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SUMMARY: The cyclic inositol phosphate content in the product of PLC-B, ¥, and 3
mediated cleavage of three phosphoinositides, Ptdins, PtdIns(4)p, and PtdIns(4,5)P2’ was
measured under several different experimental conditions. The ratio of cyclic to noncyclic
product generally decreased in the order PLC-B8 > PLC-& > PLC-y. For all three
enzymes the ratio decreased in the order Pudlns > PudIns(4)P > PidIns(4,5)P,. For all
combinations of the three enzymes and three substrates cyclic product content was always
higher at pH 5.5 than at pH 7.0. The effect of Ca’* on the ratio of cyclic to noncyclic
was also measyred. The ratio remained constant between 0.5 yM and 2 mM for PidIns.
For PtdIns(4)P and PtdIns(4,5)P,, the ratios were unchanged between 0.5 and 500 uM, but
increased abruptly at millimolar Ca®* concentrations. o 1980 academic press, Inc.

Occupancy of a variety of cell surface receptors by the appropriate ligands results in
the phospholipase C-mediated cleavage of PidIns(4,5)P, and generates intracellular mes-
senger molecules such as Ins(1,4,5)P; and diacylglycerol (1-3). Ins(1,4,5)P; binds to a
specific receptors to release stored Ca’ (1-4) whereas diacylglycerol activates protein
kinase C to increase protein phosphorylation (1,2). All PidIns—specific phospholipase Cs
(PLC) purified up until now hydrolyze the three inositol—containing phospholipids, Ptdlns,
PtdIns(4)P, and PtdIns(4,5)P, to produce Ins(1)P, Ins(1,4)P,, and Ins(1,4,5)P;, respectively,
with diacylglycerol as a common product (5-11). Also produced are cyclic inositol
phosphates containing a phosphodiester bond between the hydroxyl groups at 1 and 2
positions (12-14). When the 2-hydroxyl group of inositol participates in the cleavage of
the diester bond between inositol phosphate and diacylglycerol moieties, 1:2—cyclic inositol
phosphates are formed. On the other hand, participation of a free hydroxide ion in the

cleavage reaction leads to the noncyclic products.

Abbreviations Used: PLC, phosphoinositide—specific ~ phospholipase C;  Ptdlns,
phosphatidylinositol;  PtdIns(4)P,  phosphatidylinositol ~ 4-phosphate;  PtdIns(4,5)P,,
phosphatidylinositol 4,5-bisphosphate; Ins(1)P, Ins(1,4)P,, Ins(1,4,5)P;, and Ins(1,3,4,5)P,,
inositol mono~, bis—, tris—, and tetrakis—phosphate, with the location of phosphate group in
parenthesis; cyclns(1-2,4,5)P,, inositol 1,2—cyclic 4,5~trisphosphate.
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There is now considerable evidence that cyclns(1-2,4,5)P;, as well as Ins(1,4,5)P;,
is formed wupon activation of a variety of cells and tissues by the proper
calcium—-mobilizing agonist (15-21). However, the kinetics of cyclns(1-2,4,5)P,
accumulation is significantly different from that of Ins(1,4,5)P; (17-22). Like most other
second messengers, Ins(1,4,5)P; is generated rapidly in response to an agonists and
metabolized rapidly; it is either dephosphorylated to Ins(1,4)P, by Ins(1,4,5)P;—5-
phosphatase (23,24) or phosphorylated to Ins(1,3,4,5)P, by Ins(1,4,5)P;—3-kinase (23-25).
However, cyclns(1-2,4,5)P, is a poor substrate for both the 5-phosphatase and 3-kinase,
and degrades very slowly (28,29). Despite this slow turnover cycIns(1-2,4,5)P; had been
considered to be another calcium-mobilizing second messenger in its own right, because
cyclns(1-2,4,5)P; was equipotent to Ins(1,4,5)P; in releasing Ca* from permeabilized
platelets (30) and from Swiss 3T3 cells (31). However, two recent experiments by
Willcocks et al. (32) and by Lee and Hokin (33) suggest that the potency of
cyclns(1-2,4,5)P; in mobilizing Ca®* is about an order of magnitude less than that of
Ins(1,4,5)P;. In addition, Hughes et al. (20) concluded, after a careful analysis of the
kinetics of cycIns(1-2,4,5)P; metabolism in rat parotid acinar cells, that the rates of
formation and turnover of cyclns(1-2,4,5)P; are too slow to be the primary signal for the
regulation of intracellular Ca®*. The physiological role of cyclic inositol phosphate is not
known. Nevertheless, based on the fact that cycIns(1-2,4,5)P; accumulates to a significant
concentration (often higher than that of Ins(1,4,5)P3) at the late stage of cell activation, its
regulatory role was proposed to be related to an unknown cellular response (20,33).

