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Summary. The ATP-dependent Ca 2~ transport activity (T. Ta- 
kuma, B.L. Kuyan and B.J, Baum, Biochem. J. 227:239-245, 
1985) exhibited by inverted basolateral membrane vesicles iso- 
lated from rat parotid gland was further characterized. The activ- 
ity was dependent on Mg 2-. Phosphate (5 mM), but not oxalate (5 
raM), increased maximum Ca 2* accumulation by 50%. Half-max- 
imal Ca 2+ transport was achieved at -70 nM Ca 2~ in EGTA- 
buffered medium while maximal activity required >1 //,M Ca ?+ 
(Vm,x = 54 nmol/mg protein/min). Optimal rates of Ca 2+ trans- 
port were obtained in the presence of KC1, while in a KCl-free 
medium (mannitol or sucrose) -40% of the total activity was 
achieved, which could not be stimulated by FCCP. The initial 
rate of Ca 2+ transport could be significantly altered by preim- 
posed membrane potentials generated by K + gradients in the 
presence of valinomycin. Compared to the transport rate in the 
absence of membrane potential, a negative (interior) potential 
stimulated uptake by -30%, while a positive (interior) potential 
inhibited uptake. Initial rates of Ca > uptake could also be altered 
by imposing pH gradients, in the absence of KC1. When com- 
pared to the initial rate of Ca > transport in the absence of a pH 
gradient, pHz = 7.5/pHo - 7.5; the activity was -60% higher in 
the presence of an outwardly directed pH gradient, pHi = 7.5/ 
pHo = 8.5; while it was -80% lower when an inwardly directed 
pH gradient was imposed, pHi = 7.5/pHo - 6.2. The data show 
that the ATP-dependent Ca 2+ transport in BLMV can be modu- 
lated by the membrane potential, suggesting therefore that there 
is a transfer of charge into the vesicle during Ca 2+ uptake, which 
could be compensated by other ion movements. 
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I n t r o d u c t i o n  

Ca > plays  a key role in the p rocess  of  secret ion in 

parot id  and o ther  exocr ine  cells (Schulz,  1980; Put- 
ney,  1986). St imulat ion o f  the rat parot id  gland by 
oq-adrenergic ,  muscar in ic-chol inergic ,  and sub- 
s tance P-pept idergic  agonis ts  leads to the mobiliza- 
t ion o f  cellular Ca 2* (Putney,  1986). Fol lowing re- 
cep to r  ac t ivat ion,  there  is an immedia te  increase 
bo th  in cy toso l ic  Ca 2+ ( [Ca>]0  and Ca z+ efflux f rom 

the cell. It has been  suggested  that  the rapid eleva- 
tion in cy toso l ic  Ca 2+ fol lows the st imulat ion o f  
phosphoinos i t ide  4 ,5-b isphosphate  hydrolys is  by 
the secre tagogues .  This results in the genera t ion  o f  
inositol t r i sphospha te  (1P3), which  subsequent ly  
elicits re lease o f  a mobil izable  Ca 2+ pool  f rom the 
endop lasmic  ret iculum. This e levated [Ca2+]i could 
then cont r ibute  to the obse rved  increase in Ca 2+ 
efflux f rom the cell. 

The  m e c h a n i s m  involved  in the efflux of  Ca 2+ 
f rom the cell is not  well unders tood .  Calcium, in the 
fo rm of  prote in  complexes  seques te red  inside the 
secre tory  granules  (Feinstein & Sch ramm,  1970), is 
ex t ruded  f rom the cell via the luminal membrane  
during prote in  secret ion,  but  because  o f  temporal  
pat terns ,  this p rocess  p robab ly  does not  directly 
cont r ibute  towards  [Ca2+]z regulation.  Moreover ,  
oq-adrenorecep tor  and muscar in ic  r ecep to r  activa- 
tion, which  result  in cons iderable  efflux o f  Ca 2+ and 
fluid secret ion,  elicit only  small levels o f  protein 
secret ion.  It can  therefore  be suggested that  cy toso-  
lic Ca 2+ homeos tas i s  in these receptor -s t imula ted  
condi t ions  would  be es tabl ished by the conce r t ed  
activities o f  A T P - d e p e n d e n t  Ca 2+ t ranspor t  sys tems  
located in the endop lasmic  re t iculum (Kanagasun-  
theram & Teo,  1982; I m m e l m a n n  & Soling, 1983) 
and in the basolateral  p lasma m e m b r a n e  (Takuma  et 
al., 1985; H e l m a n  et al., 1986). The  latter sys tem is 
likely the key  Ca2+-transport ing mechan i sm mediat-  
ing Ca 2+ efflux f rom this cell (Takuma  et al., 1985). 

Our  studies have  been  directed towards  under-  
s tanding the mechan i sms  involved  in acinar  cell 
Ca 2+ efflux, and their possible regulat ion,  during 
neuro t ransmi t t e r  act ivat ion.  A prev ious  report  f rom 
our  l abora to ry  (Takuma  et al., 1985) showed  that  
inver ted basola tera l  p lasma m e m b r a n e  vesicles ac- 
cumula te  Ca 2+ in the p resence  o f  ATP.  The  Ca 2+ 
accumula t ed  in the vesicles could be d ischarged by 
imposing an inwardly  directed N a  § gradient ,  indi- 
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cating the presence of a Na§ 2+ exchange mecha- 
nism in the same membrane vesicles and also con- 
firming the plasma membrane origin of the 
ATP-dependent Ca 2+ transporter. The presence of 
ATP-dependent Ca 2+ transporters in plasma mem- 
branes from a wide variety of tissues has been de- 
scribed (for reviews s e e  Carafoli & Zurini, 1982; 
Penniston, 1983; Rega, 1986). However, when the 
transport activities of membranes from various cell 
sources, both in situ and in reconstituted systems, 
are compared, many differences are observed in the 
actual mode of calcium flux, i.e. number of Ca 2+ 
binding sites, Ca2+/ATP stoichiometry, regulation 
by calmodulin and cAMP, and electrogenic nature 
of the transport. This suggests the presence of tis- 
sue-specific physiological determinants of the ATP- 
dependent Ca 2+ transport system in plasma mem- 
branes. 

