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Abstract. We have previously reported that rat parotid
gland basolateral plasma membrane vesicles (BLMV)
have a relatively high affinity Ca®* transport pathway
and an unsaturable Ca®" flux component (Lockwich et
al., 1994. J. Membrane Biol. 141:289-296). In this
study, we have solubilized BLMV with octylglucoside
(1.5%) and have reconstituted the solubilized proteins
into proteoliposomes (PrL) composed of E. coli bulk
phospholipids, by using a detergent dilution method.
PrL exhibited 3-5-fold higher **Ca®* influx than control
liposomes (without protein). Ca®" uptake into PrL. was
dependent on the [protein] in PrL and steady state [Ca*")
in Prl. was in equilibrium with external [Ca®"]. These
data demonstrate that a passive, protein-mediated Ca®*
transport has been reconstituted from BLMV into Prl..
#>Ca** influx into liposomes did not saturate with in-
creasing [Ca2+] in the assay medium. In contrast, PrL
displayed saturable **Ca®" influx and exhibited a single
Ca®* flux component with an apparent K, = 242 + 50.9
uM and V,,, = 13.5 £ 1.14 nmoles Ca**/mg protein/
minute. The K., of Ca*"~transport in PrL was similar to
that of the high affinity Ca®" influx component in BLMV
while the V,_,, was about 4-fold higher. The unsaturable
Ca** flux component was not detected in PrL. “>Ca®*
influx in Prl. was inhibited by divalent cations in the
order of efficacy, Zn*" > Mn*" > Co®" = Ni**, and ap-
peared to be more sensitive to lower concentrations of
Zn** than in BLMV. Consistent with our observations
with BLMV, the carboxyl group reagent N, N’-dicyclo-
hexylcarbodiimide (DCCD) inhibited the reconstituted
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Ca®* transport in PrL. Importantly, in both BLMV and
PrL, DCCD induced a 40-50% decrease in V., of Ca**
transport without an alteration in K,. These data
strongly suggest that the high affinity, passive Ca**
transport pathway present in BLMV has been function-
ally reconstituted into PrL.. We suggest that this ap-
proach provides a useful experimental system towards
isolation of the protein(s) involved in mediating Ca**
influx in the rat parotid gland basolateral plasma mem-
brane.

Key words: Reconstitution — Calcium influx — Baso-
lateral membrane vesicles — Proteoliposomes — Parotid
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Introduction

Ca®* influx pathways are present in the plasma mem-
brane of both excitable and nonexcitable cells and are
involved in regulating a wide range of cellular functions,
including secretion, contraction, and excitability [3, 9,
30]. In excitable cells, such as neuronal and muscle
cells, Ca?" influx is mediated via the well characterized,
voltage dependent Ca** channels [9, 35]. In nonexcit-
able cells, such as rat parotid and other exocrine gland
cells, there is considerable evidence to suggest that stim-
ulation of Ca®" entry is achieved as a result of the de-
pletion of Ca®" from an internal Ca®* pool(s) [3, 27, 33,
34]. However, the molecular events by which the status
of [Ca®*] in the internal Ca®" pool is conveyed to the
plasma membrane is not yet known [31]. Furthermore,
no information is available regarding the molecular na-
ture of the Ca®" influx system and of the components
mediating Ca”* influx across the plasma membrane. In
contrast to the voltage-gated Ca®* channels which have
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been distinguished based on their differential sensitivi-
ties to a number of drugs, toxins, and divalent cations,
there are no specific ligands which interact with and
modify the Ca®* influx pathway in nonexcitable cells.
The lack of such ligands has hindered progress in the
identification of the molecular components mediating
Ca®" entry into nonexcitable cells. Recently, electro-
physiological studies in mast cells [12, 17] demonstrate
the presence of a number of different cation channels in
cells under stimulated and unstimulated conditions.
However, until now, it is not clear which of these chan-
nels is the Ca** entry pathway activated in response to
internal Ca®* depletion or whether the Ca®" entry mech-
anism is, in fact, a channel. Clearly, isolation of the
protein(s) involved in Ca®* entry will be essential for
complete understanding of its regulation and function.

Studies in our laboratory have been directed towards
understanding the biochemical and molecular character-
istics of the Ca®" entry pathway in salivary gland cells
[16, 27, 28]. More recently, we have examined the pas-
sive Ca®* permeability of isolated rat parotid gland ba-
solateral plasma membrane vesicles (BLMV) [19-21].
Membrane vesicles provide an extremely useful experi-
mental system for studying membrane transport func-
tions and have been extensively used for characterizing
active and passive Ca?" transport mechanisms, including
the Ca** channels described above and those located in
intracellular organelle membranes [13, 14, 24-26]. We
hypothesised that the Ca*" transport pathways present in
the intact cell basolateral plasma membrane, should be
present in isolated BLMV and that during cell disruption,
the Ca** influx pathway might be partially, or fully, ac-
tivated. We have recently reported the presence of a
high-affinity, trypsin-sensitive, passive Ca" transport
component in BLMV, which exhibits characteristics
(such as inhibition by low temperature and DCCD) sim-
ilar to internal Ca®* pool depletion-activated divalent cat-
ion entry in rat parotid acinar cells [19, 20]. However,
clear interpretation and further characterization of this
Ca** influx component is complicated by our observa-
tion, described in a previous report [19], that there are at
least two different passive Ca®* entry components in
BLMYV. In addition to the temperature-sensitive, high-
affinity, component described above, there is also a tem-
perature-insensitive, unsaturable, Ca* transport compo-
nent which maybe due to Ca®" influx via a nonspecific
“‘leak pathway’’ or a protein mediating diffusional trans-
port.

