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Identity of Inositol 1,2-Cyclic Phosphate 2- 
Phosphohydrolase with Lipocortin I11 

The amino acid sequences of three fragments of cyanogen bromide4igested human 
placental inositol 1,2-cyclic phosphate 2-phosphohydrolase, an enzyme of the phos- 
phatidylinositol signaling pathway, are identical to sequences within lipocortin 111, a 
member of a family of homologous calcium- and phospho!ipid-binding proteins that 
do not have defined physiological functions. Lipocortin I11 has also been previously 
identified as placental anticoagulant protein I11 (PAP 111) and calcimedin 35,. 
Antibodies to PAP I11 detected PAP I11 and inositol 1,2-cydic phosphate 2- 
phosphohydrolase with identical reactivity on immunoblotting. In addition, inositol 
1,2-cyclic phosphate 2-phosphohydrolase was stimulated by the same acidic phospho- 
lipids that bind lipocortins. 

T HE TURNOVER OF INOSITOL PHOS- 
pholipids produces messenger mole- 
cules, including inositol phosphates, 

diacylglycerol, and eicosanoids, in response 
to a variety of extracellular effectors (1). 
Phosphatidylinositol (PI)-specific phospho- 
lipase C hydrolyzes PI, phosphatidylinositol 
4-phosphate (PIP), and phosphatidylinosi- 
to1 4,s-bisphosphate (PIP2) to produce 
both cyclic and noncyclic inositol phos- 
phates (2). Inositol 1,2-cyclic phosphate is 
derived directly from phospholipase C cleav- 
age of PI or indirectly via phospholipase C 
cleavage of PIP and PIP2, with subsequent 
enzymatic removal of the phosphates from 
positions 4 and 5 of the inositol ring (2, 3). 
The existence of inositol cyclic phosphate in 
vivo has been shown in a variety of tissues 
(4), and carbachol stimulation of pancreatic 
minilobules leads to a 20- to 400-fold in- 
crease in inositol 1,2-cyclic phosphate (5), as 
well as an increase in cyclic inositol 1,2,4- 
bisphosphate and cyclic inositol 1,2,4,5-tris- 
phosphate (4, 5). Inositol cyclic phosphates 
accumulate in stimulated cells for longer 
periods than the inositol phosphates (4), 

T. S. Ross and P. W. Majems, Depamnent of Internal 
Medicine, Division of Hematology and Oncology, 
Washington University School of Medicine, St. Louis, 
MO 63110. 
J. F. Tait, Depamnents of Laboratory Medicine and 
Pathology, University of Washington, Seattle, WA 
98195. 

suggesting their importance in evoking sus- 
tained or delayed responses, including stim- 
ulation of cell growth. Cyclic inositol 1,2- 
phosphate 2-phosphohydrolase cleaves the 
cyclic bond of inositol 1,2-cyclic phosphate 

Fraalon (0.5 ml) 

Fig. 1. Inositol 1,2-cyclic phosphate phosphohy- 
drolase activity after gel filtration in the presence 
(closed circles) or absence (open circles) of 100 
mM NaCI. (Inset) An SDS-12% polyacrylamide 
gel showing the correlation of a 33-kD band with 
enzyme activity from the final gel filtration step in 
the presence of NaCI. The column is a Biosil-TSK 
250 she-exclusion (three columns in series, 7.5 
mm by 600 mm each) column and was equilibrat- 
ed with 20 mM 2-[N-morpholino]ethanesulfonic 
acid (MES) (pH 6.5) in the absence or presence 
of 100 mM NaCI. Activity was eluted with a flow 
rate of 0.5 d m i n  of the same buffer. AU assays 
were done in the presence of alkaline phosphatase 
as described (7). IP, inositol 1-phosphate. 

