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Microcystins (cyclic heptapeptide hepatotoxins), isolated from 13 freshwater Oscillatoria agardhii strains from
eight different Finnish lakes by high-performance liquid chromatography, were characterized by amino acid
analysis, fast atom bombardment mass spectrometry (FABMS), and tandem FABMS (FABMS/collisionary-
induced dissociation/MS). All strains produced two to five different microcystins. In total, eight different
compounds, of which five were known microcystins, were isolated. The known compounds identified were

[D-Asp3]MCYST (microcystin)-LR, [Dha71MCYST-LR, [D-Asp3]MCYST-RR, [Dha7]MCYST-RR, and
[D-Asp3,Dha71MCYST-RR. This is the first time that isolation of these toxins from Oscillatoria spp., with the
exception of [D-Asp3jMCYST-RR, has been reported. Three of the strains produced a new microcystin, and the
structure was assigned as [D-Asp3,Mser7JMCYST-RR. The structures of two new microcystins, produced as

minor components by one Oscilatoria strain, could not be determined because of the small amounts isolated
from the cells. Four strains produced [Dha71MCYST-RR as the main toxin, but [D-Asp3jMCYST-RR was

clearly the most abundant and most frequently occurring toxin among these isolates of 0. agardhii.

Mass occurrences of cyanobacteria, so-called water
blooms, commonly occur in eutrophic fresh and brackish
waters. Many of these water blooms are toxic, causing
poisonings of animals and a health risk to human beings (1,
2, 6, 7, 9, 33, 34, 42, 44).
Two main types of cyanobacterial toxins, peptide hepato-

toxins and alkaloid neurotoxins, have been found (6, 7, 9).
Hepatotoxic blooms are found worldwide (6, 7, 9). Cyclic
heptapeptide hepatotoxins, named microcystins, have been
previously isolated and characterized from freshwater coc-
coid Microcystis (3, 4, 6, 18, 25, 28, 41, 46) and filamentous
Anabaena (15, 18, 26, 27, 39, 43), Nostoc (24, 37, 40) and
Oscillatoria (18, 23) cyanobacteria. Nodularia spumigena
exists only in brackish waters, and it has been previously
found to produce a hepatotoxin, nodularin, which is a cyclic
pentapeptide closely related to the microcystins (35, 38).
The general structure of the microcystins is cyclo(-D-Ala-

X-D-MeAsp-Z-Adda-D-Glu-Mdha-), where X and Z are vari-
able L amino acids, D-MeAsp is D-erythro-p-methylaspartic
acid, Mdha is N-methyldehydroalanine, and Adda is (2S,3S,
8S,9S)-3-amino-9-methoxy-2,6,8-trimethyl-10-phenyldeca-
4,6-dienoic acid (3, 8, 35). The two acidic amino acids,
D-MeAsp and D-Glu, are connected by an isolinkage.
About 40 variants of microcystins have been reported to

date (25-28, 37-41, 43). The L amino acid X has been most
commonly found to be leucine (L), arginine (R), or tyrosine
(Y) (8), but alanine (A) (25), homotyrosine (Hty) (15, 26),
phenylalanine (F) (25), homophenylalanine (Hph) (26), me-
thionine S-oxide [M(O)] (25), and tryptophan (W) (25) vari-
ants of microcystins have also been detected. Correspond-
ingly, Z is arginine (R) or alanine (A) (8), but it might be also
aminoisobutyric acid (Aba) (13), homoarginine (Har) (24, 37,
40), or methionine S-oxide [M(O)] (4). Common variations
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also include demethylation of D-MeAsp (i.e., D-Asp) and/or
Mdha (i.e., dehydroalanine [Dha]) (8, 15, 16, 18, 23, 25, 39,
41). L-Serine has been found in place of Mdha (26, 27), and
D-serine has been found in lieu of D-Ala (40). Mdha has been
replaced occasionally by N-methylserine (25, 40). a-Mo-
noester variants of D-Glu have been reported previously (25,
43). The unusual amino acid Adda seems to be important for
the toxicity of these compounds (10, 14). An acetoxyl group
instead of the methoxyl group at the C-9 position of Adda
(ADMAdda) (24, 37, 40) and a free hydroxyl group at the
same position (DMAdda) (25, 40) have been previously
reported to retain the hepatotoxicity, but variants which are
stereoisomers at the A&6 (double bond at C-6) of the Adda unit
are nontoxic (14).

