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The reduction in (CaZ++ M g z+)-ATPase activity in the cystic fibrosis red blood cells can be attributed to a 
reduction in the number of active Ca ~ + pumps per red blood cell and an altered interaction of calcium ions 
with the pump. Despite this, the normal free intracellular [Ca2+] is preserved due to a lower rate of passive 
calcium entry. 

Cystic fibrosis is a well defined clinical entity 
[1,2]. While secretory abnormalities of some exoc- 
rine glands are well documented, the metabolic 
basis of the disease is unknown [3]. The suggestion 
that calcium metabolism is altered in cystic fibro- 
sis patients arose from observations of increased 
Ca 2 + concentration in the exocrine secretions from 
patients with cystic fibrosis [4-7]; an increased 
calcium content of cystic fibrosis skin fibroblasts 
[8] and a reduced (Ca2++ Mg2+)-ATPase activity 
in cystic fibrosis red blood cells [9,10]. However, 
the nature of the abnormal calcium metabolism in 
cystic fibrosis is unclear and it is not known 
whether free intracellular Ca 2 + levels are affected. 
This has particular significance since intracellular 
calcium ions are involved in many physiological 
functions [11-14]. 

An ATP-driven Ca 2 ÷ pump in the plasma mem- 
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brane has been found in many cells [15] and under 
physiological conditions plays a major role in con- 
trolling the free [Ca 2 + ]i [16,1 7]. Thus characteriza- 
tion of the behaviour of the Ca 2+ pump under 
pathological conditions may contribute to an un- 
derstanding of the changed calcium metabolism in 
these circumstances. The red blood cell provides 
the simplest system in which calcium transport 
and (Ca 2+ + Mg2+)-ATPase activity can be 
studied, both in the intact cell and in membrane 
fragments. 

In this paper, we report an analysis of the 
abnormal behaviour of the calcium pump in the 
red blood cells of patients with cystic fibrosis by 
measuring: (a) the number of active calcium pumps 
per cell as estimated from the level of [32p]phos- 
phoenzyme in the presence of Ca 2+ and La 3+ ions 
and (b) the free [Ca2+]i and pump-leak turnover 
by means of an incorporated Ca-chelator BENZ-2 
(an aceto-methoxy tetraester) [16]. The patients all 
had the established clinical features of cystic fibro- 
sis and an abnormal sweat test. Their age range 
was between 4 months and 18 years old. About 
half of the patients were taking symptomatic treat- 
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merit at the time of this study, but none were 
taking antibiotics, prednisolone or diuretic agents. 

Table I compares the (Ca 2 * + Mg 2 + )-dependent 
ATP hydrolysis and the level of (Ca 2 ~+ La )~)- 
dependent phosphoenzyme in the membrane of 
red blood cells from control subjects and patients 
with cystic fibrosis. ATPase activity was measured 
both in membranes stripped of calmodulin and in 
similar membranes which had been allowed to 
rebind calmodulin. 

The phosphoenzyme level was measured in the 
presence of ka )" ions, since these ions inhibit 
specifically the dephosphorylation sequence in the 
turnover cycle of the pump [18,19]. This effect 
causes all active pumps to be trapped in the phos- 
phorylated form, so that the number of active 
calcium pumps per nag red blood cell membrane 
protein can be estimated. This method has the 
advantage of measuring the absolute number of 
active pumps in unpurified membranes irrespec- 
tive of the normal steady-state level of the phos- 
phoenzyme, the kinetic properties of the pump, 
and the precise concentrations of pump-ligands 

such as Ca 2. and ATP present during the mea- 
surement. 

The results in Table I indicate that reduction in 
(Ca 2+ + Mg 2 +)-ATPase activity in cystic fibrosis 
red blood cells is due to a reduction in the number 
of active calcium pumps per mg membrane pro- 
tein. A similar reduction in (Ca2+ + Mg 2 ~ )-ATPase 
activity of cystic fibrosis membranes is found in 
the presence and in the absence of calmodulin in 
these experimental conditions, i.e. saturating con- 
centrations of Ca 2+ and calmodulin (but see be- 
low). 

