
ABBREVIATIONS: lns(1)P, myo-inositol 1-phosphate; K-76COONa, sodium 6,7-dihydroxy-2,5,5,8a-tetramethyl-1 ,2,3,4,4a,5,6,7,8,8a-decahydro-
naphthalene-1-spiro-2’-(7’-carboxylate-6’-formyl-4’-hydroxy-2’ ,3’-dihydrobenzofuran); lns(4)P, myo-inositol 4-phosphate; lns(1 ,4)P2, myo-inositol
1 ,4-bisphosphate; lns(1 ,4)P2ase, inositol 1 ,4-bisphosphate/inositol 1 ,3,4-trisphosphate 1-phosphatase; EGTA, ethylene glycol bis($-aminoethyl ether)-
N,N,N’,N ‘-tetraacetic acid; lnsP,, inositol monophosphate.
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SUMMARY
K-76COONa, a fungal product that was previously isolated for
its inhibition of complement activation, was found to inhibit myo-
inositol monophosphatase activity. K-76COONa was slightly
more potent than lithium, with a K, of approximately 0.5 mr�i.
Kinetic analyses with D-myo-inositol 1-phosphate as the sub-
strate showed that myo-inositol monophosphatase inhibition by
K-76COONa was noncompetitive relative to substrate but com-
petitive with activation by magnesium. Higher concentrations of

K-76COONa were necessary to inhibit myo-[3H]inositol 1 ,4-bis-
phosphate hydrolysis by inositol 1 ,4-bisphosphate/inositol 13,4-
trisphosphate 1 -phosphatase (1C50 = approximately 7.5 mM).
K-76COONa may be useful for further investigation of the mech-
anism of myo-inositol monophosphatase and for determination
of whether inhibition ofthis enzyme plays a role in the therapeutic
effectiveness of lithium in treatment of affective disorders.

The enzyme myo-inositol monophosphatase (EC 3.1.3.25)

dephosphorylates both enantiomers of Ins(1)P and Ins(4)P to

free myo-inositol (1) and appears to be a key enzyme in the

recycling of inositol polyphosphate second messengers to regen-

erate phosphatidylinositol and polyphosphoinositides. This en-

zyme may be especially important for the generation of inositol

in the brain, because transport of dietary inositol across the

blood-brain barrier is limited (2, 3).

Inositol monophosphatase has become the subject of great

interest since Naccarato et al. (4) demonstrated that it is

sensitive to inhibition by lithium, and it was suggested that

this enzyme may be the site of the therapeutic action of lithium

in the treatment of manic-depressive illness (5). Although

substantial evidence has accumulated to support the hypothesis

that this enzyme is the important target for lithium action (6-

9) (but see also Ref. 10), other actions of lithium, including

effects on neurotransmitter receptors (11, 12), guanine nucleo-

tide-binding regulatory proteins (13), and cation transport (14),

have also been proposed to mediate the effectiveness of lithium

in affective disorders.
More definitive determination of whether inositol mono-

phosphatase is the primary site of the therapeutic action of

lithium could come from studies with more specific inhibitors

of this enzyme. Recently, there was a preliminary report that a

fungal compound that is structurally similar to the complement

inhibitor K-76COONa (15) inhibits inositol monophosphatase

activity,’ although the mechanism of action was not reported.

The present paper shows that K-76COONa inhibits inositol

monophosphatase activity by a mechanism that is noncompet-

itive with substrate and competitive with magnesium activa-

tion. Furthermore, a second lithium-sensitive phosphatase,

Ins(1,4)P2ase, which dephosphorylates Ins(1,4)P2 and inositol

1,3,4-trisphosphate to Ins(4)P and inositol 3,4-bisphosphate,

respectively (16, 17), is shown to be inhibited by higher concen-

trations of K-76COONa.