To characterize the protein(s) mediating Ca®* influx
in rat parotid gland basolateral membranes, it is neces-
sary to purify the molecule in a functional state and
determine its transport properties in an artificial mem-
brane system. Towards that goal, we have used a recon-
stitution approach to characterize the high affinity Ca**
influx pathway in a relatively ion-impermeant membrane
system. The characteristics of Ca®* transport in PrL

demonstrate the functional reconstitution of the high-
affinity passive Ca*" transport component from BLMV.

Materials and Methods

Male Wistar rats were from Harlan Sprague-Dawley. **CaCl, (2mCi/
ml) was obtained from Amersham. Ultragrade mannitol, octyl
D-glucopyranoside (octyl glucoside), and dithiothreitol (DTT) were
purchased from Calbiochem (San Diego, CA). N,N’-Dicyclo-
hexylcarbodiimide (DCCD), bovine serum albumin, and phenyl meth-
anesulfonyl fluoride (PMSF) were from Sigma Chemicals (St. Louis,
MO). 4-(2-aminoethyl)-benzene-sulfonylfluoride hydrochloride
(AEBSF), pepstatin A, and leupeptin were purchased from ICN. Crude
Escherichia coli (E. coli) lipid extract was obtained from Avanti Polar
Lipids, and washed with acetone/ether as described [7]. All other re-
agents used were of the highest available grade.

PreparaTION OF BLMV

BLMYV were prepared as described previously [19-21). Briefly, pa-
rotid glands from 16-24 male Wistar rats were excised, cleaned and
homogenized (by Polytron) in a medium containing (in mm): 250 su-
crose, 10 Tris-HCI (pH 7.5), 1 DTT, and 0.1 PMSF. The homogenate
was centrifuged at 3,000 X g for 15 min to remove cell debris. The
resulting supernatant was centrifuged at 23,500 x g. The pellet was
resuspended in the homogenization buffer, mixed with Percol (12%
v/v) and centrifuged at 49,000 x g for 30 min. The BLMYV fraction was
collected and washed three times with (in mM): 100 mannitol, 1 DTT,
0.1 PMSF, and 10 Tris-HCI (pH 7.5). The final pellet was suspended
in 300 mannitol, 1 DTT, and 10 Tris-HCI (pH 7.5) at a concentration
of 24 mg/ml, quick frozen in liquid N,, and stored at —70°C until use
(maximum two weeks). Protein concentration was determined using
the Bio-Rad protein assay (microassay procedure).

This membrane preparation has been well characterized and ex-
tensively used in our laboratory. Typically, a 25-30-fold enrichement
of basolateral plasma membrane marker enzymes is detected, with no
enrichment of mitochondrial or endoplasmic reticulum markers. Fur-
ther, we do not detect components from other cell types in our cell
preparation (cells are prepared by enzymatic digestion of glands dis-
sected and cleaned as described above, i.e., similar procedure till the
homogenization step). For example, PLCJ, and m,;-muscarinic recep-
tor, proteins found in neuronal cells are not detected in parotid gland
membranes (by Western blotting with 100 pg of protein on the gel).
Ductal cell contamination is <5% of the cell preparation. Thus, the
present BLMYV preparation is >95% from parotid gland acinar cells.

SoLusILIzZATION oOF BLMV with OcTyL GLUCOSIDE AND
RECONSTITUTION INTO PROTEOLIPOSOMES

Unless otherwise noted all steps were performed at 4°C. 5 mg of
BLMV were diluted into 5-6 ml of (mm): 200 KCl, 50 K-MOPS (pH
7.5), 2.5 MgCl,, and 1 AEBSF, then centrifuged for 15 min at 60,000
x g. The supernatant was discarded and the pellet was resuspended in
0.5 m! buffer. Washed membranes were solubilized with 1.5% octyl-
glucoside (w/v) in 2.4 ml of a medium consisting of (in mm): 50
K-MOPS (pH 7.4), 20% glycerol (v/v), 0.37% E. coli lipids (w/v), 1.5
MgCl,, 1 DTT, 0.75 AEBSF, 0.167 pepstatin, and 0.167 leupeptin [7].
This mixture was kept for 20 min on ice then centrifuged for 1 hr at
145,000 x g. The supernatant (octyl glucoside extract, containing the
solubilized BLMV) was used for subsequent reconstitution. Lipo-
somes (vesicles without protein) were prepared by treating the lipid +
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glycerol mixture with octyl glucoside under the same conditions (in-
cubation times, centrifugation etc.) described above. This control ex-
tract was then treated as given below.

