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Abstract. Calcium-activated, phospholipid-dependent protein phosphorylation has not been 
studied in placenta. Human placental cytosol was subjected to an endogenous protein phos- 
phorylation assay using [y3’P]ATP in the presence of calcium and phosphatidylserine. Protein 
phosphorylation was assessed by sodium dodecyl sulfate-polyacrylamide gel electrophoresis and 
autoradiography. When compared to basal levels, calcium ( lod6 M )  in combination with phos- 
phatidylserine (50 pg/ml) significantly enhanced (P < 0.01) 32P incorporation into phosphoproteins 
having mol wt 47,000, 43,000, and 37,000. Half-maximal 32P incorporation was observed with 
3.5 X lo-’ MCa2+ in the presence of phosphatidylserine (50 pg/ml). The effect of phosphatidylserine 
was biphasic. In the presence of Ca lop6 M, 32P incorporation increased to a maximum at 70 pg/ 
ml of phosphatidylserine. The increase was suppressed at 150 pg/ml. Tetracaine caused a dose- 
dependent inhibition of calcium-activated, phospholipiddependent enhancement of the three 
phosphoproteins. Calcium in the absence of phospholipid enhanced the phosphorylation of a 
protein of 98,000 mol wt. Phosphatidylserine suppressed this enhancement. Calmodulin ( 
M )  had no detectable effect upon phosphorylation beyond that of calcium alone, but the calmodulin 
inhibitor R-2457 1 specificlly inhibited the calcium-stimulated 98,000 mol wt phosphoprotein. 
Calcium-activated, phospholipid-dependent phosphoproteins are present in human placental cy- 
tosol; whether calcium-activated, calmodulindependent phosphoproteins also are present remains 
a question. 0 1986 Society for Experimental Biology and Medicine. 

Calcium-activated phospholipid-dependent 
protein kinase (kinase C) was described ini- 
tially by Takai et al. (1, 2)  and has since been 
demonstrated in many phyla (3, 4). This ki- 
nase can be activated in intact cells by phorbol 
esters (5) but has not been definitively con- 
nected with hormone-mediated events. Re- 
cently, however, many investigators have pre- 
sented evidence that kinase C may be activated 
by several hormones which affect phosphati- 
dylinositol metabolism in cell membranes (6, 
7) including muscarinic cholinergic agonists, 
angiotensin 11, and epidermal growth factor. 
Such hormones are thought to activate kinase 
C by first interacting with receptors on the cell 
membrane, resulting in rapid changes in 
phosphatidylinositol metabolism and the re- 
lease of a second messenger; arachidonate, 
myoinositol triphosphate, and diacylglycerol 
have been proposed as second messengers. The 
second messenger then elevates intracellular 
calcium levels and participates jointly with 
calcium in activating kinase C (6, 7). Confor- 
mational changes in specific cell proteins re- 
sulting from phosphorylation by kinase C 
would cause the intracellular effects of the 
hormone that initiated the cascade. 

Muscarinic cholinergic receptors (8), epi- 
dermal growth factor receptors (9), and angio- 
tensin I1 receptors ( 10) have all been described 
in human placenta. Physiological effects of 
some of these hormones on the human pla- 
centa have also been reported. Cholinergic 
antagonists inhibit the release of acetylcholine 
and the transport of AIB by placental villi in 
vitro (1 1). Also, epidermal growth factor in- 
creases hCG secretion in placental villi (12). 
Because the physiological effects of these hor- 
mones in placenta may be mediated through 
kinase C activation and the resulting phos- 
phorylation of specific cell proteins, it was of 
interest to examine calcium-activated phos- 
pholipid-dependent phosphoproteins in hu- 
man placenta. In this study we demonstrate 
that calcium in association with phospholipids 
enhances the phosphorylation of distinct 
phosphoproteins in human placenta. 

Materials and Methods. Materials. [y- 
32P]ATP (35 Ci/mmole) was purchased from 
New England Nuclear Corporation (Boston, 
Mass.). Phosphatidylserine, phosphatidylino- 
sitol, phosphatidylcholine, spermine, CAMP, 
and other reagents were purchased from Sigma 
Chemical Company (St. Louis, Mo.). All other 
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reagents were obtained from Fisher Scientific 
Company. R-2457 1 was a generous gift of Dr. 
D. Johnson, Columbus, Ohio. 

