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ATP-dependent Ca z+ uptake was characterized in a plasma membrane enriched fraction obtained from the bovine 
corneal epithelium. This uptake essentially represented intravesicular accumulation because 72% of the Ca z+ 
content was releasable following exposure to 10 -~ M A23187. The substrate and Ca ~+ requirements for maximal 
transport activity were similar to those described in the red blood cell because: (1) exogenous ealmodulin (3/zM) 
significantly decreased the apparent K m for Ca 2+ to 0.31 pM and increased the rate of Ca 2+ uptake; (2) a 
hydroxylamine labile CaZ+-dependent phosphoenzyme intermediate was identified with an apparent molecular size 
of 140 kDa; (3) Ca 2 +-dependent binding of P Sl-labelled calmodulin to this protein was demonstrated which could be 
antagonized with a ealmodulin antagonist, trifluoperazine. These results show that the plasma membrane contains 
an ATP-dcpendent Ca 2+ transporter. However, its relationship to a previously described high afilnity form of 
Ca2t-stimulated MgZ+-dependent ATPase is not apparent because their [Mg z+] requirements to elicit maximal 
activity differed by two orders of magnitude. 

Introduction 

in the red blood ceil, the Ca'-* transporter is a high 
affinity form of a CaZ+-stimulated MgZ+-dependent 
ATPase because the results of reconstitution studies 
showed that maximal enzymatic and transport activities 
could be elicited under the same assay condition [1,2]. 
Maximal activities were observed with physiological 
levels of [Ca 2+] and millimolar levels of Mg 2÷ and 
ATP. This transporter has an apparent molecular size 
of 140 kDa and it requires Ca z+ either for the forma- 
tion of an alkali-labile phospho~lated intermediate or 
binding of calmodulin [3-6]. Calmodulin selectively 
stimulates this transport activity through a decrease in 
the apparent K., for Ca z+ and an increase in the V.~, 
[7,8]. These properties of the red blood cell Ca 2+ 
transporter are used as criteria to identify plasma 
membrane derived Ca 2+ transport by other tissues. 
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In a wide variety of eukalyotes, there is plasma 
membrane derived Ca z+ transport activity [9]. The 
transporter has roles in the maintenance of Ca z+ 
homeostasis and receptor-effector coupling which are 
dependent on pump interaction with intracellular me- 
diators such as ealraodulin, An interactlon with 
calmodulin can occur as a result of an increase in 
cytosolic [Ca z+] following activation of a Ca z+ mobiliz- 
ing pathway. Stimulation nf pump activity serves to 
restore the [Ca 2+] to its control level and thereby 
terminate a response [10]. Tiaerefore, a characteriza- 
tion of the propemes of Ca z+ pump activity and the 
parameters which affect it are pertinent for a better 
understanding of both Ca 2+ homeostasis and 
receptor.effector coupling. 

In a plasma membrane enriched fraction of bovine 
corneal epithelium, high affinity Ca2+-stimulated 
Mg2÷-dependent ATPase activity was identified pro- 
vided there was no exogenous Mg 2+. Its activity could 
be further stimulated by calmodulin at physiological 
levels of [Ca 2÷] [11]. This enzymatic activity is not 
necessarily reflective of Ca 2+ transport because in 
adipocytes a plasma membrane Ca 2÷ pump requires 
millimolar levels of Mg 2+ for maximal activity whereas 
the identification of a high affinity form of Ca 2+- 



stimulated Mg2+.dependent ATPase was only possible 
without any exogenous (i.e., about 10 ~M) Mg 2+ 
[12,13]. It is not "known if this difference in Mg 2+ 
requirements reflects a type of plasma membrane Ca 2+ 
transporter different than that in the red blood cell 
because there are no reports on the molecular size of 
this transporter in the adipocyte [9]. If the adipocyte 
and the red blood cell transporter are the same pro- 
tein, this difference could mean that the adipocyte has 
more than one type of a high affinity form of Ca 2+- 
stimulated Mg2+-dependent ATPase and only some of 
them are coupled to active Ca 2+ transport. 

