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Effect of the Calcium-Binding Protein Regucalcin on the Ca®* Transport System in Rat Liver
Microsomes: The Protein Stimulates Ca’>" Release
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The effect of the calcium-binding protein regucalcin on the Ca®>™ transport system in the liver microsomes from fed
rats was investigated. Ca>* transport was assayed by the method of Millipore filtration to estimate microsomal *>Ca?*
accumulation following addition of 10 mM adenosine triphosphate (ATP). “>Ca* uptake was retarded by the presence of
regucalcin (1.0—4.0 ugM). This retardation was remarkable at 1 min after regucalcin addition, while appreciable
retardation was no longer seen at 5 min. Regucalcin (2.0 uM)-induced retardation of “*Ca”* uptake was prevented by the
presence of calmodulin (5 ug/ml). Calmodulin alone (1 and 5 ug/ml) caused a significant increase in “*Ca’* uptake at
3min after the start of incubation. Also, regucalcin (2.0 uM)-induced retardation of “*Ca’* uptake was completely
blocked by the presence of a Ca®*-trapping agent, oxalate (3mM). On the other hand, “*Ca*, which accumulated in
microsomes during 5 min after ATP addition, was markedly released by the addition of regucalcin. This release was dose-
dependent (0.5—4.0 uM). Guanosine triphosphate (GTP; 10—100 uM) caused a significant release of “°*Ca’” from the
microsomes. The presence of regucalcin (2.0 uM) further enhanced the GTP effect. Regucalcin (2.0 uM)-induced release
of “*Ca’* was not blocked by the presence of the protein thiol-protecting agent dithiothreitol (0.1 mM). The presence of
oxalate (3mM) completely blocked the effect of regucalcin on “*Ca’* release from the microsomes. These results
indicate that regucalcin stimulates Ca’" release from liver microsomes, and that the protein retards the microsomal
Ca’" uptake. The present study suggests that regucalcin can regulate the Ca®* transport system in rat liver microsomes.
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It has been established that liver metabolism is regulated
by increase of Ca’* in the cytosol of liver cells due to
hormonal stimulation.!?’ The Ca’?* effect is modulated
through calmodulin, a calcium-binding protein, in liver
cells.>** Ca?* plays an important role in the regulation of
liver cell function. In recent years, we have reported that a
calcium-binding protein (regucalcin), which differs from
calmodulin, is distributed in the hepatic cytosol of rats.” ="
The molecular weight of regucalcin isolated from rat liver
cytosol was estimated to be 28800, and the Ca’* binding
constant was found to be 4.19x10°M~! by equilibrium
dialysis.®’ This novel protein has a reversible effect on the
activation and inhibition of various enzymes by Ca®” in
liver cells.” 19 Regucalcin may play a cell physiological
role in the regulation of liver cell function related to Ca**.

More recently, it has been found that regucalcin can
directly activate (Ca®>*-Mg?*)-adenosine triphosphatase,
which functions as a Ca®’* pump in rat liver plasma
membranes.’?’ It is suggested that regucalcin may play a
role in the stimulation of the extrusion of increased cyto-
solic Ca%" in liver cells.'? Presumably, regucalcin partici-
pates in the regulation of Ca?* homeostasis in liver cells.

On the other hand, it has been demonstrated that inositol
1,4,5-triphosphate, which is a second messenger for hor-
monal stimulation, can release Ca?* from rat liver micro-
somes.'>!? The present investigation was therefore under-
taken to clarify the effect of regucalcin on the Ca®*
transport system in rat liver microsomes. It was found that
regucalcin stimulates Ca®" release from the microsomes.
The present finding supports the view that regucalcin plays
a role as a regulatory protein for Ca** in liver cells.

Materials and Methods

Animals Male Wistar rats, weighing 100—120 g, were used. They were
obtained commercially from Japan SLC. Inc., Hamamatsu, Japan. The
animals were fed commercial laboratory chow (solid) containing 57.5%;
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carbohydrate, 1.19 Ca, and 1.1% P at a room temperature of 25°C, and
were allowed distilled water freely.

