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ABSTRACT

Formation of microcystin-phosphatase adducts formation is a clear indication of microcystin
attach on phosphatases. However, the kinetics of microcystin-phosphatase adduct formation has
been controversial due to the uses of different microcystin isoforms and measuring
methodologies. Here, we used matrix-assisted laser desorption/ionization time-of-flight mass
spectrometry (MALDI-TOF MS) to measure the changes in relative intensities of molecular
weight signals upon mixing of phosphatase and microcystin, which alowed us to monitor the
kinetics of covalent adduct formation. Our data clearly indicated that the shifts of signals upon
adduct formation and a slow and steady covalent interaction between MCY ST-LR and PP-1c
were observed. These observations are in agreement with the results of Craig et a (1996) and
support their “two-step mechanism” proposed to elucidate the interaction between PP-1c and

microcystins.



PP-1/PP-2A

(nodularin) (Bagu et al., 1997) (okadaic
acid, OA) (Bialojan et al., 1988; Haystead et al., 1989) (dinophysis toxin, DTX)
(Quilliam and Wright, 1995) thyrsiferyl-23-acetate (Matsuzawa et al., 1994)

tautomycin (Mackintosh and Klumpp, 1990)  calyculin (Volter et al., 2001; Wakimoto et al.,
2002) fostriecin (Walsh et al., 1997) (cantharidin) (Li and Casida, 1992;
Sodeoka et al., 1997; Knapp et al., 1998, McCluskey et al., 2000)

phosphatase (Bagu et al., 1997) phosphatase
cysteine (nucleophilic) Michael addition Mdha
(Goldberg et al., 1995; Runnegar et al., 1995) PP-1c &
PP-2Ac
(Williams et al., 1997) (Elhanany et al. , 2001)
Craig et al. (1996) invitro
PP-1c "two-step mechanism”
Liu et al. (2000) Runnegar et al. (1995)
invivo invitro invitro
30 10

Craig et al. (1996)

( PP-1c 37000 adduct  38000)
MALDI-TOF MS MALDI-TOF MS
(Claffery et al., 2001; Elhanany et al., 2001) (post trandational
modification) (Mills et al., 2001) acetylcholine esterase (Claffery

et al., 2001) MALDI-TOF MS



PP-1c  MCYTSLR

2-1.
PP-1c E. coli
2.5 mg/mli 50 %
Calbiochem 30000 unit/mg
p-NPP  bovine serum album (BSA) dithiothreitol (DTT) tris-HCI
MnCl,.2H,0 Sigma (St. Louis, MO, USA) MALDI-TOF MS
Amicon YM-10 Millipore (Bedford, MA, USA)
(co-crystallization) (matrix) sinapicnic acid HP (Palo Alto, CA,
USA, part number G2038A) ferulic acid Bornsen et al. (1997) 50 %
(VIv) ferulic acid (Sigma, S. Louis, MO, USA)  0.05 g/ml
MALDI-TOF MS HP  G2025A (Palo Alto, CA, USA)
337 nm G2024A  sample prep accessory system
2-2.
BSA (2
mg/ml) PP-1c
sinapicnic acid ferulic acid 0.1% TFA  ferulic acid
/ 1/2 (viv) 0.3 ul

(probe)

0.1% TFA  ferulic acid
G2024A probe



probe probe
G2025A 16 (mesas)
G2025A mesa 70
1
34 35 70
35
70 (SN
ratio) MALDI-TOF MS 10°
torr 6 ud
2-3.
555 ul 45 ul 30 ug MCYST-LR
(PP-1c  MCYST-LR 1/15) 30 °C
BSA 1369 12
15 18 21 24 27 50 pl
15000 rpm 5 min 100 pl 15000 rpm
10 min (“recovery spin”) PP-1c
10l 2ul 01%TFA ferulicacid
0.3l
G2025A PP-1c  [M+H]" (m/z  37000)
[M+H]* (m/z 38000)
PP-1c m/z = 38000 [M+H]" 0.2
(smultaneous linear equation in two
unknowns)
m/z 37000 = PP-1c +0.2x
m/z 38000 = +0.2x PP-1c



PP-1c = (5 x (m/z 37000 ) - Mz 38000 )/ 4.8

= (m/z 38000 - 0.2 x (m/z 37000 )) / 0.96
3-1
BSA sinapinic acid
ferulic acid ( A, B) PP-1c BSA
sinapinic acid ferulic acid BSA (
C, D) ferulic acid PP-1c
BSA PP-1c ferulic
acid BSA
PP-1c ( )
PP-1c PP-1c
PP-1c ferulic acid 0.1% TFA
PP-1c ( ) TFA  ferulic acid
()
probe ( )

3-2.



PP-1c  MCYST-LR 1 36 9 12 15 18 21 24 27
MALDI-TOF MS PP-1c
5% hrt ( PP-1c

MALDI-TOF MS

(proteomics) (van Adrichem et al., 1998)
post-translational modifications (Mills et al.,
2001) akylation (Galvani et al., 2001)
acetylcholinesterase (Elhanany et al., 2001)

(Claffey et al., 2001)

PP-1c
(karas and kruger,
2003) trial and error
PP-1c
sinapicnic acid ferulicacid Westman et al.
(1998) TFA
BSA sinapicnic acid ferulic acid
PP-1c BSA
ferulic acid BSA sinapicnic acid
BSA
detergent

MALDI-TOF MS



Bornsen et al. (1997) ferulic acid

[ =11 (viv)
(Westman et al.,
1998)
ferulic acid sinapicnic acid /
[ =60/36/8 (vIviv) ferulic acid
probe
0.3 ul probe
Westman et al. (1998) " seed layer
method “ probe
probe (Dr Wu, personal communication)
MALDI-TOF MS
Millipore Zip-tip

C18



PP-1c

PP-1c
PP-1c
PP-1c PP-1c
PP-1c (Dr Huang personal communication)
ferulic acid
TFA PP-1c
van Adrichem et al. (1998)
BSA
PP-1c BSA
invitro MCYST-LR  PP-1c
PP-1c
Craig et al (1996) Liu et al. (2000)
Craig et al (1996) MCYST-LL PP-1c 30°C
16 HPLC 65% PP-1c
MCYST-LR 60 % Liu et al. (2000)
MCYST-LR PP-1c
MCYST-LR  PP-1c MCYST-LR
adduct 30
10 invitro
Liuetal.
30
PP-1c

MCYST-LR invivo



Bagu J. R, SykesB. D., Craig M. M. and Holmes C. F. B., 1997. A molecular basis for different
interactions of marine toxins with protein phosphatase-1. J. Biol. Chem., 272: 5087-5097.

Bialojan C. and Takai A., 1988. Inhibitory effect of a marine-sponge toxin, okadaic acid, on
protein phosphatases. Biochem. J., 256: 283-290.