Recently, three immunologically distinct PLC enzymes (PLC-8, ¥, and & see
reference 34 for nomenclature) have been purified (6). The three isozymes are quite
dissimilar in molecular size (B, 150000; y, 145000; &, 85000) and in amino acid sequences
(39), and expressed differently between tissues and in individual cells (36,37). Since
cyclns(1-2,4,5)P; declines very slowly, the accumulation rate would mainly depend on the
rate of formation. With the aim of investigating the possibility that activation of different
PLC isozymes might cause the production of cyclic and noncyclic inositol phosphates in
different proportions, the inositol phosphates generated from Ptdlns, PtdIns(4)P and
PtdIns(4,5)P, by three purified PLC isozymes have been analyzed here.

MATERIALS AND METHODS

Materials. Bovine brain PLC-8, PLC-y, and PLC-8 were purified as described
(36).  [HlPwins, [HIPtdIns(4)P, [*H)PidIns(4,5)P,, [*HlIns(1)P, [*H)Ins(1,4)P,, and
["‘H]Ins(l,4,5)P3 were obtained from New England Nuclear. Soybean Ptdlns, brain
Ptdins(4)P, and brain Ptdins(4,5)P, were purchased from Sigma Chemicals.
[*H]cycIns(1-2,4,5)P; was kindly provided by Dr. L.E. Hokin.

Phospholipase C Reaction. The reaction mixture included a mixture of 40,000 cpm
of [*H]phosphoinositide and 150 uM unlabeled phosphoinositide, increasing amounts of
CaCl, in 200 ml of buffer containing 50 pM Tris—maleate (pH 5.5 or 7.0), 0.1% sodium
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deoxycholate, and 2 uM EGTA. Free Ca** concentrations were calculated as described
(36). The reaction was started by adding PLC and incubated for 15 min at 37°C. The
amounts of enzyme were adjusted to attain 5-20% of phosphoinositide hydrolysis.

Separation of Inositol Phosphates. The PLC reaction was stopped by adding 1 ml
of methanol/chloroform (1:1). Phase separation was achieved by adding 0.25 ml of water
and the upper layer was lyophilized. Dried material was redissolved in 0.5 ml of water
and passed through Sep-Pak C18 cartridge (Waters Associates, Milford, MA) to remove
residual phosphoinositide. The cartridge was eluted with 2 ml of water. The entire sample
was applied to a Partisil 10 SAX Column C (Whatman) and eluted with ammonium
phosphate (pH 3.8) gradient as described (38). The 3H—radioactivity was detected and
integrated by using an on-line radio—flow detector (Radiomatic Instruments, Tampa, FL)
equipped with an integrator.  Excellent separation of cyclic and noncyclic inositol
phosphates was achieved. Cyclic inositol phosphate peak eluted before the peak of
corresponding noncyclic form.  The position of noncyclic inositol phosphates and
cyclns(1-2,4,5)P; were validated by comparing to those of authentic sample. In addition,
to confirm that the putative cyclic inositol phosphate peak was in fact cyclic
phosphodiester, the sample was hydrolyzed with 0.2 M HCI at 80°C for 3 min prior to
HPLC analysis. This acid treatment abolished the putative cyclic peak and increased the
noncyclic peak.