Reconstitution was carried out in a final volume of 1 ml contain-
ing 80% (v/v) of the octyl glucoside extract (contro] or from BLMV)
described above, 12.5 mg of bath-sonicated E. coli phospholipid,
1.25% octylglucoside, 200 (in mM) KCl, 50 (in mm) K-MOPS (pH 7.5),
1 {in mM) DTT, and 0.5 (in mMm) AEBSF. The mixture was briefly
vortexed and incubated for 20 min on ice. PrL and liposomes, were
then formed by rapidly injecting the mixture into 24 ml of a dilution
buffer, which was continuously stirred at room temperature, containing
(in mm): 200 KC1, 50 K-MOPS (pH 7.5), 1 DTT, and 1 AEBSF. The
stirring was stopped after the addition was completed and the resultant
suspension was incubated for 20 min at room temperature. PrL or
liposomes were then collected by centrifugation for 1 hr at 105,000 x
g in a Beckman 40.2 rotor (4°C). The pellet was resuspended in 8 ml
of ice-cold dilution buffer (as described above but with 2.5 mm MgCl,).
This suspension was centrifuged for 15 min at 7,500 x g and the
resultant supernatant centrifuged for 1 hr at 145,000 x g to obtain PrL
(or liposomes). This pellet was resuspended in 300-600 w! of ice-cold
dilution buffer containing the protease inhibitors by using a 23-gauge
needle. These liposomes and PrL were immediately used for “*Ca®*
transport experiments. Protein concentrations in BLMV, detergent ex-
tract, and PrL were determined using the dye-binding method of
Schaffner and Weissmann [32].

43Ca FLux INTO LIPOSOMES AND PROTEOLIPOSOMES

#5Ca?* flux into the Prl (or liposomes) was initiated at 37°C by diluting
an aliquot of proteoliposomes 12.5% into an assay medium containing
(in mm); 200 KCl, 2.5 MgCl,, 50 K-MOPS (pH 7.5), and *3CaCl, (at
concentrations as specified in the figure legends). After various times,
as indicated, aliquots (5-20 ug) were removed and filtered under vac-
uum through Millipore filters (0.22 u, type GSTF), then washed three
times (3 ml each) with ice-cold assay medium (without **CaCl,) and
subsequently dried and counted for radioactivity. For determining the
kinetic parameters, uptake was performed for 20 sec. Typically, *°*Ca**
uptake was similarly measured in Prl. and an equal volume of lipo-
somes. The radioactivity accumulated into the control liposomes was
subtracted from the radioactivity accumulated in PrL to yield a cor-
rected value of *3Ca>" uptake into PrL.

45Ca FLux INTo BASOLATERAL PLASMA MEMBRANE
VEsicLEs (BLMV)

*3Ca?" influx into BLMV was measured as described earlier
[19]. Briefly, the uptake assay was started by adding 100 pig of BLMV
to a assay medium containing 10 mM Tris-HEPES (pH 7.4), 1 mM
MgCl,, and 100 uM **CaCl, at 37°C (final volume 1 ml). After var-
jous times aliquots of the assay medium (9 ug BLMV) were removed
and filtered through Millipore filters (0.45 W, type HAWP) using a
Millipore filtration system and washed three times (3 ml each) with
ice-cold 10 mwm Tris-HEPES (pH 7.4), 1 mm MgCl,, and 200 pm LaCl,.
The filters were air dried and counted for radioactivity in a scintillation
counter.

DCCD Treat™ENT OF BLMV AND OCTYLGLUCOSIDE
ExtrACT OF BLMV

Octylglucoside extract of BLMV was incubated with 2 mm DCCD, or
an equal concentration of the vehicle dimethylsulfoxide (DMSQO), at a

concentration of 0.5 mg protein/ml at 25°C for 20 min. Following this,
the DCCD-treated and control extracts were reconstituted into Prl.
Prl. were assayed for Ca®" uptake in the first 20 sec after
4SCa’raddition, was determined, as described above. Liposomes were
also prepared under the same conditions.

BLMV, 100 pug protein/ml, were treated with 2 mm DCCD at
25°C for 20 min in medivm containing 10 mm Tris-HEPES (pH 7.4)
and 1 mM MgCl,. BLMV were then centrifuged at 106,000 X g for 40
min, washed, and resuspended in the same medium. Control BLMV
were similarly treated but incubated with an equal volume of DMSO.
Ca*" uptake was assayed in control and DCCD-ireated BLMV. Uptake
was initiated by addition of **CaCl, ([Ca®*] = 10 uM to 7.5 mm) to 10
ig of BLMV in 100 pl of assay medium. After incubation for 5 sec,
ice-cold stop buffer containing 10 mm Tris-HEPES (pH 7.4), 2.5 mwm,
MgCl,, and 0.35 mM LaCl, was added. The sample was vortexed,
filtered through Millipore filters (0.45 u, HAWP), washed three times
with 3 ml of stop buffer. Filters were then air-dried, dissolved in Aqua-
sol (DuPont) and the radioactivity was determined using a scintillation
counter. To determine background **Ca®* uptake, i.e., at 0 seconds,
stop buffer was added to BLMV prior to addition of **Ca®". Initial
rates of Ca** uptake (nmoles Ca®*/mg protein/minute) at the various
[Ca*"] were calculated from the uptake in the first five seconds.

