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Structure-Function Relationships of Microcystins, Liver Tumor Promoters,

in Interaction with Protein Phosphatase
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Microcystins, isolated from toxic blue-green algae, are potent inhibitors of protein phosphatases 1 and
2A. Recently, we have reported that microcystin LR has a potent tumor-promoting activity on rat liver
initiated with diethylnitrosamine. The structure of microcystins is unique in having an unusual amino
acid, 3-amino-9-methoxy-10-phenyl-2,6,8-trimethyl-deca-4(E),6(E)-diencic acid (Adda), which is
thought to be significant for the activity. Geometrical isomers at C-7 in the Adda portion of micro-
cystins, 6(Z)-Adda microcystins LR and RR, have been isolated from cyanobacteria. To estimate their
tumor-promofing activities and to understand the importance of the Adda portion for activity, the
maternal microcystins LR and RR and their isomers were subjected to examination of their
interaction with protein phosphatases 1 and 2A and the release of glutamic pyruvic transaminase from
rat liver. 6(Z)-Adda microcystins LR and RR bound to protein phosphatases 1 and 2A, inhibited their
activities and released glutamic pyruvic transaminase from rat liver into serum, ten to one hundred
times more weakly than the maternal microcystine LR and RR. These results indicated that the
conjugated diene with 4(E),6(E) geometry in the Adda portion is important in the interaction with

protein phosphatases.
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Microcystins, isolated from blue-green algae, such as
Microcystis, Oscillatoria and Anabena, induce severe in-
trahepatic hemorrhages and liver necrosis at low concen-
trations in rats and mice.” Microcystins are structurally
monocyclic heptapeptides, which consist of two variable
L-amino acids, that is, leucine and arginine for LR and
arginine and arginine for RR, three p-amino acids and
the two unusual amino acids, N-methyldehydroalanine
and 3-amino-9-methoxy-10-phenyl-2,6,8-trimethyl-deca-
4( E),6(E)-dienoic acid (Adda)*® (Fig. 1). Recently, we
found that microcystin LR has a potent tumor-promoting
activity in rat liver initiated with diethylnitrosamine.”
Microcystins bind to protein phosphatases 1 and 2A, and
strongly inhibit their activities. The resultant increase of
phosphoproteins, which was referred to the apparent
“activation” of protein kinases, is assumed to be involved
in tumor-promoting activity in the liver.”™

Although the structures of fourteen microcystins have
been elucidated so far, all these microcystins commonly
contain the Adda molecule. Therefore, it is thought that
the Adda molecule is necessary for their activities and
liver tumor-promoting activities. Interestingly, geomet-
rical isomers of microcysting LR and RR have been
separated as minor components together with the mater-
nal microcystins LR and RR from field samples contain-
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ing Microcystis species by high-performance liquid chro-
matography.'” They are 4(E),6(Z) isomers of the diene
of the Adda portion in microcystins I.LR and RR, and
have been tentatively named 6(Z)-Adda microcystins
LR and RR (Fig. 1).'V

To test the interaction of geometrical isomers of
microcystins with protein phosphatases and to estimate
their tumor-promoting activity in the liver, two 6(Z)-
Adda microcysting LR and RR were subjected to our
assay systems, namely inhibition of the specific [*H]-
okadaic acid binding to a cytosolic fraction of mouse skin
containing protein phosphatases 1 and 2A, inhibition of
protein phosphatase 2A activity and release of glutamic
pyruvic transaminase (GPT) from the rat liver into
serum. The potencies of 6(Z)-Adda microcystins were
ten to one hundred times weaker than those of the
maternal microcystins, due to the structural changes in
the Adda portion. Thus, the 4(E), 6(Z) configuration
of the Adda portion reduces interaction with protein
phosphatases. This might result in a low tumor-
promoting activity, compared with that of the maternal
microcystins.

- MATERIALS AND METHODS

Chemicals Microcystins LR and RR, and 6(Z)-Adda
microcystins LR and RR were isolated from a blue-

993



Jpn. J. Cancer Res. 82, September 1991

R
OCH;s
Microcystin LR 8 A
10 IB 6 a
Adda o
R™* NH
OCH, NH o7
6(2)-Adda PN
Microcystin LR - z H

green alga Microcystis viridis as described previously.'® '?

[27-°H]Okadaic acid (14 Ci/mmol) was synthesized as
reported previously.'”

Inhibition of specific [’H]okadaic acid binding Specific
[*H]okadaic acid binding to a cytosolic fraction of
mouse skin containing protein phosphatases 1 and 2A
was measured by a method described previously.'” For
the inhibition test, various concentrations of a micro-
cystin or a 6{ Z)-Adda microcystin were incubated with a
reaction mixture, as described previously.'?

Inhibition of protein phosphatase 2A activity Protein
phosphatase 2A was partially purified from a cytosolic
fraction of mouse brain, which was subjected to DEAE-
cellulose column chromatography. The fraction eluted
with 0.2 M NaCl was used as the enzyme fraction con-
taining protein phosphatase 2A.'" Protein phosphatase
activity was measured in terms of the amount of *P
released from the **P-phosphorylated histone HI, in-
cubated with 8.8 mU/ml of protein phosphatase 2A.
Inhibition of protein phosphatase activity was deter-
mined by incubation with various concentrations of a
microcystin, as described previously.'” One unit of pro-
tein phosphatase activity was defined as the release of 1
nmol phosphate/min from the substrate.