Microcystins and nodularin have recently been reported to
be inhibitors of protein phosphatases 1 and 2A (21, 22, 48)
and potential tumor promoters (11, 29).
The first report of the hepatotoxicity of Oscillatoria agar-

dhii dates from 1981 in Norway &31). To date, two toxins
([D-Asp3]MCYST-RR and [D-Asp ,Dha7]MCYST-LR) have
been characterized from a Norwegian 0. agardhii strain (23)
and from two 0. agardhii bloom samples (6, 18).
We have studied the variation of microcystin structures

among different species and strains of cyanobacteria (37, 39,
40). In the present study, we isolated and characterized eight
different microcystins from 13 Finnish 0. agardhii strains
and determined the structure of one new toxin.

MATERIALS AND METHODS

Organisms. The 13 0. agardhii strains used in this study
were isolated from water blooms collected from eight differ-
ent lakes in Finland. Some of the strains came from the same
lake but were collected at different times (Table 1). The
strains originated from bloom samples which were either
hepatotoxic, neurotoxic, or nontoxic as determined by the
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TABLE 1. 0. agardhii strains used in this study

Isolation Toxicity Amt (g)
0. agardhii date Lake from which of of cells

strain (pigment) (mo/day/ strain was isolated bloom' for
yr or yr) extraction

18 (red) 8/22/85 LAngsjon +, H 1.0
49 10/23/85 Valkjarvi - 12.0
97 7/29/86 Maarianallas +, H 1.0
195 7/7/87 Haukkajarvi +, N 21.0
209 8/4/87 Haukkajarvi +, N 0.3
212 8/11/87 Koylionjarvi +, H 0.7
213 8/11/87 Haukkajarvi +, N 1.0
214 8/11/87 Ostra Kyrksundet +, N 19.0
223 8/26/87 Kotojarvi +, H 1.0
226 9/8/87 Haukkajarvi +, H 0.3
CYA 126 1984 [Angsjon 1.0
CYA 127 1984 Vesijairvi 1.0
CYA 128 (red) 1984 Vesijarvi 1.0

a +, toxic; -, nontoxic; H, hepatotoxic; N, neurotoxic.

intraperitoneal mouse bioassay (42). Three strains (CYA
126, CYA 127, and CYA 128) were gifts from Olav M.
Skulberg (Norwegian Institute for Water Research, Oslo,
Norway) (30). All strains were isolated and cultured in Z8
medium at -22°C with continuous illumination of about 50
microeinsteins m-2 s-1 as detailed earlier (42). Cells were

harvested after 12 to 14 days of incubation and lyophilized
prior to toxicity testing and toxin isolation.

Isolation of toxins. Toxins were extracted twice (after 3 h
and overnight) from lyophilized Oscillatoria cells (amounts
of cells used are shown in Table 1) with n-butanol-methanol-
water (1:4:15) (vol/vol) (strains 49, 195, and 214) or water
(the rest of the strains). Supernatants were combined, or-

ganic solvents were evaporated under air flow (strains 49,
195, and 214), and toxins were applied to a preconditioned
C18 silica gel column or cartridges (Bond Elut; Analytichem,
Harbor City, Calif.) depending on the original amount of
cells used in extraction. The toxins were eluted from the
column (or cartridges) with 80 to 100% methanol and then
evaporated to dryness. The toxic fractions were then sepa-
rated by high-performance liquid chromatography (HPLC)
with either a Varian Vista model 5560 solvent delivery
system with a Varian model 220 UV detector or a Waters
Delta Prep 3000 solvent delivery system with a Waters
model 484 UV detector plus a semipreparative C18 silica gel
column (19 by 150 mm, ,uBondapak; Waters Associates,
Milford, Mass.). The mobile phase, acetonitrile-10 mM
ammonium acetate (15:85 for strain 49, 18:82 for strains 195
and 214, and 26:74 for the rest of the strains), was used at a

flow rate of 4 ml/min, and the toxins were detected by UV at
238 nm (absorption maximum of the microcystins). The toxic
fractions of strains 49, 195, and 214 were further purified
with the same HPLC system but first by using a linear
gradient of 15 to 35% acetonitrile (25 or 35 min) at a flow rate
of 3 ml/min and then under isocratic conditions with 25 or

