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Abstract 

The activating mechanism of regucalcin, a calcium-binding protein isolated from rat liver cytosol, on (Ca2+-Mg2+)-ATPase in 
the plasma membranes of rat liver was investigated. (Ca2§ activity was markedly increased by a sulfhydryl (SH) 
group protecting reagent dithiothreitol (DTT; 2.5 and 5 mM as a final concentration), while the enzyme activity was signifi- 
cantly decreased by a SH group modifying reagent N-ethylmaleimide (NEM; 0.5-5 mM). The effect of DTT (5 mM) to 
increase the enzyme activity was clearly blocked by NEM (5 mM). Regucalcin (0.25-1.0 ~tM) significantly increased (Ca 2+- 
Mg2+)-ATPase activity. This increase was completely blocked by NEM (5 mM). Meanwhile, digitonin (0.04%), which can 
solubilize the membranous lipids, significantly decreased (Ca2+-Mg2§ activity. Digitonin did not have an effect on 
the DTT (5 mM)-increased enzyme activity. However, the effect of regucalcin (0.25 faM) increasing (Ca2+-MgZ§ ac- 
tivity was entirely blocked by the presence of digitonin. The present results suggest that regucalcin activates (Ca2+-MgZ§ 
ATPase by the binding to liver plasma membrane lipids, and that the activation is involved in the SH groups which are an 
active site of the enzyme. (Mol Cell Biochem 136: 71-76, 1994) 
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Introduction 

Calcium ion (Ca 2+) plays an important role in liver metabo- 
lism which is regulated by increase of Ca 2§ in the cytoplasm 
of liver cells due to hormonal stimulation [1-4]. Recently, 
it has been reported that a novel calcium-binding protein 
regucalcin, which is distributed in the hepatic cytosol of rats 
[5, 6], has a reversible effect on the activation and inhibi- 
tion of various enzymes by Ca 2+ and/or calmodulin in liver 
cells [7-10]. This novel protein probably plays an important 
role in the regulation of liver celt function related to Ca 2+. 

On the other hand, the regulation of Ca z§ extrusion in liver 
cells is poorly understood. The high-affinity (CaZ+-Mg2+)- 
ATPase is located on the plasma membranes of rat liver [11, 

12]. This enzyme acts as a Ca 2§ pump to exclude the metal 
ion from the cytoplasm of liver cells [12]. Recently, it has 
been reported that regucalcin can increase (Ca2§ 
Pase activity in the plasma membranes of rat liver [13], sug- 
gesting that regucalcin plays a role in the regulation of Ca 2§ 
pump activity. The mechanism by which regucalcin increases 
(Ca2+-MgZ*)-ATPase activity, however, has not been clarified 
fully. 

Previous investigations showed that regucalcin activates 
directly (Ca2+-MgZ§ in rat liver plasma membranes 
[13], and that the activation is not involved in the Ca2+-de - 
pendent phosphorylation of the enzyme [14] and in GTP- 
binding protein which modulates the receptor-mediated hor- 
monal effect in the plasma membranes [15]. Furthermore, 
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the present study was undertaken to clarify whether the ac- 
tivating mechanism of regucalcin on (CaZ*-Mg2+)-ATPase is 
related to the sulfhydryl group of the enzyme. It was found 
that the effect of reguca|cin is completely inhibited by the 
sulfhydryl modifying reagent, suggesting that regucalcin acts 
directly on the sulfhydryl groups which are an active site of 
(Ca2*-Mg2+)-ATPase in rat liver plasma membranes. 

Materials and methods 

Chemicals 

Adenosine-5 '-triphosphate (ATP), guanosine-5"-triphosphate 
(GTP), dithiothreitol (DTT), N-ethylmaleimide (NEM), heparin 
and digitonin were purchased from Sigma Chemicals Co. 
(St. Louis, MO, USA). Calcium chloride, sodium vanadate 
and all other reagents were purchased from Wako Pure 
Chemical Co. (Osaka, Japan). The reagents were dissolved 
in distilled water and then passed through ion-exchange resin 
to remove metal ions. 