Tissue preparation. Placentas from uncom- 
plicated, term gestation pregnancies were ob- 
tained at delivery and processed immediately. 
Cotyledons to be used were perfused free of 
blood with phosphate-buffered saline. Decid- 
ual tissue was removed by sharp dissection. 
The remaining tissue was then washed in iced 
buffer containing 0.25 M sucrose, 1 mM 
EGTA, and 10 mM Tris-HCl (pH 7.2). 
Throughout the remainder of the preparation 
procedure the tissue was maintained at 4°C. 
Approximately 3 g of washed tissue was ho- 
mogenized with a Tekmar Tissuemizer (Tek- 
mar Co., Cincinnati, Ohio) in 30 ml of the 
sucrose buffer (3 X 10 sec at high setting). The 
homogenate was poured through four layers 
of cheesecloth. The filtrate was centrifuged at 
5000g for 10 min. The pellet was discarded. 
The supernatant was then centrifuged at 
100,OOOg for 60 min and used as the placental 
cytosol preparation. Placental cytosol was as- 
sayed on the day of preparation or after freez- 
ing and storage at -70°C. No differences were 
seen in fresh and frozen preparations under 
these conditions. Protein concentrations were 
determined by the method of Lowry et al. ( 13). 

Gel electrophoresis and autoradiography. 
Gel electrophoresis and autoradiography were 
done by a modification of methods previously 
reported ( 14). Phosphorylated products were 
identified by incubation of placental cytosol 
with [Y-~~PIATP followed by gel electropho- 
resis and autoradiography. The reaction mix- 
ture (total volume 0.2 ml) consisted of the 
protein sample (10-20 pg), 5 pM [Y-~~PIATP 
(5-20 cpm/pmole), 20 mM Tris-HC1 (pH 
7.2), 5 mM MgC12, 1 mM EGTA, and 10 mM 
NaF. Calcium, phospholipids, and other po- 
tential effector compounds were added as in- 
dicated. The amount of CaC12 required to give 
specific free Ca2+ concentrations was calcu- 
lated by a computer program according to the 
method of Sillen and Martell (1 5). Assays were 
initiated by addition of [Y-~~PIATP and in- 
cubated for 6 min at 30°C in a water bath. 
The reaction was terminated by the addition 
of 200 pl of ice-cold 12% trichloroacetic acid 
(TCA). The protein was then precipitated by 
centrifugation in a Beckman B microfuge for 
3 min and the pellet washed twice with 350 pl 
H20. The pellet was dissolved in a solution 

(60 pl) containing 2% SDS, 10% glycerol, 5% 
B-mercaptoethanol, and 0.00 1 % bromophenol 
blue and boiled for 5 min. Samples were then 
loaded on an SDS-polyacrylamide gel (4.3% 
stacking, 9.4% running) for electrophoresis 
according to the method of Laemmli (16). The 
molecular weight standards used included 
myosin (205,000), P-galactosidase ( 1 16,000), 
phosphorylase b (97,400), BSA (66,000), oval- 
bumin (45,000), and carbonic anhydrase 
(29,000). The gels were fixed overnight in 50% 
methanol and 7.5% acetic acid, stained with 
Coomassie blue, and destained. Gels were 
dried on Whatman Grade 3 filter paper, au- 
toradiographed on Kodak XR film, and de- 
veloped for the desired length of time (24 hr- 
2 weeks) to demonstrate the phosphorylated 
proteins. The autoradiographs were then 
scanned at 550 nm by a Beckman Du-8 spec- 
trophotometer with a slab gel scanner attach- 
ment. 