Experimental Procedures

Materials. Frozen bovine brains (350-450 g) were purchased from

Pel-Freez (Rogers, AR). Polyvinyl alcohol (98% hydrolyzed; M, 11,000-

31,000) was from Aldrich Chemical Co. (Milwaukee, WI). K-76COONa

was obtained from Otsuka Pharmaceutical Co., Ltd. (Tokushima, Ja-

pan). The K-76COONa was analyzed for contaminating lithium con-

tent by atomic absorption (Galbraith Laboratories, Knoxville, TN),

and duplicate determinations showed that the compound contained

<0.08% lithium by weight. D-[2-’H]Ins(1,4)P2 was purchased from

Amersham Corp. (Arlington Heights, IL). AG 1-X8 resin was from Bio-

Bad Laboratories (Richmond, CA). Malachite green, D-Ins(1)P (95%

t M. Meinz, L. Huang, L. Kong, L. Guariglia, R.A. Giacobbe. T. Lam, S.
Mochales, ,J. Liesch, R.W. Burg, R.L. Monaghan, R. Ransom, and I. Ragan.

Discovery of L-920,142, an inhibitor of Inositol-1-Phosphatase from the novel

Memnoniella sp. Presented at the 90th Annual Meeting of the American Society
for Microbiology, Anaheim CA, May 13-17, 1990.
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pure), D-Ins(1,4)P2, and all other chemicals were from Sigma Chemical

Co. (St. Louis, MO).

Inositol monophosphatase preparation. Inositol monophospha-

tase was partially purified by an abbreviation of the procedure of Meek
et a!. (18). A frozen bovine brain was thawed, cut into pieces, homoge-

nized in a blender in 2 volumes of homogenization buffer containing

50 mM TrisHC1, pH 7.5, 150 mM KC1, and 0.1 mr�i EGTA, and

centrifuged at 15,000 x g for 30 mm. Ammonium sulfate (242 g/liter)

was added to the decanted supernatant, and the mixture was stirred
for 30 mm at � and then recentrifuged at 15,000 x g for 30 mm.

Additional ammonium sulfate (130 g/liter) was added to the superna-

tant, and the mixture was stirred and centrifuged as before. The
resulting pellet was dissolved in homogenization buffer (93 ml/kg of

brain weight), and EDTA and dithiothreitol were added to a final

concentration of 1 mM each. This mixture was heated in a preheated

75� water bath for 1 hr and centrifuged at 15,000 x g for 30 mm, and

fresh dithiothreitol was again added to 1 mM concentration. The

solution was dialyzed overnight against 2 liters of 50 mM Tris . HC1, pH

7.5, at 4�, dialyzed again for at least 6 hr, and stored in aliquots at -70�

until use.

Inositol monophosphatase assay. Enzyme assays were done in

96-well microtiter dishes. To each well, 20 pl of D-Ins(1)P, 30 �sl of
K-76COONa, and 50 �il of 3x buffer containing 150 mM Tris . HC1, pH

7.5, 0.75 M KC1, and 9 mM MgC12 (except in Mg2� dose-response

experiments) were added, to yield appropriate final concentrations in

a final volume of 150 �zl. Inositol monophosphatase was diluted 1/150

in H20 and equilibrated with the microtiter dishes at 37’ for 15 mm.

The reaction was begun by addition of 50 �fl of diluted enzyme to each
well, and dishes were incubated at 3T for 1 hr.

Inorganic phosphate produced by the inositol monophosphatase
reaction was measured by the procedure of Van Veldhoven and Man-
naerts (19), adapted for the microtiter dish format. The reaction was

terminated by addition of 30 Ml of 1.75% (w/v) ammonium heptamo-

lybdate.4 H20 in 6.3 N H2SO4. After 10 mm at room temperature, 30

Ml of 0.035% (w/v) malachite green, 0.35% (w/v) polyvinyl alcohol,
were added to each well, and the plate was allowed to sit at room
temperature for 30 mm before determination of the absorbance at 650

nm on a microplate reader. Phosphate concentrations were calculated

relative to a KH2PO4 standard curve. Control wells in which the enzyme

was added immediately after ammonium molybdate/H2SO4 were rou-
tinely assayed, and the phosphate in these wells was subtracted from

that of the corresponding reaction wells.
Ins(1,4)P2ase assay. Ins(1,4)P2ase was prepared from bovine

brain, as described above for inositol monophosphatase, except that

the 1-hr heat-denaturation treatment was omitted. Therefore, this
crude enzyme preparation also had monophosphatase activity.