In isolated bovine corneal epithelial cells, it was not 
possible to identify a role for Ca 2+ as a second messen- 
ger even though the,'e are different types of other 
evidence which are supportive of such a function for 
Ca 2+ [14]. This evidence includes: (1) in the rabbit 
corneal epithelium and bovine corneal epithelial cells, 
an increase in phosphoinositide turnover was demon- 
strated following activation of phospholipase C by ei- 
ther norepinephrine or sodium fluoride [15,16]; (2) in a 
microsomal fraction from the bovine corneal epithe- 
lium, the identification of IP 3 binding sites which may 
be coupled to Ca 2+ release channels [17]. Our uncer- 
tainties regarding any relationship between a high 
affinity form of Ca2+-stimulated Mg2+-dependent AT- 
Pase and active Ca ~+ transport as well as the role of 
Ca 2+ as a second messenger prompted us to study 
Ca 2+ transport. 

We demonstrate here and characterize ATP-depen- 
dent Ca 2+ uptake in a plasma membrane enriched 
fraction of bovine corneal epithelium. As in the red 
blood cell, this transporter has a molecular size of 140 
kDa and is stimulated by calmodulin. Therefore, the 
transporters appear to be identical even though maxi- 
mal transport activity required about an 100-fold higher 
[Mg 2+] than that needed to activate a previously de- 
scribed high affinity form of Caa+-stimulated Mg2+-de - 
pendent ATPas¢. In the corneal epithelium, such a 
difference suggests that some of the forms of this 
enzymatic activity are not coupled to Ca 2 ÷ transport. 

Materials and Methods 

All reagents were analytical grade and were pur- 
chased from the following sources: New England Nu- 
clear, [.y_a2p] ATP and 45CACI2; Amersham, l~I- 
labelled calmodulin; Calbiochem, calmodulin; Bethesda 
Research Laboratories, 14C-labelled protein molecular 
weight standards. All other chemicals were purchased 
from Sigma Chemical Company. 

Bovine eyes were enucleated at a local abattoir 
within 1 h after death and transported to tll~ labora- 
tory in an ice cold NaCI Ringer's solution (pH 7.4) for 
immediate processing. The whole globe was rinsed with 
saline and the corneal epithelial cells were obtained by 

scraping away the surface layer of the cornea with a 
scalpel blade. 

The epithelial cells collected from 70-90 eyes were 
placed in a solution containing 250 mM sucrose, 10 
mM Hepes (4-(2-hydroxyethy|)-l-piperazinesulphonic 
acid), 30/~M PMSF (phenylmethylsulphonyl fluoride), 
1/~g/ml pepstatin, 1/zg/ml leupeptin, 1 mM N-ethyl- 
maleimide, 1.1 IU/ml aprotinin, and 1 mM EGTA 
(ethylene glycol his (/3-aminoethyl ether) totraacetic 
acid), following adjustment of the pH to 7.5 with KOH. 
The corneal epithelial cells were initiaIly homogenized 
at 1000 rpm with a motor driven Teflon pestle and a 10 
ml homogenizer (Wheaten). After S strokes, this stop 
was repeated with aliquots of the homogenate in a 5 ml 
homogenizer. The resulting homogenate was cen- 
trifuged for 10 rain at 900 × g. This step was repeated 
following resuspension of the pellet. The supernatants 
(S-l) were pooled and then centrifuged at 20000 ×g  
for 30 rain. The resulting supernatant (S-2) was then 
centrifuged either at 150000 x g  for 90 min to obtain 
an endoplasmic reticuIum enriched pellet or at 56000 
× g for 60 min to obtain a different pellet (I'-3) which 
was further processed with sucrose density gradient 
ccntrifugation. To obtain a plasma membrane enriched 
fraction, P-3 was resuspended with a 5 ml homogenizer 
in 0.5 ml of a solution containing 50 mM Hepes-KOH 
(pH 7.5), 250 mM sucrose, 1 mM DTT (dithiothreitol) 
(oH 7.5), and applied to the top of a disdontinuous 
sucrose gradient in a 5 ml tube. The volume of each of 
the four layers was 1 ml and their specific gravities 
were 1.14, 1.16, 1.18 and 1.20. These solutions also 
contained 10 mM Hepes and 1 mM EGTA (pH 7.5). 
Samples of the resuspended P-3 pellet were cen- 
trifuged for 90 min at 150000 ×g  in a SW 50,1 rotor. 
Each of the four fractions (B-I to B.4) were collected 
by aspirating them from beneath the individual layers 
with a syringe connected to a bent needle. The four 
fractions were then individually pooled and diluted 
with a sucrose-free solution of the same composition 
(1 : 4 v/v). These fractions were centrifuged at 150000 
× g for 90 rain and then resuspended in 1 ml of 50 rnM 
Hepes and 250 mM sucrose (pH 7.5) and stored at 
- 7 0 o c .  

