA R 2447 maesln). o] % methanol HEko
SE2RH 47 22 ge uAE Bsgd =2 9L 3
A oAl A ZL methanol 10Lo] HEAA 4847F EoF w
whetglth. thAl o] d=ln Biichner 247 & o] &3t 23
&22m, o] methanol €& o] Z8|H methanol &z}
A G Foll ol58 BF SAZ9EZ7(rotary evapora-
tor)& °ol-§3te 35°CAAM FUAATH o]FA dolR methanol
FEAL ATz oF 50g9) Y@M THE Ar)

Microcystis®] methanol 2% 50ge = 2
FHAA A3 AE Zuhg T 54439 2o %% ¢= 1
AE Bichner Zt7]& o] &3t 2y
¥ 219 #8942 gA 94529 ODSHH AYA &
JA2 X 0emE FHAZZ GA 50mLY ZHF5E 53
£ THAA AH3A3, methanol 500mLE 4a)sley E28
A3 ZM uA o 7g8 Ak

ODS #eE#E T3l HA® ZA 1AANIE ga
silica gel ZZv}ETe]9(€0); CHCly: CH:OH : HoO =26:14:
3& o186 x 0 cm)dtd] B AAH F 0% Fr &%
& 2+ 100mg? microcystin EFE-2 At}

Microcysting: 3l 82 94 HPLCE %39 3=z
Aoz AASHHEM;0.1% ammonium acetate : methanol
= 73:27). oldl W} microcystin-LR(1)& 15mg, micro-
cystin-RR(6)& 25mg 9& F Utk
1 : LRFABMS:

m/z 9955 (M+H)

Analysis:
Caled for CgHzNigOr (M+H):Mg 9955563
Found Mg, 9955571

6: LRFABMS:

m/z 10383 (M +H)

Analysis:
Caled for CgHwNigOrp (M+H):Mg 10385845,
Found Mg, 10385851

2.4. Microcystin REHSe| A
2.3.1. Dimethy| ester SE2E9| 84

Microcystin 8% 1 £2 6 15mgS methanol 1 mLo| =
?l ¥ acetic anhydride 02mLE Y3 12X)2F B¢ A0 A
HEARAT go] B F Mg LAY 15mLe FES) R
I A2 F o]F ODS 7HEYAE EAAZ . o|F o] FEF
AE THT 5mLE A3, methanol 5mLE 7}ete] &ajetd]
microcystinf =4 FES Tdee AL AU o] Lo
S A AdAzse 98 HYES S BHL HPLCE o¢
g HFHoz AAg ool wat 247 12mg(38: 75
%)l [D-MeAsp(OCHs)’, D-Glu(OCH) Imicrocystin-LR (34),
[D-MeAsp(OCHs)’, D-Glu(OCH;)*Imicrocystin-RR (35) 3}&

25¢ agn.

34 : 'H NMR (500 MHz, CD;OD):
37ppm (3H, Glu-OCHs), 39ppm (34, MeAsp-
OCHs)
LRFABMS:
m/z 10666 (M +H)
Analysis:
Caled for Cs51H7N10012 (M*H):MR 1023.6101.
Found Mg, 1023.6095
35 : 'H NMR (500 MHz, CD:OD):
37ppm (3H, Glui-OCHs), 39ppm (3H, MeAsp-
OCHs)

J. of Korean Ind. & Eng. Chemistry, Vol8 Nod, 1997



614 A%
LRFABMS:

m/z 10666 (M+H)
Analvsis:

Caled for C51Hs()N13012

Found Mg, 1066.6383

(M+H):Mr 1066.6383.

