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Summary

Calcium-ATPase activity (Mg?*-dependent Ca®*-ATPase, ATP
phosphohydrolase, EC 3.6.1.3) in erythrocyte membrane prepara-
tions from cystic fibrosis (CF) patients was greatly reduced com-
pared to erythrocyte membranes from control subjects. The K
for calcium was found to be similar in the two groups; however,
the Vomax, the maximal rate of activation of the Ca’*-ATPase, is
reduced by 50% in the erythrocyte membrane preparations of the
CF patients (P < 0.001). In contrast, the Mg?*-ATPase activity of
erythrocyte membranes from CF patients was unchanged com-
pared to the control subjects. No difference in the Na*,K*-ATPase
activity in erythrocyte membranes from CF patients compared to
control patients could be observed. This indicates that the Ca®*-
ATPase activity noted in CF erythrocytes is not part of a gener-
alized membrane or membrane-bound enzyme alteration. It re-
mains to be determined whether this alteration in Ca®*-ATPase
activity is directly related to a defect in calcium transport in these
cells and is a generalized phenomenon in CF present in cell types
more directly involved in secretion.

Speculation

If the alteration in Mg®*-dependent Ca**-ATPase activity is
found to be specifically related to calcium transport in erythrocytes
and general to other cell types in patients with CF, then it might
indicate a basic alteration in the ability of these cells to transport
calcium and might be important in the overall manifestation of the
disease.

Although CF is manifested in a variety of abnormalities, a

generally consistent finding is the increased levels of calcium and
sodium in many of the glycoprotein-rich secretions of these pa-
tients (3, 9, 11, 15, 23, 28, 30). This suggests that a basic defect in
CF might be associated with a calcium- and/or sodium-dependent
membrane function such as secretion or transport.
The Mg“-degendent Ca’*-ATPase (ATP phosphohydrolase,
EC 3.6.1.3, Ca”>*-ATPase) has been shown to be the biochemical
basis of the calcium transport mechanism in a variety of cells (20,
27). There are some reports in the literature regarding a possible
alteration in the Ca**-ATPase activity in CF patients (10, 17).
Horton et al. (17) observed that Ca’"-ATPase activity was de-
pressed in erythrocytes from CF patients compared to that in
control subjects and noted that this depression was closely related
to the severity of the disease. Other workers (13, 24) did not
observe any alteration in the Ca*"-ATPase activity in erythrocytes
from CF patients.

The existence of a defect in ion transport or ATPase activity in
CF has yet to be determined with certainty. In these present
experiments, conditions used to characterize the sodium and cal-
cium pump mechanisms in erythrocyte membranes (4, 5, 19) are
utilized to determine whether a decrease in specific components
of ATPase activity exists in CF.

In trying to detect such an abnormality, as a first step, Ca®™*-
ATPase, Mg**-dependent, (Na* + K™)-activated ATPase and
Mg?*-ATPase were studied in erythrocyte membranes of CF
patients and control subjects.

The reasons for using erythrocyte membranes in this study are
2-fold: 1) the relative ease by which erythrocytes can be obtained
from CF patients in comparison with samples from other tissues
and the relative purity of the membrane preparations that can be
obtained; 2) the abundant available information on cation trans-
port and erythrocyte membrane composition and the substantial
evidence that exists linking Na* and Ca®* transport in erythrocytes
to the respective ion-dependent ATP hydrolytic activities (4, 5, 19,
27). A preliminary report of this work has been presented (18).

MATERIALS AND METHODS

Erythrocyte membranes were prepared by 1:10 osmotic lysis in
distilled water of fresh saline-washed erythrocytes. After centrif-
ugation, the posthemolysate residue was washed with solutions
containing ethylenediaminetetraacetate (EDTA, 1.0-10.0 mM, pH
7.4) as described previously (4). The preparation thus obtained
was essentially white. The residue was made up to one-half the
original packed cell volume of the washed cells and stored at 4°.
The protein concentration, as determined by the Lowry technique
(22), was approximately 4 mg/ml. The preparation could be stored
for up to 6 days at 4° without significant loss of Ca®"-ATPase or
Na*,K*-ATPase activity. The membranes used in this study were
prepared immediately after collection of the blood samples and
were utilized within 48 hr. The membrane preparation was frozen
and thawed twice before use to ensure complete permeability of
substrates.