The data in the manuscript have been presented as mean + Sem for
the number of experiments indicated in the figure legends. Where
indicated, the Student’s #-Test was used to statistically evaluate the
data.

ABBREVIATIONS

PrL., proteoliposomes; BLMYV, basolateral membrane vesicles; DCCD,
N,N’-Dicyclo-hexylcarbodiimide; HEPES, 4-(2-hydroxyethyl)-1-pi-
perazineethanesulfonic acid; DMSO, dimethylsulfoxide; BAPTA, 1,2-
bis(2-amino-5,5'-difluorophenoxy)-ethane-n,n,n’,n’~tetraacetic acid.

Results and Discussion

432" UpTaKE INTO LIPOSOMES AND PROTEOLIPSOMES

The basolateral plasma membrane of rat parotid acinar
cells contains a number of Ca®* transporters which play
a critical role in the regulation of [Ca®"]; in these cells;
e.g., the (Ca®™+ Mg®") — ATPase and the Ca** influx
pathway [4, 8, 30]. We have previously used a well
characterized isolated basolateral plasma membrane ves-
icle (BLMV) preparation to study the (Ca**+ Mg**) —
ATPase [1-3]. More recently, we have examined pas-
sive Ca”" transport in these vesicles [19-21]. We have
reported that BLMV display a high affinity Ca®" influx
component which has certain characteristics similar to
those of divalent cation influx in intact acinar cells [19].
To further examine this BLMV Ca®" influx pathway we
have reconstituted octyl glucoside-solubilized proteins
from BLMYV into PrL. and examined the characteristics of
*5Ca®" influx into Prl.. The reconstitution protocol in-
volves solubilization of membranes with the detergent,
octyl glucoside, in the presence of glycerol, and recon-
stitution into liposomes by detergent dilution. This
method has been used to reconstitute a number of
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Fig. 1. Ca" influx into liposomes and proteoliposomes. 20 ul of lipo-
somes (open circles, continuous line) or 20 ul of PrL (closed circles,
continuous line) were diluted 12.5x into an uptake assay medium con-
taining (in mm): 200 KCl, 2.5 MgCl,, 50 MOPS (pH 7.5), and 25 pM
“CaCl, at 37°C. After the times shown, the vesicles were filtered as
described in Materials and Methods then counted. The corrected *°Ca®*
uptake into PrL (broken line) is obtained by subtracting the “>Ca (CPM)
accumulated in PrL from that accumulated in liposomes. The average
corrected Ca?* uptake in PrL is about 2.5 nmoles/mg protein at 5 min,
The values given are mean + SEM from 4—6 experiments performed with
different BLMV preparations. Inset. After 10 min of uptake in both
liposomes (not shown) and PrL, 5 um alamethicin was added, shown by
the arrow (continuous line). In a parallel assay alamethicin was in-
cluded in the assay buffer before the addition of **Ca®* to both lipo-
somes {not shown) and PrL (broken line). Addition of alamethicin did
not alter liposomal *°Ca®* accumulation. The data in the inset are
representative of two similar experiments.

transporters such as the plasma membrane Ca®* pump
from rat parotid BLMV [22], the aquaporin AQP1 [36],
P-glycoprotein [6], and the relatively complex multicom-
ponent histidine permease system [10].

The ability of proteoliposomes (PrL) to accumulate
45Ca®" is shown in Fig. 1 (closed circles, continuous
line). Following addition of **Ca®" (25 um), PrL show a
rapid accumulation of **Ca**, which reaches a steady
state within 3-5 minutes. Typically, PrL accumulate ap-
proximately 5-fold more “>Ca®* than an equal volume of
liposomes (Fig. 1, open circles, continuous lines) which
are prepared using the same procedure (i.e., similar de-
tergent and lipids) as PrLL but without any protein (see
Materials and Methods). Further, “*Ca®* uptake into PrL
is increased when the amount of protein reconstituted
into PrL is increased (i.e., by using more solubilized
protein during reconstitution). It should be noted that
<10% of BLMV lipid is extracted with protein and re-
constituted into PrL (data not shown). Further, since the
protein:lipid ratio is very low in PrL, equal volumes of
PrL and liposomes have similar lipid contents. The cor-
rected Ca®" uptake in PrL (i.e., due to incorporated pro-

tein) can be calculated by subtracting the radioactivity
obtained in liposomes (i.e., due to lipid only) from the
radioactivity obtained in PrL and then normalized to the
amount of protein present in the PrL (broken line, Fig. 1).
This corrected Ca** transport value in PrL, expressed as
nmoles Ca®" per mg protein, is shown in all subsequent
figures. Typically, Prl. reach a intravesicular steady
state [Ca®*] of 2-2.5 nmoles/mg protein (scale not shown
in Fig. 1). The Ca*" accumulated in PrL is released by
the addition of alamethicin (a pore forming antibiotic) to
the Ca**-loaded PrL (Fig. 1 inset, arrow at 10 min re-
flects addition of alamethicin). Additionally, alamethi-
cin prevents the accumulation of Ca®* into PrL. when the
PrL. are incubated with alamethicin before the addition of
45Ca** (broken line, Fig. 1 inset). These results are con-
sistent with accumulation of Ca** in the lumen of the PrL
and cannot be explained by an increase in Ca** binding
due to the proteins associated with the PrL.