The theoretical possibility that the reduced levels 
of ATPase activity and 32p incorporated per mg of 
membrane protein in the cystic fibrosis cells merely 
reflected the presence of extra protein attached to 
the membrane was excluded by separate experi- 
ments showing that the amount of membrane pro- 
tein per unit volume of packed cells in cystic 
fibrosis patients was 0.95_+0.15 (n = 7) of the 
amount present per unit volume of control cells. 
The results do not indicate whether the 35-38% 
reduction in the number of active pumps in cystic 

"FABLE 1 

RELATION BETWEEN ( C a 2 ' + M g 2 " ) - A T P a s e  ACTIVITY AND Ca2+-DEPENDENT PHOSPHOENZYME LEVEL FOR 
CYSTIC FIBROSIS AND CONTROL RED BLOOD CELLS 

I'reparation of red cell membranes, measurements of (Ca 2 " + Mg 2 * )-ATPase activity and of the level of phosphoenzyme were as 
described previously [19]. For the ATPase measurements, membranes were incubated in a medium containing (mM): NaCI, 50: KCI. 
50: Hepes-Na (pH 7.6), 10: ouabain, 0.1: Mg('l 2, 1.0: ATP, 1.0: and either EGTA 0.2 or CaCI 2 0.05, and without or with addition f 
purified calmodulin 2.5 #g. The (Ca 2~ +Mg 2~ )-dependent ATPase activity was obtained by subtraction of the amount of ATP 
hydrolysed in the presence of EGTA and Mg 2 + from the total ATP hydrolysed in the presence of Ca z* and Mg 2 +. For estimation of 
the (( 'a ? ' + La ~ ' )-dependent phosphoenzyme level, about 1 mg membranes were incubated in 0.5 ml of a medium containing (raM): 
Hepes-Tris (pH 7.6). 100: KC1, 50: and either MgCI 2, 0.15 and EGTA 0.1 or MgCI, 0.05: CaCI2, 0.05 and LaCI> 0.1. The 
pho~phorylation reaction was initiated by addition of ATP (containing 10 ~ cpm [Y- ~2 P]ATP) to a final concentration of 2 /xM. After 4 

of incubation at room temperature, the reaction was terminated by rapid addition of 5 ml of a solution containing 5% (v/v)  
perchloric acid. ATP 1 mM and potassium phosphate 10 raM. The precipitated membranes were collected, washed and the amount of 
the incorporated ~Zp measured as described before [19]. At the end of the experiment the protein concentration in each tube was 
determined by the method of Lowry et al. [20]. The I'Ca 2 ' + La 3 * )-dependent phosphoenzyme level was calculated by subtraction of 
tile amount of ~ p  incorporation in the EGTA-containing medium from that in (Ca z '  + La ~ )-containing medium. The number of 
paticnt~,/subjccts i~, ~,hov. n bet',seen parentheses. 

Red blood cells (('a 2 " + Mg 2 + )-ATPase activity 
It~mol'(mgprotein) ~.h i) 

u. ithout calmodulin with calmodulin 

(( 'a 2 + + La 3 + )-dependent phosphoenzyme 
(pmol.(mg protein) t) 

Control, 1.52 +0.18 (4) 8.48+ 1.11 (7) 5.98_+0.27 (7) 
(",',tic fihro~,b, 0.98 +0,14 (4) 5.28_+0.55 (9) 3.85+0.21 (9) 

p < 0.01 p < 0.001 p -/--< 0.001 

Rclafi,.c reduction 
in c,,~,tic fibro~.b, (';,) 36 ± 12 38 _+ 10 36 + 5 



fibrosis cells represents a total loss of pumps or 
the presence of non-functioning pumps. 

With the reduction in number of active pumps 
and an unchanged passive calcium permeability, 
an increase in [Ca2+]i would be expected. Fig. 1 
shows a typical experiment in which the passive 
calcium permeability and kinetics of pump-leak 
turnover near steady-state conditions were mea- 
sured by loading intact red blood cells with Ca- 
chelator by the non-disruptive technique of Lew et 
al. [16]. Knowing the total cell calcium content 
near steady-state, an estimation of free intracellu- 
lar [Ca 2+] can be made from measurements of the 
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internal chelator concentration and of its in situ 
calcium binding properties. The passive Ca 2+ in- 
flux can be obtained from the initial slope of the 
net Ca 2+ influx curve. The Ca2+-pump mediated 
Ca 2+ extrusion rate can be assessed from the net 
Ca 2+ efflux curve after addition of excess EGTA 
over Ca 2+. As shown before [16,21] analysis of 
such a curve shows that the pump-mediated flux 
(q,) dependence on [Ca 2 + ]i is well described by the 
equation ~ = A[Ca2+]i, where A has the meaning 
of epm~x/K ~. 