Bornsen K. O., Gass M. A. S, Bruin, G J. M., von Adrichem, J. H. M., Biro, M. C., Kresbach, G
M. and Ehrat, M., 1997. Influence of solvents and detergents on matrix-assisted laser
desorption/ionization mass spectrometry measurements of proteins and oligonucleotides.

Rapid Commun. Mass. Spectrom., 11: 603-6009.

Claffey D. J. and Ruth J. A., 2001. Amphetamine adducts of melanin intermediates demonstrated
by matrix-assisted laser desorption/ionization time-of-flight mass spectrometry. Chem. Res.
Toxicol., 14: 1339-1344.

Elhanany E., Ordentlich A., Dgany O, Kaplan D., Segall Y., Barak R., Velan B. and Shafferman
A., 2001. Resolving pathways of interaction of covalent inhibitors with the active site of
acetylcholinesterases: MALDI-TOF/MS analysis of various nerve agent phosphyl adducts.
Chem. Res. Toxicol., 14: 912-918.

Erhard M., von Dohren H. and Jungblut P, 1997. Rapid typing and elucidation of new secondary
metabolites of intact cyanobacteria using MALDI-TOF mass spectrometry. Nature Biotech.,
15: 906-909.

Galvani M., Hamdan M., Herbert B. and Righetti P. G, 2001. Alkylation kinetics of proteins in
preparation for two-dimensional maps. a matrix assisted laser desorption/ionization-mass

spectrometry investigation. Electrophoresis, 22: 2058-2065.

Goldberg J., Huang H. B., Kwon Y. G, Greengard P, Nairn A. C. and Kuriyan J.,, 1995.
Three-dimensional structure of the catalytic subunit of protein serine/threonine phosphatase-1.
Nature, 376: 745-753.

Haystead T. A. J., SSm A. T. R., Carling D., Honnor R. C., Tsukitan Y., Cohen P. and Hardie D. G,
1989. Effects of the tumor promoter okadaic acid on intracellular protein phosphorylation and
metabolism. Nature, 337: 78-81.

Karas M. and Kruger R., 2003. lon formation in MALDI: The cluster ionization mechanism.

9



Chem. Rev., 103: 427-439.

Knapp J.,, Boknik P, Huke S., Luss H., Muller F. U., Muller T., Nacke P, Schmitz W.,

Vahlensieck U and Neumann J., 1998. The mechanism of action of cantharidin in smooth
muscle. Br. J. Pharmacol ., 123: 911-919.

Li Y. M. and Casida J. E., 1992. Cantharidin-binding protein: identification as protein
phosphatase 2A. Proc. Natl. Acad. Sci. USA, 89: 11867-11870.

Liu B. H,, Yu F Y, Huang X., and Chu F. S, 2000. Monitoring of microcystin-protein
phosphatase adduct formation with immunochemical methods. Toxicon, 38: 619-632.

Mackintosh C. and Klumpp S., 1990. Tautomycin from the bacterium Srreptomyces verticillatus.

Another potent and specific inhibitor of protein phosphatases 1 and 2A. FEBS Lett., 277:
137-140.

Matsuzawa S. |. Suzuki T., Suzuki M., Matsuda A., Kawamura T., Mizuno Y. and Kikuchi K.,

1994. Thyrsiferyl-23-acetate is a novel specific inhibitor of protein phosphatase PP2A. FEBS
Lett., 356: 272-274.

McCluskey A., Bowyer M. C., CollinsE., Sim A. T. R., Sakoff J. A. and Baldwin M. L., 2000.
Anhydride modified cantharidin analogues. synthesis, inhibition of protein phosphatases 1
and 2A and anticancer activity. Bioorg. Med. Chem. Lett., 10: 1687-1690.

Mills P. B., Mills K., Johnson A. W.,, Clayton P. T. and Winchester B. G, 2001. Analysis by

matrix assisted laser desorption/ionization-time of flight mass spectrometry of the

post-translational modifications of al-antitrypsin isoforms separated by two-dimensional
polyacrylamide gel electrophoresis. Proteomics, 1: 778-786.

Quilliam M. A. and Wright J. L. C., 1995. Methods for diarrhetic shellfish poisons. In: Manual on

Harmful Marine Microalgae. Hallegraeff G. M., Anderson D. M., Cembella A. D. and
Enevoldsen H. O. (Eds). UNESCO, France, pp.95-112.

Runnegar M., Berndt N., Kong S. M., Lee E. Y. C. and Zhang L., 1995. In vivo and in vitro

binding of microcystin to protein phosphatases 1 and 2A. Biochem. Biophy. Res. Commun.,
216: 162-169.

Sodeoka M., Baba Y., Kobsysdhi S. and Hirukawa N., 1997. Structure-activity relationship of
cantharidin derivatives to protein phosphatase 1, 2A;, and 2B. Bioorg. Med. Chem. Lett., 7:

10



1833-1836.

van Adrichem J. H. M., Bomsen K. O., Conzelmann H., Gass M. A., Eppenberger H., Kresbach G
M., Ehrat M. and Leist C. H., 1998. Investigation of protein patterns in mammalian cells and
culture supernatants by matrix-assisted laser desorption / ionization mass spectrometry. Anal.

Chem., 70: 923-930.

Volter K. E., Embrey K. J, Pierens G. K. and Quinn R. J., 2001. A study of the binding
requirements of calyculin A and dephosphonocalyculin A with PP1, development of a
molecular recognition model for the binding interactions of the okadaic acid class of
compounds with PP1. Eur. J. Pharm. <ci., 12: 181-194.

Wakimoto T., Matsunaga S., Takai A. and Fusetani N., 2002. Insight into binding of calyculin A
to protein phosphatase 1: isolation of hemicalyculin A and chemical transformation of
calyculin A. Chem. Bial., 9: 309-319.

Walsh A. H., Cheng A. and Honkanen R. E., 1997. Fostriecin, an antitumor antibiotic with
inhibitory activity against serine/threonine protein phosphatases types 1 (PP1) and 2A (PP2A),
is highly selective for PP2A. FEBS Lett., 416: 230-234.

Westman A., Nilsson C. L. and Ekman R., 1998. Matrix-assisted laser desorption/ionization
time-of-flight mass spectrometry analysis of protein in human cerebrospina fluid. Rapid
Commun. Mass. Spectrom., 12: 1092-1098.

Williams D. E., Dawe S. C., Kent M. L., Anderson R. J,, Craig M. and Holmes C. F. B., 1997.
Bioaccumulation and clearance of microcystins from salt water mussels, Mytilus edulis, and in

vivo evidence for covalently bound microcystins in mussel tissues. Toxicon, 35: 1617-1625.

