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SUMMARY. Studies were made on the mechanism2tf tj; effect of 
~"e'm",",",',',"ib",~~~o~~2~PTH) on the activity of (Ca ,',"h", b)aiTf;t~ge:~; 

-extrusion pump enzyme fro 
membranes (BLM) of canine kidney (Km or free Ca ' = 1.3 x lo- 
Vmag: 
lo- 

;)2zWdn;;ipP[[;&$k At 1.x lo-' M fife Ca2+, both PTH (lO-c1I 
M) stimulated (Ca 'tMg2')-ATPase activity 

dose-dependently and their stimulatory effects were inhibited 
complet 

e) 
y by 5 pM H-8, an inhibitor of CAM -dependent protein kinase. 

PTH (10' M) also caused 40 % increase in 32 

BLM and 5 pM H-8 inhibited this increase too. 
P incorpoz?tion into the 

PTH (10 M) was found 
to stimulate phosphorylation of a protein of Mr 9000 by CAMP dependent 
protein kinase and 5 pM H-8 was found to block this stimulat'on 
From these results, it is proposed that PTH stimulates Ca 
ATPase activity by enhancing its affinity for free Ca 

4 $++Mgqf;: 
+ via CAMP- 

dependent phosphorylation of a BLM protein of Mr 9000. o 1&Academic FXW, 
Inc. 

Parathyroid hormone (PTH) is important in regulation of 

biological processes in target organs.The physiological actions of 

PTH in renal tubular cells are mediated by activation of adenyl 

cyclase, the enzyme catalyzing the conversion of adenosine 

triphosphate (ATP) to adenosine 3',5'-cyclic monophosphate (cyclic 

AMP, CAMP) (1). Furthermore, PTH is reported (2) to affect the 

activity of (Ca2'tMg2')-ATPase, a membrane bound Ca '+-extrusion pump 

enzyme in the basolateral membranes (BLM) of renal proximal tubular 

cells, which have receptors for this hormone (3,4). Thus PTH may 

modulate Ca2' -pump activity by stimulating CAMP-dependent 

phosphorylation of some membrane protein. In the present report, we 

found that a renal BLM protein of Mr 9000 was a substrate for CAMP- 

dependent protein kinase and that PTH stimulated the phosphorylation 
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of this protein with simultaneous 1.5-fold increase in the affinity of 

the Ca2'-pump enzyme for free Ca2+ without change in the maximal rate 

of the enzyme reaction. This mechanism suggests that the action of PTH 

is in part due to regulation of the intracellular Ca2+ concentration. 

MATERIALS AND METHODS 

Human-PTH(l-84) was obtained from Toyojozo Co., Ltd. (Shizuoka, 
Japan). CAMP dependent protein kinase inhibitor (H$) was purchased 
from Seikagaku Kogyo Co., Ltd. (Tokyo, Japan). [ y- PIATP (2000-3000 
Ci/mmol) was from Amersham Co. (Arlington Heights, IL). 
Trifluoperazine (calmodulin antagonist), CAMP and the CAMP-dependent 
protein kinase catalytic subunit were purchased from Sigma Chemical 
Co. (St. Louis, MO). Proximal tubular BLM from canine kidney were 
prepared by the method of Windus, et al. (5). In this BLM -- 

membrane markers ouabain sensitive (Na++K+)- 
)-ATPase (785.7 f 55.2 and 164.2 f 12.1 

nmol/mg/min, n=4, respectively) were respectively 8.5- and 12.1- fold 
those in the homogenate, while the endoplasmic reticulum marker 
rotenone-insensitive NADPH cytochrome c reductase, and the 
mitochondrial marker cytochrome c oxidase had lower activities (12.2 f 
0.38 and 10.2 f 0.54 pmol/mg/min) than those in the homogenate (16.6 f 
0.16 and 154 f 4.3 pmol/mg/min , n=4, respectively). The activities of 
me brane marker enzymes were assayed by reported methods - 
(Ca '+Mg2+)-ATPase activity was measured by a modification df"t?i "2 
method of Pershadsingh and McDonald (10). The reaction mixture 
contained 7.2 pg of BLM protein , 50 mM Tris*HCl (pH 7.2), 20 mM NaN3 
[as mitochondrial ATPase inhibitor], 0.1 mM ouabain [as (Na++K'J- 
ATPase inhibitor], 1 mM ATP and the desired submicromolar free Ca ' 
concentration, 
constants fo 
and 8.5 x 10 