A summary of the data obtained from the ex- 
periment of Fig. 1 and two other experiments with 
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Fig. 1. Time-dependent  Ca 2+ influx into chelator-loaded red blood cells, from patient with cystic fibrosis, suspended in patient 's 
plasma. Non-disruptive loading of red blood cells with CaZ+-chelator agent and the estimation of the intracellular chelator 
concentration were carried out as described previously [16], with the exception that the ATP depletion step and the electrochemical 
equilibration with extracellular Ca 2+ were effected in an incubation medium which also contained 2 mM cysteine (pH 7.4, 37°C). 
After chelator loading in saline medium, one portion of the cells was resuspended in the original plasma with the addition of 10 mM 
glucose. The second portion of cells was resusper, ded in original plasma with 10 mM glucose and 45Ca and t ime-dependent calcium 
influx was measured at 37°C with continuous stirring of the sample. 0.2 ml samples were taken into cold saline for measurement  of 
total calcium content of the cells (e) At 90 min, 4~Ca was added to cells incubated without tracer (©)  for measurement  of tracer 
equilibration fluxes and in parallel 4 mM  EGTA was added to one portion of cells incubated with 45Ca ( + )  for measurement  of 
pump-mediated Ca 2+ efflux. The EGTA addition was made with a slight excess of NaOH,  so as to prevent pH changes after 
Ca-chelation. A pH of about 7.4 was maintained throughout the period of incubation by titration with HCI. At the end of the 
incubation period, cells were washed and the calcium content  calculated, as in Ref. 16. After 90 rain there is an additional non-specific 
accumulation of Ca 2+ which is due to prehaemolytic changes of the red blood cells ( e - -  - -  --O).  This is also reflected in the rate of 
45Ca distribution measured after 90 min pre-incubation (O).  
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cystic fibrosis red blood cells is shown in Table II. 
F rom these data, intact cystic fibrosis red cells also 
show a reduction in calcium pumping  activity. 
Furthermore,  near the steady-state [Ca2+]i, which 
is below saturation, the cystic fibrosis red blood 
cells show a 75% reduction in rate of calcium 
pumping  instead of  that expected from the 35-38% 
reduction in the number  of  active calcium pumps.  
This would suggest that in cystic fibrosis red blood 
cells either Kc~ or  the activation of  the pump by 
Ca 2+ or both differ f rom normal  red blood cells. 
Values for A of  6.8 • 10 2 and 2 . 0 . 1 0  4 in control  
and cystic fibrosis red blood cells, respectively. 
also reflect this. The observed difference in A 
must  be largely due to a higher K c ,  , in cystic 
fibrosis cells since the Vm~ X of cystic fibrosis (Ca 2+ 
+ Mg2+)-ATPase  is 60% that of  normal cells (see 
Table I). Since the Kc ,  of  the Ca 2 + pump depends 
on the degree of saturation with calmodulin [24] 
these results cannot  distinguish between an altered 
affinity for C a  2+ by the pump and an abnormal  
activation by caimodulin.  Previous reports claim 
the same Kc~ in cystic fibrosis as in normal  cells, 
but measurements  of  Ca 2+ activation of the pump 
were made  at saturat ing concent ra t ions  of 
calmodulin and only at Ca 2 + levels far above those 
in the intact cell, at which all the pumps  are bound 
with calmodulin [22]. Since calmodulin modula-  
tion depends on the internal free Ca 2 + concentra-  
tion and this is only significant at the physiological 
Ca z+ levels [23,24], our  results may also reflect an 
altered activation pattern of  cystic fibrosis red cell 

Ca 2+ pump by calmodulin at the [Ca2+]~ levels 
found in the intact cell. 