The plasma membrane, endoplasmic reticulum and 
mitochondrial marker assays used were 5'-nucleo- 
tidase, glucose-6-phosphatase and succinate-cyto- 
chrome-c reductase, respectively [18-20]. The ATP-de- 
pendent Ca 2+ uptake assay was essentially the same as 
previously described [21]. The standard assay medium 
contained 50 mM Pipes-Tris buffer (at 37 ° C), 80 mM 
K2SO4, 200 mM sucrose, 4 ram Tris oxalate, 1 mM 
MgC12, 0.1 mM EGTA, and 1.75 nCi 4SCaCl2. Its pH 
was adjusted to 7.5 with Tris base. The ratio of 
[Ca2+]/[EGTA] was varied as previously described to 
obtain a desired free Ca 2+ concentration [11,12]. Mem- 
brane protein was assayed as previously described us- 



ins bovine serum albumin as a standard [22], The 
medium had a volume of 350 /zl which contained 
between 5 and 10 /zg protein. Ca 2+ uptake was initi- 
ated upon the addition of ATP fm~n a stock solution 
and terminated by adding 50 ~.1 of the assay medium to 
2.8 ml of 1 mM LaCl3 in 40 mM Pipes (pH 7.5), as it 
filtered through a 0.9.2 ~m type GS Miilipore filter, 
which was then rinsed twice with 3.0 ml of the same 
solution. Radioactivity contained on the filter was mea- 
sured with a scintillation counter following solubiliza- 
tion of the filter in Filtron-X (National Diagnostics, 
Summerville, N J). Active Ca 2+ uptake was calculated 
from the difference in nmoles of Ca 2+ accumulated 
per mg of protein in the presence and absence of ATP. 

The methods for membrane phosphorylation, hy- 
drox'slamine reaction, SDS-PAGE and radioautogra- 
phy were essentially the same as those previously de- 
scribed [23]. The detection of calmodutin binding pro- 
teins, which were separated by SDS-PAGE according 
to the method of Laemmli [24], was carried out using 
12Sl-calmodulin and a gel overlay technique [25], Mem- 
brane preparations of both corneal epithelium and red 
blood cells were fractionated with SDS-PAGE in four 
identical gels. One pair of gels was incubated in a 
buffer containing 2 FC'i/ml t~I-ealmodulin and 2.5 
mM trifluoperazine, one gel in the presence of 1 mM 
CaC! 2 and the other gel instead in the presence of 1 
mM EGTA. As a control, a second pair of gels was 
incubated in a buffer containing only 2 ~Ci /ml  I~I- 
calmodulin, one gel in the presence of I mM CaCI 2 
and the other gel instead in the presence of 1 mM 
EGTA. The binding of lz~I-calmodulin to the protein 
components in the gels was detected by autoradiog- 
raphy. 

All values are shown as means + S,E. Statistical 
significance was determined using a paired Student's 
t-test. 