1



BSA, [M+H]*

2+
- 603 BSA, [M+2H]
6803 BSA, [M+3H]**
v
A
6003
5203
!
4403——1‘
I N, . B
3603
2803
) . C
2003
1203L
J\\\_ L jf\“\«-A D.
403
\ | | | | | | » | 1
0 10000 20000 30000 40000 50000 60000 70000 80000 90000100000
m/z
A B BSA sinapicnic acid
ferulic acid CB BSA PP-Ic sinapicnic acid  ferulic
acid

12



6390 BSA, [M+H]*

5790

5190 BSA, [M+2H]*

3990+

PP-1c, [M+H]*

v

BSA, [M+3H]*"
3390

2790

I [ I ] | T | T |
(0] 10000 20000 30000 40000 50000 60000 70000 80000 90000100000
m/z

BSA PP-1c

1685

1485

PP-1c, [M+H]"

1285 PP-1c, [M+2H]"
PP-1c, [2M+H]*

“mmwwvuwwmewJNwﬂgw
1085

885

685

I I I I I 1 I I I
0 8000 16000 24000 32000 40000 48000 56000 64000 72000 80000

m/z

TFA PP-1c 1 TFA 2 TFA

13



PP-1c, [M+H]*

2285

PP-1c, [M+2H]*
1985 ‘

1685

1385

1085

785

485

PP-1c, [2M+H]*

| \ ! | |

1

\

I ! ‘
0 10000 20000 30000 40000 50000 60000 70000 80000 90600100000

m/z

PP-1c

14



15



Time (hr)

0 -,

1 | l |
24000 28000 32000 36000

| l | |
40000 44000 48000 52000

m/z

16



100%

I Y (%) =-0.07 X2 + 4.68 X + 0.0264
c L]
O B0%
©
£
S
8 60%
o
kS
3 40%:
g [x}
@
(&)
P 2%
I:I% 1 1 1 1 1
0 5 1a 15 20 a5
Incubation time (hre)
PP-1c

17



(PPG)

(manuscript)

SCl Science Citation Index SCl
impact factor

NSC

SCI*

ChenY. M., ChouH. N.,Bai J. U., LeeT. H. and Huang R.,
2005. Comparison of protein phosphatase inhibition assay
with the mouse and Artemia toxicity assaysin the toxic
Microcystis screening. Aquatic Toxicol., in revision.

(2.2)

ChenY. M., Huang R. and Chou H. N., 2004. Application of
protein phosphatase 1 inhibition assay and a reversed phase
liquid chromatography for the detection of microcystinsin
algal dietary supplements. J. Food Drug Anal., in press.

(0.6)

ChenY. M., Huang, H. B., Lee S. J,, Lee, T. H., and Chou, H.
N., 2005. Application of MALDI-TOF MS on Monitoring of
Microcystin-phosphatase Adduct Formation. Toxicon,
Manuscript in preparation.

(2.0)

Chen, Y. M., Huang R., Huang, H. B., Lee, T. H., and Chou,
H. N., 2004. Comparison of protein phosphatase inhibitory
activities and acute toxicity of microcystins. 6" ICTC, Bergen,
Norway.

Chen, Y. M., Huang R., Huang, H. B., Lee, T. H., and Chou,
H. N., 2004. Protein phosphatase inhibitory activities and
animal toxicities of microcystins. 6" ICTC, Bergen, Norway.

2004
284: 9-12

P-J. Wang, M.-S. Chien, F.-J. Wu, H.-N. Chou and S,-J. Lee,
2004, Inhibition of embryonic development by
microcystin-LR in zebrafish, Danio Rerio, Toxicon, (in press)

2.02

18



Comparison of protein phosphatase inhibition assay with the mouse and Artemia

toxicity assaysin the toxic Microcystis screening

Yi-Min Chen?®, Hong-Nong Chou®*, Jeng-Yu Bai?, Tzong-Huei Lee™, Rang Huang”
?Institute of Fisheries Science, National Taiwan University, Taipei 106, Taiwan

® Institute of Oceanography, National Taiwan University, Taipei 106, Taiwan

*Corresponding author. Hong-Nong Chou
Professor and Director
Institute of Fisheries Science
National Taiwan University
1 Sec. 4, Roosevelt Road
Taipel 106, Taiwan
Tel.: +886-2-23639291~125
Fax: +886-2-23629919
E-mail address. unijohn@ntu.edu.tw

Ipresent address: Tzong-Huei Lee, Graduate Institute of Pharmacognosy Science, Taipel Medical
University, Taipei 110, Taiwan



Abstract

The inhibitory activity of microcystins on protein phosphatase 1 (PP1) was applied for the

screening of toxic Microcystis. Activity of protein phosphatase 1 was measured by the

absorption at 405 nm of the p-nitrophenol, the enzyme reaction product of p-nitrophenyl

phosphate. Inhibitory activities were represented by the ratio of p-nitrophenol absorption, with

and without the presence of microcystin-LR or crude extract of Microcystis.  Eight strains of M.

aeruginosa, isolated from various aquaculture ponds and water reservoirs in Taiwan have been

cultured for toxicity analysis. Extracts of the cyanobacteria were subjected to the mentioned

enzyme inhibition assay as well as mouse and brine shrimp toxicity assays. Extracts from 200

ng dry cells of the toxic strains were found to be quite enough to observe the inhibition on protein

phosphatase activity. Ranking of the enzyme inhibitory potency of the strains was found almost

in accordance with that in mouse or brine shrimp toxicity assay. A conversion of 1Cs, from PP1

inhibition activities and LDsy or LCsy from animal toxicities of Microcystis extracts to the

contents of microcystin-LR equivalent was very useful for such comparison. The toxin contents

of microcystin-LR equivalent in M. aeruginosa strains from this conversion agreed well with the

microcystin composition data from HPLC analysis. Phosphatase inhibition assay has been

proved an easy and reliable method in screening of the toxic blue-green populations in the field

by its high sensitivity, high throughput and good correlation to the toxicity on mice and brine

shrimp larvae.
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1. Introduction

Blooms of Microcystis occur worldwide in fresh and brackish water (Hallegraeff, 1993;
Falconer et al., 1999). They usualy cause serious environmenta hazards, not only forming the
anoxia condition in the water, but also producing toxins. The toxins produced by Microcystis are
hepatotoxic microcystins (Park and Watanabe, 1996), which have been implicated in the death of
livestock (Kaya et al., 1996), aquaculture fish (Anderson et al., 1993) and wild animals (Murphy
et a., 2000), as well as illness (Falconer et al., 1983) and death (Pouria et al., 1998) of human.
The highly toxic effect of microcystins as well as their apparent tumor promoting activity in liver
is suspected the result from their inhibition on protein phosphatase 1 (PP1l) and protein
phosphatase 2A (PP2A), known as the major serine/threonine protein phosphatases in eukaryotic
cells (Mackintosh et al., 1990; Nishiwaki-Matsushimaet al., 1992; Toivolaet al., 1999).