CF blood samples were obtained from patients attending the
Vancouver Health Center Cystic Fibrosis Clinic (31, 32). Approx-
imately 10 ml blood was drawn from each patient directly into
citrate buffer. Control samples were obtained from student vol-
unteers at the same time and under exactly the same conditions.
The age range of the CF donors (male and female) was 16-27
years with a mean age of 20 years and that of the control subjects
(male and female) was 22-32 years with a mean age of 27 years.
The patients chosen were attending the Cystic Fibrosis Clinic for
routine follow-up. All had been identified as having CF on the
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basis of elevated sweat chloride. The patients had varying degrees
of respiratory and digestive problems. Some of the patients were
receiving pancreatic enzymes and some were receiving antibiotics.

In previous studies (19) the properties of a Mg**-dependent,
Ca®*-stimulated ATPase activity and the associated Ca**-depend-
ent phosphorylation of a 150,000 mol wt component were studied
in erythrocyte membranes prepared as described above. The be-
havior of the phosphorylated component was consistent with its
role as a phosphorylated intermediate of Ca**-ATPase activity,
including a similar dependence of the steady state level of the
phosphorylated intermediate and Ca®*-ATPase on ATP concen-
tration, rapid turnover upon the addition of EGTA, and a good
correlation between the steady state levels of Ca®*-dependent
phosphorylation and Ca®*-ATPase activity in separate prepara-
tions possessing variable specific activity. Under these conditions
only one Ca®*-ATPase activity was detected and it was associated
with the rapid acyl phosphate membrane phosphorylation de-
scribed. The Ca®*-ATPase studied is therefore believed to be
associated with the calcium transport mechanism. Similarly, under
these conditions, ATPase activity related to the Na*-dependent
phosphoprotein intermediate step of Na*,K*-ATPase was present
4, 5, 19).

To determine ATPase activity, the reaction mixture contained
25 uM MgCl,, 40 mM Tris-HCI, pH 7.4, 3.4 uM [y-*PJATP (1-3
uCi/pmol), and 0.35 ml diluted membranes (2 mg/ml) in the
presence or absence of the desired Na* or Ca’** concentrstion in
a final volume of 0.5 ml. When calcium was present in the
incubation medium it was added together with ethylene-glycolbis-
{B-aminoethyl)-N,N’-tetraacetate (EGTA) in order to ensure the
presence of the desired free calcium concentration. The free Ca**
concentration was then determined by the association constant for
the interaction of EGTA with Ca®" at pH 7.4 (8). The ATPase
assay at 37° was begun by the addition of the membranes. The
reaction was terminated after 2 min, so that less than 20% of the
substrate had been hydrolyzed by the addition of 5% trichloroa-
cetic acid containing 5 mM ATP and 2 mM KH,PO,. A suspension
of charcoal-trichloroacetic acid (1.5 g/10 ml) was then added to
~ each sample, the samples incubated at 4° for 1 hr with intermittent
mixing and, after centrifugation, an aliquot of the clear superna-
tant counted for radioactivity. This entire procedure was carried
out using plastic microcentrifuge tubes (1.5 ml) and a desktop
microcentrifuge (Eppendorf Co.).

The results are expressed as picomoles **P; released per mg
protein per min. Mg®*-ATPase refers to that activity found in the
absence of added Na* or Ca”*; Ca®*-ATPase activity refers to that
activity present after subtraction of the Mg?*-ATPase component.
Na* K*-ATPase is that activity found in the presence of Na™* after
subtraction of the Mg”*-ATPase; this activity is insensitive to
activation by K* at low concentrations of ATP (4, 5) and K* was
therefore omitted from the incubation medium.

The Student ¢-test for unpaired data was used as a measure of
significance; P < 0.05 was chosen as the criterion of significance.
Standard error of the mean was used as a measure of variation.
The line of best fit was drawn by visual analysis in the double
reciprocal plot analysis in these studies.

[y-**P]ATP of high specific activity (80,000-120,000 mCi/mmol)
and free of polyphosphate contaminants was prepared by the
method of Glynn and Chappel (16) as modified by Post and Sen
(25). All other chemicals used in this study were purchased from
Sigma Chemical Co. (ATP, EDTA, EGTA, Trizma base) and
Mallinkrodt Co. (Scintillar scintillation fluid).