Resu l t s  

To identify an appropriate fraction for a study on 
plasma membrane net Ca 2+ uptake, we compared in 
four membrane fractions (B-I-4), the enrichments of 
5'-nucleotidase activity, glucose-6-phosphatase and 
succinate-cytochrome-c reductase with respect to the 
initial homogenate. In Table I, the specific activities of 
5'-nucleotidase and succinate-cytochrome-c reductase 
in B-1 are compared to those in S-1, S-2 and P-3 
because B-1 was the most enriched fraction (i,e,, 6,5- 
fold) in plasma membrane activity, Consistent with this 
result, B-1 was the only fraction that was slightly deen- 
riched in succinate-cytochrome-c reductase. It was the 
least enriched with glucose-6-phosphatase and its spe- 
cific activity was 8.3 ± 1.1 mmol Pf/min per mg protein 
which was 1.2-fold greater than in the homogenate but 
was only 35:1-5% of the value in a microsomal en- 

TABLE I 

Marker activities in plasma membeane containing fractions 

Data are given as the mean values with standard error of the mean 
for six preparations. 

Fraction 5'-Nucleotidase Su¢¢inate-cytochtome-¢ 
(nmol/mg reductase (nmol/mg 
protein per h) protein per rain) 

Homogenate 0,46:1:0,14 0,78 ± 034 
S1 0.44+0.1! 0.87±0.19 
$2 0.40:1:0.11 0.58 ± 0.16 
P3 2,12 :t: 1.65 2.05 +0.99 
B1 2,97 + 0.93 0,70 ± 0,55 

riched fraction (see Methods). Therefore, the B,1 frac- 
tion was used to study plasma membrane associated 
ATP-dependent Ca 2+ uptake. 

The time course for ATP-dependent Ca 2+ uptake, 
in the presence of 5 ram ATP and 1.2 /zM Ca 2+, is 
shown in Fig. 1, Under these conditions, there was 
maximal stimulation of the high affinity form of Ca 2+- 
stimulated Mg 2 ÷,dependent ATPase [11], Ca 2 + uptake 
increased nearly linearly during the first 5 rain followed 
by a slower pseudosaturating phase. Neither of these 
uptakes were ATP-limited because, with 1,25 instead 
of 5 mM ATP, the time courses were identical to one 
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Fig. 1. Time course of the ATP-de~ndent intravesicular calcium 
accumulation and its release by the Ca 2+ ionophore, A23187, Cal- 
cium uptake was measured at various times in the presence (closed 
symbols) or absence (open symbols) of S mM ATP, At 32,5 rain, I 
taM A23187 was added, inset: concentration-de~ndent effects of 
A23187 on the ATP-dependent intravesicular accumulation of cal- 
cium, The points arc the means±S,E, of measurements in three 

ex~riments each performed in triplicate, 



another (data not shown). Ca 2+ uptake was ATP de- 
pendent because in its absence the uptake was much 
smaller and invariant with time. On the average, in this 
and seven other experiments, 5 mM ATP significantly 
stimulated Ca 2+ uptake by 12,24:1: 1.12-fold at 5 min. 
If either 5 mM UTP, T I P  or CTP was instead substi- 
tuted for ATP, the Ca :+ uptake in three different 
membrane preparations (each assay performed in du- 
plicate) never exceeded 15% of the value measured 
with ATP. 

To determine if Ca 2+ uptake represented intravesie- 
ular accumulation, we measured the effects of preincu- 
bation with the Ca 2+ ionophore, A23187, on Ca 2+ 
uptake (c.f. Fig. 1). Thirty two and one half minutes 
after the initiation of Ca 2+ uptake, 1 ~M A23187 was 
added and Ca 2+ uptake continued for another 10 rain, 
Upon addition of this ionophor¢, the content of intrav- 
esicular calcium decreased to 28% of the value mea. 
sured in other vesicles whose Ca :+ uptake was instead 
terminated at 30 rain, This decrement indicates that 
most of the calcium accumulation occurred into an 
intravesicular compartment whereas some remained 
bound to the membranes and filters after washings, In 
other membrane preparations, the same protocol was 
followed as with 10 -6 M A23187, except that the 
concentration of A23187 was varied between 5 nM and 
5 ~M. The results, shown in the inset to Fig. 1, 
indicated a concentration dependent decrease in cal- 
cium content which substantiates that intravesicular 
accumulation resulted from ATP-dependent Ca z+ up- 
take. 