Animals and isolation of reguealcin 

Male Wistar rats, weighing 100-130 g, were used. They were 
obtained commercially (Japan SLC, Inc., Hamamatsu, Ja- 
pan). The animals were given commercial laboratory chow 
containing 1.1% Ca, 1.1% P and 57.4% carbohydrate (Ori- 
ental Test Diet, Tokyo, Japan) and distilled water freely. Rats 
were killed by bleeding. The livers perfused with Tris-HCl 
buffer (pH 7.4, containing 100 mM Tris, 120 mM NaC1, 4 
mM KC1, cooled to 4~ The livers were removed, cut into 
small pieces; suspended 1:4 in Tris-HC1 buffer (pH 7.4) to 
isolate regucalcin, as reported previously [5]. Protein con- 
centration was determined by the method of Lowry et al. [ 16] 
using albumin as a standard. 

Preparation of liver plasma membranes 

The livers were removed after perfusion with ice-cold 0.25 
M sucrose solution and placed in ice-cold medium contain- 
ing 0.25 M sucrose, 5 mM Hepes-KOH, and lmM EGTA, 
pH 7.4. The liver plasma membranes were prepared accord- 
ing to the procedure ofPrpid et al. [17]. Livers were minced 
with scissors and homogenized by 10 passes with a loose- 
fitting Dounce homogenizer followed by 3 passes with a 
tight-fitting homogenizer, then diluted to give a 6% (w/v) 
homogenate. The homogenate was then centrifuged at 1,464 
x g for 10 min, and the resulting pellet was resuspended in 
the isolation medium and diluted to give a 6% (w/v) suspen- 
sion. A volume (10.4 ml) of this was mixed with 1.4 ml of 

Percoll (Pharmacia) in 15-ml Cortex tubes and centrifuged 
at 34, 540 x g for 30 min. Two distinct layers close to the 
top of the tube were revealed. These were harvested and 
washed in 5 volumes of 0.25 M sucrose, 50 mM Tris-HC1, 
pH 8.0, and the resulting pellets were resuspended in the 
same medium. Assay of marker enzyme (5 '-nucleotidase, 
succinate dehydrogenase, glucose-6-phosphatase, and RNA 
polymerase) showed that there was less than 5% contami- 
nation by nuclei, mitochondria, or microsomes. Especially, 
the activity of plasma membrane 5 "-nucleotidase showed a 
great value (405.1 + 10.4 nmol/min/mg protein) in compari- 
son with the activity of other enzymes. The prepared plasma 
membranes were in inside-out oriented and sealed membrane 
vesicles. 

Assay of (Ca2+-Mg2+)-ATPase 

(Ca2§ in the plasma membranes was measured 
under conditions described by Lotersztajn et al. (11), except 
that phosphate release was determined as described else- 
where [ 18]. The standard assay for (CaE§ ac- 
tivity contained in a final volume of 250 gl, 200-300 ~tg of 
plasma membrane protein, 250 IxM Mg-ATP, 50 mM Tris- 
HC1 (pH 8.0), 400 gM EGTA with either no Ca 2§ or 400 gM 
total Ca ~+, and others (various reagents and regucalcin). After 
10 min at 30~ aliquots were assayed for inorganic phos- 
phate formed. (Ca~§ activity was calculated by 
substracting values obtained with chelator alone from those 
obtained with chelator plus Ca 2§ Results were expressed as 
nmoles of inorganic phosphate liberated per min per mg of 
protein. 

Statistical methods 

The significance of the difference between values was esti- 
mated by means of Student's t-test; p values less than 0.05 
were considered to indicate statistically significant differ- 
ences. 