RESULTS

DETERMINATION OF Ca’*-ATPase ACTIVITY OF ERYTHROCYTE
MEMBRANES OBTAINED FROM NORMAL SUBJECTS

In a preliminary group of studies the effect of low free calcium
concentrations on the ATPase activity of erythrocyte membranes
obtained from normal subjects was investigated in order to find
the most suitable concentrations at which to study the possible
alterations in Ca®"-ATPase activity in CF erythrocytes.
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Figure 1 illustrates a typical calcium concentration curve in
normal erythrocyte membranes under the preparation and assay
conditions utilized throughout this study. It can be noted that
Ca**-ATPase activity reached 2 maximum at approximately 20
uM free calcium. At higher free calcium concentrations, Ca®*-
ATPase activity was markedly inhibited. It was observed that at
free calcium concentrations, between 0.03 and 30 uM, the calcium
required for half-maximal activation of Ca®*-ATPase activity was
approximately 0.12 uM (nine observations). This K., value is
slightly lower (higher affinity) than most of the published reports
(19, 21, 27, 29) and certainly in keeping with the function of a
calcium pump system that maintains internal calcium concentra-
tions in the erythrocyte to well below micromolar concentrations
(27). Another group of experiments indicated that the K., for
calcium in this range of free calcium concentrations was not
affected by substrate concentration (2-2000 uM ATP) or whether
the experiments were conducted under hypotonic or isotonic
conditions (not shown).

After analysis of these data, six calcium concentrations
(0.037-1.7 uM free calcium) were chosen to be used in all subse-
quent experiments since these concentrations are in the area of
the calcium activation curve most sensitive to alterations in free
calcium.

Ca’-ATPase, Na* K*-ATPase AND Mg**-ATPase ACTIVITY IN ERYTHRO-
CYTE MEMBRANES FROM CF PATIENTS COMPARED TO
CONTROL SUBJECTS

Ca”*-ATPase Activity. In all, four groups of CF patients and
control subjects were investigated. In each group, erythrocyte
membranes from the control subjects and CF patients were pre-
pared simultaneously immediately after the blood collection and
two to three experiments conducted the following 2 days. The
erythrocyte membrane preparations from all the control subjects
and CF patients in each group were assayed together in each of
these experiments. The results obtained in each group were similar
with a typical experiment illustrated in Figure 2. It can be seen
that the Ca**-ATPase activity in the erythrocyte membrane prep-
arations from the CF patients is greatly reduced compared to the
control subjects. This reduction is apparent at every free calcium
concentration tested. When data obtained in these studies is
plotted in a reciprocal manner, results illustrated in Figure 3 were
obtained. As can be seen, the Ky, for calcium is virtually the same
in the CF and the control preparations; however, the V., the
maximal activation of the Ca®*-ATPase, is markedly reduced.

Table 1 is a summary of the results obtained in the measurement
of Ca’*-ATPase activity in all of the erythrocyte membrane
preparations from CF and control subjects. The K, for calcium is
similar in the two groups but the V.., the maximal rate of
activation of the Ca**-ATPase, is reduced by 50% in the erythro-
cyte membrane preparations of CF patients compared to the
control subjects (P < 0.001).

Mg**-ATPase Activity. In subsequent studies it was decided to
determine the specificity of this alteration in Ca®*-ATPase activity
in erythrocyte membranes of CF patients by measuring the activity
of other membrane-bound, ATP-utilizing enzymes. Mg®*-ATPase
activity of erythrocyte membranes from CF patients was un-
changed compared to the control subjects (125.7 + 12.9 pmol *2P;
released mg™" min~' compared to 130.1 + 13.9 pmol **P; released
mg~" min~, respectively). Mg**-ATPase represents about 30% of
the total ATPase activity in these preparations and, to date, no
ion transport function has been attributed to this system.