The dependence of changes in Ca z+ concentration 
on calcium uptake was studied to determine whether 
or not the ionic requirements for stimulation of intrav- 
esicular Ca ~+ uptake are comparable to those of a high 
affinity CaZ+-stimulated MgZ+-dependent ATPase de- 
scribed in other tissues as well as the corneal epithe- 
lium [8,11], In Fig. 2A, is shown the relationship be- 
tween the concentration of Ca z+ and ATP-dependent 
Ca z+ accumulation at 5 rain. Uptake increased almost 
linearly by about 125% between 0.15 and 0.5 p,M Ca z+ 
whereas at higher concentrations it appeared to ap- 
proach saturation, This CaZ+-dependent increase in 
Ca :+ uptake occurred over the same concentration 
range known to stimulate the high affinity form of 
Ca2+-stimulated Mg2+.dependent ATPase [11]. 

The effects of exogenous MgCI 2 concentration on 
Ca 2+ uptake are shown in Fig. 2B. Ca :+ uptake in- 
creased by 10-fold following an elevation in MgCI2 
concentration from 10 ~M to 1 raM. At 1 mM MgCI2, 
Ca 2+ uptake was maximal because there was no fur- 
ther elevation in uptake following another 2-fold in- 
crease in MgClz concentration. This increase in Ca :+ 
uptake was at variance with the Mg z+ requirement for 
maximal activation of a previously described Ca 2+- 
stimulated Mg2+-dependent ATPase activity which was 
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Fig. 2. (A) Ca 2+ concentration dependency of ATP-dependent Ca 2+ 
uptake. ATP-dependent calcium uptake was measured after 5 min 
incubation of membranes. Values are the means :1: S,E. of four differ- 
ent membrane preparations each assayed in duplicate. (B) MgC]2 
concentration dependency of ATP.dependent Ca z+ uptake, Uptake 
was measured after 5 rain following incubation in the ass~/y medium 
with 5 mM ATP, 1,04 /~M Ca 2+ and as described in Methods. 
Values are the mcans:l:S.E, of four different membrane prepara- 

tions each assayed in duplicate, 

instead maximally activated with 1 /xM Ca z÷ and en- 
dogenous (i,e,, about 10 tzM) Mg 2+ [11], 

We previously showed that 6 ~M calmodulin maxi. 
mally stimulated by about 200% ATP hydrolysis by a 
high affinity form of Ca2+-stimulated Mg2÷-dependent 
ATPase. This was a selective effect because a preincu- 
bation with 300 ~M trifluoperazine, a calmodulin an- 
tagonist, effectively suppressed calmodulln stimulation 
[11], These effects suggested a plasma membrane ori- 
gin for this activity because the only pump protein with 
which calmodulin is known to interact is a plasma 
membrane ATPase [7], 

To substantiate that this ATPase activity is plasma 
membrane derived and mediates Ca 2+ uptake, we 
measured the effects of exogenous calmodulin on Ca 2+ 
uptake. With 0.3/xM Ca 2+ (i,e., a submagimal concen- 
tration), the results shown in Fig. 3 indicate that be- 
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Fig. 3. ATP-dependent Ca 2+ uptake after 5 rain of incubation as a 
function of ealmodulin concentration in the pre.~ence of 0.3 FM 
Ca 2+. Values are the means+S.E, of four different membrane 

preparations each performed in triplicate. 

tween 0.4 and 3 p+ M calmodulin, ATP-dependcnt  Ca 2 F 
uptake increased by 115%. No additional significant 
stimulation was measured with 6/~M calmodulin. These 
corresponding effects of calmodulin substantiate the 
notion that the plasma membrane preparation contains 
an ATPase which mediates Ca 2÷ uptake. 