Microcystins are cyclic heptapeptides that share a general structure of
cyclo-D-Ala-L-X-D-methyl-Asp-L-Z-Adda-D-Glu-N-methyl-dehydroalanine (Fig. 1), where X
and Z represent the single letter abbreviation of variable amino acids inserted in the sequence,
and Adda represents 3-amino-9-methoxy-2,6,8- trimethyl-10-phenyldeca-4,6-dienoic acid.
Among the composing amino acids, N-methyl-dehydroaanine is usually abbreviated as Mdha.
The term ‘microcystin (MCY ST)’ plus the suffix XZ are thus applied for the different compounds
in this group (Carmichael et a., 1988). Minor modifications, such as demethylation or
isomerization, and the numbering of amino acids affected are prefixed to microcystin (Namikoshi

eta., 1992). Structures of microcystins studied in thisresearch are givenin Fig. 1.



Protein phosphatase inhibition assay using PP1 and PP2A with the radioactive enzyme
substrate has been developed for quantitative analysis of microcystins (Craig et al., 1993;
Lambert et al., 1994). Recently chromatic and fluorescent methods using p-nitrophenyl
phosphate (p-NPP) (An and Carmichael, 1994; Ash et a., 1995; Tubaro et al., 1996; Rivasseau et
a., 1999; Wong et al., 1999), 4-methylumbelliferyl phosphate (4-MUP) and fluorescein
diphosphate (FDP) (Vieytes et a., 1997; Fontal et a., 1999) as enzyme substrates are replacing
radioactive detections in protein phosphatase inhibition assays. In this research we applied the
multi-well microplate and the chromatic methods in PP1 activity analysis to screen the enzyme
inhibition activity of the various strains of Microcystis aeruginosa in comparison with their
toxicities on mice and brine shrimp larvae. Various concentrations of Microcystin-LR were
applied as positive controls in these phosphatase inhibition assay and animal toxicity assay.
Toxin profiles of these M. aeruginosa strains were also analyzed by high performance liquid
chromatography (HPLC) to confirm the relationship between their microcystin content and

animal toxicity.

2. Materials and methods

Eight strains of Microcystis aeruginosa were isolated from freshwater ponds or water
reservoirs at various locations in Taiwan during 1989-1993 (Lee et al., 1998; 1999). All strains
were cultured in modified Fitzgerald media (Hughes et al., 1958) at 25+1 °C and illuminated at
25 pEinms* with a fluorescent light for 12 h a day. Cell mass of each strain was collected in its

late exponential phase by continuous centrifugation and followed by lyophilization. Extracts of
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each strain were prepared by mixing 200 mg lyophilized cells in 40 ml methanol with a Vortex

and centrifuged to collect the supernatant. Cell residues were repeated for another two

extractions by 40 ml methanol. All three methanolic extracts were combined and ready for the

preparation of various concentration solutions used in the following assays.

2.1. Mouse toxicity assay

From the ethanolic extract of each M. aeruginosa strain, 14.4, 7.2, 3.6, 1.8, 0.9, 0.45 and

0.225 ml were taken out and transferred into separate vials and evaporated to dryness. These

dry residues were re-suspended in 3 ml saline solution (0.95%) for intra-peritoneal injection of

mice (ICR strain, male, 201 g, from Anima Supply of National Taiwan University Hospital,

Taipei, Taiwan), 1 ml each and three duplicates for each dose. This makes seven doses equivalent

to 400, 200, 100, 50, 25, 12.5 and 6.25 mg dry cells per kg mouse for mouse toxicity assay.

Four hours after each injection, the mortality of each dose was recorded (Lee et al., 1999).

Toxicities of each M. aeruginosa strain, represented by LDsp, were then calculated by probit

analysis accordingly (Finney, 1963).

Toxin standard MCY ST-LR, prepared as in Lee and Chou (2000) was applied as control in

the same assay for its LDsg on ICR strain mice.  Six doses equivalent to 200, 100, 50, 37.5, 25

and 12.5 ug per kg mice were prepared and 6 duplicates for each dose.

2.2. Artemia toxicity assay

Larvae of Artemia salina were prepared from dried eggs (Ocean Star International Inc.,



Snowville, UT, USA) one day ahead of the toxicity assay following the method in Lee et al.

(1999). Live larvae were suspended in seawater in a concentration of about 250 individuals per

ml and transferred to 96-well-microplates, 50 ul per well. Forty-eight milliliters of the ethanolic

extracts from each M. aeruginosa strains were extracted twice with 24 ml n-hexane to remove the

oil soluble components and then evaporated to dryness. Dried residues of each sample were

re-dissolved in 0.5 ml seawater to give a concentration of 160 mg/ml in terms of lyophilized cell

mass. Further dilutions to concentrations of 80, 40, 20, 10 and 5 mg/ml were also prepared for

every strain.  Fifty microliters of each sample solutions were added to each well containing 50

ul of larvae suspension, 4 duplicates of each sample. Mortalities of each well in brine shrimp

assay were recorded after 24 hr treatment and toxicities of each M. aeruginosa strains,

represented as L Csp, were also calculated by probit analysis (Finney, 1963).

Another batch of the same volume of sample extracts were prepared through the same

de-fat procedure as described above and then went through a solid phase extraction (SPE)

operation to remove any components that may interfere the death of brine shrimp caused by

microcystins. The SPE operation used a column of 0.6 cmi.d. that was packed with 0.1 g silica

gel (Baker silica gel 40 um flash chromatography packing, J. T. Baker, Phillipsburg, NJ, USA).

Columns were preconditioned with 5 ml of ethyl acetate/isopropanol 4/3 (v/v). De-fatted

sample extracts were re-dissolved in 1 ml conditioning solution and top-loaded on the SPE

column before they were washed by 5 ml of the same solution. Microcystin fractions were then

eluted by 2 ml MeOH and dried by evaporation. These methanolic extracts of each strain were



re-dissolved in 0.5 ml seawater and then diluted to give concentrations of 160, 80, 40, 20, 10 and

5 mg/ml in terms of lyophilized cell mass separately. Brine shrimp larvae toxicity was thus

performed with these solutions in wells on microplate as described above. Toxicities of each M.

aeruginosa strains were calculated and represented by LCso. These data were compared with

the data obtained from the same assay without SPE operation.

LCso of toxin standard, MCY ST-LR, was also determined as a control in brine shrimp

larvae toxicity assay for methanolic extracts of M. aeruginosa strains. Five concentrations of

MCYST-LR, 20, 10, 5, 2 and 1 ug/ml were applied in the same assay.

2.3. Protein Phosphatase 1 inhibition assay

The PP1 inhibition assay used E. coli recombinant protein phosphatase 1 a-isoform of

rabbit muscle (Cat. No. 539493, CalBiochem, San Diego, CA, USA), in a buffer solution

containing 50 mM Tris-HCI, pH7.0, 0.1 mM EDTA, 5 mM dithiothreitol, 0.2 mM MnCl, and

BSA 0.2 mg/ml, following the protocol kindly supported by Dr. Chang (Technical Service,

CalBiochem). Enzyme activity assay used p-nitrophenyl phosphate (p-NPP) as substrate and

detected by the 405 nm absorption of the reaction product p-NP with a SPECTRA Fluor Plus

microplate reader (Tecan, AG, Hombrechtikon, Switzerland).