Enzyme activity was measured by a modification of the procedure of

Ragan et al. (17). Reaction tubes each contained a final volume of 0.1

ml of the following assay mixture: 250 mM KC1, 50 mM Tris . HC1, pH
7.5, 3 mM MgCl2, 0.1 mM D-Ins(1,4)P2 containing 25 nCm of D-[3H]

Ins(1,4)P2, and enzyme preparation that was diluted to hydrolyze less

than 35% of the Ins(1,4)P2. The reaction was initiated by addition of

the enzyme, allowed to proceed for 15 mm at 37’ , and terminated by
addition of 20 �sl of 10% (w/v) trichloroacetic acid. Contents of each

tube were diluted with 5 ml of H2O and applied to AG 1-X8 (formate

form) columns. Free inositol was collected as the 5-ml sample elution

plus a subsequent elution with 3 ml of H2O. Columns were then washed

with 5 ml of H2O, followed by elution of inositol monophosphates with

8 ml of 0.2 M ammonium formate/0.1 M formic acid. Radioactivity was
determined by scintillation counting. This elution protocol yielded 99.5
and 92.4% recovery of inositol and inositol monophosphates respec-
tively, without contamination by unhydrolyzed inositol bisphosphates.

Results

Inhibition of Ins(1)P hydrolysis. Ins(1)P dephosphoryl-
ation by the inositol monophosphatase preparation used in

these studies was inhibited by 91% by 10 mM LiC1 (data not

shown), indicating that the inositol monophosphatase activity

is predominantly the previously described lithium-sensitive

enzyme (1, 4, 18, 20). K-76COONa inhibited inositol mono-

phosphatase activity in a dose-dependent manner, with an 1C5()

of 0.45 mM (Fig. 1). Phosphatase activity was inhibited by 82%

by 3 mM K-76COONa; higher drug concentrations could not

be tested due to limited solubility.

Fig. 2 shows the inhibition of inositol monophosphatase

activity by various concentrations of K-76COONa in the pres-

ence of increasing substrate concentrations. The lower appar-

ent Vmax values attained with higher concentrations of

K-76COONa are suggestive of a mechanism of inhibition other

than competition with substrate. The Lineweaver-Burk trans-

formations shown in Fig. 2B indicate a noncompetitive mode

of inhibition relative to Ins(1)P concentration. The K, for

K-76COONa was approximately 0.5 mM.

Competition with magnesium. Lineweaver-Burk plots of
enzyme inhibition by fixed concentrations of K-76COONa in

the presence of increasing Mg2� concentrations showed a com-

mon intersection on the y-axis, suggesting that inhibition by

K-76COONa is competitive with magnesium (Fig. 3). In the

presence of higher concentrations of K-76COONa, double-

reciprocal plots with varying [Mg2�] showed upward concavity.

This may be due to cooperativity of magnesium binding or

partial inhibition of the enzyme by higher magnesium concen-

trations, as has been previously reported (20, 21).

Inhibition of Ins(1 ,4)P2 hydrolysis. Because hydrolysis

of Ins(1,4)P2 by Ins(1,4)P2ase has also been shown to be inhib-

ited by lithium, the effect of K-76COONa on Ins(1,4)P2 hy-

drolysis was measured. Ins( 1 ,4)P2 dephosphorylation, measured

as the sum of inositol and InsP1 production, was inhibited by

K-76COONa in a dose-dependent manner (Fig. 4). Although

maximal inhibition of Ins(1,4)P2 hydrolysis was not achieved,

due to limited drug solubility, K-76COONa appeared to be 1

order of magnitude less potent in inhibition of Ins(1,4)P2ase

activity (IC5,, = approximately 7 mM) than in inhibition of

inositol monophosphatase.