Isolation of Regucalcin Regucalcin in the cytosol fraction of rat liver
was purified to electrophoretic homogeneity by gel filtration on Sephadex
G-75 and G-50 followed by ion-exchange chromatography on diethylami-
noethyl (DEAE)-cellulose, as reported previously.”

Preparation of Hepatic Microsomes Rats were killed by cardiac punc-
ture, and the liver was perfused with ice-cold 250 mM sucrose solution,
immediately cut into small pieces, suspended 1:9 in the homogenization
medium containing 250 mM sucrose, 20mm 4-(2-hydroxyethyl)-1-piper-
azineethanesulfonic acid (Hepes), 1.0mm ethyleneglycol bis(2-amino-
ethylether)-N,N,N’,N '-tetraacetic acid (EGTA) and 1 mwM dithiothreitol
(DTT), pH 7.2 and homogenized in a Potter-Elvehjem homogenizer
with a Teflon pestle.!* The homogenate was centrifuged at 1000 x g for
10 min to remove nuclei, unbroken cells and cell debris. The resultant
supernate was centrifuged at 7700 x ¢ for 20 min to remove the mitochon-
drial fraction. The postmitochondrial supernate was then centrifuged at
110000 x ¢ for 60 min to sediment the microsomal fraction. The micro-
somal fraction was resuspended in 120 mm KCl, 10 mM Hepes, pH 6.8, to a
final protein concentration of 20—30 mg/ml.

45Ca’* Uptake *°Ca?™ uptake was measured by the Millipore fil-
tration technique.!®’ About 170—190 ug of protein/m] was incubated for
I min at 37°C in 1 ml of medium containing 100 mm KCIl, 20 mm Hepes,
I mm NaN,, 1 mm MgCl,, 1 uM ruthenium red and 100 um CaCl, contain-
ing Ca?* (5.0 uCi), pH 6.8. At a designated time after addition of 10 mm
adenosine triphosphate (ATP; adjusted to pH 6.8 with KOH) to initiate
energy-dependent Ca?* uptake, a 100 ul sample was filtered through a
0.22 um pre-wetted Millipore filter. The precipitate was washed with
120 mm KCI/100 mMm Hepes, pH 6.8, transferred to a scintillation vial and
counted for radioactivity. “°Ca®* uptake is expressed as nmol of **Ca?*
accumulated per mg protein of the microsomes.

45Ca®* Release Isolated rat liver microsomes were incubated in the
presence of 100 um Ca?* and 10 mm ATP for 5 min at 37 °C with 5.0 uCi of
45Ca?* in the Ca?* uptake assay buffer,'® and then regucalcin (0.5—
4.0 uM) was added to the incubation mixture. At a designated time after the
addition of regucalcin, a 100 ul sample was filtered through a 0.22 um pre-
wetted Millipore filter to determine the amount of **Ca®* remaining in the
vesicles. The precipitate on the filter after filtration was washed with
120mmM KCI/10 mM Hepes, pH 6.8, and transferred to scintillation -vial.
45Ca?* remaining in the microsomes is expressed as nmol of “*Ca** per
mg protein of the microsomes.

Analytical Methods Protein concentration was determined by the
method of Lowry et al!” Calcium content in the microsomes was
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determined by atomic absorption spectrophotometry after digestion with
nitric acid, and expressed as amount of calcium (nmol) per mg protein of
the microsomes.

Reagents *CaCl, (specific activity 44.56 mCi/mg) used was obtained
from New England Nuclear (Boston, Mass., U.S.A.). Other reagents were
purchased from Wako Pure Chemical Co. (Osaka, Japan) and Sigma
Chemical Co. (St. Louis, Mo., U.S.A.), and were dissolved in distilled
water then passed through an ion-exchange resin to remove metal ions.