In the present study, we have further character- 
ized the ATP-dependent Ca 2+ transport activity in 
rat parotid basolateral membrane vesicles (BLMV) ~ 
in terms of its kinetic properties and various mem- 
brane parameters associated with the Ca 2+ flux. The 
kinetic properties measured in the presence of 
EGTA-buffered Ca 2+ solutions, reveal that this 
transporter is a high-affinity ( K i n  ~ 70 riM) and a 
high-capacity (Vmax - 54 nmol/mg protein/min) 
CaZ+-transporting system. We also report here for 
the first time, that in BLMV from rat parotid gland, 
the initial rate of plasma membrane ATP-dependent 
Ca 2+ transport can be modulated by preimposed 
membrane potentials induced by K + gradients in the 
presence of valinomycin and by pH gradients in the 
absence of K § The data suggest that during ATP- 
dependent Ca 2+ transport in BLMV there is transfer 
of electric charge. 

Materials and Methods 

MATERIALS 

Tris-ATP, PMSF, valinomycin, FCCP and DTT were purchased 
from Sigma Chemical Company. Di-S-C2-(5) was obtained from 
Molecular Probes. 45Ca2+ (2 mCi/ml) was routinely obtained from 
Amersham. All other reagents used were of the highest grade 
commercially available. 

~ Abbreviations used are: BLMV, basolateral membrane 
vesicles; DTT, dithiothreitol; PMSF, phenylmethyl sulfonyl fluo- 
ride; EGTA, ethyleneglycol bis (/3-aminoethylether)-N,N tetra- 
cetic acid; ATP, adenosine triphosphate; TMA, tetramethylam- 
monium; NMDG, N-methyl-D-glucamine; MES, (N-morpholino) 
ethanesulfonic acid; di-S-C2-(5), 3,3'-diethylthiadicarbocyanine 
iodide; FCCP, carbonylcyanide p-trifluromethoxy-phenylhydra- 
zone. 

ANIMALS 

Animals used in these studies were male Wistar strain rats, ob- 
tained from Harlan-Sprague Dawley. Rats were given ad libitum 
water and Purina Chow. The animals were anesthetized with 
ether, killed by cardiac puncture, and parotid tissue then ex- 
cised. 

PREPARATION OF BASOLATERAL 

MEMBRANE VESICLES 

BLMV were prepared as described previously (Takuma et al., 
1985), with some minor modifications. The procedure, in brief, 
was as follows. Glands from at least 15 to 20 rats were pooled for 
each membrane preparation. The excised glands were immersed 
in ice-cold buffer containing 0.25 M sucrose, 0.1 mM PMSF, 1 
mM DTT, 10 mM Tris-HEPES, pH 7.5, and homogenized (twice, 
10 sec each) using a Polytron (Brinkman Instruments) at setting 5 
to give a 10% (wt/vol) homogenate. The homogenate was further 
diluted to 7.5% (wt/vol) with the same buffer and then centri- 
fuged at 2600 x g for 15 min. The supernatant was filtered 
through four layers of cheesecloth and recentrifuged at 23,500 • 
g for 20 min. The pellet obtained was rehomogenized (by hand) 
in the sucrose medium using a Teflon| homogenizer, mixed 
with Percoll | (12% vol/vol) and centrifuged at 41,700 x g for 30 
min. The basolateral membrane fraction was collected (Takuma 
et al., 1985) and washed three times with 100 mM mannitol, 0.1 
mg  PMSF, 1 mM DTT, 10 mM Tris-HEPES, pH 7.5, by centri- 
fuging at 49,000 x g for 15 rain. Membranes were finally washed 
in a medium containing 300 mM mannitol, 1 mM DTT, 10 mM 
Tris-HEPES, pH 7.5, and resuspended in a minimum volume of 
the same medium. All the procedures described above were car- 
ried out at 4~ Aliquots of membrane vesicles were quick frozen 
in liquid nitrogen and stored at -70~ Membranes were thawed 
in an ice-bath before each experiment and kept on ice until used. 
All membrane preparations were subjected to only one freeze- 
thaw. This freeze-thaw procedure did not alter calcium transport 
activity when compared to that of freshly prepared vesicles (data 
not shown). 

C a  2+ TRANSPORT IN BASOLATERAL MEMBRANE 

VESICLES 

Calcium transport was measured by rapid filtration through Milli- 
pore filters (pore size 0.45/zm, HA). The assay medium typically 
contained (raM): 150 KC1, 10 Tris-HEPES, pH 7.5, 1 Mg-gluco- 
nate, and 1 Tris-ATP unless otherwise indicated. Ca 2+ was added 
at the indicated concentrations and activity was maintained 
around 0.5 t~Ci 4~Ca2+/ml assay medium. The protein concentra- 
tion was 50/~g/ml in all the experiments. Transport was initiated 
by the addition of membrane vesicles to the assay medium at 
37~ 

The reaction was terminated by a "quench-filtration" 
method. Here, 1.0 ml of cold reaction medium, without ATP and 
Ca 2+, was added to 200-tzl reaction medium at the indicated time. 
The sample was then vortexed and filtered. The filter was 
washed with 3 ml (three times) of the same medium. Inclusion of 
0.1 mM LaCI3 in the wash medium did not alter the values ob- 
tained and so LaC13 was not included in the wash medium. To 
obtain a "zero" time point, cold wash medium was added to the 
reaction mixture before the addition of the membrane vesicles. 
In kinetic experiments, Ca2+-EGTA buffers (with 0.2 mM EGTA) 
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Fig. 1. ATP-dependen t  Ca 2. t ransport  in rat parotid basolateral 
membrane  vesicles.  Ca > t ransport  was assayed  in the presence 
of  150 mM KC1, and 10 mM Tr is -HEPES,  pH 7.5, at 37~ The 
control exper iment  contained 1 mM Mg-gluconate  and I m g  
Tr is-ATP in the assay  medium.  Ca 2= concentrat ion in the assay  
was 12.3 /~M (total). The  intravesicular  medium contained 300 
mM mannitol ,  10 mM Tr i s -HEPES,  pH 7.5. Other  details are as 
given in Materials and Methods .  5/xM A23187 as a 50% ethano- 
lic : DMSO solution was added where  indicated 

were used to yield free Ca > concentra t ions  ranging from 0.003 to 
4.36 /xM. Free calcium concentra t ions  were determined as de- 
scribed earlier (Helman et al., 1986). 