To determine the nature of Ca®" influx into PrL, we
have calculated the intravesicular [Ca®'] at steady state
levels of Ca®* influx (i.e., level reached after 3—5 minutes
of uptake, see Fig. 1). Typically, these PrLL have an in-
ternal volume of 1 ul/mg of phospholipid [7] and using
this value, the calculated steady state intravesicular
[Ca®"] is 31 um and 110 pM in two experiments per-
formed with extravesicular [Ca**] at 25 um and 100 pm,
respectively. These results demonstrate that the steady
state intravesicular [Ca®"] is in equilibrium with the ex-
travesicular {Ca®*]. Notably, similar values of [Ca®*]
were obtained by the addition of ionomycin to PrL and
BLMV. In aggregate, the data described above suggest
that Ca** influx in PrL occurs via a passive, protein-
mediated pathway.

ErrecT OF OcTYLGLUCOSIDE CONCENTRATION ON PROTEIN
Yierp anp Ca®* TRANSPORT ACTIVITY
IN PROTEOLIPOSOMES

To optimize the conditions for reconstitution of the Ca®*
transporter(s) from BLMYV, the concentration of octyl-
glucoside was varied during solubilization. Figure 2 re-
veals that the highest Ca** transport activity (normalized
to concentration of protein in PrL, as described above) is
obtained when 1.5% octylglucoside is used to solubilize
BLMYV (continuous line). When the concentration of oc-
tylglucoside is increased the amount of protein solubi-
lized is increased until approximately 30% of the protein
is extracted (broken line, Fig. 2). At every detergent
concentration the percentage recovery of solubilized pro-
tein into PrL is constant (50-70%). Since the highest
activity of Ca®" transport is obtained using 1.5% octyl-
glucoside, this detergent concentration was used for
preparation of PrL in all further experiments described
here. The decrease in Ca®* influx activity at higher octyl
glucoside concentrations maybe due to inactivation of
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Fig. 2. Effect of octyl glucoside concentration on solubilization of
BLMYV proteins and recovery of Ca®* transport in proteoliposomes.
PrL, prepared from octyl glucoside extracts of BLMV solubilized at
various concentrations of octylglucoside (1.0%-2.5%), were assayed
for Ca** transport activity as described in the legend to Fig. 1 (closed
circles, continuous line). The total protein extracted as a result of the
different octylglucoside concentration was also determined (open cir-
cles, broken lines). The final recovery of protein in the PrlL was similar
in each case (about 23% of initial BLMV protein and about 68% of
octyl glucoside extract). The figure shows results from a representative
experiment, two experiments, each assayed in duplicate were per-
formed with different BLMV preparations.

the protein(s) involved in Ca** flux. In addition, in some
experiments (data not shown), when starting activity in
BLMYV was low, PrL. also demonstrated low Ca>* uptake.
In aggregate, these data are also consistent with the sug-
gestion that Ca?* influx into PrL is associated with a
specific protein(s).

DivaLeNt CATION SENSITIVITY OF *Ca®* UPTAKE IN
PROTEOLIPOSOMES aND BLMV

The sensitivity of “’Ca*" uptake into PrL. and BLMV to
various divalent cations was determined by measuring
the ability of PrL to accumulate **Ca®" in the presence of
increasing concentrations of various divalent cations;
[Ca®"] in the assay medium was 100 um. This experi-
mental approach has been used to characterize Ca®" per-
meabilities in other membranes [9, 15]. The observed
pattern of inhibition of Ca** uptake in PrL by the various
divalent cations tested suggests the following order of
effectiveness; Zn** > Mn®* > Ni** > Co** (Fig. 3A).
In BLMV, under the same experimental condition, a
slightly different pattern is observed in the sensitivity of
43Ca®" uptake to inhibition by various divalent cations
(Fig. 3B). In these membranes, there appears to be less
difference in the abilities of the various divalent cations
to inhibition Ca®* accumulation, as compared to that in

PrL (Fig. 3A). At 100 um of ions, **Ca" uptake in
BLMYV is inhibited in the order Zn®* = Mn** > Co™" =
Ni?* (50% loss of activity obtained with 1.1, 1.08, 0.76,
and 0.77 mM for Ni?*, Co?*, Mn**, and Zn**, respec-
tively). While additional experiments are required to de-
termine the ICs,, values of the various divalent cations on
Ca®" influx in BLMV and PrL, the present data indicate
that Zn*" exerts maximal inhibitory effects on passive
45Ca®" transport in both Prl. and BLMV and that it ap-
pears to be more effective at lower concentrations in Prl.
than in BLMV. For example in PrL, Ca®* influx in the
presence of 100 um Zn" is lower than that obtained with
100 um Ni** or Co**, while in BLMV, < 250 um is
required to observe decreases in Ca”" influx. Further,
Co?* and Ni*" exert less inhibition of Ca?* uptake in PrL
as compared to BLMV. The somewhat nonspecific ef-
fects of the divalent cations in BLMV are likely due to
the additional Ca®" permeabilities (e.g., unsaturable,
temperature-insensitive, component) present in these
vesicles, which we have described previously {20, 21].
Consistently, the increased effectiveness of Zn>" and de-
creased effectiveness of Co** in PrL suggest a decrease
in the contribution of additional Ca®" permeable path-
ways.