All of the Microcystis extracts and microcystin-LR solutions in 30 ul MeOH of different

concentrations were mixed with 970 ul buffer to make the sample solutions. Enzyme solution

was prepared by adding 1 ul of the mentioned protein phosphatase 1 (2500 unit/ml) with 2.5 ml

buffer, while the substrate solutions were prepared by dissolving 250 mM p-NPP in the same
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buffer.

Each concentration of sample extracts (Sam.) including the control (Con.) that contained

no Microcystis extract but methanol of the same ratio in buffer occupied a row of 6 wells

separately on a plate. Each well in the row was filled with 100 ul buffer and 50 ul sample

solutions. Among the 6 wells in each row, three were added individualy with 50 ul enzyme

solution and 50 ul buffer as an experiment (Exp.) group in triplication, while the other three were

added 100 pul buffer separately as the blank (Blk.) group. Sample solutions were allowed to

incubate with the enzyme solutions for 10 min before the adding of 50 ul 250 mM p-NPP

substrate solutions to each well to initiate the enzyme reaction. The absorbance at 405 nm was

measured for each well at time zero and time 60 min, and the absorbance difference between

these two measurements was then recorded. Average of the absorbance difference of the

triplicates in each group was applied in the enzyme activity calculation for each sample groups

and control. The term * percentage activity of the control’ here is used to describe the remaining

enzyme activity after the sample inhibition and its calculation as followed:

1. Activity of Control = average absorbance difference of Exp. (in Con.) —average

absorbance difference of BIk. (in Con. )

2. Activity of Sample = average absorbance difference in each well of Exp. (in Sam.) —

average absorbance difference of Blk. (in Sam.)

3. Percentage activity of control = Activity of Sample/ Activity of Control



Microcystin-LR solutions were also prepared in a successive dilution and they were 1280,
640, 320, 160, 80, 40, 20, 10 and 5 pg per well in the same enzyme activity assay. The same
percentage activity of control was plotted against the toxin concentrations to reveal the 50%
inhibition (ICsp) of the toxin standard to the protein phosphatase activity. The correlation
between the toxin concentration and the percentage activity of control remained was analyzed by
severa regression methods provided by Microsoft Excel®, and the best-fitted regression formula
was applied for the calculation of 1Cs,. Protein phosphatase inhibition activities of the
methanolic extracts of various Microcystis strains were also judged by their 1Csy through the
same correlation analysis.  Microcystin contents in cell masses of different Microcystis strains
thus can be estimated by converting their 1Csp in the protein phosphatase inhibition assay to the
amount of MCY ST-LR equivalent. The conversion used the ratio of 1Csy of MCY ST-LR and
the 1Csy of Microcystis extract, which is multiplied by a factor of 1000 to represent a value
equivalent to MCY ST-LR (in mg) per gram of dried Microcystis cell mass.

An aternative procedure in protein phosphatase inhibition assay was aso developed in this
study for direct measurement of MCY ST-LR equivalent in Microcystis cell mass. The same
protein phosphatase assay was done by diluting the cell extract to a concentration equivalent to
200 ng dried cell per well instead of a series of dilution of the extract as mentioned above and the
percentage activity determined. Toxin content of the strain, represented by Microcystin-LR
equivalent, was then determined directly from the percentage activity-concentration curve of

MCYST-LR. The data of toxin content in different strains from these two methods were
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compared and their correlation was judged by the linear regression.

2.4. Correlations among mouse toxicity, Artemia toxicity, and PP1 inhibition assays

To determine whether the toxicities of mice or brine shrimps caused by the methanolic
extract of various Microcystis strains were due to their microcystin contents, we first converted
the LDsp and LCs in different toxicity assays into toxin contents in these strains and compare the
toxin contents obtained by different assays. The conversion of to the toxin contents of
MCY ST-LR equivalent followed the same method as described in protein phosphatase inhibition

assay, using the LDsp and L Cs of toxin standard, MCY ST-LR in their respective assays.

2.5. HPLC analysis of different microcystinsin Microcystis

An isocratic HPLC with UV absorption at 238 nm was applied for microcystin analysis.
A Luna phenyl-hexyl 5 pu column (4.6 x 250 mm, Phenomenex, Torrance, CA, USA) and a
mobile phase of 0.01 M ammonium acetate/acetonitrile = 75/25, flow rate 1 ml/min were used for
a complete separation of different microcystins. From the mentioned methanolic extracts of
Microcystis, 2.4 ml were brought to dryness by N, stream and re-dissolved in 0.3 ml ethyl
acetate/isopropanol = 4/3 (v/v). These solutions went through an SPE sample preparation
procedure as described in the Artemia toxicity assay. The collected toxin fractions were dried
and re-dissolved in 100 ul MeOH before injection of 5 ul for each HPLC analysis.

Ten microcystin standards, including MCY ST-LR, MCY ST-RR, MCY ST-FR, MCY ST-WR,

MCYST-RA, [Dha]MCYST-LR, [Dha’]MCY ST-RR, [D-Asp’]MCYST-RR,

1



[D-Asp’]MCYST-FR, and [D-Asp’]MCY ST-WR (Fig. 1), previously purified and identified by
Lee et al. (1998) were used to identify the different microcystins in Microcystis. Quantitative
determination of microcystins was based on the calibration curve of MCY ST-LR within the range

of 0.9 ugand 1ng.

3. Results

3.1. Mouse toxicity assay

Table 1 shows the results of mouse toxicity assay of MCY ST-LR and extracts of various
Microcystis strains.  Probit analysis revealed the LDsp of MCY ST-LR to be 46.9 pg/kg with the
95% confidence interval of 42.4-51.9 ug/kg. Methanolic extracts of various Microcystis strains
also showed different toxicities against mice, and their LDsp were within the range of 9.8-102.2
mg dry cells’kg of mouse, except strains of M.TN-1 and M.KS-1. These two strains were
regarded as nontoxic due to the zero death of mice even after intra-peritoneal injections of extract
equivalent to 400 mg cell mass, the highest dose in this experiment. Ranking of the toxic strains
based on their potency of toxicity against mice was listed as follows,

M.TY-1>M.TN-4>M.TN-3>M.TY-2>M.CY-1>M.TN-2.