35% acetonitrile with 17 mM phosphoric acid (pH 3 to 3.5) at
a flow rate of 4 ml/min. The final purification step for the
fractions obtained from all of the strains was accomplished
by HPLC or thin-layer chromatography (TLC). A Beckman
model 114M solvent delivery module equipped with a Beck-
man model 153 UV detector (254 nm) was used. Isocratic
reversed-phase conditions were used with a Nucleosil 7 C18
column (10 by 250 mm; Cobert Associates, St. Louis, Mo.)
with methanol-0.7% sodium sulfate (60:40) or acetonitrile-
0.1% ammonium acetate (27:73) as the mobile phase at 2

ml/min. Few fractions were purified by semipreparative TLC
with precoated silica gel plates (Kieselgel 60 F254, 0.25 mm
thick; EM Science, Gibbstown, N.J.) and running conditions
as detailed below. The purity of the toxins was monitored,
and toxins were identified in the isolated fractions by their
UV spectra detected with a Hewlett-Packard 1090 M HPLC
system and a Hewlett-Packard photodiode array detector.
An internal-surface reverse-phase column (4.6 by 150 mm,
Regis Pinkerton; Regis Chemical Co., Morton Grove, Ill.)
and a mobile phase of CH3CN-100 mM phosphate buffer
(pH 6.8, 15:85) with a flow rate of 1 ml/min were used. The
purified toxins were desalted and stored at -20°C prior to
amino acid analysis and fast atom bombardment (FAB) mass
spectrometry (MS).
HPLC analysis of toxins. Dried cells (50 mg) were ex-

tracted with 5% acetic acid (50 ml) by being sonicated for 30
min in a bath sonicator. The cells were filtered with a glass
fiber filter (GF/C; Whatman International, Ltd., Maidstone,
England) and washed with another 50 ml of extraction
solution. Toxins were adsorbed to a preconditioned C18
cartridge (3 ml; Analytichem), and the cartridge was washed
first with water (6 ml) and then with 20% methanol (6 ml).
Toxins were eluted with methanol (6 ml), evaporated to
dryness, dissolved in 10% methanol (500 ,l), and filtered
with an HPLC syringe filter (Acrodisc LC13 PVDF; pore
size, 0.22 ,um; Gelman Sciences, Inc., Ann Arbor, Mich.)
prior to HPLC analysis. HPLC was run on a Hewlett-
Packard 1090 M model solvent delivery system equipped
with a Hewlett-Packard UVIVis diode array detector (200 to
600 nm). The column used was a reversed-phase silica gel
column (,uBondapak C18, 3.9 by 150 mm; Waters Associ-
ates), and conditions were as follows: mobile phase, aceto-
nitrile-10 mM ammonium acetate (26:74); flow rate, 1.0
ml/min; and detection at 238 nm with a 4-nm bandwidth. The
amounts of toxins were determined by using purified
[D-Asp3]MCYST-RR as a standard and extrapolating peak
areas to a standard curve. The quantitation of each sample
was made in duplicate.
TLC. TLC was performed on precoated silica gel plates

(Kieselgel 60 F254; thickness, 0.25 mm). Adsorbed spots
were detected by UV light at 254 nm and by spraying
phosphomolybdic acid (10% in ethanol) and by heating. The
following solvent mixtures were used: chloroform-methanol-
water, 26:15:3; ethyl acetate-2-propanol-water, 8:4:3; ethyl
acetate-2-propanol-water, 4:3:2; and 1-butanol-acetic acid-
water, 4:1:1.
MS. Mass spectra were run on either a ZAB-SE or a

70-SE4F MS operating in the FAB mode with xenon atoms
(8 keV) and a matrix of dithiothreitol-dithioerythritol ("mag-
ic bullet") (47). Tandem mass spectra (B/E scan) in the FAB
mode were obtained on a four-sector tandem MS (70-SE4F)
with helium as a collision gas, and conditions were as
follows: resolution of the first and second MS, both 1,000;
accelerating potential, 8 keV; collision energy, 4 keV; atten-
uation, 90%. High-resolution FABMS operated at 10,000
resolution (10% valley). Approximately 5 to 10 ,ug of each
sample was applied as a methanol solution.
Acid hydrolysis of toxins and derivatization of the hydroly-