[K-76COONa] (MM)

Fig. 1. Inhibition of inositol monophosphatase activity by K-76COONa.
Enzyme activity was measured for 1 hr at 37#{176}in the presence of
increasing concentrations of K-76COONa, with 0.3 m� D-lns(1)P as
substrate and 3 mM Mg2�. Each value represents the mean ± standard
error offour determinations from two experiments performed in duplicate.
For points without error bars, the standard error was within the size of

the symbol.
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Fig. 2. Kinetics of inhibition of inositol monophosphatase by K-76COONa,
as a function of substrate concentration. Measurements were made in
the presence of 3 mM Mg2�. A, Michaelis-Menten plots of enzyme activity
in the presence of fixed concentrations of K-76COONa. B, Lineweaver-
Burk plots with fixed K-76COONa concentrations. Lines were fitted by
linear regression. The convergence of the lines on the x-axis indicates
noncompetitive inhibition by K-76COONa relative to D-lns(1)P. K, was
calculated to be approximately 0.5 m� K-76COONa. Each point is the
mean of duplicate determinations. Data are representative of three
separate experiments.

Discussion

K-76COONa was found to inhibit inositol monophosphatase

noncompetitively relative to substrate. Because K-76COONa

lacks a cationic moiety, its competition with Mg2� may result

from masking of the Mg2� binding site, rather than direct

interaction with an anionic binding site. K-76COONa was also

found to inhibit the hydrolysis of Ins(1,4)P2 by Ins(1,4)P2ase,

another Li’-sensitive, Mg�-dependent phosphatase in the mo-

sitol polyphosphate metabolic pathway.

The possibility that K-76COONa inhibits inositol mono-

phosphatase and Ins(1,4)P2ase activities by simple chelation of

Mg�� can be ruled out by consideration of the differential

potencies of K-76COONa in inhibiting the two enzymes. Al-

though similar concentrations of Mg2� are required for half-

maximal activation of both enzymes [K� for inositol mono-

phosphatase = 0.2-1.0 mM (20, 21); K�, for Ins(1,4)P2ase = 0.3

0 25 50 75 100
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Fig. 3. Lineweaver-Burk plots of inhibition of inositol monophosphatase
by K-76COONa as a function of Mg2� concentration. Measurements
were made in the presence of 0.3 mr�i D-lns(1 )P as substrate. Lines in
the presence of fixed concentrations of K-76COONa were fitted by linear
regression. Convergence on the y-axis indicates competitive inhibition
by K-76COONa relative to Mg2� concentration. Each point represents
the mean of duplicate determinations. Data are representative of two
separate experiments.
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Fig. 4. Inhibition of lns(1 ,4)P2 hydrolysis by K-76COONa. Enzyme activity
was measured for 15 mm at 37#{176}in the presence of increasing concen-
trations of K-76COONa, with 0.1 mt�i D-[3H]Ins(1 ,4)P2 (58,966 dpm/tube)
as substrate. The sum of [3H]inositol and [3H]InsP1s formed indicates
the amount of [3H]lns(1 ,4)P2 hydrolyzed. Each point is the mean of
duplicate determinations. Data are representative of results obtained in
two separate experiments.

mM (16)], at least 15 times more K-76COONa is required for

half-maximal inhibition of Ins(1,4)P2ase (IC50 = 7.5 mM) than

for half-maximal inhibition of inositol monophosphatase (IC50

= 0.45 mM) under identical buffering conditions (pH 7.5 with

3 mM Mg21. Thus, the greater potency of K-76COONa

in inhibiting inositol monophosphatase indicates that

K-76COONa must interact directly with this enzyme, rather

+ Ins?1
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than simply removing the Mg2� cofactor. Additionally, the

carboxylic acid moiety of K-76COONa, which is likely to be

the only anionic moiety at pH 7.5 that could chelate a cation,

does not appear to be necessary for inhibition of inositol

monophosphatase activity, because the closely related com-

pound L-920,142 lacks this carboxylic acid group but shows

similar potency in inhibition of inositol monophosphatase.1

K-76COONa has also been shown previously to inhibit corn-

plement-mediated hernolysis, predominantly through combi-

nation with C5 and prevention of its activation to C5b (15, 22).