5 Ca '-EGTA and Ca 
djusted by a$$ition of 185 pM EGTA. The associatio9 

-ATP at pH 7.2 were taken as 6.8 x 10 
, respectively (11). The reaction was started by adding 

ATP and after incubation at37 'C for 30 min, and it was stopped by 
adding ice-cold trichloroacetic acid. The mixture was centrifuged and 
the phosphate (Pi) content released into the supernat nt 
determined by the method of Youngberg and Youngberg (12). (Ca ?+ Tt" +Mg >- 
ATPase activity was calculat$$ by subtracting values obtained with 
EGTA alone from those with Ca and EGTA. The BLM were phosphorylated 
by incubation at 30 OC in 50 pl of medium containing 50 mM Tris*HCl 
(pH 7.2), 20 mM NaN3, 0.1 mM ouabain, 1 mM EGTA and 1 mM [Y-32P]ATP. 
After the reaction, the extent of phosphorylation of the membranes was 
determined by a reported method (13). Then samples was submitted to 
SDS polyacrylamide gelelectrophoresis, and radioactive bands were 
identified. SDS polyacrylamide gel electrophoresis was carried out in 
the buffer system of Laemmli (14). Protein concentrations were 
determined by the method of Lowry et al. (15) with bovine serum -- 
albumin as a standard. 

RESULTS 

Fig. 1A shows the dose-dependence on free Ca2+ of the high 

affinity (Ca2++Mg2+)-ATPase activity of BLM from canine kidney. The 
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Free Cc?+ W) (Free Ca?+)-1 WI)-’ 

Fig. 1. A. Effect o CAMP on dependence of BLM (Ca2++Hg2+)-ATPase 
activity on free Ca 45 . 

Enzyme activity was determined at the indicate9 free Ca2+ 
concentrations in the absence (0) or presence (0) of lo- M CAMP. 

B.Double reciprocal plot of Fig.lA. 

Km of the enzyme for free Ca2+ was 1.3 x 10B7 M and the maximum 

velocity was 200 nmol of Pi/mg/min at 37 'C (Fig. 1B). 

Trifluoperazine, a calmodulin antagonist, inhibited the enzyme 

activity in dose-dependently (ICSo = 40 pM) (data not shown). These 

0 10-E 10-7 10-5 0 1 o-7 10-5 10-5 10-4 

PTH (MI CAMP (M) 

Fig. 2. Effects of human-PTE(l-84) and CAMP on (Ca2++Mg2')-ATPase 
activity in canine kiduey BLM. 

Enzyme activity was estimated at a free Ca2+ concentration of 0.1 pM 
in the absence (0) or presence (0) of 5 pM CAMP-dependent protein 
kinase inhibitor (H-8). Activities were calculated as percentages of 
the control activity without additions. 
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Fig. 3. Time course 
Time (mid 

of phoaphorylation of BLH. 

BLM(37 &were phosphorylated at30 ?Cin 50 pl of reaction medium 
consisting of 50 mM Tr' 

:09 

%HCl (pH 7.2), 20 mM NaN3, 0.1 y ouabain, 
EGTA and 1 mM [Y- P]ATP, without (o), or with lo- M PTH (0), or 
M Pl'H and 5 pM H-8 (CAMP-dependent protein kinase inhibitor) (a). 

characteristics were consistent with the reported features of high 

affinity (Ca*+tMg")-ATPase activity (3,4,16). 