sate. Each toxin (50 to 60 p,g) was hydrolyzed with 6 N
hydrochloric acid (100 pl; Pierce, Rockford, Ill.) at 110°C for
21 h or at 140°C for 40 min. The dried hydrolysate was

dissolved in 200 pl of methanol containing 15% hydrogen
chloride, and the solution was heated at 110°C for 20 min.
The mixture was evaporated to dryness by a gentle stream of
nitrogen (N2), trifluoroacetic anhydride (100 pl) and methyl-
ene chloride (100 ,ul) were added, and the mixture was
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TABLE 2. Microcystins isolated from 0. agardhii strains and their relative abundance

Result by % of total toxins in strain:
Toxin FABMS

(M + H) 18 49 97 195 209 212 213 214 223 226 CYA CYA CYA Assignment
[m/zl 126 127 128

A 981 1 11 2 8 4 4 19 [D-Asp3]MCYST-LR
B 981 1 1 2 4 4 1 1 1 [Dha7]MCYST-LR
C 1,010 1 5 [D-Asp3,Dha7]MCYST-RR
D 1,024 78 99 88 96 88 87 97 95 81 10 1 [D-Asp3]MCYST-RR
E 1,024 99 19 99 90 98 [Dha7]MCYST-RR
F 1,042 1 1 1 [D-Asp3,Mser7]MCYST-RR
G 1,044 1 Unknown
H 1,058 1 Unknown

heated at 150°C for 10 min and evaporated by N2. The
residue was dissolved in methylene chloride (25 ,ul), and 1 pul
of each sample was injected for gas chromatography. Au-
thentic amino acids were derivatized in a similar manner.
Gas chromatography. Capillary gas chromatography was

carried out on a Varian 3700 gas chromatograph by using a
Chirasil Val III column (0.32 mm by 25 m; Alltech Associ-
ates, Deerfield, Ill.) (12) and helium as a carrier gas (flow
rate, 37 ml/min; split ratio, 20:1). The program rate for the
analysis of amino acid derivatives was 90°C (2 min) to 190°C
at 8°C/min. The other conditions were as follows: injector
temperature, 210°C; detector temperature, 220°C; makeup
gas, helium (20 ml/min).

Toxicity testing. Toxicity of the cells and fractions after the
first HPLC purification step was tested by mouse bioassay.
Aqueous cell suspensions and fractions from HPLC were
injected intraperitoneally into mice (20- to 25-g female NIH
mice at the University of Helsinki). Mice were observed for
4 h. The death of a mouse within 1 to 3 h and pooling of blood
in the liver were taken as signs of poisoning typical of
hepatotoxic microcystins.

molecular ion peak at m/z 981 and were identified by TLC
with authentic samples of [D-Asp3]MCYST-LR and
[Dha7]MCYST-LR, respectively, isolated from Anabaena
spp. (39). Toxin C (molecular weight, 1,009) was identical to
[D-Asp3,Dha7]MCYST-RR isolated from Anabaena spp.
(39). The same molecular ion peak at mlz 1,024 was detected
for toxins D and E, suggesting demethyl variants of MCYST-
RR. The structures of toxins D and E were assigned by
direct comparison by TLC with the authentic samples
[D-Asp3]MCYST-RR and [Dha7]MCYST-RR, respectively,
which were isolated from Anabaena spp. (39).
Compounds F, G, and H were not identical to known

microcystins. Only the structure for toxin F was assigned,
since the amounts of toxins G and H were sufficient only for
assigning their molecular formulas and amino acid compo-
nents, as listed in Table 3.

Structure of toxin F. Toxin F showed a molecular ion peak
at mlz 1,042 by FABMS. The molecular formula of toxin F,
C48H75N13013, was deduced from the high-resolution
FABMS data (Table 3). Although the molecular weight and

RESULTS

0. agardhii strains. All Oscillatoria strains isolated from
Finnish lakes were classified as 0. agardhii (Gomont 1982)
(45). Two of the strains were red variants of Oscillatona, and
the rest of the strains were green pigmented. Strain 49 had
slightly wider filaments than the rest of the strains.