KiNeTics oF Ca®" UPTAKE BY PROTEOLIPOSOMES
AND BLMV

We have previously reported that passive Ca** influx in
BLMYV is due to at least two influx components; a sat-
urable, relatively high affinity Ca®* transport component
(Kc, = 251 = 54 pM, V., = 3.12 nmoles/mg protein/
minute) and an unsaturable Ca®" influx component [19].
To determine the pathways reconstituted in PrL, we mea-
sured the kinetics of *°Ca®* uptake into Prl.. The effects
of varying external [Ca**] on the initial rate (linear
phase) of Ca* influx into PrL is shown in Fig. 4. The
rate of Ca®* uptake increases with increasing extravesic-
ular [Ca?"] and approaches saturation when the [Ca®*] is
>500 um. The data shown in Fig. 4 have been corrected,
at each [Ca®'], for the corresponding liposomal **Ca**
uptake. Notably, *3Ca®" influx into control liposomes
does not show saturation (results not shown). Figure 4
(inset) shows an Eadie-Hofstee plot of the data shown in
Fig. 4. The Eadie-Hofstee plot reveals a linear slope
which is reflective of a single transport component. The
calculated K, is 242 £ 509 um and V,,, is 13.5 £ 1.14
nmoles Ca**/mg protein/minute. The K, of PrL is not
significantly different from the values obtained for the
high-affinity Ca®* transport component in BLMV, while
the values for V., are significantly higher (P < 0.025).
The increase in V,,, indicates a 3-4-fold enrichment of
the relatively high affinity Ca** transport component in
Prl., which is consistent with the recovery of protein
during reconstitution (i.e., about 80% loss of protein dur-
ing solubilization). It is important to note that the unsat-
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Fig. 3. Divalent cation sensitivity of **Ca®" uptake into PrL and BLMV. Figure 3A. 20 ul of PrL or 20 ul of liposomes were diluted 12.5x into
similar Ca®" uptake assay medium described for Fig. 1 (but with 100 um **CaCl,) and several divalent cations, 1.e., Mn®*, Zn**, Co>", and Ni2*
(concentrations are shown in the figure). After a 1-min incubation at 37°C, the PrL and liposomes were filtered and counted. The corrected *Ca*
in PrL in each condition is expressed relative to **Ca®" uptake in the absence of any added divalent cation. Similarily, BLMV (Fig. 3B) were diluted
12.5% into a Ca**-uptake medium consisting of 10 mm Tris-Hepes (pH 7.4), 100 uM “*CaCl,, and 1 mm MgCl, containing the same concentrations
of divalent cations used for PrL. After 1 min the BLMV were filtered and the intravesicular Ca** was determined. The Ca** accumulation in the
presence of the divalent cations is expressed relative to Ca?* uptake in the absence of cations (Fig. 3B). The data show mean * SEM for 6-7
experiments with different BLMV preparations. In Fig. 34 all values, except for the value obtained with 100 um Co?*, are significantly different
from control (P < 0.05) and the values marked * (for Zn** and Mn?*) are significantly different from values obtained with equivalent concentrations
of Mn**, Co** and Ni%* (P < 0.05). In Fig. 3B, all values are significantly different from control (P < 0.025), and the values marked * (with Zn>*
and Mn?*) are different (P < 0.05) from the values obtained with equivalent concentrations of Ni** and Co®*.
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Fig. 4. Kinetic analysis of Ca** influx into proteoliposomes. 20 1 of
liposomes and PrL were diluted 12.5% into the uptake assay medium
described above at 37°C for 20 sec then filtered and “*Ca®" incorpo-
ration was determined. The corrected initial rate of intravesicular
[**Ca*"] accumulation in Prl. was determined for each extravesicular
[Ca®*]. Data shown are mean * SEM for 4—6 experiments with different
BLMYV preparations. Inset: Eadie-Hoffstee plot of the data.

urable component seen in BLMV is not detected in PrL,
at least within the range of [Ca**] we have used, 10-1000
uM. Analysis of data using either nonlinear regression or
Eadie Hoffstee plots demonstrate the presence of a single

flux component in PrL, whereas in the case of BLMV,
two statistically significant flux components were de-
tected [19]. It is possible that higher [Ca**] may be re-
quired to observe flux via the unsaturable component in
PrL. However, such high [Ca**] are difficult to use with
PrL since [Ca®*] > 1 mM induces aggregation/fusion ef-
fects on liposomes.