The results shown in Table It indicate that 3 ~ M  
calmodulin decreased the apparent  K m for Ca 2+ of  
the ATP-dependent  Ca 2+ uptake without significantly 
changing the Vm,,. This decrease in the apparent  Km is 
consistent with the mechanism of stimulation of Ca 2 + 
uptake by calmodulin in red blood cell plasma mem- 
branes [26-29], In other  studies employing red blood 
cells, however, calmodulin was reported to affect both 
of these kinetic parameters [9]. 

Characteristic of ion transporting ATPases is the 
formation of hydroxylamine labile acyl phosphate in- 
termediates [30,31]. The phosphorylated intermediate 
of the Ca.transporting ATPase in the red blood cell 
membrane requires Ca 2+ for its formation and has an 
apparent molecular size of 138 kDa [32]. Similarly the 
phosphorylated intermediate of the Na /K-ATPase  (the 
c~-subunit) requires Na + for its formation, is quickly 
hydrolyzed in the presence of K ÷ and it has an appar- 
ent molecular size of 93 kDa [33]. These phospho- 
rylated intermediates can be detected in membrane 

TABLE 2 

Effect o f  3 t iM cah~lodtdin on kinetic parameters for ATP-depettdent 
Ca z + uptake 

Values are means :!: S.E. of three different membrane preparations; 
each of which were assayed in triplicate. ATP-dependent Ca 2+ 
uptake was assayed in standard assay medium described in Methods 
except that the vehicle either contained calcium alone or in addition 
3/tg calmodulin. 

K., (Ca 2+ ) V ~  
(/.~M) (nmol/mia per mg) 

Control 031 + 0.13 0.31 + 0.11 
Calmodulin 0.31 =t: 0,11 " 0.34 +0.07 b 

P < 0.05. 
b N.S. 
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Fig. 4. SDS-PAGE analysis of the corneal epithelium B-1 membrane 
fraction after phosphorylation with [y.32p]ATP. The autoradiograph 
of a 6% gel is shown. A Ca-dependent phosphoprotein with molecu- 
lar mass 140 kDa (3rd lane), and a Na-stimulated/K-inhibited phos- 
phoprotein with molecular mass 93 kDa (2nd lane) are apparent. 
The broad and diffuse band with a molecttlar mass lower than 93 
kDa (lst lane) was consistently observed. This component unrelated 
to the phosphorylated intermediates is probably a polypeptide phos- 
phowlated at Ser, Thr or "I~r residues by a protein kinase because it 

is not hydroxylamine sensitive, 

preparations incubated with [5,-32p]ATP in the pres- 
ence or absence of the appropriate ion, with SDS- 
PAGE analysis of the reaction mixture followed by 
autoradiography [23]. Accordingly, phosphorylation ex- 
perimcnts were carried out to investigate the formation 
of a Ca2+-dependent phosphorylated intermediate in 
the plasma membrane enriched fraction and determine 
its apparent  molecular size with SDS-PAGE. Since the 
plasma membranes of  all eukaryotes contain N a / K -  
ATPase, it was also of interest to investigate the pres- 
ence of  a Na+-dependent  phosphorylated intermedi- 
ate, which would validate the plasma membrane origin 
of the preparation. 

The results of the phosphorylation experiments are 
shown in Fig. 4. Unique Ca+ and Na+-dependent  
bands were detected in the corneal epithelial mem- 
brane fraction. A 140 kDa band was observed in the 
presence of Ca 2* but it was absent in the presence of 
EGTA (i.e., Ca2+.free). A 93 kDa band was detected 
in the presence of Na + but it was absent when NaCI 



was replaced with KCI. The C~. dependency and the 
apparent molecular size of the 140 kDa band are 
suggestive of the phosphorylated intermediate of a red 
blood cell-like Ca2+-stimulated Mg2+-dependent ATP- 
ase. As expected, a Na+-dependent phosphoprotein 
with a M r of 93 kDa was also detected, corresponding 
to the alpha subunit of the Na/K-ATPase, validating 
the plasma membrane origin of the preparation. To 
verify the acyl phosphate character, of the Ca2÷-depen- 
dent phosphorylated intermediate, a preparation was 
phosphorylated in the presence of Ca 2+ and then 
exposed to hydrox3,1amine. 

