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Rat liver endoplasmic reticulum (ER) membranes
were investigated for the presence of proteins having
structural relationships with sarcoplasmic reticulum
(SR) proteins. Western immunoblots of ER proteins
probed with polyclonal antibodies raised against the
100-kDa SR Ca-ATPase of rabbit skeletal muscle iden-
tified a single reactive protein of 100 kDa. Also, the
antibody inhibited up to 50% the Ca-ATPase activity
of isolated ER membranes. Antisera raised against the
major intraluminal calcium binding protein of rabbit
skeletal muscle SR, calsequestrin (CS), cross-reacted
with an ER peptide of about 63 kDa, by the blotting
technique. Stains-All treatment of slab gels showed
that the cross-reactive peptide stained metachromati-
cally blue, similarly to SR CS. Two-dimensional elec-
trophoresis (Michalak, M., Campbell, K. P., and
MacLennan, D. H. (1980) J. Biol. Chem. 255, 1317~
1326) of ER proteins showed that the CS-like compo-
nent of liver ER, similarly to skeletal CS, fell off the
diagonal line, as expected from the characteristic pH
dependence of the rate of mobility of mammalian CS.
In addition, the CS-like component of liver ER was
released from the vesicles by alkaline treatment and
was found to be able to bind calcium, by a **Ca overlay
technique. From these findings, we conclude that a
100-kDa membrane protein of liver ER is the Ca-
ATPase, and that the peripheral protein in the 63-kDa
range is closely structurally and functionally related
to skeletal CS.

Many physiological functions of animal cells, depending on
specific tissue differentiation, are controlled by the cytosolic
free calcium concentration (1), such as the contraction-relax-
ation cycle of skeletal muscle and secretion in glandular tissue
cells (1). In skeletal muscle, the free calcium concentration is
in turn regulated by the sarcoplasmic reticulum (SR),!
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through its dual control on the membrane calcium fluxes, i.e.
on calcium release, and on the active transport and reaccu-
mulation of calcium into the lumen of the terminal cisternae
where calcium binds to the protein calsequestrin (CS) (2, 3),
through the Ca-ATPase pump (4), localized in the extrajunc-
tional SR (5).

Recent experimental evidence supports the view that some
aspects in membrane composition and properties, so far as-
signed exclusively to muscle SR, may be shared by the endo-
plasmic reticulum (ER) of non-muscle cells. Electron probe
analysis of intracellular calcium stores of liver cells (6, 7), and
electron microscopy of rat pancreas cells following calcium
uptake in the presence of oxalate (8), showed that calcium
accumulates at discrete intracellular sites corresponding to
ER. Furthermore, ER isolated from rat liver (9, 10) and
pancreas (8) showed a Ca-ATPase activity, and an oxalate
facilitated Ca-transport system sharing biochemical and ki-
netic properties with the Ca-transport system of skeletal
muscle SR (11-13). A protein of approximately the same
molecular size of skeletal SR Ca-ATPase was tentatively
identified as the Ca-ATPase of ER of liver (11, 14) and of
pancreas (13) cells, based on its ability to form an acid-stable,
Ca-dependent phosphoprotein intermediate, as for the SR
Ca-ATPase (4).

Here, we demonstrate that rat liver ER contains a protein
having molecular weight properties closely similar to those of
the Ca-ATPase of rabbit skeletal muscle SR, and that the two
proteins share antigenic determinants. We also provide new
evidence for the presence in rat liver ER of an extrinsic
protein which shares extensive electrophoretic and calcium
binding ability, as well as antigenic properties, with skeletal
CS.

MATERIALS AND METHODS

All chemicals were obtained from Sigma, Merck A. G. (Darmastadt,
Germany), or Carlo Erba (Milano, Italy). Pure nitrocellulose paper
was purchased from Bio-Rad. The cationic dye Stains-All, {(1-ethyi-
2-[3-(1-ethylnaphthol[1,2d]thiazolin-2-ylidene)-2-methylpropenyl)-
naphtho{1,2d]thiazolium bromide), was obtained from Sigma Chem-
ical Co. **CaCl; was from the Radiochemical Centre (Amersham,
England).