Statistical Methods The significance of differences between values was
estimated by using Student’s ¢ test; p values of less than 0.05 were
considered to indicate statistically significant differences.

Results
Effect of Regucalcin on “>Ca** Uptake by Liver Micro-

somes The microsomes isolated from rat liver contained
total calcium of 4.20+0.10 nmol per mg of microsomal
protein, as determined by atomic absorption spectropho-
tometry. The microsomes were incubated for 1 min in medi-
um containing **Ca** and regucalcin (2.0 uM), and then
ATP (10mm) was added. **Ca** uptake by the micro-
somes increased rapidly during 1 min after ATP addition,
and it was saturated at 2min (Fig. 1). The presence of
regucalcin (2.0 uM) caused a significant retardation of
45Ca%™* uptake by the microsomes (Fig. 1). This retardation
was seen at 0.5min after ATP addition and reached a
maximum at 2 min.

The effect of increasing concentrations of regucalcin (0.5,
1.0, 2.0 and 4.0 um) on **Ca?* uptake by the microsomes is
shown in Fig. 2. The microsomes were incubated for 1 min
after the addition of 10mm ATP. The microsomal “*Ca**
uptake was significantly retarded by the presence of 1.0 um
regucalcin. At greater concentrations, the regucalcin effect
was remarkable.

The effect of calmodulin on **Ca*" uptake by the
microsomes is shown in Fig. 3. The presence of calmodulin
(1.0 and 5.0 ug/ml) caused a significant increase in the
microsomal “*Ca?* uptake at 3min after the addition of
10 mMm ATP, though the calmodulin effect was not seen at
1 min. The effect of regucalcin (2.0 um) to retard **Ca®*
uptake by the microsomes was blocked by the presence of
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Fig. 1. Effect of Regucalcin on **Ca?* Uptake by the Microsomes of
Rat Liver

45Ca2* uptake was measured as described in the experimental section. The amount
at time zero represents “*Ca?* bound to the microsomes when incubated for { min
before the addition of ATP. At zero time ATP was added to give a final concentration
of 10mM. Regucalcin was included in the incubation medium at a concentration of
2.0 um. Each value represents the mean+S.E.M. of 5 experiments. a) p<0.01, as
compared with the value without regucalcin. O, none; @, regucalcin.
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calmodulin.

The effect of regucalcin on “*Ca®* uptake by the micro-
somes in the presence of the Ca?* trapping agent oxalate is
shown in Fig. 4. The microsomes were incubated for 1 and
3min after the addition of 10mm ATP with or without
3mM oxalate. The microsomal “*Ca®* uptake was slightly
increased by the presence of 3mM oxalate. The effect of
regucalcin (2.0 uM) to retard the microsomal **Ca** uptake
was not fully apparent in the presence-of 3 mM oxalate.

Effect of Regucalcin on **Ca’" Release from Liver
Microsomes Isolated liver microsomes were incubated for
1 min in medium containing **Ca**, and then 10 mM ATP
was added and further incubated for Smin. The micro-
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Fig. 2. Effect of Increasing Concentrations of Regucalcin on *3Ca®*
Uptake by the Microsomes of Rat Liver

45Ca®* uptake was measured as described in the experimental section. The mi-
crosomes were incubated for ! min after the addition of ATP. Regucalcin was
included in the incubation medium at a concentration of 0.5, 1.0, 2.0 or 4.0 um. Each
value represents the mean +S.E.M. of 5 experiments. a) p <0.01, as compared with
the value without regucalcin.
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Fig. 3.  Effect of Calmodulin on **Ca’* Uptake by the Microsomes of
Rat Liver