Phosphate bond analysis. In order to dem- 
onstrate that phosphate was incorporated into 
proteins as well as to establish the type of 
phosphate bond formed, the following exper- 
iments were performed: Protein phosphory- 
lation was performed exactly as described in 
the preceding paragraph except that two tubes 
each containing 50 pg of cytsol protein in total 
incubation volumes of 2 ml were used. One 
contained 1 0-6 M calcium with 50 pg of phos- 
phatidylserine and the other contained neither. 
After protein precipitation with a comparable 
amount of 12% TCA, the 2.0-ml samples were 
each divided into seven 200941 aliquots (a-g) 
and treated as follows: (a) The first aliquot was 
centrifuged and the pellet extracted three times 
with acetone (350 pl). The resulting pellet was 
then placed in a 60-p1 solution (Laemmli) 
containing 2% SDS, 10% glycerol, 5% P-mer- 
captoethanol, and 0.00 1 % bromphenol blue 
and boiled for 5 min. (b) The second tube was 
treated identically as (a) except that the pellet 
was extracted three times with chloroform/ 
methanol (2/ 1) immediately following the 
acetone step. (c) The third tube was treated as 
(a) except that following the initial centrifu- 
gation and prior to the acetone extraction, the 
pellet was resuspended in ice-cold 0.5 M 
NaOH for 5 min and then precipitated in 5% 
TCA (350 pl). (d) The fourth was treated ex- 
actly as (c) except that the NaOH solution was 
boiled for 1 of the 5 min. (e) The fifth was 
treated as (a) except that following the 12% 
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TCA addition, the solution was boiled for 1 
min prior to centrifugation. Both (f) and (g) 
were treated as (a) except that following ad- 
dition of the Laemmli solution they were ex- 
posed to Pronase (0.01 mg) and ribonuclease 
A (0.01 mg), respectively, for 10 min at 37°C. 
All of the boiled samples were then loaded on 
gels and processed exactly as in the preceding 
paragraph. 

Results. Phosphatidylserine (50 pg/ml) and 
calcium ( 1 0-6 M) activated protein phophor- 
ylation of several endogenous proteins in hu- 
man placental cytosol. Phosphoproteins of 
37,00,43,000, and 47,000 mol wt consistently 
demonstrated calcium-activated, phospho- 
lipid-dependent phosphorylation in eight dif- 
ferent placental preparations (Fig. 1 ). Densi- 
tometer scans of autoradiographs of SDS- 
polyacrylamide gels of placental cytosol in the 
presence or absence of phosphatidylserine (50 
pg/ml) and calcium ( low6 M) demonstrated 
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FIG. 1. Autoradiograph of phosphorylated proteins in 
placental cytosol. Placental cytosol was incubated as de- 
scribed under Methods with no added effector, or calcium 
( M), phosphatidylserine (50 pg/ml), and/or diacyl- 
glycerol (1 pg/ml) in the combinations indicated. The ar- 
rowheads (to the left) indicate proteins differentially phos- 
phorylated by calcium and phosphatidylserine. The arrows 
indicates the 98,000 mol wt phosphoprotein activated by 
calcium alone. The positions of the marker proteins are 
indicated at the right. The results shown are representative 
of gels from placental cytosol of eight placentas (n = 8). 

TABLE I. 32P INCORPORATED INTO CALCIUM- 
ACTIVATED, PHOSPHOLIPIDDEPENDENT 

PHOSPHOPROTEINS 

Density (arbitrary units) 
Phosphoprotein 

mol wt +Ca2+/PS -Ca2+/PS 

47,000 3.8 f. 1.7* 1.8 f 0.83 
43,000 3.1 f 1.9* 1.9 f 0.89 
37,000 0.78 f. 0.01* 0.03 f. 0.04 

Note. Values are means f SD. Phosphorylation and gel 
electrophoresis of placental cytosol were performed as de- 
scribed under Methods. The densitometer readings (ar- 
bitrary units) of the 47,000, 43,000, and 37,000 mol wt 
phosphoproteins in the presence and absence of M 
calcium and 50 pg/ml phosphatidylserine were determined 
(n = 8). 
*P < 0.01 by paired Student t test. 

significant differences (P < 0.01) in each of 
these activated phosphoproteins (Table I). 
In many preparations phosphoproteins of 
205,000, 52,000, and 28,000 mol wt also ap- 
peared to incorporate additional 32P in the 
presence of phosphatidylserine (50 pg/ml) and 
calcium ( 1 0-6 M). However, augmented 
phosphorylation of these proteins was not as 
pronounced and/or consistent with that ob- 
served for the 37,000,43,000, and 47,000 mol 
wt proteins. 