Next we studied the effect of CAMP on the enzyme activity. On 

addition of 10e5 M CAMP, the Km of the enzyme for Ca2+ decreased l/3 

with no change in the maximal velocity (Fig. 1A and la). The effects 

of various concentrations of PTHand cAMPon the (Ca2'tMg2')-ATPase 

activity were measured at a Ca 2t concentration of 0.1 pM, a 

concentration in the linear portion of the calcium-dependence curve 

(Fig. 1A). As shown in Fig. 2, both PTH (10-7-10-6 M)and cAMP(10W6- 

10-4 M) stimulated (Ca2'tMg2')-ATPase activity significantly and dose- 

dependently. However at 2 pM free Ca2', which gave the maximal 

velocity, neither PTH nor CAMP had any effect on the enzyme activity 

(data not shown). 

The stimulatory effects of PTB and CAMP were completely inhibited 

by addition of 5 pM H-8, a CAMP-dependent protein kinase inhibitor to 

the reaction mixture. This result suggested that PTH stimulates CAMP- 

dependent phosphorylation of the BLM. Therefore, we next examined the 

effect of PTH on phosphorylation of the membranes. Fig. 3 shows the 

time-course of 32P-incorporation into the BLM. Autophosphorylation of 
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Fig. 4. Autoradiograms of proteins of canine kidney BLM phosphorylated 
by cAI@-dependeat protein kinase 

BLM (37 pg) were incubated at 30 'C in the same reaction medium as for 
Fig. 
(lo-7 

3 with the following additions: la_nT (b), none; lane (c), PTY 
M) + H-8 (5 pM); lane (d), PTH (10 M); lane (e), CAMP (lo- 

M); lane (f), CAMP-dependent protein kinase catalytic subunit (50 
&ml). After electrophoresis on 15% SDS polyacrylamide gel, gels were 
stained with Coomassie brilliant blue [lane (a)] or subjected to 
autoradiography. 

BLM reached a plateau in 2 min at 30 'C. 10-l M PTH caused 1.4 fold 

increase in the phosphorylation of the BLM, and this stimulatory 

effect was completely inhibited by 5 pM H-8. 

Finally for identification of the protein phosphorylated by 

CAMP-dependent protein kinase, the BLM (37 pg) were incubated with [y 

-32P]ATP, and LOS7 M PTH, 10B5 M CAMP or 50 pg/ml of the CAMP- 

dependent protein kinase catalytic subunit with or without H-8, and 

32P incorporation into proteins was examined by SDS polyacrylamide gel 

electrophoresis and autoradiography. As shown in Fig. 4, a major band 

of protein of Mr 9000 and some minor bands were autophosphorylated. 

PTH, CAMP and the CAMP-dependent protein kinase catalytic subunit 

all stimulated the phosphorylation of this Mr 9000 protein and their 

stimulatory effects were blocked by H-8. Therefore, PTH stimulated the 

phosphorylation of the Mr 9000 protein by activating the CAMP- 

dependent protein kinase present in the BLM preparation. 

DISCIJSSION 

The mechanism by which cells respond to hormones is of great 

interest. In the present report, we showed that PTH stimulated 
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(Cazt+Mgzt)-ATPase activity via CAMP dependent phosphorylation of BLM 

from canine kidney, and that a Mr 9000 protein was the main substrate 

of CAMP-dependent protein kinase. These results represent an 

intracellular cascade of events induced by PTH and resulting in a 

physiological response. (Ca2++Mg2+)-ATPase is a main Ca2+-extrusion 

pump in the plasma membranes of various cells and tissues (17,18). 