45Ca’* uptake was measured as described in the experimental section. The
microsomes were incubated for 1 and 3 min after the addition of ATP with or without
2.0 uM regucalcin. Calmodulin was included in the incubation medium at a con-
centration of 1 or 5 ug/ml. Each value represents the mean + S.E.M. of 5 experiments.
a) p<0.01, as compared with the value without regucalcin. b) p <0.01, as compared
with the value of the control at zero time. [], none; @, regucalcin.
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Fig. 4. Effect of Oxalate on Regucalcin-Induced Retardation of **Ca?*
Uptake by the Microsomes of Rat Liver
45Ca?* uptake was measured as described in the experimental section. The
microsomes were incubated for 1 and 3 min after the addition of ATP with or without
3.0mm oxalate. Regucalcin was included in the incubation medium at a con-

centration of 2.0 um. Each value represents the mean +S.E.M. of 5 experiments. a)
p<0.01, as compared with the value without regucalcin. [, none; @, regucalcin.
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Fig. 5. Effect of Regucalcin on **Ca** Release from the Microsomes of
Rat Liver

45Ca?* release was measured as described in the experimental section. The amount
at time zero represents “*Ca?* taken up by the microsomes when incubated for 5 min
after the addition of ATP. At zero time regucalcin was added to give a final
concentration of 2.0 gM. Each value represents the mean +S.E.M. of S experiments.
a) p<0.01, as compared with the value without regucalcin. O, none; @, regucalcin.

somal *3Ca?* uptake was saturated by incubation for 5 min
with 10 mm ATP. At this time, regucalcin was added to the
incubation mixture. The addition of regucalcin (2.0 um)
caused a rapid release of **Ca’" from the microsomes
during 0.5 min (Fig. 5). The amount of *>Ca?” released by
regucalcin was about 40% of **Ca’* accumulated in the
microsomes.**Ca?* release from the microsomes caused by
regucalcin was saturated at 3min after the addition of
regucalcin.

The effect of increasing concentrations of regucalcin
(0.5—4.0 um) on *>Ca’”" release from liver microsomes is
shown in Fig. 6. The stimulatory effect of regucalcin on
45Ca’* release from the microsomes was seen at 0.5 um
regucalcin, which did not have an appreciable effect on
43Ca** uptake by the microsomes. The effect of regucalcin
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Fig. 6. Effect of Increasing Concentrations of Regucalcin on #°Ca*
Release from the Microsomes of Rat Liver

“*Ca’* release was measured as described in the experimental section. The
microsomes were incubated for 5 min after the addition of ATP, and then regucalcin
was added to give a final concentration of 0.5, 1.0, 2.0 or 4.0 uM. The microsomes
were incubated for 3 min after the addition of regucalcin. Each value represents the
mean+S.E.M. of § experiments. @) p<0.01, as compared with the value without
regucalcin.

(o]

Fay

:

8

—.—
z/

14

~ 12+ 1
£

2 = - -—

% TS W' s R 3
< 08r o 1
E, K Ld) ‘Ta) [23Y
& 06 ¥ —9¢ §
8 a)
v
s
g

02} .
Lo 1 1 1 _
0 0 1 2 3 4 5
Time (min)
Fig. 7. Effect of GTP on **Ca’™ Release from the Microsomes of Rat
Liver

“Ca’* release was measured as described in the experimental section. The amount
at time zero represents **Ca?* taken up by the microsomes when incubated for 5 min
after the addition of ATP. At zero time GTP was added to give a final concentration
of 10, 25 or 100 uM. Each value represents the mean+S.E.M. of 5 experiments. a)
p<0.01, as compared with the value without GTP. O, none; A, 10um GTP; @,
25 um GTP; B, 100 um GTP.

on the microsomal **Ca** release was saturated at 2.0 um
regucalcin.

It has been reported that guanosine triphosphate (GTP)
can stimulate Ca®* release from isolated rat liver micro-
somes.'®!? The effect of GTP on **Ca?* release from the
microsomes was examined in this study, and the result is
shown in Fig. 7. Addition of GTP (10, 25 and 100 um)
caused a significant release of *Ca®* from the microsomes
at 0.5min after GTP addition. On the other hand, the
addition of both GTP and regucalcin caused an additive
effect on “*Ca?* release from the microsomes (Fig. 8). In the
presence of GTP (10, 25 and 100 um), regucalcin (2.0 um)
further stimulated **Ca?* release from the microsomes.