Preparative Procedures—Liver endoplasmic reticulum (ER) mem-
branes were prepared from male Wistar rats (body weight, 150-200
g), as previously described (11, 12). Sarcoplasmic reticulum (SR)
membranes were isolated from rabbit fast-twitch muscle, according
to Saito et al. (15). ER membranes were extracted by treating with
10 mM Tris-HCI, pH 8.0, 1 mM EDTA (16).

Biochemical Assay—ATPase activity was determined at 37 °C with
an enzyme-coupled spectrophotometric ADP-release assay as de-
scribed {17). Basal, Mg-stimulated ATPase was measured in the
presence of 0.2 mM EGTA. Extra Ca-ATPase was measured after
adding 0.05 mM CaCl,.
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Protein concentration was determined by the method of Lowry et
al. (18), with bovine serum albumin as a standard.

Gel Electrophoresis—One-dimensional SDS-PAGE was carried out
according to Laemmli (19). Two-dimensional gel electrophoresis was
carried out according to Michalak et al. (20). The first dimension was
a disc-gel (21), and the second dimension was a regular Laemmli gel.

Slab gels were stained with Stains-All, according to Campbell et
al. (22).

Immunological Techniques—Chicken anti-(rabbit SR Ca-ATPase)
IgG antibodies, previously characterized for specificity (17, 23, 24),
were used. Chicken anti-(rabbit calsequestrin) antiserum was raised
in adult hens, following the same immunization schedule previously
described (25). One-step ELISAs were carried out as previously
described (22). Western immunoblots of slab gels were carried out as
described (17), except that the final color development was carried
out according to Leary et al. (26). Before immunostaining, blots were
stained with Ponceau red.

Identification of Calcium Binding Proteins—SR and ER calcium
binding proteins were identified by a “**Ca-overlay” technique (27).
SR and ER proteins were resolved by SDS-PAGE and transferred
onto a nitrocelluose sheet. Blots were stained with Ponceau red,
destained with distilled water, soaked in 5 mMm EGTA, pH 7.0, for 1
h, and then, after washing with 5 mM imidazole to remove EGTA,
were incubated for 20 min at room temperature with 10 uM **CaCls,,
in a medium containing 5 mM imidazole, pH 7.0, 5 mM MgCl,, and
60 mM KCIl. Blots were washed four times for 5 min with 0.9% NaCl,
0.1% Tween 20, and **Ca-labeled proteins were visualized by autora-
diography (Hyperfilm betamax, Amersham, England).

RESULTS

Fig. 1A, lane 1, shows the pattern of electrophoretically
resolved ER proteins from rat liver, stained with Ponceau red
after transfer onto nitrocellulose. Under these conditions, a
narrow band of M; - 100,000, a doublet around M, - 80,000,
and additional major bands in the M, range between 65,000
and 50,000, approximately, are detected. When ER protein
blots are probed with chicken antibody to rabbit fast muscle
Ca-ATPase of known high specificity and previously shown
to be highly cross-reactive with the homologous protein of
human (24) and chicken (17) SR, a 100-kDa ER protein was
similarly found to be selectively stained by antibody (Fig. 14,
lane 2). The low content of this peptide in liver ER mem-
branes, as compared to the high content (80% of total protein)
of Ca-ATPase in purified SR from skeletal muscle, appears
to account mainly for differences in the extent of antibody
binding by liver ER and skeletal SR vesicles, as tested by

&

FiG. 1. Immunological cross-re-
activity of ER with anti-(rabbit Ca-
ATPase) antibody. Panel A, ER pro-
teins were resolved in a 10% Laemmli
gel and transferred onto nitrocellulose.
Blots were stained with Ponceau red, 100}
destained with distilled water, and then
incubated with anti-(rabbit Ca-ATPase) 2;: w
antibody (5 ug/ml). 150 ug of ER protein
were loaded. I, ER proteins, Ponceau
red-stained; 2, immunostaining of 1.
Panel B, titration of anti-(rabbit Ca-
ATPase) antibody was carried out with
microtiter wells coated with 5 ug/ml SR
() and ER (M) membranes, at the an-
tibody concentrations indicated on the
abscissa. Panel C, titration of antigen
was carried out at a fixed amount of
antibody (5 ug/ml), with microtiter wells
coated with SR () and ER (M) mem-
branes, at the protein concentrations in-
dicated on the abscissa.
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ELISA techniques, either by titrating the antibody (Fig. 1B)
or the antigen (Fig. 1C). This finding implies that the shared
antigenic determinants of the ER M, - 100,000 protein, as in
the case of the SR Ca-ATPase, are exposed on the outer
surface of the vesicles.