Results 

Effect of various reagents on (Ca~*-Mg2*)-ATPase activity 

The effects of various reagents on (Ca2+-Mg2*)-ATPase ac- 
tivity in rat liver plasma membranes were examined first. 
The presence of dithiothreitol (DTT; 2.5 and 5 mM) in the 
enzyme reaction mixture caused a remarkable increase in 
(CaE+-Mg2*)-ATPase activity, while the enzyme activity was 
significantly decreased by the presence of N-ethylmaleimide 
(NEM; 0.5-5 mM), s sulfhydryl modifying reagent (Fig. 1). 
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Fig. 1. Effect 0fsulfbydryl (SH) reagents on (Ca2*-Mg2+)-ATPase activity in 
rat liver plasma membranes. The enzyme activity was measured in the reac- 
tion mixture containing either dithiothreitol or N-ethylmaleimide in the range 
of  0.5 to 5 mM as a final concentration. Each value represents the mean • SEM 
of  five separate experiments with different plasma membrane preparation. * 
P < 0.01, as compared with the control (none) value, o, N-ethylmaleimide; 
o, dithiothreitol. 
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Fig. 2. Effect ofheparin on (Ca2§ activity in rat liver plasma 
membranes. The enzyme activity was measured in the reaction mixture con- 
taining heparin in the range of  5 to 20 pg/ml as a final concentration. Each 
value represents the mean • SEM of five separate experiments with different 
plasma membrane preparation. * P < 0.0 l, as compared with the control (none) 
value. 

Thus, (Ca2+-Mg2+)-ATPase in rat liver plasma membranes 
was activated by a sulfhydryl group protecting reagent DTT. 

The effect of heparin on (Ca2§ activity in 
rat liver plasma membranes is shown in Fig. 2. Heparin is a 
sulphated polysaccharide, and it can bind on liver mem- 
branes [ 19]. The presence of herparin (5-20 rtg/ml) caused 
a significant increase in (Ca2+-Mg2+)-ATPase activity. 

The effect of DTT and heparin to increase ( C a 2 + - M g 2 + )  - 

ATPase activity in rat liver plasma membranes was com- 
pared, and the result is shown in Table 1. The Ca2+-dependent 
phosphorylation of the enzyme protein in the plasma mem- 
branes is inhibited by vanadate (0.1 mM) [ 12]. The presence 
of vanadate (0.1 raM) did not inhibit the DTT (5 raM)- 
increased (CaZ+-Mg2+)-ATPase activity, while it caused an 
appreciable inhibition of the heparin (20 lag/ml)-elevated 
enzyme activity. Moreover, the effect of DTT increasing 
(Ca2+-Mg2+)-ATPase activity was clearly blocked by the pres- 
ence of NEM (5 mM), although the effect of heparin on the 
enzyme activity was not significantly influenced by the sulf- 
hydryl modifying reagent. 

The presence of  digitonin with a comparatively lower 
concentration (0.005-0.04%) in the enzyme reaction mix- 
ture caused a significant decrease of(Ca2+-MgZ+)-ATPase ac- 

tivity in the liver plasma membranes (Fig. 3). However, the 
effect of digitonin (0.04%) decreasing (Ca2+-MgZ+)-ATPase 
activity was not seen in the presence of DTT (5 mM) or 

Table 1. Effect ofvanadate and N-ethylmaleimide on the dithiothreitol- or 
heparin-increased (CaZ§247 activity in the plasma membranes of  
rat liver 

Treatment (CaZ+-Mg2+)-ATPase 
(nmol/min/mg protein) 

Control 105.5 + 5.6 
Dithiothreitol (5 raM) 347.6 + 21.2* 
Vanadate (0.1 raM) 74.3 + 3.5* 
Dithiothreitol + vanadate 315.4 • 8.3* 
N-ethylmaleimide (NEM; 5 mM) 77.6 • 7.7* 
Dithiothreitol + NEM 159.4 • 9.6*,** 
Heparin (20 ~tg/ml) 174.5 + 11.5* 
Heparin + vanadate 124.5 • 9.6** 
Heparin + NEM 167.8 • 15.6" 

The enzyme activity was measured in the reaction mixture containing either 
dithiothreitol, heparin, vanadate, NEM or dithiothreitol (heparin) plus NEM 
(vanadate). Each value represents the mean + SEM of  five separate experi- 
ments with different plasma membrane preparations. * P < 0.01, as compared 
with the control value. * * P < 0.01, as compared with the value ofdithiothreitol 
or heparin alone. 
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heparain (20 ~tg/ml), as shown in Table 2. Digitonin may act 
on the membranous lipids, but not in the enzyme protein. 