3.2. Artemia toxicity assay

Mortalities of brine shrimp in solutions of MCY ST-LR and extract of Microcystis strains

aresnown in Table 2. Fivedilutions of MCY ST-LR, from 20 ng/ml to 1 ug/ml have been tried
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on Artemia larvae. Probit analysis showed the LCso of MCYST-LR at 5.68 pug/ml with 95%

confidence interval between 5.17-6.23 ug/ml. Extract of various Microcystis strains also

showed different toxicities from 0.6 mg to 4.5 mg cells equivalent per ml. Although strain

M.KS-1 showed some toxicity to brine shrimp larvae at concentration above 12.5 mg cell mass

equivalent/ml, it is regarded as non-toxic as strain M.TN-1. Further purification by solid phase

extraction on the de-fatted methanolic extracts of Microcystis showed a reduction of the toxicity

of the extracts when they were applied for the same Artemia toxicity assay (Table 2). Solid

phase extraction was designed to remove the non-polar component and save the microcystins. It

is apparent that the methanolic extract of Microcystis contains components other than

microcystins that may kill brine shrimp larvae or reinforce the toxicity of microcystins on brine

shrimp. Ranking of the toxic strains of Microcystis according to their toxicities against brine

shrimp larvae was listed as follows, M.TY-1>M.TN-4>M.TY-2>M.TN-3>M.TN-2>M.CY-1. The

ranking may be dlightly different without SPE treatment (Table 2). However, if we divided

these six strains into 3 groups of the toxic, less toxic and least toxic, two strains in one group, we

could find the consistency in the ranking of groups, in both Artemia and mouse toxicity assay

(Table 3).

3.3. PP1inhibition assay

Nonlinear regression curves showing the inhibition of protein phosphatase activity by

MCY ST-LR and extracts of various Microcystis strains were presented in Fig. 2. A formula, y =

-0.1374Ln x + 0.2196 (wherey = % activity of control, x = concentration of MCY ST-LR, ng/ml),
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using the natural logarithm function that best fit the curve of the toxin standard (R?=0.97) was
then established. From this curve ICso of MCY ST-LR was determined to be 0.13 ng/ml.  Similar
calculations have been applied for the corresponding curves of various Microcystis extracts and
their 1Csp were determined as 25.0 ng/ml (M.TY-1), 198.5 ng/ml (M.TY-2), 241.0 ng/ml

(M.CY-1), 457.5 ng/ml (M.TN-2), 196.9 ng/ml (M.TN-3), and 129.5 ng/ml (M.TN-4) (Fig. 2).

3.4. Correlations among mouse toxicity, Artemia toxicity, and PP1 inhibition assays

Toxin contents of various Microcystis strains, in a form of MCY ST-LR equivalent, those
were converted from LDsg and LCs in different assay methods were listed in Table 3.
Correlation charts showing the toxin contents obtained from different assays were presented in
Fig. 3. It is obvious that the toxin content in the methanolic extracts without SPE treatment is
much higher from brine shrimp toxicity assay than those from mouse toxicity, and the regression
line diverges from the diagona line alot (Fig. 3A). However, with the SPE sample preparation
the toxin contents in various Microcystis strains obtained from Artemia toxicity assay were close
to those from mouse toxicity assay with dlight overestimation (Fig. 3B). Toxin contents
converted from 1Cs of PP1 inhibition assay showed much agreement with those converted from
LDso of mouse toxicity assay (Fig. 3C), but a direct conversion from the percentage of activity of
PP1 inhibition assay showed less agreement (Fig. 3D). It showed that the sensitive method like
PP1 assay might overestimate at lower toxin content, especially using the direct conversion from
percentage activity. From the results of collateral correlation among protein phosphatase

inhibition, Artemia toxicity and mouse toxicity assay, there should be no argument to say that
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both mouse and brine shrimp toxicity were related to their protein phosphatase 1 inhibition
caused by the microcystins in Microcystis. However some other toxic effects from other

components in Microcystis may be exist, especialy in the death of brine shrimp larvae.

3.5. HPLC analysis of microcystinsin various strains

From HPLC analysis, a calibration line, y = 830.9x + 4608.3 (R?*=0.9939, where y: peak
area, X: MCY ST-LR in ng) of MCY ST-LR within the range of 0.9 ug and 1 ng was obtained from
HPLC analysis, and the HPLC chromatograms of microcystins of various Microcystis strains
were presented in Fig. 4. There was no identifiable microcystins could be found in the same
profile of nontoxic M.TN-1 and M.KS-1, therefore their chromatograms were excluded here.
Nevertheless, those strains showed toxicity to mice and brine shrimp larvae were found to contain
various microcystins (Fig. 4). It was found that strain M.TY-1 contained MCY ST-LR mainly,
which was more than 85% of its microcystin composition. Quantitative anaysis from the
calibration curve of MCY ST-LR (Fig. 4) reveaed the content of MCY ST-LR in M.TY-1 was 4.75
ppt.  Since there existed other minor microcystins, such as [Dha']MCYST-LR and
[D-Asp’]MCY ST-LR (unpublished data) that were not clearly distinguishable in this experiment,
the actual MCY ST-LR equivalent of M.TY-1 considering the conversion from the toxicity of the
extract should thus be a little more than 4.75 ppt. Quantitative analysis of MCY ST-LR in other
Microcystis strains also showed agreement with their MCY ST-LR equivalent obtained from
either mouse toxicity assay or Artemia toxicity assay, except the result from extracts without SPE

treatment in Artemia assay. Since the specific toxicities of different microcystins are not
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available at this time, it is not possible to calculate the total toxicity in different strains from

HPLC analysis.

4. Discussion

There were two major objectives of this research, one is to determine whether the toxicities

of Microcystis against mice or brine shrimp larvae are due to the protein phosphatase inhibition

activity of microcystins, and another one is to evaluate the sensitivity and accuracy of these two

toxicity assays and protein phosphatase inhibition assay. It has been reported that the LCs of

MCY ST-LR on Artemia salina is 5+0.2 ug/ml (48 hr treatment) (Vezie et a., 1996). We aso

reported an LCsp of 22.3 ug/ml of MCYST-LR (Leg, et al., 1999). In this experiment we

obtained a value of 5.68 ug/ml for the LCso of MCYST-LR in a 24 hr treatment. It was found

the brine shrimp eggs used for hatching in both experiments were of the same batch and the

hatching rate of this durable egg package had decreased from 90% in 1998 to 30% in 2002. It

was speculated the older eggs have a poor viability, so do the larvae from aged eggs. Hence a

less LCsp of MCY ST-LR or in other word, more sensitive while using larvae from aged eggs in

the Artemia toxicity assay. The age of the eggs should be controlled while comparing the LCs

of microcystins or extract of Microcystis on brine shrimp larvae.

To prevent the alteration of aged brine shrimp on LCsy and to make the LCsg comparable

and more useful, we designed the conversion of LCsy of unknown samples to the toxin content of

MCY ST-LR equivaent based on the LCsy of MCY ST-LR analyzed at the same time. It was a

rather simple way to present the toxicity of Microcystis extracts. We also found a sample
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preparation procedure of SPE for HPLC analysis was very useful for the removal of interfering

substances in the methanolic extract of Microcystis. With the same conversion of LDsg to the

toxin content of MCY ST-LR equivalent in mouse toxicity assay, it was found that the toxin

content obtained from mouse assay had a better correlation with the toxin content obtained from

Artemia assay with SPE sample preparation than the toxin content obtained from Artemia assay

without SPE sample preparation (Fig. 3a, b).