The aZP-phosphorylated products were analyzed with 
SDS-PAGE. The autoradiograms are shown in Fig. 5 
and indicate that one protein (M r = 140 kDa) con- 
tained an acylphosphate bond. Its hydroxylamine labil- 
ity and apparent molecular size suggest that this phos- 
phoprotein is the phosphorylated intermediate of a 
plasma membrane Ca2+-dependent ATPase. 

Direct assessment of a calmodulin interaction with a 
plasma membrane ATPase pump protein was per- 
formed. The proteins were separated with SDS-PAGE 
and by an overlay technique they were then incubated 
with 'ZSl]-calmodulin either in the presence of Ca 2+ or 
EOTA. The proteins which bound ~ZSl-calmodulin in a 
Ca2+-dependent manner were identified by auto- 
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Fig. 5. SDS-PAGE anal)sis of a 32p-labelled corneal epithelium B-I 
membrane preparation after hydroxylamine reaction at pI-I 5.3. The 
autoradiograph of a 6% gel is shown. The Ca.dependent phospho- 
protein with molecular mass 140 kDa is hydroxylamine sensitive and 
corresponds therefor© to an acyl-phosphate. The intense broad band 
with lower molecular mass was consistently resistant to hydroxyl- 
amine. Therefore, it is unrelatud to any of the labile phosphorylated 

intermediates. 
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Fig. 6. tZSl-calmodulin binding to corneal epithelium (CE) and red 
blood cell (RBC) membrane preparatinns fraetinnated by SDS-PAGE 
in 6% gels, The autoradiographs of the gels after binding in the 
presence of I mM CaCI2 are shown. In the presence of 1 mM 
EGTA, instead of CaCI2, no l~l-calmodulin binding was detected 

(not shown). 

radiography. The lane of the autoradiogram shown in 
Fig. 6, which is labeled CE, indicates that several 
components in the B-1 fraction bound calmodulin in a 
Ca2+-dependent manner. This effect was the basis for 
comparing calmodulin binding ~.ith that of a pure red 
blood coil plasma membrane preparation. In the adja, 
cent lane, is shown the pattern of calmodulin binding 
of the red blood cell plasma membrane preparation. 
This preparation contained two prominent bands both 
of which bound calmodulin provided Ca 2+ was pre. 
sent. Note, however, that the only band common to 
both preparations, which bound calmodulin, was the 
140 kDa band (i.e., Ca 2+ transporting ATPase). The 
selectivity of these interactions with calmodulin was 
validated thlough a determination of the effect on 
calmodulin b2~ding of preincubation of the membranes 
with a ca!m.odulin antagonist (2.5 mM trifluoperazine). 
In both the plasma membrane of the corneal epithe- 
lium and the red blood cell, trifluoperazine preincuba. 
tion completely prevented calmodulin binding to the 
140 kDa band (Fig. 6). These results show that the 140 
kDa protein in the corneal epithelium, whose binding 
to calmodulin was Ca2+-dependent, is homologous to 
the Ca 2+ transporting ATPase previously characterized 
in plasma membrane preparations of red blood cells 
[3]. 

Discussion 

A plasma membrane Ca 2+ transporter was identi- 
fied in the bovine corneal epithelium because its re- 
quirements for maximal activation are comparable to 
those in the red blood cell, namely: (1) strict require- 