RESULTS

Cyclic inositol phosphate measured at various Ca®* concentrations is presented as a
percentage of total inositol phosphate (cyclic + noncyclic) in Figure 1. The percentage of
cyclic inositol phosphate decreased in the order PLC-8 > PLC-8 > PLC-y (except the
Pulns cleavage for which PLC-8 generates slightly more cyclns(1)P than PLC-B); for
example, the average value of cyclns(1-2,4,5)P; produced below 500 uM Ca®* by PLC-8,
PLC-9, and PLC-y was 10.3, 8.7, and 1.9%, respectively, at pH 5.5. and 5.3, 3.7, and
0.6%, respectively, at pH 7.0. The percentage of cyclic product also decreased in the order
Pudins > PtdIns(4)P > PtdIns(4,5)P, for the three enzymes; for example, in the PLC-B
dependent reaction at pH 7.0 and below 500 uM Ca®, the average percentage of cyclic
form decreased from 70.0% for PtdIns to 12.3% for PtdIns(4)P, to 5.3% for PtdIns(4,5)P,.
Cyclic form was always higher at pH 5.5. than at 7.0. The cycIns(1)P formation form
PtdIns was independent of Ca* between 0.5 UM and 2 puM for the three PLC isozymes.
The cyclic percentage was also constant between 0.5 and 500 uM of Ca?* when PtdIns(4)P
and PtdIns(4,5)P, were sued as substrates but increased rapidly for all three enzymes when
the Ca®* concentration was increased to 2 UM.

DISCUSSION

Previously, we have shown that three PLC isozymes—PLC-B8, y, and &-—are
differently distributed between and within tissues PLC-8 is highly concentrated in the
brain but nearly absent in the liver and lung (37). In addition, within the brain PLC-B
and PLC-3 are localized in specific neurons and in astroglial cells, respectively, while
PLC-y is rather ubiquitous (36). Our present study demonstrates that the concentration of
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Figure 1. Percentage of cyclic inositol phosphate formed at various Ca* concentrations.

PLC-B (@---@), PLC-y ( m—B ), and PLC-3 (A—A) were used to
cleave Pudins, PidIns(4)P, and Pudins(4,5)P, at pH 5.5 (left column) and
pH 7.0 (right column).

cyclic inositol phosphate relative to the noncyclic form can be widely varied depending on
which form of PLC isozyme is activated. At pH 7.0, the percentage of cycIns(1-2,4,5)P,
produced by PLC—y is 1/9 and 1/6 of that produced by PIC-8 and PLC-y, respectively.
Indeed, the percentage of cyclns(1-2,4,5)P, measured relative to Ins(1,4,5)P, after treatment
with the proper agonist varied widely for different tissues; it was 17% (10 sec) and 36%
(30 sec) in platelets (21), 5% (10 sec) and 33% (5 min) in rat parotid gland (19), and 5%
(3 min) in WRK-1 cells (22).

Wilson et al. (14) have shown that cyclic inositol phosphate can be generated by the
action of two PLC enzymes (65 and 85 KDa) obtained from sheep seminal vesicular gland.
In their study, the cyclic form was quantitated by mass spectral analysis of 'O content
after the hydrolysis of cyclic form in H,O. For both PLC enzymes, the ratio of cyclic to
noncyclic product decreased in order PtdIns > PtdIns(4)P > PtdIns(4,5)P,. Despite the
wide range of experimental error, the mass spectral data also showed that 65 KDa enzyme
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produces more cyclic forms than 85 KDa PLC on the average. However, Wilson et al. did
not draw attention to this probably because the reproducibility of mass spectral analysis is
not good enough to warrant this conclusion. Recent immunological studies show that the
65 KDa enzyme (PLC-a) is distinct from the three PLC enzymes (B, v, and &), while the
85 KDa enzyme is probably the same as PLC-3 (34).

As noted by Dawson et al. (12), the 2—OH group of inosito] or a free OH" attacks
the phosphorus atom between inositol and diacylglycerol moieties leading to the cyclic and
noncyclic product, respectively. Increased formation of the cyclic form at acidic pH is due
to the decrease in free OH™. Sequential introduction of negative charge into the inositol
ring by phosphorylating the 4-OH and 5-OH gradually reduces the participation of the
2-OH in the cleavage reaction. Current results show that the binding of Ca’* to the
phosphate groups recuperates the 2-OH group participation in the cleavage reaction. The
millimolar concentration of Ca* required to enhance the formation of cyclic product

probably reflects the binding affinity of Ca®* to the phosphate in the inositol ring.
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