The effect of dithiothreitol, a protecting agent of thiol
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Fig. 8. Effect of Regucalcin on GTP-Induced Release of “*Ca®* from
the Microsomes of Rat Liver

45Ca%* release was measured as described in the experimental section. The
microsomes were incubated for 5 min after the addition of ATP, and then GTP was
added to give a final concentration of 10, 25 or 100 um with or without 2.0 um
regucalcin. The microsomes were incubated for 3 min after the addition of regucalcin.
Each value represents the mean +S.E.M. of 5 experiments. a) p <0.01, as compared
with the value without regucaicin. (], none; M, regucalcin.
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Fig. 9. Effect of Dithiothreitol on Regucalcin-Induced Release of
45Ca?* from the Microsomes of Rat Liver

45Ca?* release was measured as described in the experimental section. The
microsomes were incubated in the presence of 100 ;M dithiothreitol for 5 min after the
addition of ATP, and then regucalcin was added to give a final concentration of
2.0 M. The microsomes were incubated for 1 or 3 min after the addition of regucaicin.
Each value represents the mean +S.E.M. of 5 experiments. @) p<0.01, as compared
with the value without regucalcin. [J, none; W, regucalcin.

groups of membrane proteins, on regucalcin-induced re-
lease of “*Ca* from the microsomes is shown in Fig. 9.
The presence of 100 um dithiothreitol did not cause an
appreciable modification of the microsomal **Ca”* release
induced by 2.0 um regucalcin.

When the microsomes were incubated in medium con-
taining 10mM ATP and 3mMm oxalate, the microsomal
45Ca?* uptake was enhanced markedly (Fig. 10). In the
presence of the Ca?" trapping agent oxalate, the effect of
regucalcin (2.0 uM) to stimulate *°Ca?* release from the
microsomes was not seen (Fig. 10).

Discussion
It has been recognized that liver microsomes have
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Fig. 10. Effect of Oxalate on Regucalcin-Induced Release of *°Ca’*
from the Microsomes of Rat Liver

43Ca’* release was measured as described in the experimental section. The
microsomes were incubated in the presence of 3mM oxalate for Smin after the
addition of ATP, and then regucalcin was added to give a final concentration of
2.0 um. The microsomes were incubated for 1 or 3min after the addition of
regucalcin. Each value represents the mean + S.E.M. of 5 experiments. a) p <0.01, as
compared with the value without regucalcin. [, none; WM, regucalcin.

an energy-dependent Ca®* sequestration activity,!%20-22
Ca®" uptake by liver microsomes may be hormone-
sensitive.”"**) Such a function of liver microsomes plays a
role in the regulation of the levels of cytosolic Ca** in the
mammalian liver cells.?® "% The present investigation was
undertaken to clarify whether regucalcin, a calcium-binding
protein in hepatic cytosol,® influences Ca®* uptake in
microsomes isolated from rat liver. The presence of regu-
calcin (1.0—4.0 um) in the incubation mixture caused the
retardation of **Ca®* uptake by liver microsomes after the
addition of ATP. This retardation was seen during 5 min.
With longer time, the effect of regucalcin seemed reversible.
The effect of regucalcin to retard the microsomal 4*Ca?*
uptake was weakened by the presence of calmodulin, which
can stimulate Ca?* uptake by rat liver microsomes.!® It
appears that the effect of regucalcin on the microsomal Ca**
uptake is not an important role in the regulatory system
of Ca?™ in liver cells. Moreover, the presence of oxalate, a
Ca®*-trapping agent, in the incubation mixture, completely
blocked the effect of regucalcin to retard “*Ca?* uptake by
the microsomes. This result is consistent with the view that
regucalcin-induced retardation of Ca®* uptake by liver
microsomes is dependent on Ca* release from the micro-
somes. '