Initial rates were calculated from linear regression of the 
values obtained for 0, 10 and 20 sec of  assay.  Each time point 
was assayed  in duplicate or triplicate. Where  indicated, SEM or 
SD shows  the exper imenta l  variations obtained between different 
membrane  preparat ions.  Only averages (from triplicate samples) 
are shown for representa t ive  (of 3 to 6 individual) exper iments .  
Correlation coefficients be tween 0.98 and 0.99 were routinely 
obtained for the t ransport  data. Specific condit ions for each ex- 
per iment  have been indicated in the Figure legends. Statistical 
ana lyses  were performed using the Student ' s  t-test. 

F L U O R E S C E N C E  M E A S U R E M E N T  

Fluorescence  was measu red  using an SLM 8000 fluorimeter (mi- 
c roprocessor  controlled). The cuvet te  temperature  was main- 
tained at 37~ and  the sample was stirred continuously.  Mem- 
brane potential  (interior negative) was monitored as the 
quenching  of  the f luorescence of  the dye,  all-S-C2-(5), with exci- 
tation at 590 nm and emiss ion  at 670 nM. A 4-rim bandwidth was 
used in all the exper iments .  Specific details of  the exper iments  
are given in the Figure legend. 

O T H E R  M E T H O D S  

Protein was measu red  us ing the Bio-Rad protein assay  kit with 
bovine se rum albumin as the s tandard.  

Table 1. Effect of  oxalate and phosphate  on ATP-dependent  cal- 
c ium transport  in basolateral  membrane  vesicles a 

Addit ions % Calcium accumulat ion 

None  100 
5 mM oxa[ate 98 
5 mM phospha te  150 

a Exper imental  condit ions were similar to that described for Fig. 
1. The calcium accumula ted  at 5 rain (steady state) without any 
addit ions was considered as 100%. Control membranes  accumu-  
lated 21 -+ 2.5 nmol  C a > / m g  protein (n = 4). 5 mM K-oxalate or 5 
mM K-phospha te  were included in the assay  medium as indi- 
cated. Ca 2+ accumula t ion  in the absence  of ATP was not  changed 
with these  inclusions (data not shown). 

Results 

A T P - D E P E N D E N T  45Ca2+ T R A N S P O R T  IN 

B A S O L A T E R A L  M E M B R A N E  VESICLES 

Inverted BLMV isolated from rat parotid gland ex- 
hibit Ca 2+ transport activity, which has an obliga- 
tory requirement on Mg 2+ and ATP (Fig. 1). When 
ATP and Mg 2+ are present in the assay medium, the 
45Ca2+ accumulated by BLMV is increased 8- to 10- 
fold as compared to that in the absence of ATP. 
Typically, maximal activation is achieved around 
0.5 mM ATP, while half-maximal activation is seen 
between 0.1 and 0.2 mM ATP (data not shown). All 
experiments described herein were performed in 
the presence of 1 mm ATP. When Mg 2+ is excluded 
from the assay medium the 45Ca2+ uptake is similar 
to that obtained in the absence of ATP. This back- 
ground level of 4SCa2+ incorporation is similar to 
that obtained either when A23187(5/xM) is added to 
vesicles loaded with Ca 2+ (as shown in Fig. 1) or 
when it is present from the beginning of the assay 
(not shown). When A23187 is added to the vesicles 
in the absence of ATP, there is a slight increase in 
45Ca2+ incorporation, as reported earlier for these 
vesicles (Takuma et al., 1985). 

It had been shown earlier, that the 45Ca2+ 
loaded into BLMV could be released by including 
>30 mM Na + in the extravesicular medium (Ta- 
kuma et al., 1985), indicating the presence ofa  Na+/ 
Ca 2+ exchange system in the same membrane vesi- 
cles. This phenomenon is a characteristic of plasma 
membrane vesicles (Rega, 1986). The data shown in 
Table 1 provide further evidence that the Ca 2+ 
transport activity described above is located in a 
plasma membrane system. We have examined the 
ability of oxalate and phosphate to stimulate Ca 2+ 
transport. Neither the initial rate of 45Ca2+ uptake 
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Fig. 2. Kinetic parameters of ATP-dependent 
Ca 2+ uptake. General assay conditions were 
as described for Fig. 1. Protein concentration 
was 50 txg/ml. Ca>-EGTA buffers were used 
to obtain the desired free Ca 2+ concentration 
(3 nM to 4.36 /xM). Initial rates obtained at the 
various free [Ca >] have been plotted 
according to the Eadie-Hoffstee method. The 
data represent results from two experiments 
performed with different membrane 
preparations, each point being assayed in 
triplicate. Units for x and y axis values given 
in the Figure are: v, nmol Ca > per nag protein 
per rain; s, free Ca -,+ (nM) in the assay 
medium. Inset figure shows the initial rate of 
Ca -'+ transport as a function of the free [Ca-"] 
in the assay medium. The data have been 
normalized to the rate of Ca z+ transport at 
Vma• (100% = --54 nmol/mg protein/rain) 

nor the amount  accumulated after 5 rain is altered 
when 5 mM oxalate is included in the assay medium. 
Inclusion of 5 mM phosphate in the assay medium 
does not alter the initial rate of Ca 2+ transport but 
does increase the steady-state level by about 50%. 
A microsomal membrane preparation obtained from 
the same tissue shows five- to eightfold stimulation 
of 45Ca 2+ accumulation in the presence of 5 mM oxa- 
late under similar conditions (data not shown). In 
addition 50 to 60% of the initial rate of ATP-depen- 
dent Ca 2+ transport  in BLMV could be inhibited by 
- 5 0  tXM orthovanadate,  after a 15-min preincuba- 
tion (data not shown). 