Time (mln) 
B 
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Fig. 2. Partial amino acid sequence of inositol 
1,2-cyclic phosphate 2-phosphohydrolase is iden- 
tical to lipocortin I11 amino acid sequence. (A) 
Purified phosphohydrolase (-12 pg, 340 pmol) 
was lyophilized and treated with CNBr (-1 mg) 
in 70% uifluoroacetic acid (TFA) for 24 hours at 
23°C in the dark under an N2 annosphere. The 
sample was then dried under N2, degassed, dis- 
solved in 50% TFA, and injected onto a reversed- 
phase 300 column (2.1 mm by 30 mm) on an 
Applied Biosystems microbore HPLC. A linear 
gradient of 0 to 90% acetonitrile in 0.1% TFA at 
a flow rate of 0.1 d m i n  over 90 min was used to 
elute the peptides. Peaks were detected by absor- 
bance at a wavelength of 220 nm (A220). The 
arrows indicate peaks that yielded armno acld 
sequence. (8)  The predicted amino acid sequence 
of lipocortin I11 and the sequence obtained on an 
Applied Biosystems gas-phase sequencer from the 
CNBr fragments of inositol cyclic 1,Zphosphate 
Zphosphohydrolase. The sequenced peptides are 
underlined and numbered. Peptide 3 was se- 
quenced twice from two different preparations. 
The yield of amino acids ranged from 60 to 100 
pmols. The single-letter code is used for amino 
acids (20). 

to form inositol 1-phosphate. Because all 
inositol cyclic phosphates are metabolized 
through this reaction, it is likely that this 
enzyme regulates the cellular concentrations 
of these molecules. This enzyme is widely 
distributed (6) and has been isolated and 
characterized from human placenta (7). 

For the current study, we modified our 
vrevious procedure for the  isolation of the 
bhosphoh'ydrolase (7) and obtained material 
that gave a single band after SDS-polyacryl- 
amide gel electrophoresis (SDS-PAGE) as 
before, but with higher specific activity (5 to 
20 versus 2 pmol min-' mg-'). We attri- 
bute this difference to preservation of activi- 
ty by the more speedy purification (8). 
When the enzyme is subjected to chroma- 
tography by gel filtration in the absence of 
NaCI, the peak of activity is heterogeneous 
and elutes a t  a position corresponding to a 
molecular size of -55 kD; however, after 
the addition of 100 rnM NaCl to the buffer, 
the enzyme elutes at a position correspond- 
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Table 1. The predicted amino acid composition 
of lipocortin 111 is similar to the amino acid 
compositions of PAP I11 and inositol 1,2-cyclic 
phosphate 2-phosphohydrolase. The lipococtin 
111 sequence was predicted from the published 
cDNA sequence (10). For PAP 111, actual amino 
acid analysis results were obtained from the prep- 
aration of PAP I11 used in the immunoblot 
analysis of Fig. 3. For the phosphohydrolase, 
actual amino acid analysis results were obtained 
from the preparation shown in the inset of Fig. 1 
and in the slot-blot analysis of Fig. 3. Samples 
(2.0 pg) were hydrolyzed with 6N HCI in sealed 
evacuated glass tubes at llO°C. Analysis was 
performed on a Waters programmable-gradient 
HPLC with post-column o-phthalaldehyde detec- 
tion with continuous hypochlorite infusion for 
the determination of proline. ND, not deter- 
mined. 

Residues per molecule of 

Inositol 
Amino ~ i p o -  1,2-~yclic 

acid conin phosphate 
I11 'I1 2-phospho- 

hydrolase 
Fig. 3. PAP I11 and inositol 1,2-cyclic phosphate 
2-phosphohydrolase immunoblot by use of an 
antibody generated to PAP 111. (A) Equal 
amounts of PAP I11 (12) or the phosphohydrolase 
(7) and a constant amount of bovine serum 
albumin (BSA) (0.5 pg) were loaded onto nitro- 
cellulose on a Bio-Rad slot-blot apparatus. Alka- 
line phosphatase-conjugated goat antibodies to 
rabbit immunoglobulin G (Promega) were used 
for the detection system. The amount of phos- 
phohydrolase or PAP I11 in each row is as follows: 
a, 50 ng; b, 25 ng; c, 12.5 ng; d, 6 ng; e, 3 ng; 
and f, 1.5 ng. Column 1, phosphohydrolase; 
column 2, PAP 111. (B) PAP I11 (lane 1, 50 ng) 
and two different preparations of the phosphohy- 
drolase (lanes 2 and 3,50 and 200 ng, respective- 
ly) were separated by electrophoresis through a 
SDS-12% polyacrylamide gel, transferred to ni- 
trocellulose, and developed as described in (A). 