Errect or DCCD on Hich Arrmary Ca®t Frux ™
BLMYV AND PROTEOLIPOSOMES

Since passive Ca®" uptake into BLMV is inhibited by the
carboxyl group reagent, DCCD [19, 20], it was of inter-
est to see whether DCCD also inhibited Ca** influx into
PrL. As direct treatment of liposomes with DCCD re-
sulted in large increases in Ca*" permeability, to deter-
mine the effects of DCCD on Ca®" influx in PrL, the
octyl glucoside-extract from BLMV was treated with 2
mm DCCD for 20 min at 25°C prior to reconstitution into
PrL. (DCCD-treated PrL). It is important to note that
DCCD did not affect the Ca®* transport in control lipo-
somes prepared under these conditions (data not shown).
Additionally, control Prl. were also prepared with the
same incubations etc., but without DCCD. Figure 5 re-
veals that DCCD-treated PrL. accumulate 40-50% less
Ca®" after 3 min of incubation than PrL treated with
DMSO alone. This observation is consistent with our
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Fig. 5. Effect of DCCD on Ca®*" accumulation in proteoliposomes.
Octyl glucoside extract of the BLMV was treated with 2 mm DCCD, or
an equal volume of DMSO, at 25°C for 20 min before the subsequent
preparation of Prl.. DCCD-treated PrL, control DMSO-treated PrL,
DMSO-treated liposomes, and DCCD-treated liposomes were then as-
sayed for **Ca*" uptake. Corrected uptake into control Prl. {continuous
line) and DCCD-treated PrlL (broken line) is shown. Data represent
mean * SEM obtained from three experiments with different BLMV
preparations.

previous results obtained with DCCD-treated BLMV.
It has been previously observed that octyl glucoside-
extracted membrane proteins are relatively unstable at
room temperature than when kept on ice [5]. This may
explain the somewhat lower levels of Ca®" transport ob-
tained in the control PrL in this experiment. In fact,
incubation at 37°C induces further reduction in activity
(data not shown). Therefore, DCCD treatments of octyl
glucoside extracts were done at 25°C instead of 37°C, a
condition used previously for BLMV [10, 12]. Further,
(i) the protein yields in PrL prepared from DCCD-treated
and control octyl glucoside extract are similar, and (ii)
SDS gel electrophoresis of these Prls revealed similar
protein composition (data nor shown).

We have examined the effect of DCCD on the ki-
netics of Ca?* influx in PrLL and BLMV and the data are
summarized in the Table. The decrease in uptake in PrL
induced by incubating the octyl glucoside extract of
BLMV at 25°C for 20 min prior to reconstitution (as
discussed above) is due to a decrease in the V,,, of the
high affinity site from 13.5 % 1.14 nmoles Ca®*/mg pro-
tein/minute to 6.2 + 1.6 nmoles Ca®*/mg protein/minute,
without a significant change in K, (242 £ 50.9 pum and
194 + 62 um, respectively). DCCD induces a further
decrease in the V., to 1.48 £ 0.9 nmoles/mg protein/
minute, without significantly affecting the K, (194 + 62
pm and 110 £ 42 pm in control and DCCD-treated PrL,
respectively). Thus, it appears that DCCD exerts its ef-
fects on PrL. mainly by decreasing the V. of Ca®" in-
flux via the high affinity site and not by altering the
affinity of the protein(s) for Ca®*.

We had previously shown that DCCD inhibits Ca**
influx into BLMV [19] and maximum inhibition ob-
tained was 40%. To assess whether DCCD affects the
high affinity Ca*" transport site in BLMV, or has a more
general effect on the membrane permeability, we have
examined the kinetics of Ca** influx into DCCD-treated
BLMYV using the procedure described earlier [19] and the
data are given in the Table. There is decreased Ca**
uptake into DCCD-treated (2 mwm for 20 min) at every
[Ca®"] tested. Consistent with our earlier report, Eadie-
Hofstee plots (data not shown) of these data show the
presence of a saturable, relatively high affinity, Ca*" in-
flux component and a nonsaturable Ca®" influx compo-
nent. These plots also indicate that the V,,,,, of the high
affinity is decreased by about 40% in DCCD-treated
BLMYV, without any change in the nonsaturable compo-
nent. This was further confirmed by nonlinear regres-
sion analysis. While in DCCD-treated BLMYV there is a
consistent decrease in V,,, (2.72 +0.46 nmoles Ca®*/mg
protein/minute in control BLMYV to 1.72 £ 0.31 nmoles
Ca?*/mg protein/minute in DCCD-treated BLMYV), the
difference is not statistically significant (n = 5). There is
no significant change in K, (157.6 £ 49 pm and 151.8
34 pm in control and DCCD treated BLMV, respec-
tively). The K, of the high affinity Ca®" influx compo-
nent is slightly lower that that previously reported by us
[19]. This is most likely explained by the fact that in the
experiments described here BLMV were incubated for
20 min at 37°C followed by centrifugation. In addition,
the wash medium in the assay was also slightly modified
(see Materials and Methods). In aggregate the data in
Table 1 clearly demonstrate that the high affinity Ca®"
influx site in BLMV and PrL are similarly affected by
DCCD.

The data described above suggest that a relatively
high affinity Ca** influx component has been reconsti-
tuted into Prl.. We have shown that Ca®* influx in PrL
and high affinity Ca®" influx in BLMV demonstrate an
impressive similarity in K, and sensitivity to DCCD.
Previously, we have reported that the characteristics of
the high affinity Ca”* influx site in BLMV and divalent
cation (Mn®" and Ca") influx in intact parotid acini are
similar, i.e., inhibition by pH < 7.0, low temperature, and
DCCD. In addition, Mn*" entry into internal Ca** pool-
depleted acini is inhibited by divalent cations in the order
Zn*" > Ni** > La®*, but not by Co*" (I.S. Ambudkar,
unpublished observations). This again is consistent with
the present observations with BLMV and PrL. One of
the main characteristics we have used to compare the
Ca*" influx pathway in PrL and BLMV is the similarity
in the kinetic parameters. Presently, it is difficult to ex-
tend this comparison to intact cells since there are no
studies which clearly describe the kinetics of Ca®* (or
Mn*") influx into intact parotid or any exocrine gland
cells.