Measurement of serum transaminase level Two different
doses, 50 or 500 ug/kg, of microcystins LR or RR or the
corresponding 6( Z)-Adda isomers, dissolved in 500 x1 of
saline were intraperitoneally (i.p.) injected into male
F344 rats. In the control group, saline alone was i.p.
injected into the rats. Three, six, nine, and 24 h after
injection, blood serum was collected and serum trans-
aminase levels were measured using the Transaminase C
Test (Wako Chemical Company, Osaka).

RESULTS

Inhibition of specific ["HJokadaic acid binding We have
reported that microcystins and okadaic acid interact
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Fig. 1. Structures of microcystin LR and
6(Z)-Adda microcystin LR. 6(Z)-Adda
—o microcystin LR is a geometrical isomer of

HN microcystin LR at the 3-amino-9-methoxy-
Hﬁ)\)\ 10 -phenyl- 2,6,8- trimethyl-deca- 4,6 -dienoic
] acid (Adda) portion. The structure on the

0 CO.H right is the common structure of the two

compounds.

similarly with protein phosphatases 1 and 2A, although
they are structurally unrelated.®® Microcystins LR and
RR inhibited the specific [*’H]okadaic acid binding to a
cytosolic fraction of mouse skin containing protein
phosphatases 1 and 2A dose-dependently. The EDy
values (the effective dose for 509% inhibition) of micro-
cystins LR and RR were 8.0 and 7.0 nM, respectively.
6(Z)-Adda microcystins LR and RR showed about ten-
times-weaker binding activity to a cytosolic fraction than
did their maternal microcystins. The EDs, values were
68.0 and 130.0 nM for 6(Z)-Adda microcystins LR and
RR, respectively (Fig. 2).

Inhibition of protein phosphatase 2A Microcystins LR
and RR showed dose-dependent inhibition of the activity
of protein phosphatase 2A, which was partially purified
from a cytosolic fraction of mouse brain. The ED,
values (the effective dose for 50% inhibition) of micro-
cystins LR and RR were 0.28 and 0.78 nM, respectively.
6(Z)-Adda microcystins LR and RR inhibited protein
phosphatase 2A activity about 100 times more weakly
than the maternal microcystins. The EDs, values were
80.0 nM for both 6(Z)-Adda microcystins LR and RR
(Fig. 3).

Measurement of serum transaminase level Administra-
tion of 500 1g/kg microcystins LR and RR released GPT
from the liver into blood serum rapidly and showed high
GPT levels of 500 IU/liter and 562 IU/liter, respectively.
As a result, the rats died within 3 h after i.p. injection
(data not shown). The time-course of GPT level was
followed for 24 h after administration of 50 uzg/kg micro-
cystins LR and RR. The maximal GPT levels were in the
range of 16 IU/liter to 19 IU/liter between 3-6 h after
injection. The amounts of 500 ug/kg 6(Z)-Adda micro-
cystins LR and RR showed a similar release of GPT to
those of 50 p#g/kg of maternal microcystins LR and RR
(Fig. 4). Release of glutamic oxaloacetic transaminase
was also induced by microcystins, showing the same
pattern a3 GPT (data not shown).
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Fig. 2. Inhibition of specific [*H]ockadaic acid binding to a

cytosolic fraction of mouse skin. Microcystin LR (O}, micro-
cystin RR (»), 6(Z)-Adda microcystin LR (@) and 6(Z)-
Adda microcystin RR (4 ).
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Fig. 3. Inhibition of protein phosphatase 2A activity by
microcystin LR (O), microcystin RR({ A ), 6(Z)-Adda micro-
cystin LR ( ®) and 6(Z)-Adda microcystin RR (4 ).

DISCUSSION

We have demonstrated that microcysting LR, YR and
RR bind to and inhibit protein phosphatases 1 and 2A
with the same potencies as okadaic acid.®* In the present
experiments, 6(Z)-Adda microcystins LR and RR,
which are geometrical isomers at the Adda portion,
clearly showed weaker activities than maternal micro-
cystins inm receptor binding, inhibition of protein
phosphatase 2A activity and release of transaminase into
blood serum. From these results, 6(Z)-Adda micro-
cystins are thought to be weaker tumor promoters in rat
liver than their maternal microcystins. Nodularin is a
“hepatotoxic monocyclic pentapeptide, and contains the
4(E),6( E)-Adda portion.® " Nodularin inhibits protein
phosphatase 2A activity as potently as microcystins.”
Therefore, these results further support our idea that the

The Activities of Microcystin Isomers
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Fig. 4. Effects of microcysting LR, RR and 6(Z)-Adda micro-
cystins LR, RR on release of GPT into rat serum. A, control
(saline only) { X}, 50 ug/kg microcystin LR {O), 500 ug/kg
6(Z)-Adda microcystin LR (®). B, control (X), 50 ug/kg
microcystin RR (O), 500 pg/kg 6(Z)-Adda microcystin RR
(®).

configuration and conformation of the 4( E},6(E)-Adda
portion are important for inhibition of protein phos-
phatases activities, release of serum transaminase from
the liver and tumor-promoting activity of microcystins
and nodularin.

One potent inhibitor of protein phosphatases 1 and 2A,
okadaic acid, shows tumor-promoting activity on mouse
skin and rat glandular stomach.'” Microcystin LR is a
liver tumor promoter.” Inhibition of protein phospha-
tases 1 and 2A seems to be a general pathway of tumor
promotion in various organs.

Thus far, we have found 18 okadaic acid class com-
pounds which bind to protein phosphatases 1 and 2A and
inhibit their activities.'"'® The structures of okadaic acid
class compounds are very heterogeneous. We are inter-
ested in receptor modeling of these ligands. Such work
should provide clues to the relationship between protein
phosphatases and tumor promotion.
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