Similar conversion was aso applied for 1Csy of different Microcystis extracts in PP1

inhibition assay, and a very good correlation between the toxin contents obtained from mouse

toxicity assay and PPL1 inhibition was observed. This result indicated that the mouse toxicity

caused by microcystins was directly related to their inhibitions on the protein phosphatase 1

without any other toxic effects from microcystins or other unknown components. It has been

reported that the death of mouse is due to the massive hepatic haemorrhage as a result of the liver

cytoskeleton disruption caused by the protein phosphorylation imbalance from inhibition of

serine/threonine protein phosphatase 1 and 2A by accumulated microcystin in liver (Falconer et

al., 1981, Eriksson et al., 1990; Honkanen et al., 1990). However, in the Artemia toxicity assay,

the death of brine shrimp larvae may be also from protein phosphatase 1 inhibition of

microcystins (a slight correlation between the Artemia and mouse toxicity assay of the sample

extracts having SPE treatments), but definitely it is not a case of massive hepatic haemorrhage as

in mouse toxicity. Although the pathological effect of microcystins on brine shrimps could not

be identified in this research, components other than microcystins in the Microcystis extracts

17



were observed to exert toxic effect on brine shrimps. It has been reported that long-chain
unsaturated fatty acids are Na'/K*-ATPase inhibitors in brine shrimps (Morohashi et al., 1991).
Bury et a. (1998) also reported that long chain fatty acids in Microcystis aeruginosa were the
cause of fish death due to their potent inhibitory effects on fish gill Na'/K*-ATPase. We
speculate similar components that may kill brine shrimp larvae or intensify the toxicity of
microcystins are in our Microcystis strains when brine shrimps were immersed in the solutions of
Microcystis extract, and these components can be removed by SPE sample treatment, especialy
in the strains of M.TN-4 and M.TN-3 (Table 3). Hence, there would be a better correlation
between the Artemia and mouse toxicity, if the Microcystis extracts went through the SPE
procedure before adding to the assay media.

Our practice of PP1 inhibition assay has proven itself a fast and reliable method for
quantitative analysis of microcystin when comparing the results from PP1 inhibition assay with
the results from other methods (Table 3). Toxin contents obtained as MCY ST-LR equivalent
were quite different from the data obtained by our previous ELISA analysis (Yu et al., 2002). It
was realized that strains of Microcystis might not maintain their toxin content in different batches
of culture. We found in this experiment that most of the strains produce more toxins than before,
especialy the strain of M.TY-1, but not M.TN-2. Causes of the change of toxin contents were
not studied, but the PPl inhibition assay was found very practicable in monitoring the
microcystin fluctuations in Microcystis cultures or even in the field samples. We have

determined in this experiment the detection limit of this PP1 assay system to be 5 pg MCY ST-LR
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per well. So, an alternate methodology has been designed and tested. Instead of testing the

sample in series concentrations to obtain the ICsy for toxin content conversion, we applied the

quantity of extract equivalent to 200 ng dry cells per well inthisPP1 assay. From its percentage

activity of control MCY ST-LR equivalent of the sample was converted based on the regression

curve showing the correlation of percentage activity of control and the dose of pure MCY ST-LR

standard (Fig 2). It was found that such a conversion might give accurate data when the sample

concentration was adjusted to have a percentage activity of control falling within the range of

40% to 80%.

Although the detection limit of the PP1 assay applied in the study can reach 5 pg/well for

pure MCY ST-LR, same power is only equivalent to 25 ppm when 200 ng dry cell/well was

applied. The sensitivity is beyond the action limit of 1.0 ug MCLR/g AFA regulated by the

State of Oregon Department of Agriculture (MCLR: microcystin-LR, AFA: Aphanizomenon

flos-aquae a cyanobacteria food supplement) (Schaeffer et al., 1999). Increasing cell amount or

the related algal food supplement has been tried in PP1 assay in order to reach the needed 1 ppm

toxin level for positive detection. However, components other than MCY ST in samples might

interfere with the detection or nonspecifically deactivate PP1 activity that gave false positive

results. It was observed when extract of 60 ug or higher dry cell equivalent was applied in one

well in PP1 assay, it showed 100% inhibition of PP1 activity, even without any microcystin.  To

solve the problem, a pretreatment with the mentioned SPE procedure has been proven to be very

effective in removing the interfering components (determined by MALDI-TOF and HPLC
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analysis, unpublished data), an amount up to 250 ug dry cell equivalent per well was proven to be
free from the non-MCY ST inhibition. The detection sensitivity then can reach to 20 ppb, equal
or higher than the sensitivity of ELISA (Yu et a., 2002).

Another phenomenon is aso observed while comparing the non-toxic samples with the
control, the absorbance of 405 nm from the product of PP1 reaction was slightly enhanced in the
tests of nontoxic Microcystis extract or algal food supplement. Similar observation was also
reported by Honkanen et a. (1996), in which PP-2A was applied on the detection of okadaic acid
contained in mussels. The increase of absorbance was speculated to be from some unknown
phosphatase activators indigenous to samples or trace components that gave absorption at 405 nm.
Basically the inherited phosphatases should have been excluded from the list of causing agents,
since the samples were extracted with methanol and then cleaned by solid phase extraction.
These types of activation may influence the sensitivity and accuracy of PP1 inhibition assay, and
need to be eliminated by some clean-up procedures.
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3 D-MeAsp or D-Asp

7 Mdha or Dha

microcystin X Z R. R
MCYST-LR Leu Arg CHs CHs
MCYST-RR Arg Arg CHs CHs
MCYST-FR Phe Arg CHs CHs
MCY ST-WR Trp Arg CHs CHs
MCY ST-RA Arg Ala CHs CHs
[Dha']MCYST-LR Leu Arg CHs H
[Dha']MCY ST-RR Arg Arg CHs H
[D-Asp’]MCY ST-RR Arg Arg H CHs
[D-Asp’]MCY ST-FR Phe Arg H CHs
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[D-Asp’]MCY ST-WR Trp Arg

CHs

Fig. 1. Structures of microcystins studied in thisresearch.
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Y =0.7862 X + 3.0306, R* = 0.1789 Y =1.0151 X + 0.3516, R* = 0.9399

(©)

MCY ST-LR eg. from Artemia assay
Without SPE treatment

(@)

MCY ST-LR eq. from | Cs, of PP1 assay

MCY ST-LR eg. from mouse assay MCY ST-LR eqg. from mouse assay

Y =1.1210 X —0.2315, R? = 0.9908 Y =0.6620 X + 1.1518, R* = 0.7507

MCY ST-LR eq. from Artemia assay

with SPE treatment .