Na*,K"-ATPase Activity. For purposes of this study, preliminary
experiments were conducted and Na* concentrations in the area
of the Na* K*-ATPase activation curve most sensitive to altera-
tions in sodium levels chosen. In this series, three groups of CF
patients and control subjects were investigated in the same manner
as described for the Ca®"-ATPase studies. Figure 4 illustrates a
typical experiment in this group of studies. A great deal of
variation from subject to subject was found but no clear-cut
difference in the Na*,K*-ATPase activity in erythrocyte mem-
branes from CF patients compared to control subjects could be
observed. This was further verified by reciprocal plots of this data
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Fig. 1. Effect of Ca** on ATP hydrolysis in erythrocytes from normal subjects. Membranes (2.0 mg/ml) were initially incubated at 37° for 5 min in
the presence of 0.1 mM Tris-EGTA, pH 7.4. Assays were carried out at 37° without and with varying amounts of added CaCl; (0.37-200 uM free) in
a final volume of 0.5 ml containing 0.35 ml membranes, 40 mM Tris-HC}, pH 7.4, 0.0034 mM [y-**P]JATP (1-3 uCi/umol), and 0.025 mM MgCl,. The
reaction was terminated with the addition of 5% TCA, 5 mM Na,ATP, and 2 mM KH,PO, and ATPase activity was measured by counting an aliquot
of the clear supernatant following charcoal adsorption as described previously (6). The ATPase activity is expressed in picomoles of %2p; released Mg™*
min~", Reaction time was 2 min. The ATPase activity refers to the Ca®*-stimulated component after subtraction of values measured in the absence of
added CaCl,. The concentrations of free calcium were calculated as described by Caldwell (8). Result shown is a typical experiment.
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Fig. 2. Erythrocyte membrane Ca*"-ATPase activity in control subjects and in CF patients. Ca®*-ATPase activity expressed as picomoles of *’P;
released mg™! min~" in a group of three CF patients and two control subjects. The assay was carried out as described in Figure 1 in the presence of six
calcium concentrations (0.037-1.7 uM free calcium). The ATPase activity refers to the Ca**-stimulated component after subtraction of values obtained
in the absence of added calcium. Results shown are a typical experiment.
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(Fig. 5) showing no alteration in K, or Vimax in the CF and control
group.

Table 2 is a summary of all the studies carried out in this group
and indicates that no difference could be found in the Na*,K*-
ATPase activity in erythrocyte membranes from CF patients
compared to the control subjects.

DISCUSSION

This study indicates that there is a highly significant decrease in
the Ca’*-ATPase activity of erythrocyte membranes from CF
patients. The difference observed is not in the affinity of the

KATZ

was indicated by the fact that two other ATP-utilizing enzymes,
one having an ion transport function, were not found to be altered.
This would indicate that the Ca**-ATPase activity change noted
in CF erythrocyte membranes is not part of a generalized mem-
brane or membrane-bound enzyme alteration in CF. It must now
be determined whether this alteration in Ca®*-ATPase is directly
related to a defect in calcium transport in these cells, and whether

Table 1. Ca**-A TPase activity in control erythrocytes and in
erythrocytes from patients with CF: Kin and Vimax comparison

Vinax (pmol

enzyme system for calcium but in the maximal activation of the Kum (uM) P mg™' min™")
Ca”-ATPase. This indicates that either there is less enzyme per ;41015 (7)!
mg protein, less of a protein activator (7), or that the enzyme is LW. 0.14 454
altered at a site other than the catalytic site which ultimately SK. 0.15 302
influences the catalytic activity of the enzyme (an allosteric site). DH. 0.12 296
The specificity of this alteration in CF erythrocyte membranes 1Y, 0.17 337
S.0. 0.10 263
D.G. 0.08 191
o04r L.Wo (CFP) DHL. 0.08 250
e 0.12 + 0012 299 = 31.1
CF patients (10)
L.Wo. 0.17 193
B.E. 0.14 178
M.R. 0.18 186
o L.W.[control) D.M. 0.19 176
M.E. 0.15 85
...... - S.K.[control) S.J. 0.08 152
S.S. 0.10 152
e H.R. 0.07 131
-100 -5.0 50 100 150 200 250 SW. 0.05 132
B.R. 0.06 133
0.12 + 0.02° 152 + 10.41°

l / [ca**] Free

Fig. 3. Kmand Vi of Ca®*-ATPase activity in erythrocyte membranes
from control subjects and CF patients. Reciprocal plots (1/Ca®" free vs.
1/Ca®*-ATPase activity) of data shown in Figure 2.
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! Number of subjects in each group.