Interestingly, the anticomplernentary action of K-76COONa

also appears to occur through inhibition of a Mg2�-dependent

reaction (22). Furthermore, the IC� (340 jiM) for inhibition of

complement-mediated lysis ( 15) is similar to that reported here

for inhibition of inositol monophosphatase (450 MM). Thus,

similar mechanisms may be involved in the inhibition of both

of these activities by K-76COONa.

To assure that the inhibitory activity of K-76COONa is not

the result of contaminating lithium in the drug preparation,

elemental analysis of K-76COONa was performed (see Exper-

imental Procedures). Atomic absorption showed that the

K-76COONa contains less than 0.08% lithium. At the K, of

K-76COONa for inositol monophosphatase inhibition (0.5

mM), this would correspond to a maximum lithium concentra-

tion of less than 25 iM, which is 40-fold lower than the reported

K, of 1 mM for lithium inhibition of the monophosphatase (1,

21, 23). This, coupled with the observation that K-76COONa

inhibits inositol monophosphatase noncompetitively, whereas

lithium inhibits by an uncompetitive mechanism, demonstrates

that the inhibitory activity of K-76COONa is not the result of

lithium contamination.

The effectiveness of lithium in inhibiting inositol monophos-

phatase activity is thought to be related to its uncompetitive

mechanism ofaction (1), because in an intact cell a competitive

inhibitor would probably be rapidly overcome by build-up of

substrate levels. Similarly, the noncompetitive mechanism of

inhibition by K-76COONa should make it a more resilient

inhibitor and, thus, a more useful tool for determination of

whether inhibition of inositol monophosphatase is an effective

strategy for treatment of affective disorders such as manic-

depressive illness.

To date, reported inhibitors of inositol monophosphatase fall

into two categories, inorganic ions and competitive monophos-

phates. In addition to lithium, numerous other ions inhibit this

enzyme. Because the enzyme has a requirement for magnesium,

divalent cations such as Ca�, Cu2�, Mn2�, and Zn2� inhibit

activity by displacing Mg2� (1, 20, 23). Anions such as sulfate

and fluoride also inhibit inositol monophosphatase activity

(20), perhaps by binding to magnesium in the active site of the

enzyme (21). Unfortunately, the effects ofthese simple ions are

not selective for this enzyme, because inorganic ions play a

ubiquitous role in the regulation of a large variety of enzymes

and transporters. Phosphate and monophosphates such as glyc-

erol 2-phosphate, 2’-AMP, inositol 2-phosphate, and deoxy

derivatives of Ins(1)P inhibit dephosphorylation oflns(1)P and

Ins(4)P by competition for the substrate binding site (1, 20, 24,

25) and are, therefore, of limited utility, as discussed above.

Based on the observations that the enzymes Ins(1,4)P2ase

and inositol monophosphatase play sequential roles in the

metabolism of Ins(1,4)P2 to inositol, are both Mg2� dependent,

and are both uncompetitively inhibited by lithium, it has been

suggested that these two enzymes are related members of an

enzyme family (16). The finding that both enzymes are inhib-

ited by K-76COONa may further support this hypothesis. Re-

cently, cDNA clones for both inositol monophosphatase and

Ins(1,4)P2ase have been isolated and sequenced (26, 27). The

deduced amino acid sequences showed only minimal homology

(27). A recent report demonstrating that enzymes in a common

catabolic pathway with only minor homology in primary amino

acid sequence can have virtually identical three-dimensional

structure (28) might suggest an interesting hypothesis to ex-

plain the similarities in the regulation of inositol monophos-

phatase and Ins(1,4)P2ase.

In conclusion, K-76COONa is the first organic inhibitor of

mvo-inositol monophosphatase reported to act through a mech-

anism other than competition with substrate. As such,

K-76COONa may be useful in delineating whether inhibition

of this enzyme is involved in the therapeutic effectiveness of

lithium.
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