KINETICS OF BASOLATERAL MEMBRANE VESICLE 

C a  2+ TRANSPORT 

The Ca 2+ transport  activity in BLMV was measured 
at various Ca 2+ concentrations,  buffered by EGTA, 
in the assay medium. These data are shown in Fig. 
2. The parotid BLMV ATP-dependent  Ca 2+ trans- 
port mechanism exhibits a very high affinity for 
Ca z+, (Kin - 72 nM) and a high Ca 2+ transport ca- 
pacity (Vma• - 54 nmol per mg protein per rain) 
achieved at > 1 tXM Ca 2+ (inset Fig. 2). Studies with 
intact parotid cells indicate that resting free [Ca2+]i 
levels are - 1 4 0  to 180 nM (by quin 2 fluorescence) 
and reach maximal levels of - 7 0 0  nM Ca 2+ after 
stimulation (Ambudkar et al., 1988). All further ex- 
periments for this study were conducted at a rela- 
tively high concentrat ion of total Ca 2+ (10/xM, cal- 
culated free Ca 2+ = 4.76 txM) without EGTA 
buffering. 

EFFECT OF K+-DIFFUSION POTENTIALS ON THE 

ATP-DEPENDENT Ca 2+ TRANSPORT 

The experiments described above (Figs. 1 and 2) 
were carried out under KC1 gradient conditions, 
i.e., extravesicular medium contained 150 mM KCI, 
1 mM Mg-gluconate, 10 mM Tris-HEPES,  pH 7.5, 
while the intravesicular medium contained 300 mM 
mannitol, 10 mM Tris -HEPES,  pH 7.5. When the 
vesicles are equilibrated in the 150-raM KC1 medium 
by incubation at 25 to 28~ for 1 hr, there is an 
increase, 119% -+ 7 (mean -+ SD, P < 0.005, n = 5) 
in the initial rate of  Ca > transport (data not 
shown). The maximum amount of Ca 2+ loaded (i.e. 
at steady state) is the same in both KCI equilibrium 
and gradient conditions. This increased initial rate 
of Ca 2+ transport  is not due to the presence of in- 
travesicular Mg 2+ since similar equilibration in the 
mannitol medium (plus Mg 2+) does not stimulate 
calcium transport  (data not shown). Also, equilibra- 
tion with KC1 medium (minus MgCI2) does not alter 
the stimulation of Ca 2+ transport  activity as long as 
Mg 2+ is present  in the assay medium (data not 
shown). 

When valinomycin (5/XM) is added to the vesi- 
cles in the presence of an inwardly directed KC1 
gradient (Fig. 3A), an inhibition of  the Ca 2+ trans- 
port activity is observed.  Valinomycin allows an 
electrogenic influx of K + into the vesicles, resulting 
in a positive (inside) membrane potential. The inhi- 
bition of  Ca 2+ uptake observed in the presence of 
valinomycin, therefore,  suggests that the Ca 2+ flux 
in the presence of ATP results in a transfer' of posi- 
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Fig. 3. Effect of valinomycin on the 
ATP-dependent Ca 2+ transport in 
K+-containing media. Parotid BLMV, 
containing 300 mM mannitol, 10 mg 
Tris-HEPES, pH 7.5, were assayed in media 
containing either 150 mM KC1 (A) or 150 mM 
K-gluconate (B), and 1 mM Tris-ATP, 1 mM 
Mg-gluconate, 10 mM Tris-HEPES, pH 7.5. 
5/xM ethanolic solution of valinomycin 
(dotted lines) or an equivalent volume of 
ethanol (solid lines) were added to membrane 
vesicles in the reaction media and vortexed. 
The reaction was initiated 5 sec later by the 
addition of ATP and Ca 2+. Other assay 
conditions were as described in Materials and 
Methods. Data are the mean values of 
triplicate determinations in a representative 
experiment of five performed with different 
membrane preparations 

t i re  charge to the interior of the vesicle. This would 
be inhibited by a preimposed (i.e. by valinomycin) 
positive charge inside the vesicle. Valinomycin had 
no effect on 45Ca2+ flux in the absence of ATP (not 
shown). Moreover ,  when 45Ca2+ uptake was mea- 
sured after equilibration in KCI medium or in the 
absence of KCI (i.e. in 300 mM mannitol or 300 mM 
sucrose medium), valinomycin had no effect on ei- 
ther the initial rates or steady-state levels of Ca > 
transport  (data not shown). These results suggest 
that valinomycin (5/XM) does not directly inhibit the 
Ca 2§ transporter.  When C1- was replaced with an 
impermeant  anion, gluconate, valinomycin induced 
a similar inhibition of  transport  (shown in Fig. 3B). 
This suggests that the permeability of these mem- 
branes to C1- is relatively low. However ,  the initial 
rate of the ATP-dependent  Ca 2+ transport measured 
in the K-gluconate medium is - 3 5 %  lower than that 
in a KCI medium suggesting a C1 requirement for 
maximal Ca 2+ transport  activity. 

The results presented above indicate that the 
ATP-dependent  Ca 2+ transport  system could be 
electrogenic. In order  to directly examine the effect 
of membrane potential on calcium transport,  K dif- 
fusion potentials were created in the presence of K § 
gradients and valinomycin. Since the presence or 
absence of  C1- did not change the valinomycin ef- 
fect (Fig. 3, A and B), 150 mM C1- was present in all 
media used for examining membrane-potential  ef- 
fects. Vesicles were equilibrated with 150 mm KC1 
medium, by incubation at 25 to 28~ for 1 hr, and 
then diluted into 150 mM KCI medium or 150 mM 
TMA-C1 medium. 5/.tN valinomyin was then added 
which induced zero or negative (interior) membrane 
potential, respectively,  in the two dilution media. In 
order  to obtain positive (interior) membrane poten- 
tial, vesicles were equilibrated with 150 mM TMA- 

C1 and valinomycin and then diluted into medium 
containing 150 mM KCI. Typically, 5/xl of vesicles 
were diluted into 200/xl of medium, creating a 40- 
fold concentrat ion gradient. The ability to generate 
membrane potential (negative inside) was checked 
by measuring the fluorescence of the dye di-S-C2- 
(5) under the conditions described above. However ,  
positive (interior) membrane potential cannot be de- 
tected by di-S-C2-(5) and our attempts to use ox- 
onol dyes were unsuccessful.  As seen in Fig. 4(A), 
when KCMoaded vesicles were diluted into TMA- 
CI medium an immediate, sharp quenching of the 
fluorescence was seen only when valinomycin was 
added indicating the formation of negative (interior) 
membrane potential. When the dilution medium 
was 150 mN KC1, no change in fluorescence was 
seen. The quenched level of fluorescence was 
steady for a fairly long time ( - 5  rain) and could be 
reversed by increasing the [K § in the extravesicu- 
lar medium. FCCP did not reverse either the di-S- 
C2-(5) quenching when added after valinomycin or 
the valinomycin-induced decrease in 45Ca2+ uptake 
(Table 2). In the fluorescence assay system de- 
scribed above,  significant dissipation of the preim- 
posed membrane potential could not be observed by 
initiating calcium transport,  unless fairly high con- 
centrations of Ca 2+ were used (> I00 ~M total Ca2+). 
We therefore measured 45Ca2+ uptake using the con- 
ditions to generate membrane potentials described 
above. 