ment for ATP and mUlimolar levels of M~2+; (2) 
physiological levels of [Ca 2 +]; (3) stimulation by exoge- 
nous calmodulin which was associated with a decrease 
in the apparent K~ for Ca 2+. Note that neither the 
magnitude of the decrease in the K m nor the small and 
insignificant increase in Vma x arc in close agreement 
with the effects observed in reeonstitution studies em- 
ploying (Ca 2+ + Mg 2+).ATpase purified from erythro. 
cyte membrane and heart sarcolemma [7,35]. However, 
the apparent K m values for Ca 2+ (i.e., 0.4 ~M) in the 
presence Of calmodulin in these systems is in  excellent 
agreement with our value of 0.3 I~M. Therefore, our 
observed smaller changes in values of the kinetic pa- 
rameters may simply mean that the membranes still 
contain effeetors of ATPase activity which have an 
activating effect. Such an effeetor could include en- 
dogenous calmodulin which is tightly bound despite 
our efforts to completely strip it away. More direct 
evidence for the cellular origin of this activity stems 
from a characterization of some of the molecular prop- 
erties of the protein. As in the red blood cell, both its 
binding to calmodulin and formation of a phospho- 
rylated intermediate were Ca2+-dependent [9], These 
considerations along with the close correspondence to 
the molecular size of the red blood cell Ca 2+ trans- 
porter (i.e., 140 kDa) make it apparent that the plasma 
membrane of the corneal epithelium contains a Ca 2+ 
transporter [7]. Additional support for the plasma 
membrane origin of the transporter is that the B-1 
fraction was coenriched in Na/K-ATPase activity (data 
not shown) and contained the alpha subunit of Na /K-  
ATPase. Consistent with the very low level of contami- 
nation of the B-1 fraction with the ER marker, glu- 
cose-6.phosphatase, an endoplasmic reticulum Ca 2+ 
pump could not be identified. Were this pump present 
following SDS-PAGE, a CaZ+-dependent and hydroxyl- 
amine-sensitive phosphorylated intermediate would 
have appeared in the region of 100 kDa [34]. 

In a number of tissues, in which plasma membrane 
active Ca 2 + transport was characterized, the conditions 
needed for maximal activation of active Ca 2 + transport 
and (Ca2++ Mg2+)-ATPase were identical to one an- 
other [9], However, in liver and neutrophils even though 
there is plasma membrane Ca 2+ transport it is medi- 
ated by what appears to be a different protein than in 
erythrocyte membranes and heart sarcolemma [7,9,35]. 
In the liver, the labile phosphorylated intermediate of 
the transport,~ has a molecular mass of 70-105 kDa 
instead of about 140 kDa. This difference is reflected 
in its lack of binding to calmodulin and different sub- 
strate and ionic requirements for maximal activity. 
However, in the plasma membrnnes of the rat my- 
ometrium and the human placenta, even though there 
is a plasma membrane Ca 2+ transporter nearly identi- 
cal to that of the red blood cell and heart sarcolemma, 
the identity of the (Ca2++ Mg2+)-ATPase coupled to 

active Ca 2+ transport was not apparent. This masking 
effect suggests the presence of other (Ca2++ Mg 2+) 
ATPases of unknown function [36,37]. Similarly, in the 
corneal epithelium the properties of the plasma mem- 
brane (Ca2++ Mg2+)-ATPase coupled to active Ca 2+ 
transport could not be resolved because of the 100-fold 
difference between the Mg z+ concentrations that are 
required to elicit their maximal activation. 

The identification of plasma membrane Ca 2+ trans- 
port in the corneal epithelium is relevant to elucidating 
receptor-effector coupling. Some physiological re- 
sponses may be linked to the activation of receptors 
which are documented, in other tissues, to elicit the 
mobilization of Ca 2+ from intracellular stores [10], 
However, the evidence in the corneal epithelium that 
Ca 2+ serves as a second messenger is somewhat con- 
tradictory, inasmuch as, there is convincing evidence 
for ot~-adrenergic mediated pathways that are linked to 
endoplasmic reticulum Ca 2+ release channels, it was 
unexpected that no increases in intracelhlar Ca 2+ con- 
centration could be elicited from an exposure to a 
Ca2+-mobilizing adrenergic or cholinergic agonist 
[14,15-17]. One possible explanation for this negative 
result, based on the current study, is that any elicited 
increase in Ca 2+ was very short lived due to rapid 
activation of a plasma membrane Ca 2+ pump which 
served to quickly restore Ca 2 + to its control level. 
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