The nature of the phosphate bond was 
studied by exposure of the phosphorylated cy- 
tosol to hot and cold TCA, hot and cold 0.5 
N NaOH, Pronase, ribonuclease A, acetone, 
and chloroform/methanol (see Methods). As 
illustrated in Table 11, none of these treatments 
had major effects on the incorporation of 32P 
into calcium-activated, phopholipid-depen- 
dent phosphorylated proteins except hot 
NaOH and Pronase. Treatment with hot 
NaOH or Pronase removed the proteins from 
the gel as well as the 32P label. The results of 
these experiments indicate that the 32P asso- 
ciated with the three proteins whose phos- 
phorylation is stimulated by calcium and 
phosphatidylserine was incorporated into 
protein rather than lipid or nucleic acid. In 
addition the stability of these phosphorylated 
compounds in base at low temperatures, and 
in trichloroacetic acid at elevated tempera- 
tures, indicates that the bonds are of the phos- 
phoester rather than acylphosphate type ( 17). 

In the presence of 50 pg/ml phosphotidyl- 
serine, Ca2+ concentrations above l 0-7 M re- 
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TABLE 11. PHOSPHATE BOND ANALYSIS EXPERIMENTS 

Arbitrary density units 

Treatment +Ca2+/PS -Ca*+/PS 

1. Control 
2. Acetone 
3. Chloroform/ 

methanol 
4. NaOH (cold) 
5. NaOH (boiling) 
6. TCA (boiling) 
7. Pronase 
8. Ribonuclease A 

1 .ooo 
0.990 f 0.007 

0.935 f 0.013 
0.850 k 0.005 

0.802 k 0.014 

1.023 f 0.0 17 

- 

- 

0.347 f 0.012 
0.357 f 0.010 

0.334 f 0.012 
0.291 k 0.016 

0.266 k 0.025 

0.328 f 0.009 

- 

- 

Note. Values are means f SE. Phosphorylation of pla- 
cental cytosol was performed with the after treatment listed 
in the table as described under Methods. The control sam- 
ple was without any after treatments. For each treatment 
the densitometer scanner reading of the 37,000 mol wt 
calcium-activated, phospholipid-dependent phosphopro- 
tein is given. The data have been normalized to the control 
in the presence of activator (n = 4). 
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sulted in a dose-dependent stimulation of 
phosphorylation of the 37,000, 43,000, and 
47,000 mol wt proteins (Fig. 2a). Half-maxi- 
ma1 enhancement was observed with 1 X lob6 
M calcium (Fig. 2b). Phosphatidylserine in the 
absence of calcium did not effect protein 
phosphorylation. In the presence of M 
Ca2+, phosphatidylserine induced a dose-de- 
pendent increase in the phosphorylation of the 
three specific calcium-activated, phospholipid- 
dependent proteins (Fig. 3a). Maximum 
phosphorylation was attained with 70 pg/ml 
of phosphatidylserine and higher levels re- 
sulted in a decrease in phosphorylation (Fig. 
3b). Phosphorylation was suppressed at 250 
pg/ml of phosphatidylserine. Two other 
membrane phospholipids, phosphatidylcho- 
line and phosphatidylinositol, showed respec- 
tively very little and approximately equal ef- 
fects as phosphatidylserine as a coeffector with 
calcium (data not shown). Tetracaine, an an- 
esthetic agent known to inhibit the calcium- 
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FIG. 2. Calcium dose-dependent enhancement of phosphorylation of calcium-activated, phospholipid- 
dependent phosphoproteins. (a) Representative autoradiograph demonstrating the effect of increasing con- 
centrations of calcium to low5 M) in the presence of phosphatidylserine (50 pg/ml) upon the phos- 
phorylation of placental cytosol. The major calcium-activated, phospholipid-dependent phosphoproteins 
are indicated by arrowheads; the 98,000 mol wt phosphoprotein activated by calcium alone is indicated by 
the arrow (left). Molecular weight standards are indicated to the right. (b) Densitometer readings (percentage 
of maximum phosphorylation) of the 37,000 mol wt calcium-activated, phospholipid-dependent protein 
(vertical axis) are plotted against the calcium concentration (M). These results show the means and SE of 
three experiments. 
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FIG. 3. Phosphatidylserine dose-dependent enhancement of phosphorylation. (a) Representative autora- 
diograph demonstrating the effect of increasing concentrations of phosphatidylserine (5 to 200 pg/ml) in 
the presence of calcium ( M) upon the phosphorylation of placental cytosol. The major calcium-activated, 
phospholipid-dependent phosphoproteins are indicated by arrowheads; the 98,000 mol wt phosphoprotein 
activated by calcium alone is indicated by the arrow (left). Molecular weight standards are indicated to the 
right. (b) Densitometer readings (percentage of maximum phosphorylation) of the 37,000 mol wt calcium- 
activated, phospholipiddependent protein (vertical axis) are plotted against the calcium concentration (M). 
These results show the means and SE of three experiments. 