Previous reports show that *’Ca®" uptake into pa-
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Table. Effect of DCCD on kinetic parameters of Ca®" influx into BLMV and proteoliposomes

-DCCD +DCCD

KCa Vmax KCa Vmax

(um) (nmoles/min/mg protein) (um) (nmoles/min/mg protein)
BLMV 157 £49 2.72+0.46 151+£34 1.72£0.31
PrL 194 £ 62 62 £1.6 110+£42 *1.48 £0.9

BLMV, or octyl glucoside extract, was treated for 20 min at 25°C either with or without 2 mm DCCD, as described in Materials and Methods.
Following the incubation, BLMV were centrifuged at 106,000 X g, washed, resuspended in 10 myv HEPES (pH 7.4) containing 1 mm MgCl,, and
assayed for 4°Ca®* uptake. DCCD-treated octyl glucoside extract of BLMV was reconstituted into PrL as described for Fig. 5. “*Ca®" uptake into
BLMY and PrL. was measured at various [Ca®*]; 10 uM to 10 mm for BLMV and 10 um to 1 mM for PrL (as described for Fig. 4). Initial rates of
Ca®" uptake were determined from “*Ca®" uptake during first 10 sec for BLMV and 20 sec for PrL. Kinetic parameters were determined either by
nonlinear regression or from Eadie-Hoffstee plots. The data shown are the mean * SEM obtained from 5 experiments. The value marked * is
significantly different from the corresponding value in the -DCCD condition.

rotid, and other nonexcitable, cells saturates at external
[Ca®"] > 1 mm, suggesting the presence of a relatively
low Ca** affinity for this Ca”* transporter [23, 28, 29].
However, any Ca”" entering the cell is rapidly accumu-
lated into intracellular Ca®* stores via the activity of a
high capacity Ca*-ATPase in the internal Ca®" store
membrane. Thus, the apparent Ca®* influx rate, deter-
mined in previous studies by assessing internal store re-
fill, also reflects the uptake of Ca®* into internal Ca”*
stores. Recently, a K, of 3.3 mm has been reported by
Hoth and Penner for the /g ¢ current in mast cells [18]
and a K, = 3.3 mm has been reported by Donnadieu et al.
[11] for Ca?* influx into thapsigargin-treated Jurkat cells.
We have recently determined the kinetics of Ca®* entry
in parotid acinar cells treated with thapsigargin to deplete
internal Ca" stores and to prevent reuptake of Ca*" into
these stores (J. Chauthaiwale, S.E. Taylor, and L.S. Am-
budkar, in preparation). We have observed a low affin-
ity Ca>" influx component (K, = 4.2 mm) which is con-
sistent with the previous reports. In addition, we also
detect, a novel, relatively high-affinity, Ca** influx com-
ponent with K, similar to that in BLMV. In the former
study [18], to measure an inward Ca®* current using a
patch clamp technique, a high concentration of the Ca*
buffer, BAPTA, was used intracellularly and a high
[Ca**] (>500 pm) was used extracellularly. Similarly,
Donnadieu et al. [11] have also used [Ca>"] above 200
um. It is likely that under these experimental conditions,
a high affinity Ca®" influx component, similar to the one
we have observed, would not be detectable. Alterna-
tively, the high affinity Ca®" influx component would
likely have a poor ion conductivity [35] and therefore,
not be easily detected.

In summary, we have described herein the func-
tional reconstitution of a high affinity, passive Ca®" in-
flux pathway from rat parotid gland BLMV into PrL.
Further, since the unsaturable Ca®" flux component
present in BLMYV is not detected in PrL, the high affinity
Ca*" influx pathway can be studied independent of other
Ca’" transport activities. Our data demonstrate that the

characteristics of Ca®" influx in PrL are similar to those
in BLMV and consistent with those of divalent cation
entry into intact parotid acinar cells. To our knowledge
this study is the first attempt to reconstitute a passive
Ca”" transport pathway from the plasma membrane of
parotid acini (or any other nonexcitable cell type). Fu-
ture studies should address the role of this putative Ca*"
influx pathway in the regulation of Ca*" influx into pa-
rotid acinar cells. Such studies will require isolation and
purification of the Ca** transport protein(s). Due to the
lack of a specific ligand or gating agent for the Ca**
influx pathway in nonexcitable cells, a more classical
biochemical approach will likely have to be used to iso-
late and purify protein(s) that mediate Ca®* transport in
rat parotid gland acinar cells. We believe that the present
study represents the first step towards this goal.

We thank Dr. Bruce Baum for his constant support and encouragement.
We also thank Ms. Grace Park and all our colleagues for their assis-
tance during the course of this work.
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