On the other hand, preincubation of ER vesicles with
antibody to SR Ca-ATPase for 10 min at 37 °C before assay
for ATPase activity resulted in marked inhibition of the Ca-
ATPase activity, from 2.99 umol/h/mg of protein (mean of 2)
to 1.53 umol/h/mg of protein (mean of 4). It was ascertained
in control experiments that the Ca-ATPase activity of ER
was not inhibited either by normal serum or by phosphate-
buffered saline medium alone. Using the same batch of anti-
body, and under similar experimental conditions, we had
previously found a 30% inhibition of the Ca-ATPase activity
of SR vesicles from rabbit fast muscle (28).

Fig. 2A shows an immunoblot of a SDS gel of rabbit skeletal
SR, following incubation with antisera against purified CS
and using the same revealing system for antibody binding to
protein as for the Ca-ATPase. The selective staining by
antibody of CS allows its identification with the protein band
of 64 kDa, in agreement with previous knowledge (22). Two
additional SR proteins of 160 and 170 kDa, respectively, were
found to cross-react with anti-(rabbit CS) antibody (Fig. 24,
lane 1). These peptides probably correspond to those previ-
ously described by Cala and Jones (29), that equally cross-
react to anti-CS antibody (30). Under the same conditions, a
single, weakly immunoreactive band appears to be present in
rat liver ER, having an apparent molecular weight in the 63-
kDa range, i.e. slightly lower than that previously reported
for rat skeletal CS (65 kDa) (25) in Laemmli’s system. Evi-
dence in agreement with that is obtained by comparing the
extent of cross-reactivity with the same antibody of intact SR
and ER vesicles, using ELISA techniques (Fig. 2, B and C).

To further characterize the ER component cross-reactive
with anti-(rabbit CS) antibody, we investigated its staining
properties with the carbocyanine dye Stains-All in one-di-
mensional slab gels and found that, similarly to skeletal CS
of mammalian species (22, 25), it stained metachromatically
blue (data not shown). Furthermore, when analyzed by using
the two-dimensional electrophoretic system of Michalak et al.
(20), the 63-kDa blue-staining, cross-reactive component of
rat liver ER appeared to fall off the diagonal line, as in the
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Fi1G. 2. Immunological cross-reactivity with anti-(rabbit CS) antiserum. Panel A, immunostaining of
SR and ER proteins was carried out as in Fig. 14, with anti-(rabbit CS) antiserum (1:100 dilution). 15 ug of SR
and 150 ug of ER protein were loaded. 1, SR; 2, ER. Panel B, titration of anti-(rabbit CS) antiserum was carried
out as in Fig. 1B, at the serum dilutions indicated on the abscissa. SR, (J; ER, B. Panel C, titration of antigen was
carried out as in Fig. 1C at a fixed dilution of serum (1:100). SR, (J; ER, l.

case of all skeletal muscle CS so far investigated (25) (data
not shown). Finally, the 63-kDa component of liver ER could
be released from the isolated vesicles by Tris-EDTA treat-
ment at alkaline pH, as originally described by Duggan and
Martonosi (16) for rabbit skeletal CS (data not shown).

In order to investigate the calcium binding properties of
the CS-like protein of rat liver ER, **Ca overlay techniques
(27) were used, identical with those reported for identifying
CS and other calcium binding proteins of rabbit skeletal SR
(31). Rabbit SR and rat liver ER protein, following SDS-
PAGE analysis, were transferred onto nitrocellulose and were
incubated with *°Ca, at high concentrations of MgCl and KCl,
to detect specific calcium binding sites. The results are shown
in Fig. 3, lanes 3 and 4. As expected, CS is found to be the
most heavily labeled protein band in skeletal muscle SR (lane
3). In the case of rat liver ER, calcium binding proteins are
detected as a doublet, corresponding to the 63-kDa protein,
and to the faster moving component at its bottom edge.
Interestingly, a protein present in the 100-kDa range was also
labeled by **Ca.