Effect of  regucalcin on (Ca2+-Mge§ activity in the 
presence of various reagents 

The effect of increasing concentrations of regucalcin on 
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Fig. 3. Effect ofdigitonin on (Ca2§ activity in rat liver plasma 
membranes. The enzyme activity was measured in the reaction mixture con- 
mining digitonin in the range of  0.005 to 0.04% as a final concentration. Each 
value represents the mean + SEM of  five separate experiments with different 
plasma membrane preparation. * P < 0.01, as compared with the control (none) 
value. 

2"- Table 2. Effect ofdigitonin on the dithiothreitol or heparin-increased (Ca - 
MgZ+)-ATPase activity in the plasma membranes of rat liver 

Treatment (Ca 2§247 
(nmol/min/mg protein) 

Control 110.9 • 4.3 
Digitonin (0.04%) 74.4 • 2.9* 
Dithiothreitol (DTT; 5 raM) 344.4 • 13.0" 
Digitonin + DTT 396.1 • 33.2* 
Heparin (20 I~g/ml) 174.5 • 11.5" 
Digitonin + heparin 204.9 • 19.0* 

The enzyme activity was measured in the reaction mixture containing either 
digitonin, various reagents (DTT and heparin) or digitonin plus various rea- 
gents. Each value represents the mean • SEM of  five separate experiments 
with different plasma membrane preparations. * P < 0.01, as compared with 
the control value. 
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Fig. 4. Effect ofregucalcin on (Ca2§247 activity in rat liver plasma 
membranes. The enzyme activity was measured in the reaction mixture con- 
mining regucalcin in the range of 0.25 to 1.0 laM as a final concentration. Each 
value represents the mean • SEM of  five separate experiments with different 
plasma membrane preparation. * P < 0.01, as compared with the control (none) 
value. 

(Ca2§ activity in rat liver plasma membranes 
is shown in Fig. 4. The presence ofregucalcin (0.25-1.0 ~tM) 
with a cell physiological concentration in the enzyme reac- 
tion mixture caused a significant increase in (Ca2§ - 
ATPase activity in the liver plasma membranes. 

The effect ofregucalcin (0.25 IxM) to increase (Ca2§ - 
ATPase activity in the liver plasma membranes was not fairy 

Table 3. Effect ofN-ethylmaleimide, dithiothreitol and heparin on the regu- 
calcin-increased (Ca2*-Mg2+)-ATPase activity in the plasma membranes of rat 
liver 

Treatment (Ca2+-Mg2§ 
(nmol/min/mg protein) 

Control 110.4 + 4.5 
Regucalcin (0.25 ~tM) 151.8 • 4.8* 
N-Ethylmaleimide (NEM; 5 raM) 70.4 • 8.7* 
Regucalcin + NEM 78.4 • 13.7",** 
Dithiothreitol (DTT; 5 raM) 371.6 • 37.1" 
Regucalcin + DTT 419.4 • 44.5* 
Heparin (20 ~tg/ml) 169.3 • 4.5" 
Regucalcin + heparin 171.2 • 5.9*,** 

The enzyme activity was measured in the reaction mixture containing either 
regucalcin, various reagents (NEM, DTT or heparin) or regucalcin plus vari- 
ous reagents. Each value represents the mean • SEM of  five separate experi- 
ments with different plasma membrane preparations. * P < 0.01, as compared 
with the control value. ** P < 0.01, as compared with the value of  regucalcin 
alone. 
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seen in the presence of NEM (5 mM), as shown in Table 3. 
Regucalein (0.25 pM) did not additively enhance the effect 
of DTT on the enzyme activity. Also, the effect ofregucalcin 
increasing (Ca2+-Mg2+)-ATPase activity was not significantly 
altered by the presence of heparin (20 ~tg/ml). 