Despite the demonstrated failure of  calcium 
pumping  activity in cystic fibrosis cells, the free 
intracellular [Ca 2+] is in the same range as that for 
normal  red blood cells (Table II) and this has now 
been described in other cells in cystic fibrosis 
[25,26]. This results from a simultaneous reduction 
in passive calcium permeability, similar in magni- 
tude to the reduction in Ca 2+ pumping activity. 
The observed reduction in passive calcium per- 
meability seems to be a feature of the plasma 
membrane  itself and not due to any factor present 
in the plasma of  cystic fibrosis patients [27-29]. 
Thus, plasma from cystic fibrosis patients did not 
affect the passive calcium permeability of control 
cells and a similar reduction in passive calcium 
permeabil i ty was found when it was measured 
with cystic fibrosis red cells suspended in saline 
(not shown in Fig. 1). 

The observation of  concomitant  changes in pas- 
sive calcium permeabili ty and the number  of 
calcium pumps  supports  the interesting suggestion 
of  a link between pump and permeabili ty mecha- 
nisms [30]. This, in cystic fibrosis red cells, could 
be an indication of the way in which this mem- 
brane reacts to the defect in Ca 2+ pump activity so 
that the reduction in number  of active Ca 2+ pumps  
is accompanied by a reduction in the passive 
calcium permeability. 

It has been reported that in cystic fibrosis skin 
fibroblasts the calcium content is increased [8] and 

TABLE II 

CHARACTERISATION OF THE Ca z+ FLUXES 1N RED CELLS FROM CYSTIC FIBROSIS PATIENTS AND CONTROL 
S U BJ ECTS 

The kinetic parameters for control cells were taken from Ref. 16 and those for cystic fibrosis cells from three similar experiments to 
that shown in Fig. 1 with calculations as explained in the text. 

Red blood c e l l s  Steady-state pump A Tracer Initial Ca 2 + [Ca 2+ ] at 
leak turnover rate, equilibration influx steady-state 
~(/xmol,1 1.h-1) flux (~mol.l- l .h -I) (nM) 

(,umol.1 1.h 1) 

Control (Ref. 16) 45.0 6.8.10 2 48.0 56.0 26.0 
Cys tic fibrosis 10.0 2.0. l 0 - 4 19.0 19.0 24.0 
Cystic fibrosis 10.6 - 20.8 22.0 22.0 
Cystic fibrosis 13.0 - 15.5 17.2 
Mean _+ S.D. 11.2 _+ 1.6 18.4 + 2.7 19.4 ± 2.4 



f ib rob las t  m i t o c h o n d r i a  a c c u m u l a t e  and  re ta in  

th ree  t imes  as m u c h  c a l c i u m  as n o r m a l  [31]. H o w -  

ever,  these  f ind ings  do  no t  ref lec t  the s ta tus  of  the 

free [Ca2+]~ level,  wh ich  at s t eady  s ta te  is de-  

t e r m i n e d  by  the p l a s m a  m e m b r a n e  C a  2÷ p u m p  

and  leak m e c h a n i s m s .  A n o r m a l  cy toso l i c  free 

C a  2+ in cyst ic  f ibros is  f ib rob las t s  [31], bu t  an 

i nc rea sed  to ta l  C a  2+ [8], mos t  of  it s eques t e r ed  in 

the  m i t o c h o n d r i a  [31], suggest  an  a d d i t i o n a l  p ro -  

t ec t ive  m e c h a n i s m  p re sen t  in e u k a r y o t i c  cells. 

O u r  resul ts  seem to ind ica te  tha t  fa i lure  of  

C a  2+ p u m p i n g  in cyst ic  f ibros is  red cells  does  no t  

cause  the  e x p e c t e d  inc reased  [Ca2+]i levels.  If  it is 

j u s t i f i ab l e  to e x t r a p o l a t e  these  f ind ings  to o the r  

cel ls  i n v o l v e d  in cyst ic  f ibrosis ,  t oge the r  wi th  re- 

cen t  m e a s u r e m e n t s  of  [Ca2+]i in l y m p h o c y t e s  in 

cys t ic  f ibros is  [25,26] then  changes  in free [Ca2+]~ 

are  no t  l ikely to a c c o u n t  for the  exp re s s ion  o f  the  

d i sease  p rocess  in cyst ic  f ibrosis.  