2 Results shown are mean values = SEM.

% Not statistically significant compared to the control subjects.
4 P < 0.001 compared to the control subjects.
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Fig. 4. Erythrocyte membrane Na*K*-ATPase activity in control subjects and CF patients. Na*,K*-ATPase activity in a group of four CF patients
and two control subjects. Activity is expressed as picomoles *’P; released mg ™' min™". The assay was carried out as described in Figure 1 in the presence
of six concentrations of Na* (0.05-20 mM). The ATPase activity refers to the Na*-stimulated component after subtraction of values obtained in the
absence of added sodium. Results shown are a typical experiment.
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of data shown in Figure 4.

Table 2. Na*,K*-ATPase activity in control erythrocytes and in
erythrocytes from patients with CF: K and Vinax comparison

Vmax (pmol
Kmm (mM) %2p; mg™' min ~')
Controls (6)'
G.W. 4.16* 111
P.L. 4.16 142
D.G. 2.22 227
D.H. 2.12 384
MM. 3.13 325
S.K. 2.95 217
3.12 £ 036 234 + 42
CF patients (8)
A.S. 4.16 166
R.B. 4.16 166
L.W. 1.80 200
G.H. 1.50 500
T.B. 323 251
D.A. 3.18 346
L.Wo. 2.50 388
M.R. 2.72 455
291 + 0.35° 309 + 46°

! Number of subjects in each group.
2 Results shown are mean values = SEM.
% Not statistically significant compared to the controls subjects.

this alteration in Ca*"-ATPase activity is a generalized phenom-
enon in CF cell types more directly involved in secretion. To this
end, we are presently conducting a study using cultured fibroblasts
cells obtained from skin biopsies of CF patients and control
subjects.

An alteration in calcium transport activity in CF may have a
number of possible implications that may explain some of the
manifestations of the disease; Ca®* is involved in many secretory
systems including macromolecular secretions (12). An alteration
in calcium pump activity would thus affect the secretion of gly-
coproteins. A number of workers have also recently shown that
altered extracellular calcium levels will affect glycoprotein fluidity

(viscosity) and thus mucus clearance, an important and central
problem in CF (2, 6, 14). Calcium level alterations may greatly
influence Na* reabsorption and Na*-Ca®* exchange systems (I,
26).

In this present study, no attempt was made to correlate the
results obtained with the severity of the disease state due-to the-
relatively small size of each group studied.

The results of this study are opposed to those of McEvoy et al.
(24). These latter workers observed that the K, for calcium was
considerably decreased in CF erythrocytes but that the Vimax was
unaffected in the disease state. Since McEvoy er.al. (24) did not
employ calcium buffers to allow for quantitation of the free
calcium concentrations, evaluation of this finding is not possible.
These workers also reported that the Ca’*-ATPase measured in
their studies was extremely labile with storage for 24 hr at 4°,
resulting in complete loss of this activity. In contrast, the mem-
branes prepared in this present series maintained Ca**-ATPase
activity for up to 6 days when stored at 4°. This indicates a major
difference in the membrane preparations used in these two studies.

The observation that Na*, K *-ATPase activity of CF erythrocyte
membrane preparations is unaltered in comparison with the con-
trol subjects agrees with that of Cole and Dirks (10) who used a
different method of erythrocyte membrane preparation and dif-
ferent incubation conditions. Cole and Dirks (10), however, noted
a significant decrease in a “ouabain-insensitive” component of
ATPase activity. These workers did not use EDTA in their eryth-
rocyte membrane wash solutions nor were calcium binders present
in the ATPase assay. It is thus likely that this ouabain-insensitive
component contained Ca®*-ATPase as well as Mg®*-ATPase ac-
tivity. Feig et al. (13) also reported no alteration in Na®,K*-
ATPase activity or Mg?*-ATPase activity in erythrocyte mem-
brane preparations of CF ?atients. These workers, however, also
found no alteration in Ca*"-ATPase activity. Differences in this
present study and that of Feig et al. (13) in erythrocyte membrane
preparations and ATPase assay conditions may have led to this
discrepancy in results.

CONCLUSION

In this present study, Ca®*-ATPase was found to be significantly
reduced in erythrocyte membrane preparations of CF patients
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compared to control subjects. It must now be determined whether
a similar alteration in Ca®*-transport is present in CF erythrocytes.

It

also must be determined whether this alteration is present in

other CF cell types in order to indicate the relevance of these
findings to the overall manifestation of the disease.
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