The presence of GTP with an effective concentration (10 -5 
M) in the enzyme reaction mixture caused a significant in- 
crease of (Ca2+-Mg2+)-ATPase activity in rat liver plasma 
membranes (Table 4). This increase was not significantly 
inhibited by the presence of NEM (5 mM). Now, the effect 
of DTT (5 mM) to increase the enzyme activity was clearly 
enhanced by the presence of GTP (10 -5 M). This result indi- 
cates that the effective site of GTP is not involved in the 
sulfhydryl group of (Ca2*-Mg2+)-ATPase in liver plasma 
membranes. Now, the effect ofregucalcin (0.25 ~M) increas- 
ing the enzyme activity was weakened by the presence of 
GTP (10 -5 M). Moreover, regucalcin (0.25 lxM) did not sig- 
nificantly increase (Ca2+-Mg2+)-ATPase activity in the pres- 
ence of digitonin (0.04%), which can decrease the enzyme 
activity. This finding indicates that the effect of regucalcin 
is disappeared by the solubilization of the membranous lip- 
ids. 

Table 4. Effect o f  GTP and digitonin on the regueatcin-increased (CaZ+-MgZ§ 
ATPase activity in the plasma membranes o f  rat liver 

Treatment (Ca2*-Mg~*)-ATPase 
(nmol/min/mg protein) 

Control 108.2 :t: 3.8 

GTP (10 -~ M) 140.9 :t: 3.4* 
Dithiothreitol (5 raM) 344.4 + 13.0" 
GTP + dithiothreitol 464.0 • 22.2*.** 
N-Ethylmaleimide (5 raM) 78.0 • 6.9* 
GTP + N-ethylmaleimide 128.2 :t: 4,7* 
Regucalcin (0.25 ~tM) t48.1 + 5.1" 
GTP + regucalcin 125.7 • 4.1 *.** 
Digitonin (0.04%) 75.6 • 3. I * 
Digitonin + regucalcin 76.1 :~ 7.7*,** 

The enzyme activity was measured in the reaction mixture containing either 
regucalein, various reagents (GTP, dithiothreitol, N-ethylmaleimide and digi- 
tonin) or regucalein plus various reagents. Each value represents the mean + 
SEM of  five separate experiments with different plasma membrane prepara- 
tions. * P < 0.01, as compared with the control value. ** P < 0.01, as com- 
pared with the value without GTP or digitonin. 

Discussion 

The high-affinity (Ca2+-Mg2+)-ATPase, which is located on 
the plasma membranes of rat liver, acts as a Ca 2+ pump to 
extrude the metal ion from the cytoplasm of liver cells [11, 
12]. This enzyme is regulated by various factors. The enzyme 
activity is inhibited by vanadate [12], vasopressin [20] and 
glucagon [21 ]. Liver plasma membrane (Ca2+-Mg2+)-ATPase 
activity is not regulated by calmodulin and its antagonist 

[11]. Meanwhile, divalent metal ions (Fe 2+, Mn z§ and Co 2§ 
increase the (CaZ*-Mg2§ activity, but these metal 
ions uncouple the Ca2+ transport in rat liver plasma mem- 
brane [22]. Recently, it has been found that regucalcin, a 
calcium-binding protein isolated from rat liver cytosol, can 
increase (CaZ+-MgZ+)-ATPase activity in rat liver plasma 
membranes [13]. This effect of regucatcin was not blocked 
by vanadate, which inhibits CaZ+-dependent phosphorylation 
of (Ca2+-Mg2+)-ATPase in rat liver plasma membranes [12], 
although vanadate has an inhibitory effect on the Mn z§ and 
Co-increased enzyme activity [14]. Moreover, it has been 
demonstrated that the activating mechanism of regucalcin 
on (Ca2+-MgZ+)-ATPase is not involved in GTP-binding pro- 
tein which modulates the receptor-mediated hormonal effect 
in rat liver plasma membranes [15], and that the effect of 
hormones (epinephrine, phenylephrine and insulin) to in- 
crease the enzyme activity may be related to the phosphor- 
ylation of the enzyme [ 15]. Thus, the activating mechanism 
ofregucalcin was not based on the Ca2+-dependent phospho- 
rylation of (Ca2§ 