References 

1 Talamo, R.C., Rosenstein, B.J. and Berninger, R.W. (1983) 
Cystic Fibrosis, in The Metabolic Basis of Inherited Dis- 
ease, 5th Edn. (Stanbury, J,B., Wyngaarden, J.B., Fredrick- 
son, D.S., Goldstein, J.L. and Brown, M.S., eds.), pp. 
1889-1917, McGraw Hill, New York 

2 Di Sant 'Agnese, P.A. and Talamo, R.C. (1967) New Eng. J. 
Med. 277, 1344-1352 

3 Di Sant 'Agnese, P.A. and Davis, P.B. (1976) New Eng. J. 
med. 295, 481-485; 534-541; 597-602 

4 Botello, S.Y., Goldstein, A,M. and Rosenlund, M.L. (1973) 
J. Paediatr. 83, 601-607 

5 Wotman, S., Mandel, I.S., Mercadante, J. and Denning, 
C.R. (1971) Arch. Oral. Biol. 16, 663-665 

6 Allars, H.M., Blomfield, J., Rush, A.R. and Brown, J.M. 
(1976) Pediatr. Res. 10, 578-584 

7 Blomfield, J., Rush, A.R., Allars, H.M. and Brown, J. 
(1976) Pediatr. Res. 10, 574-578 

8 Feigal, R.J. and Shapiro, B.L. (1979) Pediatr. Res. 13, 
764-768 

147 

9 Cole, C.H. and Dirks, J.H. (1972) Pediatr. Res. 6, 616-621 
10 Katz, S. and Ansah, T.A. (1980) Clin. Chim. Acta 100, 

245-252 
11 Rasmussen, H., Goodman, D.B.P. and Tenenhouse, A. 

(1972) Crit. Rev. Biochem. 1, 95-148 
12 Loewenstein, W.R. and Rose, B. (1978) Ann. N.Y. Acad. 

Sci. 307, 285-307 
13 Boynton, A.L., Whitfield, J.F. and McManus, J.P. (1980) 

Biochem. Biophys. Res. Commun. 95, 745-749 
14 Epel, D. (1980) Endeavour, New Ser. 4, 26-31 
15 Schatzmann, H.J. (1982) In Membrane Transport of 

Calcium (Carafoli, E., ed.), pp. 41-108, Academic Press, 
New York 

16 Lew, V.L., Tsien, R.Y., Miner, C. and Bookchin, R. (1982) 
Nature 298, 478-481 

17 DiPolo, R. and Beauge, L. (1980) Cell Calcium 1, 147-169 
18 Szasz, I., Hasitz, M., Sarkadi, B. and Gardos, G. (1972) 

Mol. Cell. Biochem. 22, 147-152 
19 Muallem, S. and Karlish, S.J.D. (1981) Biochim. Biophys. 

Acta 647, 73-86 
20 Lowry, O.H., Rosebrough, N.J., Farr, A.L. and Randall, 

R.J. (1951) J. Biol. Chem. 193, 265-275 
21 Lew, V.L. and Ferreira, H.G. (1976) Nature 263, 336-338 
22 Katz, S. (1978) Pediatr. Res. 12, 1033-1038 
23 Muallem, S. and Karlish, S.J.D. (1982) Biochim. Biophys. 

Acta 687, 329-332 
24 Scharff, O. and Foder, B. (1982) Biochim. Biophys. Acta 

691,133-143 
25 Grinstein, S., Elder, B., Clarke, C.A. and Buchwald, M. 

(1984) Biochim. Biophys. Acta 769, 270-274 
26 Wailer, R.L., Brattin, W.J. and Dearborn, D.G. (1984) Life 

Sci. 35, 775-781 
27 Spock, A., Heick, H.M.C., Cress, H. and Logan, W.S. 

(1967) Pediatr. Res. 1,173-177 
28 Bowman, B.H., Lockhart, L.H. and McCombs, M.L. (1969) 

Science 164, 325-326 
29 Rutland, J., Penketh, A., Griffith, W., Hodson, M., Batten, 

J. and Cole, P. (1983) Eur. J. Respir. Dis. 64 (Suppl. 128), 
451-453 

30 Ferreira, H. and Lew, V.L (1977) in Membrane Transport 
in Red Cells (Ellory, J.C. and Lew, V.L.. eds.), pp. 53-91, 
Academic Press, London 

31 Feigal, R.J. and Shapiro, B.L. (1979) Nature 278. 276-277 