ing to 20 to 25 kD (Fig. 1). The two gel- 
fil&ion steps (in the absence and then the 

1 .  

presence of salt) are critical for obtaining a 
homogeneous preparation of active enzyme. 
The size of the enzyme, as determined by 
SDS-PAGE (Fig. 1, inset), is approximately 
33 kD rather than the 29 kD reported 
previously (7). We have carried out this 
modified-purification four times with simi- 
lar results: 

Inositol 1,2-cyclic phosphate 2-phospho- 
hydrolase (12 pg) was cleaved with cyano- 
gen bromide (CNBr) (9), and the fragments 
were separated by reversed-phase high-per- 
fomance liquid chromatography (HPLC) 
(Fig. 2A) and subjected to sequence analy- 
s i s .~he  amino acid sequences obtained were 
identical to sequences within lipocortin I11 
(10) (Fig. 2B). In addition, the amino acid 
composi%on of the phosphohydrolase is 
nearly identical to that predicted from the 
D N A  of human lipocortin I11 and to that 
obtained from analysis of placental anticoag- 
ulant protein I11 (PAP 111) (Table 1). 

A polyclonal antibody generated by. im- 
munization of a rabbit with human PAP I11 
(1 1) recognizes inositol1,2-cyclic phosphate 
2-phosphohydrolase and PAP I11 with equal 
intensity by either slot blot analysis (Fig. 
3A) or immunoblotting after electrophore- 
sis (Fig. 3B); a nonimmune preparation of 
immunoglobin G (IgG) did not recognize 
these proteins. The method used to purify 
PAP I11 (12) is not conducive to mainte- 
nance of phosphohydrolase activity (the low 
pH inactivates the enzyme). However, two 
separate preparations of PAP I11 did retain 
activity (2.0 and 0.03 pmol min-' mg-'). 
Assay of a preparation of rat calcimedin 35, 
(13) also retained activity (0.02 pmol min-' 
mg-I). 

Inositol 1,2-cyclic phosphate 2-phospho- 
hydrolase was stimulated by phosphatidyl- 
serine, phosphatidic acid, and phosphati- 
dylinositol, but not by phosphatidylcholine, 
phosphatidylethanolamine, or diacylglycerol 
(Fig. 4) when assayed in the presence of 
0.375 mM MnC12. This profile of lipid 
activation is similar to that described for the 

Fig. 4. Activation of inositol 1,2-cyclic phosphate 
2-phosphohydrolase by lipids. AU lipids were 
dissolved in tris-buffered saline and sonicated at 
100 W for 30 s at 4°C. Control has no lipid added 
to the assay. Phosphatidylethanolamine (PE), 
phosphatidylcholine (PC), phosphatidylinositol 
(PI), and phosphatidylseriie (PS) were at a con- 
centration of 25 pgtml. Diacylglycerol (DG) was 
at 0.5 pgtml and phosphatidic acid (PA) was 75 
pg/ml. AU assays, except for the condition con- 
taining PA (assayed as described in Fig. 5), were 
performed in the absence of alkaline phosphatase 
under the conditions containing 0.375 mM 
MnCh as described (7). Each condition was re- 
produced 6 to 20 times with a SD ranging from 5 
to lo%, except for PI which was 19%. 

Fig. 5. Activation of inositol 1,2-cydic phosphate 
2-~hos~hohvdrolase by PA and PS is dependent 
on' M ~ C I ~ .  open circies, enzyme activiG in the 
presence of PS (25 pg/ml); closed circles, enzyme 
activity in the presence of PA (75 pgtml); and 
closed squares, enzyme activity in the absence of 
added lipid. Lipids were prepared as described in 
Fig. 4. All assays were done in the presence of 
alkaline phosphatase with a phosphohydrolase 
concentration of 10 pg/ml as described (7). The 
data presented are the average of two experiments 
in duplicate (SD ranged from 5 to 10%). 

lipid-binding activity of lipocortins (14). 
When the enzyme activity is measured with 
MgC12 in place of MnC12, the activation by 
phosphatidylserine and phosphatidic acid is 
much greater (Fig. 5). Together these physi- 
cochemical, immunological, and functional 
data show that lipocortin I11 is identical to 
inositol 1,Zcyclic phosphate 2-phosphohy- 
drolase. 