The effects of  negative and positive (interior) 
membrane potentials on ATP-dependent  45Ca2+ up- 
take into the parotid BLMV can be seen in Fig. 
4(B). Compared to Ca 2§ transport  in KCl-equili- 
brated vesicles (KClo/KCli), those with a negative 
(interior) membrane potential (KClJTMA-Clo) 
show higher initial rates of  45Ca 2+ uptake 154% _+ 21 
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Fig. 4. (A) Valinomycin-induced generation of a negative (interior) membrane potential. Negative (interior) membrane potential was 
monitored as the quenching of the fluorescence of the dye di-S-C2-(5). In these experiments, membranes containing 300 mM mannitol, 
10 mM Tris-HEPES, pH 7.5, were incubated in a medium containing 150 mM KC1, pH 7.5 for I hr at 25~ 50/xl of the membrane (10/xg 
protein) was then added to a cuvette with 1.95 ml of media containing either 150 mM TMA-C1, 10 mM Tris-HEPES, pH 7.5 (lower 
trace), or 150 mM KC1, 10 mM Tris-HEPES, pH 7.5 (upper trace) at 37~ and continuously stirred and 2 p~M di-S-C2-(5) was added. 
5 /xM valinomycin was added as an ethanolic solution where indicated (4 ~xl ethanol). Fluorescence measurements were made as 
described in Materials and Methods with excitation and emission wavelengths of 590 and 670 riM. The "0"  time fluorescence level was 
comparable in assays where the dye was added before or after the membranes. In control experiments, additions of 4/xl ethanol to the 
assay did not alter the fluorescence. KC1 was added to the extravesicular medium to dissipate the membrane potential (lower trace). (B) 
Effects of K+-diffusion potentials on ATP-dependent Ca 2+ transport. Membrane vesicles, containing 300 mM mannitol and 10 mM Tris- 
HEPES, pH 7.5, were incubated in medium containing either 150 mM KC1, 10 mM Tris-HEPES, pH 7.5, or 150 mM TMA-CI, 10 mM 
TRIS-HEPES, pH 7.5, for 1 hr, at 25~ Membranes (5/xl, containing 10/xg protein) were then diluted 40 times into assay medium 
containing 10/xM Ca 2+ (Total), 1 mM Tris-ATP, 1 mM Mg-gluconate, 10 mM Tris-HEPES, pH 7.5, and either 150 mM KC1 or 150 mM 
TMA-C1. The membrane potentials imposed by these manipulations are: KCMoaded/TMA-CI (-ve, negative interior); TMA-Cl-loaded/ 
KCI (+ve, positive interior); KCl-loaded/KC1 (no membrane potential). Details of Ca 2+ uptake assay and initial rate determinations 
were similar to that described in Materials and Methods. Data are the mean values of triplicate determinations in one representative 
experiment of three to four performed with different membrane preparations 

(mean + SD); while those with a positive (interior) 
potential (TMA-ClJKClo) show lower uptake rate 
76.7% -+ 4 (mean -+ so). These differences are sta- 
tistically significant (P < 0.01, n = 4 and 3, respec- 
tively). Therefore, the total change in Ca R+ trans- 
port rate that is induced by changing the membrane 
potential from relatively positive to relatively nega- 
tive is about -86% (P < 0.01). The 45Ca2+ trans- 
port measured in the absence of ATP is not affected 
under these conditions (data not given). Moreover, 
the data in Fig. 4(.4) show that during the time re- 
quired to measure initial 45Ca2+ transport rate ( -1  
rain), the established membrane potential is main- 
tained. 

EFFECT OF A pH GRADIENT ON ATP-DEPENDENT 

C a  2+ TRANSPORT 

ATP-dependent  Ca 2+ transport activity can be ob- 
served in the absence of KC1, i.e. in a mannitol 
medium. However, in mannitol medium, the initial 
rate of Ca 2+ transport is -60% less than that seen in 
the KCl-containing medium. A similar decrease is 
also observed in the steady-state level of uptake. 
Figure 5 compares the Ca2+-transporting activity 
obtained in the presence of either 150 mM KC1 or 
300 mM mannitol at pH 7.5. This observation is sim- 
ilar to that reported for ATP-dependent Ca 2+ trans- 
port in other plasma membranes (Penniston, 1983) 
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Fig. 5. ATP-dependen t  Ca 2+ uptake in a KCl-free medium. 
Membrane  vesicles were added to assay  media containing 12.5 
~M Ca (total), 1 mM Mg-gluconate,  1 mM Tris-ATP, 10 mM Tris- 
HEPES,  pH 7.5, and ei ther 150 mM KC1 or 300 mM mannitol.  
Other assay conditions were similar to that described for Fig. 1. 
5 M,M FCCP (ethanolic solution, 5/xl ethanol) was added to the 
assay indicated (�9 5 /xl e thanol  was added in control experi- 
ments with KCI ([7) and mannitol  (Q). Transpor t  was initiated by 
addition of  ATP  and Ca 2+ 5 sec after the addition of  ethanol or 
FCCP 

and suggests that KC1 stimulates a basal level of 
calcium transport. The activity in the mannitol me- 
dium, therefore, reflects the level of Ca 2+ transport 
achieved in the absence of any effects due to K + or 
C1 . Addition of 5/XM FCCP during Ca 2+ transport 
in mannitol medium has no effect on both the level 
of Ca 2+ accumulation and the initial transport rates 
(Fig. 5). Similar experiments carried out using an 
impermeant ionic medium (NMDG-gluconate) in- 
stead of mannitol, gave comparable results (data 
not shown). 