activated, phospholipid-dependent kinases 
( 1 8), inhibited the phosphatidylserine-induced 
phosphorylation in a dose-dependent manner. 
Half-maximal inhibition of phosphorylation 
of the 37,000 mol wt calcium-activated, phos- 
pholipid-dependent protein occurred with 4 
X M tetracaine (Fig. 4). 

In the absence of phospholipid, calcium at 
concentrations above 1 0-6 M, induced dose- 
dependent increases in the phosphorylation of 
a major phosphoprotein of 98,000 mol wt. 
Phosphoproteins of mol wt 90,000, 20,000, 
and 19,000 are also enhanced by calcium in 
the absence of phospholipids in many prepa- 
rations (2 1). The calcium-induced 98,000 mol 
wt phosphoprotein is half-maximally en- 
hanced at approximately 3.7 & 0.6 X lop7 M 
Ca2+ (Fig. 5).  In the presence of 70 pg/ml of 
phosphatidylserine, phosphorylation of the 
98,000 mol wt phosphoprotein was suppressed 
(Fig. 3). The other, more variably observed 
Ca2+-enhanced phosphoproteins (90,000, 
20,000, and 19,000 mol wt) also appear to be 
suppressed by phosphotidylserine (data not 
shown). In many tissues a calcium-activated, 

calmodulin-dependent kinase has been asso- 
ciated with major physiological processes ( 19). 
Stimulation of phosphorylation by these sub- 
stances was therefore investigated. Calmodulin 

2 x 1 0 - 5 ~  2 1 0 - 3 ~  

[ Tetracaine] M 

FIG. 4. Inhibition of the 37,000 mol wt calcium-acti- 
vated, phospholipid-dependent phosphorylation by tetra- 
caine. Densitometer readings (percentage of maximum 
phosphorylation) demonstrating the effect of increasing 
concentrations of tetracaine (2 x 1 0 - ~  to 2 x 1 0 - ~  M )  
upon phosphorylation of proteins by calcium ( M) 
and phosphatidylserine (50 pg/ml). These results show the 
means and SE of five experiments. 
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[ calcium] 

FIG. 5 .  Calcium dose-dependent enhancement of phos- 
phorylation of the 98,000 mol wt protein. The percentage 
of maximum phosphorylation of the 98,000 rnol wt protein 
as determined by densitometer scanning of autoradio- 
graphs (vertical axis) is shown versus concentration (molar) 
of added calcium. The results show the means and SE of 
three experiments. 

in concentrations of lo-'' to A4 had no 
detectable effect upon Ca*+-enhanced protein 
phosphorylation in placental cytosol (data not 
shown). However, the calmodulin inhibitor, 
R-2457 1 (Calmidazolium) specifically inhib- 
ited calcium enhanced phosphorylation of the 
98,000 mol wt phosphoprotein. This effect was 
half-maximal at 5 X loF6 M Calmidazolium 
(Fig. 6). This inhibition could not be overcome 
with additional calmodulin. Calmidazolium 
did not inhibit calcium-activated, phospho- 
lipid-dependent phosphorylation in placental 
cytosol. 

[ Calmidazolium ] 

FIG. 6.  Inhibition of calcium-activated phosphorylation 
by Calmidazolium. Densitometer readings (percentage of 
maximum phosphorylation) demonstrating the effect of 
increasing concentrations of Calmidazolium (lo-' to 
M )  upon phosphorylation of the 98,000 mol wt phospho- 
protein by calcium ( M).  These results show the means 
and SE of five experiments. 
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FIG. 7. The effect of CAMP and spermine upon calcium- 
activated, phospholipid-dependent phosphorylation. Au- 
toradiograph demonstrating the results of combinations 
of activating agents. The wells contain cAMP ( M ) ,  
spermine ( l 0-3 M),  and/or calcium ( 1 0-6 M) ,  as indicated. 
The arrowheads indicate the calcium-activated, phospho- 
lipid-dependent phosphoproteins. The arrows indicate 
phosphoproteins activated by other agents. Molecular 
weight standards are indicated to the right. These results 
are representative of three experiments (n = 3). 