The family of proteins variously designat- 
ed as annexins, lipocortins, calpactins, calci- 
medins, and placental anticoagulant proteins 
has at least eight members that share 40 to 
60% amino acid identity in a core domain 
that is repeated four to eight times in each 
protein (15). These proteins also share the 
properties of binding ca2+ and phospholip- 
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ids. Although multiple functions have been 
suggested for these proteins, their true phys- 
iological roles have not yet been elucidated. 
They have been implicated in phospholipase 
AZ regulation (16), membrane trafficking 
(17), cytoskeletal organization (18), and 
blood coagulation (19). In many cases the 
proposed function requires that the proteins 
be secreted, yet these proteins lack signal 
sequences and are found within cells. In 
addition, many of the ascribed functions can 
be attributed to the metal- or lipid-binding 
properties of these molecules, and large 
amounts of protein are needed. In contrast, 
inositol 1,2-cyclic phosphate 2-phosphohy- 
drolase activity is catalytic with 700 mol of 
product formed per minute per mole of 
protein, suggesting that this is a physiologi- 
cal function. The fact that phosphohydro- 
lase activity is affected by divalent metals has 
been noted previously (7). We now show 
that acidic phospholipids stimulate the en- 
zyme. 

There are numerous enzymes (more than 
15) that have been shown to metabolize the 
water-soluble inositol phosphates produced 
during PI turnover. It is possible that other 
lipocortins are also enzymes that change the 
concentrations of messenger molecules dur- 
ing cellular activation. 
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Effect of Phospholipase C y  Overexpression on 
PDGF-Induced Second Messengers and Mitogenesis 

Platelet-derived growth factor (PDGF) stimulates phospholipase C (PLC) activity and 
the phosphorylation of  the y isozyrne of PLC (PLC-y) in vitro and in living cells. The 
role of PLC-y in the phosphoinositide signaling pathway was addressed by examining 
the effect of overexpression of PLC-y on  cellular responses to  PDGF. Overexpression 
of PLC-y correlated with PDGF-induced tyrosine phosphorylation of PLC-y and with 
PDGF-induced breakdown of phosphatidylinositol4,S-bisphosphate (PIP2). Howev- 
er, neither bradykinin- nor lysophosphatidic acid-induced phosphoinositide metabo- 
lism was enhanced in the transfected cells, suggesting that the G protein-coupled 
phosphoinositide responses to  these ligands are mediated by other PLC isozymes. The 
enhanced PDGF-induced generation of inositol trisphosphate (IP3) did not enhance 
intracellular calcium signaling o r  influence PDGF-induced DNA synthesis. Thus, 
enzymes other than PLC-y may limit PDGF-induced calcium signaling and DNA 
synthesis. Alternatively, PDGF-induced calcium signaling and DNA synthesis may use 
biochemical pathways other than phosphoinositide metabolism for signal transduc- 
tion. 

T H E  BREAKDOWN OF PIP2 BY PLC 
generates at least two intracellular 
messengers: inositol 1,4,5-trisphos- 

phate [I(1,4,5)P3], which releases Ca2+ 
from intracellular stores, and diacylglycerol, 
which activates protein kinase C (1, 2). 
Growth factors such as PDGF and epider- 
mal growth factor (EGF) activate PLC, and 
this activation requires the intrinsic tyrosine 
kinase activity of the growth factor receptor 
(3). These growth factors stimulate the 
phosphorylation of one of the PLC iso- 

zymes, PLC-y ( 4 6 ) .  This most likely results 
from a l r ec t  interaction of the growth 
factor receptors with PLC-y, as purdied 
EGF or PDGF receptors can hrectly phos- 
phorylate PLC-y on tyrosine residues (6, 7) 
and PLC-y is associated with these receptors 
in growth factor-stimulated cells (6, 8). 
However, it is not clear whether PLC-y is 
actually involved in the growth factor stimu- 
lation of PLC activity or whether phos- 
phoinositide metabolism has a primary sig- 
naling role in mitogenesis. 

To exanline this issue, we overexpressed 
PLC-y in cells by cotransfecting a mahmali- 
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