When liver microsomes were incubated for 5min after
the addition of ATP, the microsomal **Ca?* uptake was
saturated. It was investigated whether regucalcin can stimu-
late **Ca?" release from microsomes which have accumu-
lated the metal sufficiently. The microsomal **Ca®* was
rapidly released during 0.5 min after the addition of regu-
calcin. The **Ca®* "release was seen at 0.5 uM regucalcin,
whereas the retardative effect of regucalcin on the micro-
somal “*Ca?* uptake was not caused by this concentration
of regucalcin. Thus, regucalcin has a more sensitive effect
on Ca’?* release than Ca?* uptake. The stimulatory effect
of regucalcin on *Ca** release from the microsomes was
similar to the effect of GTP, which can stimulate Ca?"*
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release from rat liver microsomes.!?’ Moreover, regucalcin
could additively enhance the effect of GTP on the micro-
somal “*Ca®" release. From these results, it is suggested
that regucalcin plays a cell physiological role in the stimu-
lation of Ca?" release from liver microsomes, and that the
mechanism of regucalcin action differs from that of GTP.

It has been reported that microsomal Ca*>* sequestration
is critically dependent on protein sulfhydryl groups, and
that modification of protein thiols may be an important
mechanism for the inhibition of microsomal Ca®* seques-
tration by a variety of toxic agents.** The ability of
regucalcin to stimulate **Ca®* release from liver micro-
somes was examined in the presence of dithiothreitol, a
sulfhydryl group-protecting agent. Regucalcin could stimu-
late +°Ca?™ release from the microsomes in the presence of
dithiothreitol. This indicates that regucalcin does not act
on protein sulfhydryl groups of microsomes to stimulate
43Ca?" release.

The stimulatory effect of regucalcin on **Ca*" release
from liver microsomes was completely blocked by the
presence of oxalate, a Ca®*-trapping agent. Presumably,
regucalcin does not directly bind Ca®* in the microsomes,
although the protein has a high-affinity binding activity for
Ca?*.9 Since regucalcin can bind to the microsomes of rat
liver, it is a possibility that the protein affects membrane
components related to the Ca®* -releasing mechanism in the
microsomes. Recently, it has been proposed that micro-
somal Ca?* may be released through a Ca**-release chan-
nel.2%2 It is possible that regucalcin acts as a Ca®*-release
channel on hepatic microsomal membranes. The Ca**-
releasing mechanism of regucalcin, however, remains to be
elucidated.

Recently, it has been demonstrated that inositol 1,4,5-
triphosphate, which is a second messenger for hormonal
stimulation, can release Ca’* from rat liver micro-
somes.'2'® The present finding, that regucalcin can stimu-
late Ca2" release from liver microsomes and retard Ca**
uptake by the microsomes, suggests that regucalcin plays an
important role in the elevation of the cytosolic Ca** level in
liver cells. However, regucalcin can bind Ca**; the value of
K, is 2.4x 107 %M. Regucalcin may bind Ca?* when the
cytosolic Ca®?" concentration increases over 2.4 um. The
concentration of Ca?* in the cytosol of resting liver cells is
about 0.1 uMm. Therefore, regucalcin may stimulate Ca**
release from the microsomes to regulate liver cell function
related to Ca?*, and the protein may bind Ca?" when the
cytosolic Ca®* concentration rises over 2.4 um. Thus, regu-
calcin may regulate the cytosolic Ca®>" concentration in
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liver cells through dual actions.

In conclusion, it has been demonstrated that regucalcin
can stimulate Ca®" release from rat liver microsomes and
retard Ca®* uptake by the microsomes. The present finding
clearly indicates that regucalcin regulates the Ca®* trans-
port system in liver microsomes. This further supports the
view that regucalcin plays a cell physiological role as a
regulatory protein for Ca?* action in liver cells.
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