The effects of cAMP and spermine, other 
known effectors of phosphorylation in human 
placenta, were tested for possible interactions 
with calcium-activated phospholipid-depen- 
dent phosphorylation ( 14, 20, 2 1). Proteins 
activated by cAMP and spermine were distinct 
from those activated by calcium and phos- 
photidylserine. Spermine (1 mM) partially in- 
hibited the calcium-activated, phospholipid- 
dependent phosphorylation (Fig. 7). 

Discussion. The central finding of this study 
is that calcium in conjunction with phospho- 
lipid enhances the phosphorylation of a dis- 
tinct group of proteins. This raises the possi- 
bility that hormones which modulate the me- 
tabolism of cell membrane phospholipids with 
the intracellular release of phospholipid com- 
ponents may exert physiological effects by the 
activation of placental kinase C and the sub- 
sequent phosphorylation of specific proteins. 

An extensive list of hormones has been pos- 
tulated to act through kinase C in this manner, 
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including insulin, a-adrenergic agonists, sev- 
eral growth factors, angiotensin 11, vasopressin, 
and muscarinic cholinergic agents (4, 5). Re- 
ceptors for many of these hormones have been 
described in the human placenta. Placental 
insulin receptors have been localized on the 
microvillus brush border of the placental tro- 
phoblast, facing the maternal circulation (22, 
23). Although a small effect of insulin upon 
placental glycogen synthase and phosphorylase 
has been reported by a few workers (24), this 
finding has been disputed by others (25). In 
addition there have been reports of failure of 
insulin to influence uptake or transport of 
amino acids or glucose in the placenta (26, 
27). The importance of insulin in the placenta 
thus remains questionable. Epidermal growth 
factor receptors have also been localized in the 
microvillus brush border (9). In vitru, EGF has 
been shown to increase hCG production in 
placental explants ( 12). In identical experi- 
ments, phorbol esters which are known to 
stimulate kinase C in some tissues also stim- 
ulated hCG production ( 12). Angiotensin I1 
receptors have been described in placental 
membrane fractions but the physiological role 
of this hormone in placenta remains unknown 
(10). Although it has been known for almost 
40 years that the placenta produces large 
amounts of acetylcholine, it remains uncertain 
whether this neurotransmitter acts upon the 
placenta to mediate placental function. Sastry 
et al. (1 1 )  have reported that muscarinic cho- 
linergic blockers inhibit AIB transport in the 
placenta. Pharmacologic doses of these block- 
ers are required to obtain these effects, how- 
ever, and attempts by two groups to demon- 
strate specific, CNS-like muscarinic cholin- 
ergic binding sites (QNB binding) have failed 
(28). Therefore, although the number of hor- 
mones which could potentially exert effects 
through the placental kinase C with resulting 
phosphorylation of calcium-activated, phos- 
pholipid-dependent phosphoproteins is large, 
the physiological importance of many of these 
hormones in the placenta is still unknown. 

In addition to calcium-activated, phospho- 
lipid-dependent enhancement of phosphory- 
lation, calcium-activated calmodulin-depen- 
dent phosphorylation has been shown to be of 
great importance in many tissues (19). Major 
known effects of the latter include modulation 
of the activity of the enzymes phosphorylase 
kinase and myosin light chain kinase, both of 

which have been described in the human pla- 
centa (29, 30). Large amounts of calmodulin 
have been reported in the human placenta 
(3 1). An attempt was therefore made to iden- 
tify calcium-activated, calmodulin-dependent 
phosphoproteins and compare them with the 
calcium-activated, phospholipid-dependent 
phosphoproteins. Calmodulin addition to 
placental cytosol resulted in no detectable 
change in phosphorylation from that observed 
in the presence of calcium alone. To determine 
whether saturating concentrations of calmod- 
ulin in placenta might prevent a detectable re- 
sponse to calmodulin addition, inhibitors of 
calmodulin were included along with calcium 
in some assays. The calmodulin inhibitor Cal- 
midazolium (R-2457 l )  inhibited the 98,000 
mol wt protein enhanced by calcium alone. 
This inhibition, however, could not be over- 
come by calmodulin. Whether the 98,000 mol 
wt phosphoprotein and others which are en- 
hanced by calcium alone in placental cytosol 
are, in fact, enhanced by calcium and endog- 
enous calmodulin therefore still remains un- 
certain. 