In  order to examine the effects of pH o n  C a  2+ 

transport, independent of secondary ion move- 
ments, all the experiments described below were 
performed in mannitol media in the absence of any 
K § and C1 . In the data shown in Fig. 6, we have 
examined the effect of pH and pH gradients on this 
basal level of Ca 2+ transport. When equilibrated in 
mannitol media, at pH 6.4, 7.4 and 8.5, by incuba- 
tion for 1 hr at 25~ maximal Ca 2§ transport activ- 
ity was seen at pH 7.4, with slight (-20%) de- 
creases in the initial rates of Ca 2§ transport at pH 
6.4 and 8.5. However, when the intravesicular pH 
was kept at pH 7.4 and the pH of the extravesicular 
medium was adjusted between 6.2 to 8.5, marked 
effects were observed on the initial rates of calcium 
transport (Fig. 6). A steady level of transport rate 
was seen between pH 7.4 to 8.0 while at lower ex- 
travesicular pH (6.5 to 6.2), there is a 60 to 80% 

Table 2. Effect of val inomycin and FCCP on the initial rates of  
ATP-dependent  Ca 2" t ranspor t  in B L M V  a 

% Ca 2+ transport 

Control 100 
+Val inomycin  76 -+ 8 (n = 5) 
+ F C C P  102 -+ 3 (n = 5) 
+Val inomycin  + F C C P  74 -+ 6 (n = 4) 

a Exper imenta l  condit ions were similar to those described for 
Fig. 3.5/XM val inomycin and 5/xM FCCP were used as ethanolic 
solutions where  indicated. Control exper iments  contained an 
equal volume of ethanol (ethanol volume was <1% of the total 
volume).  Data  are expressed as the initial rate of Ca 2+ transport 
in control membranes which was - 2 4  +- 6 nmol  Ca2+/mg protein/ 
min (n = 4). 
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Fig. 6. Effect of  pH on ATP-dependent  Ca > transport  in a KCI- 
free medium.  Membrane  vesicles containing 300 mM mannitol ,  
10 mM Tr is -HEPES,  pH 7.5, were incubated in a medium con- 
taining 300 mM mannitol ,  50 mM Tris-MES, pH 7.5 for 1 hr  at 
25~ and then added to assay  media  containing 12.5 /xM Ca 2+ 
(total), 1 mM Mg-gluconate,  1 mM Tris-ATP, 300 mM mannitol ,  
50 mM Tris-MES adjusted to various pH from 6.2 to 8.5. Initial 
rate of Ca 2+ t ranspor t  at each pH was determined as described 
in Materials and Methods  and has been shown in the Figure 
( 0 - - 0 ) .  The bars show the initial rates of  Ca > uptake when 
the intravesicular pH was equal to the extravesicular pH. 
6.4o/6.4i, 7.5o/7.5i, 8.5o/8.5i relative to the rate at pH 7.5. 
These data are presented as the mean  _+ SEM of  three experi- 
ments 

reduction in calcium transport and at higher ex- 
travesicular pH (8.3 to 8.5) there is a -60% stimula- 
tion of the Ca 2§ transport activity. Addition of 5/&M 
FCCP does not alter the effects of the pH gradients 
on initial Ca 2+ transport activity (data not shown). 
Figures 7(14) and 7(B) show the calcium transport 
activity obtained at pH equilibrium (8.5i to 8.50 and 
6.4; to 6.40). When oppositely directed pH gradients 
are imposed, there is an inverse effect on the cal- 
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Table 3. Effect of  intravesicular  H + on ATP-dependent  calcium 
transport  in BLMV a 

Media % Ca Transpor t  

Incubat ion Assay  Initial rate Accumulat ion 
at 2 min 

KC1 KCI 100 100 
KC1 TMA-CI 105 -+ 6 75 -+ 3 

a Membranes  were incubated with KCI in the presence of nigeri- 
cin (0.2/ZM) for 1 hr  at 25~ Aliquots were then diluted either 
into assay  media  containing 150 mM KCI or 150 mM TMA-CI, 1 
mM Tris-ATP, 1 mM Mg-gluconate,  10 ~M 45Ca2+ (total). Other 
details of  a s says  were as described for Fig. 1. Values are the 
mean  -+ SEM of two exper iments  with different membrane  prepa- 
rations; each t ime point was assayed  in triplicate. The mean 
value for initial rate in the KCI medium was 24 nmol /mg/min ,  
and the Ca 2+ accumula t ion  was 21 nmol /mg protein. 

Fig. 7. Effect of  pH gradient  on ATP-dependent  Ca 2. transport .  
All the condit ions were as described for Fig. 6. Membranes  were 
equilibrated in media  containing 300 mM mannitol ,  50 mM Tris- 
MES adjusted to pH 6.4, 7.5, and 8.5 (pH3 and assayed  in media 
containing 1 mM Mg-gluconate,  1 mM Tris-ATP, 25 p.M 45Ca2+ 
(total), 300 mM mannitol ,  50 mM Tris-MES at pH 8.5 (7A) or 6.4 
(7B) as indicated in the figure (pHo). Other  details of  the assay  
were as described in Materials and Methods  

cium transport activity. An inwardly directed pH 
gradient (6.40 to 7.4,.) induces an inhibition of cal- 
cium transport (7B) while an outwardly directed 
gradient (8.50 to 7.4/) induces a stimulation (7A). 
When calcium transport was measured under ex- 
actly the same conditions, in the absence of ATP 
(data not shown), there was no effect of an inwardly 
directed (6.40 to 7.40 pH gradient on the level of 
45Ca2+ in the vesicles. When the extravesicular me- 
dium is more alkaline (8.5o to 7.4;) there is a slight 
increase (<10%) in the background level of Ca 2+ 
bound (45Ca2+ uptake at 0 rain), that is seen both in 
the absence (not shown) and presence of ATP (as 
seen in Fig. 7A). In the absence of ATP, when the 
level of 45Ca2+ retained by the vesicles is corrected 
for this "extra"  Ca 2+ binding, there is no change 
between the 45Ca2+ incorporation under the condi- 
tions 8.50 to 7.4; and 8.5o to 8.5;. Also, this increase 
in the background 45CaZ+ level is related to the 
[Ca 2+] in the assay medium (data not shown). This 
suggests that there is no ATP-independent Ca2+/H + 
countertransport activity under the conditions of 
our assay. 