This enzyme is Ca2+ -calmodulin dependent, and Niggli, et al. (17) -- 

purified it from erythrocytes by calmodulin affinity column 

chromatography. Furthermore Lamers, et al. (6) reported that the -- 

(Ca2++Mg2+)-ATPase of cardiac sarcolemma was regulated by CAMP through 

protein kinase as well as by Ca2+ -calmodulin. They also found that a 

cardiac sarcolemma protein of about Mr 9000 is a substrate for both 

Ca2+-calmodulin dependent kinase and CAMP-dependent protein kinase, 

and that CAMP dependent phosphorylation caused 1.6-fold increase in 

the affinity of the Ca2+-pump enzyme for Ca2+ without changing its 

maximal rate. In human blood platelets also, stimulation of Ca2+ 

uptake is accompanied by CAMP-dependent phosphorylation of a membrane 

protein of about Mr 22000 (19,20). Thus the response to CAMP of 

stimulation of Ca2+ -extrusion pump in renal tubular BLM is like those 

in cardiac sarcolemma and platelets. 

In this work we showed that PTH stimulated CAMP-dependent 

phosphorylation of the BLM through protein kinase and also activated 

(Ca2+ +Mg2')-ATPase activity. This result strongly suggested that PTH 

regulates Ca '+-pump activity through its receptor. In fact, recently 

both PTH and CAMP were reported to decrease the intracellular Ca2+ 

concentration in renal proximal tubular cells (21). Therefore, the 

cellular effect of PTH was partly mediated by change in the 

intracellular Ca2+ concent,ration. 

The most interesting example of a hormone mediated intracellular 

sequential process is that mediated by phospholamban in the cardiac 

sarcoplasmic reticulum (SR) reported by Tada, et al. (22-24). They -- 
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showed that the phosphorylation of a protein of Mr 22GO0, cardiac SR 

phospholamban, catalyzed by CAMP-dependent protein kinase, augmented 

(Ca2*+Mg2+ )-ATPase activity. The resulting increase in the rate of 

Ca2+ uptake by the SR may account for the increased rate of relaxation 

of heart muscle in response to epinephrine. Like cardiac muscle, all 

slow skeletal muscles (25,26), platelets (20), aortic microsomes (27) 

and Oddi's sphincter (28) also show increased Ca 2+ uptake in response 

to epinephrine, and phospholamban-like proteins have been found in 

these tissues. Recently, Fujii, et al. (29) reported that an -- 

intresting feature of phospholamban was the reversible temperature- 

dependent interconversion of high and low molecular weight forms on 

SDS polyacrylamide gel electrophoresis. On SDS at 50-70 'C, 

phospholamban gave three intermediate bands between the protomer band 

(PNL) of Mr 6000 and holoprotein band (PNH) of Mr 26000. The membrane 

protein of cardiac salcolemma that is a substrate for the CAMP 

dependent protein kinase also showed temperature-dependent change of 

mobility on SDS polyacrylamide gel electrophoresis (6). However, the 

Mr 9000 protein found in the present study, did not show any change 

in mobility on SDS polyacrylamide gel electrophoresis at temperatures 

of 4 'C and 100 'C (data not shown). Therefore it is unlikely that 

this Mr 9000 protein in the BLM is a phospholamban-like protein. 

Moreover, at present we do not know whether PTH stimulates 

phosphorylation of BLM in vivo. 

ACKNOWLEDGMENTS 

This work was supported by grants from "the Research Program on 
Cell Calcium Signals in the Cardiovascular System" and from the 
Ministry of Education, Science and Culture of Japan (No.v5703.?3). 
We thank Miss Chiaki Nishi for technical assistance in (Ca +tMg ')- 
ATPase assay and Dr. M. Tada, First department of Medicine, Osaka 
University, for reading this manuscript. 

REFERENCES 

1) Melson, G.L., Chase, L.R. and Aurbach, G.D. (1970) Endocrinology. 
86, 511-518. 

2) Levy, J., Gavin III, J.R., Morimoto, S., Hammerman, M.R. and 
Avioli, L.V. (1986) Endocrinology. 119, 2405-2411. 