All of these 0. agardhii strains were hepatotoxic by
mouse bioassay. Typical signs of poisoning and autopsy
findings were recorded; death occurring within 1 to 3 h and
dark, blood-engorged livers weighing about 10% of the body
weight were observed.
Two to five microcystins were isolated from each Oscilla-

toria strain (Table 2). Typically, one toxin was clearly the
main toxin produced (80 to 99% of the total toxins in each
strain). [D-Asp3]MCYST-RR was the most frequently occur-
ring toxin. In four strains, two of which were red pigmented,
the principal toxin was [Dha7]MCYST-RR. The amounts of
total toxins among the different strains varied from 1.0 to 3.7
mg of toxins per g of lyophilized cells. Eight different
compounds were isolated from these 0. agardhii strains.
Five of these compounds were known, but three of them
were found to be new microcystins (Table 2).

Structure assignment of known microcystins. The micro-
cystins (coded A to H) isolated from 13 different 0. agardhii
strains are listed in Table 2, and the structures of compounds
A to F are shown in Fig. 1. The microcystins were first
analyzed by FABMS. Toxins A and B showed the same

6
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D-Ala

D-MeAsp
¢)-Asp)

3

L-Leu
(L-Arg)

2

R1 R2 R3 X

A H CH3 CH2 L-Leu

B CH3 H CH2 L-Leu

C H

D H

E CH3
F H

H

CH3
H

CH3

CH2
CH2
CH2

H, CH20H

L-Arg

L-Arg
L-Arg

L-Arg
FIG. 1. Structures of microcystins (designated A to F) isolated

from 0. agardhii strains.
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TABLE 3. HRFABMS and amino acid analysis data for toxins F to H obtained from 0. agardhii strainsa

Result by
Toxin HRFABMS Ion formula A (mDa)b Amino acid components(M +H)

[m/z]

F 1042.5721 C48H76N13O13 -3.5 D-Ala, L-Arg, D-Asp, L-Arg, D-Glu
G 1044.5515 C47H74N13014 -3.7 D-Ala, L-Arg, D-Asp, L-Arg, D-Glu
H 1058.5650 C48H76NI3O14 -1.5 D-Ala, L-Arg, D-Asp, L-Arg, D-Glu
a HRFABMS, high-resolution FABMS.
b Difference (in millidaltons) for the calculated value for each composition.

formula of toxin F were identical to those of
[L-Ser7]MCYST-RR, which was isolated from Anabaena
strain 202 Al (27), TLC and HPLC showed different Rf
values and retention times. The amino acid analysis of toxin
F revealed D-Asp together with D-Ala, two L-Arg, and
D-Glu, which suggested that the structure of toxin F is
[D-Asp3,Mser7]MCYST-RR.
The molecular ion (M + H)+ of toxin F obtained by FAB

was subjected to FABMS/collisionary-induced dissocia-
tion/MS to give the product ions to be used for structure
assignments of microcystins (24, 25). The fragment ion peaks
at m/z 135 [base peak, PhCH2CH(OCH3)] and 906 (monoiso-
topic molecular weight [M] - 135) revealed the presence of
the Adda unit (25). The sequence of Adda-Glu-Mser-Ala was
determined from the fragment ion peaks at m/z 393
(C11H14O-Glu-Mser), 231 (Glu-Mser plus H), and 173 (Mser-
Ala plus H), and that of Asp-Arg was determined from the
peak at m/z 272 (Asp-Arg plus H). Thus, the structure of
toxin F was assigned as [D-Asp3,Mser7]MCYST-RR as
shown in Fig. 1.

DISCUSSION

Thirteen hepatotoxic 0. agardhii strains isolated from
eight different lakes in Finland produced two to five toxins
each. Our study is the first to show that 0. agardhii
frequently contains more than one microcystin. Previous
studies have found [D-Asp3]MCYST-RR in an 0. agardhii
strain (23) and in an 0. agardhii bloom sample (6, 18) plus
[D-Asp3,Dha7]MCYST-LR in an 0. agardhii bloom sample
from Norway (6, 18).
The main toxins found in this study were [D-Asp3]