In order to look at the effects of an outwardly 
directed H + gradient on ATP-dependent Ca 2+ trans- 
port in a KCI medium, KCl-loaded vesicles were 
diluted into TMA-C1 or KC1 media in the presence 
of nigericin. In the presence of a K + gradient, ni- 

gericin induces an electroneutral K+/H + exchange, 
making the intravesicular medium acidic (outwardly 
directed H+ gradient), without changing membrane 
potential. Under these conditions, we observed a 
-30% decrease in the steady-state level of Ca 2+ ac- 
cumulation (see Table 3) without any effect on the 
initial rates of transport. The 4SCa2+ incorporation in 
the absence of ATP was similar in the two media 
(data not shown). If the BLMV contained a Ca2+/ 
H + exchange system in addition to the ATP-depen- 
dent 45Ca 2+ transporter we would expect to observe 
an additional accumulation of 45Ca under these con- 
ditions. However, apparently H + cannot success- 
fully substitute for intravesicular K + in achieving 
optimal ATP-dependent Ca 2+ accumulation. 

Discussion 

The data presented in this paper provide a detailed 
characterization of the ATP-dependent Ca 2+ trans- 
porter found in the basolateral plasma membrane of 
the rat parotid gland. Calcium transport in parotid 
BLMV exhibits an obligatory requirement for ATP 
and Mg 2+, shows vanadate sensitivity, has a high 
affinity for Ca 2+ and fairly large capacity for Ca 2+ 
transport under gma x conditions. Oxalate, an anion 
which stimulates ATP-dependent Ca 2+ flux in the 
endoplasmic reticulum, has no effect on Ca 2+ flux 
into parotid BLMV. The Km (70 riM) and Vmax (54 
nmol/mg protein/rain) values obtained for the Ca 2+ 
transport activity, are very similar to those reported 
for a membrane preparation from rat pancreas, an- 
other exocrine gland (Rega, 1986). It has been pre- 
viously reported by our laboratory that the ATP- 
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dependent Ca 2+ transport in parotid BLM vesicles 
was optimally active in a K ~ medium as compared 
to a Na + medium, and that Na + could discharge the 
accumulated Ca 2+ in the vesicles. Similar observa- 
tions have been made for ATP-dependent Ca 2§ 
transporters in plasma membranes from other 
sources (Penniston, 1983; Rega, 1986). 

A majority of the reports on ATP-dependent 
Ca 2+ transport in plasma membranes, have ad- 
dressed regulation of the kinetic properties of the 
Ca 2+ transporter by calmodulin. Relatively few 
studies have been directed towards characterization 
of the electrical properties of the Ca 2§ flux and sev- 
eral conflicting mechanisms have been proposed. It 
appears that the inherent conductive pathways for 
anions and cations in various membranes could 
contribute significantly towards the expression of 
an electrogenic Ca 2+ flux and may therefore explain 
some observed functional discrepancies. Bayer- 
dorffer et al. (1985) have reported that the ATP- 
dependent Ca 2+ transporter in membrane vesicles 
isolated from rat pancreas mediates an electrogenic 
flux of Ca 2+. Detailed studies regarding the nature 
of the ATP-dependent Ca 2+ flux have been done 
with the erythrocyte plasma membrane Ca 2+ trans- 
port system, where intact cells, resealed ghosts, in- 
side-out membrane vesicles, as well as reconsti- 
tuted systems have been used. Nevertheless, 
reports regarding whether the ATP-dependent Ca 2+ 
transporter in the erythrocyte plasma membrane 
mediates an electrogenic flux of Ca 2+ are still con- 
flicting. For example, Waisman et al. (1981) and 
Rossi and Schatzmann (1982) earlier suggested that 
the Ca 2+ flux was electrogenic, while, Niggli, Sigel 
and Carafoli (1982) using the reconstituted Ca 2+ 
transporter, and Smallwood et al. (1983) using 
membrane vesicles, have provided evidence for an 
electroneutral Ca2+/2H + exchange mechanism dur- 
ing ATP-dependent Ca 2+ transport. There is only 
one report demonstrating an electrogenic Ca 2+ flux 
in the endoplasmic reticulum of a "nonexcitable" 
tissue, rat liver (Muallem et al., 1985). Similar con- 
troversies still exist regarding the ATP-dependent 
Ca 2+ transporter in sarcoplasmic reticulum from 
skeletal muscle, one of the best characterized ATP- 
dependent Ca 2+ transport systems. Thus, some 
studies have suggested that this flux of Ca 2+ is elec- 
trogenic (Zimniak & Racker, 1978; Beeler, 1980) 
though in situ, it may appear electroneutral due to 
secondary ion fluxes which provide charge compen- 
sation (Meissner, 1981). Other studies have sug- 
gested that the ATPase could itself behave as a 
Ca2+/H + exchanger (Chiesi & Inesi, 1980; Ueno & 
Sekine, 1981) or a Cai+/K + exchanger (Haynes, 
1982) and thus mediate an electroneutral Ca 2+ flux. 

Based on the results presented herein we pro- 

pose that during ATP-dependent Ca 2+ uptake in rat 
parotid basolateral membrane vesicles there is a 
transfer of electrical charge. The strongest evidence 
for this is our observation that the initial rate of 
Ca 2+ transport can be significantly altered by preim- 
posed membrane potentials. A negative (inside) K + 
diffusion potential stimulates the transport rate 
while positive (inside) K + diffusion potential in- 
hibits Ca 2+ transport. This suggests that the Ca 2+ 
flux results in accumulation of positive charges in 
the vesicle lumen. Since this effect is not observed 
in the presence of an outwardly directed K + gradi- 
ent, in the absence of valinomycin, it is not an effect 
of the K + gradient in itself, but rather due to the 
clamping of membrane potential by valinomycin, a 
situation which was confirmed using the fluorescent 
dye all-S-C2-(5). Bayerd6rffer et al. (1985) had re- 
ported that in rat pancreatic basolateral membrane 
vesicles, valinomycin was not necessary to clamp 
the membrane potential, suggesting the rat pancreas 
to possess an inherently K + permeant membrane. 
The rat pancreatic acinar cell membranes possess a 
nonselective cation conductance, which is Ca 2+ ac- 
tivated but not voltage dependent. Rat parotid 
plasma membranes possess a K+-selective conduc- 
tive pathway which is gated by both Ca 2+ and volt- 
age (positive inside) (Petersen & Maruyama, 1984). 