In previous reports we demonstrated that 
cAMP and spermine each enhance distinct sets 
of phosphoproteins in human placenta (14, 
21). Further, we reported that spermine in- 
hibits CAMP-dependent phosphorylation in 
the placenta ( 14). The calcium-activated, 
phospholipid-dependent phosphoproteins are 
distinct from those enhanced by either cAMP 
or spermine. Spermine, however, at M 
inhibited the calcium-activated, phospholipid- 
dependent phosphoproteins (Fig. 7). 

Specific human placental phosphoproteins 
are activated by calcium in combination with 
phospholipids. The significance of this finding 
must remain preliminary until the proteins are 
shown to be phosphorylated under in vivo 
conditions and the identity of the proteins is 
known. However, receptors for several hor- 
mones which are postulated to exert physio- 
logical effects through the activation of kinase 
C exist in the human placenta. Therefore, 
these hormones may exert effects upon the 
placenta by the phosphorylation of these 
phosphoproteins. 

1 .  Takai Y ,  Kishimoto A, Iwasa Y, Yasuhiro K, Mori 
T, Nishizuka Y. Calcium-dependent activation of a 
multifunctional protein kinase by membrane phos- 
pholipids. J Biol Chem 2453692-3695, 1979. 



2. 

3. 

4. 

5 .  

6. 

7. 

8. 

9. 

10. 

1 1 .  

12. 

13. 

14. 

15. 

16. 

17. 

CALCIUM AND PLACENTAL PHOSPHORYLATION 37 1 

Takai Y, Kishimoto A, Iwasa Y, Kawahara Y, Mori 
T, Nishizuka Y, Tamura A, Fuji T. J Biochem 86: 

Minatuchi R, Takai Y, Binzu Y, Nishiwuka Y. Wide- 
spread occurrence of calcium-activated phospholipid 
dependent protein kinase in human tissue. J Biochem 

Kuo F, Aderson R, Wise B, Mackerlova L, Salo- 
monsson I, Brackett N, Katoh N, Shoji M, Wrenn R. 
Calcium dependent protein kinase: Widespread oc- 
currence in various tissues and phyla of the animal 
kingdom and comparison of effects of phospholipid, 
calmodulin and trifluoperazine. Proc Natl Acad Sci 

Nishizuka Y. The role of protein kinase C in cell sur- 
face signal transduction and tumor promotion. Nature 
(London) 308:693-698, 1984. 
McPhail L, Clayton C, Synderman R. A potential 
second messenger role for unsaturated fatty acids: Ac- 
tivation of Ca++ dependent protein kinase. Science 

Garrison J, Johnson D, Campanile C. Evidence for 
the role of phosphorylase kinase, protein kinase C, 
and other Ca++ sensitive protein kinases in the re- 
sponse of hepatocytes to angiotensin I1 and vasopres- 
sin. J Biol Chem 259:3283-3292, 1984. 
Sastry B, Sadavongvivad C. Cholinergic systems in 
non-nervous tissues. Pharm Rev 30:65-132, 1979. 
O’Keefe E, Hollenberg M, Cuatrecasas, P. Epidermal 
growth factor-Characteristics of specific binding in 
membranes from liver, placenta and other target tis- 
sues. Arch Biochem Biophys 1645 18-526, 1974. 
Cooke S, Craven D, Symonds E. A study of angio- 
tensin I1 binding sites in human placenta, chorion, 
and amnion. Amer J Obstet Gynecol 140:689-692, 
1981. 
Sastry B, Barawell S, Moore R. Factors affecting the 
uptake of amino acids by human placental villus: 
Acetylcholine, phospholipid methylation, Ca++, and 
cytoskeletal organization. Trophoblast Res 1 :8 1 - 100, 
1983. 
Ilekis J, Benveniste R. The arachidonic acid pathway 
and the secretion of chorionic gonadotrophin (hCG) 
and progesterone by the human choriocarcinoma 
JEG-3 cell. Trophoblast Res 1:289-300, 1983. 
Lowry 0, Rosebrough N, Farr A, Randall R. Protein 
measurement with the folin phenol reagent. J Biol 
Chem 193:265-275, 195 1 .  
Moore J, Cardaman R, Lundgren D. Spermine-en- 
hanced protein phosphorylation in human placenta. 
Proc SOC Exp Biol Med 176:3 13-32 1 ,  1984. 
Sillen L, Martell A. In: Stability Constants of Metal- 
Ion Complexes, 2nd ed., No. 17. The Chemical So- 
ciety, Burlington House, London, 196 l .  
Laemmli U. Cleavage of structural proteins during 
the assembly of the head of bacteriophage T4. Nature 
(London) 227:680-685, 195 1 .  
Garrison J. The effects of glucagon, catecholamines, 
and the calcium ionophore A23187 on the phos- 