MCYST-RR and [Dha7]MCYST-RR. The latter was the
dominant toxin in two red-pigmented Oscillatoria strains
(strains 18 and CYA 128) and in two green-pigmented strains
(strains 223 and CYA 127). The green-pigmented strain CYA
127 was isolated from the same lake (Lake Vesijarvi) as the
red-pigmented strain CYA 128. The red-pigmented strain 18
and the green-pigmented isolate CYA 126 both originated
from Lake Langsjon, but their main toxins were different.
Four separate isolates from Lake Haukkajarvi differed
slightly only in the amounts or presence or absence of some
minor toxins. All Oscillatoria strains produced only one
major toxin at a time, in contrast to the strains ofAnabaena
spp. (39) or Microcystis spp. (46), which usually produced
two to four main toxins simultaneously.
The toxins in Oscillatoria strains varied less structurally

than the toxins in Anabaena spp. (39) and Microcystis spp.
(unpublished results) obtained from the same geographical
area. For example, 17 different microcystins were identified
from seven strains ofAnabaena spp. (39), compared with 8
microcystins from Oscillatoria spp. (this study). Among
Anabaena and Microcystis isolates, MCYST-LR and

MCYST-RR were detected, but their demethylated variants
were also common (39; also unpublished results). The 0.
agardhii strains produced only demethyl variants. The same
demethyl microcystins, i.e., [D-Asp3]MCYST-LR and -RR,
[Dha7]MCYST-LR and -RR, and [D-Asp3,Dha7]MCYST-
RR, have now been characterized as common toxins from
different isolates of Anabaena spp. (39), Oscillatoria spp.
(this study), and Microcystis spp. (unpublished results) from
Finland. One Nostoc strain and two Anabaena strains (26,
40; also unpublished results) from the same area were shown
to produce individual varieties of microcystins.
The new microcystin, [D-Asp3,Mser7]MCYST-RR, was

identified from three different isolates as a minor compound.
Previously, variants of microcystins in which N-methyl-
serine substitutes for Mdha have been found in a bloom
containing several Microcystis spp. ([Mser7]MCYST-LR)
(25) and in Nostoc sp. strain 152 ([ADMAdda5,Mser7]
MCYST-LR) (40), and L-serine variants in two Anabaena
spp., strain 202 ([L-Ser7]MCYST-LR and [L-Ser7]MCYST-
RR) (27) and strain 66 ([L-Ser7]MCYST-HtyR) (26) have
been found. In this study, a microcystin containing methyl-
serine was found only when large amounts of cells were
extracted. According to Pearce and Rinehart (32), serine is
the biosynthetic precursor of dehydroalanine, which indi-
cates that the new minor compound identified in this study
might be an intermediate product of the main toxin,
[D-Asp3]MCYST-RR, produced by all three strains. How-
ever, very little is known of the biogenesis of these com-
pounds at present.
Mass occurrences of toxic Oscillatoria spp. are known at

least in Scandinavian countries (2, 31, 42; also this study),
Italy (5), and The Netherlands (19). 0. agardhii strains do
not usually form scums on the water surface, since they
prefer lower light intensities for growth, but they might
occur in masses deeper in the water column (20). Protein
phosphatase inhibition and tumor promotion make these
toxins hazardous to human populations that depend on the
water for drinking. Since mass occurrences of Oscillatoia
spp. may be found close to the water intake line level, they
seem to be among the most troublesome species in this
respect. Conventional water treatment procedures (slow
sand filtration and chlorination) do not remove the toxins,
whereas activated carbon and ozonization have been previ-
ously found to be effective (17). The toxin production of
some of the strains has been studied earlier (36). The main
toxin seemed to remain the same, regardless of the different
environmental conditions used in this study, but the toxin
concentrations in the cells varied at different temperatures,
light intensities, and nitrate nitrogen concentrations. We
have also isolated 15 0. agardhii strains which were not
toxic by mouse bioassay (42), and genetic differences be-
tween these toxic and nontoxic isolates remain to be studied.
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In summary, eight different microcystins were isolated
from 13 0. agardhii strains isolated from Finnish lakes.
[D-Asp3]MCYST-RR was the main toxin found in most of
the isolates, but some isolates contained [Dha7]MCYST-RR
as the main toxin. Five toxins were previously known
microcystins, and this was the first time these toxins, except
for [D-Asp3]MCYST-RR, were isolated from Oscillatoria
spp. Three microcystins were new, and one of these was
isolated in amounts adequate to allow structure assignment.
The new microcystin was an Mser variant of MCYST-RR
and possibly a biosynthetic precursor of the principal toxin
found. Determining the biogenesis of these compounds will
require future research.
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