MCY ST-LR eqg. from % activity of
PP1 assay

ff{{#, | o o

MCY ST-LR eg. from mouse assay MCY ST-LR eqg. from mouse assay

Fig. 3. Correlations between mouse toxicity assay and other assays using the toxin content
of MCYST-LR equivalent converted from the L Dsp in mouse assay, L Cs in Artemia
assay and | Csp and percentage activity of control in protein phosphatase 1 inhibition
assay: (@) Artemia toxicity assay without solid phase extraction procedure, (b)
Artemia toxicity assay without solid phase extraction procedure, (c) proten
phosphatase 1 inhibition assay using conversions from 1Cs, (d) protein phosphatase
1 inhibition assay using conversions from direct measurement of percentage activity
of control.
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Fig. 4. HPLC analysis of microcystins in toxic Microcystis aeruginosa strains, M.TY-1,
M.TY-2, M.CY-1, M.TN-2, M.TN-3, and M.TN-4, revealing MCYST-LR (LR),
MCYST-FR (FR), MCYST-RR (RR), MCYST-WR (WR), MCYST-RA (RA),
[D-Asp’]MCYST-LR ([Asp]LR), [D-Asp’]MCYST-FR ([Asp]FR),
[D-Asp’ IMCYST-WR ([Asp]WR), and [Dha’]MCYST-LR ([Dha]LR) in these
strains. Column, Luna phenyl-hexyl 5 u, 4.6 x 250 mm; Mobile phase, 0.01M
ammonium acetate/acetonitrile=3/1 (v/v), flow rate 1 ml/min; Detector, UV 238 nm.
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Table 1. Mouse toxicity assays of (a) MCY ST-LR, and (b) Microcystis strains.

(8) MCYST-LR
Dose (ug/kg) 200 100 50 375 25 125 LDs(ug/kg) — 95% confidenceinterval (ug/kg)
Mortality* 6/6 6/6 6/6 0/6 0/6 0/6 46.9 42.4-51.9

(b) Microcystis strains

Dose (mg dry cells/kg) LDsy  95% confidenceinterval

Mortality* 625 125 25 50 100 200 400  (mgkg) (mg/kg)
M.TY-1 0/3 2/3 3/3 - - - - 9.8 8.6-11.2

_% M.TY-2 - - - 0/3 3/3 - - 70.4 65.0 - 76.2

= MCY-1 - - - /3 2/3 3/3 - 96.5 84.0-110.8

2 M.TN-1 - - - - 0/1 01 0/3 >400 -

2 M.TN-2 . i i 0/3 1/3 33 . 102.2 88.7 - 117.9

S M.TN-3 - 0/3 13 3/3 - - - 51.1 44.4-59.0

S M.TN-4 /3 3/3 35.1 325-38.1
MKS1 01 o1 0/3 >400 -

* Survival rate is represented by the ratio: number of the death/number of the mouse i.p. injected.



Table 2. Artemia toxicity assays of (a) MCY ST-LR, (b) Microcystis extracts, (c) Solid phase extraction treated Microcystis extracts.

(@) MCYST-LR
Dose (ug/ml) 20 10 5 2 1 LCso(ng/ml)  95% confidenceinterval (ug/ml)
Mortality* 150/150  56/122 5/99 4/98 4/88 5.68 5.17 - 6.23
(b) Microcystis extracts
Dose (mg dry cells/ml) LCso(mg/ml)  95% confidenceinterval
Mortality* 50 25 125 625 3125 15625 07812 8906 (mg/ml)
M.TY-1 A47/47 4545 43/43 27/47 36/50 18/40 20/42 15/35 1 0.79-1.26
o MTY-2 42/42 40/41 36/45 25/46 15/33 16/43 10/40 11/44 2.37 1.80-3.11
®T  M.CY-1 39/39 40/42 40/48 33/44 21/50 9/45 1/39  0/40 4.56 3.92-530
_3 M.TN-1 0/42 0/38 043 044 141 040 044 042 >>50 -
%’ M.TN-2 30/39 43/43 36/44 23/46 15/50 8/42 2/39  2/41 3.24 2.78-3.78
5 M.TN-3 44/44 38/38 41/45 34/43 26/36 25/40 19/42 6/41 1.3 1.05-1.61
= M.TN-4 39/39 41/41 45/45 36/38 36/45 23/41 26/40 29/50 0.6 0.47 - 0.78
M.KS1 12/39 9/42 3140 0/45 0/39 0/37 044 0141 55.1 442 -72.1
(c) Solid phase extraction treated Microcystis extracts
Dose (mg dry cells/ml) LCso(mg/ml)  95% confidenceinterval
Mortality* 40 20 10 5 25 125 0625 03125 (mg/mi)
% M.TY-1 41/41 32/32 4141 35/37 29/41 18/46 10/36  4/40 1.12 0.97-131
5 MTY-=2 30/39 33/33 26/41 8/39 3/41 3/38 139 0/41 4.86 3.83-4.97
2 M CY-1 36/36 27/50 4/36 2/40 2/41  0/31 0/32 0/32 10.92 9.81-12.2
&  M.IN-2 49/49 33/36 20/51 8/46 440 0/36 0/35 0/39 7.78 7.13-8.47
S  M.TN-3 4444 34/35 17/37 7/39 3/46 140 0/32 0/33 6.3 5.65 - 7.02
S M.TIN-4 42/42 39/39 30/30 38/48 20/46 2/42 1/30  0/40 2.28 2.07 - 2.50

* Survival rate is represented by the ratio: number of the death/number of the brine shrimp in one well.



Table 3. Toxin contents, in MCY ST-L R equivalent, of various Microcystis strains converted from L Ds, L Cso, and | Csp in mouse toxicity
assay, Artemia toxicity assay, and protein phosphatase 1 (PP1) inhibition assay respectively.

Toxin content (mg MCY ST-LR equivalent/g dry cells of Microcystis, or ppt)*

Microcystis . : . o
Srains M ouse toxicity assay Artemiatoxicity assay (from L Csp) PP1 inhibition assay
(from L Dsp) Crude extract SPE treated from I1Cs converted from % activity

M.TY-1 4.79 (1) 5.70 (2) 5.09 (1) 5.20 (1) 4.11 (1)
M.TN-4 1.34(2) 9.50 (1) 2.50 (2) 1.00 (2) 3.00(2)
M.TN-3 0.92(3) 4.38 (3) 0.90 (4) 0.66 (3) 1.73 (4)
M.TY-2 0.67 (4) 241 (4) 1.17 (3) 0.65 (4) 2.07 (3)
M.CY-1 0.49 (5) 1.25 (6) 0.52 (6) 0.54 (5) 1.13(5)
M.TN-2 0.46 (6) 1.76 (5) 0.73(5) 0.28 (6) 0.61 (6)

* Numbers in the parentheses showing the ranking in the row.
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