575-578, 1979. 

89: 165 1-1 654, 198 1 .  

USA 77~7039-7045, 1980. 

224~622-625, 1984. 

18. 

19. 

20. 

21. 

22. 

23. 

24. 

25. 

26. 

27. 

28. 

29. 

30. 

31. 

phorylation of rat hepatocyte cytosolk proteins. J Biol 
Chem 253:709 1-7 100, 1978. 
Wise B, Glass D, Chou C-H, Raynor R, Katoh N, 
Schatzman R, Turner R, Kibler R, Kuo J. Phospho- 
lipid-sensitive Ca2+-protein kinase from heart. 11. 
Substrate specificity and inhibition by various agents. 
J Biol Chem 257:8489-8495, 1982. 
Cheung W. Calmodulin: An overview. Fed Proc 41: 

Murray A, Froscio M, Rogers A. Effect of polyamines 
on cyclic AMP-dependent and independent protein 
kinases from mouse epidermis. Biochem Biophys Res 
Commun 71:1175-1181, 1976. 
Moore J, Cardaman R. Adenosine 3’,5’-monophos- 
phatedependent phosphoproteins in human placenta. 
Endocrinology (Baltimore) 116:288-295, 1985. 
Whitsett J, Lessard J. Characteristics of the microvillus 
brush border of human placenta: Insulin receptor lo- 
calization in the brush border membranes. Endocri- 
nology (Baltimore) 103: 1458- 1468, 1978. 
Nelson D, Smith R, Jarrett L. Non-uniform distri- 
bution and grouping of insulin receptors on the surface 
of human placental syncytial trophoblast. Diabetes 

Demers L, Gabbe S, Villee C, Grup R. The effect of 
insulin on human placental glycogenesis. Endocri- 
nology (Baltimore) 91:270-275, 1972. 
Barash V, Gutman A, Shafrir E. Mechanism of pla- 
cental glycogen deposition in diabetes in the rat. Dia- 
betologia 24:63-68, 1983. 
Johnson L, Smith C. Monosaccharide transport across 
microvillus membrane of human placenta. Amer J 
Physiol238:C 160-C 168, 1980. 
Steel R, Mosley J, Smith C. Insulin and placenta: 
Degradation and stabilization, binding to microvillus 
membrane receptors, and amino acid uptake. Amer 
J Obstet Gynecol 135522-529, 1979. 
Welsch F, Wennerberg P. Effects of cholinergic drugs 
on uptake of ( ‘‘C)-a-aminoisobutyric acid into frag- 
ments of human term placenta: Implications for cho- 
linergic recognition sites and observations on the 
binding of radioactive ligands. Biochem Pharmacol 

Demers L, Gabbe S, Villee C, Grup R. Human cho- 
rionic gonadotrophin mediated glycogenolysis in hu- 
man placental villi: A role of prostaglandins. Biochim 
Biophys Acta 313:202-210, 1973. 
Huzar G, Bailey P. Relationship between actin- 
myosin interaction and myosin light-chain phos- 
phorylation in human placental smooth muscle. Amer 
J Obstet Gynecol 135718-725, 1979. 
Umeki S, Nagao S, Nozawa Y. The purification and 
identification of calmodulin from human placenta. 
Biochim Biophys Acta 674:3 19-326, 198 1 .  

2253-2257, 1982. 

27:5 30-5 38, 1978. 

27:285-292, 1978. 

Received July 8, 1985. P.S.E.B.M. 1986, Vol. 182. 
Accepted April 7, 1986. 