DISCUSSION

The results reported here, together with previous evidence
(11, 12), allow identification of the 100-kDa protein of rat
liver ER, as a Ca-ATPase having several properties in com-
mon with the Ca-ATPase of skeletal muscle SR. This conclu-
sion rests mainly on our finding that polyclonal antibodies
raised against rabbit skeletal SR Ca-ATPase are cross-reac-
tive with antigenic sites of the blotted 100-kDa protein of rat
liver ER, as well as with exposed sites of this protein in

Fi1G. 3. Identification of calcium binding proteins of SR and
ER membranes. Blots of SR and ER proteins were stained with
Ponceau red (lanes 1 and 2), destained with distilled water, and then
incubated with **CaCl,, as described under “Materials and Methods.”
*Ca-labeled proteins (lanes 3 and 4) were visualized by autoradiog-
raphy, after an 8-day exposure. 30 ug of SR protein (lanes I and 3)
and 150 ug of ER protein (lanes 2 and 4) were loaded for each lane.

membrane-bound form. We also find that the same antibody
is able to inhibit the Ca-ATPase activity both of SR vesicles
and of ER vesicles. That would locate the shared antigenic
sites at, or near, the outer projecting catalytic domain of liver
ER Ca-ATPase, as in the case of SR membrane Ca-ATPase.
That, together with previous evidence (11, 12), suggests that
the partial reactions of liver Ca-ATPase do not basically differ
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from those of skeletal muscle SR Ca-ATPase.

Previous studies (32) had shown the presence of a 63-kDa
calcium binding protein in the high speed supernatant of
bovine liver homogenates, which was described as a new
protein species named calregulin. Immunocytochemical stud-
ies localized this protein to ER membranes (32). Therefore,
our present findings suggest a possible relationship between
this calcium binding protein (32) and the CS-like peptide of
liver ER, as also reported here. On the other hand, the fact
that our anti-(CS) antibody appears to be cross-reactive with
the CS-like protein of ER (see Fig. 24) would seem to argue
against the possible identification of this protein with calre-
gulin, since Khanna and Waisman (33), using antibody spe-
cific to calregulin found that skeletal CS and calregulin are
immunologically unrelated proteins. Skeletal CS and the pu-
tative CS of liver ER share a number of significant properties.
Both are intraluminal proteins readily released from the mem-
branes by EDTA treatment at alkaline pH and both are
calcium binding proteins, as shown by **Ca overlay technique.
Furthermore, both proteins stain metachromatically blue with
the carbocyanine dye Stains-All and show a similar pH de-
pendence of the rate of electrophoretic mobility. Putative CS
of rat liver ER is slightly heterogeneous in molecular weight
from its skeletal SR counterparts, both of the rat (65 kDa)
and of the rabbit (64 kDa) which, in turn, are closely immu-
nologically related proteins (25). We do find, however, that
the liver 63-kDa protein is only weakly cross-reactive with
antibody to rabbit skeletal CS. A possible explanation for
these negative findings is that skeletal and liver calseques-
trins, even within the same mammalian species, are antigen-
ically more heterogeneous than are skeletal calsequestrins of
different species of mammals, due to tissue-specific differ-
ences in primary structure, as earlier suggested by Campbell
et al. (34) for skeletal and cardiac CS.

Recent experimental evidence supports the view that some
properties and components, previously considered to be spe-
cific to SR membranes, are instead shared by the ER of non-
muscle cells. Electron probe x-ray analysis of rat liver paren-
chymal cells (6, 7), and of other non-muscle cells (35}, and
electron microscopy of exocrine pancreas cells (8) showed that
the ER is the major storage site for calcium. Furthermore, it
was reported that isolated ER vesicles from rat liver share
with SR vesicles the ability not only to actively transport
calcium (11), but also to release calcium on addition of ino-
sitol-(1,4,5)-triphosphate (36), similarly to what has been
described for rabbit skeletal SR (37). Therefore, our present
results, together with previous findings, encourage the inter-
pretation that liver ER is able to carry out the three basic
functions peculiar of SR, i.e. calcium uptake, calcium storage,
and calcium release. This view is not necessarily in contrast
with that according to which a new organelle, called calcio-
some, would exist, as suggested by Krause et al. (38) in human
phagocytes, based on a double immunogold labeling technique
using antibodies to the SR Ca-ATPase and to CS of rabbit
skeletal muscle. In fact, membrane protein specificity in re-
lation to calcium regulation would demand the existence of
discrete areas of membrane specialization within the ER
system of liver and, possibly, of other non-muscle cells.
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