2.3.2. Microcystin-LDmporngl &4

Microcystin-LR(1) 5mg, 10% NaHCO:; 06mlL, 24-

pentanedione 1.2mL, 223 ethanol 1.2 mL7} 4i¢ &4
100CA A 4417+ &t kg3 oH33] ¢]% 1.0M acetic acid

5mLE 7H3t ¥ 1027 9 100 C°ﬂ/‘1 S A Z T whg-ol
’B‘—?:’/}X] bl ”‘] % 10mL9 diethyl ether&
%‘*J} TEA oz Fesdd.
mL9 diethyl etherg& #7}s}ed
274 R718d4Foz Upth
AFE Fatan FHF 10mLE
714 oA 40 22 WA
o] &b <to EAstE vFe
diethyl etherg 7+ MW AASEL. Al o] FE4e ODS
ZIEZAE FHAI7]2 methanolZ €28} microcystin-LR
FEAZE ZFE DAE 4L £ YUk o] wgoA A&
dimethylpyrimidylornithine (Dmporn) 7|8 71X 332
360 HEHoZ F3E& HPLCY st Ax|sto 2.3 mg(s
& :4H %S A

_.L.

36 : 'H NMR (500 MHz, CD;OD):
2.3 ppm (6H, dimethylpyrimidyl 719] CHs),
6.4 ppom(1H, dimethylpyrimidyl 7]} aromatic proton)
LRFABMS
m/ z 10595(M + H)
Analysis:
Caled for CsiHpuNiOp
Found Mg, 1059.6450

(M+H): Mg 1059.6439.

2.3.3. Dihydromicrocysting| &tAf

Microcystin-RR(5) 37mg% 1mLe ZF%d L3 &
NaBH; 30mgs X34 1087 24 231 07A7 St 4L
ol M mutatdTh olF 10% acetic acid €8¢ &S Qo
HEE FANAL, o] &4 ODS FEYANE EFHA 7|1,
30mLe] ’E%—’Fi A A8 3, methanol 10mLE 423t}
Methanol #9412 ZtAzsIon d= 248 HPLCE 2
gete] HEHOZ 30me(5£8:81%)9 dihydromicrocystin-
RR@ENE ¢ 4 AN
37 : '"H NMR (500 MHz, CD:OD):
143 ppm (3H, Mala®) 3-CHs)
LRFABMS:
m/z 10406 (M + H)
Analysis:
Caled for C49H78N13012 (M*H)ZMR 1040.6004.

Found Mg, 1040.6012

et A8 A A 4 5, 1997
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2.5. E8&H
Mzo] 2 FAE microcysting 4L AEE B =9l

T Foj2 F=A 4709 ICR-Swiss male mice(15-25 g)dl
B2 FASAT. old, 24 ADy, SA43EE 24|, Ao}
g A T 2489
3. 2o ¢ nE
3.1, H=R9 2

SE53eA AHAEY FE2FE Microoystis aeruginosa® %
BHAT. AAG AEE g7 Qo] FAARGGLH o 2kg
g AEE 4L 5 A%

3.2. Microcysting| £2
Silica gel Z=ZvtEads] 4 HPLCE %3t A" F4
microcystin microcystin-LR(1)3 microcystin-RR(6)¢] 2]
o ole H¥7d EAse $ZF Microcystis aeruginosa’t
microcystin-RR¥} microcystin-LRE FZ Aol AL
Arigitti & F Utk olE IFFEY e TEARY
HPLCA w7E& A7t H]m, LRFABMS 2 HRFABMS

232 ¢ £ 99

3.3. Microcystin®| x-&Ao| o3
BAE microcysting-g o] g8t o5 sgtE o)
AR, o]59 A& YolR $rHTable 1).

FEHNE

AL
=

3.3.1. Microcystin-LR™ microcystin-RR2| &A

71& &2z ukb o] microcystin-LR# microcystin-
RR 50-2001g /kg 59 25 728 EHS Hol= AL o
+ ARk Microcystin-LR] microcystin-RRETH €% o 7
g3 #4g Holx Aeg Yoy microcystin-RRY =
AE 83 AEsign 23 4 gl