269 



Vol. 150, No. 1, 1988 BIOCHEMICAL AND BIOPHYSICAL RESEARCH COMMUNICATIONS 

3) 

4) 
5) 

6) 

7) 

8) 

9) 

10) 

11) 

12) 

13) 

14) 
15) 

16) 

17) 

18) 
19) 

20) 

21) 

22) 

23) 

24) 

25) 

26) 
27) 

Heeswijk, M.P.E., Geersten, J.A.M. and OS, C.H. (1984) J. Membr. 
Biol. 79, 19-31. 

Zmaj, P., Murver, H. and Kinne, R.(1979) Biochem. J. 178, 549-557. 
Hindus, D.W., Cohn, D.E., Klahr, S. and Hammerman, M.R. (1984) Am. 
J. Physiol. 246, F78-F86. 

Lamers, J.J.. Stinis, HT. and De Jonge, H.R. (1981) FEBS Lett. 
127, 139-143. 

Schoot, B.M., Schoots, A.F.M., De Pont, J.J.H.H.M., Schuurmans 
jtekhoven, F.M.A.H. and Bonting, S.L. (1977) Biochim. Biophys. Acta. 
483, 181-192. 

lottocasa, G.L., Kuylenstierna, B., Ernster, L. and Bergstrand A. 
(1967) J. Cell Biol. 32, 415-438. 

dharton, D.C. and Tzagoloff, A. (1967) Methods Enzymol. 10, 245- 
250. 
Pershadsingh, H.A. and McDonald J.M. (1980) J. Biol. Chem. 255, 
4087-4093. 
Pershadsingh, H.A., McDaniel, M.L., Landt, M., Bry, C.G., Lacy, 
P.E.and McDonald, J.M.(1980)Nature 288, 492-495. 
Youngberg, G.E. and Youngberg, M.V. (1930) J. Lab. Med. 16, 158- 
166. 
Adelstein, R.S. and Klee, C.B. (1981) J. Biol. Chem. 256, 7501- 
7509. 
Laemmli, U.K. (1970) Nature 227, 680-685. 
Lowry, O.H., Rosebraugh, N.J., Farr, A.L. and Randall, R.J. (1951) 
J. Biol. Chem. 36, 265-275. 
Pershadsingh, H.A.and McDonald, J.M.(1981)Biochem. Int. 2, 243- 
248. 
Niggli, V., Penniston, J.T. and Carafoli, E. (1979)J. Biol. Chem. 
254, 9955-9958. 
Caroni, P. and Carafoli, E. (1981)J. Biol. Chem. 256, 3263-3270. 
Kaser-Glanzmann, R., Jakabova, M., George, J.N. and Luscher, E.F, 
(1977) Biochim. Biophys. Acta. 466, 429-440. 
Kaser-Glanzmann, R., Gerber. E. and Luscher, E.F.(1979) Biochim. 
Biophys. Acta. 558, 344-347. 
Dolson, G.M., Hise, M.K. and Weinman, E.J. (1985) Am. J. Physiol. 
249, F409-F416. 
Tada,M., Kirchberger, M.A., Repke, D.I. and Katz, A.M. (1974) J. 
Biol. Chem. 249, 6174-6180. 
Tada, M., Inui, M., Yamada, M., Kadoma, M., Kuzuya, T., Abe, H. 
and Kakiuchi, S.(l983)J. Mol. Cell Cardiol. 15, 335-346. 
Inui, M., Kodama, M. and Tada, M.(1985) J. Biol. Chem. 260, 3708- 
3715. 
Jorgensen,. A.O. and Jones, L.R. (1986) J. Biol. Chem. 261, 3775- 
3781. 
Kirchberger, M.A. and Tada, M. (1976)J. Biol. Chem. 254, 725-729. 
Bhalla, R.C., Webb, RX., Singh, D. and Brock, T. (1978) Am. J. 
Physiol. 234, H508-514. 

28)Kimura, M., Kimura, I. and Kobayashi, S. (1977) Biochem. 
Pharmacol. 26, 994-996. 

29) Fujii, J., Kadoma, M., Tada, M., Toda, H. and Sakiyama, F. 
(1986) Biochem. Biophys. Res. Commun. 138, 1044-1050. 

270 