In the present study, it has been demonstrated that (Ca ~*- 
Mg2§ activity in liver plasma membranes is mark- 
edly increased by the presence of dithiothreitol (DTT), a 
sulfhydryl (SH) group protecting reagent. The effect of DTT 
was clearly weakened by the presence of N-ethylmaleimide 
(NEM), a SH modifying reagent, although the DTT effect 
was not altered by vanadate. This result suggests that the 
active site of (Ca2+-MgZ+)-ATPase is related to the SH groups 
of the enzyme. The effect of regucalcin increasing (Ca z§ 
Mg2+)-ATPase was completely blocked by the presence of 
NEM. This finding suggests that regucalcin effects on the 
SH groups which are the active site of (Ca:+-Mg2+)-ATPase 
in rat liver plasma membranes. Now, heparin had the acti- 
vating effect on liver plasma membrane (Ca2§247 
This effect was inhibited by vanadate, but not by NEM, sug- 
gesting that the mode of heparin action differs from that of 
regucalcin. 

Digitonin may be able to solubilize the lipids of liver 
plasma membranes [23]. Liver plasma membrane (Ca 2§ 
Mg2§ activity was clearly decreased by the presence 
of digitonin. This effect, however, was not seen in the pres- 
ence of DTT and heparin, suggesting that digitonin does not 
have a direct inhibitory effect on the enzyme. Presumably, 
the effect of digitonin decreasing (Ca2§ activ- 
ity is involved in the detergent effect on the lipids of liver 
plasma membranes. The activating effect of regucalcin on 
the enzyme was seen in the present of digitonin. This find- 
ing suggests that the effect of reguealcin is also related to 
the lipids of plasma membranes. Moreover, it has been dem- 
onstrated that the radioiodinated regucalcin can bind to the 
plasma membranes of rat liver [ 13]. From these observations, 
it is assumed that regucalcin binds to the lipids at the close 
site of (Ca2*-Mg2+)-ATPase in liver plasma membranes, and 
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that regucalcin acts on the SH group which is the active site 
of the enzyme. This does not exclude from the possibility that 

the effect of  regucalcin on the enzyme is not, at least partly, 
the active site. 

Interestingly, the effect of  DTT increasing (Ca2+-Mg2+) - 

ATPase activity in liver plasma membranes was fairly en- 

hanced by the presence of GTP, although the effect of  GTP 

increasing the enzyme activity was not significantly decreas- 

ed by NEM, suggesting that GTP does not influence on the 
SH group of  the enzyme. Now, the effect of  GTP was slightly 
weakened by the presence of regucalcin. The activating site 
of regucalcin on the enzyme may differ from that of GTP. 

The Ca2+-dependent phosphorylation of (Ca2+-Mg2§ 

Pase in liver plasma membranes is regulated by various rea- 
gents [14, 15, 20--22]. Also, the process ofphosphorylation 
of  (CaZ+-Mg2+)-ATPase may be regulated through GTP-bind- 

ing protein which modulates the receptor-mediated hormo- 

nal effect in liver plasma membranes [15, 20]. However, the 
mechanism of regucalcin activiting (CaZ+-Mg2+)-ATPase in 

rat liver plasma membranes may be based on the action to 

the SH groups of enzyme due to binding on the membranous 
lipids which is near close to (Ca2+-MgZ+)-ATPase in liver 
plasma membranes.  Regucalcin may be a novel cytosolic 
activating factor for (CaZ+-MgZ+)-ATPase in liver plasma 

membranes. Presumably, regucalcin plays a role in the regu- 
lation of  Ca 2+ levels in the cytoplasm of liver cells by acti- 

vating the plasma membranous (Ca2+-Mg~§ 
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