3.3.2. 72540|9 E24

Microcystin-LR¥  microcystin-RR-&  acetic anhydride$}
methanol2 A 2J&te] microcystin-LR dimethyl ester (34)%}
microcystin-RR dimethyl ester(35)& 4tk oo wat &
o4 microcystin dimethyl ester8E259 mouseo] uld
LDxnE ZAbste]l £ A o] 338 A EAS 7Rz o

Tt ol 7H2EA71E50] microcystine] B4 e =)
obF 8% 4¥E At AL u)d. Microcysting =

3] protein phosphatase 13} 249 A9} AHH oz A
doe AME nEdgE o slEEAsEe o protein
phosphatase£ 9] @4 2te]od] ZAgetsdlo] Foddh= Aoz
T Ut

3.3.3. Arg 719 guanidineZ|2| EQA

Microcystin-LR(1)2] 27] Arg®] guanidine €712 Mori
[33]5°] AEg 23 24-pentanedioned o] &3 BHLS
8t dimethylpyrimidyl 712 2 ghs}e) dimethypyrimidylor-
nithinex}7] & 7} microcystin-LDmporn(36)& 34319

=
[



Liancal-E=
(Fig. 4). o] 3}gE9 XS Adstq B A7 o] 27 =a
FrE 84S Jehls 42 ¢ 4 AT "Ey o=
guanidine”| 7} protein phosphat:;lse—‘E:quL A BAsA g=
t A& 9vEn, Arg@717} 9 microcystin-LA(2) £&
microcystin-LY(7)&©] microcystin-LR (1)# $A18 8X&

Bole Aoz 43d Ax dipyt dA@n e 5 g
Z microcysting] 49 7] Y= Argd 2L 24 ojnn
Aol AAAY Ala, Tyr, 222 Dmporn® Zo] =77} 2
154 2717 AX8AY microcystin® Aol A o
°of gl Ae ¢+ Utk B d7243E Silval30]5e] 223
W nodularin A motuporing] 247% HlmdE 4 9o
Motuporing nodularin®] Arg2717} Val2 39 224
nodularin® A3 A4S Bol: Aoz dHAY o=
nodularinl M & Arg 717} 18] 228 988 1 9=
© A% vt

3.3.4. Dihydromicrocystine| &4

Fig. 53 ] microcystin-LR (1)# microcystin-RR (2) 3}
&E& methanol €4 M 82 sodium borohydride®
3te] Mdha @718 DL-Alal.2 #WsiAA Hgon o siae
T AE BAHE BAFA Fe AL ¢ 4 D Sodium
borohydride2 #3dted AXHE= F 79 dAojAdANEL
o o]} #EshA m AMgatAth. o]+ dehydroalanine®] &
# 2-4717t protein phosphatase®te] Aol Z=2aA4 @7t
A Fete AL gudt 22d FuEAE Mdhadl A
4 ATEHolgt AXE L-N-methylserine (MeSer) 27
2 X%¥ [L-MeSer'Jmicrocystin-LR(22)& A& EAo] glx
Ao HuEHAHB] watr ol Frtg 29 hydroxyl
717} protein phosphataset?] A&l AL wajsi= Ao
Z F28 5 9u.

4.2 B

2 ATdAE GEA AYss 93EF Microcystis
aeruginosa®l x| Aolz HEA LA microcystin®] 47 F
Zo #ated dolrtth. Microcystis aeruginosad) A 2 d
microcystin-LR¥} microcystin-RRE 2% 7ds zh
AUI e FE0Y 2 AFoAE o 3tEto)

Table 1. Toxicity of Microcystins and their Synthetic Analogs

toxin LDs (ug/kg)

microcystin-LR (1) 50
microcystin-RR (5) 200
[D-MeAsp(OCH3)’, D-Glu(OCH,)")

microcystin-LR (34) >1000
[D-MeAsp(OCHy)”, D-Glu(OCH)"]

microcystin-RR (35) >1000
microcystin-LDmporn (36) 230
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Fig. 4. Conversion of arginine residue in microcystin-LR into
dimethylpyrimidylomithine residue.
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Fig. 5. Reduction of Mdha with sodium borohydride.
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