Proton movement has also been associated with 
ATP-dependent Ca 2+ transport in several systems. 
In erythrocyte plasma membranes, Niggli et al. 
(1982) have suggested that the Ca2+-ATPase carries 
out an electroneutral ATP-dependent Ca2+/H + ex- 
change reaction, while Villalobo and Roufogalis 
(1986) have suggested this to be an electrogenic 
ATP-dependent, countertransport of Ca 2+ and H +. 
In addition a H + effect on the hepatic plasma mem- 
brane Ca 2+ transport has been shown (Kraus-Fried- 
mann et al., 1982). Meissner (1981) had reported 
earlier that the ATP-dependent Ca 2+ transport in 
skeletal muscle sarcoplasmic reticulum was af- 
fected by pH gradients and that proton movements 
accompanied Ca 2+ transport. The results described 
in this paper show that the initial rate of Ca 2+ trans- 
port can be altered by imposing a pH gradient 
across the membrane. The effect was independent 
of direct effects on the transport due to the pH. The 
initial rate of Ca 2+ transport was higher when both 
the intravesicular and extravesicular pH = 6.4 than 
when the extravesicular pH = 6.4 and intravesicu- 
lar pH = 7.4. The reverse situation was true at pH 
8.5 (see Figs. 6 and 7). These effects could also be 
explained by a Ca2+/H + exchange mediated by the 
ATP-dependent Ca > transporter itself or by a Ca2+/ 
nH+ exchanger in addition to the ATP-dependent 
transporter in the same membrane vesicle. Two 
points argue against the latter interpretation of our 
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data: (1) no increase was seen in Ca 2+ accumulation 
in the absence of ATP, when intravesicular H + was 
increased by diluting K+-loaded vesicles into K § 
free medium in the presence of nigericin, and (2) no 
stimulation of ATP-dependent C a  2+ flux was seen 
under the same conditions. Moreover, since the ex- 
periments involving pH gradients were performed 
in the absence of K + and C1 , in a mannitol-contain- 
ing assay medium, we can eliminate direct pH ef- 
fects on either K + or C1- flux. The lack of an effect 
of FCCP on ATP-dependent C a  2+ transport (as 
shown in Table 2) also would argue against the in- 
volvement of a H + flux during the ATP-dependent 
Ca 2+ transport, though not conclusively establish 
the lack of a CaZ+/H + exchange activity. Niggli et 
al. (1982) when using inverted membrane vesicles 
from erythrocytes had observed that FCCP did not 
alter Ca 2+ flux. However, when using a reconsti- 
tuted system from the same membrane, they de- 
tected a definite FCCP effect on the ATP-dependent 
Ca 2+ transport, providing evidence for a Ca2+/H + 
exchange mechanism. 

Given the present data, we cannot conclusively 
differentiate effects due to a H + gradient-induced 
membrane potential from those due to ApH. How- 
ever, we have observed a small change in mem- 
brane potential (quenching of di-S-C2-(5)) when an 
outwardly directed pH gradient, 7.4i to 8.50, was 
established (data not shown). At present we are un- 
able to measure a CaZ+-dependent ATP hydrolysis 
coupled to Ca 2+ transport in these membranes, 
which further complicates this issue. This problem 
is mainly a result of high background levels of K +- 
dependent phosphatase in these membranes, which 
has an extremely low sensitivity to ouabain as well 
as digoxin, or digitoxigenin (Ambudkar, unpub- 
lished data). Therefore, though our data show that 
ATP-dependent C a  2+ transport in rat parotid 
BLMV can be modulated by the membrane poten- 
tial, indicating a charge transfer, we presently can- 
not unequivocally establish whether the Ca 2+ 
uptake, per se is electrogenic or is coupled electro- 
neutrally to the electrogenic transport of another 
ion. Further studies, aimed towards reconstituting 
the Ca 2+ transport activity in a lipid vesicle system 
and establishing the associated ATP hydrolytic ac- 
tivity, will provide a more complete understanding 
of this transport system, especially the effects due 
to electrically coupled ion fluxes. 

Even though a direct role for the ATP-depen- 
d e n t  C a  2+ transport in the Ca 2+ mobilizing events 
following receptor activation of the parotid cell has 
not yet been established, several considerations 
suggest that the activity represents a physiologi- 
cally relevent system for Ca 2+ efflux from the cell. 
Measurements of [Ca2+]i in parotid cells using Quin 

2 (Ambudkar et al., 1988) have shown that the rest- 
ing [Ca2+]i is about 150 nm, which is close to the Km 
of the transporter. After neurotransmitter (epineph- 
rine, carbamylcholine) stimulation, the [Ca2+]i, 
though four- to fivefold higher, is still below the 
[ C a  2+] required for Vma• (achieved at [Ca 2+] > 1 
/XM). Based on the data presented here we propose 
that if the membrane potential or pH gradient were 
altered at the basolateral plasma membrane, the 
Ca z+ transport activity could potentially be altered. 
Depending on the direction of the shift in activity, 
neurotransmitter-simulated [Ca2+]i elevation would 
either be sustained longer or dissipated faster, thus 
conceivably modulating the secretory events. A 
possible direct regulation of the ATP-dependent 
Ca 2+ transporter (increase in Km and Vm~x) by agents 
which elevate cyclic AMP was suggested in an ear- 
lier report by Helman et al. (1986). Together, these 
observations suggest a broad regulatory range for 
the ATP-dependent CaZ+-transporting system in rat 
parotid basolateral membrane. 

We would like to thank Dr. Suresh V. Ambudkar and Dr. James 
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work. Also, we would like to acknowledge Dr. Valerie Horn's 
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